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Abstract

The composition of coniferous oleoresin has been ex-
tensively studied since chromatographic analysis made its
accurate determination possible. Research has been direct-
ed to investigation of the biosynthetic processes responsible
for the production of resin constituents and to the genetic
interpretation of differences in resin composition. Studies
of both aspects have been hampered by the nature of resin
compositional data, in which the proportions of all consti-
tuents are constrained to sum to unity.

Although progress has been made in elucidating bio-
synthetic pathways, the specific processes by which genetic
control is exercised remain unclear. Nevertheless, there
have been many proposals that the production of particular
terpenes is controlled by single genes, usually with a do-
minant/necessive pair of alleles. Frequently it has not been
specified whether monogenic control is exercised over the
actual quantity of a constituent or the proportion of the
total that it comprises. However, the mode of control of the
former will not be apparent from compositional data. Mo-
nogenic control of the latter is unsubstantiated by the
available evidence.

The uncritical citation of previous work and use of in-
appropriate statistical methods has led to confused and
inconsistent results. The nature of resin compositional data
has been fundamentally misunderstood. The proportions of
particular constituents have often been treated as though
they were absolute quantities. However, variation apparent
in compositional data may not exist in the absolute quan-
tities, nor is there any direet method of deducing the lat-
‘ter from the former. Composition should be treated as a
single vector trait. The cautious application of appropriate
methods of classification and analysis is required if we are
to understand the reasons for variation in resin composition.
Key words: biosynthesis, compositional data, forest genetics, gas

chromatography, multivariate statistical analysis, mo-
noterpenes, oleoresin.

Zusammenfassung

Die Zusammensetzung von Harzen bei Koniferen wird
ausfiihrlich untersucht, seitdem durch die chromatographi-
sche Analyse eine genaue Bestimmung moéglich geworden
ist. Die Forschung wurde auf die Untersuchung biosynthe-
tischer Prozesse, die fiir die Produktion der Harzbestand-
teile verantwortlich sind, und auf die genetische Interpre-
tation von Unterschieden in der Harzzusammensetzung hin
ausgerichtet. Die Untersuchungen beider Aspekte wurden
durch die Natur der Daten der Harzzusammensetzung ge-
hemmt, in denen die Proportionen aller Bestandteile als
Summe zu einer Einheit zusammengezogen werden.

Obwohl bei der Aufkldrung biosynthetischer Wege Fort-
schritte gemacht worden sind, bleiben die spezifischen Pro-
zesse, bei denen genetische Kontrolle ausgeiibt wird, un-
klar. Nichtsdestoweniger hat es zahlreiche Vorschlige ge-
geben, daB die Produktion besonderer Terpene durch Ein-
zelgene kontrolliert wird, normalerweise durch ein domi-
nant-rezessives Allelenpaar. Oft wurde nicht spezifiziert,
ob die monogenische Kontrolle iiber die aktuelle Menge
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eines Bestandteiles oder tber die Proportion des Ganzen,
das es einschlieBt, ausgeiibt wird. Jedenfalls wird die Art
der Kontrolle, ob iiber die aktuelle Menge oder iiber die
proportionale Zusammensetzung, nicht sichtbar. Die mono-
genische Kontrolle der letzteren ist durch vorhandene Be-
weise unbestitigt.

Das unkritische Zitieren fritherer Arbeiten und die Ver-
wendung ungeeigneter statistischer Methoden fithrte zu
konfusen und unvereinbaren Resultaten. Die Eigenart der
Daten der Harzzusammensetzung wurde grundsétzlich miB-
verstanden. Die Verhilinisse besonderer Bestandteile wur-
den oft so behandeli, als handele es sich dabei um absolute
Mengen. Weder mag die Variation, die in den Daten aus
anteiliger Zusammensetzung besteht, in den absoluten Men-
gen erscheinen, noch gibt es irgendeine direkte Methode,
um von den letzteren auf die ersteren schlieBen zu kénnen.
Die Zusammensetzung sollte wie ein Einzelvektor-Merkmal
behandelt werden. Die vorsichtige Anwendung von ange-
messenen Methoden der Klassifikation und Analyse ist ge-
fordert, wenn wir die Griinde fir die Variation in der
Harzzusammensetzung verstehen wollen.

1. Introduction

Resins are the “non-volatile products of plants”, which
exude naturally or can be obtained by incision or infection.
Typically, resins are mixtures of compounds such as ter-
penoids, flavonoids and fatty acids. The terpenoids, com-
prising C, isoprene units, have been the most widely stud-
ied compounds, because they are easily -identified and
quantified by gas chromatography (GC). Terpenes are the
subset of terpenoids which have exact multiples of the
isoprene unit (e.g., hemiterpenes, C;; monoterpenes, C,y;
sesquiterpenes, C,;; diterpenes, C,,). Essential oils are vol-
atile oils recovered from plant tissue by steam distillation,
pressure or solvent extraction which also contain {ter-
penoids. The mixture of resin and essential oil that occurs
in many plants is known as oleoresin (DeLL and McCowms,
1978), which we shall generally abbreviate to resin.

Initially, research on the composition of plant resins
was motivated by the commercial importance of those of
particular species, such as Pinus elliottii ENGetM. in the
southern United States of America (Roserts et al., 1982).
The analysis of the terpene composition of resin as a tech-
nique in forest genetics research was made possible by the
development of GC, which accurately determines the com-
position of small samples (Simpson, 1970; SquiLLAce, 1976).
The topic has been the subject of numerous articles, a
number of reviews (Lever and Burrey, 1974; voN Rup-
LoFF, 1975; SquiLrack, 1976; Burrey and Lockuart, 1985)
and conference proceedings (e.g., SeaL et al. 1977; Rupin,
1979). The purpose of this paper is to draw attention to
some of the characteristics of data describing resin com-
position, and to the consequences for its interpretation.
Much of the work based on resin compositional data must
be considered suspect because it has not acknowledged the
problem discussed below.

As background, we briefly outline the sources of resin
in coniferous trees, what is known about resin synthesis,
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what is suggested to control it and how GC results are
reported. An appreciation of these topics is fundamental
to subsequent discussion.

2. Sources of resin in coniferous trees

Conifers have been the most extensively studied group
of forest trees presumably because of their widespread
distribution and commercial importance. Coniferous resins
may be obtained from distillation of the leaf oils (e.g., Za-
vARrIN, 1970; voNn Rubrorr, 1975), from cortical tissue (e.g.,
SouiLracg, 1977; Meier and GoGGans, 1978; MARrpeau et al.,
1983), or from xylem tissue (e.g., BAnnisTeR et al., 1962; 1983;
FrANkLIN, 1976; GreeN et al., 1974; 1975; Strauss and CRrITCH-
FiELD, 1982). Each of these sources samples independent
systems (voNn RubLorr, 1975).

Nevertheless, the compositions of foliar oils and cortical
resins are often similar; the latter are more easily collect-
ed (SouiLLacg, 1977) and not subject to the complications as-
sociated with distillation (voNn Rubrorr, 1975), but both are
commonly used. The composition of xylem resin is often
less complex than that of cortical resin (SquiLLacg, 1976),
but is easily collected, and is of additional interest because
of its commercial value (e.g. RoBerTts et al., 1982).

Within an individual tree, the composition of foliar oils
may vary with season (von Ruprorr, 1975), and that of
foliar oils and cortical resins with age of the tissue (SquiL-
LACE, 1976). The composition of xylem resin has been found
to vary with height of sampling in P. faeda L. (Rockxwoob,
1973) and P. elliottii (Roserts, 1970; FRANKLIN, 1976).

3. Gas chromatographic analysis and data reporting

GC is an efficient, accurate and precise method of deter-
mining resin composition (voN Rubiorr, 1975; LOCKHART,
1985). The analytical results may be reported on a number
of bases, defined by Squirrace (1976) for the case of mono-
terpenes as the content of each (1) relative to all others
(“total monoterpene basis”), (2) relative to all other consti-
tuents of the oleoresin (“oleoresin basis”), or (3) per unit
weight or volume of tissue (“tissue basis”). Data defined
on the latter basis were referred to by Wurre (1983a) as the
“absolute amounts ”’; there are other absolute measure-
ments which could be defined. Thus, on the first two bases,
the proportion of each terpene reported is the proportion
of the total, by weight, which each represents; the sum of
all constituent proportions totals unity. The results of ana-
lyses of the same sample on different bases will not be
comparable because, as SquiLLace (1976) demonstrates, dif-
ferent parameters are being assessed. Nor is there any
simple transformation from one to the other, because each
is dependent on the composition of the resin, which varies
from sample to sample.

Although most authors detail the GC system used in their
research, it is not clear that there is general appreciation
that the area measured by the integrator is proportional to
the weight of the resin constituents. The percentage weight
of all monoterpenes is calculated by standardization using
the total area of all monoterpenes; percentage weight of
total oleoresin is calculated by standardization using the
total area of all constituents. The percentage by weight on
a monoterpene basis will differ slightly from the percent-
age by volume on the same basis, as the monoterpenes
range in density from about 0.80 to 0.87 g cm—3. The pro-
portion by weight on an oleoresin basis will differ more
widely from the proportion by volume on the same basis,
as it also involves other constituents of varying densities
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— for example, common sesquiterpenes range in density
from about 0.90 to 0.93 g cm—3 (WEeasT» 1983).

The need for clarity about what the data represent is il-
lustrated by the work of Meier and GocGcans (1978). They
apparently intended to measure the actual volume of each
monoterpene in a standard volume of resin, and correct ap-
plication of their technique would have determined this.

What was measured is defined as follows. 4 ml of para-
mycene, as a standard, and 396 ml of hexane, as solvent,
were mixed with 50 ml of resin. The integrator value for
paramycene (Ap) is proportional to the weight (W) of
4 ml of paramycene. Therefore, A, a 4 ml x d;,, where d,
is the density of paramycene. The integrator value for
monoterpene X (A,) is propertional to the weight (W,) of
this monoterpene in 50 ml of resin: A aW,.

Therefore
A

(1) /TX =W
P 1 dp

The value used by Meier and Gogcans (1978) in all their
analyses was

4 /\X
(2) R
p
which is equal to
wX
(3) i
p

Because the composition of resin varies from tree to tree,
so too do the density and weight of the standard volume of
resin. Thus, the values used by Meier and Gocacans (1978)
were the weights of monoterpenes in samples of oleoresin
not standardised by weight. If the values had been cor-
rectly standardised they would be equivalent to percentage
weights on an oleoresin basis. Alternatively, if the weights
of the individual monoterpenes were converted to volumes
by dividing each by its own density, the measurements
would be equivalent to percentage volumes on an oleoresin
basis. Neither of these proeedures were undertaken and
the results that follow are therefore meaningless.

Meier and GocGans (1978) maintained that they were not
measuring percentages. However their measurements
would still be relative values if they had been correctly
standardised. Their claim that they measured actual vol-
umes and not percentages suggests that they believed, in-
correctly, that they had measured absolute values.

Proportional data are independent of the total yield of
terpenes, but data reported on a tissue basis are not (Squmn.-
LACE, 1976). WHiTE and NiussonN (1984) found that the yield
of leaf oil monoterpenes in P. contorta DoucL. was related
to the frequency of resin canals in the leaves, which was
itself variable and subject to some genetic control. They
concluded that, as a result, proportional data should be
used to study similarities and differences in populations.
Suaw et al. (1982) cited the confounding of genetic and
environmental effects on yield in reaching the same con-
clusion. Most studies of coniferous resin composition have
been based on the interpretation of data comprising the
proportions of individual terpenes detected in a sample of
resin. We shall refer to such data as compositional data.

4. Variation in the composition of resin

Variation in the composition of plant resins occurs at
all levels of the taxonomic hierarchy. Irvin¢ and Apams



(1973) attributed inter- and intra-populational variation in
resin composition to four major factors: “(1) individual ge-
netic divergence; (2) the broad environmental conditions
of the population and conditions prevailing at the time of
sampling; (3) the ontogenetic and phenological stages; and
(4) the techniques of extraction and analysis”.

The premises underlying analyses of coniferous resin
composition were established by the early studies of Han-
oveRr (1966a; b; c¢), SouiLtace and Fisuer (1966) and Souir-
LACE (1971). They are summarized by the statements that
“the composition of monoterpenes in the oleoresin of coni-
fers is strongly inherited and often controlled by single
genes with major effects” (SquiLLace, 1976), and is “subject
to little environmental variation” (voN RuprLorr and REen-
reLDT, 1980). That is, assuming that factors (3) and (4) above
are constant, variation in resin composition represents ge-
netic rather than environmental influences.

We suggest that the evidence for this assumption, which
has motivated investigation of resin composition in forest
genetic research, is not as conclusive as popularly believed.
There are two principal reasons for our concern. The first
is the poor understanding of the processes by which resin
compounds are synthesized and the consequent difficulty
involved in separating genetic and biosynthetic effects on
resin composition (Irving and Apams, 1973). The second,
more important in the context of our discussion, is the
nature of resin compositional data.

5. Biosynthetic and genetic influences on resin composition

The biosynthesis of monoterpenes was comprehensively
reviewed by Corr (1983). Work to date suggests that the
lower (mono- and sesqui-) terpenes are metabolically ac-
tive, that is, they are not terminal products. Terpenoids
are synthesized from mevalonic acid, which is itself formed
from photosynthates transported to the site of resin synthe-
sis (Loomis and Crotiau, 1973). In conifers, these sites are
the secretory cells adjacent to resin ducts (Dew. and
McCowms, 1978). Warte’s (1983a) work with foliar terpenes
of P. contorta suggested that synthesis of particular com-
pounds proceeds through a series of transition states, and
is “ governed by the levels of precursor and activity of
enzymes”. She suggested that the relative amounts of each
terpene were determined by “factors which control en-
zyme concentration, compartmentation and kinetic pro-
perties”.

In the absence of similar information specifically for
xylem resin, it seems reasonable to assume that such pro-
cesses also apply to the synthesis of its constituent ter-
penoids. However, the situation is complicated by the de-
pendence of xylem resin composition on the height of
sampling, which Frankuin (1976) suggested was a function
of distance from the base of the green crown. This is
consistent with a pattern of synthesis controlled by meta-
bolic regulators which may diffuse or undergo transport
from the crown towards the base of the tree (Larson, 1960,
in FrRANKLIN, 1976).

The biosynthetic pathways by which the terpenoid con-
stituents of resin are formed are poorly understood (WHITk,
1983a) because they are difficult to determine directly
(Loomis and CroTEAU, 1973; MARTIN et al., 1976; WuiTe, 1983b).
Consequently, investigations have sought to infer bio-
synthetic relationships from the analysis of compositional
data (e.g., Zavarin, 1970; Irvine and Apawms, 1973; ZAVARIN
and S~ajBerk, 1973; HiLTUNEN, 1975; voN RuprLorr and REH-
FELDT, 1980; WaitE, 1983a).

Interpretation of the correlations between individual
constituents, which has been the basis of the these indirect
approaches, is complicated by the use of proportional data,
constrained to sum to unity. Zavarin (1970) suggested that
the effect of this constraint was unimportant in a multi-
component system. This is incorrect, as subsequent evi-
dence demonstrates. Forrest (1980) followed MOSIMANN'S
(1962) procedure of calculating the correlation due to con-
straint (see also SoquirLAcg, 1976; Suaw et al., 1982). FORREsT
found that when constituents were present in proportional-
ly large amounts, most of the correlation was due to con-
straint, and where the correlation appeared to be real, it
was “difficult to assess the size of the adjusted correlation.”
Squitrace (1976) took MosimanN’s approach a step further,
calculating a “net measure of distance”. However, even
with the example he provided, the biological interpretation
of these distances is not apparent.

WhHhite (1983a) calculated correlations based on both ab-
solute and relative data, and found that correlations which
were evident with the former were obscured by the latter.
Correlations between proportions may contain useful in-
formation but it is necessary to give some thought to the
possible processes which could occur in resin production
in order to interpret them.

If the correlation between the absolute quantities of two
constituents is one, then the correlation is also one for the
proportions derived from any mixture of which the two
constituents form a part. Investigation of the ratios of
proportions for pairs of constituents would also reveal this
phenomenon. The ratio of such a pair of constituents would
be constant in all samples of resin.

An example of a possible biosynthetic process which
resulted in correlations of one between constituents would
be the production from a single precursor of a number of
constituents always in the same ratio to each other by
weight or volume. The correlation between the values of
any pair of constituents is always one, whether between
absolute quantities or between proportions derived from
a mixture of which the two constituents form a part.

In other situations, when the correlation between two
constituents is not one, correlations are not the same for
percentages as they would be for absolute quantities. We
do not recommend application of MosmMANN’s (1962) correc-
tion for constraint. Mosmmann derived his theory for a mul-
tinomial distribution compounded with a multivariate
beta-distribution. This does not apply to resin composi-
tional data, which are better described as continuous pro-
portions (Stepuens, 1982). A correction for constraint ap-
plied in this way can only confuse, and would indeed con-
ceal the correlations in the above example.

The biosynthetic processes outlined above are complex
and the final composition of resin depends on many fac-
tors (Comri, 1983). Although an understanding of them is
necessary to determine the meaning of differences in ter-
pene composition (Irvine and Apawms, 1973; Waite, 1983b),
they have not been extensively studied in forest trees, and
genetic interpretations of such differences have proceeded
in their absence.

6. Genetic interpretation of differences in resin composition

Due to the premise outlined in section 4 above, “the ge-
netic control of monoterpenes in conifers has received
more attention than their biosynthesis” (Wwuitg, 1983a). One
of the topics which has received considerable attention is
that of monogenic control of particular resin constituents.
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Monogenic control of particular resin constituents has

been inferred from what Wurre (1983b) referred to as “se-

Such control was first hypothesized for an interspecific
hybrid by Forpe (1964) and within a species by Hanover

gregation studies”. In these, the frequency distribution of

phenotypes — the proportions of a particular resin con-

(1966¢). The constituents and species for which monogenic

control has been proposed are listed in Table 1.
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stituent — is divided into classes, each representing the
action of a particular allelic combination. A qualitative
trait, class, is thereby being inferred from a quantitative
one, proportion. This was Forpe’s (1964) approach, but there
are many qualifications to her data which, as she notes, do
not favour close analysis. Before we discuss subsequent
work based on frequency distributions, we shall consider
the proposals of Hanover (1966¢) and Meier and GoGGANs
(1982), which were not based on frequency distributions.

6.1 Monogenic control of é-3-carene in P. monticola and
P. virginiana

Hanover (1966¢) hypothesized that the concentration of
the monoterpene (d-)3-carene in the cortical resin of P.
monticola Douct. was “controlled primarily by single do-
minant and recessive alleles at a locus”. His data, the pro-
portion of §-3-carene in the total oleoresin of 231 seedlings,
were derived trom 28 full-sib families, the product of
matings between seven female and four male parents. The
basis of his assertion that “gene segregation for different
levels of this terpene is apparent from these data” is not
evident. Nor is there any but an arbitrary basis for his
classification of d-3-carene concentration level as low or
high. The value of 2.41% which he used to differentiate be-
tween classes appears to have been chosen solely because
it gave the best fit to his theory. The frequency distribution
of d-3-carene concentration derived from his data (Fig. 1)
is not bimodal, nor does the value 2.41% have a relationship
to any salient feature of the distribution.

There are also inconsistencies with the data presented
as his Table 1. A parent was classified as homozygous do-
minant (CC) for the gene controlling §-3-carene concen-
tration if its progeny were all in the high class, and homo-
zygous recessive (cc) if its progeny were all in the low
class; if there was segregation in at least one family, the
parent was classified as heterozygous (Cc). HaNover claim-
ed that “phenotypic values for each of the parents substan-
tiate this assignment”. Thus, female parent 181 is classified
as-cc on the basis of its progeny with male parent 17, also
classified cc. However, the phenotypic value of parent 181
is 2.90%, within the high class and therefore apparently Cc
or CC. Two offspring of female 214 (cc) crossed with male
17 (cc) have a §-3-carene concentration within the high
class, which is not possible given the parental classification.
Expectation and observation cannot be reconciled in these
cases.

In the latter case, it is inappropriate to calculate the Chi-
squared statistic (his Table 2) to test whether the observed
ratios differ from those expected. The question here is not
whether the ratio approaches theoretical expectation, but
whether it is consistent with the theory. A similar issue is
raised by the offspring of male parent 17. Hanover suggest-

Number of individuals

Percentage of 5-3-carene

Fig. I. — Frequency distribution of the percentage of §-3-carene in
cortical oleoresin of Pinus monticola (derived from Hanover, 1966¢).

ed that an inhibiting factor, causing “a complete block in
3-carene synthesis”, is responsible for the lack of d-3-carene
in the parent. However, only one of its 56 offspring appears
to have inherited this inhibiting factor. No explanation of
these complications was offered.

The differences between theory, based on an arbitrary
class ification, and observation are serious and unresolved.
One must conclude that, contrary to the assertion of Ba-
RADAT et al. (1972) that “les conclusions de Hanover sur le
contrbéle monogenétique du 3-carene chez Pinus monticola
sont irréfutables”, the data do not suggest that the con-
centration of 3-carene in the cortical resin of this species is
subject to monogenic control.

Meier and Goceans (1978) proposed that the concentration
of §-3-carene in the cortical resin of P. virginiana MiLL. was
also subject to monogenic control, “under the assumption
that high concentration is dominant and that the fre-
quency of the dominant gene is low”. They misinterpreted
Hanover’s (1966¢) criterion for classification, believing it
to be based on the proportion of total monoterpenes rather
than on the proportion of total oleoresin. The results they
presented do not allow derivation of a frequency distribu-
tion, but their arbitrary application of an inappropriate
criterion to data expressed on a different basis for another
species does not engender confidence in their reults. In-
deed, the converse proposal, that low concentration of §-3-
carene is dominant over high and that the frequency of
the dominant gene is low, is equally plausible from their
Table 5.

Table 2. — Heritability estimates with standard errors for monoterpene proportions in Pinus monticola
(from HaNover, 1966a, Figure 3).

Terpene Narrouw sense heritability and standard error Broad sense
estimated from regression on heritability
male parent female parent mid-parent

a-pinene 0.64 (1.9 0.68 (1.6) 0.73 (1.3) 0.63

camphene -0.01 (.05) 0.03 (.06) -0.001 (.05) 0.38

B-pinene 0.48 (1.1) 1.02 (0.7) 1.21 (0.6) 0.86

§-3-carene 1.1 (0.6) 0.64 (0.8) 1.01 (0.3) 0.95

limonene 0.29 (1.4) 0.96 (0.5) 1.15 (0.5) 0.87

unknown 0.90 (0.6) 0.57 {(0.9) 0.89 (0.9) 0.80
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6.2 Monogenic control of particular resin constituents in-
ferred from frequency distributions

The first question raised by many of these studies is the
definition of the characteristic which is subject to mono-
genic control. There are two possibilities — either the ab-
solute quantity or the relative quantity of a particular
resin constituent. Although all of the work reported in
Table 1 has been based on proportional data — as indeed it
must be (WhHiTe and Nuwsson, 1984) — authors have been
vague in their descriptions of the trait for which they were
proposing monogenic control. For example, HaNovEer (1966¢)
and Yazpani et al. (1982) use “level” of a terpene; SQuiLLACE
(1971) refers to “amount” or “quantity”; Forpe (1964), HiL-
TUNEN et al. (1975) and SoquiLLace et al. (1980) refer to “con-
tent”. This imprecision of terminology obscures whether
they are proposing that absolute or relative quantities of
the terpene are subject to monogenic control; those authors
who have specifically proposed that proportions of a parti-
cular resin constituent were subject to such control are
identified in Table 1.

Because these terms have been confused, and because
some authors proceed as though dealing with absolute
quantities, we believe that some have not differentiated be-
tween relative and absolute quantities. Therefore we shall
consider both possibilities.

6.2.1 Monogenic control of the absolute quantity of a par-
ticular resin constituent

The frequency distributions for the proportions of each
monoterpene constituent from a sample of trees are com-
pound distributions, dependent on the frequency distribu-
tions of the absolute quantities of each of the other consti-
tuents of the resin. If the absolute quantity of a terpene
were under monogenic control, it is possible to predict the
effect that this would have on the frequency distribution
of the proportions of that terpene. The only way of using
resin compositional data to investigate control of the abso-
lute quantity of a terpene is to then investigate whether
the frequency distribution of the former displays the fea-
ture predicted. We discuss below some simple models of
resin production as a prelude to presentation of a simple
model of monogenic control of the absolute quantity of a
terpene.

As a simple example, consider a hypothetical system of
two constituents. In the population of trees, the production
of terpene A is measured by the variable x,, and that of
terpene B is measured by the variable x,. Assume that, for
this populations, x, is constant at k, units and x, is constant
at k, units. The frequency distributions of x; and x, would
be delta-functions. The frequency distribution of p,, the
proportion of the total that is A, is a delta function at p, =
k/(k; + k;), and that of p,, the proportion of the total
‘that is B, is a delta-function at p, = kJ/(k, + k). If,
in another population of trees, k, were different but k,
the same, both p, and p, would nevertheless be altered.
Therefore, statements such as that of Strauss and Crircu-
FELD (1982), “that changes we measured in relative mo-
noterpene levels reflect changes in production of both a-
and #-pinene, and not simply a change in one constituent
without a change on the part of the other”, are incorrect.

Consider also a more complex situation, where x, remains
constant at k,; units, but x, has a normal distribution in the
population of trees, possibly as a result of polygenic con-
trol, with mean x and variance o2. The analysis of resin
from a tree in the population yields p; = x,/(%X, + X,) and
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pP: = X,/(X, + X,). The probability distributions of p, and
P, £(p,) and g(p,) can be derived thus:

2
; “(k(1/p,=1)-
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These distributions are both unimodal and skewed. The
mode value of p, is k,/(« + k,), and that of p, is u/(x + k,).
Thus, p, varies for this population of trees although x, is
constant. It is impossible to deduce, from the information in
f(p,), that all tree were producing equal quantities of A.
Fig. 2 shows the distributions of f(p,) and g(p,) for an ex-
ample with k = 2, 4 = 5 and ¢ = 1; other examples exhi-
bit similarly skewed distributions.

If both x, and x, have normal distributions, with means
of u, and u, respectively, the mode of f(p,) would be
/(g + @), and that of g(p,) would be u,/(u, + u,). The
distributions of p, and p, are then unimodal and skewed,
with variances dependent on the variances of x, and x,.
As in the first example above, it is impossible to determine
the guantities of A and B produced from the distributions
of p, ana p,.

It is now instructive to consider some simplified models,
incorporating monogenic control, of the production of
constituents of a resin. In the first model, the production
of two constituents is simplified to a constant over the
population, and production of a third is assumed to be un-
der the control of a dominant/recessive pair of alleles at a
single locus. Consider A, B and C as the three constituents
of the resin; the quantities of each are measured as x4, X,
and x, respectively. Assume that A and B are produced in
constant quantities, so that x, and x, equal k, and k, re-
spectively. The production of C is subject to monogenic
control; x, has probability a of being k; and probability
(1-a) of being k,. The frequency distributions of x , and
x, would each have one peak, and that of x; would have
two peaks. The frequency distributions of p;, p, and ps,
the proportions of A, B and C would all have two peaks,
the areas under which would be in the ratio o/(1-a). The

0 P 1

Fig. 2. — The probability distributions of p, (f(p,)), and p, (8(P,)-



modes of pl would occur at k/(k, + k, + k) and
k/(k, + k, + k,), those of p, at k,/(k; + k., + kj) and
k,/(k, + k, + k,), and those of p; at ki/(k, + k, + k,) and
ky/(k, + k, + k).

Thus, although the frequency distribution of the quantity
of only one constituent is bimodal, the frequency distribu-
tions of the proportions of all three constituents are bi-
modal. As with the preceding example, it is not possible to
deduce the frequency distributions of x, x, or x; with
intormation only about the frequency distributions of p,,
P, and p;.

As a second example, consider the case where two con-
stituents are subject to monogenic control in the same
manner as C above. Then, the frequency distributions for
each of p,, p, and p; will each show four peaks. An example
will demonstrate how complex the situation is becoming.
Assume the following:

production of A is constant, x, =

production of B is variable,

X, = 0 units with probability 0.25
= 20 units with probability 0.75;
production of C is variable,
X3 = 10 units with probability 0.50
= 60 units with probability 0.50.

5 units;

Then
p, = 5/15,p, = 0, p; = 10/65 with probability 0.125
p, = 5/65,p, = 0, p; = 60/65 with probability 0.125
p, = 5/35,p, = 20/35, p; = 10/25 with probability 0.375

p, = 5/35,p, = 20/85,ps = 60/85 with probability 0.375
If we propose multi-genic control of the production of in-
dividual constituents, the corresponding frequency distri-
butions of absolute quantities for the population of trees
would be better approximated by normal distributions. The
peaks of each constituent in the above example would be
broadened and skewed; some peaks would be amalgamated.
These examples give some insight into how the frequency
distribution of the proportion of a particular resin con-
stituent of a system depends on the occurrence of the
other constituents. Because these frequency distributions
are compound, it is not possible to deduce from them the
absolute quantity of a particular constituent that a tree is
producing. The examples demonstrate how misleading such
deductions could be..

6.2.2 Monogenic control of the proportion of a particular
resin constituent

The proposal of monogenic control of the proportion of
a particular resin constituent implies that, whatever the
quantity of resin or total terpenes produced by a tree, the
proportion that a particular resin constituent comprises may
be allocated to a particular class. If one of the alleles is
dominant, there are only two classes, low and high; if not,
there is also an intermediate class. Dominance has been
proposed for all but two of the cases in Table 1.

6.2.2.1 Interpretation of frequency distributions

“Bimodal or skewed frequency distributions ... are often
taken as evidence of control by few genes with large ef-
fects” (SquiLLack, 1976). However, because frequency distri-
butions of proportional data are compound, the distribu-
tions for particular resin constituents are dependent on
those of other constituents. Thus, bimodality in particular
frequency distributions may be solely due to constraint
(e.g.,Ganser and SquILLACE, 1976; SquiLLAcE, 1976; WHitE, 1984),
In such circumstances there is no a priori reason for no-
minating any particular constituent as that which is subject
to monogenic control.

It is difficult to account for these complications when
considering a particular resin constituent in isolation. Con-
sider the work of Yazpant et al. (1982), whose proposal of
monogenic control for f-pinene was based on the segrega-
tion pattern of offspring of the only clone to contain a
high “quantity” (by which they mean “proportion”) of
p-pinene and high proportions of d-3-carene, or vice versa
their studies of the mode of inheritance of other constituents
because, in those cases, “the pattern of segregation looks
very peculiar”, that is, it does not agree with their hypo-
thesis. They suggest that “the high content of (-pinene
somewhat complicates the picture of interdependence for
other monoterpene components”, and infer monogenic
control of myrcene, limonene and é-3-carene from crosses
whose resin did not contain a high proportion of f-pinene.

There is a number of possible explanations of this result;
they are not mutually exclusive. One is that the mode of
inheritance differs in trees with different proportions of
particular constituents; this is not in accord with the theory
of monogenic control. Another possibility, in view of the
above discussion, is that frequency distributions of propor-
tions are not necessarily amenable to such interpretations.
This example demonstrates that the proportions of consti-
tuents purportedly under monogenic control are unable to
fulfil Strauss and CritcHrieLD’s (1982) expectation to “be-
have relatively independently of other components”. The
interpretation of frequency distributions of proportions of
particular resin constituents is therefore inherently prone
to misinterpretation.

One cannot but wonder whether such misinterpretation
led to EsteBan et al.’s (1976) proposal that “one and the same
gene locus” is responsible for low proportions of «- plus
p-pinene and high proportions of d-3-carene, or vice versa
(the column titles for the former in their Table 3 should
be reversed). They initially propose monogenic control of
d-3-carene only, but subsequently extend their proposal to
include, firstly, a-pinene and, finally, the combined pro-
portion of a- and f-pinene. As either the combined pinene
proportion or that of §-3-carene exceeds 50% in each of the
clones tested, and as no biosythetic evidence is presented
to suggest a relationship between the pinenes and 6-3-
carene, it is possible that the level of one is merely respond-
ing to the level of the other because of constraint.

6.2.2.2 Definition of qualitative classes

“True qualitative traits are characterized by distinct
types with little or no connection by intermediates” (Far-
CONER, 1981). Thus, one expects that discontinuity between
the classes should be evident in frequency distributions of
proportions from which monogenic control is inferred. Such
has not always been the case; consider, for example, the
arbitrary classification of f-pinene by SquiLLack et al. (1980)
or Yazpani et al. (1982), in their Figures 2 and 1 respectively.
Definitions between classes of particular constituents have
sometimes been made conditional on the class of others
(SquiLLAace, 1977; SquirLace et al, 1980) without any bio-
synthetic explanation, or have been enhanced by omission
of individuals perceived to be intermediate. The classifi-
cation of $-pinene, myrcene, limonene and f-phellandrene
by Squirace (1977) and of limonene and p-phellandrene
by SouiLrace et al. (1980) omits individuals with proportions
of the respective constituent between the classes defined in
Table 1. Even so, SquiLLace et al. (1980) attribute some of
the inconsistencies in the segregation ratios for f-phellan-
drene “to the difficulty of classification”.
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Such arbitrary classification and exclusion, without ex-
planation, do not engender faith in the theory proposed for
the remaining individuals — as Wuite (1983b) noted, “the
interpretation of the mechanism of genetic control depends
on how the segregation classes are defined”. As we de-
monstrated in Section 6.1, arbitrary classification is not a
firm basis from which to propose monogenic control of the
proportion of a particular resin constituent.

6.2.2.3 The range within qualitative classes

A feature of all the classifications reported in Table 1
is the wide range of phenotypes outside — and sometimes
within — the low class. If monogenic control with domi-
nance at a particular locus is proposed, the only variation
from two distinct values would be due to non-genetic ef-
fects. Environmental effects on resin composition are re-
portedly small (Hanover, 1966a; Squitiace and FisHERr, 1966;
GanseL and SouiLLace, 1976); therefore, wide ranges within
the high class suggest strong effects by other genes (Hir-
TUNEN et al., 1975; WHitg, 1984). In some cases listed in Ta-
ble 1, intermediate classes representing the effect of hetero-
zygotes have been proposed, although their definition ap-
pears entirely arbitrary and therefore subject to the con-
cern noted above.

The likelihood that monogenic control is a simplistic
interpretation of the mode of genetic control is enhanced
by such wide ranges. Strauss and CritcHrierp (1982) and
WHhite (1984) fitted both single and two locus models of
gene control to their data, and were unable to choose be-
tween them. It seems likely that their findings would be
repeated if two locus models were fitted to the other data
listed in Table 1; as Wuire (1983b) commented, “segrega-
tion of progeny into classes appropriate for a one-locus
model of genetic control does not exclude the possibility of
two (or more) locus control”.

6.2.2.4 Tests of segregation

In studies where the segregation of progeny into the
qualitative classes of high and low is assessed, the “good-
ness of fit” between observed and expected ratios is tested
against the Chi-squared distribution. The approximation
of the test statistic to this distribution is good only for large
sample sizes; the test should not be applied where class
expectations are less than one, and used only with caution
when they are less than five (Snepecor and Cocuran, 1980;
Meap and CurNow, 1983).

The segregation tests of progeny which have been un-
dertaken to investigate proposals of monogenic control of
the proportion of particular resin constituents (Table 1)
have often been based on too few crosses to be statistically
reliable. For example, SquiLLace et al. (1980) note that the
evidence they present to contradict Rockwoop’s (1973) pro-
posal of the dominant class of limonene “cannot be con-
sidered conclusive”. Similarly, the expected segregation
ratios of the five progeny of each of crosses 5 and 11 in
Strauss and CrircHrELD’s (1982) Table 1 are both 3.75:1.25;
the corresponding observed ratios are 2:3 and 4:1. Both are
judged in accord with expectation by the Chi-squared test.
So, too, are the observed ratios of the progeny of crosses 2
and 7, which are 3:9 and 10:0 respectively, corresponding
to expected ratios of 6:6 and 7.5:2.5. Common sense would
place little faith in such results. It is apparent that other
observed ratios could be judged similarly acceptable by the
Chi-squared test in such cases, demonstrating that a larger
number of progeny is required for any meaningful inter-
pretation. More judicious use of the test is exemplified by
the approach of Yazpani et al. (1982).
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The failure of self-fertilized or outcrossed progeny to
fulfil theoretical expectations is not infrequent, and is
usually attributed, without specific justification, to pollen
contamination (Strauss and CriTcHRIELD, 1982; YazDpaNi et al.,
1982) or experimental errors (SquiLLack et al., 1980; STrRAuss
and CritcureLD, 1982). More imaginative explanations are
required when there are major discrepancies between theory
and observation; as well as the difficulties noted previously,
Yazpant et al. (1982) found that the proportions of f-phel-
landrene, myrcene, limonene and d-3-carene in many self-
ed progeny were “unexpected”. They attributed this to “the
presence of recessive lethals” linked to each of the genes
controlling the proportion of each of the constituents. In
proposing this complicated mechanism, they fail to consider
that all segregation ratios would be affected by the pre-
sence of such genes for any particular constituent.

Results such as these echo the suggestions of, for example,
HanNover (1966c) and Hitunen et al. (1975) that additional
modifying genes are implicated in cases where monogenic
control has been proposed. One would hope that such in-
consistencies would prompt further investigation and, if
necessary, reappraisal of the theory. The contrary view,
that theory prevails, has been preferred.

6.3 Monogenic control of particular resin constituents: more
in hope than in confidence?

MosimManN (1962) applied his method of adjusting correla-
tions for the presence of a constraint on the values data
could take to a particular example “more in hope than in
confidence”. This seems also an appropriate summary of the
proposals of monogenic control of particular resin constitu-
ents. Proposals that proportions of particular resin constitu-
ents are subject to monogenic control are qualified by the
difficulties of interpreting compound distributions, arbitrary
classification of classes, and inconsistencies in experimental
results. When models of monogenic control of the propor-
tions of particular resin constituents incorporate depen-
dence on the effects of other genes, the term monogenic
control is no longer appropriate. In such cases, monogenic
control of the absolute quantity of a particular resin
constituent becomes the more plausible theory. However,
as we demonstrated above, interpretations of the frequency
distributions of proportions for this purpose are fraught
with difficulty.

More complex models of genetic control have been
demonstrated to be as plausible as models based on single
genes. Given the complications noted above, it is instructive
to consider the concluding remarks of Irvin¢ and Apams
(1973), who investigated the “genetic and biosynthetic re-
lationships of monoterpenes” in three taxa of the mint
genus Hedeoma. They were able to use F, and F, genera-
tion crosses in a more comprehensive study than has been
possible with forest trees. Although their data suggested
involvement of a few major genes, they cautioned against
oversimplification: “pervading our own data are indications
of more complex levels of gene and enzymatic action. Epi-
stasis, modifying genes, and enzyme complementation, to
which we have alluded, are all characteristic of multigenic
systems”.

6.4 Quantitative interpretations of resin composition

Most interpretations of resin composition have not ac-
knowledged the conceptual difference between composition-
al data, comprising a set of proportions, p;, i =1,...n, Zp;
= 1, and a multivariate data set, x;, . .. x,, where the same
constraint does not apply. For example, it is incorrect to



state that “small amounts of camphene, limonene and a-
phellandrene occurred in most trees” (SouiLLace, 1971) when
only relative amounts have been measured. Although they
may only comprise a small proportion of the resin, some
trees may have been producing large amounts of these
constituents relative to other trees. No form of analysis
will reveal whether there are differences between obser-
vations in the quantity of a particular resin constituent
because that has not been measured; what has been asses-
sed is the quantity of a particular resin constituent relative
to whatever else is being produced by the tree.

Therefore, it is not possible to make comparisons be-
tween observations of the proportions of particular con-
stituents if a comparison of quantities is required. These
proportions are not metric traits in the usual sense, neither
are they measured independently. Methods of analyzing
metric traits, such as analysis of variance, are therefore in-
valid if applied to such data. Furthermore, a succession of
analyses of variance on the individual constituents do not
yvield meaningful results. Nor can the high, intermediate
or low level of a proportion be considered a metric trait.
The consequences for the application of quantitative ge-
netic methods are discussed below.

6.4.1 Quantitative genetics and resin composition

Before proposing the theory of monogenic control,
Han~over (1966a) applied the methods of quantitative gene-
tics to investigate genetic control of monoterpene compo-
sition, using the proportion of a particular resin constituent
as though it were a metric trait. Subsequent workers have
followed suit; usually, quantitative modes of inheritance
have been postulated for the other constituents of the resin
in the cases listed in Table 1.

Classical methods of quantitative genetics depend on the
assumption that the frequency distribution of a metric trait
approximates the normal (FaLconer. 1981). As we are con-
sidering neither metric traits nor traits which have a nor-
mal distribution, the application of quantitative genetic
methods to resin compositional data is inappropriate and
the results of such analyses (e.g., Hanover, 1966a; 1971;
FrankLN and SNYDER, 1971; SquiLLace, 1971; Barapar et al.,
1872; Hiwtunen, 1975; THor et al., 1976; Apawms, 1986) are in-
valid.

Inconsistencies in the results of such analyses illustrate
this. For example, Hanover (1966a) was unable to offer a
genetic interpretation of many of his results: “it is diffi-
cult to understand the genetic basis for higher or lower
terpene levels in self-fertilized progeny than in both their
parents and the F,. This unique situation occurred in a-pi
nene (higher) and 3-carene (lower)”. The broad sense heri-
tabilities which he calculated from analysis of variance,
and the narrow sense heritabilities from the regressions of
F, progeny means on both parental and mid-parent values,
are not consistent, despite his assertion to the contrary. As
is evident in Table 2, the various estimates of narrow sense
heritability show little agreement, and are in most cases
greater than the corresponding estimates of broad sense
heritability, which is theoretically impossible.

The calculation of heritabilities for constituents purpor-
tedly under monogenic control (Table 1) demonstrates a
fundamental misunderstanding of the nature of the pro-
posal, presumably resulting from confusion between the
quantitative measurement of proportion and the qualitative
trait deduced from it. Calculation of heritabilities for these
constituents has as much meaning as it would for the
colour and shape of Mendel’s peas. The results of calcula-

tions for quantitatively inherited constituents do not accord
with the theory of quantitative genetics because the un-
derlying assumptions are violated. Conclusions about the
relative influences of genotype and environment on resin
composition which derive from the application of such
methods are therefore invalid.

Resin composition should be viewed as a single vector
trait, and comparisons should be based on the complete
composition. There are appropriate quantitative methods to
aid interpretation of such data, but these have been infre-
quently applied to resin compositional data. A distinction
must be drawn between two different aims and the dif-
ferent methods involved in each. The first purpose is that
of classification, without calculation of a test statistic. The
second is to test hypotheses about groups of observations.
In this case, inferences are based on an assumed distribu-
tion of both the test statistic and the data set.

6.4.2 Classificatory approaches to interpretation of resin
composition

Generally, classificatory approaches are concerned with
grouping or reducing the dimensionality of data. Common
techniques such as principal components analysis (PCA),
cluster analysis and multidimensional scaling are well
described elsewhere (e.g., Cuatrierp and Coiuins, 1980). The
former two techniques were used by BurLey and GREEN
(1977; 1979), and the former by Suaw et al. (1982), to investi-
gate provenance variation in Pinus species. Contrary to the
latter’s assertion, PCA does not make distributional assump-
tions about the input variables, “though more meaning can
generally be given to the components in the case where the
observations are assumed to be multivariate normal”
(Cuatrierp and Cowruins, 1980). Factor analysis is another
classificatory technique which has been applied to resin
compositional data (Hicrunen, 1975). However, the assump-
tions inherent in the technique (CuarrieLp and Coruins, 1980)
are unlikely to be satisfied by such data.

Because PCA is dependent on scale (CuatrieLp and Cor-
Lins, 1980), the principal components from resin composi-
tional data will derive from the major constituents. For
example, the constituents which Burtey and Green (1977)
identify as contributing most to the first component are
those found in the greatest proportions — a-pinene and
d-3-carene for P. oocarpa ScHiepg, and a-pinene and f-phel-
landrene for P. caribaea MoreLer (GRreEN et al., 1974; 1975).
Consequently, there is little point in undertaking PCA of
the raw data. Suaw et al. (1982) use the angular transfor-
mation, which is appropriate for proportions arising from
a binomial distribution, but not for “continuous proper-
tions” (Stepuens, 1982) such as those we are considering
here. Arrcaison (1982; 1983a; b; c) examined the application
of PCA to compositional data sets. His suggestion that a
transformation based on logarithms might be the most
appropriate has yet to be theoretically validated, and cannot
be simply applied to many resin compositions because of
the frequency of zero values. Two further difficulties are
noted by Cuarriep and Coruns (1980). Firstly, principal
components “are not invariant under linear transformation
of the variables” and “are therefore not a unique charac-
teristic of the data”. Secondly, because PCA assumes no
underlying statistical model, “it is difficult to compare the
different components which result from carrying out a
PCA on two or more different samples of the same type.”

Another appropriate technique is that developed by
EsteBaN et al. (1976), specifically to differentiate groups
based on their resin composition. Their “interval-method”,
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which considers the terpene composition as a stochastic
vector, proved useful with their clonal data; when pheno-
typic ranges are greater, little differentiation is possible
(Kanowski, 1986). The major concern with all these methods
is that they should be robust. Different methods, or appli-
cation of the same methods to slightly different data sets,
should not produce contradictory results.

6.4.3 Testing hypotheses about the variation of resin com-
position

Appropriate statistical analysis of proportional data is
a matter of considerable debate (Arrcuison, 1982). The
distributions of proportions cannot be assumed to be multi-
variate normal, or even approximate to it. The search for
appropriate transformations continues (Arrcuison, 1982);
in the interim, attempts to transform data to approximate
such a distribution (e.g., Suaw et al. (1982)) have been
unsuccessful, and the application of techniques which as-
sume multivariate normality (e.g., multivariate analysis of
variance, discriminant analysis, canonical variate analysis)
are therefore inappropriate.

An approach suggested by CuarrieLp and Coruins (1980)
and applied by Suaw et al. (1982) is to use the component
scores in subsequent analyses. The results from such ana-
lyses must be interpreted with caution, firstly because the
scores depend on the transformation applied, and secondly
because their actual meaning may be obscure.

Where the data originate from a designed experiment
methods developed from Warson and WiiLiams’ (1956) ana-
lysis of variance on a von Mises distribution may be used.
Stepuens (1982) developed the approach for a two-way
classification.

7. Conclusions

Absolute determination of resin composition defies defi-
nition and measurement; the only assessment possible is
of the proportions of different constituents in a sample of
resin, which can be determined accurately and precisely
by GC. The properties of this compositional data have
obscured the nature of “the gap between the gene and its
expression’” (Irvine and Apams, 1973); indeed, AITCHISON
(1983b) suggested that “there has probably been no other
form of data analysis where more confusion reigns and
where improper or inadequate statistical methods are ap-
plied”.

The premises which have been fundamental to the in-
terpretation of wvariation in resin composition have not
been justified quantitatively. Proposals for the mode of
genetic control of resin composition and its magnitude rela-
tive to other influences are similarly unsubstantiated. The
utility of resin composition to forest genetics research has
yvet to be confirmed. The first step in doing so is “to
abandon the use of ’standard’ methods quite inappropriate
to 'nonstandard’ data sets such as compositions” (ArrcHison,
1983b). Consideration of resin composition as a single vec-
tor trait, and the application of appropriate quantitative
methods, such as those to which we have referred, are
necessary to determine the extent to which resin phenotype
reflects genotype.
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Characters distinguishing Osier-willow Clones
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Summary

The following characters are very useful to distinguish
osier willow clones: sex, colour of the rod in winter, shape
of the leaf bud, presence of black bud scales, time of leaf
unfolding, colour of the petiole, presence of leaf-like organs
on the petiole, glaucousness of under-surface of leaf, length/
width ratio of the leaf blade. Of limited use are: hairiness
of rod and leaf, position of the rods on the stool, persistance
of stipules, length of the leaf blade.

Typical S. fragilis L. is often wrongly regarded as S. alba
X fragilis by many authors. Special attention is paid to S.
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fragilis var. decipiens (Horrm.) KocH and the here newly
appointed cultivar groups Vitellina and Basfordiana.

Key words: Salix, Salix fragilis, Salix alba, Salix triandra, Salix
viminalis, clone distinction and classification.

Zusammenfassung

Die nachfolgenden Merkmale haben sich als sehr niitz-
lich erwiesen, um Flechtweiden-Klone zu unterscheiden:
Geschlecht, Winterfarbe der Langtriebe, Form der vegeta-
tiven Knospen, Vorhandensein von schwarzen Knospen-
hiillen, Austriebszeitpunkt der Blitter im Friihjahr, Farbe
des Blattstiels, Anwesenheit von blattdhnlichen Petiolar-
driisen, Glaukfirbung der Blattunterseite, Verhiltnis zwi-
schen Linge und Breite der Blattspreite. Weniger niitzlich
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