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Abstract

The genus Artemisia:
Biogeography and chemosystematics in a phylogenetic context (phylochemistry)

By Christopher Rollin Hobbs
Doctor of Philosophy in Integrative Biology
University of California, Berkeley

Professor Bruce G. Baldwin, Chair

Artemisia is the most diverse genus in tribe Anthemideae, consisting of 350 to 500 species
(Hillebrand, 1888; Vallés & McArthur, 2001; Valles et al., 2003). These wind-pollinated
herbaceous and shrubby taxa, including mugworts, sagebrushes, and wormwoods, occur
widely in the Northern Hemisphere and sparingly in southern South America and sub-
Saharan Africa. I studied the biogeography of the genus with an emphasis on the three
Hawaiian taxa in the context of world-wide distribution.

I sought to determine whether Hawaiian Artemisia (Compositac—Anthemideae), with lowland
and subalpine species, represents such an example by investigating the origin and
relationships of the Hawaiian taxa.

Molecular phylogenetic analyses of Hawaiian Artemisia were conducted using nuclear
ribosomal transcribed spacers, chloroplast DNA intergenic spacers, and morphology. Timing
of divergence events associated with inferred dispersals was estimated with calibration from
fossil pollen records. Historical biogeographic analyses based on molecular trees and
ecological modeling of distributions of extant taxa were used to aid interpretation of
geographic and habitat shifts associated with diversification and long-distance dispersal.

The findings indicate that the Hawaiian-endemic species (A. australis, A. kauaiensis, and A.
mauiensis) constitute a clade that is sister to southeast Asian A. chinensis., which, like the
Hawaiian endemics, has ribbed fruit walls and, unlike other members of Artemisia except A.
kauaiensis, has a distinct pappus, often associated with dispersal ability in Compositae. The
clade encompassing A. chinensis and Hawaiian Artemisia was resolved to be most likely of
Asian origin.

An ecological shift in Hawaiian Artemisia from tropical coastal habitats to drier and colder
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subalpine slopes is consistent with evidence from recent studies by Tkach and others, and
data reported here, for repeated colonisation of the arctic by diverse lineages of Artemisia.
Artemisia appears to be prone to such anticlimatic ecological shifts, which may explain this
exceptional example of an ancestrally lowland tropical lineage in the Hawaiian high-montane
flora.

Since the genus Artemisia has an abundance of secondary metabolites (SM), from a variety
of distinct biosynthetic pathways, I sought to determine if these compounds had
biogeographical signal, and were more influenced by environment, or mostly under genetic
control and conserved. The odor compounds, or volatile organic constituents (VOCs), with
up to 200 possible in one species was characterized by gas chromatograph/mass
spectroscopy, and are a strong characteristic of the genus. Based on their odors, they seem to
be distinct and varied within individual species.

First I sought to determine if compounds from all major constituent classes (alkaloids,
terpenes, fatty acids, phenolic compounds) were under environmental or genetic control. The
use of SM for solving taxonomic problems is called chemotaxonomy or chemosystematics.
Use of SM in systematics, by tradition called chemosystematics, has been extensive for more
than a half century and predates macromolecular approaches.

A comprehensive search of the chemosystematics literature was undertaken, and a previously
published dataset of 24 leaf fatty acids for 123 taxa from all major gymnosperm clades
(cycads, ginkgos, gnetophytes, and conifers) was compared with trees from rbcL chloroplast
sequence data for the same taxa using comparative analyses in R to determine phylogenetic
signal and to evaluate the mode of evolution of the chemical traits. Strong evolutionary
constraint of the fatty acid data adds weight to the idea that fatty acids are more suitable for
use as characters in phylogenetic analyses than non-structural secondary compounds. The
relative benefits and drawbacks of chemical data are briefly discussed, along with potential
problems in their collection, extraction, analysis, and interpretation.

Volatile organic constituents are prominent in the genus Artemisia, and many of these volatile
compounds such as thujone and 1,8-cineol, are associated with defensive behavior such as anti-
herbivory, anti-encroachment, and antimicrobial effects in plants. I sought to test the hypothesis
that these toxic compounds might be lost in island settings over evolutionary time because of a
demonstrable lack of herbivores and other encroaching species within the time frame of early
colonization. I show show a dramatic example of island tameness in plants in Artemisia. In the
74 species sampled across the genus, 10 abundant and widely-studied, toxic terpene compounds
that are known to inhibit seed germination, root development, and herbivore feeding’
demonstrate repeated loss, in two separate island lineages in the Hawaiian and Canary Islands.
This is the first phylogeny-based study demonstrating this in plants, whereas island tameness has
been widely discussed in animals, and well-known examples such as the dodo of Mauritius,
Galapagos island iguanas are common knowledge. The tameness of the Falkland Island wolf,
was noted by Darwin.



I dedicate this work to my dad, Ken Hobbs, Ph.D., the second scientist in the
family. He taught me to identify plants when I was very young, and inspired my
love for the natural world that I have carried with me throughout my life. He was

inspired by his mother’s brother, Wyatt Jones, the first botanist and scientist in the
family. It brings me great joy to carry on the lineage. With hopes that my son Ken
will continue the passion.
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Chapter 1

Asian origin and upslope migration of
Hawaiian Artemisia (Compositae—Anthemideae)

INTRODUCTION

Origins of Hawaiian flora are becoming increasingly well known from molecular phylogenetic
studies (see Baldwin & Wagner, 2010; Price & Wagner, 2011) and a predictive framework for
examining long-distance dispersal to the archipelago has been proposed based in part on the
growing body of phylogenetic data for Hawaiian organisms in general (Gillespie et al., 2012).
Recent evidence for a much larger contribution of temperate and boreal American lineages to
Hawaiian plant and animal diversity than earlier believed has led to a focus on high-elevation
habitat in the Hawaiian Islands as an important source of ecological opportunity for colonists
from higher latitudes (Ballard & Sytsma, 2000; Baldwin & Wagner, 2010; Gillespie et al., 2012).
Although ecological diversification has been resolved in various Hawaiian plant clades (e.g.,
Baldwin & Robichaux, 1995; Givnish et al., 2009), evidence for ecological shifts from lowland
tropical settings to the cooler and drier conditions associated with alpine or subalpine vegetation
of the high volcanoes is lacking for Hawaiian plants, as noted earlier by Skottsberg (1931),
notwithstanding the wide elevational distribution of some endemic Hawaiian species (Wagner et
al., 1999). Examples of such shifts are of interest to understand the relative importance of niche
conservatism versus ecological lability in the evolution and assembly of Hawaiian vegetation.

One of the few Hawaiian plant genera with high-montane endemism for which
phylogenetic data have been lacking is Artemisia L. (Compositae). Artemisia is the most diverse
genus in tribe Anthemideae, consisting of 350 to 500 species (Hillebrand, 1888; Vallés &
McArthur, 2001; Valles et al., 2003). These wind-pollinated herbaceous and shrubby taxa,
including mugworts, sagebrushes, and wormwoods, occur widely in the Northern Hemisphere
and sparingly in southern South America and sub-Saharan Africa. As many as seven endemic
taxa of Artemisia have been described from the Hawaiian archipelago (see Hillebrand, 1888;
Degener & Degener, 1946; Skottsberg, 1927; Shultz, 1999), three of which have been recognised
recently (Shultz, 1999; Wagner et al., 2005): A. australis Less., A. kauaiensis (Skottsb.) Skottsb.,
and A. mauiensis (A. Gray) Skottsb.

The geographic origin(s) and closest relatives of Hawaiian Artemisia have long been
obscure. Guppy (1903) suggested that the Hawaiian taxa descended from an ancient colonist
from North America. Skottsberg (1931) hypothesised that the Hawaiian taxa descended from a
boreal ancestor referable to sect. Abrotanum, now treated within sect. Absinthium. Fosberg
(1948) also suggested a boreal affinity for the Hawaiian endemics, one of which (A. mauiensis)
is restricted to subalpine settings on Maui. Ballard & Sytsma (2000), who demonstrated a boreal
(probably North American) ancestry for Hawaiian Viola (Violaceae), listed Artemisia among 15
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genera in the Hawaiian Islands that warranted study for possible boreal ancestry based on having
arctic congeners. The high proportion of bird taxa from boreal regions among those that migrate
from continental areas to the Hawaiian Islands indicates that the arctic or subarctic is likely a
relatively rich source of avian-dispersed propagules reaching the archipelago (Ballard & Sytsma,
2000; Baldwin & Wagner, 2010; Gillespie et al., 2012).

Recent molecular studies have allowed for refinements of Bremer & Humphries’s (1993)
morphology-based circumscriptions of Artemisia and its subgenera Dracunculus (including
tarragon and relatives), Seriphidium (shrubby Asian taxa), and Tridentatae (shrubby North
American taxa) (Watson et al., 2002; Sanz et al., 2008; Garcia et al., 2010). More work is
needed to resolve subg. Artemisia (see Sanz et al., 2008; Tkach et al., 2008a), which now
includes subg. Abrotanum, and has been suggested recently to include the three Hawaiian
endemics (Shultz, 1999). To date, the Hawaiian taxa have not been included in any published
molecular analyses.

Here, I investigate Hawaiian Artemisia from molecular, morphological, and ecological
perspectives to: (1) discern whether the Hawaiian taxa constitute a clade or arose from
independent introductions; (2) determine the sister clade(s) of the Hawaiian species; (3) consider
the most likely source area(s), migration route(s), and dispersal mechanisms for the Hawaiian
colonising ancestor(s); and (4) examine adaptive evolutionary and biogeographic trends in the
Hawaiian Artemisia clade in relation to such trends in Artemisia as a whole. I was especially
interested in determining whether the occurrence of Hawaiian Artemisia from sea level to
subalpine habitats is an example of niche conservatism from lineages of different ancestral
ecology or, alternatively, an exceptional instance of extreme ecological change across the
topographic and climatic gradient in the Hawaiian Islands, and, if so, why.

MATERIALS AND METHODS
Taxon sampling

Taxon samples in this molecular phylogenetic analysis represent all recently recognised
subgenera and sections of Artemisia (i.e., subgenera Artemisia, Absinthium, Dracunculus,
Seriphidium, and Tridentatae) and all geographic regions where the genus is native.

DNA sequences of the 18S-26S nuclear ribosomal internal transcribed spacer region (ITS-1, 5.8S
subunit, and ITS-2; hereafter, ITS), the external transcribed spacer upstream of the 18S subunit
(ETS), and the chloroplast trnL-trnF and psbA-trnH intergenic spacer regions (including some
flanking exon sequence) were obtained from fresh or silica-dried plant collections and herbarium
specimens. Voucher information and GenBank accession numbers of sequences are presented in
Appendix S1).



DNA extraction, amplification and sequencing

DNA was extracted from leaf material using the Qiagen DNEasy Plant Mini-Kit, and for two
accessions was obtained from the Hawaiian Plant DNA Library (Randell & Morden, 1999).
Primers used for PCR amplification were Ast-1 (Markos & Baldwin, 2001) and 18S-ETS
(Baldwin & Markos, 1998) for ETS, and ITS-I and ITS4 (Urbatsch et al., 2000; White et al.,
1990) for the ITS region. cpDNA primers e and f (Taberlet et al., 1991) were used to amplify the
trnL-trnF intergenic spacer region, and psbA (Sang et al., 1997) and trnH-GUG (Tate &
Simpson, 2003) were used to amplify the psbA-trnH intergenic spacer region.

PCR was performed on an MJ Research PTC-200 thermal cycler. For ITS amplification,
the initial temperature was 95" C for 2 minutes, then 40 cycles of 96 C for 10 sec, 48° C for 30
sec, and 72° C for 20 sec with a 4 sec extension per cycle. Final extension was at 72° C for 7
minutes. For ETS, the initial hold at 96" was for 1 minute, followed by the same cycling
conditions used for amplifying the ITS region except for an annealing temperature of 60°. The
chloroplast gene regions were amplified with an initial temperature of 94" C for 3 minutes, then
29 cycles of 94’ C for 1 minute, 55° C for 1 min, 72" C for 1 min, followed by 72" C for 5 min.
Exo-SAP (Affymetrix) was used to clean the products for sequencing, and Sanger sequencing
was performed at the University of California, Berkeley DNA Sequencing Facility, Berkeley,
CA. The unedited sequences were processed with Chromas Pro (Technelysium Pty Ltd) and
Geneious ver. 4.8.5 (Drummond et al., 2009) to check base identities on each strand. Sequences
were aligned manually using Simmon’s (2004) similarity criterion in Seaview ver. 4.32.0.0
(Galtier, 1996), in comparison with an automated alignment using MAFFT (Katoh, 2009; Miller
etal., 2009, 2010).

Morphological character analysis

Morphological characters and character states were evaluated from fresh plant material and
herbarium specimens. Type specimens of Artemisia australis, A. kauaiensis, and A. mauiensis,
including a photograph of the holotype of A. kauaiensis (destroyed during World War 11, Berlin,
Germany), were examined at the Bishop Museum (BISH) and at the National Tropical Botanical
Garden (PTBG) herbarium. Skottsberg’s observations made from type specimens for these taxa
were also consulted (Degener & Degener, 1946). Many of the taxa included in this study were
also examined from collections in the University Herbarium (UC), University of California,
Berkeley, including two specimens of A. chinensis. Floristic treatments consulted to augment
character evaluation of taxa included those in the Flora of North America, North of Mexico
(Shultz, 2006), The Flora of China, Asteraceae, Tribe Anthemideae (Ling et al., 2008), Manual
of the Flowering Plants of Hawai ‘i (Wagner et al., 1999), the Flora of Siberia (Poljakov, 1995),
Flora of the USSR (Poljakov, 1961), and Flora Europaea (Tutin et al., 1976). See Appendix S2
for a summary of the morphological characters and character states examined and used in this



study. For the Hawaiian taxa and the southeast Asian A. chinensis, the fruits (cypselae) were
photographed with a Microptics XLT Digital Imaging System.

Phylogenetic analyses

For the molecular data, nDNA (ITS, ETS) and cpDNA data sets were analysed separately and
together to investigate phylogenetic congruence between the nuclear and chloroplast regions.
Phylogenetic analyses using both maximum likelihood (ML) and Bayesian inference (BI) were
performed within CIPRES (Cyberinfrastructure for Phylogenetic Research) Portal versions 2.2
(Miller et al., 2009, 2010) for all data sets. Maximum likelihood (ML) tree searches with
bootstrapping were performed on the separate and combined cpDNA and nDNA datasets. The
ITS + ETS dataset included 114 taxa, and, based on the more limited number of high-quality
cpDNA sequences that could be obtained from herbarium specimens, the combined cpDNA and
nDNA dataset included 84 taxa, with good representation of all subgenera and sections.

The ML tree searches were performed with PHYLIP-formatted input using RAXML-VI-HPC,
ver. 7.2.6 (Stamatakis, 2006; Stamatakis et al., 2008) via the RAXML GUI 0.9 beta 2 user
interface (Silvestro & Michaliak, 2010), within CIPRES (Cyberinfrastructure for Phylogenetic
Research) Portal, version 2.2 (Miller et al., 2009, 2010). The best-scoring ML tree with clade
support values was obtained from 10 independent runs, with 500 LSR (lazy subtree
rearrangement) bootstrap replicates each. RAXML chose model parameters, including alpha,
invar, and rates, with an accuracy of 0.001 Log Likelihood units for each of the 10 independent
runs, and then the best-fitting parameters were chosen for final optimization at the end of the run.

The BI analyses were performed with the NEXUS-formatted input using MrBayes, ver.
3.1.2 (Huelsenbeck & Ronquist, 2001) within CIPRES Portal 2.2, with 20 million Markov chain
Monte Carlo (MCMC) generations and four independent runs (nruns = 4), including three heated
chains and one “cold” chain per run (nchains = 4). The sample frequency was set to 1000, and
the heating parameter, 0.20. The best-fitting DNA substitution model chosen by MrModeltest 2.3
(Nylander, 2004), GTR+I+G for the combined dataset as well as for the individual cpDNA and
nDNA datasets, was implemented. Clade credibility values (posterior probabilities) for the
combined dataset were obtained from a 50% majority-rule consensus of the retained trees
(burnin = 0.25, 40,004 trees produced, 30,004 trees sampled) from the 4 independent runs.
Graphing the standard deviation of split frequencies was done to determine when stationarity
was reached (at 40,000 generations), and analyses were run until the average standard deviation
of split frequencies dropped below 0.01 (by 13.8 million generations, reaching 0.005 at the end).
The separate nDNA (ITS, ETS) 114-taxa and cpDNA analyses were performed with the same
parameters; for the nDNA analysis the average standard deviation of split frequencies dropped
below 0.01 after 4.78 million generations, and reached 0.004 after 20 million generations. For



the cpDNA BI analysis, the average standard deviation of split frequencies was 0.009997 at 10.2
million generations, reaching 0.006 at 20 million generations. Tracer, ver. 1.5 (Rambaut &
Drummond, 2007) and AWTY Online (Wilgenbusch et al., 2004) were both used to confirm
stationarity. Tracer plotted the In likelihood, and AWTY was used to check the split frequencies
of the 4 runs.

Phylogenetic analysis of the morphological data matrix was performed using PAUP* 4.0
(Swofford, 2003) within CIPRES ver. 3.1 (Miller et al., 2009, 2010). The starting tree was
produced by stepwise addition. The heuristic search used TBR branch swapping with 200
iterations of parsimony ratchet (Nixon, 1999). Consense, ver. 3.66 (Felsenstein, 2008) was then
used within CIPRES to calculate a strict consensus tree (of 6,015 trees).

Divergence time analysis

To estimate divergence times pertinent to origin of the Hawaiian clade, a BI analysis of the 114-
taxa nDNA (ETS and ITS) data set was performed using BEAST (Drummond & Rambaut, 2007;
Drummond et al., 2002), with an uncorrelated lognormal relaxed molecular clock model and
time calibration based on palynological fossil records. Age estimation for the most recent
common ancestor of the Hawaiian—A. chinensis clade was carried out through Bayesian
stochastic modeling of the rates of molecular evolution independently on each tree branch
(relaxed molecular clock), with Bayesian statistical analyses that allow incorporation of prior
knowledge, in this case of Artemisia fossil pollen data reported for Eurasia and North America
(see below). A relaxed clock was chosen because the coefficient of variation as determined with
Tracer (Rambaut & Drummond, 2007) indicated significant rate heterogeneity across branches,
i.e., a molecular clock was rejected (Drummond & Ho, 2007).

The age constraint calibration was applied as a Bayesian prior with an exponential
parametric statistical distribution, as suggested for modeling data with fossil calibration (Ho,
2007). The distribution mean of 31 Ma was chosen so that 95% of the probability in the
distribution was constrained by a rigid lower bound (32 Ma in the case of the monophyletic
group Artemisia), with a flexible maximum. The exponential distribution describes the rapid
decrease in probability for the maximum age as the distance between the estimated nodal age and
the fossil calibration point increases.

A Yule process of speciation, and best-fit model of sequence evolution for the 114-taxa
nDNA (ITS and ETS) dataset (HKY+G from Bayesian Information Criterion in JModelTest
0.1.1, Posada, 2008; Guindon & Gascuel, 2003), with 4 gamma categories, was chosen for the
BEAST analysis. BEAUti 1.6.2 was used to generate the XML file for input to BEAST. Each of
4 independent MCMC analyses was terminated at 30 million generations (saving 1 tree per 1000
generations), with a burn-in of 10%. Tracer was used to check for stationarity, which was
reached after 500,000 generations. The 4 independent runs were combined in LogCombiner
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v1.6.2 (in BEAST package). TreeAnnotator was used to read in 120,004 trees and ignore the first
500 (identifying 13,172 unique clades), and to find and annotate the maximum clade credibility
tree (i.e., the sum of all posterior probabilities of all clades of each tree and an estimate of the
total probability of the tree topologies), which was displayed by FigTree (Rambaut, 2009).

Time calibration of molecular trees

Use of fossil pollen to calibrate the most recent common ancestor of modern taxa of Artemisia at
31 Ma was based on extensive palynological evidence of the genus from Cenozoic records.
Fossil pollen of Artemisia has been widely reported from sites in Asia, Western Europe, and
North America, and is easy to identify because ornamentation with short spinules is a
recognisable taxonomic marker for the genus and its close relatives (Martin et al., 2001, 2003).
Artemisia macrofossils have not been reported in the literature, likely because the leaves are
delicate and frequently wither before being shed (Axelrod, 1987).

Three credible lines of fossil evidence were the basis for determination of the first
occurrence of Artemisia pollen, from central Asia. These include (1) a stratigraphic study of
samples taken from the Pavlodar section of the Irtysh Valley, in the northern Aral Region of the
Turgai Lowland in present-day west central Kazakhstan (Zaklinskaya & Leopold, 1957), (2) an
integrated paleomagnetic and stratigraphic study of fossils found in the Hoh Xil basin in the
northern Qinghai-Tibet Plateau (Liu et al., 2003), and (3) a biostratigraphic and paleomagnetic
study in the Qaidam Basin (Zhu et al., 1985; Song et al., 2004; Wang, 2004). In these studies,
Artemisia pollen was identified in deposits from the early Oligocene, about 30—32 Ma. Artemisia
pollen was not found in earlier layers at the same sites. In another high-resolution
magnetostratigraphic study from the Xining Basin, Tibetan Plateau, pollen of Compositae, but
not Artemisia, was identified from the Eocene-Oligocene boundary at about 34 Ma (Dupont-
Nivet et al, 2007, 2008), with evidence of xerophytic shrubland similar to what would later
include Artemisia in abundance.

Fossil pollen records for North America were compared to tree-based age estimates for
the North American clade, thereby allowing validation of the basal calibration chosen for
Artemisia. In North America, the earliest reported Compositae pollen is from lower Miocene (ca.
23 Ma) sediments in the Pacific Northwest (Gray, 1958), coinciding with world-wide appearance
of Compositae pollen in other Northern Hemisphere sites. Pollen records from three credible
fossil floras (Split Rock, the Troublesome Formation, and Succor Creek) suggest that Artemisia
likely made its first appearance in North America in the mid-Miocene, about 16.5—18 Ma, based
on stratigraphic dating, supplemented with radiometric dating (Taggart & Cross, 1980; Cross &
Taggart, 1982; Leopold & Denton, 1987).



Biogeographic analyses

The biogeographic range of each taxon was determined from the same floras that were consulted
for the morphological analysis. These ranges were coded as a multistate character in Mesquite as
[1 = Asia, 2 = North America, 3 = South Africa, 4 = South America, 5 = Circumboreal, 6 =
Hawaiian Islands, 7 = Middle East, 8 = North Africa, and 9 = Europe]. The characters were
traced over the “best tree” found by RAXML for the data set that included both nDNA (ETS,
ITS) and cpDNA sequences, with ancestral states estimated using the parsimony criterion in
Mesquite (Fig. 1). The same molecular phylogeny and biogeographical range matrix was
analysed using Lagrange (Ree et al., 2005; Ree & Smith, 2008), version 20090327, to estimate
rates of dispersal and extinction and the likelihoods of different areas of ancestral origin at each
node.

Climate modeling

For Artemisia chinensis (= Crossostephium chinense), georeferenced occurrence data from
WorldClim for 22 locality records (GBIF, 2011) were used to predict the likely distribution of
the taxon in the same area as its known distribution, based on habitat similarity, using Maxent
(Phillips et al., 2011). Nineteen environmental variables such as mean, maximum, and minimum
temperature and rainfall for each month were considered, at two different levels of resolution, 1
km or 2.5 arc-minute (Hijmans et al., 2005). Maxent finds the probability distribution of
maximum entropy, and has been reported to perform well compared with the accuracy of other
similar methods (Ortega-Huerta & Peterson, 2008), even when collection and observation data is
limited (Benito et al., 2009). A recent model comparison (Elith et al., 2006) found Maxent to be
the best-performing model algorithm among sixteen.

Maxent was also used to statistically model habitat suitability based on presence-only
data, with associated environmental variables, of geographical areas outside the known range of
A. chinensis, to determine whether the Hawaiian Islands would provide similar environmental
conditions to specific locations around Taiwan and surrounding Pacific islands where A.
chinensis is known to occur. Geographic maps were generated using Maxent to show estimates
of probability of occurrence, where the lowest value, 0, is blue, and higher probabilities, with a
high of 1, have increasingly warmer colours. Maxent was set to a convergence threshold of 107,
5,000 iterations (to ensure convergence was reached), and 10,000 background points. Predictive
accuracy of the model was not determined by the area under the ROC (receiver operating
characteristic curve), the AUC, which measures discrimination ability (Gibson et al., 2007),
because it may not be suitable with presence data alone (Boyce et al., 2002) due to bias and other
problems (Lobo et al., 2008). To assess the predictive accuracy of models using small sample
sizes (for my study, 11 training samples and 4 test samples), I used the jackknife validation
approach of Pearson et al. (2007), who found that Maxent had significant predictive ability with
only 5 locality points and that 11—17 records could accurately predict 90 to 100% of presences
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when removed sequentially in random order.

Principal components analysis (PCA) was performed in R (R Development Core Team,
2008) to determine the most influential derived climate variables from WorldClim consistent
with the clustering of specimen data in climate space. A MANOV A analysis also was conducted
in R to determine the significance of separation by species of these climate data extracted at each
specimen location.

RESULTS

Fig. 1 shows the ML tree from analysis of combined nDNA and cpDNA sequences. Comparison
of trees and clade support from separately analysed nDNA and cpDNA datasets showed that
phylogenetic incongruence between nuclear and chloroplast data was not robust or was not
relevant to relationships among major clades, including the Hawaiian clade (Appendices S3, S4).
The ETS + ITS analyses (without the cpDNA sequences) resulted in the BI tree in Appendix S3.
The clade that includes only the 3 Hawaiian taxa and A. chinensis received 100% BI PP and ML
bootstrap support in both the nDNA and combined data trees (Fig. 1, Appendix S3). BI and ML
analyses of the cpDNA (psbA-trnH + trnL-F spacer) sequences also resolved a sister-group
relationship between A. chinensis and the 3 Hawaiian taxa, with weak support (see TreeBASE
(accession number to be forthcoming)). Clades corresponding to the major subgenera of
Artemisia were resolved with high support by both ML and BI analyses of the combined dataset

(Fig. 1).

A heuristic search of tree space based on the morphological data under the parsimony
criterion resolved four major subgenera of Artemisia as clades (see TreeBASE (accession
number to be forthcoming)), as well as the clade including the Hawaiian taxa and A. chinensis.
The characters listed in Appendix S2 include those that have been used to diagnose the
subgenera in major floras (Poljakov, 1995; Ling, 2006; Tutin et al., 1976; Shultz, 2006). The
morphological analysis revealed that the Hawaiian taxa and the Asian A. chinensis, unlike other
members of Artemisia, have distinctly ribbed cypselae, and A. chinensis and A. kauaiensis are
further distinguished within the genus by having pappus crowns that include irregular, sharp,
curved teeth (Figs. 2, 3).

Parsimony mapping of geographic ranges in Mesquite produced the results in Fig. 1, with
the Hawaiian taxa resolved as having a common Hawaiian origin. This analysis indicated an
Asian origin for the Hawaiian taxa. The probability that the common ancestor of the 3 Hawaiian
taxa and A. chinensis was Asian is 0.9 based on the likelihood analysis using Lagrange. The
probability that the 3 extant Hawaiian taxa all derived from a common Hawaiian ancestor is 1.0
based on the same analysis.

The probability of suitable habitat for A. chinensis occurring close to the geographic
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distribution of Hawaiian taxa of Artemisia, based on the Maximum Entropy model of prediction
(implemented by the software Maxent), is ~0.9 for the westerly Leeward Islands (at the western
end of the Hawaiian chain, see Fig. 4), and 0.6 for Johnston Atoll and the most easterly part of
the of the Leeward Islands (Lisianski and Laysan). Areas with a high probability (> 0.9) of
having suitable habitat for A. chinensis in southeast Asia include the coasts of Guangdong and
Fujian Provinces, China (directly west of Taiwan), the Ryukyu Islands, Okinawa, southern
Japan, and all of the Bonin Islands. Most of the Pacific Islands show a 0.5-0.7 probability of
climatic suitability. The most important contributors to these predictions were the mean diurnal
temperature range [mean of monthly (maximum temp - minimum temp)], 55.4%, mean
temperature of warmest quarter, 14.4%, the annual mean temperature, 11.1%, minimum
temperature of coldest month, 8.9%, and the precipitation seasonality (coefficient of variation),
2%. Maxent predicted suitable habitat for A. chinensis with low omission rates, which was well
fit to the predicted omission rate. Pearson’s pvaluetest software computed the correlation
between the prediction success rate and the probability of success under randomness as 90% with
a p-value of < 0.0001.

Projection of potential habitat for A. chinensis in the low-elevation Leeward Islands, but
not the high islands of the Hawaiian chain, by the Maxent analysis is consistent with significant
separation of A. chinensis and the Hawaiian taxa in the PCA and MANOV A analyses along
vectors associated with degree of climatic tropicality (isothermality, mean diurnal range of
temperature, and temperature seasonality). Significant separation of mean climatic data for
Hawaiian A. australis and A. mauiensis in the same analyses was primarily along vectors
associated with the elevational gradient in temperature and humidity (mean temperature of driest
quarter, mean temperature of coldest quarter, and minimum temperature of coldest month), with
drier and colder temperatures in subalpine habitats of A. mauiensis than on lower slopes, where
A. australis is found (results not shown).

Using BEAST, the mean root height of the clade that includes the Hawaiian taxa and A.
chinensis was estimated at 3.93 Ma with a standard error of 0.041 and an effective sample size
(ESS) 0f 2,339. The 95% highest posterior density (HPD; the set containing 95% of samples or
draws from the posterior distribution) was found to be 1.03—-7.96 Ma. Age of the clade with only
the 3 Hawaiian taxa was estimated as 1.45 Ma. The BEAST age estimate for the most recent
common ancestor of the North American clade corresponding to subg. Tridentatae was 14.3 Ma
with a standard error of 0.119 and ESS of 465 and a 95% HPD 0f 9.4 to 19.5 Ma. The mean
mutation rate estimated by BEAST was 1.828 x 107 substitutions per site per year, with a
standard error of 1.30 x 107",

The dates provided by the BEAST analysis must be viewed cautiously because the
calibration date, input as prior knowledge, has some uncertainty. The oldest known (31 Ma)
Artemisia pollen was found in central Asia (see Materials and Methods, “Time Calibration of
Molecular Trees). The BEAST date of 14.3 Ma calculated for the North American clade



corresponding to subg. Tridentatae is consistent with the first reported appearance for Artemisia
pollen in the North American fossil record. Although I have calibrated the root of the Artemisia
clade with a date of 31 Ma, it is possible that pollen samples from this time represent ancient
taxa from a branch within the genus and not the root.

DISCUSSION

Relationships of Hawaiian Artemisia

Both nDNA and cpDNA evidence supports the novel hypothesis that Artemisia chinensis of
southeast Asia is the closest living relative of the Hawaiian Artemisia taxa, which in turn
constitute a clade. Gray (1884) originally hypothesised a close relationship between A. chinensis
and the Hawaiian A. australis (prior to the description of additional Hawaiian species),
notwithstanding his confusion about the relationship of A. californica (subg. Tridentatae) to A.
chinensis and A. australis: “Here (with A. californica) belongs A. australis Less. of the Hawaiian
Islands, as well as the anomalous A. chinensis L. (p. 370).” Gray’s conclusion was based on his
observation of ribbed fruits in all three taxa; however, fruits of A. californica are often only
faintly or not ribbed.

The nested position of A. chinensis in a well-supported clade with the Hawaiian taxa and
with members of subgenera Artemisia (Asian), Tridentatae (North and South American), and
Seriphidium (Asian) confirms that the anomalous A. chinensis belongs in the genus Artemisia,
where it was originally described (Linnaeus, 1735), and not in the monotypic genus
Crossostephium Makino, where it is often placed. The southeast Asian—Hawaiian clade that
consists of the 4 closely-related taxa A. chinensis, A. australis, A. kauaiensis, and A. mauiensis is
evidently sister to multiple subgenera of Artemisia and is best treated as a new subgenus,
Artemisia subg. Hawaiiana C.R. Hobbs (type species: Artemisia australis Less.).
Morphologically, subg. Hawaiiana is diagnosed by all four having a small shrubby habit and
trailing branches, with leaves clustered near the tips, and glandular, conspicuously 5-ribbed fruits
(cypselae), sometimes with irregular pappus teeth (in A. chinensis and A. kauaiensis).

Biogeographic origin of the Hawaiian clade

The Lagrange likelihood results indicate that the common ancestor of the A. chinensis—Hawaiian
(subg. Hawaiiana) clade was likely Asian, as resolved by parsimony mapping, as well. The same
analyses provide support for a common Hawaiian origin of the Hawaiian endemics, A.
mauiensis, A. kauaiensis, and A. australis, by either a single dispersal event or multiple
dispersals closely spaced in time (prior to insular diversification), by an ancestor of Asian origin.
Artemisia is unusual among Hawaiian angiosperms with arctic congeners and high-elevation
island endemics in not having a boreal or temperate North American origin (see Baldwin &
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Wagner, 2010). Skottsberg (1931), who believed that barriers to dispersal were too great to allow
for North American origins of Hawaiian angiosperms (e.g., Skottsberg, 1925; see Baldwin &
Wagner, 2010), appears in this instance to have been correct in surmising an Old World origin of
Hawaiian Artemisia, in contrast to the American origin of Artemisia (and other Compositae)
suggested by Bentham (1873), Wallace (1881), Guppy (1903), and Brown (1922).

Estimated divergence times for subg. Hawaiiana and the Hawaiian clade indicate that
Artemisia reached the Hawaiian Islands and diversified there within the timeframe of the modern
high islands. As discussed by Baldwin & Wagner (2010), early biogeographers, such as Wallace
(1881), Guppy (1903), and Brown (1922), viewed Hawaiian Compositae as especially ancient
(e.g., Mesozoic or early Cenozoic) elements in the Hawaiian flora. Since the application of
molecular data to questions of Hawaiian origins, most endemic angiosperm clades, including
those in Compositae, appear to be contemporary with the high islands (Price & Clague, 2002).
The BEAST analysis finds the posterior distribution of the age of the most recent common
ancestor of the A. chinensis—Hawaiian Artemisia (subg. Hawaiiana) clade to have a mean of 3.93
Ma, and the Hawaiian lineage to have a mean of 1.45 Ma. These dates place the introduction of
the Hawaiian Artemisia ancestor after the emergence of Kaua'i, dated radiometrically by
McDougall (1979) at 5.1 Ma, and, at earliest, about the same time as the emergence of O ahu
(Waianae volcano) at 3.7 Ma (Doel & Dalrymple, 1973). The results therefore indicate that
initial colonisation of the archipelago probably did not predate the oldest modern high island,
Kaua'i, where A. australis and A. kauiensis occur, or the lower island of Ni'ihau (4.9 Ma; Clague
& Dalrymple, 1987), where A. australis is documented.

As noted below, presence of pappus is often associated with enhanced dispersal ability in
Compositae and may well be ancestral in the Hawaiian clade, where selection has been
implicated in reduced dispersal ability by loss of such structures in various Pacific lineages of the
family (Carlquist, 1966). According to this interpretation, the absence of pappus in A. australis
and A. mauiensis is a derived state, and island colonisation history is in keeping with Funk &
Wagner’s (1995) progression rule of older-to-younger island dispersal and diversification, which
has been followed repeatedly by Hawaiian plant and animal groups.

Dispersal routes and mechanisms

The early suggestion by Engler (1879) and Hillebrand (1888) that the highly endemic
Hawaiian flora must descend from ancestors that arrived via long-distance dispersal has been
supported by geological evidence of long-term isolation of the volcanic chain from source areas
for terrestrial organisms (e.g., Clague, 1996). In addition, molecular phylogenetic evidence
indicates that endemic clades are generally contemporary with the modern high islands (Price &
Clague, 2002) and are often nested within source lineages with characteristics or geographic
occurrences consistent with a dispersal hypothesis (e.g., Baldwin & Wagner, 2010; Gillespie et
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al., 2012). Hawaiian Artemisia not only fits the general pattern in terms of time of origin but also
in having characteristics that are conducive to dispersal by biotic and, possibly, abiotic means.

Bird dispersal. Birds have been widely implicated as the most important dispersal vectors
for angiosperm lineages that have diversified in the Hawaiian Islands, including lineages of
Compositae (Guppy, 1903; Carlquist, 1967, 1996; Sakai et al., 1995; Price & Wagner, 2004;
Baldwin & Wagner, 2010). Carlquist (1967) concluded that internal transport of seeds and fruits
by birds was responsible for 38% to 50% of arrivals to the higher islands of Polynesia, and that
attachment of seeds or fruits to bird feathers with hooks, barbs, or a viscid coating is also a
significant mechanism of dispersal to Pacific islands. Sakai et al. (1995) judged that all founders
of native Hawaiian Compositae lineages arrived by some means of dispersal by bird. Although
regular bird traffic to the Hawaiian Islands is primarily along the Central Pacific flyway, most
naturally visiting bird taxa that have been recorded in the islands are accidentally displaced
migrants, including taxa that normally migrate between Eurasia and Australasia (see Gillespie et
al., 2012). Notable among birds that have potential to disperse plants into the Pacific from
eastern source areas along their natural migration route is the sooty shearwater, which has been
mapped through electronic tracking tags and shown to travel in a figure-8 pattern around the
Pacific Ocean, from Japan, Alaska, and California to Chile and New Zealand (Shaffer et al.,
2006). Sooty shearwaters are frequently seen close to shore in the Hawaiian Islands, feeding in
groups, and, although pelagic, rarely have been sighted onshore (Birding Hawaii, 2002).

Guppy (1903) judged that Artemisia fruits were devoid of any adhesiveness or pappus,
and so dispersal was largely attributable to the small size and light weight of the fruits, through
adherence to bird feet or feathers, or through ingestion and passage through the gut (note: the
indehiscent 1-seeded fruits of Compositae, not the seeds alone, are minimal dispersal units in the
family). The fruits of Hawaiian Artemisia, however, are covered with sticky resinous glands, and
may provide a potential dispersal advantage for the lineage (Degener & Degener, 1946; Wagner
et al., 1999). Sakai et al. (1995) concluded that Artemisia was likely dispersed to the Hawaiian
Islands based on the viscid quality of its capitula and fruits. As mentioned previously, fruits of
both A. kauaiensis and A. chinensis also have a distinct pappus crown of stiff, uneven teeth, and
in some cases a long recurved tooth (see Figs. 2, 3), unlike all other Artemisia species. These
pappus teeth may facilitate lodging of fruits in bird feathers. Pappus has been regarded as
important in promoting fruit dispersal by birds (Carlquist, 1967), which have been observed to
harbor fruits of Compositae in their feathers (Ridley, 1930).

The ability of Artemisia fruits to be dispersed over vast distances is supported by other
findings of this study: The inferred dispersal of a member of subg. Hawaiiana from southeast
Asia to the Hawaiian archipelago does not span as much distance as another long-distance
dispersal from western North American to South America that also was resolved in this study.
The South American A. copa, A. sodiroi, and A. mendozana evidently share a common ancestor
with extant taxa of shrubby sagebrushes in subg. Tridentatae from North America. The
molecular data show two of the South American plants, A. mendozana and A. copa, to be sister
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taxa, which in turn are sister to North American taxa of subg. Tridentatae, sect. Tridentatae. The
third South American taxon, A. sodiroi, is sister to North American A. californica and A.
nesotica, and therefore belongs to subg. Tridentatae, sect. Nebulosae (Shultz, 2009) (Fig. 2). The
South America taxa are native to Ecuador, Chile, Bolivia, and Argentina. The distance between
the Great Basin of western North America, where members of subg. Tridentatae are abundant, to
southern South America is ~9,500 km or nearly twice that between Taiwan, where A. chinensis is
native, and the high islands of the Hawaii chain (~5,000 km). These relationships between North
and South American Artemisia taxa represent the widely noted pattern of New World

amphitropical disjunction, which has been primarily attributed to long-distance dispersal by birds
(see Wen and Ickert-Bond, 2009).

Wind dispersal. Long-distance wind dispersal of Artemisia from a coastal habitat in southeast
Asia to the Hawaiian Islands cannot be completely dismissed, although appears relatively
unlikely. The fruits of Hawaiian Artemisia are 0.75—-1 mm long and 0.5 mm wide (Degener &
Degener, 1946) and are as small or smaller than seeds of Metrosideros polymorpha Gaud.
(Myrtaceae), which has been extensively studied in relation to wind dispersal in the Hawaiian
Islands (Drake, 1992). Carlquist (1967, 1974) discussed Metrosideros as one of the few
angiosperm species that may have been able to colonise the Hawaiian Islands by wind dispersal,
although he noted the potential for all of those taxa to be dispersed by birds, as well. The
subtropical jet stream has been implicated in carrying small propagules (e.g., fern spores) from
Asia to the Hawaiian Islands, although this mechanism requires that storm updrafts could propel
the propagules into the upper atmosphere, where the jet stream prevails (see Carlquist, 1980;
Gillespie et al., 2012). The prevailing trade winds are relatively weak, and hurricanes and
cyclones in the northeast Pacific generally track from east to west, so are not favorable for wind
dispersal from Asia to the Hawaiian Islands (see Gillespie et al., 2012).

Oceanic dispersal by rafting. Potential for Artemisia dispersal to the Hawaiian Islands by
oceanic rafting needs to be considered in light of the occurrence of Asian A. chinensis and
Hawaiian A. australis in littoral or near-shoreline environments. Within subg. Hawaiiana, the
Asian A. chinensis has been described as highly salt-tolerant by Huang et al. (2007), who found
that plants of that species grew well even under highly saline conditions. Guan et al. (2010)
noted that among 32 taxa tested for salt tolerance, A. chinensis was even more salt tolerant than
A. vulgaris, which was among the most salt-tolerant of those taxa tested in Hanslin & Eggen’s
(2005) experiments on seashore halophytes. In Hanslin & Eggen’s study, A. vulgaris germinated
at the highest salinity, 400 millimoles after 21 days of exposure, and germinated at a high rate
after rinsing with distilled water. Potential for water dispersal in at least some members of
Artemisia was noted by Cappers (1993), who reported that seeds of A. maritima were a common
component of the litter washed ashore on north coast beaches in the Netherlands, and that they
could still germinate after collection.

Carlquist (1967) discussed frequent oceanic drift and infrequent rafting as effective means of
long-distance dispersal in Polynesia for salt-resistant seeds that are able to germinate after
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prolonged saltwater contact, citing source and recipient ecology as an important factor:
“Hawaiian flora contains more species traceable to rafting or similar infrequent arrival via
oceanic drift than do other Pacific floras” (p. 158). A scenario might be envisioned of island
hopping between small volcanic islands from southeast Asia to the Bonin Islands (1500 km
eastward), where A. chinensis is native, to the Midway Islands (where Maxent modeling suggests
presence of a suitable climate for A. chinensis), and down the Hawaiian chain to the modern high
islands without travelling more than 800 km per dispersal interval, provided favorable currents.
Extensive island-hopping by drift or rafting over such large distances appears unlikely for
Artemisia, however, based on lack of evident adaptations for flotation or drift, absence of
remnant populations in intervening areas, and endemic status of the Hawaiian taxa. Artemisia
appears to be a better candidate for infrequent rafting, which would be more consistent with
observed patterns, including divergence of the Hawaiian taxa, without recurrent gene flow from
outside the archipelago (see Gillespie et al., 2012).

Ecological history of Hawaiian Artemisia

The ecological linkage between A. chinensis and A. australis is notable. Both grow in
warm littoral and near-littoral habitats on raised coral and along coastal cliffs. The Maxent model
for A. chinensis, reinforced by the PCA and MANOVA results, indicates that some of the
leeward Hawaiian Islands, at least, may have suitable climatic settings in their exclusively low
elevation, littoral environments. Insofar as the ecology of A. chinensis can be assumed to be
similar to that of the most recent common ancestor of the clade corresponding to subg.
Hawaiiana, the Leeward Islands conceivably could have served as a staging ground for
Artemisia during initial colonisation of the archipelago, with subsequent extinction on the small
islets.

Understanding the ecological history of Hawaiian Artemisia requires brief consideration
of the habitats and distribution of the members of subg. Hawaiiana. The Asian A. chinensis has
been documented as naturally occurring from Taiwan, nearby Orchid Island, the southernmost
Ryukyu Islands (just north of Taiwan), Okinawa, and the Bonin Islands, nearly 2,000 km to the
east. Native status of A. chinensis along the coast of Guangdong, Fujian, and Zhejiang is
questioned in the Flora of China (Ling et al., 2008), but climatic suitability there is predicted by
the Maxent analysis. Artemisia chinensis is widely cultivated for medicinal and ornamental
purposes in China, Japan, and the Philippines, making determination of native status difficult.
The Maxent analysis predicts that climatic suitability in the Philippines is unlikely.

Artemisia australis is the most widespread of the Hawaiian taxa, found on all of the main
islands and occupying sites along coastal cliffs from close to sea level (C. Hobbs, personal
observation) to about 800 m elevation (Wagner et al., 1999). The Maxent model appeared to
accurately predict its occurrence on all islands according to Manual of Flowering Plants of
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Hawai i, based on 17 records of occurrence data. A. chinensis is limited to mostly tropical
environments due at least in part to observed lack of cold-tolerance, with A. australis exhibiting
less cold-sensitivity than A. chinensis and more cold-sensitivity than A. mauiensis (C. Hobbs,
unpublished results).

Observations of living plants and locality data from herbarium specimens suggest that the
Kaua'i endemic A. kauaiensis occurs mainly at about 1,000 m elevation, perhaps only on cliffs
above Waimea Canyon, where abundant feral goats may limit its distribution. The possibility of
a past distribution of A. kauaiensis that extended further downslope cannot be ruled out. Burney
et al. (2001) documented pre-Polynesian plant (and animal) subfossils in lava tubes near sea
level of taxa currently known only from mid to high elevations on Kaua'i, where low elevation
habitats have been highly modified by human activities.

Artemisia mauiensis is elevationally discontinuous from the other two Hawaiian taxa,
growing upslope at 1,900 to 2,300 m elevation on exposed cliffs of volcanic rock in subalpine
shrubland in the crater and on south-facing slopes of Haleakala volcano on East Maui (Shultz,
1999). The highly dissected leaves of A. mauiensis, which are divided into thread-like segments,
and its general silvery appearance are putative adaptations to intense exposure to ultraviolet light,
porous depauperate soils, and extreme cold, dry conditions high on the volcano. Artemisia
mauiensis exclusively occurs on some of the youngest features of the Hawaiian Islands outside
Hawai'i Island; the Haleakala volcano has been K-Ar dated to 0.75 Ma (Naughton et al., 1980).

The nested phylogenetic position of the subalpine A. mauiensis within subg. Hawaiiana,
which otherwise consists of primarily low-elevation taxa, provides evidence for an unusual
example of colonisation of relatively cool and dry subalpine habitats from lower habitats of
tropical climate in the Hawaiian Islands. The finding here of upslope migration accounting for
the habitat occurrence of A. mauiensis (and, to a relatively minor extent, A. kauaiensis) does not
support the hypothesis of boreal ancestry for Hawaiian Artemisia suggested earlier by Engler
(1879), Skottsberg (1931), and Fosberg (1948).

Artemisia appears to be an exception to an increasingly evident pattern of boreal ancestry
of high-elevation Hawaiian endemic angiosperms, as predicted by Ballard & Sytsma (2000).
They based that prediction on north-south bird migratory pathways intersecting the Hawaiian
Islands and climatic matching between boreal American and high-elevation Hawaiian sites, and
it has been subsequently supported by phylogenetic data from additional clades (see Baldwin &
Wagner, 2010; Gillespie et al., 2012). In other words, although high-elevation endemism in
angiosperms of the Hawaiian Islands commonly appears to be a result of colonisation of the
archipelago from temperate or boreal areas of similar climate (synclimatic transitions sensu
Ackerly, 2009), Hawaiian Artemisia appears instead to be an example of an ecological shift from
tropical lowlands to temperate or boreal highlands within the archipelago (anticlimatic
transitions sensu Ackerly, 2009). Such extreme anticlimatic transitions are evidently rare in the
Hawaiian Islands, as predicted by Skottsberg (1931), who noted absence or near-absence of
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Polynesian and Indo-Malayan (including southeast Asian) elements in the flora of the high
Hawaiian volcanoes and who concluded “(w)e cannot expect to find this thermophilous element
in the highest regions” (p. 56).

Parallel trends in ecological evolution

The inferred ecological expansion in Hawaiian Artemisia from tropical coastal habitats to
subalpine settings, where A. mauiensis is endemic, is consistent with evidence from recent
studies by Tkach et al. (2008a, b), who showed molecular evidence for repeated colonisation of
the Arctic by 13—18 diverse lineages of Artemisia and concluded that members of the genus
showed “multiple and uncomplicated colonisations of the Arctic” (Tkach et al., 2008a, p. 195).
Modern members of Artemisia often occur in boreal and high-elevation sites in Asia, Europe,
and North America, and high-plains habitats may represent the ancestral ecology of the genus,
based in part on fossil pollen evidence. For example, the Hoh Xil Basin, one of the oldest sites in
central Asia where Artemisia fossil pollen from the early Oligocene was reported, has an average
elevation of 5,000 m and was likely of high elevation when the pollen was shed (Garzione et al.,
2000; Liu et al., 2001). Some mainland taxa of the genus have sparingly colonised tropical areas,
either directly to alpine areas or with subsequent migration upslope. Examples include A. afra
Jacq. ex Willd. in South Africa (to 2400 m), and A. copa, A. mendozana, and A. sodiroi in Chile,
Argentina, and Bolivia (3000 to 3600 m elevation). In conclusion, a worldwide perspective on
the evolutionary and biogeographic history of Artemisia indicates that the exceptional
anticlimatic ecological shift from tropical lowland to subalpine habitats in the Hawaiian setting
may be an example of a clade-specific tendency for transitions to high-elevation or high-latitude
environments.
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comb. nov. [basionym: Tanacetum martirensis Wiggins; Proc. Calif. Acad. Sci. ser. 4, 30: 254 (1965)]; Artemisia potentilloides A. Gray var.
nitrophila (Cronquist) C.R. Hobbs, comb. nov. [basionym: Tanacetum potentilloides (A. Gray) A. Gray var. nitrophilum Cronquist; Leafl. W.
Bot. 6: 49 (1950)].

Figure 2 Artemisia chinensis fruits (cypselae), showing prominently ribbed
fruit walls and coroniform pappus.

Figure 3 Artemisia kauaiensis fruits (cypselae), showing

prominently ribbed fruit walls and coroniform pappus, with
dried corolla/style (in lower image)
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Figure 4 Maximum entropy models of climate suitability for taxa of Artemisia subg. Hawaiiana. Map (a): Hawaiian prediction

for A. australis. Map (b): Asian and Pacific prediction for A. chinensis. Map (c): Prediction for A. chinensis in vicinity of

Hawaiian chain (enlarged from Map (b)).
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Figure 5a PCA analysis, plot of 19 derived climate variables sampled at specific reported locations of A. chinensis
(black), A. australis (red), and A. mauiensis (green) showing species divergence in climate space.
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Figure 5b PCA analysis from 5a with arrows showing the amount of variance accounted for A. chinensis-A. australis
divergence in climate space; blue-highlighted text explains A. australis-A. australis divergence.
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Table S1 Accession numbers of samples and sequences.

GB-trnL-

Taxon Collector Collect. # (date) Source Voucher | Collection Locality GB-ITS GB-ETS F GB-psbA

A. abrotanum L. leg. Ign. s.n. UCBG (49.0525) ucC Europe JX051694 JX069394 JX073778 | 1X073862

A. absinthium L. Hobbs H113 Hobbs ucC Berkeley, CA JX051763 JX069443 JX073827 | JX073911

A. afra Jacq. ex Willd. Twibell, J. 1992.08 NPCA ucC South Africa JX051743 JX069431 JX073815 | JX073899

A. alba Turra leg. Ign. s.n. UCBG (98.0686) ucC Europe JX051695 JX069395 JX073779 | 1X073863

A. albicans S. Garcia, Garnatje,

McArthur, Pellicer, S.C. Sand. & Vallés- | Trehm, A. 15345 ucC ucC Nye Co., NV JX051705 JX069459

Xirau

A. albicerata Krasch. Michelson, A. s.n. (8/25/1910) ucC ucC Dzarkent, Kazakhstan JX051744 J1X069467

Hilbig, W.; Torrell & | 23.07.1983; HAL; Mongolia-Bulean Aymae:
A.annua L. Valles; leg. Ign.; Liu | BCN_12486; MPS | Genbank HAL; A AM398847 | DQ028879 | FJ692341 | FJ418749
and Ji 001275; s.. KMH; | P> g

A. anomala S. Moore Twibell, J. 1999.33 NPCA uC China JX051674 JX069377 JX073761 | 1X073845

A. arborescens Aita, L., et al s.n. (7/6/1993) UCBG 94.1041) uC Varigotti, S.V. Italy JX051741 JX069429 JX073813 | JX073897

A. arbuscula Nutt. Raiche, R. 70182 UCBG (87.1053) ucC Mendocino Co., CA JX051666 JX069369 JX073753 | 1X073837

A. argentea L'Hér. Twibell, J. 1994.9 NPCA uc ﬁz‘:f‘ra’ Affican Atlantic JX051696 | JX069396 | JX073780 | JX073864

A. argyi Lév. & Van. leg. Ign. s.n. (11/16/2009) (UzgoBfos 58) uc Shandong Prov., China JX051681 | JX069383 | JX073767 | JX073851
i JX073861

A. armeniaca Lam. Leonova, T. s.n. (8/3/1968) ucC ucC ﬁgﬁﬁhmn’ Tselinograd JX051693 | JX069393 | JX073777

A. atlantica Coss. & Durieu Maire, R. s.n. (12/8/1924) ucC ucC Taouarit, Morocco JX051745 JX069468

A. atrata Lam. Twibell, J 1989.12 NPCA ucC Italy JX051761 JX069442 JX073826 | JX073910

A. australis Less. Hobbs Hl64 Hobbs ucC O'ahu, HI JX051753 JX069435 JX073819 | JX073903

A. baldshuanica Krasch. & Zapr. Filatova, N. s.n.(9/30/1982) ucC ucC Uzbekistan, Zeravshan Range | JX051658 1X069449

A. batakensis Spreng. Tanaka, T. s.n. (3/8/1931) ucC ucC Taiwan JX051684 JX069453

A. bigelovii A. Gray Ackerman, T.L. 83-783 ucC ucC Lincoln, NV JX051710 J1X069405 JX073789 | JX073873

A. caerulescens L. leg. Ign. s.n. (9/17/2002) 5&261533) ucC Rovigo Province, Italy JX051697 JX069397 JX073781 | JX073865

A. californica Less. Roderick, W. s.n. UCBG ucC San Mateo Co., CA JX051687 JX069388 JX073772 | JX073856

A. campestris L. Twibell, J 1988.1 NPCA ucC Breckland, Norfolk, England JX051736 JX069426 JX073810 | JX073894

A. campestris subsp. caudata Michaux Leonova, T. 438 uc uc giﬁﬁ‘;jﬁ region, JX051714 | JX069409 | JX073793 | JX073877

A. cana Pursh Edwards, S. 89.234 TRBG ucC Modoc Co., CA JX051668 JX069371 JX073755 | 1X073839

. UCBG Ibaraki Prefecture, Honshu,

A. capillaris Thunb. Hobbs s.n. (9/12/2007) (2007.0467) ucC Japan JX051715 JX069410 JX073794 | 1X073878

A. carruthii Alph. Wood ex Carruth. Hobbs H119 Hobbs ucC Sedona, AZ JX051722 JX069416 JX073800 | JX073884

A. chamaemelifolia Vill. Twibell, J 1982.03 NPCA ucC Swiss Alps JX051730 JX069420 JX073804 | JX073888
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A. chinensis L. Chung, MH 1076 uc uc Fukien Prov., China JX051756 | JX069438 | JX073822 | JX073906
A. constricta S. Garcia, Garnatje,
McArthur, Pellicer, S.C. Sand. & Vallés- | Learyetal. 6195 UNLV UNLV Clark Co., NV JX051752 JX069470
Xirau
A. copa Phil. Arroyo, P.J. et al. 94019 MBG MO Antofagasta Prov., Chile JX051759 | JX069440 | JX073824 | JX073908
A. diffusa Krasch. ex Poljakov Filatova, N. s.n. (10/8/1983) uc uc gﬁti‘;‘rzta“’ vicinity of JX051653 | JX069362 | JX073746 | JX073830
A. douglasiana Besser Hobbs H261 Hobbs ucC San Bernardino Co., CA JX051723 JX069417 JX073801 | JX073885
A. dracunculus L. Raiche, R. 52.93 UCBG uc San Luis Obispo Co., CA JX051718 | JX069413 | JX073797 | JX073881
A. elongata Filatova & Ladygina Ladishna, J.M. 1892 ucC ucC Tian Shan, Kyrgyzstan JX051746 JX069432 JX073816 | JX073900
A. eremophila Krasch. ex Poljak. Filatova, N. s.n. (9/19/1982) ucC ucC Tajikistan, Turkestan range JX051657 JX069448
A. eriocarpa Bunge Belianina, 71975 uc uc Turkmenistan, Lake JX051742 | JX069430 | JX073814 | JX073898
Proscuriakova Mollakara
. Shultz, L. &
A. filifolia Torr. 20176 uc uc San Juan Co., CA JX051670 | JX069373 | JX073757 | JX073841
McReynolds, J.
A. flahaultii Emb. & Maire Maire, R. s.n. (6/25/1927) uc uc Guelb, Morocco JX051719 | JX069460
A. franserioides Greene Hobbs Al74 Hobbs uc Telluride, CO JX051669 | JX069372 | JX073756 | JX073840
A. glacialis L. Twibell, J 1995.37 UCBG ie VPV‘:;‘”;‘;‘I‘; regions of north- JX051700 | JX069400 | JX073784 | JX073868
. s.n. (summer,
A. globularia Cham. ex Bess. Haley, G. 1929) uC uC St. Paul Is., Alaska JX051757 JX069439 JX073823 | JX073907
A. glomerata Ledeb. Wiggins, LL. 12668 uc uc Barrow, AK JX051738 | JX069427 | JX073811 | JX073895
ﬁ‘ogmg‘v“ subsp. scheludjakoviae Twibell, J. 1989.18 NPCA ucC Russia JX051662 | JX069365 | JX073749 | JX073833
A. gorgonum Webb Twibell, J. 1995.09 NPCA uc Cape Verde JX051721 | JX069415 | JX073799 | JX073883
A. gracilescens Krasc. & Iljin Saphronova, 1. s.n. (1968) ucC ucC Kazakhstan, near Aktobe JX051731 JX069421 JX073805 | JX073889
A. inaequifolia S. Garcia, Garnatje,
McArthur, Pellicer, S.C. Sand. & Vallés- | Hobbs H231 ucC ucC Wasatch Co., UT JX051676 JX069472
Xirau
A.incana (L.) Druce McNeal et al. s.n. (9/16/1976) uc uc Armenia IX051762 | JX069455
g‘a;r;d'ca var. momiyamae (Kitam.) H. Twibell, J. 2005.03 NPCA uc Japan JX051701 | JX069379 | JX073763 | JX073847
A. intricata Franch. ﬂ‘ngéksV'GalltZky’ s.n. (7/11/1912) uc uc Central Mongolia JX051659 | JX069450
A. japonica Thunb. leg. Ign s.n. (1985) UCBG (86.0408) | UC Sichuan Province, China JX051713 | JX069408 | JX073792 | IX073876
A. karatavica Krasch. & Abolin ex Poljakov, P.P. 277 uc uc Kazakhstan JX051660 | JX069451
Poljakov
A. kauaiensis (Skottsb.) Skottsb. Hobbs Al89 Hobbs uc Kaua'i, HI JX051754 | JX069436 | JX073820 | IX073904
A. kitadakensis Hara & Kitam. Furuse, M. s.n. (8/19/1956) ucC ucC Nakakoma-gun, Japan JX051732 J1X069465
A. klotzschiana Besser Vasquez, M. 2121 ucC ucC Veracruz, Mexico JX051704 JX069458

26



A. kochiiformis Krasch. & Lincz. ex

Chukavina, AP and

Pripiandzhski Karatay,

Paliakov NC Filaton s.n. (10/15/1981) uc uc southatn Tajikistan JX051747 | TX069433 | JX073817 | JX073901
A. kurramensis Qazilb. Togasi, M s.n. (11/2/1957) ucC ucC Honshu: Kyoto, Japan JX051751 JX069469
A. laciniata Willd. Hiroe, M 7453 UCBG (2006.0529) | UC Rishiro Island, Japan JX051691 | JX069391 | JX073775 | JX073859
A. laciniatiformis Kom. gigi):s};y’ Vand s.n. (8/20/1985) uc uc Bilibino district, Russia JX051750 | JX069434 | JX073818 | JX073902
A. lactiflora Wall. ex DC. Simmons, J. Guiz 137 UCBG (2000.0284) | UC Guizhou Prov., China JX051675 | IX069378 | JX073762 | JX073846
A. lagocephala (Besser) DC. leg. Ign. H210 UCBG uc Primorsky Region, Russia JX051673 | IX069376 | JX073760 | JX073844
A. lessingiana Besser Leonova, T. 542 uc uc Aktyubinsk region, JX051655 | JX069447
Kazakhstan
A. leucodes Schrenk O. Linchevski et al. 3200 ucC ucC Near Tal-Tal, Kazakhstan JX051748 JX069473
A. ludoviciana Nutt. Raiche, R. 40332 UCBG (84.0546) | UC Russel Co., Kansas JX051708 | JX069403 | JX073787 | JX073871
A. martirensis (Wiggins) C.R. Hobbs
syn. Sphaeromeria martirensis Sierra San Pedro Martir,
(Wigging A H. Holmgren, LM, Shuliz | Thome: R 57280 ucC ucC Baja California, Mexico JX051734 | JX069423 | JX073807 | JX073891
& Lowrey
A. mauiensis (A. Gray) Skottsb. Hobbs Al63 Hobbs ucC Maui, HI JX051755 | JX069437 | JX073821 | JX073905
A. melanolepis Boiss. Eec}““ger’ KH.and | g6 uc uc Gorgon, Tran JX051703 | JX069457
A. mendozana DC. Hunziker, J.H and s.n. (3/25/1989) MO (11626) MO San Juan, Argentina JX051689 | JX069454
Gamerro, J.C.
A. mesatlantica Maire Maire, R. s.n. (8/10/1924) uC uC Aghbalou Larbi, Morocco JX051749 JX069474
'ﬁ;)?;;’l"”'e” Quezel, M. Barbero & RJ. | ¢ o opy 3. 1990.16 NPCA uc southern France JX051690 | JX069390 | JX073774 | JX073858
g‘a'lz';ngo"ca (Fisch. ex Besser) Fisch. ex | 1 Neal et all. 796 uc uc Yakutsk region, U.S.S.R. JX051683 | JX069385 | JX073769 | JX073853
A. montana (Nakai) Pamp. leg. Ign. s.n. (11/02/2006) UCBG (2006.0769) | UC Hokkaido Prefecture, JX051677 | JX069380 | JX073764 | JX073848
Hokkaido, Japan
A. nesiotica P.H. Raven Smith, N. 1.2 UCBG (2001.0301) | UC Ventura Co., CA JX051686 | JX069387 | JX073771 | JX073855
A. nitida Bertol. Twibell, J. 1996.77 NPCA uC Italy JX051698 | JX069398 | JX073782 | JX073866
A. nitrosa Weber ex Stechm. Leonova, T.A. 520 uc uc Aktyubinsk region, JX051654 | JX069363 | JX073747 | JX073831
Kazakhstan
A. nutans Willd. gfsig ii lﬁ‘ P. n.s. (10/13/2005) UCBG uc Siena Prov., Italy JX051661 | JX069445 | JX073829 | JX073913
A. oelandica (Besser) Krasch. Twibell, J. 2000.73 NPCA uc Denmark JX051692 | JX069392 | JX073776 | JX073860
A. palmeri A. Gray leg. Ign. s.n. (5/5/2003) UCBG (2004.0162) | UC San Diego Co., CA JX051740 | JX069466
A. pattersonii A. Gray Lare, KA &Talow, | 1505 uc uc Boulder, Colorado JX051737 | JX069425 | JX073809 | JX073893
- Hartman, RE & .
A. pedatifida Nutt. Nelson. TW 40341 ucC ucC Natrona Co., Wyoming JX051671 JX069374 JX073758 | JX073842
A. pedemontana Balb. Costa, M et al. 12587 ucC ucC Teruel Prov., Spain JX051702 JX069456
A. pontica L. Twibell, J. 1984.02 NPCA uc Pontic Alps JX051663 | JX069366 | JX073750 | JX073834
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A. potentilloides var. nitrophila
(Cronquist) C.R. Hobbs syn.

Sphaeromeria potentilloides var. Hobbs H232 uc uc Bridgeport, CA JX051760 | JX069441 | JX073825 | JX073909

nitrophila (Cronquist) A.H. Holmgren,

L.M. Schultz & Lowrey

A. princeps Pamp. leg. Ign. 2010.0359 UCBG (2010.0359) | UC JT:I‘)‘;‘I:‘ba’ Tbaraki Prefecture, | 1051756 | 7x069462

A. pycnocephala (Less.) DC. Hobbs A228 Hobbs uc Pescadero, CA JX051711 | JX069406 | JX073790 | JX073874

A. pygmaea A. Gray Hobbs H243 Hobbs uc Austin, NV JX051724 | JX069418 | JX073802 | JX073886

A. rigida (Nutt.) A. Gray Sondenaa, AC 268 uc uc Idaho Co., Idaho JX051720 | JX069414 | JX073798 | JX073882

A. rothrockii A. Gray Hobbs H253 Hobbs uc Mammoth, CA JX051665 | JX069368 | JX073752 | JX073836

A. roxburghiana Wall. ex Besser Twibell, J. 2007.37 NPCA uc Himalaya JX051682 | JX069384 | JX073768 | JX073852

A. rutifolia Steph. ex Spreng. Filatova, N.C. s.n. (9/12/1982) uc uc Fergana, Kyrgyzstan JX051672 JX069375 JX073759 | JX073843

A. sacrorum Ledeb. Lowdermilk, W.C. s.n. (7/12/1924) uC uc Shansi Prov., China JX051733 | JX069422 | JX073806 | JX073890

A. santonica L. Leonova, T. 6 ucC ucC Saratov region, Russia JX051656 JX069364 JX073748 JX073832

A. saposhnikovii Krasch. ex Poljakov Lei SM, et al. s.n. (7/29/1979) uC i Kyrgyz Republic JX051716 | JX069411 | JX073795 | JX073879

A. schmidtiana Maxim. Twibell, J. 1997.86 NPCA uc Japan JX051699 | JX069399 | JX073783 | JX073867

A. schrenkiana Ledeb. Leonova, T.G. s.n. (7/8/1968) ie uc ﬁzgﬁhmn’ Semipalatinsk | yvo51728 | Jx069464

A. scoparia Waldst. & Kitam. Twibell, J. 1998.113 NPCA ucC China IX051717 IX069412 JX073796 | JX073880

A. scopulorum A. Gray Vanderhorst, JP 1092 ucC ucC Garfield Co., Colorado JX051709 JX069404 JX073788 JX073872

A. serrata Nutt. Shinners, LH & 2869 ie ucC Douglas Co., Wisonsin JX051706 | JX069401 | JX073785 | JX073869
Catenhusen, J.

A. simplex (A. Nelson) S. Garcia,

Garnatje, McArthur, Pellicer, S.C. Sand. Dorn, R. 6976 RM RM Natrona Co., Wyoming JX051758 JX069471

& Vallés-Xirau

A. sodiroi Hieron. Balls, EK B7078 uc uc ]SEZ}&Z%‘OI; (near Cuenca), JX051667 | JX069370 | JX073754 | JX073838

;'lrsé")c'form's Osterhout (A. rothrockitin | o e ick w. s.n. (9/13/1969) TRBG uc Mono Co., CA JX051725 | JX069461

A. spinescens D.C. Eat. syn. Pinzl, A. 12811 uc uc Nye Co., NV IX051727 | JX069463

Picrothamnus desertorum Nutt.

A. stelleriana Besser leg. Ign. s.n. (2001-2002) UCBG (2002.0626) | UC Primorsky Region, Russia JX051679 JX069382 JX073766 | JX073850

A. stolonifera (Maxim.) Kom. Twibell, J. 1992.07 NPCA uc China JX051680 | J1X069452

A. subdigitata Matf. Sino-Amer. Exped. | 59 uc uc oestern Hubei Provence, | 1x051739 | 1X069428 | IX073812 | IX073896

A. suksdorfii Piper Edwards, S. 95.109 TRBG ucC Mendocino Co. JX051707 JX069402 JX073786 | JX073870

A. sylvatica Maxim. Twibell, J. 2007.18 NPCA uc China JX051685 | JX069386 | JX073770 | JX073854

A. tilesii Ledeb. Calder, J.A. 6200 ucC ucC Kenai Peninsula, Alaska JX051735 JX069424 JX073808 JX073892

A. tomentella Trautv. Leonova, T.G. 467 uc uC Kazakhstan, JX051712 | JX069407 | JX073791 | JX073875

Karagandinskaya region
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A. tournefortiana Reichb. St. Lager, L. s.n., 9/29/1920 ucC ucC Rhone, France (naturalized) JX051729 JX069419 JX073803 | JX073887
A. tridentata Nutt. Hogan, S.B. s.n., 5/28/1993 gfg(;)(UCBG uc Lake Co., OR JX051688 | JX069389 | JX073773 | JX073857
A. tripartita Rydb. Hobbs H238 uc uc Langell Valley, OR IX051664 | JX069367 | JX073751 | JX073835
A.vallesiaca AlL Twibell, J. 1988.12 uc uc Swiss Alps JX051652 | JX069446

A. vulgaris L. leg. ign s, Ef(%(;’l(;JCBG uc Glantal, Austria JX051678 | JX069381 | JX073765 | JX073849
Kaschgaria komarovii (Krasch. & Bremer, K. 3123 UPSV upPSV Amanat., Kazakhstan JX051764 | JX069444 | JX073828 | JX073912

Rubtz.) P. Pol.
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Chapter 2
Phylochemistry
The Utility of Secondary Metabolites in Phylogenetics

Despite the success and popularity of DNA for phylogenetic research, secondary
metabolites (SM), also called secondary compounds, continue to be studied for their utility
for solving taxonomic problems. Use of SM in systematics, by tradition called
chemosystematics, has been extensive for more than a half century and predates
macromolecular approaches. However, very few studies of SM characters using current
phylogenetic methods have been published to date, so little is known about the relative
phylogenetic utility of the individual groups of compounds from different biosynthetic
pathways that occur throughout the tree of life.

The number of studies in the literature with the search terms "chemotaxonomy" or
"chemosystematics" since 1950 is over 22,000 (Fig. 1). Since 1980, the number of studies
that focus on chemotaxonomy or chemosystematics with phylogenetics as key words has
gone from 68 in 1980 to over 500 in 2012, and has grown by 40% in the last 4 years (Fig. 2).
Chemosystematic studies have been published on many groups of organisms, such as algae
(Johns et al., 1979), sponges (Erpenbeck & van Soest, 2006), fungi (Stadler et al., 2010;
Vynne et al., 2011), lichens (Hawksworth, 1976; Printzen, 2010), plants (Hegnauer, 1962;
Grayer et al., 1999; Wink et al., 2010), and especially bacteria (Schleifer, 2009). However,
with a few exceptions, summarized below, a closer look at these studies shows that they
mention the utility of chemical characters in phylogenetic analyses in an observational way,
or in support of phylogenetic hypotheses based on ad hoc, non-statistical methods, or in some
cases, distance measures.

At least 50,000 different SM have been characterized in nature: terpenes (30,000), fatty acids
(300, with thousands estimated), and alkaloids and phenyl propanoids or phenolic compounds
(3,000 characterized). Phenylpropanoid derivatives include the flavonoids, coumarins,
anthocyanins, and alkaloids, among others (Southon and Buckingham, 1989; Connolly &
Hill, 1991; Metcalf & Metcalf, 1992; Van de Loo et al., 1993).

However, among that wide array of compounds, there are very few, if any, that have
been successfully utilized in phylogenetic analysis, either for determining species trees by
themselves, or when combined with gene data. I argue that one reason is the lack of analysis
across the spectrum of SM groups available to determine the most appropriate compounds
based on the particular organisms under study. Chemical groups generally have been chosen
because of ease of obtaining the data and characterizing individual compounds (volatile
terpenes), or based on previous attempts or ideas about the utility of the compounds in
general (flavonoids, alkaloids).

In this study I question whether defense or signaling compounds such as alkaloids,
flavonoids, and terpenes are the most appropriate types of compounds for chemosystematic
studies, based on their presumed direct relationship with many environmental factors, such as
predation, pollination, climate changes, radiation levels, available moisture, and other
influences. On the other hand, compounds in organisms that are primarily involved with
structure and nutrition, such as cell wall polysaccharides or fatty acids, may be less tied to
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environmental influences and more conserved with less day-to-day fluctuation, making them
more suitable for phylogenetic applications.

Compounds involved in ecological interactions, such as defense and signaling, e.g.
pollinator attraction (Wink, 2003), appear to be mostly incongruent with phylogeny, and
likely more tied to recent evolutionary and ecological process, based on a diversity of studies
(e.g., Williams and Whitten 1999; Levin 2003; Agrawal et al. 2009; Armbruster et al. 2009;
Harris 2009; Wink et al.2003, 2010), but very few studies involving phylogenies have
utilized chemical data from compounds thought to be related to structural or nutritive
functions in plants.

Wink et al. (2010), for example, published phylogenetic trees with plant orders
(following APG-III, 2009) as terminal taxa, with 3 classes of alkaloids, cardiac glycosides,
and glucosinolates mapped onto the branches (Wink et al., 2010). This work showed that
these compounds, thought to be mostly utilized for defense, have arisen multiple times and
for the most part appear to have little phylogenetic signal at this level, based on the lack of
clade specificity of these compounds visually, not from formal phylogenetic signal tests. At
the genus level in the Fabaceae, Wink et al. (2003, 2010) found only scattered clade
specificity for protease inhibitors, cyanogenic glycosides, flavonoids, triterpenes, cardiac
glycosides, iridoid glycosides, and various classes of alkaloids. Non-protein amino acids,
which are thought to be used for nitrogen storage as well as defense, appear to be more tribe-
specific in the Fabaceae, consistent with the idea that compounds related to nutrition or
structure are more conserved.

As I will show, an individualized approach to selection of SM for phylogenetic or
ecological studies in specific groups of organisms can provide insights into the relationship of
chemical traits to phylogeny, maximizing their usefulness for phylogenetic inference.
Methods such as coefficient of variance, comparative analysis for detection of phylogenetic
signal, trait evolution estimation, phylogenetic inference with chemical datasets alone or
combined with DNA datasets, and tree congruence tests are all performed to provide insights
into the nature and utility of chemical characters. The importance of methodology for coding
SM characters, and continuous characters in general, for phylogenetic analysis is also
explored.

Attention to methodological considerations can maximize the utility of SM for use in
phylogenetic analysis with specific groups of organisms. The identity and levels of chemical
compounds can vary widely between different plant parts, so it is essential to perform
analyses on the same part of the plant, collected in the same season, preferably close to the
same time, and growing in representative conditions. Collection of samples from plants that
are free from signs of fungal, viral, or bacterial infection or predation from insects and
browsers can help reduce chemical variability (Hasegawa and Shirato, 1959). Extraction and
analytical methods should also be consistent. Inducing methodological variability in the
production of chemical datasets can add considerable noise and significantly reduce
resolution.

In this study I utilized a dataset of 24 fatty acids (Mongrand et al., 2001) from 137
species of gymnosperms, representative of all families, in comparison with a reasonably well-
resolved gene tree (rbcl) to test the idea that this structural and nutritive group of compounds
are relatively conserved and less environmentally labile, i.e., less phenotypically plastic and
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less homoplastic, and therefore more useful for phylogenetic analysis than other SM. Acyl
lipids, including fatty acids, perform a number of important structural and metabolic
functions in plants, animals, and microbes, notably for membrane fluidity, signaling
(Bonaventure et al., 2003), and energy storage in the form of triacylglycerol (TAG) in seeds,
leaves, and other parts (Lin & Oliver, 2008), and are produced by a single group of
coordinated enzymes in the plastid (Ohlrogge, 1997). Fatty acids can be quickly and
accurately identified with fatty acid methyl ester analysis (FAME) using gas chromatography,
and with high-resolution chromatographic methods such as Wall Coated Open Tubular
(WCOT) columns (Eder, 1995; Ackman, 2009). With these methods, resolution is increased
to the point where numerous minor compounds can be distinguished, adding to the number of
characters for phylogenetic analysis. Rapid sample preparation and small polymer
microextraction (SPME) can speed acquisition of data by up to 6 times (Lu & Harrington,
2010).

MATERIALS AND METHODS

Evaluation, Selection and Preliminary Analyses of Chemical Datasets

The chemosystematics literature was searched to identify suitable chemical datasets
from representative groups of secondary constituents. One hundred and seventy studies on
plant groups reporting chemical data from 17 constituent groups were reviewed. Finally, 29
datasets from 11 groups (Table 1) were chosen for further analysis, based on the ease of
extraction to a usable digital format, quality of the data, and number of taxa and chemical
characters. Larger datasets, considering both number of taxa and characters, can be associated
with higher accuracy and reliability of phylogenetic analyses and reduced noise, so dataset
size was therefore a major selection criterion (Heath et al., 2008). More specifically, datasets
with more than 20 taxa have been shown to have a high occurrence of measurable signal,
while datasets with > 25 characters have reduced noise associated with poor analytical
methodology and incomplete sampling (Freckleton et al., 2002; Blomberg et al., 2003). The
mean taxon number and number of variable characters for the 15 “structure-nutrition”
datasets was 35.57/16.0, and for the 14 “defense compounds” datasets was 25.86/66.21.

The coefficient of variance (CV) for each chemical character in relation to the mean
of the samples (defined as the ratio of the standard deviation to the mean) for all taxa was
measured using PC-ORD (McCune & Mefford, 2011) to test the lability of SM from different
biosynthetic pathways (Table 1). The number of species (rows) represents the number of
samples of each SM variable, and the CV is the % total variance.

As a framework in which to study the measurable phylogenetic signal in the SM
datasets identified from the initial screening processes, DNA sequence alignments from
GenBank were constructed when sufficient sequences were available, corresponding to a
representative sampling of the taxa in each dataset. Thirteen SM datasets were found to have
useable molecular datasets, and tree-building under parsimony and maximum likelihood
criteria, as well as comparative analyses were performed for each (Stevens et al., 1996;
Maffei et al., 1997; Loffler et al., 1997; Rezanka, 1998; Umek et al., 1999; Ronsted et al.,
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2000; Mongrand et al., 2001; Wollenweber et al., 2003; Dunstan et al., 2005; Fritsch &
Keusgen, 2006; Dev et al., 2010; Valant-Vetschera et al., 2010; Hsieh & Harris, 2012).

Finally, one dataset of leaf fatty acids in the gymnosperms was chosen for intensive
study (Mongrand et al., 2001), based on the large size of the dataset (137 taxa and 24 SC
traits) and availability of DNA sequences for most of the taxa from GenBank, which allowed
for the production of well-resolved, albeit not completely resolved, trees for comparative
analyses.

Normalization and Discretization of the Chemical Data

Chemical data are quantitative, measured and characterized through analytical
methods such as gas chromatography/mass spectroscopy (GC/MS) and liquid
chromatography/MS (LC/MS), and consist of continuous data. The Willi Hennig Society
edition of TNT (Goloboff et al., 2006, 2008) was used to analyze the original continuous data
under parsimony, incorporating algorithms that assign a range to each terminal that varies
from the mean plus or minus 1-2 standard error (SE). TNT allows states between 0-65 with 3
decimal places, and uses Farris’ algorithms (Farris, 1970) for the down-pass optimization.

The original and log-transformed continuous data (relative %) were compared with
discretized data using comparative methods to test for phylogenetic signal, and analyzed with
TNT (maximum parsimony) and RAXML for phylogenetic inference. Data were discretized
either by dividing the continuous range into 2 (presence-absence), 3 (0=<2,1=2.1-5,2 =
5.1-30.0, 3=>30.0), 4, 9, or 10 states, or according to Thiele’s gap-coding method.
Discretization was performed in Mesquite version 2.75 (Maddison & Maddison, 2011), or
gap-weighted by the method of Thiele (1993) using MorphoCode (Schols et al., 2004). In
some datasets where individual chemical compounds had large variance from the mean, log-
transformation (x+1) was performed in PC-ORD before analysis.

Phylogenetic Analysis of the Molecular and Chemical Data: Acquisition, Alignment, and
Phylogenetic Tree Reconstruction

DNA sequences of the taxa in the leaf fatty acid (FA) dataset were retrieved from
GenBank. The highest number of sequences available for alignment by far in this group of
taxa was for the large subunit of ribulose-1,5 bisphosphate carboxylase (rbcL). Sequences of
this chloroplast encoded gene were available for 107 of the 137 taxa of the 14 families from
the Mongrand et al. (2001) FA data set. GenBank accession numbers are given in Table S1 in
the supplement. The alignment (1434 bp) was performed in Seaview ver. 4 (Gouy et al.,
2010) with MUSCLE (Edgar, 2004) and adjusted by hand (Simmons, 2004).

Sequences of rbcL are widely available in the literature for many taxa of seed plants
because it was one of the first genes to receive wide attention as a useful region for plant
phylogenetic inference in the 1980s (Palmer et al., 1988). Hollingsworth et al. (2009)
determined that rbcL is highly universal and has good discriminating power. Although
cpDNA markers by themselves have limitations, such as the inability to detect a history of
hybridization, the lack of taxonomic coverage for gymnosperms using other molecular
datasets outweighed those considerations.

Phylogenetic tree estimation using maximum likelihood (ML) and maximum
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parsimony (MP) was performed separately for rbcL and the FA datasets with the original
continuous log-transformed data, as well as with the data discretized as described above.
Analyses were also done with rbcL and the discretized FA data combined.

The starting tree for MP searches was produced by stepwise addition. The heuristic
search used TBR branch swapping with 1000 iterations of parsimony ratchet (Nixon, 1999).
Tree clade-specificity (TCS) for all FA trees was measured by counting the distribution of
terminal taxa from 10 genera (Abies, Picea, Pinus, Juniperus, Larix, Cupressus, Ephedra,
Taxus/Cephalotaxus, Araucaria, and Thuja), as well as all taxa in the Zamiaceae for each
analysis in clades with a separate most recent common ancestor (MRCA), compared with the
rbcL tree as a reference. Chemical trees with a mean TCS of 1 had the same clade specificity
of taxa as the rbcL tree, and so demonstrated a high level of congruence between the
chemical and molecular trees. Higher numbers are consistent with less clade specificity.

The ML tree searches were performed using RAXML-VI-HPC, ver. 7.2.6 (Stamatakis,
2006; Stamatakis et al., 2008) via the RAXML GUI 1.3 user interface (Silvestro & Michalak,
2012) on the desktop, or within CIPRES (Cyberinfrastructure for Phylogenetic Research)
Portal, version 2.2 (Miller et al., 2009, 2010). The best-scoring ML trees with clade support
values were obtained from 10 independent runs, with 500 LSR (lazy subtree rearrangement)
bootstrap replicates each. RAXML chose model parameters for one or two partitions (when
SC and molecular data were combined), including alpha, invar, and rates, with an accuracy of
0.001 log likelihood units for each of the 10 independent runs, and then the best-fitting
parameters were chosen for final optimization at the end of the run. In all runs, the GTR+I+G
model was used for the DNA partition and gamma-shaped rate variation or MK1 models were
used for the fatty acid data (Lewis, 2001).

In addition to the gymnosperm FA and rbcL data, a corresponding morphological
dataset with 123 categorical characters, coded 0-8 (Hart, 1987), was used to compare the
phylogenetic signal and mode of evolution with the chemical and rbcL characters, and to
perform additional separate and combined analyses incorporating the FA, morphological, and
rbcL data for phylogenetic tree reconstruction. The combined morphological, FA, and
nucleotide dataset had to be reduced to 39 taxa, representative of genera in the Pinaceae,
Cupressaceae, Podocarpaceae, Araucariaceae, and Taxaceae, because of limited
correspondence between the taxa included in the morphological dataset and the taxa in the
FA-DNA dataset.

The advisability of combining morphological and genetic data, with possibly different
evolutionary histories, in phylogenetic analyses is still debated (Bull et al., 1993; Scotland et
al., 2003; Wiens, 2004; Mishler, 2005; Wortley & Scotland, 2006; Garcia-Cruz & Sosa,
2006). Some feel they should not be combined, primarily because of potential incongruence
between molecular and morphological data (Doyle, 1992; Graham et al., 1998; Lecointre &
Delaporte, 2004; Assis, 2009), and secondarily because of phenotypic variation in
morphological data due to environmental and other influences (Caumul & Polly, 2005;
Roncal et al., 2012), as well as convergence (Wiens et al., 2003). Others argue that any
individual data set, whether morphological or genetic, might conflict with another, and that
only “total evidence” analyses using all available data sets can resolve these conflicts (Kluge,
1989; Mishler 2000, 2005). In any case, studies that combine genetic, morphological, and SM
data are rarely reported in the literature (Heethoff et al., 2011).
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Although some authors have recommended against combining different data when
incongruence is detected (Lamboy, 1994; Hedges & Maxson, 1996; Givnish & Sytsma,
1997), the sole use of genetic data, to the exclusion of morphological and chemical data, is
not a solution to incongruent data. Research has shown that phylogenetic trees from different
genes are often highly discordant (Degnan & Rosenberg, 2009) and lack of a clear topology
in multi-gene analyses, due to incomplete lineage sorting, is widespread (Syring et al., 2007,
Carstens & Knowles, 2007). Mishler (2000) proposed that combining several types of data
could “cancel out” anomalous signals, including reticulation and incomplete lineage sorting,
and bring to light new clades with high support. Consilience is the concept that independent
evidence from unrelated sources adds strength to a hypothesis when the individual sources
are less certain individually (Kluge, 1989). The results from the combined rbcL,
morphological, and FA analysis here are consistent with this idea (Fig. 5).

Measurement of phylogenetic signal

Comparative analyses of the FA data were performed in R (R Core Team, 2012) to
test for phylogenetic signal in all chemical characters. The following functions were used:
phylo.d in Caper, version 0.5 (Fritz & Purvis, 2010) for binary chemical characters;
fitDiscrete in Geiger version 1.99-3 (Pagel, 1999; Harmon et al., 2008) or phylogenetic least
squares (pgls) and a likelihood ratio test with the pgls function in caper (Pagel, 1994;
Freckleton et al., 2002) for multistate characters; and fitContinuous in Geiger (Harmon et al.,
2008), phylogenetic generalized least squares (pgls) in Caper (Freckleton et al., 2002),
Phylosig from the package phytools, version 0.2-30 (Revell, 2012), and Blomberg's K
statistic (Blomberg et al., 2003) with Kcalc in Picante, version 1.6-0 (Kembel et al., 2013) for
continuous data. RStudio (2012), ver. 97.248 was the platform used for all analyses. The
phylogenetic tree and matrix of FA trait values (original continuous data) were loaded for use
in all analyses performed in the packages fitContinuous, pgls, and Phylosig. The discretized
FA data (presence-absence) were also loaded for testing phylogenetic signal in the package
phylo.d, and the discretized chemical and morphological data were coded as multistate
characters for fitDiscrete in Geiger. The data and tree were prepared for these analyses by
matching the tree tip taxon names to the taxon names in the data matrix in the same order,
dropping any spaces or anomalous taxa that were not identical in both places. A comparative
data object, needed for some of the analyses, was created with the comparative.data function
in Caper.

Model-testing with FitContinuous

The best-fitting model of evolution for individual characters in the continuous FA data
was found with parametric comparative methods by fitting 8 different likelihood models with
the fitContinuous function of Geiger (Harmon et al., 2008). The models, based on the
Brownian motion (BM) model of evolution, include the lambda, delta, and kappa models,
which change the branch lengths of the phylogeny in various ways, to test for the relatedness
of traits to the phylogeny, for the rate of evolution, and whether the characters are evolving
more under punctual equilibrium or gradualism (kappa model). The Ornstein-Uhlenbeck
(OU) model is a random walk with a central tendency that approximates how stabilizing
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selection and random genetic drift act on a specific phenotypic character (Lande, 1976;
Felsenstein, 1988). White is a non-phylogenetic model that corresponds to no BM-like
evolution (no signal). Both of these models measure the amount of evolutionary constraint.
Smith et al. (2011) proposed that a high likelihood of this model for a character could mean
very strongly constrained evolution is acting (Smith et al., 2011). Geiger also estimated alpha
(selection-strength parameter) during model testing. Low values of a imply no selection and
random drift (a =0), while higher values imply stronger selection pressure (Butler & King,
2004). The parameters that provide the best fit to the data were estimated by ML in Geiger,
and the Akaike weights of all FA characters were calculated for each model using
fitContinuous and Excel (Microsoft, 2010).

Tree-Congruence Test

Chemical FA trees were compared to corresponding rbcL trees from the same type of
analysis (MP, ML, BI) using two different measures of congruence (the maximum agreement
subtree--MAST index (de Vienne et al., 2007), and Kendall's W statistic of congruence with
permutation using a Mantel test) to get a p value (Paradis, 2012; Paradis et al., 2004).

Phylogenetic trees developed with the ML and MP criteria, were input into Icong (de
Vienne et al., 2007), which accepts web-based input of two Newick trees, to test the
hypothesis that two trees are significantly more congruent than by chance. Icong performed
three steps on the phylogenetic trees: 1) the topological congruence was tested with the
maximum agreement subtree test (MAST) with COMPONENT v. 2.0 (Page, 1993), which
measures the minimum number of tips that need to be removed in each phylogeny for the
trees to be identical, 2) a large number of random trees were generated and the congruences
between them measured, and 3) the values of the pair of trees being tested were compared to
the random pairs. When less than 5% of the random pairs are more congruent than the two
tested trees, the trees are considered more congruent than by chance (p = <0.05).

CADM.global in the R package ape (Paradis, 2012; Paradis et al., 2004; Campbell et
al., 2011) was also used to test congruency by computing the distances between pairs of tips
in two phylogenetic trees using branch lengths after creating a distance matrix. The amount of
congruence between trees was determined using Kendall's W statistic (Kendall et al., 1939;
Legendre, 2010), and then a generalized Mantel test of matrix correspondence (Mantel, 1967,
Mantel & Valand, 1970) was performed to test the null hypothesis of complete incongruence
between the trees being tested, generating a p-value.

RESULTS
Data Selection and Preliminary Analyses, Coefficient of Variance

Considered as a group, the 15 datasets of secondary compounds of proposed nutritive
compounds such as FA, amino acids, or compounds primarily related to structural functions,
polysaccharides, xyloglucans (cell wall breakdown products), sterols, or waxes had a trait
relative variability of 17.0. The group of 14 datasets of defense and signaling compounds
expected to be evolutionarily and environmentally labile (terpenes and phenolics;
specifically, monoterpenes, sesquiterpenes, iridoids, flavonoids, and anthocyanins) had a trait
variability of 51.75. The “defense-signaling” compound trait variance is thus considerably
(300%) higher than for the “structure-nutrition™ data (Table 1).

36



Normalization and Discretization of the Fatty Acid Data

The “clade specificity” tests (CST, Table 2) and phylogenetic inference (Fig. 3) with
the original 107 leaf fatty acid gymnosperm dataset of Mongrand et al. (2001) showed that
discretized data out-performed the original continuous data (Table 2). Figure 3 is the
phylogenetic tree inferred under the parsimony criterion, which graphically shows a high
clade-specificity for the leaf fatty acid data alone. Genera within the Pinaceae as well as the
majority of the Cycadales, and all taxa in the genus Ephedra, have taxa that are highly clade-
specific. The data discretized into 4 states (0-3) produced trees with the highest clade
specificity for most taxa of gymnosperms, and especially Ephedra, Taxus-Cephalotaxus, and
the Cycadales, with a mean clade specificity (CS) of 4.27 (where a clade in the fatty acid tree
with a CS of 1 is perfectly congruent with the rbcL tree). The continuous log-transformed
data did not perform well, with a mean clade specificity of 5.64, and the difference between
this method and 0-3 discretization of the data (CST = 0.427) is significant (p=0.0198). The
continuous data have few identifiable gaps, and so performed poorly. The presence-absence
(binary), 0-4, and 0-9 treatments all performed worse than 0-3 coding, but the difference was
not significant (p = 0.134). The discretization of the data into 5 (0-4), or 10 categories (0-9)
captured less signal, possibly by artificially imposing more gaps than occurred naturally in
the data. Other methods of analysis, such as comparative methods, supported the 0-3 coding
method as having the highest amount of phylogenetic signal, as detailed below.

Phylogenetic Analysis of the Molecular, Fatty Acid, and Morphological Data: Acquisition,
Alignment, and Phylogenetic Tree Reconstruction

Compared with the rbcL tree, the tree from combined rbcL and FA data (tanglegram,
Fig. 4) had higher support in some clades, especially in the Gnetales and Cycadales, and
lower support in the Pinaceae. Increased congruence with recent phylogenies was also noted,
particularly in the Cycadales (Chaw et al., 2005; Zgurski et al., 2008), and in some clades in
the Pinales (Ran et al., 2010; Lin et al., 2010) and Cupressaceae (Gadek et al. 2000; Wang et
al., 2003; Yang et al., 2012; Mao et al., 2012).

Figure 5 shows a comparison of the ML trees from the combined and reduced data (39
taxa) available for FA (Mongrand et al., 2001) and morphology (Hart, 1987). These trees
show some significant changes in clade structure and support in the combined rbcL +
morphology + FA trees vs. the rbcL tree alone for several clades. Results from phylogenetic
reconstructions with MP are similar (data not shown).

Homoplasy was estimated in the MP trees (Table 3), comparing the rbcL tree with the
tree inferred from the leaf FA data. The RI values show that increased homoplasy is evident
in the FA data (0.832 vs. 0.603). These data show that the combined analysis with the rbcL
and leaf FA data have comparable amounts of homoplasy to the rbcL data alone (0.809 vs.
0.832) in the 107 taxon alignment. According to these measures, combining the
morphological data with the molecular data decreases the amount of homoplasy, and the
morphological data alone have a level of homoplasy nearly identical to that of the rbcL data
(0.743 vs. 0.747). The rbcL and leaf FA data combined have a level of homoplasy calculated
by this method that is nearly identical to that of the rbcL and morphological data combined
(0.721 vs. 0.717).
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Measurement of Phylogenetic Signal

Significant phylogenetic signal could be detected in the gymnosperm FA data using
two different measures with comparative analysis in R: lambda, as estimated by ML with
phylogenetic generalized least squares (pgls) (Fig. 6), and Blomberg’s K (Fig. 7). Table 4
shows lambda values and p values for both measures. Lambda values (from pgls) showed the
presence of significant phylogenetic signal in 16/24 leaf FA characters, whereas K values
were significant in 15/24 characters. This result can be interpreted as the evolution of the leaf
FA being more tied to phylogeny and long-term selection pressures than to immediate
environmental changes. However, when the 24 FA characters were mapped onto the
phylogeny using parsimony, some traits were highly clade-specific. For instance, C18:4,
coniferonic acid, occurs primarily in the Pinaceae, in the gnetophyte Gnetum, and rarely in
Araucariaceae and Podocarpaceae, but not at all in the Cupressaceae or cycads (Fig. 8a). The
unidentified very long-chain FA (UFA) is scattered throughout the phylogeny (Fig. 8b).

Measurement of phylogenetic signal for the morphological data of Hart (1987)
showed that out of 123 morphological characters, 72 characters had a high correspondence to
the rbcL phylogeny (lambda = 1) and 34 characters had very little or no signal (p = >0.05),
with the remaining 16 characters with moderate signal >0.1 to 0.9 (Fig. 9). Phylogenetic
signal in Hart’s (1987) morphological dataset, as estimated here in comparison with rbcL and
FA data, showed that vegetative characters had less signal overall than reproductive
characters (62% to 72% measured with lambda; Fig. 9). Of 20 wood anatomy characters, 15
(75%), and 8/16 (50%) of the leaf characters had measurable signal, while of 16 ovulate
strobilus characters, 14 (88%) had medium to high signal. See Hart (1987) for a detailed
description of the morphological characters.

Model-testing with FitContinuous

Calculation of the likelihoods of the fit of 8 different evolutionary models to the 24
leaf FA characters show that lambda fit 10 characters best (8 are at or near 100% for lambda
being most likely of all the models), and the other 14 were mixed—with varying likelihoods
of 2-4 possible best model fits (Table 5). For these 14 characters, the Ornstein-Uhlenbeck
model was most likely for 4 characters, the delta model for 2 characters, the white noise
model for 5 characters, and no model was clearly the best for 3 characters. The lambda
function collapses internal branches, leaving tip branches unchanged, which may be
interpreted to imply that phylogenetic signal is lost mainly in the deeper nodes, while
phylogenetic signal in recent history is still present.

Tree-Congruence Test

Results of the tree-congruence tests showed that the tree from the discretized 107
taxon leaf FA data (coded 0-3) was highly congruent with the rbcL tree (Table 6) under MP
and ML, with an Icong Index of 1.32 (p = 0.001) under MP, whereas the tree derived from the
gap-coded data was significantly less congruent (Icong, 1.25, p = 0.0046), and the binary FA
data (1.18, p=0.021) produced trees that were not more congruent than by chance. The MP
tree of the FA data used for this test can be seen in Fig. 3.

The morphological dataset of Hart (1987) was highly congruent with the rbcL tree
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(Icong index, 1.64, p = 2.43e-05) under ML, and less so with the FA trees because of the
smaller dataset (1.20, p=0.046), as detailed in Table 6. However, the combined morphological
and FA tree is highly congruent with the rbcL tree (Icong index, 2.19, p = 1.80e-09). Similar
results can be seen between the trees under MP.

DiscussioN

Here I coin the term “phylochemistry,” which is chemosystematics, i.e., the use of
secondary metabolites (SM), applied to phylogenetic reconstruction. Analyses performed in
this study have showed that the successful use of chemical data in phylogenetic
reconstruction is dependent on the selection of the best-suited class of constituents for the
group of organisms under study, as well as careful attention to SM character coding; that s,
an individualized approach is warranted.

In this study, when multiple SM data sets were compared, it was found that data sets
consisting of structural and nutritive compounds had much less variance and were more
phylogenetically conserved than were datasets consisting of defensive and signaling
compounds, which appear to have little association with phylogeny.

Although compounds associated with nutritional and structural functions, such as fatty
acids (FAs), have been widely utilized for taxonomic studies in simple organisms--
particularly bacteria, fungi, and lichens, few studies are available in more complex organisms
such as gymnosperms and angiosperms, and particularly using recent phylogenetic
procedures.

The uncombined FA data were used directly in phylogenetic analyses with standard
methods, and the trees these data produced were remarkably concordant with the DNA tree as
measured for example by the Clade Specificity Test, and the FA tree was statistically more
concordant with the rbcL tree than by chance. When combined with rbcL data, the FA data
increased branch support and resolution in some unresolved clades, particularly the
gnetophytes and cycads, consistent with recent multigene analyses, but resulted in reduced
branch support and resolution in the Pinaceae, perhaps due to reduced congruence of the rbcL
and FA data as a result of hybridization affecting the former (Gernandt et al., 2009).

The morphological dataset of representative gymnosperms in comparison with leaf
FA data and cpDNA sequences showed that the leaf FA and morphological characters had
significant phylogenetic signal, as measured by Pagel's lambda and Blomberg's K.
Evolutionary modeling showed the FA characters were mostly highly constrained and did not
follow a strict Brownian motion process. FA data combined with morphological data, and in
turn with rbcL sequences typically showed an additive effect in support and resolution of
clades.

Overall, among the 123 morphological characters, vegetative characters had less
phylogenetic signal than reproductive characters. Other authors have found a low level of
phylogenetic signal in plant vegetative characters. Zheng et al. (2009) determined that of 13
morphological characters studied in the genus Manglietia, 3 characters related to
photosynthesis, 3 to leaf morphology, 4 to growth, and 3 to thermal tolerance, only two
showed measurable phylogenetic signal, both being photosynthetic characters. Roncal et al.
(2012) found that of the 17 vegetative traits in the genus Geonoma (Arecaceae) studied, 4 had
phylogenetic signal (24%).
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Gymnosperm Phylogeny

The positions of the gnetophytes, cycads, and ginkgos in the seed plant phylogeny
have been difficult to settle (Matthews, 2009; Wu et al., 2013). In one of the largest recent
studies, in terms of number of genes, Chumley et al. (2008) reported on an 83-gene plastid
MP analysis that resolved a clade of Ginkgo + cycads, with ML and BI analyses instead
supporting cycads branching off before ginkgos. Wu et al. (2013) consistently resolved a
clade of Ginkgo and the cycads, as sister groups, based on amino acid sequences.

The ML and BI analyses of Chumley et al. (2008) also found support for the so-called
gnepine hypothesis, i.e., that gnetophytes are sister to all conifers except Pinaceae. Zhong et
al.’s (2011) recent study using an amino acid substitution matrix is in agreement with the
gnepine hypothesis. Findings from the present study in combined analyses with rbcL + leaf
FA data support Ginkgo and the cycads as a clade (ML) with 100% branch support), and are
consistent with the gnepine hypothesis, albeit with only moderate support. The phylogenetic
distribution of A-5 unsaturated FA, specifically, taxoleic acid in Abies and Ephedra, pinolenic
acid in the Pinaceae and Gnetum, and coniferonic acid in Pinaceae and Gnetidae, as well as
Araucariaceae and Podocarpaceae, is consistent with the gnepine hypothesis. These FA traits
are among the ones with the highest measured phylogenetic signal based on lambda, pgls, and
Blomberg’s K (Fig. 6, 7, Table 3).

Comparing the rbcL tree with the rbcL + morphology + FA combined tree (Fig. 5),
the most notable differences in the latter that lead to increased congruence with the multigene
phylogeny of Yang et al. (2012), based on LFY, NLY, matK, and rbs3 and focused primarily
on Cupressaceae, are outlined below.

a) Juniperus and Cupressus constitute a clade to the exclusion of Fokienia (Ran et al.,
2010; Mao et al., 2012; Yang et al., 2012), and this relationship is not resolved by rbcL
alone;
b) Platycladus and Microbiota have a sister group relationship (Gadek et al., 2000;
Yang et al., 2012; Mao et al.,2012), and this result has significantly higher support in
combined trees;
¢) Sequoiadendron and Sequoia constitute a clade (Ran et al., 2010; Mao et al., 2012;
Yang et al., 2012), and this result has higher support in the combined trees;
d) Torreya is sister to Taxus, and this pair is sister to Cephalotaxus (Ran et al., 2010;
but not Hao et al., 2008), which is highly supported in combined trees, but not
supported in the rbcL tree;

¢) The placement of Cedrus in the Pinaceae has been controversial (Lin et al., 2010).
Neither the rbcL or the combined rbcL + morphology tree resolves relationships of
Cedrus with other members of Pinaceae with significant support (>70 MBS). The rbcL
+ morphology + FA tree includes a clade with Cedrus sister to Abies, Tsuga, and
Pseudolarix with a branch support of 72 MBS, and the latter 3 taxa with 81 MBS. Other
research has Cedrus in a clade with Abies (Lin et al., 2010; Mao et al., 2012), with
Pinus + Picea (Ran et al., 2010), or basal to the rest of Pinaceae (Eckert et al., 2006).

Extensive hybridization in Pinaceae (Kormutak et al., 2008; Klaehn et al., 1962)
might explain increased incongruence between the FA and rbcL datasets, with less
hybridization in wild populations detected in cycads (Chamberlin, 1926), but not Ephedra
(Won & Renner, 2003; Ickert-Bond, 2004).
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Working with Continuous Chemical Data

Chemical data are typically measured as percent of the total area under the curves
from all chromatographic peaks, and thus are quantitative data. Values for individual
compounds are the fraction under the curve of this compound compared with the total area.
The use of continuous characters in phylogenetic analyses has been widely discussed, and
often criticized for various reasons, such as by Farris (1990), Thiele (1993), Goloboff et al.
(2006), and Cohen (2012). When the use of inherently continuous data is not workable, or
considered undesirable because phylogenetic methods of ancestral reconstruction such as MP,
ML, and BI require categorical data (or quantitative data with gaps), it is coded using a
variety of often ad hoc methods that have also been frequently debated (Gift & Stevens,
1997; Swiderski et al., 1998; Garcia-Cruz & Sosa, 2006; Farris, 2007). Most of the analyzed
phenotypic datasets obtained from the literature in this present study are continuous data
(20/28), including the Mongrand et al. (2001) leaf FA data used for intensive analysis, and so
testing different coding methods is recommended. The treatment of leaf FA data as
continuous characters resulted in the lowest phylogenetic signal and in the least useful
addition to the rbcL data in combined phylogenetic analyses, likely because of the natural
variation of chemical traits and lack of clear gaps in that variation. Continuous data are fine
for comparative analysis, because the trait data can be compared with the branch lengths of a
phylogenetic tree, but not for building phylogenetic trees in the first place.

The variety of tests used to examine the performance of various character coding
methods for the FA data suggested that one method was best for phylogenetic purposes.
Coding the continuous Mongrand et al. (2001) FA data into 4 states (0-3) carried the most
phylogenetic signal for all analyses (see Tables 2, 5, and 9) based on the Clade Specificity
Test, tree congruency tests, and phylogenetic inference using MP and ML analyses. This
could be because coding the data as discrete characters can reduce the effect of natural
variation in the amounts of FA in different populations, and reduce inherent noise (Kitching
et al., 1998; Wiens, 2001; Adams et al., 2004) from a possible lack of precision in analytical
methods attributable to slight variation in instrumentation, methodology, measurement, and
extraction of the plant material. For example, in the 0-3 coding scheme used in this
study, 0 is any value below 2.0, so the impact of instrumentation or methodology that didn’t
detect very small amounts of a particular FA is lessened. Based on results obtained here,
choice of a coding method for continuous chemical data to use in phylogenetic analyses
should be preceded by coding of the data using a variety of methods, testing the coded data
for phylogenetic signal, for example, with fitDiscrete in the Geiger package of R (Harmon et
al., 2008), and comparing results of phylogenetic analyses using congruence tests and
separate and combined datasets for the same set of taxa. Coding the traits with finer divisions,
0-4, 0-9, or gap-coding of Thiele (1993), did not perform well in most cases compared with
0-3 coding, likely because those codings imposing artificial or environmentally induced
variation that did not correspond to genetically-controlled variation. The desirability of
coding tests prior to utilizing chemical or morphological data in phylogenetic analyses has
been previously noted (Rae, 1998; Laurin & Germain, 2011).

As with morphological data, SM data are available in published studies as presence-
absence characters (binary data), but my results indicate that some evolutionary signal may be
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lost in such datasets, possibly introducing noise and reducing resolution during phylogenetic
estimation (Adams & Rosenberg, 1998; Adams et al., 2004). As noted above, binary data
performed poorly in all tests.

The independence of chemical characters has been questioned by Barkman (2001),
who recommended coding biosynthetic pathways in a step matrix. However, that method had
mixed success in phylogenetic reconstruction. Coding biosynthetic pathways has several
distinct disadvantages. The major problem is that one enzyme can code for many different
products; this is not uncommon in plants (Chen et al., 2004, Roeder et al., 2007). Steele et al.
(1998) determined that in Abies grandis, one enzyme, d-selinene synthase, can produce up to
34 different products, and y-humulene synthase up to 51 products. Another problem arises
because one compound, such as the common monoterpene 1,8-cineol can be produced by
more than one pathway (Wise et al., 1998). Since terpene synthases making different
products from the same species have been shown to be more similar to each other than
synthases making the same product from different species, convergent evolution is likely to
be common (Chen et al., 2004; Sharkey et al, 2005).

Environmentally Labile and Highly Conserved Traits

The results of tests for coefficient of variance (Table 1) showed that traits from
datasets of SM that are likely to be produced by organisms to serve structural, nutritional, or
metabolic functions, such as FAs, have a lower mean variance than traits thought to be used
for defense or other ecological interactions like flavonoids, terpenes, and alkaloids, among
others.
Results of comparative analyses that tested leaf FAs in gymnosperms for modes of evolution
(Table 4), and phylogenetic signal tests (Figs. 6, 7), along with phylogenetic reconstruction
(Fig. 4,5), are also consistent with this idea.

Nutritional and structural compounds such as FA and cell wall components are
expected to be more conserved, in part based on the results of this study, and therefore useful
for increasing resolution and support for phylogenetic studies at deeper levels, while
chemicals that are labile to variable environmental conditions, produced on demand after
predation, infection, and exposure to varying weather conditions, for example, are better
suited to ecological studies or possibly fine-scale phylogenetic analyses. These are
compounds like flavonoids, anthocyanidins, and alkaloidal or cyanogenic toxins.

Because of the demonstrated lability of SM used for defense, these traits may be
suited for understanding rapidly evolving lineages undergoing adaptive radiations.
Phenotypic characters from morphology and SM may provide phylogenetically informative
characters in rapidly evolving lineages because it is likely that divergence of molecular
characters in general lags behind divergence of phenotypic characters in such groups (Flagel
et al., 2008).

FA datasets, the class of chemicals chosen for this study (Mongrand et al., 2001), are
widely available in the phytochemical literature and are known to be essential for energy
storage, plant growth, and seed development, and so are likely to be highly conserved
(Bonaventure et al., 2003). Lin and Oliver (2008) showed that fatty acid concentrations in
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leaves were mostly consistent in composition and concentrations in 2 day-old, 5 month-old,
and, to a lesser degree, senescing leaves. Extensive study of FA in all gymnosperm groups
(Wolff et al., 1996, 1997a, b, 1998, 2001) showed little variation due to environmental
conditions (Wolff et al., 2001), consistent with the idea that chemicals associated with
nutrition and structure are less environmentally labile than chemicals thought to be utilized
for protection such as phenolic compounds and terpenes. Nasri et al. (2005) found that the
seed FA content of 17 samples of Pinus pinea collected from different geographic locations
in the Mediterranean had little variation. The coefficient of variation of the FA characters of
Nasri et al. (2005) is 9.15 between the samples of each character, below the mean CV for all
structure-nutrition compounds measured in this study, and well below the 55.7 mean
measured for putative defense compounds. Analyses of individual taxa in Picea from
different geographic regions showed that intraspecific variation in FA from P. abies was
considerably lower than interspecific variation between other species in the genus (Wolff et
al., 2001).
Models of Chemical Evolution

None of the leaf FA characters analyzed in this study fits an evolutionary model of
Brownian motion (BM) per se, which is not surprising since this is an idealized model of
random trait evolution without regard to the selection pressures that bear on an organism. The
Lambda model of trait evolution is the most likely fit for 12 out of the 24 FA characters in the
FA data (Table 4). When lambda is highly correlated with organismal trait evolution across
the phylogeny, it is widely held that trait evolution is concordant with the phylogeny,
implying conservation of a trait that is under genetic control. Model testing using AIC
Weights (Wagenmakers & Farrell, 2004) shows that all of the FA traits are a good fit to
models that indicate strong to moderate evolutionary constraint, including the 12 that are the
most likely fit to lambda (Table 4). When the measured value of lambda is greater than 0 and
less than 1, traits have less covariance than expected by BM (Pagel, 1997, 1999). As can be
seen in Fig. 6, 11 of the FA traits have lambda < 0.5, which means that these traits are
showing the influence of increasing constraint as lambda approaches 0.

Alpha measurements for the 24 leaf fatty acid traits show that the 8 traits (bolded in
Table 7) with the lowest alpha are all a highly likely fit to the lambda model (Table 4), which
indicates lower selection pressure than the remainder. Alpha is a parameter that indicates the
amount of stabilizing selection measured. Where a = 0, selection pressure is not detected and
trait evolution is closer to BM (drift), values >0 but <I indicate weak-moderate pressure, >1
and <2 indicate moderate pressure, and >2 indicate strong selection pressure (Butler & King,
2004). Seven traits are a good fit to the White model of evolution and can be interpreted as
having no concordance with the gene tree or BM due to significant constraint. Smith et al.
(2011) noted that the White model describes characters that are drawn from the same normal
distribution, independent of their evolutionary relationships, suggestive of very strongly
constrained evolution acting (in other words, a model with a central tendency, due to
evolutionary selective pressures with an infinitely strong constraint parameter, alpha). Note
that these 7 FA characters all have high alpha values (Table 5), with all of the traits with the
highest likelihood of a fit to the White model (bolded in Table 4) having very high values of
alpha, except for juniperonic acid (20:4). Apparently, most of the leaf FA studied here, all of
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which are common in gymnosperms, have been under moderate to strong selection pressures
over evolutionary time and are likely highly conserved.

The results of this phylochemical study from a number of different lines of evidence
show the value of SM for phylogenetic analysis is high when an individualized approach is
used to select the most suitable chemical data for the taxonomic group under study. Tests of
several coding methods for continuous chemical data should be performed a priori. The use
of structural and nutritive constituents such as FA are likely to have more value than defense
and signaling compounds.
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Chapter 2 Illustrations

Figures and Tables
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TABLE 1. Summary of Chemical Datasets Chosen for Analysis, and Coefficients of Variance

Structure-Nutrition
Chemical Group Taxon No. Characte | Outliers GBDNA Data Type Reference
Taxa, rCV (No./ alignment
Traits highest)
Waxes (from FA) Cactaceae 13/19 18.68 3/2.8 rbclL, resolved Continuous Maffei et al, 1997
Terpene, sterol Codonopsis 28/9 51.83 1/3.9 12 taxa, ITS, categorical Wang et al, 1995
resolved
Xyloglucans Gymnosperms, 28/27 0.36 2/3.1 rbclL, resolved continuous Hsieh-Harris &
monilophytes Harris, 2012
Polysaccharides Vochysiaceae 16/8 58 2/2.7 5 taxa, nadH, Continuous Mayworm &
resolved Salatino, 2000
Fatty Acids Rhodophylaceae | 7/22 3.11 1/2.6 188, resolved continuous Dunstan et al,
2005
Fatty acids Brassicaceae 43/11 25.8 6/3.0 ITS, resolved Continuous Goffman et al,
1999
Fatty acids Nicotaneae 14/17 0.89 1/2.4 ITS, resolved; 8 Continuous Maestri &
taxa Guzman, 1995
Fatty acids Orobanchaceae 21/11 0.2 0 ITS, 20 taxa, Continuous Velasco et al,
resolved 2000
Fatty acids Boraginaceae 39/9 3.27 3/2.6 ITS, 24 taxa, Continuous Velasco &
resolved Goffman, 1999
Fatty acids Equisetum 10/26 0.94 2/3.4 rbcL, resolved Continuous Rezanka, 1998
Fatty acids Gymnosperms 10724 | 0.73 3/53 rbcL, resolved Continuous Mongrand et al,
2001
Fatty Acids Pinus 1/16 9.15 1/3.4 Insufficient Continuous Nasri et al, 2005
sequences
Amino acids Caesalpineae 63/16 102.9 1/2.4 Insufficient categorical Evans & Bell,
sequences 1978
Amino Acids Acacia 66/19 30.83 3/3.0 Insufficient categorical Evans & Bell,
sequences 1977
Amino acids Allium 43/4 0.51 223 ITS, resolved Continuous Fritsch &
Keusgen, 2006
Mean 33/14 17.0
Defense Compounds
Terpene, volatile Zingiber 15/67 4291 0 ITS, 6 taxa, poor | categorical Jiang et al, 2006
Terpene, volatile Apiaceae 9/168 8.2 0 rpsl6, ITS, fair continuous Dev etal, 2010
Terpene, volatile Lomatium 7/240 17.86 0 rpsl6, ITS, fair continuous Beauchamp et al,
2005
Terpene, volatile Stachys 9/191 17.44 6/2.7 trnLF, 5 taxa, continuous Skaltsa et al, 2003
resolved
Phenolics Cuscuta 9/10 0.12 1/2.47 ITS, resolved continuous Loffler et al, 1997
phenolics, salicin Salix 20/13 57.64 223 rbcL or ITS, fair | continuous Julkunen-Tiitto,
1989
Terpene, iridoids Plantago 32/39 54.53 1/2.0 ITS, resolved binary Ronsted et al,
2000
Terpene, iridoids Galium 31/23 33.65 12.5 rbcL, 7 taxa, categorical Mitova et al, 2001
resolved
Phenolic, Nothofagus 11/47 81.2 2/2.7 ITS+rbcL binary Wollenweber et
flavonoids resolved al, 2003
Phenolic, Sedum 97/11 324 4/8.0;4.2; | matK, resolved continuous Stevens et al,
flavonoids 2.2 1996
Terpene, volatile Pinus 5/50 2.63 0 matK+rbcL, not continuous Roussis et al,
resolved 1995
Phenolic, Hypericum 6/9 63.55 1/2.3 ITS resolved continuous Umek et al, 1999
flavonoids
Phenolic, Dionysia 35(29)/ | 47.84 6/2.5 ITS, resolved categorical Valant-Veschera
flavonoids 43 etal,2010
Phenolic, Rosa 74/16 28.05 7/4.3 ITS, 18 taxa, fair | categorical Mikanagi et al,
Anthocyanins 1995
Mean 26/65 55.7 *Phenolic
CV=125.15
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TABLE 2 Clade Specificity Test: number of separate clades in which each genus falls

Abies Picea | Pinus | Junip. | Larix | Cupres. Ephedra | Tax./Ceph. | Araucaria Thuja Cycads mean
Continuous 7 4 9 3 3 6 4 3 4 4 9 5.09
Continuous

log 8 6 9 3 3 6 4 4 5 4 10 5.64
Cont. log

RAXML 6 6 9 3 3 6 4 3 5 4 10 5.36
Binary 6 6 8 3 2 6 4 4 5 4 8 5.09
Disc., 0-3,

Parsimony 6 4 9 3 3 6 1 2 5 4 4 4.27
Disc., 0-3,

RAXML 5 4 10 3 2 6 5 5 5 4 10 5.36
Disc., 0-3,

Bayes 5 4 9 3 3 6 5 5 5 4 9 5.27
Disc., 04 6 6 10 3 2 5 3 3 4 4 10 5.09
Disc.,0-9 5 5 8 3 2 6 5 5 4 4 9 5.09
Gap-weighted 6 5 9 3 1 5 3 5 4 4 7 4.73

(RAXML)

Gap-weighted 5 5 9 3 3 6 5 5 5 4 5 5.00

TNT

parsimony
gap-weighted 4 6 8 2 2 5 4 4 5 4 4 4.36

(Bayes)

48




Welwitschia_mirabilis
{— Gnetum_gnemon

Welwitschia_mirabilis 9
100 Gnetum _gnemonj 100
53 Ephedra_d| hy Ephedra_distachya—4
1 Ephedra_fragilis Ephedra_fragilis a7
68— Ephedra_equisetina Ephedra_equisetina —64
Ephedra_gerardiana Ephedra_gerardiana
100 Picea_sitchensis Picea_sitchensis
70 Picea_glauca Picea_glauca
L] e 87— Picea_torano Picea_torano
75 Picea_abies Picea_abies
Picea_ asperata Picea_asperata
Picea_chih Picea_chihuahuana
Pmus_stroblformis Pinus_strobiformis
Pinus_cembra Pinus_cembra
Pinus_aristata Pinus_aristata
Pinus_bungeana Pinus_bungeana
Pinus_sylvestris Pinus_sylvestris
Pinus_pinea Pinus_pinea 71
Pinus_halepensis Pinus_halepensis
Pinus_pinaster Pinus_pinaster
Pinus_palustris Pinus_palustris
Pinus_jeffreyi Pinus_jeffreyi
Pseudotsuga macrocarpa Pseudotsuga_macrocarpa
Lanx decidua Larix_decidua
Larix_ ._gmelinii Larix_gmelinii
Larix_laricina Larix_laricina
Cedrus_deodara Cedrus_deodara
Cedrus_atlantica Cedrus_atlantica
97] Abies_cephalonica Abies_cephalonica
Abies_pinsapo Abies_pinsapo
Abies_alba Abies_alba
Abies_vejarii Abies_vejarii
Abies_concolor Abies_concolor
Abies_grandis Abies_grandis
Abies_veitchii Abies_veitchii j
Abies_sachalinensis Ables sachalinensis
Pseudolarix_amabilis P: larix amablhs
100 Tsuga_canadensis Tsuga d 100
Acathic/Araticaria A is/Araucaria 99
Sciadopitys_verticillata Sciadopity _vertlclllata -
100 Cephalotaxus_fortunei Cephalotaxus_fortunei —1%0 " 31
46 Cephalotaxus_sinensis Cephalotaxus_sinensis
7 35 Torreya_californica Torreya_californica 42 62
v 10 Taxus_brevifolia Taxus_brevifolia —%0 o
Taxus_baccata Taxus_baccata i,'j
Taxus_cuspidata Taxus_cuspidata
o e o ) .
L Athrotaxis_laxifoli _laxifoll o
95 Cryptomeria_japonica Cryptomeria_japonica
91 Taxodium_distichum Taxodium_distichum
— Taxodium_mucronatum Taxodium_mucronatum
88 —Ch yp .'.,_' i C. lawsoniana
99 —Ch. i ra Ch. yparis_pisifera
26 ,_{:Mlcroblota decussata Microbiota_decussata
Platycladus orientalis
L Tetracl:ms amculata drus_ decurrens
us_decurrens Tetraclinis_ar
75 Cupressus_lusnamca Cupressus_lusnamca
— Cupressus_goveniana Cupressus_goveniana
— 162] Cupressus_bakeri Cupressus_bakeri
Cupressus_sempervirens Cupressus_sempervirens 93,
39 Cupressus_dupreziana Cupressus_dupreziana —
L Cupressus_torulosa Cupressus_torulosa
Juniperus_sabina Juniperus_sabina
Fokienia_hodginsii Fokienia_hodginsii
Juniperus_chinensi: Juniperus_chinensi:
56 Juniperus_ Juniperus._ i
Thuja_standishii Thuja_standishii
Thuja_koraiensis Thuja_koraiensis
Thuja_occidentalis Thuja_occidentalis
Thuja_plicata Thuja_plicata
42 Thujopsis_dolabrata Thujopsis_dolabrata
Callitris_preissii “Callitris_preissii - &4
Diselma_archeri Diselma_archeri
Sequo:adend:on _giganteum S. g _/lqanreumﬁ 94
oo f_ESequo:a sempervirens Sequoia_sempervirens
Mctasequora glyptostroboides M. glyptostroboides
ia_cryptomerioides Taiwania_cryptomerioides
E - 92— Prumnopitys_ferruginea Prumnopitys_ferruginea —82 i
—r__CPrumnopitys_andina Prumnopitys_ andinaﬁ_
100 Prumnopitys_taxifolia Prumnopitys_taxifolia 100
Pherosphaera fitzgeraldii Pherosphaera fitzgeraldii
o 100— Podocarpus_macrophyllus  Podocarpus_macrophylius —%0 97
97 Podocarpus_chinensis Podocarpus_chinensis 99
of |®'— Podocarpus_nivalis Podocarpus_nivalis — 81" }io
Podocarpus_salignus Podocarpus_salignus
Dacrydium_ cupressmum Dacrydium_cupressinum
Cycas Cycas_revoluta
o 75 Zamia furfuracea Zamia_furfuracea e
Microcycas calocoma Microcycas_calocoma
Bowenia spectabilis Bowenia_spectabilis
Macrozamia moorei Macrozamia_moorei
tos /e b E. lebomboensis
Lepldozamta hopel Lepidozamia_hopei
— Cer Ceratozamia_robusta
E — Dioon edule Stangeria_eriopus L
Stangeria eriopus Dioon_edule

inkgo_biloba

g

kgo_biloba

FIGURE 4. Tanglegram ofML rbcL tree and rbcL + 24 fatty acid traits demonstrating differences in resolution and

branch support in combined tree, compared with rbcL tree alone on the right. See table 4 for specific results.
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Phylogenetic Signal (with pgls)
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FIGURE 6. Phylogenetic signal (measured with pgls) of 24 leaf fatty acid traits, C12:0 to an unidentified long-chain fatty
acid (UFA), where lambda = 1 is complete concordance with the phylogeny. The p value is the probability that lambda is
significantly different than 0.

Blomberg's K of Fatty Acid Traits

FIGURE 7. Blomberg’s K measurement of phylogenetic signal of fatty acid traits, where 16 of the 24 leaf fatty acid traits
show strong concordance with the phylogeny. The p value is the probability that lambda is significantly different than 0.
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TABLE 3. Parsimony tree statistics for Mongrand et al. (2001) leaf fatty acid data, 24 traits, compared with the rbcL tree

TNT Parsimony Tree Statistics

No. Characters Best Tree | Parsimony Cl RI
Score Informative
Characters

Mongrand et al. (2001), 107 taxa
rbcL + FA Combined analyses

FA only (discrete, 0-3) 247 24 0.166 0.603
DNA Only 3819 1075 0.467 0.832
DNA + FA24 0-3 (parsimony,
Bayes, SM) 4231 1099 0.432 0.809
DNA + FA24 gap (parsimony,
BayesSM) 4985 1099 0.369 0.767

Mongrand et al. (2001) + Hart
(1987); 39 taxa x 123 characters

TNT Parsimony ratchet

DNA only (rbcL) 1962 427 0.423 0.747
Morphological only 409 104 0.516 0.743
FA only, 0-3 110 21 0.30 0.552
rbcL + morpho 2492 534 0.522 0.717
rbeL + FA (0-3) 2132 448 0.526 0.721
rbcL + morpho + FA 2661 555 0.501 0.697
Morpho + FA (0-3) 568 128 0.43 0.656

Notes: Homoplasy indices are given for trees derived from the combined Mongrand et al. (2001) and Hart (1987) data,
comparing trees derived from the rbcL, morphological, and fatty acid data, and trees derived from combined rbcL + FA,
rbcL +morpho, rbcL + FA, and rbcL + morpho + FA data.
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TABLE 4. Blomberg’s K measured with Phylosignal (Picante)

FA K p-value

X12.00 0.64 0.00
X14.00 0.62 0.01
X15.00 0.54 0.18
X16.00 0.71 0.00
X16.10 0.59 0.03
X17.0br 0.69 0.00
X16.20 0.43 0.80
X16.30 0.80 0.00
X18.00 0.84 0.00
X18.10 0.90 0.00
X18.2a 0.94 0.00
X18.2b 0.70 0.00
X18.3a 0.90 0.00
X18.3b 0.64 0.02
X18.40 0.88 0.00
X20.00 0.59 0.02
X20.10 0.49 0.43
X20.2a 0.46 0.62
X20.2b 0.54 0.14
X20.30 0.56 0.09
X20.40 0.44 0.81
X22.00 0.83 0.00
X22.10 0.59 0.09
UFA 0.47 0.57

Notes: p value reflects P-value of observed vs. random variance of PICs.

TABLE 5. Akaike Weights for the relative likelihood of 8 evolutionary models for leaf fatty acid traits

Brownian | Lambda Delta Kapp ou EB trend white
a

12:0lauric acid (S) 0.000 0.943 0.025 | 0.000 | 0.035 | 0.000 | 0.000 | 0.001
14:0myristic (S) 0.000 0.971 0.012 | 0.000 | 0.013 | 0.000 | 0.000 | 0.005
15:0pentadecyclic (S) 0.000 0.159 0.228 | 0.000 | 0.259 | 0.000 | 0.000 | 0.607
16:0palmitic (S) 0.000 0.997 0.001 | 0.000 | 0.002 | 0.000 | 0.000 | 0.000
16:1palmitoleic (mono) 0.000 0.752 0.112 | 0.000 | 0.129 | 0.000 | 0.000 | 0.066
17:0br 14-Mepalmitic (U) 0.000 0.007 0.441 | 0.058 | 0.664 | 0.000 | 0.000 | 0.000
16:2hexadecadienoic (U) 0.000 0.195 0.191 | 0.000 | 0.210 | 0.000 | 0.000 | 0.627
16:3¢is-7,10,13 h-decatr. U) 0.000 0.913 0.039 | 0.000 | 0.055 | 0.000 | 0.000 | 0.000
18:0 stearic (S) 0.000 0.981 0.006 | 0.003 | 0.010 | 0.000 | 0.000 | 0.000
18:1 oleic (M) 0.000 0.991 0.000 | 0.008 | 0.001 | 0.000 | 0.000 | 0.000
18:2ataxoleic (U) 0.000 0.999 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000
18:2blinoleic (U) 0.000 0.012 0.483 | 0.000 | 0.668 | 0.000 | 0.000 | 0.001
18:3apinolenic (U) 0.000 0.991 0.001 | 0.006 | 0.002 | 0.000 | 0.000 | 0.000
18:3blinolenic (U) 0.000 0.007 0.507 | 0.000 | 0.650 | 0.000 | 0.000 | 0.004
18:4coniferonic (U) 0.000 0.999 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000
20:0arachidic (S) 0.000 0.428 0.331 | 0.000 | 0.420 | 0.000 | 0.000 | 0.090
20:1gondoic 0.000 0.226 0.279 | 0.000 | 0.343 | 0.000 | 0.000 | 0.541
20:2aeicosadienoic (U) 0.000 0.202 0.190 | 0.000 | 0.209 | 0.000 | 0.000 | 0.625
20:2bbishomo-linoleic (U) 0.000 0.303 0.225 | 0.000 | 0.258 | 0.000 | 0.000 | 0.560
20:3podocarpic (U) 0.000 0.369 0.339 | 0.000 | 0.453 | 0.000 | 0.000 | 0.164
20:4juniperonic (U) 0.000 0.781 0.056 | 0.000 | 0.056 | 0.000 | 0.000 | 0.153
22:0behenic (S) 0.000 0.282 0.352 | 0.007 | 0.609 | 0.000 | 0.000 | 0.000
22:1 (erucic (U) 0.000 0.310 0.180 | 0.000 | 0.198 | 0.000 | 0.000 | 0.592
UFA (unidentified) (U) 0.000 0.255 0.185 | 0.000 | 0.203 | 0.000 | 0.000 | 0.608

Notes: Bolded values are the most likely model. U= unsaturated, S= saturated. Shaded FA are delta 5-olefinic acids,
universally found in the Gymnospermae, but rare in the Angiospermae.
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FIGURE 8. Reconstructed ancestral states for Fatty Acids C18:4, UFA showing clade specificity (a), and homoplasy (b)

Phylogenetic Signal in 123 Morphological Traits of Gymnosperms

1 4 710131619222523313437404!4&4952555&615457707375798285

®lambda ®p-value

FIGURE 9. Phylogenetic signal of 123 morphological traits in Gymnosperms; characters 1-4, branching and growth
patterns; 5-6, stem anatomy; 7-26, wood anatomy; leaves, 27-42; chemistry, 43-47; sex distribution, 48;
microsporangiate strobilus, 49-55; microgametophyte, 56-70; megagametophyte and embryo, 71-97; ovulate strobilus,
98-113; ovules and seeds, 114-123 (see Hart, 1987 for complete details).
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TABLE 6. Tree Congruence Tests showing the effect of different coding methods on the congruence of trees from FA
alone, FA + morphological data compared with the rbcL tree

Mongrand et al. (2001); 107 taxa FA dataset

Parsimony (TNT) Trees Icong Index p value

DNA only (rbcL) compared with:

FA (0-3) 1.32 0.001*
FA (gap-coded) 1.25 0.0046
FA (binary) 1.18 0.021
CADM .global matrix comparison tree congruence | Kendall's W p-value
rbcL/FA (continuous data), 9,999 permutations 0.532 0.09

Mongrand et al. (2001) and Hart (1987) combined Icong values
dataset; rbcL compared with:

morpho 1.64 2.43e-05%
FA (0-3) 1.20 0.046
FA (gap-coded) 1.095 0.303
FA (binary) 1.20 0.046
morpho + FA (0-3) 2.19 1.80e-09*

PAUP ratchet 1500 iterations

rbcL tree compared with:

Comparison of parsimony trees with other trees: ICong p-value
Morpho 1.423 0.0011*
FA (continuous data) 1.18 0.021

FA only (0-3) 1.20 0.046
morpho + FA (0-3) 2.19 1.94¢-09*
Morpho + FA (gap-coded) 1.642 0.000024*

*Highly significantly congruent with rbcL tree,
compared with random trees (<0.001)
*Iconglndex (higher values = more congruence)

TABLE 7. Alpha (constraint parameter) measured in 24 leaf fatty acids from the Mongrand et al. (2001) data using
comparative methods. (shaded values indicate strong selection pressure).

Alpha for leaf fatty acids *Stabilizing selection
Fatty Acid | alpha* Fatty acid alpha*
12:0 0.359 18:3a 0.167
14:0 0.543 18:3b 0.324
15:0 0.678 18:4 0.187
16:0 0 20:0 0.467
16:1 0.481 20:1 0.822
17:0br 0.303 20:2a 16.831
16:2 16.537 20:2b 0.784
16:3 0.258 20:3 0.466
18:0 0.197 20:4 15.238
18:1 0.17 22:0 0.206
18:2a 0.198 22:1 17.109
18:2b 0.293 UFA 17.288
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TABLE S1. Genbank Accession Numbers
Supplementary Table 1 Genbank
Abies alba Mill. AB029652
Abies cephalonica Loudon FR831931
Abies concolor (Gordon & Glend.) AB029648
Lindl. ex Hildebr.

Abies grandis (Douglas ex D. Don)

Lindl. AB029646
Abies pinsapo Boiss. AB029656
Abies sachalinensis (F. Schmidt) ABO015651
Mast.

Abies veitchii Lindl. AB015649
Abies vejarii Martinez JN935622
Agathis australis (D. Don) Steud AF362993
Agathis moorei (Lindl.) Mast. U96480
Agathis robusta (C. Moore ex F.

Muell.) F.M. Bailey U96484
Araucaria angustifolia (Bertol.) U96470
Kuntze

Araucaria cunninghamii Aiton ex

D. Don U96469
Araucaria luxurians (Brongn. & U96464
Gris) de Laub.

Araucaria araucana (Molina) K. AF249664
Koch

Araucaria montana Brongn. & Gris U96457
Athrotaxis laxifolia Hook. L25754
Bowenia spectabilis Hook. Ex

Hook. f. AF394372
Callitris preissii Miq. JF725940
Calqcedrus decurrens (Torr.) L12569
Florin

Cedrus atlantica (Endl.) Manetti ex

Carriére AF145457
Cedrus deodara (Roxb.) G. Don AF456381
Cephalotaxus fortunei Hook. AY450863
Cephalotaxus sinensis (Rehder &

E.H. Wilson) H.L. Li AY450864
Ceratozamia robusta Miq. AF394346
Chamaecyparis lawsoniana (A.

Murray) Parl. HMO024272
Chamaecyparis pisifera (Siebold &

Zucc.) Endl. HMO024274
Cryptomeria japonica (L.f) D. Don L25751
Cunninghamia lanceolata (Lamb.) L25757
Cupressus bakeri Jeps. AY988237
Cupressus dupreziana A. Camus AY988243
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Cupressus goveniana Gordon AY380888
Cupressus lusitanica Mill. AY380889
Cupressus sempervirens L. HM024278
Cupressus torulosa D. Don AY988257
Cycas revolute Thunb. AY 056556
Dacrydium cupressinum Sol. Ex

Lamb. AF249634
Dioon edule Lindl. AF531203
Diselma archeri Hook. f. L12572
Encephalartos lebomboensis 1.

Verd. JQ025575
Ephedra chilensis C. Presl. AY755786
Ephedra distachya L. AY755793
Ephedra equisetina Bunge AY056572
Ephedra fragilis Desf. AY755784
Ephedra gerardiana Wallich ex

C.A. Meyer AY755792
Fokienia hodginsii (Dunn) A.

Henry & H.H. Thomas EF053219
Ginkgo biloba L. DQ069500
Gnetum gnemon L. L12680
Juniperus chinensis L. JQ512542
Juniperuscommunis L. AY988260
Juniperus Sabina A. HM024331
Larix decidua Mill. AB019826
Larix gmelinii (Rupr.) Rupr. AB303668
Larix laricina (Du Roi) K. Koch AF479878
Lepidozamia hopei Regel AF394342
Macrozamia moorei F. Muell AF394343
Metasequoia glyptostroboides Hu

& W.C. Cheng JQ512562
Microbiota decussata Kom. L12575
Microcycas calocoma (Miq.) A.

DC. AF531214
Pherosphaera fitzgeraldii (F.

Muell.) F. Muell ex Hook. f. AF249646
Picea abies (L.) H. Karst. AB019825
Picea asperata Mast. AY 056578
Picea chihuahuana Mart. EF440575
Picea glauca (Moench) Voss AY611035
Picea sitchensis (Bong.) Carr. EF440602
Picea torano (Siebold ex K. Koch)

Koehne EF440605
Pinus aristata Engelm. AB019805
Pinus bungeana Zucc. Ex Endl. AB019808
Pinus cembra L. AB019795
Pinus halepensis Mill. AB019819
Pinus jeffreyi Balf. AY497235



http://en.wikipedia.org/wiki/Endl
http://en.wikipedia.org/wiki/%C3%89lie-Abel_Carri%C3%A8re

Pinus pinaster Ait. ABO019818
Pinus pinea L. AB019822
Pinus strobiformis Engelm. AB455588
Pinus sylvestris L. AB019809
Pinus wallichiana A.B. Jacks. AB019801
Platycladus orientalis (L.) Franco JQ512598
Podocarpus chinensis Roxb. Wall.

Ex Forbes AF249602
Podocarpus macrophyllus (Thunb.)

Sweet AF249616
Podocarpus nivalis Hook. AF249619
Podocarpus salignus D. Don HM593672
Prumnopitys andina (Poepp. Ex

Endl.) de Laub. AF249655
Prumnopitys ferruginea (G. Benn.

Ex D. Don) de Laub. AF249656
Prumnopitys taxifolia (Banks &

Sol. Ex D. Don) de Laub. AF249658
Pseudolarix amabilis (J. Nelson)

Rehder AB019829
Pseudotsuga macrocarpa (Vasey)

Mayr GU457445
Pseudotsuga menziesii (Mirb.)

Franco AY 664856
Sciadopitys verticillata (Thunb.)

Siebold & Zucc. L25753
Sequoia sempervirens (D. Don)

Endl. L25755
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Sequoiadendron giganteum (Lindl.)

J. Buchh. AY056580
Stangeria eriopus (Kunze) Baill. AF394354
Taiwania cryptomerioides Hayata L25756
Taxodiumdistichum (L.) Rich. AF127427
Taxodium mucronatum Ten. JF725913
Taxus baccata L. AF456388
Taxus brevifolia Nutt. AF249666
Taxus chinensis (Pilg.) Rehd. AY450855
Taxus cuspidata Siebold & Zucc. DQ478793
Tetraclinis articulate (Vahl)

Masters L12576
Thuja koraiensis Nakai JQ512617
Thuja occidentalis L. L12578
Thuja plicata Donn ex D. Don. AF127428
Thuja standishii (Gordon) Carr. HM024350
Thujopsis dolabrata (Thunb. Ex L.

f.) Siebold & Zuzz. JQ512621
Torreya californica Torr. EF660732
Tsuga canadensis (L.) Carriére AY056581
Welwitschia mirabilis Hook. f. AF394335
Zamia furfuracea L.f. in Aiton AF394349




Chapter 3

Taming the sagebrushes:
Island life results in loss of chemical defenses

INTRODUCTION

Animals living in insular habitats and isolated from predators over evolutionary time are likely to
modify or eliminate costly anti-predator behaviour such as startle and flight reflexes. This
phenomenon is known as “island tameness,” and reduced flocking in birds is a well-studied
example (Beauchamp, 2004; Magurran, 1999; Vitousek et al., 2010) Defense reactions can be
costly because they distract from other productive behaviour such as mate selection and foraging
(Ydenberg & Dill, 1986).

While mechanisms of island tameness are starting to be understood in animals, such research
with plants has been lacking, especially for island endemics, despite Carlquist’s long-standing
hypothesis of loss of competitiveness, poisonous compounds, and scented oils in island plants
(Carlquist, 1970). Island tameness in plants is highly probable, because like animals, they
normally initiate and maintain costly production of tens of thousands of individual chemicals
from many different biosynthetic pathways known to act as toxins against microbes, other plants,
and animals, or as olfactory repellents (Walters, 2011; Mithofer and Boland, 2012; Wittstock and
Gershenzon, 2002).

Of the many kinds of defense compounds produced, volatile organic constituents (VOCs) are the
most numerous and versatile. VOCs consist of a complex mixture of simple volatile chemicals,
primarily green leaf volatiles (GLV), hydrocarbons, oxygenated hydrocarbons (alcohols,
aldehydes and ketones), monoterpenes, sesquiterpenes, and some volatile phenolic compounds
like eugenol and thymol. These complex mixtures function primarily for communication and
defense. Many plants have a palette of several hundred individual compounds to work with,
allowing the ability to quickly tailor their response to potential threats. VOCs can be thought of
as “semiochemicals,”(Allman et al., 2013; Law and Regnier, 1971; Maffei et al., 2011) because
they act as signals and mediators of myriad plant-plant (Ishizaki et al., 2012), plant-animal
(especially plant-insect), and plant-pathogen interactions (Heil and Karban, 2010). The
bioactivity of VOCs is also context-specific and often species-specific. For defense, VOCs from
numerous plants are also known to inhibit bacterial (Hendry et al., 2009) and fungal growth
(Sokovic et al., 2002), seed germination (Halligan, 1975), seedling shoot and root growth
through allelopathy (Yoshimura et al., 2011), and herbivore feeding (Perez, 2013).

Here, a global phylogenetic and biochemical analysis of the VOC-rich sagebrush genus
Artemisia (350—450 species) is conducted to assess the fate of its arsenal of terpenes and other
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defense and signalling compounds following colonization of oceanic archipelagos. The
ecologically well-characterised, rich chemistry of Artemisia and its occurrence in a diversity of
continental and island settings make it an ideal system for examining hypotheses on the
evolution of tameness in island plants.

METHODS (in brief)

The number, range, complexity, and identity of individual compounds from the VOC profiles of
74 species of the world-wide genus Artemisia were investigated previously, representing all 5
subgenera (Hobbs and Baldwin, 2013). Five highly-supported clades in the genus were identified
using a 4-gene dataset (2 ntDNA, 2 cpDNA), wherein biogeographical signal was also present.
The recently described subg. Pacifica, with 4 island endemics, was part of the focus of this
study.

Gas chromatography—mass spectrometry (GC/MS) was used to separate and identify from 120
to 180 compounds in each species using freshly collected plant material. Solid-phase
microextraction (SPME) techniques were used to obtain samples of the total volatile mixtures of
compounds directly from the plant samples for injection into the GC, without using heat or
solvents in order to reduce methodological variation and solvent-volatile compound interactions.
The evolutionary history and modes of trait evolution of the 1,227 chemical characters were
inferred using comparative methods with the 2-, or 4-gene phylogeny (Hobbs and Baldwin,
2013), and then ancestral trait reconstruction was undertaken to determine where the most likely
loss of defense compounds occurred in the island lineages.

RESULTS

World-wide Artemisia volatile terpene diversity includes 1,227 identified compounds and 300-
400 compounds that were visualized, but not identified. Two Hawaiian species, A. australis and
A. mauiensis, compared with the non-Hawaiian member of subg. Pacifica, A. chinensis (Hobbs
and Baldwin, 2013), and a Canary island endemic, A. canariensis, were remarkably devoid of the
often abundant and most frequently researched antimicrobial, phyotoxic, and anti-herbivore
monoterpenes 1,8-cineol (Halligan, 1975; Mclean et al., 2007; Perez, 2013; Yoshimura et al.,
2011), camphor (Barney et al., 2005; Sinclair et al., 1988; Negahban and Moharramipour, 2007)
Pinocarvone (Goralka et al., 1996; Panseri et al., 2011), thujone (Satyal et al., 2012; Vourc'h et
al., 2002), artemisia ketone (Verdeguer et al., 2009), borneol (Fischer et al., 1994), fenchene
(Giorgi et al.,2010), p-cymene (Bray et al., 1991) and the known bark beetle pheromone
myrtenol (Zhang and Sun, 2006). These compounds were not detected in multiple accessions of
both Hawaiian species, with the detection level to < 0.01% of the total peak area. The less
isolated island endemic A. chinensis (Southeast Asia) was devoid of all 10 compounds except
1,8-cineol and the distantly related, less isolated A. canariensis (Canary Islands) was determined
to have lost all these compounds except for fenchene.
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Of the 74 species sampled, 96% (67 species) of those not endemic to islands had detectible levels
of either 1,8-cineol or camphor, the two best-studied anti-herbivore and phytotoxic VOCs in
Artemisia, and in 79% (58 species) both could be detected (Table 1). Besides the 4 island
endemic species (with the exception of 1,8-cineol in A. chinensis), only 2 other sampled species
had undetectable levels of both compounds. No species other than the island endemics was
missing both compounds and a-thujone, another well-researched phytotoxin and anti-herbivory
compound. The probability of any given species missing these 10 major defense compounds is
1.76E-06 (calculated with (1-x;)(1-x2)(1-x3)..., where x = proportion of plants that have each
compound). Independence of these traits is likely because they are produced by different terpene
synthases, except a-, and B-thujone, but where an additional and separate biosynthetic step is
required (Grausgruber-Groger et al., 2012).

Phylogenetic analysis of the 1227 character VOC data alone, or combined with a 4-gene (2
cpDNA and 2 nuclear DNA) dataset, showed a low level of phylogenetic signal, as measured by
phylogenetic least squares (pgls) and Blomberg’s K in ~9% of VOCs. These results coupled with
comparative analysis in R, testing 4 evolutionary models, showed that >91% of VOCs do not
follow Brownian motion (random walk), but are evolving conservatively under evolutionary
constraint (unpublished results). Much biogeographical signal here was also seen throughout
these data.

Based on the context of a 2-gene (nrDNA) phylogeny representative of every Artemisia
subgenus, ancestral reconstruction showed a high likelihood (Table 2, fig. 1) that the 10 major
defense compounds were lost gradually in the Hawaiian Artemisia lineage on the islands
themselves and not in earlier ancestors.

DiscussION

Despite the wide geographic distance between them, Pacific and Atlantic island lineages of
Artemisia lost 9 or 10 of the most intensively-studied VOC compounds (except 1,8-cineol in A,
chinensis and fenchene in A. canariensis), in a genus that widely contains them. Comparative
phylogenetic analysis clearly shows a high likelihood of 9 of 10 traits occurring in the Hawaiian
and Canary island ancestor, with their gradual disappearance after further generations on the
islands (Fig. 2, Table 2). These results provide a novel phylogenetic and biochemical
demonstration of Carlquist’s (1974) principle of loss of competitiveness and defensiveness in
island biota, as applied to plants.

The chemical arms race between plants and would-be pathogens and herbivorous animals,
including insects, is often cited as the impetus for plants to produce an increasingly complex
array of biologically active small molecular weight compounds. Becerra et al. (2009) used a
molecular phylogeny from the genus Bursera to show that as new species diverged, they
produced more compounds per species from an increasing number of biosynthetic pathways,
increasing chemical diversity in the genus. It is also known that plants respond to insect damage
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with a different and often more complex profile of volatiles than when undamaged or after
mechanical injury (Karban and Baldwin, 1997). The tendency appears to be more complexity in
defense compounds, both specifically and globally.

While some toxins are produced on demand, minimizing costs, some levels of toxic volatile
compounds are constitutive( Wittstock and Gershenzon, 2002; Dicke and Van Loon, 2000). Many
defense chemicals have to be stored for immediate use in compartments that protect plant cells
and processes from deleterious effects from the toxins, also incurring a cost. A balance must be
struck because lowered levels of protective compounds can leave the plant open to attack by
pathogens and browsers, and encroachment by other species that may sequester and utilize local
resources.

The Hawaiian endemics, which showed the greatest loss of chemical armament, are
exceptionally isolated geographically, with an estimated arrival and onset of diversification in
the archipelago based on fossil-calibrated molecular trees (Hobbs & Baldwin, 2013) occurring
after the formation of Kaua'i (ca. 4.7 Ma) or less probably after the emergence of O ahu about
3.0 Ma (Clague, 1996). For herbivores, shifts between host plants have been shown to be most
likely when the old and new hosts are closely related genetically and chemically (Connor, et al.,
1980). The absence of any native Hawaiian taxa of the biochemically distinctive tribe
Anthemideae other than those studied here from the sole Hawaiian clade of Artemisia is
consistent with a lack of herbivore or encroachment pressure on the original Hawaiian colonizing
ancestor, as evidenced by the success of A. australis, which is abundant on every modern
Hawaiian island.

Darwin theorized that introduced plant species, particularly on oceanic islands, have a higher
likelihood of becoming invasive when closely-related plants are not present (“Darwin’s
naturalization hypothesis™), supported by some recent research of Schaefer et al., 2011 (but see
Park & Potter, 2013). The most likely source of the Hawaiian Artemisia ancestor is from tiny
sticky cypselae with hooked barbs transported 8,000 km from the vicinity of Taiwan to Kaua'l
(Hobbs and Baldwin, 2013), so the likelihood that insects adapted to Artemisia arrived at the
same time is also low. A phylogenetic comparative analysis (Brown, 2013), based on a 2-gene
tree for the endemic tephritid fruit flies, including Trupanea artemisae, a seed-feeding species
reported on A. mauiensis, placed the arrival of a single colonizing ancestor for the entire lineage
at 1.25 Ma, at least 2 Ma after the arrival of the Artemisia ancestor. Trupanea artemisia is
embedded in the phylogeny such that its appearance may be about half that age (~0.6 Ma).
Evidence for cospeciation between insects and plant hosts was not found. Competitive
interference with other plants at that relatively early period in the history of the modern high
islands is also presumed to have been less than in the modern flora, especially in light of
evidence for a pre-Kaua'i gap in presence of high islands that could have served as sources of
colonists (Price and Clague, 2002). The presumed long timeframe for such geographically and
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phylogenetically isolated plant lineages to develop an insect fauna can be seen in Quercus suber,
a European oak introduced to Australia in 1917, with no leaf-miners, and other examples from
the genus cited by Connor et al., (1980).

METHODS

Sample acquisition, processing, analysis

The fresh or fresh-frozen plant material (200 mg) was crushed with a mortar and pestle under
liquid nitrogen to a fine power and added to 10 mL of saturated salt solution in 20 mL amber
tubes. The GC/MS system consisted of an Agilent Technologies 6890 gas chromatograph
coupled to an Agilent Technologies 5973 Network MSD (Agilent Technologies, Palo Alto, CA).
A 60 m X 0.25 mm DB-1ms fused silica capillary column was used (ds= 0.25 pm). A CTC
Analytics AG Combi PAL (Zwingen, Switzerland) was used to perform the solid-phase
microextraction (SPME) samplings and injections with a
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) 23-gauge, 50/30 [Jm SPME
fiber assembly (Supelco). The incubation temperature was 35° C, incubation time was 5.00 min.,
agitator on time was 10 s, incubator off time was 1 s, agitator speed was 250 rpm, vial
penetration was 35.00 mm, extraction time was 2.50 min, injector penetration was 48.00 mm,
and desorption time was 60 s. The incubation temperature was 35° C, and the extraction time,
1.e., the exposure of the fiber to the headspace containing the sample and volatile compounds in
the 20 mL tube, was 90 seconds.

Comparative analysis

The R platform RStudio (2012) was used for all comparative analyses. The phylogenetic tree
(Hobbs and Baldwin, 2013) and matrix of volatile terpene trait values (original continuous data
of 828 traits) was loaded for use in all analyses performed in the packages fitContinuous, pgls,
and Phylosig. Fitting 4 different likelihood models with parametric comparative methods using
the Geiger package fitContinuous (Harmon et al., 2008) determined the best-fitting model of
evolution for individual chemical characters. The Ornstein-Uhlenbeck (OU) model is a random
walk with a central tendency that measures how stabilizing selection and random genetic drift act
on phenotypic characters(Lande, 1976; Felsenstein, 1988). White is a model that corresponds to
no BM-like evolution (no signal). Both of these models measure the amount of evolutionary
constraint. Smith et al. (2011) reported that a high likelihood of the white model for a trait
indicates very strong constrained evolution is acting. Geiger also estimated alpha (selection-
strength parameter) during model testing. Low values of o are consistent with no selection and
random drift (o =0), and higher values imply stronger selection pressure (Butler and King, 2004).
The ace function of the R package ape (Paradis et al., 2004) was used for all ancestral character
estimations.
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Table 1 Volatile defense compounds from 74 species of Artemisia (every subg. represented)

C70 C400 C309 C320 C373 C354 C519 C651 C688 C701

ou/ white /
model lambda ou white ou ou white white ou white white

Artemisia Para-

1,8-Cineole | Camphor | ketone a-Thujone | b-Thujone | Borneol Fenchene | Myrtenol | cymene | Pinocarvone
A_abrotanum 22.73 4.06 0.01 0.04 0 0.01 4.58 0.13 4.45 0.13
A_absinthium 1.3 0 0.01 8.43 0 0 0.03 0.03 0.07 0
A afra 0.66 0 0 70.73 16.86 0 0.01 0.01 0 0.1
A alba 2.05 0.02 16.59 0.17 0 0 0 0 0.12 0
A_annua 23.43 0.04 2.67 0.01 0.04 0 0.05 0.03 0.01 0.57
A_anomala 0 5.27 0 0.06 0 0.28 5.47 0.03 1.38 0.02
A_arborescens 0 0 0.12 2.57 70.19 0 0.02 0 0.8 0
A_arbuscula 54.87 1.94 0.54 0.21 0.08 0.11 0.22 0.07 4.42 0.33
A_argentea 4.22 0.26 0.01 0.11 0 0 0 0.06 19.61 7.75
A_argyi 22.66 0.27 0.14 0.02 0 3.51 1.56 0 1 0.02
A_australis 0 0 0 0 0 0 0 0 0 0
A_barrelieri 10.16 1.47 0 0.01 0.01 0.63 2.34 0.03 1.8 0.1
A _biennis 0.33 0.22 0.01 0 0 0.01 0 0 0.14 0
A_caerulescens_2 0 0.06 0.04 1.56 15.02 0 0.11 0.03 0.42 0.11
A_californica_9 10.03 0.01 0.19 64.08 5.12 0 0.05 0.01 1.27 0.13
A_campestris_caud 0.32 0 0.01 0 0 0.05 2.58 0.01 0.09 0.01
A cana 11.78 14.23 2.02 19.62 0.03 0 0.02 0.13 0.93 0
A_canariensis 0 0 0 0 0 0 0.27 0 0 0
A_capillaris 0 0 0.03 0.07 0.59 0 6.64 0 0.16 0.02
A_carruthii 7.43 0.04 0 0.02 0.01 0.26 0.21 0.01 13.39 0.01
A_chamaemelifolia 27.36 0.43 0.02 0.13 0.36 0 0.03 0 1.06 0
A_chinensis 5.58 0 0 0 0 0 0 0 0 0
A_cretacea 3.14 11.35 0.02 0 0 0.6 4.28 0.04 297 1.25
A_crithmifolia 4.07 0.63 1.24 1.17 1.11 0 0.05 0 0 0.03
A_douglasiana 2.05 247 0 14.12 0.6 0 0.62 0 1.31 0.26
A_dracunculus 0 0.36 0 0 0 0.02 0.37 0 0 0.01
A_ferganensis 18.28 6.54 0.01 0.04 0.01 2.2 245 0 0 0.11
A_fillifolia 7.88 0.7 0.5 0.16 0 0.13 0.27 0 3.95 0.33
A_franserioides 18.57 55.24 222 0.04 0 1.29 8.85 0 0.56 1.28
A_frigida 24.7 34.1 0 0.01 0 2.85 7.32 0.05 3.9 0.5
A_gmelinii 5.28 0 0.03 0.17 0.17 0 0.01 1.18 0.66 15.35
A _gorgonum 0 33.51 0 0.08 0 0.14 4.78 0.01 12.82 0.01
A herba-alba 23.21 0.24 0 0.11 0 0.23 0.1 0 0.05 0.03
A _inaequifolia 0.08 63.4 0 0 0 6.95 15.79 0.29 0.17 1.11
A_japonica 0 3.18 0.07 0.06 0.04 0 0.06 0 0.05 0
A kawakamii 0 0.01 0.01 0.01 0 0 0.17 0.01 0.36 0.02
A _laciniata 0 0 0.04 0.01 0 0 0.01 0 0.19 0.02
A lactiflora 0.13 0.02 0.08 0.14 0.12 0 2.32 0 0.09 0
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A lagocephala 14.25 2.05 0 2.6 0 6.11 11.67 0 1.06 0.55
A_leucophylla 6.37 0.14 0.01 0 0 1.05 0.89 0.07 3.93 0.25
A ludoviciana_A8 4.85 2.86 15.85 0 0 0 0.99 0.03 0.28 0.04
A_maritima 0.89 0.09 0.03 3.55 0 0 0.58 0.01 9.26 0.29
A _mauiensis 0 0 0 0 0 0 0 0 0 0
A_michauxiana 10.85 12.68 0.01 0 0 0.05 3.27 0.01 6.36 0
A_molinieri 3.36 0.01 0.01 0.08 0.03 0 0.1 0 11.22 0.02
A_momiyamae 6.73 0.55 0.04 0.04 0 6.61 9.01 0 1.32 0.1
A_montana 13 11.86 0.01 0.46 0.04 10.89 9.06 0.06 1.05 0.49
A nesotica 24.14 29.93 0.03 0.02 0.01 1.02 3.59 0.06 2.25 0.33
A_nitida 1.6 0.45 0.06 0.51 0.24 1.62 0.92 1.21 0 0.71
A _norvegica 0 0.11 0.26 0 0 0.03 0.36 0 1.04 0.07
A _nova 20.42 12.63 0 0 0 0.55 0 0.02 12.13 0.07
A_palmeri 26.36 0.04 0.01 0.27 0.93 0 0.05 0.02 0 0.31
A_pontica 22.46 0.02 33.44 16.63 1.84 0 0.01 0.04 0.49 0.07
A_potentilloides 431 0.13 0 0.38 6.01 2.43 1.6 0.02 0 0.08
A_princeps 12.22 0.04 45.72 0.1 0 0 0.01 0 1.67 0.04
A_pycnocephala 0.33 0.06 0.18 0.17 0.07 0 0.59 0 9.17 0.01
A _pygmaea 38.44 23.47 0 0 0 2.68 0 0 5.49 0.21
A_rothrockii 9.12 14.01 0.01 55.61 7.06 0.79 4.06 0.05 1.13 0.24
A_roxburghiana 1.96 0.02 0.01 0.01 0 4.81 14.69 0.86 3.37 0.66
A_ruthiae 0.17 57.67 0 0 0 0.77 5.28 0.01 0 0.22
A_rutifolia 10.13 0.01 0 56.09 21.71 0 0.02 0.05 0.13 0.1
A_schmidtiana 7.83 0.17 0.01 0.2 0 0 1.61 0.09 4.28 0.31
A_scoparia 0.35 0.56 0 0.85 0.76 0 0.09 0 14.05 0.01
A_spiciformis 23.62 15.41 0 0 0 1.08 4.13 0 0 0.2
A_spinescens 0.01 13.75 0 12.72 1.4 0.37 2.32 0 4.55 0
A_stelleriana 25.92 0 0.02 0.02 0 0.01 0.27 0.02 0.28 1.88
A_stolonifera 3.25 0.33 0.01 37.53 4.74 0 0.09 0.01 0 0.08
A_suksdorfii 13.3 32.75 0.1 0.2 0.03 0.86 7.63 0.02 20.74 0.04
A_thuscula 0.43 18.53 0.15 0.15 0 0.76 3.94 0 7.83 0
A_tridentata 3.84 0.29 2.02 1.71 0 0 0.32 0 1.28 0
A_velesciarca 34.03 24.74 0.01 0.05 0 8.2 6.4 0.01 0.23 0.67
A_verlotiorum 0.69 1.68 0 63.87 14.89 0 0.02 0.01 0.1 0.08
A_vulgaris 58.24 3.95 0.08 0.03 0.01 0.55 0.94 0.06 1.24 0.31
A_wurzelii 4.07 0 0 0.09 0.05 0.02 0.15 0 8.79 0.03
Achillea_millefolium 1.36 3.01 0 0.3 0 0.13 0.11 0.02 0.1 0.05

721.2 524.07 124.71 438.2 170.18 70.66 166.41 4.92 213.02 38.13

*Likelihood of a presence of the compound in the

MRCA
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Table 2 Ancestral State Reconstruction

Defense phytochemicals of Interest

Variable Traits
Trait 1 6 2 3 5 7 8 9 10
C70 C400 C309 C320 C373 C354 C519 C651 C688 C701
Node Mean Ancestral Values
Hawaiian Ancestors 1,8-cineole Camphor Artemisia Ketone** | o-thujone* B-thujone Borneol Fenchene* Myrtenol* p-cymene* Pinocarvone
103 8.878 7.258 | 0.261/0.621 1217 2.1018 0.747 1381 0.557 1393 0.42982
139 7.174 476698 | 0.937/0.052 1351 3.0328 0.615 1.367 0.574 1.554 0.28769
140 8.110 2.6249 | 0.476/04.76 1.685 5.273 0.426 1.394 0.673 1.543 0.24587
144 (Canary Is. anc.) 13.465 3.745 | 0.047 1.717 2.238 0.623 1314 0.814 0.452 0.772
Tips 0.000 0 0 0 0 0 0 0 0 0
A. australis 0 0 0 0 0 0 0 0 0 0
A. chinensis 5.58 0 0 0 0 0 0 0 0 0
A. mauiensis 0 0 0 0 0 0 0 0 0 0
A. canariensis 0 0 0 0 0 0 0.27 0 0 0
Binary Traits
D-statistic (binary) 0.214 0.560 0.864 0.660 0.867 0.475 0.130 1.040 0.710 0.660
BM structure (p=) 0.328 0.750 0.001 0.030 0.000 0.043 0.420 0.000 0.020 0.034
no structure (p=) 0.002 0.032 0.234 0.066 0.219 0.006 0.005 0.579 0.121 0.075
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*Traits are coded 0-4, as follows: xx **Note: try model-testing in fitDiscrete with 0-4-coded characters; can use BM for ASR and mapping?
**Trait coded as presence-absence (binary); D=0.862, Probability of D resulting from BM phylogenetic structure (p= 0.001)
**Likelihood of state 0/1 (ace function of ape, type = discrete)



Figure 1 Ancestral reconstruction of p-cymene on the nDNA phylogeny
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Figure 2 Ancestral reconstruction of 1,8 cineol on the nDNA phylogeny
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