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Abstract
A coding procedure is presented for secondary chemical data whereby putative biogenetic
pathways are coded as phylogenetic characters with enzymatic conversions between compounds representing the corresponding character states. A character state tree or stepmatrix
allows direct representation of the secondary chemical biogenetic pathway and avoids problems of non-independence associated with coding schemes that score presence/absence of
individual compounds. Stepmatrices are the most biosynthetically realistic character de"nitions
because individual and population level polymorphisms can be scored, reticulate enzymatic
conversions within pathways may be represented, and down-weighting of pathway loss versus
gain is possible. The stepmatrix approach uni"es analyses of secondary chemicals, allozymes,
and developmental characters because the biological unity of the pathway, locus, or character
ontogeny is preserved. Empirical investigation of the stepmatrix and character state tree coding
methods using #oral fragrance data in Cypripedium (Orchidaceae) resulted in cladistic relationships which were largely congruent with those suggested from recent DNA and allozyme
studies. This character coding methodology provides an e!ective means for including secondary compound data in total evidence studies. Furthermore, ancestral state reconstructions
provide a phylogenetic context within which biochemical pathway evolution may be
studied.  2000 Elsevier Science Ltd. All rights reserved.
Keywords: Cypripedium; Orchidaceae; Secondary chemicals; Benzenoids; Chemosystematics; Cladistics;
Character coding; Stepmatrix; Character-state tree

* Tel.: #814-863-6413; fax: #814-865-9131.
E-mail address: tjb20@psu.edu (T.J. Barkman).
0305-1978/00/$ - see front matter  2000 Elsevier Science Ltd. All rights reserved.
PII: S 0 3 0 5 - 1 9 7 8 ( 0 0 ) 0 0 0 3 1 - 4

2

T.J. Barkman / Biochemical Systematics and Ecology 29 (2001) 1}20

1. Introduction
Systematists often consider multiple sources of data in order to estimate evolutionary relationships of taxa for investigating character evolution, postulating biogeographic events, or constructing classi"cations. Most studies consider information
from morphology and molecules even if the data are not ultimately combined in one
analysis. Currently, although many methods exist, parsimony analyses of morphology
and DNA sequence information are most commonly used for estimating phylogenies.
In contrast, although vast amounts of secondary compound information became
available concomitantly with the development of cladistic methodologies, few studies
have incorporated it into cladistically based systematic studies. Frustration regarding
the lack of cladistic analysis of micromolecular data was expressed by Je!rey (1995);
`Unfortunately, this recommendation (cladistic analysis of chemical data) has been far
from universally followed, with the result that the taxonomic input of micromolecular
data has been disproportionately and disappointingly small in comparison with its
quantity (pp. 7}8).a
1.1. Previous approaches treating micromolecular data
Methods of analysis for secondary chemical data are diverse, including both
non-cladistic and cladistic approaches that either consider variation within a biogenetic context or ignore it. Perhaps the most thorough cladistic treatment of
secondary chemical variation was that of Seaman and Funk (1983) in which an
additive binary coding method was used to score the presence or absence of a pathway
and each compound within the pathway. A slight modi"cation of their methodology
was subsequently used only once (Culberson, 1986), in spite of the potential generality
for all classes of secondary compounds. In some chemosystematic studies, compounds, classes of compounds, or substitution features were simply coded as present
or absent (Bolick, 1983; Humphries and Richardson, 1980; Richardson, 1983; Nandi
et al., 1998) and analyzed using parsimony algorithms. One cladistic modi"cation of
the #avonoid scoring system (Bate-Smith and Richens, 1973), produced branching
diagrams based on the a priori decision of chemical character polarity with the level of
compound oxidation determining the phylogenetic position of a taxon (Richardson
and Young, 1982). A non-cladistic but related approach using minimum biosynthetic-step indices was pathway-based and assigned a distance measure to each pair of
taxa sampled (Levy, 1977). Distance measures were also used by Figueiredo et al.
(1995) to quantify the evolutionary advancement parameters related to oxidative
levels and skeletal specializations of diterpenes (Gottlieb, 1989). Finally, some researchers have assessed secondary compound variation after a phylogeny has been
estimated using other data (Miao et al., 1995; Plunkett et al., 1996). In these cases,
chemical data were interpreted as congruent with patterns derived from DNA variation; however, no numerical analyses were performed, making such assertions
di$cult to interpret. While several of the methods mentioned above have advantages,
most are not generalizable and su!er from problems of non-independent character
de"nitions.
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1.2. Non-independence of secondary compound variation
The most important challenge to using secondary chemical variation in
phylogenetic studies is coding statistically independent characters * a requirement of
any numerical analysis (Sneath and Sokal, 1973). The biogenetic relatedness of many
compounds makes them statistically non-independent. As an example, consider two
compounds di!ering only by a methylation substitution (i.e., eugenol and methyleugenol). These two compounds are likely produced via identical pathways, although
the action of a methyl transferase converts eugenol to the substituted form (Wang and
Pichersky, 1998). In this case, the production of one compound, methyleugenol, is
present only because of the prior formation of eugenol. Due to the expected covariation of these two compounds, coding each as a separate character would violate the
assumption of independence.
Another concern about secondary chemical variation is that homoplasy is widespread and therefore problematic for cladistic analyses (Richardson, 1983). This
concern is well-founded especially since Bohlmann et al. (1998) have found independent evolution of the enzymes producing limonene in conifers and mints. While
homoplasy of terpenoid production may exist among taxa as diverse as angiosperms,
gymnosperms, algae, and fungi, it does not necessarily preclude the use of secondary
chemical variation at lower taxonomic levels. Homology is ultimately determined by
congruence of a particular character with others as determined by phylogenetic
analysis (Patterson, 1988).

1.3. A method for character coding
A general coding methodology is presented below in an attempt to stimulate more
widespread use of secondary compound data in phylogenetic analyses. The coding
scheme represents independent biogenetic pathways as characters and their related
enzymatic conversions as character states. The pathways are directly represented as
multistate characters with either a character state tree or stepmatrix transformational
de"nition, both of which are standard user-de"ned characters in PAUP (Swo!ord,
1991) or MacClade (Maddison and Maddison, 1992). The result is a set of statistically
independent characters that are comprised of putatively homologous character states.
No attempt is made to include quantitative variation due to the many nonphylogenetic factors that a!ect it (Harborne and Turner, 1984). This character
de"nition loosely equates a biochemical pathway with an evolutionary pathway
whereby biogenetic transformations are potential phylogenetic markers. This view,
that the character of evolution is the biochemical pathway, is supported by the
prediction that enzymes catalyzing steps later in a pathway evolved from enzymes
performing reactions earlier in the pathway (Sacchettini and Poulter, 1997; see Wang
and Pichersky, 1999 for an empirical example). An implication of this paradigm is that
novel enzymatic steps evolve only if integration within the context of the biochemical
pathway has occurred.
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2. Materials and methods
The coding procedure is outlined below with several problematic examples discussed. Two assumptions are involved in this coding procedure. First, it is assumed
that the biogenetic pathways used for delimiting characters are correct. This is often
not a limitation, because abundant experimental information exists for many secondary compounds. Second, it is assumed by analogy that the experimentally elucidated
biogenetic pathways are the same in all study groups. Even if a presumed pathway
does not have extensive experimental support for the speci"c taxa studied, the explicit
statement of such, at the onset of a cladistic analysis, allows other researchers to
evaluate the soundness of such assumptions and investigate alternatives. It is not
clear, however, if violations of these assumptions could compromise results obtained
in phylogenetic analyses.
Floral fragrance compound variation in Cypripedium (Barkman et al., 1997) was
used to demonstrate the coding procedure. This data set contained several classes of
compounds including terpenoids, phenyl propanoids, and fatty acid derivatives. The
biogenetic pathways for these groups of compounds were elucidated from experimental studies including Schreier (1984) for all classes of volatiles, Gross (1981) for
phenolic acids and Wheeler and Croteau (1986), Croteau and Karp (1991), Gray
(1987), and Gambliel and Croteau (1984) for terpenoids.

2.1. Character coding
The "rst step required to code secondary chemical data is to identify a biogenetic
pathway within which each compound was produced. For each assumed pathway,
compounds may be arranged relative to assumed or sampled precursors based upon
probable enzymatic conversions between them. The Cypripedium data were delimited
into 8 characters (pathways) with numbers of character states (enzymatic conversions)
ranging from 2 to 7 as shown in Appendix A. Assumed biogenetic pathways used to
de"ne the phenylalanine and benzoic acid characters are illustrated in Figs. 1 and 2.
Assumed pathways used to de"ne all other characters are shown in Appendices B and
C or are available from the author upon request. The enzymatic reactions were
ordered with respect to the common precursor of the entire pathway and represented
directly by a character state tree or stepmatrix.
A character state tree de"nes a path, identical to the biochemical pathway, by
which character state transformations occur. Fig. 1a shows an assumed biogenetic
pathway for benzoic acid derivatives. The corresponding character state tree, de"ned
in Fig. 1b, shows that various evolutionary transformations can occur only within the
constraints of the de"ned path. For example, consider the steps required to lose
production of 4-methoxy benzaldehyde and gain production of benzyl benzoate
within the context of the character state tree. First, loss of 4-methoxy benzaldehyde
must occur, then loss of production of benzaldehyde followed by a gain of the
production of benzyl benzoate. In this case, a direct interconversion from 4methoxy benzaldehyde to benzyl benzoate is not de"nable. By contrast, a stepmatrix
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Fig. 1. (a) Assumed biogenetic pathway for compounds derived from benzoic acid. Numbers above arrows
represent enzymatic conversions to be coded in cladistic analyses for character 2 (benzoic acid, Appendix).
(b) Character state tree representing transitions within character 2. (c) Symmetric stepmatrix with equal
costs assigned to transitions within character 2. (d) Asymmetric stepmatrix with di!erential costs assigned
to each transformation within character 2.

transformational de"nition allows all possible interconversions, with relative weighting representing the biogenetic complexity required for such changes. Rationale for
assigning relative weights will be discussed more below. Stepmatrix de"nitions of the
benzoic acid pathway in Fig. 1a are shown in Fig. 1c and d. Fig. 3 illustrates the
di!erence between a character state tree and stepmatrix with respect to transformational constraint.
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Fig. 2. (a) Assumed biogenetic pathway for compounds derived from phenylalanine. Numbers above
arrows represent enzymatic conversions to be coded in cladistic analyses for character 1 (phenylalanine,
Appendix). (b) Character state tree representing transitions within character 1. (c) Asymmetric stepmatrix
representing transitions within character 1. (d) Data matrix contrasting coding of same chemical data using
the pathway-based approach advocated here and a simple presence/absence scoring.

2.1.1. Problems of non-independence
Fig. 2a shows the assumed pathway for compounds derived from phenylalanine.
A single enzymatic reaction was coded for the production of the stereoisomers E- and
Z-cinnamaldehyde via reduction from cinnamic acid. The evolution of the ability to
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Fig. 3. Comparison of transformational constraint between (a) a character-state tree and (b) a stepmatrix.
Note that only a subset of the stepmatrix transformations are de"ned for a character state tree. Variable
weights may be applied to each transformation depending on relative biogenetic complexity in a stepmatrix
whereas equal weights must be applied to all transformations in a character-state tree.

produce E-cinnamaldehyde did not likely occur independently of the ability to
produce Z-cinnamaldehyde, and therefore the coding is justi"ed. Indeed, experimental
evidence has demonstrated that some stereoisomers may be produced by a single
enzymatic reaction (Gambliel and Croteau, 1984; Bohlmann et al., 1997). Cypripedium
macranthum Sw., therefore, was coded as possessing character state 5 for the
phenylalanine character rather than the two non-independent characters (E- and
Z-cinnamaldehyde) assigned in the compound-based coding method shown in Fig. 2d.
The phenylalanine pathway provides another example of biogenetically linked
compounds and how they are coded in a pathway-based procedure (Fig. 2, Appendix).
Consider, Cypripedium pubescens Willd. and C. candidum Muhl. ex Willd. These two
taxa both produce phenyl ethyl alcohol and phenyl acetaldehyde. However, C.
pubescens also produces the derivative, 4-methoxy-phenyl ethyl alcohol, which obviously relies on the presence of the precursor, phenyl ethyl alcohol, for its biogenesis. In
this case, C. candidum was coded as possessing character state 1, while C. pubescens,
was scored for state 2. This method avoids coding two non-independent characters for
C. pubescens (both compounds) while preserving the homology of the character states
shared by the two taxa. In this case it is obvious that the 4-methoxy derivative
could not have been produced without the earlier enzymatic step represented by 1.
Fig. 2d shows a comparison of the coding procedure for the phenylalanine character
(1) using the method described here and one possibility under a compound-based
approach whereby all compounds found within the pathway are scored as present/absent. An important point is to notice the reduction in total character number
from 6 to 1 for the group of compounds assumed to be produced via the phenylalanine
pathway.
For cases in which knowledge of biogenesis is uncertain or lacking, one may assume
the compounds are independently synthesized and code them as independent binary
characters or use ad hoc criteria in order to justify a speci"c coding procedure. One
such criterion might be based upon the common presence of several putatively
biogenetically related compounds within a species or the repeated occurrence of each
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in several species. For instance, in Fig. 1a the presence/production of benzyl alcohol
and benzaldehyde is treated as a single character state due to the fact that both were
always recovered together in all taxa sampled. It does not seem useful to code this
enzymatic conversion as a character state because of the ubiquity of the transformation across the species sampled. In some cases, no pathways were found in the
literature for compounds such as 1,4-dimethoxy benzene, and therefore these were
treated as independent presence/absence characters.

2.1.2. Central importance of experimental evidence
Experimentally determined pathways are important for assessing homology of
characters. One case in particular concerned the terpenoid class of compounds which
were delimited as mono- or sesquiterpenes in Cypripedium. The mono- and sesquiterpene pathways are largely independent of each other because plants produce both in
di!erent pathways and subcellular compartments (Bohlmann et al., 1998). Further
divisions within these two classes of terpenoids are di$cult to make, however, as they
are all derived via GPP for monoterpenes, or farnesyl pyrophosphate (FPP) for
sesquiterpenes. In the analyses utilizing a stepmatrix, all monoterpenes were considered as a single character. Analyses using character state trees assigned monoterpene compounds to two pathways (hydrocarbons and alcohols) although they are all
derived from GPP. This decision was made because several taxa produced both
monoterpene hydrocarbons and alcohols and polymorphic taxa cannot be analyzed
when using a character state tree. It should be noted that the term `polymorphica in
this case applies to an individual rather than a population that exhibits more than one
character state. In cases where extensive pathway polymorphism is observed for
character state tree de"nitions (individual or population level), a possible alternative
may be to simply code each subpathway or enzymatic reaction separately in spite of
some degree of non-independence among them.

2.1.3. Relative weighting of stepmatrices
The representation of character state transformations by a stepmatrix requires the
assignment of relative weights to all possible interconversions. A symmetric stepmatrix assigns equal weight to the gain or loss of a particular transformation, whereas an
asymmetric stepmatrix has di!erent weights applied to the gain or loss of a particular
transformation. If certain transformations are biologically impossible, they could be
assigned an in"nite weight so that the direct evolutionary transformation would not
be allowed. A discussion of the presumed events involved in the evolutionary gain or
loss of compound production provides rationale for the relative weights assigned to
the stepmatrices used in this paper.
An evolutionary gain is more complicated than a loss on a physiological and
molecular level. Consider, Clarkia breweri, the best studied example of an evolutionary gain of fragrance production (Pichersky et al., 1994; Raguso and Pichersky, 1995;
Wang and Pichersky, 1998; Dudareva et al., 1998; Wang et al., 1997; Wang and
Pichersky, 1999; Ross et al., 1999; Raguso and Pichersky, 1999). In this species, the
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initial steps of fragrance evolution required gene duplication and divergence. In the
case of isoeugenol O-methyl transferase (IEMT), only 7 amino acid substitutions were
required to cause a diverged function from the precursor, ca!eic acid O-methyl
transferase (COMT) (Wang and Pichersky, 1999). Transcriptional and translational
regulatory integration into a tissue speci"c biochemical pathway must have then
occurred (Wang et al., 1997; Nam et al., 1999). Finally, evolution of osmophores might
occur, but there is evidence that this may not be necessary, at least in Clarkia breweri
(Raguso and Pichersky, 1995). This rather complicated set of events is probably
required for the evolution of a novel scent compound within any species; however,
some di!erences might exist. For example, Cseke et al. (1998) found that linalool
synthase arose not as a duplicated gene, but by recombination between two di!erent
pre-existing terpene synthases.
In contrast to scent gain, the evolutionary loss of scent production is less complicated on a physiological and molecular level and may have multiple causes. Experimental studies have shown that absence of scent in otherwise scent producing species
or their close relatives may occur due to complete gene absence (Yuba et al., 1996),
gene presence but lack of transcription (Wang et al., 1997), and gene presence with
transcription but lack of enzyme function due to point mutations of critical amino
acids (Dudareva, pers. comm.). Apparent loss of scent production could also be due to
lack of precursor formation or inability to secrete scent compounds. It is evident that
multiple causes of scent loss exist, and it would be di$cult to develop di!erential
weights for the point mutations that cause lack of gene transcription versus those that
cause lack of appropriate enzymatic activity. The important point is that scent loss
could occur within a single generation of an individual with one or few
mutational changes, whereas scent gain would likely take many generations of
mutation subject to selection. For this reason, one justi"able stepmatrix weighting would assign less weight to losses than to gains. For all asymmetric stepmatrices
analyzed below, single-step losses were coded for entire pathways, regardless of
their length, based on the assumption that loss of an early enzymatic step in any
pathway would result in loss of all subsequent steps. This model of loss of pathway
expression assigns low weights to pathway loss, whereas the symmetric stepmatrix
model assigns higher weights that are equal for pathway loss or gain. Below, symmetrically and asymmetrically weighted stepmatrices will be compared in phylogenetic
analyses.
Fig. 1a shows the benzenoid pathway with the corresponding user-de"ned character state tree representing it in Fig. 1b, symmetric stepmatrix in Fig. 1c, and asymmetric stepmatrix in Fig. 1d. In this case, the use of an ordered character state tree and
symmetric stepmatrix resulted in the same number of steps for gains and losses of
compound production. As an alternative, an asymmetric stepmatrix was used to allow
single-step losses of pathway expression with multistep gains for alternative branches
of a particular pathway. This feature is evident upon inspection of the asymmetric
stepmatrix of Fig. 1d. As an example, consider the number of steps required to lose
enzymatic conversion 3 and to gain conversion 4. A single-step loss of the pathway
leading to conversion 3 with a single-step gain of conversion 4 results in 2 steps total.
This is one step less than would be speci"ed by the character state tree or symmetric
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stepmatrix. Alternative weights could be applied to pathway losses that would range
between zero and the number of steps required for pathway gain. Although a singlestep model is assumed in the analyses performed below, alternative weights may be
preferable when other models of pathway evolution are assumed. The advantages and
disadvantages of the asymmetric stepmatrix character state transformations de"ned
here will be discussed below.
The Barkman et al. (1997) data set was chosen because independent phylogenetic
estimates exist for Cypripedium, which serve as bases of comparison for the results
obtained in this paper. For Cypripedium, a reference cladogram based on 5s rDNA
sequence variation (Cox, 1995) and a phenogram derived from genetic distances
estimated from allozyme variation (Case, 1994) were used. The reference cladogram of
Cox (1995) was modi"ed by pruning taxa which were not sampled for the chemical
data coded in this paper. These reference trees were compared with cladograms
estimated using four di!erent coding methods. The four coding methods were: (1) a
pathway-based approach using a character state tree, (2) a pathway-based approach
using asymmetric stepmatrices, (3) a pathway-based approach using symmetric stepmatrices, and (4) simple presence/absence scoring of each compound. All analyses
were performed using PAUP (Version 3.0s Swo!ord, 1991).
Similarity between the reference trees and those generated using the four coding
methods was quanti"ed using the symmetric-di!erence metric (Penny and Hendy,
1985) available in PAUP 3.0s (Swo!ord, 1991). The reference trees were derooted
before symmetric-di!erence metrics were calculated because no outgroup was available for the fragrance compound data set. Trees obtained using the asymmetric
stepmatrix coding method were derooted for subsequent comparisons. The reference
phenogram calculated by Case (1994) is not a rooted cladogram, but for the purposes
of this paper, only the branching relationships were of interest. Taxa not sampled by
Case (1994) were excluded from trees estimated by the four competing coding methods
before symmetric-di!erence metrics were calculated.

3. Results
Fig. 4 shows trees obtained for Cypripedium including: (a) Cox, (1995, pruned),
(b) Case (1994), (c) #oral fragrance data coded using character state tree, (d) #oral
fragrance data coded using the asymmetric stepmatrix approach, (e) #oral fragrance
data coded using the symmetric stepmatrix approach, and (f) #oral fragrance data
coded using presence/absence compound-based approach. Table 1 lists symmetricdi!erence metrics obtained in comparisons of the competing trees with the two
reference trees. Coding method 2, utilizing the asymmetric stepmatrix, had the
smallest symmetric-di!erence metric relative to reference tree 1, whereas analyses
utilizing the character state tree had the smallest values relative to reference tree 2. The
simple presence/absence compound-based coding procedure produced a topology
(Fig. 4f) that had the highest symmetric-di!erence metrics relative to both reference
trees.
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Fig. 4. Comparison of reference trees for Cypripedium derived from: (a) 5srDNA (Cox, 1995), (b) UPGMA
estimated phenogram based on Nei's genetic identities (Case, 1994), (c) secondary compound variation
using character state tree, (d) secondary compound variation using asymmetric stepmatrix, (e) secondary
compound variation using symmetric stepmatrix, and (f) secondary chemical variation with each compound coded as present/absent. C}F are majority rule consensus trees with numbers above branches
representing percentages of trees with that topology.

Table 1
Average symmetric di!erence metrics calculated between reference trees in Fig. 4a and b and competing
trees in Fig. 4c}f obtained from four di!erent coding methods for #oral fragrance compound data in
Cypripedium

Fig.
Fig.
Fig.
Fig.

4c character-state tree
4d asymmetric stepmatrix
4e symmetric stepmatrix
4f presence/absence

5srDNA

UPGMA

10.6
9.4
10.4
11.2

2.4
2.9
3
5
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4. Discussion
The pathway-based stepmatrix or character state tree coding procedures appear to
be the most e!ective methods for studying secondary compound variation for several
reasons. First, analyses using the stepmatrix or character state trees resulted in
cladograms that were fairly similar to independent estimates of the evolutionary
history in Cypripedium. The main point of incongruence between the reference tree in
Fig. 4a and the consensus tree found in Fig. 4d regards the placement of C. macranthum. A probable cause for the putatively incorrect position of C. macranthum is the
shared presence of pathways between this taxon and C. guttatum Sw. and C. acaule
Ait. The position for C. macranthum in Fig. 4d is assumed to be erroneous due to the
shared presence of these enzymatic conversions because the taxa have very di!erent
morphologies and have never been suggested as closely related by any other data set.
These putatively homoplastic characters had a strong e!ect on the topology recovered
largely because of the small number of characters used in this analysis. Ultimately, the
combination of the secondary chemical data with other sources of data will provide
a larger number of characters to more e!ectively estimate these relationships. The
inability of the presence/absence coding method to recover the currently accepted
phylogeny of Cypripedium suggests that non-independence among characters may
be problematic. In addition, the coding of multiple non-independent characters
results in an under-representation of the homology of represented compounds,
therefore, researchers should avoid such non-pathway based coding procedures. The
lack of `knowna reference trees could have biased the comparisons performed in
this paper. It should be noted, however, that the reference trees generally agree with
long standing hypotheses about intrageneric relationships of Cypripedium (Atwood,
1984).
Second, from a theoretical perspective, the stepmatrix and character state tree
methods used in this paper consider the pathway as the unit of evolution, thereby
removing problems of character non-independence associated with other methods.
While the stepmatrix and character state trees both utilize pathway-based information, the former has several advantages. Stepmatrices can be weighted to re#ect
biogenetic assumptions about pathway gains/losses, accommodate reticulations in
biochemical pathways, and score polymorphisms if population- or individual-level
variation exists. A character state tree, as a user-de"ned character in MacClade,
cannot have di!erential weighting among transformations, does not allow reticulations and cannot accommodate polymorphic taxa. For these reasons, the asymmetric
stepmatrix approach may be the preferable representation for biochemical pathway
data; however, it does have two drawbacks. Analyses utilizing the asymmetric stepmatrix require greater amounts of computation time, which may be a problem when
working with large data sets. Perhaps a more serious problem is the forced rooting
that results from these analyses. This rooting occurs with or without outgroup taxa
speci"ed. The only solution is to de"ne a rooted constraint topology to be imposed
during tree searches. The character state tree transformational de"nitions appear
more restrictive than stepmatrix de"nitions as shown in Fig. 3 because the path of
transformations are constrained. It should be noted that, in theory, a stepmatrix can
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Fig. 5. Reconstruction of ancestral states and evolutionary changes in the benzenoid pathway based on the
phylogenetic estimate of Cox (1995) for Cypripedium. Note that the ancestor of C. candidum and C.
kentuckiense likely produced benzaldehyde and 4-methoxy benzaldehyde.

be de"ned to match the constraints of any character state tree and if both are based
on the same biogenetic assumptions, paths of transformation will generally be
the same.
Third, interpretation of biochemical evolution is signi"cantly enhanced through the
use of the stepmatrix or character state tree. The evolutionary modi"cation of
a biochemical pathway may be easily observed from character state reconstructions
on a rooted phylogenetic tree. In contrast, little information about evolutionary
change is obtained when reconstructing presence/absence of a compound on a tree.
Although origin or loss of a compound may be identi"ed, no information is gained
about precursors or pathway evolution in this latter case because pathway intermediates are not included in character de"nitions. As an example, Fig. 5 shows the inferred
evolution of benzenoid derivatives in Cypripedium. The complete loss of benzenoid
expression is inferred in C. kentuckiense C. F. Reed because its ancestor possessed the
capability to produce benzenoids. By contrast, an equivocal ancestral condition is
inferred for the ancestor of C. kentuckiense when reconstructing presence/absence
characters of multiple benzenoid compounds (data not shown).
4.1. Advantages to the general method
The pathway-based coding method presented here is relatively simple to use,
though it requires assumptions about biogenetic pathways for the compounds
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sampled. This is not problematic because biogenetic pathways have been studied for
#avonoids, sesquiterpene lactones, terpenoids, glucosinolates, iridoids, anthocyanins,
and alkaloids, i.e., many of the important compounds studied in a systematic context
for higher plants. This methodology should be generalizable to any class of compounds because, although compound types and substitution features of them may
vary tremendously, they are all derived via enzymatic conversions that can be
identi"ed as independent or not and then coded appropriately. An advantage to the
use of biochemical data over other types of data is that when enzymatic conversions
are known to produce particular compounds, delimitation of the character state is
unambiguous. The direct correspondence between gene and enzyme allows comparison of genetic di!erences between taxa studied. Rarely is a comparable understanding
of the genetic basis of morphological characters available.
4.2. Limitations of secondary compound data
A problem inherent to secondary compound data, particularly #oral fragrances, is
that the spectrum of compounds sampled within an individual can vary quantitatively
and qualitatively with di!ering environmental conditions, developmental stage, circadian rhythms and experimental protocols (Tollsten, 1993; Jakobsen and Olsen,
1994; Hills, 1989; Altenburger and Matile, 1988; Matile and Altenburger, 1988;
Loughrin et al., 1991). Although careful sampling methods may control for abiotic
conditions, this is di$cult in "eld studies. Many methods exist for the delimitation of
continuous characters. However, the character coding method suggested in this paper
does not incorporate quantitative variation because it seems to be a!ected by
non-phylogenetic factors. Furthermore, the distinction between qualitative absence
and accumulation of only small quantities of a compound becomes blurred if endproduct quantities are too low to be detected by analytical instrumentation, even
though the enzymatic conversions may occur. In addition, because enzymatic conversions are the information of interest for coding, it is irrelevant whether the plant
accumulates large or small quantities of the compound. Quantitative variation is
more important for ecological and physiological studies, however.
4.3. Unresolved problems
Although unique di$culties may arise when considering any biochemical pathway,
this method deals with some of the more common problems. Perhaps the most
di$cult problem remaining to be dealt with concerns extremely diverse groups of
compounds derived from single precursors. For instance, consider that at least 2000
sesquiterpenes are produced from one or a few precursors. Interestingly, Steele et al.
(1998) found 54 sesquiterpenes were produced from a single enzymatic reaction
underscoring the role experimental data will have in assisting future coding e!orts of
such complicated chemical groups.
Another potential problem may be encountered if single taxa express all the
compounds within a delimited pathway and therefore cannot be assigned a single
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character state. While the stepmatrix approach can be used in cases of extensive
polymorphism, the coding procedure of Mabee and Humphries (1993) may be a useful
alternative.
4.4. Analogy to ontogenetic data
De Queiroz (1985) stressed that the appropriate delimitation of morphological
characters is the ontogenetic transformation rather than the `instantaneous morphologiesa used by most systematists. The instantaneous morphology is the character
state possessed by an organism when it is sampled. Using a biosynthetic pathway as
a character, as stressed in this paper, is analogous to considering an ontogenetic
transformation as a character. In the case of biochemical pathways, the individual
compounds accumulated are the instantaneous morphologies of De Queiroz. In
organisms sampled for morphology or secondary chemicals, the stage of development
can greatly a!ect the character state observed. Ontogenetic stages are transitory,
however, and the morphological character states possessed will di!er between juveniles and adults. In contrast, a single individual sampled for secondary chemicals
may possess multiple character states simultaneously, because when sampled,
an individual may produce end-products as well as precursor compounds. The coding
of a biochemical pathway as a character, like an ontogenetic sequence, allows
inference of ancestral states that are important for inferring types and frequencies of

Fig. 6. Reconstruction of ancestral states and evolutionary changes in the monoterpene pathway based on
the phylogenetic estimate of Cox (1995) for Cypripedium. It is inferred that C. parviyorum evolved the ability
to produce linalool oxide from an ancestor that only produced linalool.
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evolutionary changes. Ontogenetic paedomorphosis may cause taxa to possess `juvenilea morphological characteristics through terminal deletion, and in biogenetic
pathways, loss of enzymatic steps may occur in nested species giving the appearance of
a `primitivea secondary chemical pro"le. As an example, Fig. 5 shows loss of
benzenoid pathway expression in C. kentuckiense from an ancestor that expressed
several benzenoid pathway reactions. A paedomorphic pattern was also suggested by
Armbruster (1996), whereby the suppression of triterpenoid synthesis has resulted in
the expression of the less biochemically-derived monoterpenoids. Also, ontogenetic
terminal additions inferred from a rooted cladogram (Mabee, 1993) are analogous to
chemical pathways or parts of them in which a precursor is further derivatized by the
addition of a substitution group such as an epoxidation modi"cation of linalool. This
type of evolutionary modi"cation may be found in Cypripedium because, as shown in
the rooted cladogram of Fig. 6 (derived from Cox, 1995), C. parviyorum Salisb.
expresses linalool oxide whereas the ancestor only produced linalool. Additional
evolutionary inferences of this sort await further studies of secondary chemical
variation considered in a phylogenetic framework.
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Appendix A
Data matrix for Cypripedium. Characters 1}4 are described in Figs. 1 and 2 and
Appendices B and C. Characters 5}8 are not illustrated but are available upon
request.
Taxa

1.
Phenyla
lanine

2.
Benzoic
acid

3.
4.
Mono- Sesquiterpenes terpene

5.
Fatty
acid,
methyl
and
ethyl
ester

6.
Fattyacid
acetates,
alcohols

7.
1,4-Dimethoxybenzene

8.
Anthranilic
acid

C.
C.
C.
C.

0
2
1
0

3
2
3
3

5&7
7
4
0

0
0
0
0

1
1
0
0

1
1
0
0

1
0
0
0

parviyorum
pubescens
candidum
arietinum

4
0
0
0
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C.
C.
C.
C.
C.

kentuckiense
acaule
reginae
guttatum
macranthum

1
0
0
4
5

0
4
6
2
7

4&7
2&7
0
3
2&7

4
0
0
3
2

0
2
0
1
0

2
0
0
0
0

0
0
0
0
0

17
0
1
0
0
0

Appendix B
Assumed biogenetic pathway for monoterpenes sampled from Cypripedium that
served as the basis for de"ning an independent multistate character.

Appendix C
Assumed biogenetic pathway for sesquiterpenes sampled from Cypripedium that
served as the basis for de"ning an independent multistate character.
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