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“We have been simply seeking to show which tendencies are manifested in a natural group, and to
research the causes or at least the links between them, That is to say that the work is very limited
and although we have examined all the organs from quite different points of view, we do not flatter
ourselves that we have elucidated all the questions which are attached. The ‘why’ generally escapes
our investigations and the causes that influence the formation of groups are so many and often hidden
that the researcher hardly raises a corner of the veil.”

Chodat & Hochreutiner (1893), Contribution a I’étude du genre Comesperma (p. 358)



List of Figures
Title Page
FIGURE 1.1: Distribution map of the genus Polygala in Australia............oocevvvivviviiinnnnnnnn 5
FIGURE 1.2: Distribution map of the endemic genus Comesperma in Australia...............c....... 5
FIGURE 2.1: Transverse section of young anther from Comesperma ericinum ....................... 30
FIGURE 2.2: Scanning electron micrograph of anthers from Comesperma ericinum .............. 31
FIGURE 2.3: Scanning electron micrograph of a seed from Comesperma virgatum................ 32

FIGURE 2.4: Strict consensus of 144 shortest trees from unweighted maximum parsimony
analysis of morphological data........cccooiiiiiiiiiiiiii 306

FIGURE 2.5: Tree diagram showing mapping of morphological characters on one of the
shortest trees from unweighted maximum parsimony analysis............ooecveennn, 37

FIGURE 2.6: Goodness of fit statistics for the shortest trees obtained by unweighted
maximum parsimony analysis of morphological data...............ccoocovivvveveeevveenn, 40

FIGURE 2.7: Strict consensus of four shortest trees from maximum parsimony analysis
of morphological data successively weighted by mean RC values........oovvnenn. 42

FIGURE 3.1: Structure of DNA regions used as markers in this study .......coviiiiiininiiinnn, 56

FIGURE 3.2: Strict consensus of shortest trees obtained from maximum parsimony
analysis of manually-aligned ITS sequence data ..........cccoevviiiininiinnivnsnnnens 67

FIGURE 3.3: Phylogram representation of one of the shortest trees obtained from
maximum parsimony analysis of manually-aligned ITS sequence data ............. 68

FIGURE 3.4: Strict consensus of shortest trees obtained from maximum parsimony
analysis of POA-alipned TTS sequenies data i simiaiibiaimsitanik 71

FIGURE 3.5: Strict consensus of shortest trees obtained from maximum
parsimony analysis of 17nL/F seqUEnce data .......cccviiiiniesmsussssssassessssenssssmnsssases 72

FIGURE 3.6: Phylogram representation of one of the shortest trees obtained from
maximum parsimony analysis of frnL/F sequence data..............oovvvvvrniineninnns 73

FIGURE 3.7: Majority-rule consensus of trees retained from Bayesian analysis of ITS
L Lo e 76

FIGURE 3.8: Majority-rule consensus of trees retained from Bayesian analysis of t7nl./F
SEAUENCE QALA .eiiuiiiiiisiieiiieiiiiieieeseteesieeesseeeeressssessssessnsessasesssssesssssesassssseessseens 78

FIGURE 4.1: Strict consensus MRP supertree obtained from maximum parsimony analysis
of five source topologies from three Polygalaceae data sets..........ooccvvevvvinviinnnn, 92

FIGURE 4.2: Adams consensus MRP supertree obtained from maximum parsimony analysis
of five source topologies from three Polygalaceae data sets.........covvvineinininnns 93



List of Tables
Title Page
TABLE 2.1: Brief taxonomic history of Australian members of the Polygalaceae. .................. 18
TABLE 2.2: Comparison of sub-divisions within Comesperma................occeeriiiniinniniisiinninnns 20
TABLE 2.3: Australian Polygalaceae taxa organised according to existing classifications. ..... 24

TABLE 2.4: List of morphological characters and states used in cladistic analysis of

Australian Polygalaceas. . .....civviiriimmmmmmininisnmimsieenssressmsnsssssmssssmessenn 26
TABLE 3.1: PCR programs used for amplification of Polygalaceae DNA. ..o vvviiiennn, 59
TABLE 3.2: Details of taxa sequenced for cladistic analyses.........c.ocoooiiiiiiiiiiiiinieccce, 61

TABLE 4.1: Supertree goodness of {1t MEasUres . ...t ssrerr s ererseeees e 91



111

Acknowledgements

A PhD by research can be a lonely process, but there are many organisations and people whom [

wish to thank for contributions to this project.

[l

My

o

Jul

o

]

U

o

Both of my supervisors, Randy Bayer and Mike Crisp, for guidance, advice and seeing the

project through to completion.

My CSIRO adviser, Curt Brubaker, for his seemingly endless patience, helpful suggestions
at all stages of the project and comments on thesis drafts and other reports. His input and

encouragement lent me a much-needed sense of perspective and I am grateful for it.

Lyn Cook. my molecular mentor at ANU, for advice on data-gathering and analysis
techniques and for many discussions which served to focus the project. Her forbearance has

been admirable.

The Australian Biological Resources Study, which provided funding to Randy for work on
the Polygalaceae. | am also grateful to the Centre for Plant Biodiversity Research, CSIRO
Division of Plant Industry, and the School of Botany and Zoology at ANU for providing the

facilities and resources to carry out the research.

The curators of CANB during my studentship (Bob Makinson and Brendan Lepschi) for
their help with arranging loans, approaching other herbaria for data and making space for a
mountain of specimens. I also thank Jo Palmer for her work at the compactus-face to

accommodate me and for answering questions when I didn’t know who else to ask

The curators and staff of the other Australian and overseas herbaria (AAU, AD, BM, BRI,
DNA, HO, HUH, K, L, LAE, LD, LY, MEL, MO, NE, NSW, NY, PERTH, PR, U, US, W)

who made material and data available to me in a timely fashion.

The data entry staff at the Centre for Plant Biodiversity Research (particularly Julie Paul,
Julie Matarezyk, Bronwyn Collins, Lee Halasz and Kim Navin) for making Polygalaceae a
priority during my studentship. The bulk of the CANB collection was entered into the
database due to their efforts in this time and they also answered countless stupid questions

which enabled me to wrangle the data into a useful form.

Staff and students past and present at the Centre for Plant Biodiversity Research for
sanity-saving discussions, ideas, encouragement and coffee (sometimes all at once). In this
regard, I particularly thank Bernard Pfeil, Rogier de Kok, Gill Brown, Scot Kelchner,

Christine Cargill, Lindy Cayzer, Lyn Craven and Shaun Cunningham.



1

]

U

n

U

J

A%

Librarians from both CSIRO Black Mountain and the Australian National Botanic Gardens,

who tracked down several elusive references for me.

Celia Miller from the Microscopy Unit at CSIRO Plant Industry for her help with the SEM

and sectioning work.

Brigitte Kuchlmayr, for scanning, cleaning up and printing the Paxton illustration used as the

frontispiece for this thesis.

Numerous people who collected material of Polygalaceae for me on request, including Bob
Harwood, Jenni Risler, Bruce Gray, Lachlan Copeland, Jim Edwards and Licenciado Justo
Marquez. I'm also grateful to those who accompanied me on field trips, particularly Greg

Chandler and Stuart Donaldson.

Several occupants of the position as the Australian Botanical Liaison Officer (ABLO) at the
Royal Botanic Gardens Kew, England for facilitating loans, answering queries, checking

literature and arranging photographs of specimens.

John Keltner from the Paleoclimatology Program of the National Oceanic and Atmospheric
Administration in Colorado, USA. Besides co-authoring the free software (MapPad 2.0 beta
4) used for mapping, he remained cheerful in the face of multiple requests for different base
maps and provided humorous suggestions for “fixing” the recalcitrant computer used to

render the taxon distributions.

Steve Cafferty of the Linnaean Plant Name Typification Project at the Natural History
Museum, London, England for answering several queries about the typification of Polygala

names and providing digital images of the original material.

Any egregious mistakes, misstatements or misinterpretations are undoubtedly my own.



Abstract

The Polygalaceae 1s a large, sub-cosmopolitan flowering plant family. It is r;prescntcd
in Australia by five genera—Comesperma, Muraltia, Polygala, Salomonia and
Xanthophyllum—containing 51 species. Phylogenetic analyses of the family in Australia
are presented, using data from morphological characters and two DNA markers. The
first molecular dataset contains sequences from the internal transcribed spacer (ITS)

regions of nuclear DNA, while the second is taken from the chloroplast t#nL/F region.

All datasets and analysis methods indicate that Comesperma, the only endemic
Australian genus, is likely to be monophyletic. Furthermore, the molecular data indicate
that it is not congeneric with the predominantly South American Bredemevera as
previously suggested based on morphological similarity. Bredemeyera papuana from
New Guinea remains problematic, although the /#nL/F data suggest that it is more
closely related to Comesperma than to the South American taxa. The utility of the
existing sub-generic classification for Comesperma is examined in light of the results
from the phylogenetic analyses and is found to be largely congruent with the patterns

obtained.

Other findings include the likely sister relationship of both Salomonia and Epirixanthes,
rather than their being a single genus as previously suggested. The predominantly
Australian species from Polygala series Chloropterae appear to form a monophyletic
group, which confirms their divergent morphology. Xanthophyllum is confirmed as the
sister group to the remainder of the family and it can thus be considered either a tribe
with the Polygalaceae or as the monogeneric family Xanthophyllaceae with equal

justification,

The Polygalaceae in Australia have not been revised as a whole since 1863, so a
species-level treatment is also provided. Each of 49 taxa from Comesperma, Muraltia,
Polygala and Salomonia is briefly described, the names used in Australian literature

accounted for and maps of the taxon distributions supplied.
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Chapter One:

Introduction and Aims

INTRODUCTION

Polygalaceae

The Polygalaceae Hoffmanns. & Link is a large, sub-cosmopolitan flowering plant
family. Some members of this “milkwort™ family were well known to medieval
herbalists and they believed that consumption of the plants would stimulate milk
production, both in livestock and humans (Coombes 1994). This belief is reflected in
the family's name, which comes from the Greek polys, much or many, and galos, milk.
Although there is no scientific evidence to indicate that compounds in the Polygalaceae
stimulate lactation and the family is not usually considered economically important,
many members of the family are known to secrete essential oils and saponins. Polygala
senega L. (Snakeroot) 1s traditionally used by some Native American tribes as a
treatment for snakebite (Kindscher 1992) and saponins extracted from the roots are
today included in bronchitis medications as an expectorant (Grieve 1967). Many
species, including those in Comesperma Labill., an Australian genus, are known to store

methyl salicylate (“oil of wintergreen”) in their roots (e.g., Jayasekara e al. 2002).

Polygalaceae in the broad sense (including Xanthophyllaceae (Chodat) Gagnep. ex
Reveal & Hoogland) currently contains about 1000 species in 17 to 23 genera,
depending on circumscription. The bulk of the diversity in the family is contained
within the genus Polygala L., with about 500 to 750 species, that are distributed mainly
in tropical regions but with a few species reaching into temperate areas. With its
distributional limits largely being defined by those of Polygala, the family as a whole is
almost cosmopolitan, being naturally absent only from the polar areas and the Pacific.
However, some species have secondarily colonised New Zealand and Pacific islands as

introduced weeds.

The pseudo-papilionaceous flowers found in many members of the Polygalaceae have
long been considered an indication of convergent evolution between this family and the
pea-flowered legumes of Fabaceae subfamily Faboideae. Both groups are primarily
pollinated by insects, particularly bees, and are believed to have developed keel flowers

(as defined by Westerkamp 1997) as part of a secondary pollination “syndrome”.
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Secondary pollination is a term used when a floral structure other than the anthers is
used to deposit pollen on a potential pollinator. Both pea-flowered legumes and pseudo-
papilionaceous members of the Polygalaceae use the style to “present” pollen and in
both the asymmetry of the flower results in pollen being deposited on relatively
inaccessible parts of a pollinator’s body (Yeo 1993). This presumably increases the
likelihood of it being carried to other flowers. The functional similarities of keel flowers
in both groups have been reviewed in detail by Westerkamp and Weber (1999). The
selective pressures on floral morphology in both the Faboideae and the Polygalaceae are
assumed to be similar, and, until recently, it was thought that the similarities in their
flowers were thus a result of convergence. Strictly speaking, this is correct as the
similarities are not anatomically homologous—the enlarged and often petaloid “wings”
in a Polygalaceae keel flower are lateral sepals rather than petals and the polygalaceous
“keel” is a single folded petal rather than two fused petals as in the papilionaceous
flower. However, with molecular evidence showing that the Fabaceae and Polygalaceae
are closely related, this is an interesting example of convergence occurring in groups

that also share a recent evolutionary history.

According to these recent molecular phylogenies, Polygalaceae forms part of a strongly-
supported order Fabales, but the relationship between it and the other three families—
Fabaceae, Quillajaceae, Surianaceae—is still somewhat unclear. Several initial studies
indicated a sister group relationship between the Polygalaceae and Fabaceae (Chase et
al. 1993; Fernando et al. 1993; Morgan & Soltis 1993; Morgan et al. 1994). However,
as further sequence data have become available, almost every possible permutation of
the four families has been suggested (e.g., Doyle er al. 1997; Soltis et al. 2000;
Savolainen et al. 2000). Evidence from two chloroplast regions (rbel and the trnl
intron; Forest et al., unpublished) indicates that the Surianaceae is sister to the
Fabaceae, with Polygalaceae most closely related to these two and with the Quillajaceae
then sister to the remainder of the order. However, the support for these relationships
was relatively weak. This is also a different pattern from that found by Persson (2001)
in his analysis of 77nL/F sequences, which indicated that Quillajaceae was the sister
group to the legumes, with Surianaceae most closely related to these two families and
Polygalaceae thus sister to the remainder of the order. Again, the support for these
interfamilial relationships was weak. It should be noted that the study by Forest er al.
was aimed at identifying the sister group to the legumes, while Persson was focusing on

the relationships within the Polygalaceae, so their sampling breadths were not
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equivalent. Nonetheless, it is clear that further data will be required to resolve the

question of relationships within the Fabales.

Brief Taxonomic History of Polygalaceae

Linnaeus (1753) placed plants that are now classified as belonging to the Polygalaceae
into the class Diadelphia and orders Octandria and Decandria, containing plants with
eight or ten partially-fused stamens in two groups. Within this grouping, he described
only two genera—Polygala L., with 22 species from Europe, Africa, Asia and America,
and Securidaca L. with one species from America. By the time of Robert Chodat’s
(1891-1893) Monographia Polygalacearum and his treatment for Engler and Prantl’s
Die Natiirlichen Planzenfamilien (Chodat 1896), three tribes and ten genera were
recognised. Polygala was already estimated to contain 400-450 species, with around
230 species across the other genera. These rather massive and very detailed monographs
by Chodat remain extremely influential in the current classification of Polygalaceae at
all taxonomic levels. For example, the only significant change to the tribal system
outlined by Chodat is the addition of the Carpolobieae by Eriksen (1993b), as a result of
her morphological cladistic analysis of the family indicating that Carpolobia G.Don and
Atroxima Stapf formed a strongly supported sister group to the Polygaleae. Nonetheless,
there have also been indications that Chodat’s system is imperfect—the monophyly of
both the tribes Polygaleae and Moutabeae has been questioned by various authors on the
basis of incongruence between vegetative and reproductive characters (e.g., Styer 1977,
Verkerke 1984, 1985; Meijden 1988). Relatively new evidence and analyses (Eriksen
1993b; Persson 2001, Forest ef al., unpublished) are enabling testing of many of the

tenets of traditional classification in the family.

Polygalaceae in Australia

As circumscribed by Cronquist (1981), the Polygalaceae in Australia is represented by
five genera—Comesperma Labill., Polygala L., Salomonia Lour., Muraltia DC., and
Emblingia F.Muell. Cronquist placed Xanthophyllum Roxb. into a monogeneric family,
a separation which was deemed “a pity” and based on “suspect” differences by Ruud
van der Meijden (1982) in his comprehensive revision of the genus. Given that only two

species of Xanthophyllum occur in Australia and the similarities between them and other
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members of the Polygalaceae, all six genera were included in this study as Polygalaceae

sens. lat.

The bulk of the nearly 50 Polygalaceae species in Australia are contained within
Comesperma and Polygala, with the remaining four genera being represented by only
five species. There is a general north-south distributional pattern in the two large genera
in Australia, with Polygala distributed primarily across the north (Figure 1.1) while
Comesperma 1s more prevalent in the south (Figure 1.2). Although dramatically
characterised by Chodat and Hochreutiner (1893) as “the genus Polygala [coming] to
die on this shore”, this lack of species diversity is probably simply a reflection of the
generally tropical distribution of Polygala itself, with northern Australia being the
southern extreme of the range of many south-east Asian species. Only a few native
Polygala species occur in sub-tropical Australia, with the other southern taxa being
introduced weeds. Within Comesperma there are two areas of high species diversity,
centred on south-west Western Australia and along the east coast, with only a few

species inhabiting the interior or tropical regions.

Joseph Banks collected specimens of the Polygalaceae in eastern Australia in 1770
during Cook’s voyage (Banks 1900-1905), although names for the new species were
only published by other botanists in the 1800s. However, Robert Brown (1810) did not
mention the family in his first account of the Australian flora. Meanwhile, Jacques
Julien Houtton de Labillardiére (1806) had erected a new Australian genus in the
family, Comesperma, and described five species based on his own collections from
Western Australia and Tasmania. He felt that the form of the capsule and the hairs on
the seed coat differed strongly from those in other genera in the family and therefore
these new taxa warranted generic rank. In a later work on the flora examined during
Matthew Flinders’ voyage to Australia, Brown (1814) estimated that 30 species in the
Polygalaceae from Comesperma, Polygala and Salomonia were present in Australia.
Two of Banks’ original collections were then placed into Comesperma by A.P. de
Candolle in his Prodromus (1824), where he listed a total of nine species—five from
Labillardiere’s original publication, two collected by Banks and two other species

collected from Western Australia by Lechenault.

The next major work on Comesperma was Ernst Gottlieb von Steudel’s (1845)

treatment contained in Lehmann’s Plantae Preissianae. Steudel listed seventeen species
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FIGURE 1.1: Distribution map of the genus Polygala in Australia, based on herbarium
specimen records for those taxa considered endemic or naturalised

FIGURE 1.2: Distribution map of the endemic genus Comesperma in Australia, based on
herbarium specimen records
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from the Western Australian Preiss collections, which included only one name that had
been previously published, C. volubile Labill. (ironically misapplied to another
published species). After some criticism of Steudel’s treatments of this and other
families, a revision of the entire genus Comesperma by Joachim Steetz (1847, 1848)
was written just a few years later for publication in the same work. Although this placed
many of Steudel’s names into synonymy, it also increased the number of species in the

genus to twenty-four,

The last revision of the Polygalaceae as a whole in Australia is by George Bentham
(1863) and lists only three genera—Comesperma, Polygala and Salomonia. He
recognised twenty-one species in Comesperma, sinking yet more of Steudel’s Western
Australian names, but accepting new names published by others (including Mueller and
Lindley) in the interim. The treatment also listed only seven species of Polygala. Four
endemic species are described as new, with the remaining three previously published
and extending throughout Asia. The single species listed in Salomonia was S.
oblongifolia DC.—now 8. ciliata (L.) DC.—which is also widespread through southeast

Asia,

As previously mentioned, Chodat’s (1896) treatment of the family for Die Natiirlichen
Planzenfamilien has been very influential in Polygalaceae systematics. In this work,
Chodat erected a series Chloropterae within his Polygala section (Ortho)Polygala for
those species with acute, greenish lateral sepals in contrast to the more usual obtuse and
petaloid form found in other series within section Polygala. All the endemic Australian
species belong within sect. Chloropterae, along with two species which extend into

Malesia and south-east Asia.

Since Bentham’s revision of the Polygalaceae, it has received only minor taxonomic
attention at family level in Australia. Flora treatments exist for several of the States and
Territories (e.g., Stove 1986; Murray 1993; Walsh 1999), there is a thorough revision of
Comesperma for Queensland (Pedley 1984) and Keighery (2002) has recently published
some long-held manuscript names. However, detailed descriptions of many of the

species have not yet been written.
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Comesperma versus Bredemeyera

Willdenow (1801) erected a new genus Bredemeyera, based on one species—2.
Sloribunda Willd.—from Venezuela. The characters used to diagnose Bredemeyera,
which Willdenow considered to be most closely allied to Polygala and the largely
tropical genus Securidaca L., included a three-lobed calyx, two-lobed ““standard” petal
and an unusual bilocular fruit. Although not mentioned in the original description, one
of the defining characters for the genus is usually considered to be the long tufts of hair
that spring from the hilum of the seed. This is in contrast to the Australian Comesperma,
which also generally have long hairs on the seed but these emerge from all over the
testa. However, a handful of species—C. aphyllum, C. sphaerocarpum and C.
scoparium—do not possess this coma. The original description of C. spinosum by
Mueller (1859) also indicated that this species lacked a coma. This observation was then
repeated by Bentham (1863) and is included in more recent treatments (e.g., Grieve

1998), but examination of fruiting specimens shows it to be incorrect.

The similarity in seed characters between Comesperma and Bredemeyera have led some
workers (Steenis 1968) to hypothesise that the two genera are closely related and many
overseas treatments have placed Comesperma within Bredemeyera. Their similarity was
first indirectly noted by Saint-Hilaire (1829) in a review of Brazilian species which
contained several new names in Comesperma and did not mention Bredemeyera at all.
Later authors (e.g., Thompson 1978) have interpreted this as Saint-Hilaire
synonymising the two genera, but this is not conclusively indicated by the original
publication. Also, as Bredemeyera was published first, the name has priority over
Comesperma and must be used if the two genera were to be merged. Chodat (1896)
provided a detailed treatment of the family, which reduced Comesperma to one of three
sections of Bredemeyera. He further divided Section Comesperma into three
subsections, one with four series. However, he did not formally make the new

combinations required to transfer the Australian species names to Bredemeyera.

Steenis (1968), in a paper resulting from work towards a treatment of the Polygalaceae

for the Flora Malesiana, proposed four sections within Bredemevera. These were:

e Section Melchiora—consisting of one newly-described species, Bredemeyera

papuana from New Guinea;
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e Section Hualania (previously the genus Hualania)—containing spiny, leafless

or few-leaved species from Argentina and Chile;

e Section Bredemeyera—the “true” Bredemeyera from the Caribbean and tropical

South America, and;
e Section Comesperma—containing all the species from Australia.

In contrast to Chodat’s (1896) treatment, no subdivisions were made within Section
Comesperma. This publication also made the formal combinations required to transfer
the Australian species into Bredemeyera. Australian workers by contrast seem to favour
the retention of Comesperma at generic level, with the exception of Ewart & Davies
(1917) and Ewart (1930). Steenis (1968) considered this preference “a matter of
convenience, not of scientific study” (p. , although his own reasons for preferring
Bredemeyera are not really any more “scientific” than many of those used by other
authors to justify the retention of Comesperma. He believed that there was a high level
of heterogeneity in Comesperma—variation in fruit shape, presence vs. absence of the
coma, differences in growth habit and floral construction—and that it lacked sufficiently
unambiguous diagnostic characters to merit generic status. Because of the agreement in
“the essential characters of flower structure and fruit” (p. 379), Steenis (1968) felt it
necessary to merge Comesperma with Bredemeyera. Furthermore, he described a new
species from West New Guinea—~Bredemeyera papuana Steenis, a lowland rainforest
climber. He postulated that this species was a phytogeographic link between the two
lincages within the “Bredemeyera-Comesperma complex”, with true Bredemeyera
representing “an old tropical rain-forest stock™ (p. 380) that had been able to colonise
drier sub-tropical areas by adopting a leafless or microphyllous habit in Argentina,
Chile and Australia. Interestingly, the Polygalaceae treatment eventually published in
the FFlora Malesiana, B. papuana (and thus the entire Section Melehiora) was placed

into Polygala by Meijden (1988). This was due to some rather convoluted reasoning:

(1) Since a small number of Comesperma species have no coma and their fruit and
seeds somewhat resemble those of Polygala, it is not certain that it is a “good” genus

and it should probably be merged into Polygala.



Page 9

(2) As the only truly unambiguous character that separates Comesperma from
Bredemeyera is the insertion of the long seed hairs, Bredemeyera should perhaps also be

placed under Polygala, albeit in a separate section from Comesperma.

(3) Bredemeyera papuana is thus best placed in Polygala, within its own Section
Melchiora.

Perhaps fortunately, Meijden only made the formal transfer of Bredemeyera papuana
Steenis to Polygala papuana (Steenis) Meijden and did not make the necessary
combinations to move all of Comesperma and Bredemeyera into Polygala. These ideas
have been rejected for the most part by Australian systematists in recent revisions and
floras (e.g., Pedley 1984; Walsh 1999), which all uphold Comesperma as a separate
genus. Steenis (1968) may have regarded this as simply a preference for maintaining the
status quo, but a recent analysis using morphological data (Eriksen 1993b) indicates that
the two genera are distinct lineages. Moreover, preliminary molecular evidence suggests
that the two genera are not sister taxa. A definitive answer to this question is obviously

still required for the purposes of this project.

Salomonia versus Epirixanthes

A similar situation to the Comesperma-Bredemeyera question exists with the largely
southeast Asian genera, Salomonia and Epirixanthes Blume. Both genera are comprised
of extremely small and often ephemeral herbs with greatly reduced floral and fruiting
structures held in spikes. Salomonia is apparently photosynthetic, but Epirixanthes are
all saprophytes, obtaining their nutrients from decaying plant matter rather than via
photosynthesis. Species of Epirixanthes thus lack chlorophyll and share a very
“reduced” morphology, with the minute flowers and fruit forming on few leafless stems.
Bentham & Hooker (1862) and Chodat (1896) suggest that Epirixanthes can thus easily
be accommodated within Salomonia, although both again proposed each genus forms
separate sections within the larger Salomonia. As only one species of Salomonia occurs
across northern Australia and the genus has been recently revised by Koyama (1995),
this is of marginal importance to an Australian review of the family. However, data
from both genera will be included in the cladistic analyses in an attempt to resolve the
issue of generic delimitation. Despite the lack of chlorophyll, it is hoped that a remnant

chloroplast genome will still be present in Epirixanthes as shown in Epifagus Nutt.,
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another saprophytic genus (Palmer et al. 1990; Depamphilis & Palmer 1990; Feierabend
1992).

Xanthophyllum

Although originally described as a genus within the Polygalaceae by Roxburgh (1820),
this large southeast Asian group has been placed at many taxonomic levels within the
family, including as a tribe (Baillon 1874; Chodat 1896) or a subfamily (Takhtajan
1980, 1987). By contrast, it has also been considered by some authors to be distinct
enough to merit familial status (e.g., Gagnepain 1908; Cronquist 1981; Reveal &
Hoogland 1990). The system followed by the Flora of Australia (based on Cronquist
1981) recognises Xanthophyllum as a distinct family. However, the thorough revision
by Meijden (1982) 1s the most in-depth treatment of the group and strongly suggests
that Xanthophyllum should be considered as part of the Polygalaceae. Other detailed
studies of morphology and anatomy support this (e.g., Dickison 1973; Verkerke 1984;
Eriksen 1993a, b). Since two species of Xanthophyllum are endemic to northern
Queensland, they will be included in the morphological and molecular analyses to

determine whether the Australian species at least fall within the rest of the Polygalaceae.

Emblingia

Emblingia calceoliflora F.Muell. is the single species in a genus that is endemic to
Western Australia. Its exact distribution within the state is unclear, because it only
appears after fire and is succeeded fairly rapidly by other flora. Mueller (1860)
originally described it as part of the Capparaceae (mustard family), but it has since been
shifted between a number of other families, including the Polygalaceae. Some authors
(e.g., Airy Shaw 1965; Dahlgren 1980; Takhtajan 1980; Angiosperm Phylogeny Group
1998) have also postulated that the single species is distinct enough to merit its own
family, the Emblingiaceae. This uncertainty is probably due to the unusual morphology
of the species, which shares a number of characters with each of the families. Recent
molecular evidence from rbcL (Chandler & Bayer 2000) indicates that Mueller may
have been correct in his original placement, as it seems Emblingia falls within the
mustard order, Brassicales. Fresh material of Emblingia is difficult to obtain because it
s a post-fire ephemeral, but it was initially included in the cladistic analyses of the

Polygalaceae in Australia, if only to confirm that it did not belong within the family.
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AIMS
¢ To produce a phylogeny for the Polygalaceae within Australia using both
molecular and morphological data, with a focus on Comesperma as the only
likely endemic group of taxa. Some examination of species complexes within

Comesperma may be required to achieve this aim.

e To determine whether Comesperma and Salomonia merit separate generic rank

or should be placed within other pre-existing genera.

* To determine whether Xanthophyllum should be placed within the Polygalaceae

rather than as a segregate family.

e To produce a comprehensive revision of the family in Australia, including a

treatment for the Flora of Australia series.

GENERAL APPROACH
Cladistic Analyses

Cladistic analysis is currently the most commonly used method for inferring the
evolutionary history (or phylogeny) of organisms. Attempting to reconstruct the
phylogeny of a group of organisms allows us to place observed variation among the taxa
of interest into an evolutionary context. Cladistics is based on the identification of
monophyletic groups or clades of taxa, defined as those groups that share “derived”
character states. Taxa are scored for a list of characters and are grouped together if they
exhibit the “derived” or more recently evolved state of any one character. These
character states are distinguished through the use of outgroup analysis, where taxa
which are outside the group of interest (for example, a family or genus) are scored for
the characters. Outgroups provide a polarity to the analysis, as they identify which
“primitive” characters are likely to have been shared by the common ancestor of the
ingroup and the outgroup/s. The results of a cladistic analysis are usually presented as a
tree diagram or cladogram, which represents a hypothesised branching pattern of

evolutionary history.
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Character data for cladistic analyses may be drawn from a number of sources, including
morphology, chemistry, and DNA sequences. Each source of data presents a
combination of common and unique issues for such analyses, including how to score
characters, weighting the importance of each character, building trees and interpreting

results.

Morphological Data

Morphological data were used to construct a phylogeny of the Australian Polygalaceae
including all species. This was based primarily on examination of herbarium specimens
from the Australian National Herbarium (CANB) and from other Australian and
international herbaria. Some morphological characters informative at the generic level
were identified by Eriksen (1993a, b) and proved useful in building the character list for
this study. Field observation also provided some characters not observable on herbarium
specimens. The results of the analyses of morphological data for the Australian

Polygalaceae are presented in Chapter 2.

Molecular Data

Use of molecular data for phylogenetic analyses has become increasingly popular in the
last decade, as new techniques have become available and direct sequencing in a
relatively short time is now feasible. It is possible to target specific regions of the
genome that are of interest. This 1s especially useful in the chloroplast region where
regions evolving at different rates have been identified. It is thus possible to choose a
region that will be informative at the taxonomic level required, as a faster evolving
region would be more useful at the level of species and genera, while a region with
relatively low levels of variation is required to elucidate family-level relationships. One
necessary consideration with molecular data is the issue of incongruence between data
sets from different regions, making it important to obtain sequences for more than one
region and to ensure that these data sets are not linked. This will make it more likely
that the gene trees obtained by performing cladistic analyses on the sequences reflect

the true evolutionary history of the organisms (species trees).

Two DNA regions were examined in the Australian Polygalaceae—one nuclear and one

from the chloroplast, as these represented two independent genomes. Choice of these
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regions was aimed at resolving the problems of generic circumscription, although it was
also hoped to clarify the groupings and relationships within Comesperma. The results of
the analyses of molecular data for the Australian Polygalaceae are presented in Chapter
3.

Reconciling Results from Cladistic Analysis

As the required technology becomes available and more affordable, it is increasingly
common for phylogenetic studies to use data gleaned from more than one source. This
presents the problem of how or whether to combine the data obtained. The evolutionary
constraints acting on a given set of traits may not apply to data collected from a
different source, and there is also evidence that traits from a single source may not be
governed by a single evolutionary model. The issue of whether to combine data and at
what stage this should be done has thus received significant attention in the
phylogenetic literature. The results of the phylogenetic analyses of the Australian
Polygalaceae using both the morphological and molecular data are compared and a

synthesis presented in Chapter 4.

Taxonomic Revision

While a classification scheme does not necessarily have to reflect phylogeny in order to
effectively categorise living things, natural classification is one of the goals of
phylogenetic systematics. A putative evolutionary history for a group of organisms can
be used as a framework for their classification. Monophyletic groups of taxa and the
relationships between them are identified via cladistic analysis, using objective and
repeatable methods rather than subjective decisions on relatedness. A classification
based on groups which share an evolutionary history can then be constructed, although
the decision about at which rank a group is recognised remains largely arbitrary. A
taxonomic treatment of the Polygalaceae taxa recognised as occurring in Australia and

based on the results of the phylogenetic analyses is contained in Appendix 2.
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Chapter Two:
Classification and Morphological Phylogeny

INTRODUCTION

Traditional Classification of the Polygalaceae

Defining the family

The Polygalaceae are a morphologically diverse family with numerous growth habits
and adaptations to a broad range of habitats. The plants may be trees, climbers, shrubs
or small herbs (some of which are hemi-parasitic). Despite its diversity, the family is
well-defined by a suite of morphological characters and is thus usually presumed to be

monophyletic. Defining characters include:
e lcaves usually simple, exstipulate or with stipules reduced to glands;
e flowers bisexual, irregular, subtended by a bract and two bracteoles;

e calyx usually of five sepals (but sometimes four to seven), variously modified—
commonly either with the lower two sepals united or with the two inner lateral

sepals enlarged and often petaloid;

e corolla usually reduced to three petals (from five), often with the lower petal

modified into a keel and sometimes bearing a fringed crest;

e stamens usually eight (reduced from ten), fused to the base of the corolla, often

united by the filaments for a varying proportion of their length;
* pollen polycolporate with an excentric disc;

e ovary superior, usually of two united carpels, usually one anatropous ovule per

locule with axile placentation;

e style simple and often curved, stigma often bilobed;

fruit usually a loculicidal capsule, seeds usually arillate and sometimes hairy.

Affinities to other families
Previous classifications based on morphological characters have placed the

Polygalaceae as closely related to a number of other families. The similarity of the

flowers to those of the papilionoid (“pea-flowered”) legumes is well-recognised but has
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usually been discounted as a superficial resemblance rather than an indicator of a close
evolutionary relationship. Takhtajan (1980) considered the Order Polygalales to be
closely related to the Geraniales and to be made up of six families—Polygalaceae
(including Xanthophyllaceae), Malpighiaceae, Trigoniaceae, Vochysiaceae,
Krameriaceae and Tremandraceae. The characters that defined the Polygalales were not
explicitly stated. A revision of this classification (Takhtajan 1997) maintained the
relationship with the Geraniales but segregated only the Polygalaceae,
Xanthophyllaceae, and Emblingiaceae as the Order Polygalales. The other five families
were placed into a new sister Order Vochysiales. The Polygalales as circumscribed by
Cronquist (1981) included the same taxa as Takhtajan (1980), but he considered them as
seven families with Xanthophyllaceae distinct from Polygalaceae. He suggested that the
Polygalales were closely related to the Linales and that both were “offshoots” from the
Rosales. The families within Cronquist’s Polygalales were grouped by common features
including simple leaves, hypogynous or rarely perigynous flowers which are often
strongly zygomorphie, distinct (or only basally connate) often clawed petals, often
poricidal anthers, and a compound, usually plurilocular ovary with mostly only one or
two ovules per locule. The families within the order were then distinguished from each
other by differences in stipule presence, floral symmetry, anther dehiscence and
arrangement, pollen morphology, carpel number and placentation. Thorne (1981)
constructed a classification primarily using phytochemical characters and considered
this group of families to be a suborder Polygalinae of the Geraniales, with the exception
of Tremandraceae, which he placed in the relatively unrelated Pittosporales. In a
revision of this classification (Thorne 2000), the Polygalales were raised to ordinal level
sister to the Geraniales with Tremandraceae moved into the latter order. However,
Vochysiaceae was removed from the Polygalales and Euphroniaceae added. Mabberley
(1997) noted that the flowers of members of the Polygalaceae were superficially similar
to those of papilionoid legumes, but agreed that the family was “probably derived from
the Malpighiaceae-Vochysiaceae complex”. Thus, most of the recent classifications
based on morphological, anatomical and chemical characters appear to have reached a
broad consensus as to the families that are closely related to the Polygalaceae.
Nonetheless, recent evidence from molecular systematics (e.g. Angiosperm Phylogeny
Group 1998; Savolainen er al. 2000; Persson 2001) has called these well-established
relationships into question and ironically indicates that the connection between the

Polygalaceae and Fabaceae is much closer than previously believed. Since the most
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obvious morphological connection between the two families is due to convergence,
many morphological classifications had dismissed suggestions of a close evolutionary

relationship between the two.

Tribal Classification

The situation is less settled within the Polygalaceae than at ordinal level. The number of
species—approximately 1000 in 23 genera, when considered in a broad sense—and
their great variation in morphological characters makes a robust tribal classification
potentially useful. A total of four tribes have been proposed by Chodat (1896) and
Eriksen (1993b):

e Polygaleae—Three unequal larger petals and two minute lateral petals, lower
petal forming a keel; four or six to eight anthers; two carpels with one ovule per
carpel. Fifteen genera (Acanthocladus, Ancyclotropis, Badiera, Bredemeyera,
Comesperma, Epirhixanthes, Monnina, Mundtia, Muraltia, Nylandtia,

Phlebotaenia, Polygala, Pteromonnina, Salomonia, Securidaca).

¢ Moutabeae

Calyx and corolla usually fused into a tube; five petals ranging
from equal to unequal, lower petal not forming a keel; rarely six or usually eight
to ten anthers; three to eight carpels with one ovule per carpel. Five genera

(Balgoya, Barnhartia, Diclidanthera, Eriandra, Moutabea).

e Xanthophylleae—Five equal or more commonly unequal petals, lower petal
forming a keel; nearly always eight anthers; two carpels with two or more ovules

per carpel. One genus (Xanthophyllum).

e Carpolobieae—Five petals of more or less equal length, lower petal forming a
keel; five anthers; three carpels with one ovule per carpel. Two genera

(Atroxima, Carpolobia).

The monophyly of these tribes and their relationships to each other remain uncertain.
Results from Persson’s (2001) analysis of t7nL/F data indicate that all tribes other than
Moutabeae are monophyletic (although Carpolobieae is weakly supported), but that
there are serious issues of polyphyly of some of the genera. These findings may make
significant taxonomic rearrangements necessary in the future if the classification is to

reflect our understanding of the phylogenetic history of the family.
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Australian Taxa

The Australian members of the Polygalaceae were the focus of this project because the
family as a whole had not been revised here since Bentham (1863) and a new treatment
was required for the Flora of Australia. A brief outline of the taxonomic history of the
Polygalaceae in Australia (previously described in detail in Chapter 1) is shown in
Table 2.1. The vast majority of the native and naturalised Polygalaceae taxa occurring
in Australia belong within the tribe Polygaleae, with only two endemic species of
Xanthophyllum from another tribe (Xanthophylleae). The family is present in all states
and territories of Australia and the species exhibit a broad range of morphological
variation. Cladistic analysis of these morphological characters had not previously been
attempted and this approach would enable examination of the sub-generic groupings
within Comesperma, in particular, and of several previously mooted questions about

generic delimitations.

Polygala

The sectional classification for the Australian species of Polvgala is still largely based
on Chodat (1896), who constructed an extremely detailed subdivision of the genus and
recognised ten sections. According to this classification, all Australian Polygala species
belong to section Polygala (=section Orthopolygala Chodat, nom. illeg.). These taxa
share two defining characters—an appendage (usually a branched crest) on the back of
the keel petal and persistent outer sepals that enclose the mature fruit. Within this
grouping, comprised of about 350 species at the time, Chodat recognised fourteen
subsections. The species currently found in Australia fall into nine subsections and a
number of series, due to the mixture of exotic and endemic species. The endemic
species fall within subsection Deltoideae and series Chloropterae, although Chodat did
not explicitly list them all. These taxa all have short axillary inflorescences and flowers

with greenish, acute wing sepals.

Com espermd

Steetz (1847) fully revised Comesperma and divided it into four sections. However,
Chodat (1896) considered Comesperma to only warrant sectional rank within
Bredemeyera. He divided this genus into three sections—(Ewu)Bredemeyera, Hualania

and Comesperma—on the basis of growth habit, floral morphology and sepal
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TABLE 2.1: Brief taxonomic history of Australian members of the Polygalaceae.

Year | Author/s Publication Major points

1806 | Labillardiere | Novae Hollandiae Erected Comesperma on the basis of the tuft of
Plantarum Specimen hair on the seed coat (coma), included five

species.

1845 | Steudel Plantae Preissianae Description of 17 species of Comesperma.

1847 | Steetz Revisio Generis Reworked Steudel’s treatment and placed many
Comesperma of his species in synonymy, but also named
(reprinted in Plantae several new species. Listed 24 species of
Preissianae; Steetz Comesperma in four sections.
1848)

1862 | Mueller Plants Indigenous to Erected section Prosthemosperma within

the Colony of Victoria | Comesperma to accommodate two species that
lacked comose seeds.

1863 | Bentham Flora Australiensis Last Australia-wide revision of the Polygalaceae.
Recognised 29 species in three genera—one
Salomonia, seven Polygala and 21 Comesperma

L SPp-
1893 | Chodat & Bulletin de l'Herbier First part of “Contribution a 1'étude du genre
Hochreutiner | Boissier Comesperma’, with a detailed discussion and
subdivision of the genus. Further parts were not
published.
1896 | Chodat Die Natiirlichen Worldwide treatment of the Polygalaceae,
Pflanzenfamilien reducing Comesperma to a section of

Bredemeyera. Bredemeyera section Comesperma
contained about 30 species in three sub-sections
(based mainly on the sectional classification in
Steetz (1847) but using quite different defining

characters).
1968 | Steenis Acta Botanica Description of Bredemeyera papuana from New
Neerlandica Guinea and agreement with Chodat’s sinking of

Comesperma, with formal transfer of most of the
Australian species names to Bredemeyera.

1969 | Adema Proceedings of the Listing of thirteen herbaceous species of
Royal Society of Polygala represented in the Queensland
Queensland Herbarium with brief comments on each.

1982 | Meijden Leiden Botanical Complete revision of Xanthophyllum, including
Series the two Australian species,

1984 | Pedley Austrobaileya Revision of Comesperma in Queensland, total of

fourteen species with six endemic. Rejection of
Comesperma being synonymised with
Bredemeyera.

1990 | Hnatiuk Census of Australian Listing of all 65 Australian taxa in Polygalaceae
Vascular Plants and Xanthophyllaceae. 32 Comesperma,

| Emblingia, 1 Muraltia, 27 Polygala,

2 Salomonia and 2 Xanthophyllum.
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persistence. These three sections had all previously been regarded as distinct genera.
Steetz’s (1847) and Chodat’s (1896) differing subdivisions of Comesperma are shown
in Table 2.2. The diagnostic characters used by these two authors are very different and
the same sub-generic names do not in all cases refer to the same taxa. Chodat and
Hochreutiner (1893) stated that Steetz had not “taken into account the internal organs”
and thus “could not seize on the real affinities of the sections of Comesperma”. They
agreed that Steetz’s characters “can still be useful” and that “we will employ his
methods to a certain extent™ but their promise to discuss the issue further was not
fulfilled, as the subsequent part or parts of their article on Comesperma were apparently
never published. Chodat (1896) uses Steetz’s sectional names for the most part and lists
many of the same taxa under the same names, but apparently prefers to use the stigma
characters to diagnose groups over those relating to sepals. Steetz (1847) categorised
every species of Comesperma known to him but several more were described and
named after his treatment was published. Chodat (1896) published his classification
after the bulk of the species in Comesperma had been described, but listed only a few
species he considered “notable” for each subsection and series. Chodat’s scheme also
scparates the most “unusual” taxa and leaves a large portion of the genus in the
relatively undivided subsection Eucomesperma. Since neither classification is complete,
Chodat’s (1896) was chosen when categorising taxa for this study, as it extended to the

entire Polygalaceae rather than a single genus.

[t should be noted that while Chodat (1896) indicated that his sections in Bredemeyera
were not considered to be distinct enough to warrant generic status, all three were
maintained as separate subgeneric groups, so this is really an issue of rank. Section
Comesperma was defined on the basis of the following characters: short subshrubs or
herbs with small elongate leaves; flowers in racemes; wing sepals petaloid and
coloured; ovary glabrous; calyx falling away before mature fruit are formed. By
contrast, section (Eu)Bredemeyera consisted of taxa which shared the following
characters: mostly twining shrubs with leathery ovate or long-ovate leaves; flowers
mostly in panicles; calyx lobes always free, mostly fleshy and hairy, wing sepals many-
nerved, upper petals mostly spathulate and obtuse; stamens free above; stigma little-
developed and inconspicuous; fruit a robust capsule; entire calyx falling away by
maturity. Finally, section Hualania was defined by possession of the following

characters: stems and branches glabrous but strongly armed and with very reduced
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TABLE 2.2: Comparison of sub-divisions within Comesperma as proposed by Steetz (1847) and
Chodat (1896), with illustrations of stigmatic characters from Chodat &

Hochreutiner (1893).

Steetz (1847)—Comesperma

Chodat (1896)—Bredemeyera section
Comesperma

Section Eucomesperma: Three external
subequal sepals, two anterior and one posterior,
3-4 times shorter than the wings.

series Erecta: Stems erect, somewhat
woody, +branched, leafy; wings obovate,
apex obtuse, base attenuate; filaments
monadelphous at the base, diadelphous
above the middle with 4 subsessile
anthers 1n cach group; style curved
towards the apex. Steetz included
Comesperma retusum, C. ericinum, C.
confertum, C. acerosum, C. flavum, C.
secundum, C. drummondil,

Series Volubilia: Stems twining, usually
subherbaceous, more or less branched,
sparingly leafy. Flowers in lax racemes,
wings broad ovate and clawed at the base;
filaments monadelphous, briefly
diadelphous towards the middle, free
above the middle; style moderately
geniculate, apex shortly bilobed, Steetz
included Comesperma volubile, C.
integerrimum and C. ciliatum.

Subsection Eucomesperma: Stigma not
hairy. Wings always obtuse with
anastomosing venation and never fused
to the petals.

Series Scopariae: Leafless,
virgate, small subshrubs or
perennial plants. Capsule similar
to Polygala. Seeds not comose.
Chodat included Comesperma
scoparium and C. aphyllum.

Series Volubiles: Shoots twining,
nearly leafless. Style bent above
the middle. Chodat included
Comesperma volubile and

C. integerrimum.

Series Confertae: Mostly heath-
like subshrubs, most with many-
flowered racemes. Stems erect.
Leaves needle-shaped, linear or
wider, mostly keeled. Chodat
included Comesperma flavum and
C. ericinum.

Series Disepalae: Similar in habit
to Confertae. The two lower calyx
lobes +tfused. Keel often with a
horn-shaped appendage on the
back; anthers in fused stamen
bundles. Chodat included
C('JH"!C’.S']‘JC’FH'!L‘! wirgurum .‘M]d

C. polygaloides.

Section [socalyx: Three external subequal
sepals, two anterior and one posterior, only
slightly shorter than the wings. Wings clawed
at the base. Filaments monadelphous at the
base, towards the middle diadelphous, above
the middle free,

Series Subherbacea: Stems
subherbaceous, unbranched or sparingly
branched; lower leaves crowded, upper
leaves smaller and remote; style apex
curved, “two-legged”. Steetz included
Comesperma calymega and

C. nudiusculum.

Series Suffruticosum: Stems somewhat
woody, much branched; leaves very small
and remote; style apex curved and briefly
bilobed. Steetz included Comesperma
Scoparium.

Subsection fsocalyx: Upper stigma
tongue-shaped, the apex and lower half
similarly hairy. Most small slender
herbs; calyx lobes free, the outer lobes
barely shorter than the wings,
lanceolate; wings without anastomosing
venation. Stamens free above. Chodat
included Comesperma lanceolatum,
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Steetz (1847)—Comesperma

Chodat (1896)—Bredemeyera section
Comesperma

Section Disepalum: Two external unequal
sepals, anterior broad with bilobed apex,
posterior narrower with entire apex, each 34
times shorter than the wings. Steetz included
Comesperma virgatum.

Not recognised at this level, merged into
subsection Eucomesperma as series
Disepalae.

Section Comespermastrum: Two external
unequal sepals, anterior broad with bilobed
apex, posterior narrower with entire apex, each
about half the length of the wings. Filaments
monadelphous at the base, towards the middle
briefly diadelphous, above the middle free.
Style curved towards the apex, briefly “two-
legged”. None of the species which Steetz
included are considered to be current.

Subsection Comespermastrum: Upper
stigma acutely tooth-shaped; the part
between the two stigmas hairy. The
lower two calyx lobes fused; venation
like Jsocalyx. Wings shortly stalked,
with free nerves and fused with the
corolla at the base; anthers +stalked.
Chodat included Comesperma
nudiusculum and C. rhadinocarpum.
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leaves; flowers in short pseudo-umbels; calyx retained at maturity; stigma capitate and

weakly bilobed.

Troublesome genera: Emblingia and Xanthophyllum

[n Australia, Emblingia and Xanthophyllum differ significantly from the usual
characters displayed by the family. The placement of Emblingia in the Polygalaceae has
never been particularly stable, as the single species in the genus possesses
morphological characters that could indicate affinities to a number of other disparate
families. When Mueller (1860) originally described the species, he placed it in the
Capparaceae because it possesses an androgynophore (a stalk bearing both androecium
and gynoecium above the perianth in a flower), in common with other members of that
family. However, later authors have assigned it to different families based on other
morphological characters. These families include Polygalaceae (Cronquist 1981),
Goodeniaceae (Erdtman et al. 1969), Sapindaceae (Thorne 1992) and even a monotypic
Emblingiaceae (Airy Shaw 1965). The most recent evidence using the rbeL region of
chloroplast DNA (Angiosperm Phylogeny Group 1998; Chandler & Bayer 2000)
strongly indicates that Emblingia is distantly related to the Polygalaceae and cannot be
reasonably accommodated within the family without broadening the scope of the
Polygalaceae beyond utility. The issue of its familial placement will be discussed again

briefly in Chapter Three.

Xanthophyllum, by contrast, has long been closely associated with the Polygalaceae
sens. strict. The major issue with this group has been whether it forms a tribe nested
within the Polygalaceae or whether unique aspects of the morphology justify it being
given separate familial rank. Chodat (1896) maintained Xanthophyllum as a
monogeneric tribe of the Polygalaceae, defining it as those taxa with +free stamens and
many ovules per locule. Cronquist (1981) however, stated that the morphological
differences in Xanthophyllum were “as significant as those that separate other families
in the order” and raised it to familial rank. Meijden (1982), in the most recent revision
of the entire genus, considered Cronquist’s recognition of the Xanthophyllaceae “a pity”
and that the differences between the Polygalaceae and Xanthophyllaceae shown in
Cronquist’s key were “suspect, even on paper”. Only two Xanthophyllum species occur
in Australia and Meijden placed each in its own monospecific subgenus, indicating that
they are extremes in the range of diversity in the genus as a whole. For present

purposes, Xanthophyllum will be considered a member of the Polygalaceae sens. lat.
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AIMS

The primary aim of this section of the project was to construct a putative phylogeny of
the Australian Polygalaceae via cladistic analysis of morphological data. The robustness
of the phylogeny was tested and the characters supporting groups of interest were
explored. The phylogeny constructed was also compared to existing classifications in
order to evaluate the likelihood of monophyly for the traditionally defined groups. The
monophyly of Comesperma, the utility of its subgeneric classification by Chodat

(1896), and the relationship between it and Bredemeyera could thus be addressed.

METHODS
End Taxa

End (or terminal) taxa in a phylogenetic analysis are the taxonomic units whose
relationships are being studied. They are represented by the names at the tips of the
branches of any tree produced and can be drawn from any taxonomic level. Potential
end taxa for these species-level analyses of morphological data were initially identified
using the Census of Australian Vascular Plants (Hnatiuk 1990). A number of
unpublished “manuscript” names were subsequently added to this list and any names
considered synonymous with a taxon already represented were removed. This resulted
in a list of 57 Australian taxa—33 Comesperma species, one Emblingia species, one
Muraltia species, 19 Polygala species, one Salomonia species and two Xanthophyllum
species. Three extra-Australian Bredemeyera species were also added, with one
representative each from section Bredemeyera, section Hualania and section Melchiora.
Under the classification proposed by Chodat (1896), the end taxa can be categorised as

shown in Table 2.3.

Characters and states

A list of morphological characters was constructed after detailed examination of a
number of herbarium specimens from CANB and the other Australian State herbaria
(AD, BRI, DNA, HO, NSW, PERTH) to gauge the level of variation across the family.
Some characters, particularly those varying at the level of a genus, were examined and
coded after reference to Chodat (1896) and Eriksen (1993b). The list of 56 cladistically
informative morphological characters shown in Table 2.4 was thus assembled and a

number of specimens of each taxon examined and scored in order to accurately code the



TABLE 2.3: Australian Polygalaceae taxa organised according to current classifications, based on Chodat (1896) and Steenis (1968) for Polygaleae and

Meijden (1982) for Xanthophylleae. Blank cells indicate that no name was proposed at this taxonomic level by these authors.

Tribe

Genus

Section

Subsection

Series

Species

Polygaleae

Bredemeyera

(Eu)Bredemevera

Bredemeyera floribunda Willd.

Comesperma

Eucomesperma

Scopariae

Comesperma aphyllum Benth.

Comesperma scoparium J.Drumm. ex Steetz

Comesperma sphaerocarpum Steetz'
Comesperma spinosum F Muell."

Volubiles

Comesperma ciliatum Steetz'
Comesperma integerrimum Endl.
Comesperma volubile Labill.

Confertae

Comesperma acerosum Steetz'
Comesperma breviflorum Pedley'
Comesperma confertum Labill."
Comesperma drummondii Steez'
Comesperma ericinum DC,
Comesperma esulifolium Gandoger'
Comesperma flavum DC.
Comesperma hispidulum Pedley’
Comesperma oblongatum (Benth.) Pedley
Comesperma pallidum Pedley'
Comesperma patentifolium F Muell."
Comesperma praecelsum F. Muell.'
Comesperma retusum Labill.'
Comesperma secundum Banks ex DC.'
Comesperma sylvestre Lindl.'
Comesperma viscidulum F Muell.'

Disepalae

Comesperma calcicola Keighery'
Comesperma polygaloides F Muell.
Comesperma sp. A Kimberley'
Comesperma virgatum Labill.

Incertae sedis

Comesperma calymega Labill.”
Comesperma defoliatum F.Muell.?

$7 98ed



Tribe Genus Section Subsection Series Species
TABLE 2.3 Polygaleae Bredemeyera | Comesperma [socalvx 1 Comesperma lanceolatum R Br. ex Benth.

(continued) (continued) (continued) (continued) Comespermastrum | Comesperma griffiniii Keighery'

: Comesperma nudiusculum DC.

B Comesperma rhadinocarpum F Muell.
Hualania Bredemeyera microphylla (Griseb.) Hieron
Melchiora Bredemeyera papuana Steenis
Muraltia (Eu)Muraltia Gymnocarpae "Muraltia heisteria (L.) DC.
Polygala (Ortho)Polygala Apterocarpae Tenues 'Po{pgm’a paniculata L.
Hemipterocarpae "Polygala duarteana A.St-Hil.,
Migratores Persicariaefoliae 'Po.'yga.-*a persicariifolia DC.
Fortificatae Polygala japonica Houtt.
Leptaleae Polygala longifolia Poir.
Polygala wightiana Wight & Arn.
Deltoideae Chloropterae Polygala chinensis L.

Polygala eriocephala Benth.

Polygala exsquarrosa Adema'
Polygala isingii Pedley’

Polygala linariifolia Willd."

Polygala macrobotrya Domin'
Polygala orbicularis Benth.'

Polygala rhinanthoides Sol. ex Benth.'
Polygala tepperi F Muell.'

Virgatae “Polygala virgata Thunb.

Formosae "Polygala myrtifolia L.

Europeae Vulgares :Pg.-fygafa monspeliaca L.
Polygala vulgaris L.

Salomonia (Eu)Salomonia Salomonia ciliata (L.) DC.

Xanthophylleae | Xanthophyllum | (Subg.) Grandiflorum Xanthophyllum fragrans C.T.White

(Subg.) Macintyria Xanthophyllum octandrum (F.Muell.) Domin

! Taxon not listed in Chodat (1896), placed in most appropriate subgeneric group based on characters used to define them.
? Taxon not listed by Chodat (1896) and unable to be confidently placed into the existing subgeneric classification.

" Taxon secondarily introduced to Australia. These taxa are also marked with an asterisk in some of the figures in this chapter.

¢z aGeq
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TABLE 2.4: List of morphological characters and states used in cladistic analysis of
Australian Polygalaceae.

Number | Character with list of possible states
I: Plant habir: (0) twining climber; (1) erect leafy shrub ("candelabra" type); (2) erect virgate

or divaricate generally leafless shrub; (3) wiry, +/- leafless subshrub; (4) prostrate
straggling shrub; (5) herb; (6) tree.

2i Plant stem colour: (0) reddish; (1) brown/green.

3 Stem surface: (0) regularly ribbed; (1) irregularly ribbed or smooth.

4. Stem cross-section: (0) angular; (1) rounded.

5. Indumentum/hairs of main branches: (0) glabrous; (1) sparsely pubescent; (2) moderately
pubescent; (3) densely hairy.

0. Stem hair type: (0) single hair type (crisped); (1) two hair types (crisped/erect).

7. Glaucousness: (0) leaves and stems glaucous; (1) leaves and stems not glaucous |

8. Leaf shape (when present): (0) reduced almost entirely to scales (some true leaves may

persist at the base); (1) linear/simple; (2) elliptic/obovate; (3) oblong;
(4) orbiculate/circular; (5) ovate.

9. Leaf placement: (0) appressed to stem; (1) spreading (held at ~45° to stem); (2) patent
(held at ~90° to stem).

10. Petiole presence: (0) leaves sessile; (1) leaves petiolate

11. Leaf base decurrence: (0) present; (1) absent.

12; Leaf margin deflection: (0) margins strongly recurved; (1) margins slightly/moderately
recurved; (2) margins not recurved.

13, Leaf tip mucro: (0) present; (1) absent .

14, Leaf keel: (0) Leaves strongly keeled below; (1) Leaves not or scarcely keeled .

15 Leaf surface similarity: (0) concolorous; (1) discolourous.

16. Inflorescence type: (0) terminal racemes borne on upper branches; (1) loose racemes borne

on short axillary shoots to the main axis; (2) racemes reduced to single scattered flowers
on stems; (3) spike; (4) panicle; (5) solitary flowers in the leaf axils.

17; Inflorescence shape : (0) corymb-like; (1) pyramidal/conical; (2) loose; (3) solitary and
scattered; (4) oblong,

18. Bract/bracteole shape: (0) all alike, cup-shaped; (1) middle bract leaf-like, lateral
bracteoles scale-like .

19, Ratio of pedicel to flower length: (0) pedicel much longer than flower; (1) flower and
pedicel of +/- equal length; (2) pedicel much shorter than flower/sub-sessile .

20. Quter sepal shape: (0) triangular; (1) semi-circular; (2) ovate; (3) oblong; (4) elliptic.

21, Quter sepal indumentum: (0) glabrous; (1) ciliate; (2) pubescent.

22, Quter sepal fusion: (0) lower pair connate; (1) all free; (2) all fused into a toothed calyx,

23, Lateral sepal modification: (0) enlarged and petaloid; (1) enlarged but not petaloid;
(2) unmodified,

24, Relative length of sepals : (0) "wings" much longer than outer sepals; (1) "wings" slightly

longer or sub-equal to outer sepals .
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TABLE 2.4 (continued)

Number

Character with list of possible states

25. Flower "wing" colour: (0) blue/mauve; (1) pink/magenta; (2) white; (3) yellow/cream;
(4) green.

26. "Wing" sepal claw: (0) wings distinctly clawed; (1) wings not or scarcely clawed.

27. Venation of lateral sepals: (0) anastomosing; (1) not anastomosing.

28. Lateral sepal shape: (0) orbiculate/circular; (1) obovate; (2) spathulate; (3) oblong;
(4) elliptic; (5) hemispherical/falcate; (6) ovate.

29, Lateral sepal margin curvature: (0) incurved all around; (1) partially incurved (esp. near
tip); (2) flat; (3) crisped.

30. Apex of lateral sepals: (0) acute/mucronate; (1) blunt .

3L "Wing"/petal fusion: (0) wings fused to petals at base; (1) wings free of petals.

G Upper petals relative to keel: (0) upper petals exceeding keel; (1) Upper petals +/- equal to
keel; (2) Upper petals shorter than keel,

33 Corolla tube indumentum: (0) glabrous; (1) tuberculate or papillose; (2) pubescent.

34, Lateral appendages on keel: (0) present; (1) absent.

35, Keel appendage: (0) absent; (1) present, hooked and membranous; (2) present, few-
branched crest; (3) present, finely divided "true" crest.

36, Fertile stamen number: (0) four; (1) seven; (2) eight.

37. Anther attachment: (0) sessile; (1) stalked.

38. Stamen grouping: (0) diadelphous; (1) monadelphous; (2) three groups.

39, Anther dehiscence: (0) short apical slits; (1) longitudinal slits.

40. Style bending: (0) style straight for most of length; (1) style gently curved; (2) style
distinctly hooked or horse-shoe shaped; (3) stigma sessile, 1.¢. style absent.

41, Stigma type: (0) "horse-head" shaped, glabrous; (1) upper stigma replaced by a tuft of
hairs; (2) upper stigma membranous, area between stigmas hairy; (3) simple brush;
(4) capitate, bilobed; (5) distant bilobed, glabrous.

42. Retention of lateral sepals after pollination (ie mature fruit enclosed by "wings"):
(0) sepals retained; (1) sepals lost .

43, Nectary presence and position: (0) annular nectary below ovary; (1) nectary borne on
stamens; (2) nectary absent.

44, Ovary/fruit indumentum: (0) glabrous; (1) pubescent; (2) ciliate.

45, Ovary apex: (0) elongate constriction at apex; (1) short "beak" at apex; (2) no noticeable
extension.

46. Ovules per carpel: (0) one; (1) more than one.

47, Fruit type: (0) capsule; (1) fruit fleshy; (2) dry indehiscent fruit; (3) leathery globose fruit.

48, Fruit overall shape: (0) club-shaped; (1) circular; (2) heart-shaped; (3) reniform:
(4) oblong/ovate.

49, Fruit projections (must observe on mature fruit): (0) hom-like; (1) short, emarginate:

(2) absent; (3) stiff spiky "teeth".
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TABLE 2.4 (continued)

Number | Character with list of possible states

50. Fruit wing: (0) absent; (1) narrow, both margins; (2) broad, both margins; (3) narrow, one
margin.

51, Fruit dehiscence: (0) loculicidally dehiscent; (1) septicidally dehiscent; (2) irregularly
dehiscent; (3) indehiscent.

a2, Coma presence: (0) present, arising all over seed coat; (1) present, arising mostly from
margins/base of seed; (2) present, arising only from hilar area; (3) absent.

53, Seed shape: (0) ovoid; (1) oblong; (2) ellipsoidal; (3) reniform; (4) globular,

54, Seed coat surface: (0) smooth; (1) tuberculate; (2) "engraved".

il Seed appendage type: (0) expanded raphe or strophiole; (1) aril; (2) none.

56. Seed appendage length: (0) short (touching top of seed only); (1) moderate - running ~1/2

length of seed; (2) long (reaching bottom of seed); (3) tailed (reaching bottom of seed and
forming tail).
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taxon for each character. At least five specimens were examined for each taxon, except
in cases where fewer specimens were available. A dissecting microscope was used to
score the majority of characters, although scanning electron microscopy (SEM) was
necessary in order to examine some of the seed characters and to determine the
homologies of these between genera. The matrix of taxa by characters subjected to

cladistic analysis is contained in Appendix 1.

Some morphological characters which had been in doubt for Comesperma were
confirmed using electron microscopy. Thompson (1978) reported that the genus had
one-celled anthers opening by a single pore, but anther dissection showed two anther
locules (Figure 2.1) and SEM clearly showed dehiscence by short apical slits in all
species examined (Figure 2.2). SEM also proved useful in determining the homology of
the seed appendages in Comesperma and Polygala, as it indicated that the appendages
of both genera were formed from the same material and were usually three-lobed.
However, in Comesperma, the lobes are elongated and two of them fused together
(Figure 2.3).

Cladistic Analyses

Outgroup Selection

The choice of outgroup for cladistic analyses was primarily based on published
molecular results which place Xanthophyllum sister to the remainder of the family
(Savolainen et al. 2000; Persson 2001). A prior cladistic analysis of the family using
morphological data and the Trigoniaceae as an outgroup (Eriksen 1993b) had also
suggested that the Polygaleae and Carpolobieae were sister taxa, with the
Xanthophylleae and Moutabeae sister to these. Since the family is represented in
Australia only by the tribes Xanthophylleae and Polygaleae, it seemed reasonable to use
Xanthophyllum as a means to root the trees. Coding other members of the Fabales, such
as legumes, was likely to entail difficult decisions about the homology of various
characters and this may well have introduced homoplasy/“noise” into the dataset. (This
problem may already have occurred to some extent with the coding of Emblingia, given
that it is likely to be even more distantly related to the Polygalaceae.) Thus the two
Australian species of Xanthophyllum were defined as an outgroup for the purpose of the

following analyses.
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FIGURE 2.1: Transverse section of young anther from Comesperma ericinum DC. at 20
magnification. The two locules containing developing pollen can be clearly seen.
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FIGURE 2.2: Scanning electron micrograph of two anthers from Comesperma ericinum DC.,
showing dehiscence by a short apical slit and characteristic polycolporate pollen
emerging. The slit tends to widen and the flaps on either side open out as
dehiscence progresses. This has led some authors to mistake it for dehiscence via
an apical pore.
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FIGURE 2.3: Scanning electron micrograph of a seed from Comesperma virgatum Labill., with
coma removed for clarity. The two elongate adaxial lobes of the raphe are visible
running the length of the seed coat. The type and size of these seed appendages
were coded as characters for the cladistic analysis of morphological data.
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Maximum Parsimony

[nitial cladistic analyses were undertaken using PAUP* (Phylogenetic Analysis Using
Parsimony and Other Methods) versions 4.0b8-10 (Swofford 2002) on a Macintosh G4
computer under maximum parsimony (MP) criteria. Since the dataset is too large to
search completely, heuristic searching was employed. A thousand random addition
sequence replicates were run and 100 trees saved at cach step. Tree-bisection-
reconnection (TBR) branch swapping was used throughout to search the “tree space”, as
it provides the most extensive search available and is thus likely to find a greater
number of the shortest-length trees than other methods. The trees obtained using this
initial search were then used as starting trees for a second analysis in which all trees
found were swapped to completion. A strict consensus of all the shortest trees obtained
using these methods was constructed. Bootstrap analysis (Felsenstein 1985) was then
used to assess the effect of re-sampling on the dataset and to thus give some measure of
the robustness of the clades obtained. One hundred bootstrap replicates were run with
20 random addition sequence replicates within each and saving 100 trees per replicate.
TreeRot version 2 (Sorensen 1999) was used to calculate the Bremer (1988, 1994)
decay indices for all of the nodes present on the strict consensus tree. This value shows
how many steps longer a tree would have to be before the clade in question would not
appear and is often considered to give some level of support for each node. The

significance of the Bremer values was assessed using T-PTP tests (outlined below).

Permutation Testing

The dataset was subjected to permutation tail probability (PTP) testing (Archie 1989;
Faith & Cranston 1991) in order to assess whether the data produce a signal that is
significantly different from random. One hundred replicates with ten random addition
sequence replicates within each were run in order to assess the significance at the 1%
probability level. Topology-dependent PTP tests (T-PTP; Faith 1991) with 100
replicates and five random addition sequence replicates each were also undertaken on
clades of interest from the analysis of the unweighted data. Tests were undertaken both
on clades that appeared in the strict consensus and also some clades that did not appear.
Testing clades that do not appear in the strict consensus shows whether the increase in
tree length needed to include this clade is improbable given the data. To some degree,
T-PTP tests can provide a measure of the significance of the Bremer decay value on a

node by calculating the difference in length between trees that contain the clade of



Page 34

interest and those that do not after permuting the original data. This is equivalent to a

null distribution of Bremer values for the dataset.

Reverse Successive Weighting

Due to the poor resolution achieved by the use of maximum parsimony (as discussed
below), reverse successive weighting (Trueman 1998) was utilised in order to test for
the presence of multiple conflicting signals in the dataset. RSW1.1 (Trueman 2002) uses
PAUP* to build a tree using the complete dataset and then eliminates all those
characters that are consistent with that tree. The inconsistent characters remaining are
then analysed for an alternative signal. RSW builds a second tree from these characters
and if this differs significantly from the first tree, a secondary signal in the data is
indicated. Additionally, any characters identified as conflicting with the primary signal
were then excluded from the dataset and the original cladistic analysis repeated using

this “pruned” matrix.

Successive Weighting

Since reverse successive weighting did not identify a strong secondary signal in the
morphological data, successive weighting (Farris 1969; Carpenter 1988) was then used.
This process minimises the effects of presumably random “noise” in the dataset by
building an initial set of trees from all the characters and then re-weighting each
character by some measure of how well it “fits” those trees. This is an attempt to reduce
the effect of homoplasy in the dataset by giving more weight to those characters that are
fully congruent within the current tree/s. The weighting process is repeated until a single
tree is obtained or until the trees obtained cannot be further resolved by additional
weighting. The successive weighting process was undertaken using the mean
consistency index (CI; Kluge & Farris 1969), the mean retention index (RI; Farris

1989), and the mean rescaled consistency index (RC; Farris 1989) for each character.
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RESULTS

Maximum Parsimony (MP)

The cladistic analysis indicated that the data were composed of several “islands” of
equally parsimonious trees. However, by conducting the second analysis to swap on
trees from all the islands found, a reasonable survey of the “tree space” was made and
further searching was unlikely to add trees that would significantly change the overall
topology. In the initial search, 530 trees of length 447 steps were found. However, in the
second stage, most of these trees became redundant after being randomly dichotomised
for searching and only 144 trees were retained after swapping. The strict consensus tree
of these 144 trees is shown in Figure 2.4 and the characters which change
unambiguously on all 144 trees are shown in diagrammatic form in Figure 2.5. The
strict consensus (Fig. 2.4) is not completely resolved, but it does indicate some general
groupings of taxa. Comesperma (node A in Fig. 2.4) is apparently monophyletic,
although the relationships within the genus are not clear. There are no characters on this
branch that unambiguously support the monophyly of Comesperma (i.e.
synapomorphies for the genus). Three major groupings appear within a polytomy in
Comesperma. Firstly, at node B in Fig. 2.4, the three climbing species (series Volubiles,
sensu Chodat (1896)) form a clade that is sister to a group of leafless taxa (series
Scoparieae, sensu Chodat (1896)). One unexpected exception to the “leafless” group is
C. defoliatum, which falls as sister to the entire climber-leafless grouping. The second
major grouping within Comesperma is an assemblage containing Comesperma ericinum
in a polytomy with four species that had previously been split from it at varietal level.
However, Comesperma breviflorum is also a segregate from C. ericinum and it is
unresolved in relation to this group. Third, most of the species with fused lower sepals
(series Disepalae, sensu Chodat (1896)) are also clustered together, with the exception

of Comesperma nudiuseulum.

Outside the Comesperma clade, Polygala forms a monophyletic group sister to
Comesperma, but only when the three species of Bredemeyera in the dataset are
included within it. This latter result is unexpected, given that traditional classifications
have postulated a close relationship between Comesperma and Bredemeyera based on
morphological similarities. In this phylogeny, however, nine nodes separate the two
genera with Bredemeyera nested within a clade of Polvgala species. The characters
supporting this grouping (node C in Fig. 2.4, see also Fig. 2.5) all change

unambiguously on the shortest trees—#13 (leaf tip mucro absent), #28 (lateral sepal
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C‘Gmasparma ACEerosum

Comesperma aphyllum "

Comesperma scoparium : :
Comesperma spinosum : Ser. Scopariae

Comesperma sphaerocarpums

Comesperma clliatum

Comesparma integerrimum
Comesperma volubile

Comaeaspearma defoliatum
Comaspearma calymega

Comasperma braviflorum
Comesperma calcicola
Comeasperma polygaloides
Comesperma sp. A Kimberley
Comaspearma virgatum
Comasparma confertum
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shape circular), #30 (apex of lateral sepals blunt) and #41 (stigma capitate and bilobed).
However, Bredemeyera in this analysis is defined by unambiguous and non-reversed
changes in four characters (shown in Fig. 2.5)—+#35 (keel appendage absent), #42
(sepals lost after pollination), #50 (fruit wing absent) and #52 (coma present, arising
from hilar area). Sister to the grouping of Bredemeyera within a clade of Polygala
species 1s a largely unresolved clade of Australian and south-east Asian species (node D
in Fig. 2.4, including all the members of series Chloropterae which were included in the
analysis). Polygala wightiana is then sister to this pairing of Chloropterae+(other
Polygala spp.+Bredemeyera) and a clade of weedy species from South America, Europe
and southern Africa sister to the entire group. Finally, Polygala monspeliaca from
Europe is placed as sister species to the remainder of the sample of that genus.
Salomonia, Muraltia and Emblingia are then progressively distantly related to the

(Comesperma(Polygala+Bredemeyera)) grouping.

Any bootstrap values over 50% are shown above the branches in the strict consensus
tree in Figure 2.4, while any Bremer decay index values over one are given below the
branches. It is immediately obvious that there is limited support for any of the resolution
displayed in this tree. However, the values shown indicate that the “backbone” of the
tree 1s reasonably well-supported, while the resolution at internal nodes is not. Thus, the
grouping of Comesperma, Polygala and Bredemeyera together is strongly supported, as
is their differentiation from Salomonia, Muraltia and Emblingia. In contrast, the clades
within the former three genera are almost all unsupported. Three species pairs—
Polygala longifolia and P. virgata, Comesperma secundum and C. viscidulum, and C.
integerrimum and C. volubile—have bootstrap values over 50% and the latter two pairs

also have decay index values of two or more.

Permutation Testing

Despite the limited resolution obtained using maximum parsimony, the PTP test
indicated that the trees of length 447 steps obtained were significantly shorter than those
obtained by randomising and reanalysing the dataset (P=0.01). The shortest trees
produced from the randomised data were 654 steps long. The result means that trees of
length 447 steps are unlikely to be obtained by chance alone. Results and implications

of the T-PTP tests will be discussed in the Discussion section of this chapter.
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Exploration of Characters

The consistency index (CI), retention index (RI) and rescaled consistency index (RC)
scores for all characters over the 144 trees found in the unweighted maximum
parsimony analysis are shown in Figure 2.6. The consistency index of all characters
over the trees 1s only 0.28, which indicates that 72% of the change observed in the
characters can be attributed to homoplasy. Only three characters showed complete
consistency with the trees—+#46 (ovules per locule), #47 (fruit type) and #51 (fruit
dchiscence). A fourth character, #6 (stem hair type), was fully consistent with many of

the trees, with an average CI of 0.88.

The retention index 1s higher at 0.62 over the 144 trees. This index removes the bias due
to autapomorphies inherent in the consistency index—these have a CI of one but an R
of zero. It thus measures “the fraction of apparent synapomorphy in the character that is
retained as synapomorphy on the tree” (Farris 1989, p. 418). It also corrects the CI for
the effect of characters with many state changes, as it takes into account the maximum
number of possible changes in that character, As the number of steps in a tree increases,
RI decreases to zero in a linear manner while the CI decreases exponentially. For trees
longer than the minimum possible number of steps for each character (no homoplasy, CI
and RI both equal to one), RI is greater than CI and decreases more slowly to reach zero
while CI approaches an asymptote above zero. This pattern is shown in Figure 2.6(a)
and (b), with RT higher than CI in all characters except two. These two are #14 (leaf
keel) and #36 (fertile stamen number), for which the Rl is zero as both exhibit the
maximum number of steps possible on all trees. The CI is thus quite misleading for

these characters, with values of 0.25 and 0.67 respectively.

The rescaled consistency index for all characters over the 144 trees is very low at 0.17.
This value is considered a better measure of the fit of characters on a tree than the CI,
because characters with widely different fits to a tree can score the same CI just by
virtue of different amounts of possible homoplasy in each character. The rescaled
consistency index rescales the CI to a linear function so that when a character fits the
tree as poorly as possible for that character, RC equals zero. This value was thus

preferred for purposes of successive weighting, as discussed below.

As shown in Fig. 2.6a—c, only the three characters mentioned above (#46, #47, #51)
have a CI, RI and RC of one. In other words, these characters map onto all the shortest

trees without homoplasy and are not autapomorphies. Figure 2.6¢ in particular shows
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the poor fit of the data to the trees, as only the three characters previously mentioned
and #6 (stem hair type) have even an average RC of more then 0.5. The 0.5 level
represents 50% homoplasy. Thus a high level of homoplasy is inherent in the

morphological dataset.

Reverse Successive Weighting (RSW)

Reverse successive weighting did not identify a secondary signal in the morphological
data for the Polygalaceae. However, this may have been due to the relatively low total
number of characters available and their lack of resolution on the original tree. RSW
was unable to build a second resolved tree, as only two characters were identified as
being in significant conflict with the remainder of the dataset, and thus the analysis
terminated at this point. The two conflicting characters were #19 (ratio of pedicel to
flower length) and #32 (upper petals relative to keel). Removing these two characters
and re-running the cladistic analysis did not significantly change the relationships
identified in the initial strict consensus tree. Ninety-three trees of length 418 steps were
found in the second analysis and the strict consensus of these was less resolved than that
produced in the first analysis, with several species groups collapsed to polytomies rather
than exhibiting conflict with the initial tree. One notable exception to this general
pattern was the Comesperma ericinum clade, which was fully resolved in the second
analysis, rather than forming a polytomy, and included C. breviflorum as sister to the
remaining five species. The ericinum group is defined on this tree by a single
unambiguous character—#13 (leaf tip mucro changing from absent to present)—and the
grouping does not receive significant bootstrap support, so this difference in topology is

unlikely to be significant.

Successive Weighting

Rescaled Consistency Index (RC)

Successive weighting using the rescaled consistency index (RC) settled immediately on
four shortest trees of 75.76 steps and further iterations were unable to resolve the trees
any further. The strict consensus of these trees is presented in Figure 2.7. This tree
includes some of the same groupings found in the original strict consensus tree from
unweighted parsimony, but, as expected, much greater resolution was achieved using

this method. The strict consensus has only two polytomies and indicates that
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FIGURE 2.7: Strict consensus of four shortest trees of length 75.76 steps from maximum

parsimony analysis of morphological data with successive weighting by mean
rescaled consistency index (RC) values. Major nodes discussed in the text are
marked A-D and clades matching the subsections and series of Chodat (1896)
are bracketed and labelled. Those which are monophyletic are indicated by solid
brackets and a box outline around their name, while non-monophyletic groups
are enclosed in dashed brackets and their names are not boxed. Any bootstrap
values greater than 50% are also shown above the nodes.
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Comesperma is monophyletic only with the exception of C. lanceolatum. This species
instead falls sister to a grouping of Polygala and Bredemeyera species. In this
phylogeny, Polygala is a monophyletic group progressively sister to the three
Bredemeyera species included in the analysis. Bredemeyera itself is thus not a
monophyletic group and is not most closely related to Comesperma. The broader
grouping of Comesperma, Bredemeyera and Polygala is then progressively more

distantly related to Salomonia, Muraltia and Emblingia.

Within Comesperma (minus C. lanceolatum), several groupings are shown. Similarly to
the unweighted MP strict consensus, the climbing and leafless species are closely
related to each other (node A in Fig. 2.7). However, in this tree they do not form
monophyletic sister groups. Instead the leafless species are a monophyletic group that is
sister to a clade consisting of Comesperma volubile and C. integerrimum. Comesperma
ciliatum then falls as sister to this entire grouping. There is a large group sister to the
climber/leafless clade that includes most of the remaining taxa in the genus (node B in
Fig. 2.7). Much greater resolution is obtained within this second group of species than is
shown in the unweighted MP tree, although the relationships between the major groups
in this clade are still unresolved. There are three monophyletic groups represented. The
Comesperma ericinum group emerges as a fully resolved clade. Surprisingly
Comesperma breviflorum, another segregate from C. ericinum sens. lat., is not most
closely related to this group and instead falls as sister to a group of species with fused
lower sepals (series Disepalae, sensu Chodat (1896)). A third grouping consists of
several shrubby species, which would all be classified in Chodat’s (1896) series
Confertae. Comesperma calymega is then sister to this entire group. Comesperma
rhadinocarpum, C. griffinii and C. nudiusculum are then progressively most closely

related to the rest of the genus.

Outside the Comesperma clade many of the same species groups shown in the
unweighted analysis appear, although the relationships between the groups differ
widely. Polygala+Bredemeyera are a monophyletic group in this analysis with
Comesperma lanceolatum as sister. However, the only character unambiguously
supporting this grouping is #19 (ratio of pedicel to flower length), one of the characters
identified as being in conflict with the primary signal in the dataset via reverse
successive weighting. Within Polygala sens. strict., the Australian/south-east Asian
species from series Chloropterae which were a polytomy in the unweighted analysis

form a fully resolved clade here (node C in Fig. 2.7). A second grouping of mainly
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weedy species (node D in Fig. 2.7) forms the sister group to this series. Polygala
Japonica, P. persicariifolia, and a pairing of P. longifolia with P. virgata are then
progressively more distantly related to the two major clades. Finally, the three
Bredemeyera species are each progressively distantly related 1o Polygala sens. strict.,
with B. papuana from New Guinea being the sister group to all the remaining taxa in

this clade.

Weighting by Consistency and Retention Indices

Weighting the data via the consistency and retention indices also resulted in four trees
after one search and these could not be further resolved. However, the strict consensus
of the trees from unweighted parsimony and the three weighting schemes differed
significantly. The results of weighting with CI and RI will only be briefly summarised

here, with an emphasis on the groups that conflict with the previous analyses.

The relationships within the main species groups are similar, but the placement of
Bredemeyera and Comesperma lanceolatum varies in all the results. Reweighting
characters with their CI values results in a strict consensus tree which shows
Comesperma as monophyletic only with the inclusion of a clade of the three
Bredemeyera species in the analysis, The Bredemeyera species form a monophyletic
sister group to Comesperma sens. strict., with C. lanceolatum then sister to this entire
group. Polygala forms a monophyletic group in this analysis and the clades are almost
identically arranged to those from the unweighted analysis (Fig. 2.4), albeit with greater
resolution and obviously with the exclusion of Bredemeyera. The only other noticeable
conflict between this and the unweighted analysis is the movement of Polygala

wightiana to a position sister to the Chloropterae clade in this analysis.

[n contrast, reweighting by RI gives a monophyletic but rather internally unresolved
Comesperma, with C. lanceolatum sister to the remainder of the genus. Polygala is not
monophyletic unless Bredemeyera is included and the three species are nested within

Polygala in the same position as the unweighted analysis.
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DISCUSSION

Given the low levels of bootstrap and Bremer decay index support throughout the trees
obtained from unweighted, weighted and profile parsimony analyses based on these
morphological data, it is difficult to make statements about the relationships within the
Australian Polygalaceae with any confidence. Some of the generic delimitations are
supported, but Comesperma, Polygala and Bredemeyera form an unresolved grouping
and their separation from Salomonia, Muraltia and Emblingia may be at least partially
the result of the low numbers of taxa in these latter genera found in Australia. Since
only one representative of each of these three genera are coded in this analysis, the level
of homoplasy displayed in the characters supporting these nodes may be lower than it
would be with a larger sample of the diversity in the genus (although this is of course
not possible for the monotypic Emblingia). All three of the fully consistent characters
change only on nodes leading up to the Comesperma, Polygala and Bredemeyera
grouping. This explains the strong bootstrap and decay index support on the “backbone”

of the tree.

The three fully consistent characters are all based on the fruit and these characters have
traditionally been used to distinguish genera. The remainder of the tree is simply based
on very homoplasious characters that do not provide a clear hierarchical signal, rather
than being a strong tree with a few troublesome taxa that may be placed in several

disparate positions and thus collapse the strict consensus.

Lack of hierarchical signal in a dataset may be the result of several confounding factors.
One of the assumptions of cladistic parsimony is that the evolutionary history of a group
of organisms has a dichotomous branching structure. This assumption is violated if the
taxa have a history of hybridisation. Another problem is convergent evolution, where
unrelated taxa develop a similarity in morphology that is not a result of a close historical
relationship, Adaptations to a certain pollinator or niche, for example, can cause two
relatively unrelated taxa to independently gain the same morphological traits. By
contrast, groups of relatively unrelated taxa may also both independently lose a feature.
When scoring morphological character states, any or all of these factors can confound
the assessments of homology made. Another problem with these data is that the total
number of characters scored is rather low. In general, sampling a greater number of
cladistically informative characters provides more information which can be used to

resolve a tree built from the data. Studies have conclusively shown that scoring a
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sufficient number of characters is vital to accurate phylogenetic estimation, with
accuracy increasing with larger numbers of characters up to a certain point (Hillis e al.
1994; Hillis 1998). In the analyses of morphological data described above, the number
of end taxa exceeds the number of characters and the vast majority of the characters are
binary. Although scoring more characters may have provided greater resolution, a
thorough survey of a large number of specimens was made and no further informative

characters became obvious.

Weighting the characters by various measures of their fit on the initial trees (CI, RI and
RC) produces more resolved phylogenies for the most part, but these trees still receive
very little support from measures such as the bootstrap and decay index. The very high
level of homoplasy in the characters means that reweighting merely maintains the
backbone of the tree and does not produce any robust resolution in other areas. Also if
the data set is biased in some way initially, such weighting will merely serve to
reinforce potentially incorrect branching patterns. To use such weighting schemes, it is
necessary to accept an assumption that the character states are true reflections of the
phylogenetic history of the taxa and that the homoplasy or “noise” in the dataset is of a
relatively low level and distributed in a random fashion. Given that only a handful of
characters in the dataset have high RC values, the fit of the data to the initial trees is
quite poor and thus the assumptions inherent in successive weighting techniques may
not be met for this dataset. It is also not clear which measure is the best to use for such
weighting, as the calculation of each statistic emphasises different aspects of the
characters used and thus upweights a different set of these characters. For example,
weighting by the RI gives higher weights to a much greater number of the characters
than does the CT or RC. It is thus unsurprising that the different weighting schemes
result in quite different topologies. It seemed most reasonable to discuss the results of
weighting with RC in more detail than those trees obtained via the other weighting
schemes, as this measure takes into account the fit of the character as well as its relative

contribution to producing a given topology.

Despite the acknowledged limitations of the data available, there are several interesting
patterns observed in the cladistic analyses and these can be favourably compared to the

existing sub-generic classification in several areas.
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Overall Patterns

Unweighted parsimony indicates that Comesperma is a monophyletic group. The
majority of the genus 1s also monophyletic in the weighted analyses also, differing only
in the inclusion or exclusion of Comesperma lanceolatum and/or Bredemeyera. Within
Polygala, series Chloropterae appears in all analyses, although the internal relationships
differ slightly depending on the weighting scheme used. Bredemeyera is a monophyletic

group in most of the analyses, except when weighted by RC.

The monophyly of Comesperma and the placement of C. lanceolatum

The majority of the analyses place Comesperma lanceolatum as sister to the remainder
of Comesperma. The characters that distinguish C. lanceolatum in all the shortest trees
from unweighted parsimony (Fig. 2.5) are #8 (lcaf shape), #12 (leaf margin deflection)
and #19 (ratio of pedicel length to flower). Interestingly, none of these characters were
used by Chodat (1896) when defining subsection Isocalyx, of which Comesperma
lanceolatum 1s the only member. The characters that were used (including stigma type)
change along this branch in only some of the shortest trees. This indicates that although
Chodat correctly identified Comesperma lanceolatum as differing markedly from the
remainder of the genus, his defining characters are not primarily responsible for the

topologies observed,

All analyses show the climbing and leafless species as sister groups, although some
differ in the inclusion of Comesperma defoliatum. Both groups also appear
monophyletic and a T-PTP test of Volubiles and Scopariae (including C. defoliatum) as
monophyletic sister groups could not reject this relationship (2=1.00). Characters
supporting the Volubiles group on all the shortest unweighted trees (Fig. 2.5) are: #1
plant habit (twining climber), #20 outer sepal shape (triangular) and #53 seed shape
(oblong). Characters supporting the Scopariae grouping on all trees (Fig. 2.5) are: #17
inflorescence shape (solitary or scattered flowers), #19 ratio of pedicel to flower length
(pedicel much shorter than flower/sub-sessile), #28 lateral sepal shape
(orbiculate/circular). The Volubiles group may thus be defined by a greater number of
characters than simply plant habit, while Scopariae species are not defined by the
traditional characters of a Polygala-like capsule and lack of a coma on the seed.
Comesperma spinosum is clearly a member of this group on every other character, but it

possesses both an elongated fruit and comose seeds. The sister group relationship
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between these two groups is perhaps unsurprising, given the shared characters of ribbed

stems and being almost or completely leafless, but it has not previously been suggested.

The series Disepalae also appears in all analyses as monophyletic, supported
unsurprisingly (Fig. 2.5) by characters #20 (outer sepals ovate) and #22 (lower pair of
outer sepals connate). Thus the defining character for this series is synapomorphic for

the group in these analyses. A T-PTP test also indicates support for this clade (P=0.02).

Finally, the series Confertae and section Comespermastrum proposed by Chodat (1896)
are not supported as monophyletic groups by these analyses. Members of the Confertae
appear in a number of different clades and some are actually sister to members of the
Disepalae. Subsection Comespermastrum appears as a monophyletic group only in the
analysis with characters weighted by CI. In other analyses, the relationship of the

species to each other is not resolved, but they fall sister to the majority of the genus.

Comesperma appears as a monophyletic group in all analyses, albeit sometimes with the
exception of C. lanceolatum or the inclusion of Bredemeyvera. Also, if Comesperma
lanceolatum is excluded, Bredemeyera forms a monophyletic sister group to

Comesperma rather than rendering it polyphyletic.

Polygala and the Chloropterae Clade

The Polygala clade is supported on all the shortest trees (Fig. 2.5) by six characters—
#15 (leaf surface similarity changing from concolorous to discolorous), #35 (keel
appendage changing from absent to a finely divided crest), #40 (style bending changing
from gently curved to distinctly hooked), #42 (retention of lateral sepals after
pollination changing from absent to present), #50 (fruit wing changing from absent to
narrow and present on both margins) and #53 (seed shape changing from ovoid to
oblong). Many of these characters have previously been used to define the tribe

Polygaleae, particularly the crested keel and retention of lateral sepals.

The predominantly Australian “endemic” clade of Polygala species is supported by only
one character in all shortest trees (Fig. 2.5)—#23 lateral sepal modification (enlarged
but not petaloid). This coincides with the defining characters for the series Chloropterae
as described by Chodat (1896). He also listed axillary racemes, but these are found in
other sections in this dataset. It does seem clear that the endemic taxa are a
monophyletic group sister to the remainder of the genus in Australia, which are

primarily weedy taxa that have been introduced or dispersed.
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Position of Bredemeyera

T-PTP tests of an arrangement with Comesperma (including C. lanceolatum) and
Bredemeyera as monophyletic sister taxa indicate that this relationship cannot be
rejected based on these data (P=1.00). However, a T-PTP test of Polygala and
Bredemeyera as monophyletic sister groups shows exactly the same result. It is thus
impossible to clarify which genus is the closest to Comesperma, but it should be noted
that trees which support a monophyletic Bredemeyera that does not nest within either of
the other genera are not significantly longer than the strict consensus. The unexpected
placement of Bredemeyera deep within Polygala, which has never been suggested by
traditional classification, thus cannot be viewed with much confidence. Given that
evidence is mounting that both Bredemeyera and Polygala are polyphyletic assemblages
(Persson 2001), the placement may be an artefact of taxon sampling, since the dataset
does not include representatives from all the tribes in Polygala, being biased towards

taxa found in Australia,

CONCLUSIONS

Weak support for a putative phylogeny does not necessarily indicate that the pattern
observed is incorrect but it does limit the amount of confidence that can be placed in the
relationships between taxa and thus the conclusions that can be drawn from them. Tests
of these data seem to confirm that they are equivocal, and the lack of a strong signal
does not allow much comment on internal relationships. Nonetheless, while the data do
not provide a robust or fully-resolved phylogeny, they do indicate interesting groupings
within the family. Although the level of phylogenetic signal in the morphological data
appears to be low, the trees produced from these analyses are still useful in examining
the evolution of the Australian Polygalaceae. The congruence of these data with the
phylogenetic pattern revealed in analyses of molecular data from the family will thus be

explored in Chapter 4.
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Chapter Three:
Molecular Phylogeny

INTRODUCTION

Use of Molecular Data in Systematics

Molecular systematics refers to the use of macromolecules (DNA, RNA, proteins,
isozymes etc.) to infer the phylogeny of a group of organisms. The use of molecular
data in systematic studies has become prevalent in the last twenty years with increasing
access to and automation of technology such as DNA sequencing. This has proved to be
a powerful tool in phylogenetic reconstruction, enabling researchers to gather and

analyse large datasets from a wide variety of taxa.

Molecular data were at first thought likely to be a “truer” reflection of evolutionary
history than morphological characters, as they have a direct genetic basis and were thus
considered to be less subject to problems such as convergence and environmental
plasticity (e.g. Lamboy 1994; Hedges & Maxson 1996; Givnish & Sytsma 1997). This
led to a debate about the “superiority” of one data source over another, but this is now
generally recognised as a spurious argument (Hillis 1987; Benton 1999; Hillis & Wiens
2000). Molecular data are subject to some of the same problems encountered when
using morphology and also to some unique considerations. Gathering molecular data is
still considerably more costly than scoring morphological characters, so it is usually
possible to examine more aspects of morphology than molecular regions in a given
time. However, the far greater number of molecular characters available may mean a
lower end cost per informative character in an efficiently targeted study. Morphological
characters are likely to be a product of a number of different genes while most
molecular studies are only able to examine a small number of genes or regions. By
contrast, molecular data are often considered to be more objective than those obtained
from morphology, because the characters and their states are defined and scored in a
straightforward and repeatable fashion. Although some debate continues over the
relative merits of “molecules versus morphology”, it thus seems most productive to use

them in conjunction depending on the question of interest.

Some things to be considered when gathering and using molecular data include the rate
of evolutionary change, the independence of regions within a genome and secondary

structure constraints. The inherent transition/transversion bias of DNA is well known,
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but the rate of substitutional change can also vary widely both within and between
regions of a DNA sequence. This may depend on whether a region is functionally
constrained such that substitutions in the sequence would affect transcription or the
function of the transcript, but even regions of a similar class may have quite different
substitution rates. For example, Small ez a/. (1998) found in a study of tetraploid
Gossypium species that the trnL-trnF intergenic spacer had a 0.12% divergence
(measured by the mean nucleotide difference) between the ingroup and the outgroup.
By contrast, the trnT-trnL spacer had eightfold greater divergence (0.96%) between the
same groups. The wide variation in substitution rates and the subsequent differences in
base composition can violate the assumptions of some methods of phylogenetic
analysis. (This variation is likely to occur in morphological data also, but it is much
more difficult to measure and account for in such cases, as the genetic basis of many
morphological characters is poorly understood.) However, it is also an extremely
important feature for systematic studies, as it allows researchers to choose a region that
has informative variation at the desired taxonomic level. Choice of an appropriate
region is thus crucial when undertaking a phylogenetic study using DNA sequences.
Pilot studies are useful to assess the level of variation in a given region between the taxa
of interest. A region with a mixture of faster- and slower-evolving segments can be
particularly useful for phylogenetic reconstruction (e.g. the ndhF gene; Kim & Jansen
1995), as the differences in rate within the marker provide informative variation at both

lower and higher taxonomic levels.

Independence of data is an important consideration when finding characters for any
phylogenetic study, as correlated characters can violate the assumptions of some of the
methods used to analyse the data. In molecular studies, it may be easier to predict and
therefore to minimise than in studies based on morphology, as linkages between genetic
regions are somewhat better understood. As an extreme example, all markers from the
chloroplast may be considered correlated as they are all contained on a single small
(120-200 kbp in land plants; Soltis & Soltis 1998) circular molecule and inherited as a
single linkage group (Doyle 1992). At a smaller scale, correlations between regions may
be a result of secondary structure. For example, bases forming part of a stem structure
are paired with complementary bases on the other side of the stem. These pairings tend
to be highly conserved, so that a change in one base affects the probability of change in
another (e.g. Wheeler & Honeycutt 1988). Such features should be taken into account

when choosing a method to build phylogenetic trees.
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The trees produced from an analysis of molecular data are only gene trees, as they are
hypotheses of the relationships among the genes under study. It is important to
distinguish between these and a tree representing the evolutionary history of the species
involved (species trees), as there may be discordance between the topologies. Three
main sources of conflict exist among gene trees and between these and species trees—
gene duplication, lineage sorting and horizontal gene transfer (Doyle 1992; Maddison
1997). Due to these processes, it may not be valid to convert a gene tree to a species tree
simply by replacing the name of the sequence with the name of the taxon from which it
was obtained. Page and Charleston (1997) propose a method to “reconcile” gene trees
with organismal phylogenies using the computer program GeneTree (Page 1998), which
postulates the minimum number of gene duplications and losses necessary to explain the
incongruence between two trees. The method requires confidence that both trees are
correct representations of the relationships among species and genes respectively, a
requirement that is difficult to meet if the true phylogeny is unknown. In this case, gene
tree parsimony methods suggest that if the species tree is unknown, the species tree that
minimises the number of gene duplications and losses or other “conflict-causing events”
across a set of gene trees is preferred (Slowinski & Page 1999). A second approach is
uninode coding, proposed by Simmons er al. (2000), where data from both duplicated
and unduplicated gene copies are combined in phylogenetic analyses of taxa. The
relative merits of both methods are still being debated (Simmons & Freudenstein 2002:
Cotton & Page in press), but these approaches are developing rapidly. In practice, many
researchers adopt a “corroboration” approach, using sequences from independent
genetic loci (e.g. nuclear and chloroplast genomes). A similar topology recovered from
two or more independent DNA regions is considered more likely to reflect historical
processes and thus lends confidence to an hypothesis of species relationships. Again,
more rigorous methods to evaluate and score the level of corroboration among datasets

are becoming available (e.g. Chen er al. 2003).

Previous Molecular Studies in Polygalaceae

The Polygalaceae has not been a particular focus for molecular systematics. Until
recently, the only published sequences were those from rbel, 18S rDNA and atpB used
by the Angiosperm Phylogeny Group (1998) and in other large-scale studies of the
relationships between angiosperm plant families (e.g. Chase et al. 1993; Morgan et al.

1994; Kiillersjo et al. 1998; Soltis e al. 2000). Such studies were the first indication that
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the Polygalaceae and Fabaceae were quite closely related and possibly even sister
families (e.g. Doyle et al. 1997), countering the traditional assumption that their

morphological similarities are a result of convergent evolution.

More recent studies are divided on the detailed relationships among the families in the
Order Fabales, now considered to consist of four families—Fabaceae, Surianaceae,
Polygalaceae and Quillajaceae. Persson (2001) used the ##nL/F chloroplast region in a
family-wide study of the Polygalaceae and including several outgroups from within the
Eurosids I clade of Soltis et al. (2000). His results indicated that Fabaceae and
Quillajaceae are sister families, with Surianaceae next most closely related to these two
and with Polygalaceae being sister to the remainder of the order. However, Persson was
primarily interested in relationships within the Polygalaceae, so his sampling of the
outgroup taxa was necessarily limited. A study designed to identify the sister group to
the Fabaceae (F.Forest, pers. comm. 2003) used a broader sample of taxa and showed a
different pattern. Forest gathered sequences from the #+nL intron, the protein-coding
rbel gene, and the 268 ribosomal RNA gene. The data were combined and analysed in
a maximum likelihood framework. The results indicated a sister group relationship
between the Fabaceae and a clade comprised of the Surianaceae and Polygalaceae. The
single species in the Quillajaceae, Quillaja saponaria Molina, was then sister to the
remainder of the order. However, this topology received only weak support. Thus, while
the relationships within the order Fabales based on molecular data have not been
satisfactorily resolved to date, it is well-supported as a monophyletic group as currently
defined, as is the Polygalaceae sens. lat. The Fabales has also been fairly conclusively
placed in the eurosids with related orders including Fagales, Rosales, Cucurbitales and
Malpighiales (Soltis er al. 2000).

The study by Persson (2001) mentioned above is the first large-scale molecular
phylogeny undertaken on the Polygalaceae. He sampled widely across the family,
including taxa from 64 species in all currently recognised genera except Eriandra and
Epirixanthes as these were not successfully sequenced. This represents less than 10% of
the species, but sampling was targeted to include all the previously published
subgeneric groups. All tribes and a majority of the subgenera and sections were
represented. An equally weighted maximum parsimony analysis was carried out and
five thousand of the shortest trees found were saved. The strict consensus of these trees
shows that the Polygalaceae sens. lat. (including Xanthophyllaceae) is strongly

monophyletic, with the node appearing in 100% of the 10000 bootstrap replicates.
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Resolution within the family was limited in the strict consensus tree obtained by
Persson (2001), but it does contain several interesting groupings. Xanthophyllum has a
well-supported sister group relationship with the remainder of the family, so its
recognition as either a separate tribe or segregate family may be justified. Within the
Polygalaceae sens. strict. (bootstrap score 92%), the tribes Moutabeae and Carpolobicae
form an unresolved group sister to the tribe Polygaleae. The monophyly of and
relationships between the Moutabeae and Carpolobieae cannot be confirmed or
discounted from these results, although the Polygaleae does have reasonable support for
monophyly (77% bootstrap value). Within the Polygaleae, two major well-supported
clades appear. Persson (2001)designated these as Polygaleae 1 (99% bootstrap value)
and Polygaleae II (97% bootstrap value). The Polygaleae I clade is fully resolved and
consists of Polygala sections Acanthocladus and Hebecarpa and Bredemeyera section
Bredemeyera (sensu Chodat 1896), all as monophyletic groups. It also includes a single
species from Bredemeyera section Hualania (Bredemeyera microphylla), grouping with
Polygala section Hebecarpa rather than with other members of Bredemeyera.
Polygaleae Il 1s largely unresolved, but indicates many of the genera included are
monophyletic, with the exception of both Polygala and Bredemeyera. Notably, the three
species of Comesperma group together and two of the species (C. hispidulum and C.
secundum) share a 188 base-pair inversion relative to the other sequences. However,
since Comesperma is included within the large Polygaleae II polytomy, no inferences
can be drawn about the genus to which it is most closely related. Both Bredemeyera and
Polygala are polyphyletic in Persson’s analysis, appearing in both the major Polygaleae
clades. However, on the basis of these results, Comesperma could be closely related to
Bredemeyera colletioides, but is unlikely to be sister to the remainder of the genus, as
all other members of Bredemeyera sampled fall within the Polygaleae I clade. Given the
polyphyly of Bredemeyera sens. lat., in contrast to the strong support for a
monophyletic Comesperma, the most conservative option based on these results would

be to treat Comesperma as a separate genus until further data are available.

AIMS
The primary aim of this section of the project was to construct putative phylogenies of
the Australian Polygalaceae using two DNA regions, one nuclear and one from the

chloroplast genome. The results from analysis of these data using both maximum
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parsimony and Bayesian inference could then be compared to investigate common

patterns.

METHODS

Choice of regions for this study

Since it is desirable to choose regions from at least two different genomes in order to
compare the topologies obtained from each, one nuclear and one chloroplast marker
were selected. The nuclear marker used consists of two internal transcribed spacers
(ITS1 and ITS2) and the included 5.8S gene that encodes part of the large ribosomal
subunit (structure and priming sites shown in Figure 3.1a). As the name implies, the
spacer regions are transcribed but do not form a functional part of the mature ribosomes.
[nstead they appear to play a role in the maturation and processing of the adjacent
rRNAs-—deletions or mutations in the spacers have been shown to decrease or inhibit
production of rRNAs for both small and large ribosomal subunits (reviewed in Baldwin
et al. 1995). This hypothetical role seems to be borne out by the similarities in size and
base composition observed in the spacer regions across distantly related angiosperm
taxa, which may indicate that they are under some evolutionary constraint. As a result,
this marker provided a combination of highly conserved genic sequence (5.8S) and
some conserved and extremely variable regions within the two spacers. It was hoped
these would provide useful information at the taxonomic level of interest. The high copy
number of rDNA (Rogers & Bendich 1987) usually makes it easy to amplify and
primers from within the conserved flanking ribosomal genes (18S and 268) were readily
available. However, the G+C richness of the ITS regions (50-60% guanine and cytosine
in some genera within the Fabaceae: Schiebel & Hemleben 1989, Yokota e al. 1989,
Wojciechowski ef al. 1993; but only 48% in the Australian genus Daviesia Sm.: Crisp
& Cook (2003)) and their inherent secondary structure (Mai & Coleman 1997) can
cause difficulties in amplification and sequencing. Another issue is the possible
presence of divergent paralogous copies of the ITS region within an individual, which
means that in some lineages sampling may pick up sequences with different
evolutionary histories. However, nuclear ribosomal DNA is arranged in tandem repeats
and usually undergoes rapid concerted evolution (Armheim 1983; Hillis ez al. 1991),
meaning that divergent paralogues are usually homogenised over time. Direct
sequencing can still aid in the detection of taxa with non-homogenised paralogues, as

the superpositioning of two or more sequence types is usually visible on a
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(A)
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FIGURE 3.1: Structure of (a) the nuclear ribosomal ITS region and (b) the
chloroplast trnL/F region used as markers in this study (not
to scale). Arrows show position and direction of the primers
used.
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electropherogram. In such taxa, cloning and sequencing of each individual sequence

type is required (Ritland et al. 1993; Sanderson & Doyle 1992).

The chloroplast marker targeted is part of the trnL-trnF region (Taberlet et al. 1991),
and includes an intron in the 7nL (transfer RNA) gene, the 3' t7nL exon and the trnl/F
intergenic spacer (structure and priming sites shown in Figure 3.1b). Like ITS, this
marker 1s largely non-coding DNA, albeit with a combination of conserved and variable
regions. Both the spacer and intron have been successfully used to infer phylogeny at
the level of family and below in plants (e.g. within a genus in gentians by Gielly and
Taberlet 1994, 1996 within an orchid tribe by Whitten et al. 2000; between two legume
tribes Mirbelieae and Bossiaceae by Crisp & Cook (in press); between tribes within the
Asteraceae by Bayer & Starr 1998; within the three families now considered to
comprise the Apocynaceae sens. lat. by Potgieter & Albert 2001). The trnL/F region is
also subject to several insertion-deletion mutations (indels) and these have proved
useful as additional characters in phylogenetic analyses and are often found to delimit
clades (e.g. Hauk et al. 1997). They need to be interpreted and coded appropriately
when constructing an alignment in order to ensure that the sequences have the correct
positional homology, as they may cause significant length variation between sequences.
The trnL/F region is usually easy to amplify due to the proximity of highly conserved
genes in which primers can be sited. For this study, it had the added advantage of
having been used in a family-wide phylogeny by Persson (2001) and the sequences
were available in Genbank. They could thus be used to supplement the sequences

gathered for the Australian Polygalaceae.

Extraction, Amplification and Sequencing

For the most part, DNA was extracted from leaf and bud material that had been
preserved in a hexadecyltrimethylammonium bromide (CTAB)-saline solution,
following Rogstad (1992). In cases where no other material was available, extractions
were made from dried herbarium specimens. These specimens were chosen on the basis
of collection date, appearance, and amount of available leaf material in order to

maximise the possibility of extracting useful DNA while preserving the vouchers.

The extraction methods used are a modification of those given in Doyle & Doyle
(1987), scaled to fit into 1.5mL Eppendorf tubes. Leaves of taxa that proved difficult to

amplify were ground in liquid nitrogen before incubation, but the vast majority were
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simply ground directly in the CTAB buffer. After drying, the DNA pellet was
resuspended in 30 uL of sterile water and 2 uL of this solution was run out on a 1%
agarose gel to check the concentration of the DNA against a standard bacterial size
marker (Sppl-EcoRI). Extracted DNA was generally used undiluted in polymerase
chain reactions. Rarely the extracted DNA appeared much brighter than the marker and

was thus diluted with sterile water, with dilutions ranging from 1/10 to 1/100.

The total PCR volume was 25 uL per tube, consisting of: 3 uL of 25 mM MgCl,, 2.5 uL
10x Perkin-Elmer reaction buffer, 2 uLL of 2 mM dNTPs, 0.5 uL of of each primer at 10
M, 1 uL (0.2U) of Perkin-Elmer AmpliTaq DNA polymerase (which had been diluted
| in 5 with storage buffer), 2 uL of template DNA and 13.5 uL sterile water. Reactions
were run on a Corbett Research PC-960C cooled thermal cycler, using a “touch-down”
procedure (Table 3.1). The temperature was progressively reduced to 45°C and the
majority of the cycles carried out at this temperature. Three microlitres of the products
were mixed with a loading dye and run out on a 1% agarose gel with the Spp1-EcoR]

marker to determine the size and clarity of the fragment obtained.

Cleaning of PCR products was dependent on the clarity of the band obtained after
running out on the gel. Products with bands that were distinct were cleaned using a
simple ammonium acetate precipitation. Products with less clear bands or double bands
were cleaned using a BRESAclean DNA gel purification kit from GeneWorks Pty Ltd
(catalogue number BT-3000, batch number V026) and following manufacturer’s
instructions. Two microlitres of the purified products were run on a 1% agarose gel with
the Sppl1-EcoRI marker and the results used to determine the volume of DNA to be used

in the sequencing reactions.

Sequencing reactions for the vast majority of taxa were undertaken using ABI Big
Dye® Version 2 terminators, with two batches using Amersham DYEnamic™ ET
terminators. The standard reactions included 2 uL Big Dye, 1 uL of the primer, and
from 0.5 uL to 3 uL of DNA template depending on the strength of the cleaned PCR
products on the gel. In general, cleaned PCR products with bands of equivalent
brightness to those of the marker were used at 1 uL, while the volumes for those with
brighter or fainter bands were decreased or increased accordingly. Sterile water was
used to make the reaction volume up to 10 pL. The sequencing reactions were run on a
Corbett Research PC-960C cooled thermal cycler, with 30 cycles of 96°C for 30

seconds, 50°C for 15 seconds and 60°C for four minutes. Tubes were then held at 4°C
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until they could be removed. Sequencing products were cleaned using a simple sodium

acetate precipitation and sequencing was undertaken on an ABI-377 automated

sequencer according to manufacturer’s directions.

TABLE 3.1

Internal transcribed spacer (ITS)

: PCR programs used for amplification of Polygalaceac DNA.,

Denaturation | Primer Extension Phase Final extension Cycles
Annecaling
94°C, 3 min | 65°C,30sec | 72°C, 45 sec 1
94°C,30sec | 60°C,20sec | 72°C,dssec | 2
94°C, 45sec | 55°C,20sec  [72°C,30sec | ] 2
94°C, 45 sec_ [ 50°C,20sec | 72°C,30sec | 3
04°C, 45 sce | 45°C,20sec  £72°C,30sec | L 2
94°C, 45 sec | 45°C,20sec | 72°C,30sec | o 30,
72°C, 3 min (then held at4°C) |1
trnL intron, 3" trunl. exon, trnl/F spacer
Denaturation | Primer Extension Final extension Cycles
Annealing
94°C, 2 min | 65°C, 30 sec 72°C, 1 min 30 sec 1
94°C, 45 sec | 60°C, 30 sec 72°C, 1 min 30 sec 2
94°C, 45 sec | 55°C, 30 sec 72°C, 1 min 30 sec 2
94°C, 45 sec | 50°C, 30 sec 72°C, 1 min 30 sec 2
94°C, 45 sec | 45°C, 30 sec 72°C, 1 min 30 sec 37
72°C, 5 min (then held at 4°C) | 1

Primers

The primers used to amplify the ITS region are those listed in Crisp ez al. (1999). These

have been used successfully in Fabaceae subfam. Faboideae and were thus thought

likely to be suitable for Polygalaceae. The ITS regions were amplified in two fragments:

the first using ITS1 (forward) and 5.8R (reverse), and the second using 5.8F (forward)

and ITS2 (reverse). The internal primers were routinely used in both PCR and

sequencing.,

The primers used to amplify the t7nL/F region are given in Taberlet e al. (1991) and

Crisp et al. (1999). The trnL/F region was amplified in two fragments: the first using

“C” (forward) and 540R (reverse),the second using 420F (forward) and “F” (reverse).

The internal primers were routinely used in both PCR and sequencing.
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Sequence Editing and Alignment

Sequences files were exported to Sequencher 3.0 (GeneCodes Corporation) for
assembly and editing. Sequences were aligned by eye for the most part, usually in Se-Al
version 2.0 (Rambaut 1996). The ingroup taxa sequenced for cladistic analysis are listed
with voucher details in Table 3.2. Due to extreme difficulty in determining the
homology of large sections of the ITS sequences, two alignments were subjected to
cladistic analysis in order to compare the results. These competing alignments are
outlined below. The 7rnL/F alignment was considerably less problematic, as pre-aligned
sequences from Persson (2001) could be used as a guide. However, the interpretation
and coding of insertion/deletions was modified slightly with inclusion of the new

sequences. All alignments used are attached in Appendix 1.

Cladistic Analyses

Outgroups

The outgroups specified in the analysis of the ##nl/F dataset are the same as those listed
in Persson (2001), comprising representatives of the three other families in the Order
Fabales (Quillajaceae, Surianaceae and Fabaceae) and three families from within the
sister clade to the Fabales according to the Savolainen er al. (2000) phylogeny
(Fagaceae, Rhamnaceae and Rosaceae). A sequence from another representative of the
Fabaceae, Callistachys lanceolata Vent. (Genbank accession AY015072) was added to
increase the taxon overlap common to the two molecular datasets. The relationships
between these families is relatively well-supported by recent molecular evidence, as
described above, and it was thus considered reasonable to use them as progressively
distantly related outgroups for these analyses. The same reasoning and the availability
of Fabaceae sequences in Genbank made it convenient to use those as outgroups for the
analysis of the internal transcribed spacer data. Thus, sequences from the ITS region of
three legume taxa were used—Medicago lupulina L. (Genbank accessions MLZ99216
and MLZ99232), Callistachys lanceolata Vent. (Genbank accession AY015189) and
Bauhinia pyrrhoclada Drake (Genbank accession AF286359).



TABLE 3.2: Details of taxa sequenced for cladistic analyses

Marker/region \ Taxon name Voucher Specimen and Herbarium Abbreviation
internal transcribed spacer (ITS) | Bredemeyera colletioides (Phil.) Chodat L.J. Marquez 241 (SI) LM241

Comesperma acerosum Steetz | AMMonro51(CANB) T AMSI
Comesperma aphyllum Benth. ) J.ARisler625(DNao) ~~~ JJAR62S
Comesperma calymega Labill. B.E.Pfeil 305 (CANB) BP305

| Comesperma ciliatum Steetz. _ |AMMonroSO(CANB) fAamMso

Comesperma drummondii Steetz, A.M.Monro 41 (CANB) lAamal

‘Comesperma ericinum DC. AM.Monro 102 (CANB) | AM102

Comesperma esulifolium Gandoger | A.M.Monro 62 (CANB) e, JANBG

e B DO | SD{JndidS{mE{}G{S O N B— " SDZ[J()G
BJL4480

Comesperma integerrimum Endl. | B.J.Lepschi4480 (CANB) ~ IBJL4480
Comesperma rhadinocarpum F.Muell. | EA.Griffin 8343 (PERTH) | EAG8343
Comesperma scoparium J.Drumm. ex Steetz | M.D.Crisp9172(CANB) | MIX( o
Comesperma spinosum F.Muell. | G.T.Chandler 810 (CANB) __ GTC810
Comesperma volubile Labill.

A.M.Monro 15 (CANB) AMI5
A.M.Monro 88 (CANB) AMBSS
A.M.Monro 91 (CANB) AM91
M.D.Crisp 9173 (CANB) MDC9173

Emblingia calceoliflora F.Muell.' S.D.Hopper 3303 (PERTH) SDH3303

Epirixanthes cylindrica Blume A.D.Poulsen 304 (AAU) ADP304
Muraltia heisteria (L..) DC. No herbarium voucher (Norton Summit, S. Australia) | AD

Polygala eriocephala Benth. . J}JARisler360(DNA) | JAR360
Polygala exsquarrosa Adema | R K.Harwood 804 (CANB) RKH804
Polygala japonicaHout. | L.M.Copeland 2903 (NE,CANB) LMC2903
Polygala linariifolia Willd. L.M.Copeland 2855 (CANB) | LMC2855
Polygala myrtifolia var. grandiflora Hook. | AM.Monro 67 (CANB)
Polygala virgata Thunb. __| A.-M.Monro 71 (CANB)

| . - . : . . . . i .

The sequences obtained for Emblingia were not included in the phylogenetic analyses due to problems with making homology assessments for a taxon that was clearly distantly
related to the remainder of the sequences. A BLAST search on Genbank indicated that the most closely matching sequences in the database were those from members of the
Capparales, in particular the genus Cleome L.

19 288



TABLE 3.2 (continued)

Marker/region Taxon name T Voucher Spe pecimen anclH_m;?;rium : Abbreviation
internal transcribed spacer (ITS) | Salomonia ciliata (L.) DC. | R.K.Harwood 1023 (CANB) J RKH1023
(continued) Salomonia cantoniensis K.Larsen 46193 (AAU) KL46193
Xanthophyllum fragrans C.T.White DG IS LR e BG7836
Xanthophyllum oc tandrum (F. Mue]] } Domin | B. Gray 7834 (CANB) = B(J?S’M
trnl/F Bredemeyera colletioides (Phil) Chodat | LI Marquez 241 (SI) __ | 2T
Bredemeyera papuana Steenis EE. Henty et al. NGF33220 (CANB) NGF33220
Comesperma ericinumDC. | AM.Monro 102 (CANB) | AMI02
Comesperma rhadinocarpum F.Muell. E.A.Griffin 8343 (PERTH) EAGS8343
Comesperma n:uparmm] Drumm ex ‘;Leet? M. D_Cq_s_p_9___1_?_’_2____{(:_,{"_@]53_}. ‘MDC9172
Comesperma volubile Labill. A.M.Monro 88 (CANB) AMES
Emblingia calceoliflora F.Muell.' S.D.Hopper 3303 (PERTH) SDH3303
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Maximum Parsimony

I'TS

The alignment of the ITS sequences across the family proved extremely difficult—
although making homology assessments within “sequence groups” of presumably
closely-related taxa was straightforward, aligning sequences between these groups was
often problematic. Given the relatively small length of sequence available, it was
considered undesirable to excise areas of ambiguous alignment if they could provide
phylogenetic information within the species groups mentioned. Thus, in several areas
the sequences were “offset” from each other—in other words, areas of obvious
homology in two or more sequences were aligned with each other but not with the
remainder of the sequences. Partial Order Analysis (POA) alignment (Lee er al. 2002),
which balances the need to optimise alignment of each new sequence added to a
multiple sequence alignment with the need to produce the best alignment over all the
sequences, was then used as an independent method of aligning the ITS sequences.
Most of the available algorithms for multiple sequence alignment, such as CLUSTAL
(Higgins & Sharp 1988), proceed by a series of pairwise sequence alignments to build
an alignment for all sequences. CLUSTAL then builds a tree of the relationships
between sequences using measures of their divergences and aligns all sequences in
order from “most recently” until all sequences have been included. One problem with
this approach is the issue of “local optima”—the alignment may not be optimal for all
sequences if an error is made early in the alignment process or if the distance tree is
incorrect (Thompson er al. 1994), POA, by contrast, uses pairwise dynamic
programming rather than reducing an alignment to a linear profile. This guarantees that
the optimal alignment of each new sequence against all the sequences already contained
in a multiple sequence alignment. POA also runs quickly and was thus able to produce
an objective alignment of the ITS sequences, which could be compared to the alignment

constructed by hand.

Both alignments were analysed using the following maximum parsimony settings. A
heuristic search of 1000 random addition sequence replicates was run, holding ten trees
at each step, using tree bisection and reconnection (TBR) branch swapping and the
MULTREES option on. A bootstrap analysis was then carried out, using 1000 bootstrap
replicates with 10 random addition sequence replicates within each and holding 10 trees
at each step. A Bremer decay analysis was also run using TreeRot version 2 (Sorenson

1999), with twenty addition sequence replicates and MAXTREES set to 20000.
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trnlL/F

The mitial parsimony analysis settings used for the trnl/F dataset matched those
described by Persson (2001), in order to directly compare the published results to those
obtained from the expanded dataset. This entailed a two-stage process. An initial
heuristic search was run with 500 addition sequence replicates, TBR branch swapping
and the MULTREES option off. The second search used the trees found in the initial
search as starting trees and used the same search settings but with the MULTREES
option on and MAXTREES set to 5000, meaning that multiple shortest trees from each
replicate were saved but only the first 5000 of these were retained and swapped to
completion. In addition, the second stage of the search was re-run with MAXTREES set
to 10000, to ascertain whether this made a significant difference to the topology of the
strict consensus of the trees. A bootstrap analysis as described by Persson (2001) was
carried out, using 10000 replicates and five random addition sequence replicates within
each. Nearest-neighbour interchange (NNI) swapping was used and the MULTREES
option switched off. A Bremer decay analysis was also run using TreeRot version 2
(Sorenson 1999), with twenty addition sequence replicates and MAXTREES set to
20000.

Bayesian Analyses

After using ModelTest 3.06 (Posada & Crandall 1998) on both datasets, the general
time-reversible model plus invariant sites plus gamma (GTR+I+T") was chosen as that
which best fit the data. ModelTest evaluates 56 evolutionary models and variations to
find the one which best fits the data without adding further parameters. GTR+I+1" is the
most parameter-rich model and allows unequal base frequencies, a substitution rate
differing between each pair of nucleotides (but being equal in either direction of
change), a proportion of invariant sites, and nucleotide substitution rates between sites
following a gamma distribution. Indels were removed from the t7aL/F alignment and
MrBayes version 3.0 (Huelsenbeck & Rongquist 2001) was used to conduct Bayesian

analyses of both datasets.

Bayesian analysis approximates the posterior probability distribution of a set of trees
given the molecular dataset by using a method called Markov Chain Monte Carlo
(MCMC) to sample the treespace and parameter space. It gives some of the advantages
of using a more evolutionarily realistic models-based approach to phylogenetic

estimation, but generally is much faster to run than true maximum likelihood analyses.
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Four Markov chains were run for 500000 generations, sampling a tree every 10
generations. The trees retained during the “burn-in” period before the chains reached
apparent stationarity were discarded and a 50% majority rule consensus tree constructed
from the remaining trees. The values at each node of the majority-rule tree represent the
percentage of the time that the clade occurs among the sampled trees (their posterior

probabilities).

A second mixed model Bayesian analysis was run on the t#nL/F data with indels
included. This enabled the two data partitions (nucleotide and indel) to be unlinked and
their evolutionary history to be approximated under different models. The GTR+I+T"
model was again used for the nucleotide data, but the indels were subjected to analysis
as “‘standard” characters under a Jukes-Cantor plus gamma (JC+ I') model, where all
changes between states are equally likely and site-to-site rate variation follows a gamma
distribution, In this second analysis, four Markov chains were run for 1000000
generations, sampling a tree every 100 generations. The trees retained during the “burn-
in” period before the chains reached apparent stationarity were discarded and a 50%
majority rule consensus tree constructed from the remaining trees. This analysis was run
five times and the consensus trees from each run compared to ensure the runs all

converged on the same tree.

RESULTS

The sequences from the internal transcribed spacer regions are relatively G+C rich, with
mean base compositions of 19.1% adenine, 29.3% cytosine, 31.1% guanine and 20.5%
thymine. This 60% G+C content is similar to that found in at least some members of the
Fabaceae (e.g. 57-59% in Cercis, Davis et al. 2002) and other angiosperms (e.g. ~53%
in the mistletoe genus Korthalsella, Molvray et al. 1999; 56.46% in Alyssum, Mengoni
et al. 2003). By contrast, the trnL/F sequences are markedly A+T rich, with mean base
compositions of 35.2% adenine, 17.5% cytosine, 16.9% guanine and 30.4% thymine.
This 66% A+T richness is close to the average for several angiosperm groups examined
by Bakker ef al. (2000), which ranged between 64.5% and 67.1%. This A+T richness is
evident from the variable-length poly-A and poly-T tracts within this marker. These
tracts are responsible for a number of the indels coded for the /#nL/F dataset, whereas

the ITS sequences do not appear to contain indels which can be meaningfully scored.



Page 66

Maximum Parsimony

I'TS Manual Alignment

Using this alignment gave a total sequence length of 1384 characters, with 640 being
constant and 327 parsimony-uninformative. This left a total of 417 informative

characters in the analysis.

Two shortest trees of 2073 steps were found via the maximum parsimony analysis of the
[TS dataset and the results are largely consistent with traditional classification. The
strict consensus of the trees obtained is shown in Figure 3.2 and a phylogram
representation of one of the shortest trees is shown in Figure 3.3. Relatively equal
branches in the phylogram may indicate a relatively constant rate of base substitution
along each branch. All the genera included appear as monophyletic groups, albeit with
variable levels of support as indicated by the bootstrap statistic and with no supported
resolution of inter-generic relationships. Comesperma is weakly monophyletic,
appearing in only 59% of the bootstrap replicates and the Bremer decay index indicates
that only two further steps would be required to render it non-monophyletic. Polvgala
appears as the sister group to Comesperma in the strict consensus, although this node
does not appear in the bootstrap consensus. The single representative of Bredemeyera
appears as sister to the Comesperma-Polygala pairing, although this again is not
supported by the bootstrap. The final clade within the Polygalaceae sens. str. comprises
Salomonia as a strongly monophyletic group as the sister taxon to the single
representative of Epirixanthes sequenced, with Muraltia heisteria falling sister to these
two genera. This group breaks down under bootstrap analysis, with the position of
Muraltia being unresolved and the Salomonia-Epirixanthes pairing being only
moderately supported. The representatives of Xanthophyllum included in this analysis
are strongly supported as a monophyletic group and appear as the sister taxon to the
remainder of the family. However, this node is also not supported on the bootstrap tree.
Thus, although the traditional generic delimitations appear to be supported in this
analysis, the relationships between the genera are not resolved. Also, the analysis only
includes Australian species for the most part, so it is not possible to comment on the

monophyly of the extra-Australian genera.

Within Comesperma three main groups are evident in the strict consensus tree (Fig.
3.2). These groupings all fall within subsection Eucomesperma and for the most part
correspond with the morphological series described by Chodat (1896). The

representatives from series Confertae form a monophyletic group supported by a
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FIGURE 3.2: Strict consensus of two shortest trees obtained from analysis of ITS sequence data
aligned by hand under unweighted maximum parsimony criteria. Bootstrap
values greater than 50% are shown above the branches, Bremer decay indices
greater than one are given below, and groups corresponding to traditional sub-
generic classification are labelled. Monophyletic groups are indicated by solid
brackets and a box outline around their name, while non-monophyletic groups
are enclosed in a dashed bracket and their names are not boxed.
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FIGURE 3.3: Phylogram representation of one of the two most parsimonious trees resulting
from unweighted maximum parsimony analysis of hand-aligned ITS sequence
data for Polygalaceae. The number of steps is given above each branch. Arrows
indicate the branches that collapse in a strict consensus of the shortest trees.



Page 69

bootstrap value of 100% and Bremer decay index of 16. The sister group to this is a
clade formed by two members of series Scopariae and Comesperma calymega.
Although this does not match Chodat’s classification, it does correspond with that of
Steetz (1847), who placed these two species within his rather different concept of
section [socalyx (as outlined in Chapter 2). Comesperma rhadinocarpum, the only
representative of subsect. Comespermastrum included in the analysis, is the sister
species to this Confertae/Scopariae pairing. Finally, series Volubiles forms a strongly-
supported sister clade to the remainder of the genus. One anomaly in this Volubiles
clade of twining climbers is the presence of Comesperma spinosum, a leafless divaricate
subshrub and usually classified on that basis as a member of series Scopariae. Possible
reasons for this placement will be discussed below. It should also be noted that most of
the resolution among the groups in Comesperma is not well-supported by the bootstrap
values—while Volubiles+C. spinosum, Confertae and Scopariae clades appear strongly

monophyletic in the bootstrap tree, the three groups simply form a polytomy.

While the representatives of Polygala included in this analysis are only moderately
supported (76%) as a monophyletic group, there are two strongly supported subclades.
The first consists of all the members of series Chloropterae included in the analysis.
The other subclade contains the other three species sampled, although these were
classified into three different series by Chodat (1896). This may be a reflection of a lack
of sampling from the other series within Polygala, but the groups are very distinct
morphologically—Chloropterae is partly defined by small flowers with acute, greenish
“wing” sepals, while all the other species sampled have larger flowers with obtuse,

petaloid “wing” sepals.

ITS POA Alignment

Using this alignment gave a total sequence length of 1408 characters (slightly longer
than the alignment obtained by hand), with 844 characters being constant and 132
parsimony-uninformative. This was 204 more constant characters and 195 fewer
uninformative characters than the alignment constructed by hand, probably reflecting
the difference between a global optimum achieved by POA and the offset method
chosen for the manual alignment. Nonetheless, POA alignment left a total of 432
informative characters in the analysis, only slightly more than the 417 informative

characters remaining in the analysis of the hand-aligned sequences.
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Three shortest trees of length 2208 steps (significantly longer than those produced using
the hand alignment, despite the similarity in informative character levels) were found
via maximum parsimony analysis of the alignment generated by POA. The strict
consensus of these trees is shown in Figure 3.4. It differs from the results obtained by
hand alignment in its indication that Comesperma is non-monophyletic—the POA
alignment results in Polygala, Salomonia, Epirixanthes, Bredemeyera and Muraltia
being nested within Comesperma. The relationships within Comesperma are also
changed, with Volubiles and Scopariae forming sister groups rather than Confertae and
Scopariae. However, the species groups obtained from the MP analysis of the hand-
aligned sequences are also all recovered from analysis of the POA alignment. It is the
relationships among these groups (the “backbone” of the tree) that are changed.
Importantly, however, none of these changes in the relationships between groups are
well-supported by the bootstrap analysis and the slightly different topologies of the two
bootstrap trees are a result of very minor changes in the values obtained. Since bootstrap
values will vary slightly when the same number of replicates are run on identical
datasets, it is not surprising that the bootstrap trees for the two different alignments are
not quite identical. However, the clades that are strongly supported in the 50% bootstrap
tree for the hand-aligned sequences are also strongly supported in that for the POA
alignment. Polygala ser. Chloropterae, Comesperma ser. Volubiles (including C.
spinosum), C. ser. Scopariae, C. ser. Confertae and Xanthophyllum all receive high

bootstrap values (>90%) in the analysis of the POA-aligned sequences. These results

echo those found from the analysis of sequences aligned by hand and offset—despite
using two quite different alignment methods, for the most part the same groups are

recovered 1n each case.

trnl/F

One hundred trees of length 1838 steps were found in the initial stage of the maximum
parsimony search and used as starting trees for the second stage. The strict consensus of
the 5000 trees retained from the second stage of the search is shown in Figure 3.5, as are
the consistency index (CI), retention index (RI) and rescaled consistency index (RC)
over all of the shortest trees retained. The strict consensus of 10000 trees retained from
a second search had an identical topology to that shown in Fig. 3.5, so it is not presented
separately. A phylogram representation of one of the shortest trees chosen at random is

shown in Figure 3.6. The number of character states changes on each branch within the
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FIGURE 3.4: Strict consensus of three shortest trees obtained from analysis of ITS sequence data
aligned using POA under unweighted maximum parsimony criteria. Bootstrap values
greater than 50% are shown above the branches and groups corresponding to
traditional sub-generic classification are labelled. Those that are monophyletic are
indicated by solid brackets and a box outline around their name, while non-
monophyletic groups are enclosed in a dashed bracket and their names are not boxed.
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FIGURE 3.6: Phylogram representation of tree #4747 of the 5000 most parsimonious trees
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Polygalaceae sens. strict. 1s relatively low and this predominance of short branches may
indicate relatively recent adaptive radiation in the family relative to the well-
differentiated outgroups. This may also mean that a faster-evolving DNA region would
be required to elucidate the lower-level relationships among and within genera in the

tribe Polygaleae.

The strict consensus tree (Fig. 3.5) largely agrees with that published by Persson (2001),
with the additional taxa simply “slotting” into their genera. There are a few anomalies
however, with the new sequences forming new clades and with sequences from

identical taxa not forming sister groups on the cladogram. Salomonia ciliata
(RKH1023) is sister to 8. ciliata and S. cantoniensis. Likewise, Xanthophyllum
octandrum (BG7834) is not most closely related to Persson’s sequence for this taxon, as
each falls within a different clade within Xanthophyllum in this analysis. It is only a
small number of characters (mostly indels) that differ between these sequences and it is
not clear whether these differences are likely to be real or an artefact of sequencing
error or of misidentification of specimens. However, the newly generated sequences
have been checked for errors in alignment and the identities of the voucher specimens
also reassessed. As only two species of Xanthophyllum and one of Salomonia are known
to occur in Australia and botanists with specialist knowledge of their local flora

collected the samples analysed, misidentification seems unlikely:.

With a small number of anomalous results aside, the results of the /#nL/F analysis are
largely as expected. The new sequences from Xanthophyllum fall within a monophyletic
Xanthophyllaceae, which still forms a sister group to the remainder of the family. The
Polygaleae remains split into two major groups, the fully-resolved Polygaleae I and

unresolved Polygaleae 11 of Persson (2001).

Within Polygaleae II, Comesperma remains a monophyletic group, despite the addition
of further taxa, although the bootstrap value of 64% and Bremer decay index of less
than two indicate only weak support for the genus. The relationship between the
Comesperma and the species of Bredemeyera included in this analysis is unclear, as
both Comesperma and B. colletioides from Bredemeyera sect. Hualania fall within the
unresolved Polygaleae II clade and thus may or may not be sister taxa. However, since
all the members of Bredemeyera sect. Bredemeyera form a monophyletic group in the
Polygaleae I clade and since the only other member of B. sect. Hualania (B.

microphylla) also forms part of Polygaleae I clade (albeit as the sister taxon to a group
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of Polygala species), it can be definitely stated that Comesperma and the South

American members of Bredemeyera are not sister genera.

The Australian species of Polygala fall within a mixed group of Polygala species that
includes P. vulgaris, the type species for the genus. Since only two Australian Polygala
species were sequenced for the rrnL/F region, 1t 1s not possible to comment on the
monophyly or otherwise of the genus within Australia based on these results. While the
sister group relationship between the widespread south-east Asian and Australian
species Polygala japonica and another south-east Asian species P. erioptera seems
plausible, it is surprising that the northern Australian/eastern Malesian P. exsquarrosa is
grouped so closely with the European P. vulgaris (found in Australia only as a sparingly
naturalised weed). This may however be due to under-representation of the large section
Polygala in this study and the groupings are not strongly supported by the bootstrap
values. However, it does seem reasonable to believe that the previous placement of the

Australian species in this section within Polvgala is correct.

Finally, the placement of Bredemeyera papuana Steenis (=Polygala papuana (Steenis)
Meijden) remains problematic. Although it forms the sister group to Salomonia in this
analysis, the placement is not supported by the bootstrap values and its position in the
bootstrap tree is thus unresolved within the Polygaleae II clade. The difficulty in
unambiguous placement may be due to the fact that only a partial sequence of
Bredemeyera papuana could be obtained from the available herbarium material and the
sequence could not replicated despite DNA being extracted from a range of specimens.
[t is thus difficult to know whether this sequence may actually be contamination from
another member of the family. Re-collection of this poorly known species will almost

certainly be required to elucidate its relationships.

Bayesian Inference

ITS

The Markov chains reached apparent stationarity after approximately 10000
generations, so the first 1000 trees retained were discarded before constructing a
consensus tree. The 50% majority-rule consensus tree is shown in Figure 3.7. Many of
the same groups obtained via maximum parsimony analysis are also recovered in the
Bayesian analysis and show high posterior probabilities under the chosen model. A

monophyletic Comesperma was recovered in 100% of the trees retained and the same
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three subgeneric groups found in the maximum parsimony analysis (Confertae,
Scopariae, and Volubiles+C. spinosum) were also present in all the trees. While the MP
analysis of hand-aligned ITS sequences indicates a sister group relationship between the
series Confertae and Scopariae and then places C. rhadinocarpum sister to this pairing,
the Bayesian results place C. rhadinocarpum sister to the third sub-generic group, Ser.
Volubiles (including Comesperma spinosum). The position of Comesperma
rhadinocarpum differs in the results for the two methods of alignment under MP criteria
and in the Bayesian results, and it is thus difficult to conclusively place the species. This
was recognised by Chodat (1896) in his placement of it in a different subsection from
the vast majority of other species in the genus. However, the Bayesian results placing
Comesperma rhadinocarpum sister to the (Volubiles+C. spinosum) clade are the only
ones where its placement receives some stability, having a posterior probability of 96%

in this analysis.

Outside Comesperma, the results are also similar to those obtained under maximum
parsimony. The sister group to Comesperma again consists of a grouping of Polygala,
Salomonia/Epirrhixanthes, Bredemeyera and Muraltia. While this grouping of genera
recelves an 85% posterior probability value, the relationships within it are again unclear
and the genera form a polytomy. Polygala ser. Chloropterae receives a posterior
probability value of 100%, while all the representatives of Polygala included in the
analysis are grouped together with 99% posterior probability. The grouping of

Salomonia with Epirrhixanthes is recovered in 98% of the Bayesian trees.

trnl/F

The Markov chains in the first analysis reached apparent stationarity after
approximately 32000 generations, so the first 3200 trees retained were discarded before
constructing a consensus tree. The 50% majority-rule consensus tree is shown in Figure
3.8. Again, the groups obtained via Bayesian analysis are very similar to those
appearing in the MP consensus tree. One notable difference is the greater resolution
within the Polygaleae II Clade, but this for the most part is not strongly supported. The
same small species groups appear with high posterior probabilities in the “twigs” of the
50% majority-rule tree, but the large polytomy is broken up slightly more into
subgroups with low posterior probabilities. For example, Comesperma, Monnina and
three species of Polygala form a polytomy within the larger Polygaleae 11 clade but this

grouping only receives a posterior probability of 61%. Comesperma sens. strict. again
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appears as a weakly-supported group, with only 59% of the trees retained containing the
group. Interestingly, Bredemeyera papuana (which has previously been linked with the
Australian Comesperma species) falls as sister taxon to Comesperma, but only in 66%
of the Bayesian trees. Within Comesperma, the results are identical to those obtained
from maximum parsimony. The limited sampling does not allow direct comparison to
results obtained from the ITS dataset, but the same groups recur in this analysis.
Comesperma scoparium is closely related to C. calymega and these species form a sister
group to C. volubile and C. rhadinocarpum. The sister group to this entire grouping are

members of the series Confertae.

For the second analysis, which included indels, apparent stationarity was reached after
approximately 20000 generations, so the first 2000 trees retained were discarded before
constructing the consensus tree for cach of the five replicates. The trees obtained from
an analysis including indels were nearly identical to those obtained from the analysis
where indels were excluded, although Bredemevera papuana once again falls sister to
the Salomonia clade as it did in the maximum parsimony results. Since the 50%
majority-rule consensus trees from the mixed models analysis are otherwise identical to
that shown in Figure 3.8, albeit with slightly higher posterior probabilities on many
branches, they are not presented separately. It seems likely from these results that the
phylogenetic signals contained in both the t#nL/F nucleotide and indel data are

congruent.

DISCUSSION AND CONCLUSIONS

The degree of taxon overlap between the two molecular datasets limits comparison of
results to a fairly general level. Nonetheless, some groups and relationships recur across

datasets and modes of analysis.

The molecular datasets indicate some support for the traditional classification within the
Polygalaceae. For example, Comesperma appears as a monophyletic group in all the
analyses with the exception of that of the POA-aligned ITS sequences. While the levels
of support or credibility that can be placed in this clade vary widely according to the
dataset and model of phylogenetic inference, it does seem likely that the Comesperma
sequences share a common evolutionary history. Also, the Persson (2001) trnl/F
dataset shows that “section” Comesperma is not the sister genus to the remainder of the

species in Bredemeyera sensu Chodat (1896) and adding more taxa in Comesperma did
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not change this situation. Since Bredemeyera sens. lat. is clearly polyphyletic, the most
conservative course is to maintain Comesperma as a distinct genus in the absence of
further evidence to contradict this decision. Neither dataset gives any conclusive
indication of which group may be sister to Comesperma, as the relationships among the
genera are far from clear. Bayesian analysis of the ITS dataset places Comesperma as
the sister group to all other representatives of the family (excluding Xanthophyllum)
within Australia. By contrast, maximum parsimony analysis of the same data places
Comesperma as the sister group to Polygala, with all other genera being progressively
distantly related to that clade. trnL/F sequences leave the position of Comesperma
within the Polygaleae II clade largely unresolved, despite the Bayesian analysis
indicating a weakly-supported grouping of Monnina, Comesperma and three Polygala

species from the Americas.

Within Comesperma, Chodat’s (1896) sub-generic classification is supported by the ITS
data. The series Confertae, Scopariae, and Volubiles (albeit with the inclusion of C,
spinosum) are recovered using this dataset regardless of alignment method or the
evolutionary model used. This unexpected placement of Comesperma spinosum may be
explained by the possibility (previously alluded to in Chapter 2) that it has been
misplaced in series Scopariae. The species definitely possesses elongate mature fruit
and seeds with a coma, while the Scopariae are defined by “Polygala-like” (i.e. round
or cordate) fruit and seeds lacking a coma. Herbarium specimens with mature fruit are
rare, however, and the overall habit of the plant is very similar to that of other members
of the Seopariae (leafless and divaricate shrubs) so it is not difficult to understand this
error. In addition to the three series just mentioned, the only representative of subsection
Comespermastrum included in the analysis, Comesperma rhadinocarpum, is weakly
supported as the sister group to the Volubiles by both datasets. Further representatives of
Comespermastrum would need to be sampled to test its monophyly, but the placement
does indicate that the subsection Eucomesperma to which the series listed above belong
may be non-monophyletic. The sampling within Comesperma for the trnL/F data is not
sufficient to clarify the sub-generic relationships, but the representatives that are

included broadly confirm the monophyly of and divergence between the series listed.

The gross polyphyly of Polygala overall and of the type section Polygala shown within
the 77nL/F data indicates that significant changes in classification will be required,
although this is not advised until further data becomes available to support the results of

Persson’s (2001) study. He found that the groups could be largely classified
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geographically, suggesting that the previous characters used to define subgeneric
groupings have been artificial. The Australian species included in the analysis of ITS
sequences were grouped into two subclades within Polygala, with the series
Chloropterae forming a strong monophyletic group and the other species forming a
sister clade of “showy-flowered” species. Obviously this does not cover the great
diversity within even section Pelygala, but does lend support to the morphological
grouping of the small-flowered Australian and Malesian species that lack petaloid inner

sepals.

Perhaps the most frustrating aspect of both molecular datasets is the lack of resolution
between relatively strongly-supported species groups, or the weak “backbone” of the
trees obtained. This hampers an understanding of the relationships both within and
between genera. While many of the species groups (or sections) indicated in the trees
are strongly supported by bootstrap values in the parsimony analyses or receive high
posterior probabilities in the Bayesian reconstructions, the links between these groups
usually collapse in a bootstrap tree or receive very low probability scores. Sampling also
contributes to this problem—for example, the two species of Salomonia sampled for
ITS form a monophyletic group with Epirrhixanthes cylindrica as their sister taxon, but
1t 18 not possible to categorically state from this that Epirrhixanthes and Salomonia
should be united as a single genus. Some of the lack of backbone resolution with the
ITS sequences may be due to the problem of saturation confounding the alignment. It
was easy to align within “groups” of species, but became difficult to align across more
distantly-related taxa. Since the internal transcribed spacer regions are relatively fast-
evolving, they may have accumulated numerous substitutions in the variable regions
and become saturated. It is thus not possible to detect the evolutionary signal in these
regions for higher taxonomic levels. ITS then may have been a poor choice of region for
a study focusing on a family-level problem. While the Persson (2001) trnL/F data casts
light on the tribal relationships in the family and indicates a number of strongly-
supported generic and sectional groups, further data are required to resolve the
Polygaleae II polytomy. Data from other regions of the chloroplast may well be able to

fill this gap.

The levels of homoplasy in the molecular datasets, as measured by the consistency and
retention indices, are significantly lower than those obtained in the analysis of

morphological data. Nonetheless, the two different sources of data have several points
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of agreement and an attempt to reconcile the topologies obtained will be made in the

next chapter.
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Chapter Four:

Congruence, Conflict and Conclusions

INTRODUCTION
Using Data from Multiple Sources

[t has become increasingly common in recent years for phylogenetic analyses to include
data obtained from more than one source. As molecular data have become more readily
available, it is common for studies to include sequence data from one or more genomic
regions and often also morphological characters. It has thus become necessary to devise
methods to deal with data from multiple sources and this is a fairly controversial issue
in the systematics literature, with a variety of different approaches being proposed and

criticised (reviewed in Huelsenbeck et al. 1996).

When using more then one source of data for phylogenetic analyses, congruence of the
results obtained is often considered to lend support to hypotheses of relationships and
thus to taxonomic decisions based on the results. This is cited as an extension of the
scientific principle that hypotheses supported by multiple independent sources of
evidence are preferred to those supported by a single source (Miyamoto & Fitch 1995).
Phylogenetic trees produced from each source of data are compared and groupings that
appear in more than one or all of the supported topologies identified. A consensus
topology from a single dataset may be rather poorly resolved, but this approach
summarises the consensus of all datasets—the groups on which all agree. One pitfall of
this method is that a single taxon that is placed in either of two positions can collapse a
consensus tree and thus show less information than is actually present. The agreement in
topologies obtained from different data sets is termed taxonomic congruence
(Mickevich 1978; Kluge 1989) and separate analyses are sometimes characterised as the

“never combine” approach.

Another approach to the issue of synthesising information obtained from more than one
source 1s to “always combine” data, also known as character congruence or total
evidence. This method combines the raw data into a single matrix that is then analysed
as a whole. Some of the arguments for combining all the available data include
maximising the explanatory power of the available information and the possible
presence of “hidden support™ (Gatesy et al. 1999). Groupings that do not appear in the

topologies obtained from separate analyses may be found if the data are combined or the
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support for a given grouping may be greater in a combined analysis than from any of the
separate analyses. This is taken to indicate that the presumably random “noise” created
by homoplasy is overcome by data combination and the underlying signal in the data 1s
thus highlighted. Combined analysis may also provide positive interaction (Hillis 1987)
among the data and resolution of a phylogeny at varying taxonomic levels. For example,
a fast-evolving gene can provide information about the relationships within species
groups with a more slowly evolving region resolving the relationships between these
groups. However, if two datasets both have well-supported but strongly conflicting
signals, combination of data is likely only to result in a poorly resolved and inaccurate
estimate of the phylogeny. This incongruence has been shown to occur in nuclear and
chloroplast genomes from the same group of plants, which are separated within each
cell and inherited independently In angiosperms, the haploid mitochondrial and
chloroplast genomes are generally inherited maternally (Birky 1995) while the diploid
nuclear genome is inherited biparentally. Thus, two of the major reasons cited for using
the total evidence approach—the artificial nature of data partitions and the congruence
of characters from different sources in organisms which have a common evolutionary
history—may not always apply and in these cases a combined analysis is not

appropriate.

A third approach to the issue of multiple datasets is conditional combination
(“sometimes combine”; Bull ez a/l. 1993, Rodrigo et al. 1993, de Queiroz 1993). This
can be considered a special case of the taxonomic congruence approach, as it also
compares the results of separate analyses to check for congruence between them.
However, in this method the data are initially analysed separately to ascertain whether
there is significant conflict between the topologies obtained from each source and are
only combined for a final analysis if they are not strongly incongruent. Several
statistical tests exist to evaluate the degree of congruence between multiple data based
on maximum parsimony criteria, including the Templeton test (Templeton 1983),
incongruence-length difference test (ILD; Farris er al. 1994) and the topological
incongruence test (Rodrigo e al. 1993). The first two tests are character-based and the
third topology-based. The conditional combination approach is appealing because it
allows exploration of the individual datasets in the initial separate analyses, but does not

preclude the advantages of a combined analysis if the results are congruent.

Much of the controversy surrounding separate versus combined analyses was irrelevant

to data obtained for the Polygalaceae, as there was unfortunately very little taxon
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overlap between the datasets. Pruning the datasets to include only those taxa common to
all three would result in a very small subset of taxa and a phylogeny of these would be
uninformative in regard to the questions initially posed in this study. However, the issue
of creating phylogenetic trees from multiple datasets in which not all taxa are
represented has been receiving attention in recent years, largely as a result of the “Tree
of Life” project. Any attempt to build a phylogenetic tree for all the described taxa on
Earth will inevitably have to deal with groups for which no phylogeny exists and with
groups that have only partial phylogenies from differing sources. Where more than one
putative phylogeny exists for a group, the taxa included seldom correspond exactly. It
also may not be possible to combine the datasets used to generate the phylogenies into a
“supermatrix”, due to difficulties on homology assessment and in the wide variety of
data types used. Even in cases where combining the taxon/character matrices would be
valid, large amounts of data would be missing for the taxa which are not shared between
datasets. In these cases, an approach that combines the existing partial phylogenies into

a “supertree” is extremely useful.

Supertree methods have been reviewed by Sanderson et al. (1998). They define a
supertree as a tree containing all the taxa combined from two or more source topologies.
Such supertrees can be constructed using a variety of methods and using either a direct
or indirect approach. The direct approach is to construct strict consensus supertrees
from the source trees, but this method can only be used if the source trees are
compatible—that is, they agree on the relationships between the taxa which they share.
Strict supertrees are a conservative method of combining trees from multiple sources, as
they illustrate the relationships on which all of the source trees agree. The strict
consensus supertree can also be constructed in a relatively short amount of
computational time. Some attempts have been made to develop “semi-strict” methods
which can construct consensus supertrees from incompatible source trees (e.g. Gower &
Wilkinson 1996), but these methods have not yet been implemented in freely-available
software. Currently when there is conflict between the source trees, indirect supertree

methods must be used.

Perhaps the most widely used indirect approach to supertree construction is matrix
representation with parsimony (MRP; Baum 1992, Ragan 1992). This technique

converts each source topology into a data matrix where each clade on a source tree
becomes a “character” in the matrix, with each taxon scored for its presence (1) or

absence (0) in that clade. The matrices from the individual source trees are then
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combined, with taxa not present in a given source tree scored as missing data (7). A
dummy MRP outgroup taxon, which has all the pseudocharacter states scored as zero, is
added to root the trees. A parsimony analysis can then be conducted on the whole
matrix to find the shortest possible supertrees, which represent the optimal solutions to
the combination of the source trees. It is also possible to apply different coding schemes
and weights for characters in MRP analyses, depending on the nature of the data being
used. In a MRP analysis, 1t 1s possible to weight clades from the source trees
(“characters”) using the relative support value for that clade and thus to give differential
importance to the contribution of each data source based on the confidence placed in it.
Weighting clades by some index of their overall support in a dataset (e.g. the bootstrap
values for each clade) should overcome some of the conflict between datasets when
building supertrees, as more value is given to groupings which are robust. Modelling
studies (e.g. Bininda-Emonds & Sanderson 2001) have found that weighted MRP
analysis provides a better estimate of the true phylogeny than unweighted analyses.
However, studies using weighted MRP for real data are still relatively uncommon,
probably due to unavailability of software packages which can easily convert bootstrap

or other trees with a measure of support into a MRP dataset with weightings.

METHODS
Character Combination

The morphology, ITS and trnL/F datasets were pruned to include only those taxa
common to all three. This resulted in a very small subset of taxa and ILD testing (Farris
et al. 1994) indicated incongruence between the three data partitions. Due to the skeletal
nature of the taxon sample common to all three, a combined analysis was unlikely to
produce a meaningful phylogeny with information bearing on the aims of the project.

Character combination was thus not explored further.

Topology Comparisons

Although the three datasets used for the Polygalaceae contain very few overlapping
laxa, it was possible to compare the topologies generated from these datasets in general
terms. Any similarities cannot be considered true taxonomic congruence due to the
missing taxa, but comparisons may still be useful to identify areas of broad agreement

or conflict between molecular and morphological data. This will simply be
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accomplished by comparing the five topologies from the three available datasets
(morphology analysed under maximum parsimony, ITS MP and Bayesian, trnl/FF MP

and Bayesian) and identifying any groups which occur in more than one topology.

Topology Combination

Supertree Construction

Unweighted MRP

Five source topologies from three datasets were used to construct supertrees. The source
topologies were constructed using morphological data (Fig. 2.1), ITS data (Figs 3.2 &
3.7) and the trnL/F dataset largely sourced from Persson (2001; Figs 3.5 & 3.8). Three
of the topologies were the strict consensus of all shortest trees found in maximum
parsimony analyses and the remaining two were the 50% majority-rule consensus from
Bayesian analyses. Taxa which were represented more than once in a dataset (e.g. from
the multiple ITS sequences of Comesperma volubile) were “pruned” from each
topology so that each dataset contributed a single end taxon for each species. The
topologies were converted into a matrix for parsimony analysis with RADCON 1.1.5

(Thorley & Page 2000), using the “components coding™ option.,

Parsimony analysis of the data matrix produced by RADCON was conducted in two
stages in PAUP*4.0b10 (Swofford 2002). Two initial heuristic searches of 10000
random addition sequence replicates and saving two trees from each replicate were used
to get some 1dea of the shortest tree length. A series of ten further heuristic searches was
then run, ensuring that the minimal tree length found in the initial searches was reached
in each search and then saving 20000 trees of that length. Both strict and Adams
consensus trees (Adams 1986) from each of the ten searches were then constructed and
compared to ensure that the trees saved from each replicate were representative of the
analysis as a whole. Adams consensus trees were used because they show the groups
which occur in all the optimal trees and collapse taxa that occur in more than one place
within a clade to a basal polytomy. It is thus able to show the structure common to all
the optimal trees in a replicate without being collapsed by a small number of difficult
taxa as a strict consensus can be. However, caution must be used when interpreting an
Adams consensus tree (Nelson & Platnick 1980; Wilkinson 1994) as the polytomies
within it can be ambiguous. The internal branches in an Adams consensus tree
correspond to nestings rather than to the usual dichotomous split and a polytomy may

thus be resolved in several more different ways than a polytomy in a strict consensus
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tree. Since “rogue’ taxa are collapsed to the nearest node common to all trees, they may
leave behind groups which appear monophyletic but did not appear in any of the
underlying trees. Adams consensus trees can be useful for identifying problematic taxa
in a dataset—those which are placed in more than one position within the shortest
trees—but cannot be interpreted in the same way as a strict consensus. The resolved
clades generally indicate relatively close relationships, but the resolved relationships
may not be strictly congruent with any of the fundamental phylogenies. The apparent
increased resolution offered by an Adams consensus over a strict consensus in a

supertree analysis may thus in fact be spurious and misleading.

Weighted MRP

A second supertree analysis was undertaken to examine the effect of using bootstrap
“support” values for the clades as a method of weighting. Since bootstrap values were
only available for three of the topologies used in the unweighted supertree (the strict
consensus trees from the maximum parsimony analyses of the morphology, ITS and
trnL/F datasets), a new MRP matrix was constructed using only these source trees. One
thousand fast bootstrap replicates were run on each of the three datasets and the
resulting bootstrap values saved for use as a weights set. Since it was desirable to give
more weight to high bootstrap values and relatively less weight to lower values, rather
than using a linear weighting scheme, the bootstrap proportions were squared. These
“square boot” values thus ranged from 0.25 (50% bootstrap) to 1 (100% bootstrap) and
were multiplied by 100 and rounded off to give integer weights as required by PAUP*.
Nodes from the three source trees which did not appear in the 50% majority-rule
bootstrap trees were given a weight of 20. A weighted maximum parsimony analysis
was then conducted in two stages. Initially two sets of 10000 random addition sequence
replicates were run, saving only two shortest trees per replicate. The two sets of shortest
trees saved were combined and used as starting trees in the second stage of the analysis,

with MAXTREES set to 50000 and these were swapped to completion.

RESULTS

Topology Comparisons
The strict consensus of all shortest trees obtained from cladistic analysis of the

morphological dataset (Fig. 2.1) indicates that Comesperma is a monophyletic group,
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containing three monophyletic series sensu Chodat (1896)—Voelubiles, Disepalae and
Isocalyx. Series Scopariae appears non-monophyletic in this analysis and the majority
of the remainder of the species in Comesperma (Series “Eucomesperma’) form a
polytomy of a few species groupings. In this analysis, much of Series Scopariae forms
the sister group to Series Volubiles. The sister group to Comesperma as a whole in this
analysis 1s Polygala, but the latter genus has Bredemeyera nested within it. The species
from Polygala Series Chloropterae form a monophyletic group. Salomonia, Muraltia
and Emblingia are progressively sister to the Comesperma+Polygala (including

Bredemeyera) clade, with Xanthophyllum being used as an outgroup to root the tree.

Broadly speaking, the results from analysis of the ITS dataset using both maximum
parsimony and Bayesian analysis are not in conflict with those based on morphology.
However, the ITS strict consensus trees (Figs 3.2 & 3.7) are significantly more resolved
than that from MP analysis of the morphological data. The ITS dataset also indicates
that Series Scopariae 1s non-monophyletic, although the taxon falling outside the series
(Comesperma spinosum) differs to that in the morphological results (C. defoliatum).
The ITS consensus trees shows a sister group relationship between Series Confertae and
Ser. Scopariae (minus C. spinosum). Series Volubiles 1s the sister group to this pairing,
but the position of C. rhadinocarpum (Subsect. Comespermastrum) differs between MP
and Bayesian trees. The two analysis methods also differ in defining the sister group to
Comesperma, with MP placing Polygala as sister to Comesperma (as did the
morphological analysis, albeit with the inclusion of Bredemeyera) and the Bayesian
results indicating that a largely unresolved grouping of
Polygalat+Salomonia+tEpirixanthes+BredemeyeratMuraltia 1s the sister group. Both
methods agree on two strong groupings within Polygala, one consisting of species with
petaloid lateral sepals and the second including members of Series Chloropterae with
herbaceous lateral sepals. The two analyses also place Xanthophyllum as the sister

group to the remainder of the family within Australia.

[t 1s difficult to compare these findings to those from analysis of the trnl/F sequence
data, as only a very small subset of the Australian taxa were present in that dataset.
However, in broad terms the groups which are in common show a similar pattern of
relatedness to that from morphological and ITS datasets. The representatives of
Comesperma included form a monophyletic group and include a strongly-supported
Series Confertae. The representatives of Series Scopariae and Volubiles again appear

closely related and show a similar pattern to the ITS data by grouping with Comesperma
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calymega and C. rhadinocarpum. The position of Bredemeyera papuana is equivocal,
appearing as the sister group to Comesperma in the Bayesian analysis, but falling rather
unexpectedly into a clade with Salomonia in the MP consensus. It is not possible to say
much about the position of the two Australian Polygala species included in the trnl/FF
dataset, other than they fall within the same clade regardless of the analysis method and
that they appear to be correctly placed within Section Polygala, as the type species for
the genus (P. vulgaris) is also a member of this grouping. Finally, the addition of two
Australian Xanthophyllum sequences did not affect the sister-group relationship

between this genus and the remainder of the Polygalaceae.

These overall results of the topology comparisons can be summarised as follows:

Agreement among all datasets

e Comesperma is a monophyletic group, not a sister genus to Bredemeyera as a whole.

Agreement between two datasets
e Xanthophyllum is a monophyletic sister group to the remainder of family (thus used as

outgroup in morphology dataset).

e Members of Polygala Series Chloropterae (species with herbaceous rather than petaloid
lateral sepals, including the majority of the Australian native or endemic taxa) form a

monophyletic group.

¢ Several of Chodat’s (1896) subgeneric groups within Comesperma—Volubiles,
Scopariae (minus C. spinosum or C. defoliatum), Confertae—are recovered in
morphological and either trnL/F or I'TS datasets. Since the traditional classification was
based on morphology, it is unsurprising that these appear in an analysis of
morphological data. However, there is also weak corroboration of these groups from

some of the molecular data.

Unresolved or uncorroborated findings (single dataset only)

e Bredemeyera papuana groups with South American species using morphology, but its
placement in the /rnL/F consensus trees is ambiguous and changes with the

evolutionary model applied.

e A species of Epirixanthes forms the sister group to the species of Salomonia included in

the ITS dataset.
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Matrix Representation with Parsimony

Unweighted MRP

The data matrix constructed by RADCON using the five unweighted source topologies
from the Polygalaceae data contained 126 taxa (including the MRP outgroup) and 217
“characters”. The shortest trees obtained by the initial analyses of the RADCON data
matrix were 251 steps long. The strict consensus of the 20000 shortest trees are not
identical across replicates and neither are the Adams consensus trees, but each
consensus type from all replicates differs only in the position of a few taxa. The least
resolved and thus most “conservative” strict consensus tree was also the most common
(found in nine of the eleven replicates) and is shown in Figure 4.1. The most common
Adams consensus tree (found in seven of the eleven replicates) is shown in Figure 4.2.
Measures of the fit (consistency and retention indices) of the three datasets to the strict
consensus tree and to one of 20000 shortest trees chosen from a replicate at random are

shown 1n Table 4.1.

TABLE 4.1: Goodness of fit measures for the source tree data to the strict consensus and one
tree chosen at random from a replicate which saved 20000 shortest trees

Number of

characters in
Source of Data  MRP analysis  Strict Consensus Random MP Tree

Cl RI CI RI

All trees 217 0.409 0.673 0.865 0.965
Morphology MP 38 0.495 0.534 0.803 0.850
ITS Bayesian 23 0.613 0.555 0.960 0.935
TS MP 26 0.636 0.623 0.960 0.968
trnL/F Bayesian 67 0.785 0.741 0.955 0.982

trnL/FF MP 63 0.814 0.764 0.944 0.968

The most common Adams consensus (Fig. 4.2) indicates that Comesperma is a
potentially monophyletic group in this analysis, although it completely collapses into a
polytomy containing the entire remainder of the tribe Polygaleae in the strict consensus
tree. This lack of confirmed monophyly is puzzling initially, as all the source trees used
agree on Comesperma as a monophyletic group. One might expect this node to appear

in the supertrees also, but this is likely to be due to the degradation of the effectiveness
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FIGURE 4.1: Strict consensus MRP supertree of 20000 shortest trees obtained from maximum
parsimony analysis of five source topologies from three Polygalaceae data sets.
Groupings are those on which all five topologies are unequivocal or those which are
unique to a single dataset. Names of taxa from Comesperma are shown in pink,
while those from Polygala series Chloropterae are shown in blue.
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FIGURE 4.2: Adams consensus MRP supertree of 20000 shortest trees obtained from maximum
parsimony analysis of five source topologies from three Polygalaceae data sets,
Names of taxa from Comesperma are shown in pink, while those from Polygala
series Chloropterae are shown in blue,
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of all methods of supertree and supermatrix analysis reported by Bininda-Emonds and
Sanderson (2001) when taxon overlap between datasets is low. They found that the
beneficial effects of using more source trees were negated when taxon overlap between
the trees was low and that the most accurate results were obtained when the degree of
taxon overlap was greater then 75%. This is an intractable problem for the current study

without further data being available.

In the Adams consensus, one species, Comesperma lanceolatum, 1s placed in a
polytomy at the node below that leading to the remainder of the genus, but this does not
preclude the possibility of a sister relationship and thus monophyly in that tree.
Comesperma lanceolatum 1s unique morphologically in the genus, with the upper
stigma lobe being membranous and bearing a tuft of hairs, and it is only represented in
the morphological dataset, so it is not surprising that the species cannot be conclusively

placed in the supertree.

Within Comesperma, many of the subgeneric groups described by Chodat (1896)
appear, again strongly influenced by the morphological dataset where all taxa are
represented. However, the molecular datasets do not conflict with these groupings
where the taxa do overlap—the conflict is at the level of the relationship among the
groups, as represented by the large polytomy containing Series Volubiles, Confertae,

Disepalae and a pairing of Comesperma aphyllum and C. scoparium (Series Scopariae).

One somewhat surprising grouping in the Adams consensus supertree 1s the inclusion of
Comesperma within a clade including Monnina and some Polygala species from
sections Chamaebuxus and Phlebotaenia. These taxa are only included in the trnl/F
dataset, where they all form part of the Polygaleae II clade of Persson (2001). This
separation represents a disruption of the two Polygaleae clades indicated by trnl/F due
to the influence of the morphological and ITS datasets. Since the entire Polygaleae
grouping collapses in the strict consensus, it would be premature to postulate a close
relationship between Comesperma and these other groups without further evidence, but
it does lend one further indication that Comesperma is not the sister genus to

Bredemeyera sens. strict.

Finally, the supertrees include Polygala series Chloropterae as a monophyletic group
and the Adams consensus places it as the sister group to the majority of the other
Polygala species in Australia. This is of course an artefact of their sister relationship in

the morphological and ITS analyses. There are likely to be many taxa missing
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“between” these two groups, as series Chloropterae occurs naturally in Australia, while

the second clade consists of an “artificial” group of mainly introduced taxa.

[n summary, the supertrees constructed by analysis of the MRP dataset are a useful way
to visualise the relationships across the Polygalaceae and to examine those on which the
three datasets all agree. Much of the structure is derived from 7rnlL/F, the largest dataset
which includes many unique taxa. The possibility of the larger datasets dominating
supertree analysis has been recognised, but Kennedy & Page (2002) found that this
problem was minimised when a larger proportion of the taxa in the large analysis are
shared by other datasets. They also indicated that the domination of signal from large
datasets was more of a problem for their supermatrix analysis of the same data. The tree
statistics shown in Table 4.1 indicate that the /7nL/F dataset is most consistent with the
supertree topology, while morphology is the least consistent. However, none of the
source trees used 1s significantly at odds with the supertree topology, as indicated by the
difference between the CI and RI for any given source tree in comparison to the CI and
RI for the overall supertree. In the Polygalaceae supertrees, both ITS and morphology
datasets are useful in providing a check on the relationships indicated by 7r¥nL/F and the
“veto” power of the smaller datasets will collapse any clades on which the source trees
conflict. However, this veto power may give undue weight to the relationships
supported by the smaller datasets in this analysis or at least downweight the relatively
well-supported hypotheses contained in the trnl/F topology. The subsequent lack of
resolution in the supertrees may thus be a somewhat spurious result. It is for these
reasons that a weighting scheme for the MRP pseudocharacters 1s desirable, as it can
upweight those clades which are well-supported in their source tree over those where

the support is limited.

Weighted MRP

The weighted analysis contained 126 taxa and 124 *“characters” (i.e. nodes from the
three source trees). The two sets of trees saved from the two initial replicates included
5312 and 6715 trees respectively, all of length 6715 steps. After using these as starting

trees, 50000 trees were saved and strict and Adams consensus trees constructed.

The strict and Adams consensus trees from the weighted analysis are actually less-
resolved to those presented for the unweighted replicates (Figs 4.1 & 4.2). They do not

conflict with the results from unweighted analyses, but many more species are placed in
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polytomies. Since they contain less resolution and there are no novel placements of

taxa, they are not presented separately.

The weighted analysis again cannot confirm the monophyly of Comesperma, and the
strict consensus is identical for both unweighted and weighted analysis in regard to this
genus. These results indicate that weighting by a measure of support for a clade cannot

overcome the problems of low taxon overlap in supertree analysis.

CONCLUSIONS AND FURTHER WORK

This study has examined the evolutionary relationships of the Polygalaceae in Australia
and a revision of the family has been completed in light of the phylogenetic analyses
(see Appendix 1). One morphological and two molecular datasets have been gathered
and analysed under maximum parsimony. The molecular datasets were also subjected to
Bayesian analyses. The putative phylogenies are presented separately and have also

been combined in the form of MRP supertrees.

At least partial answers have been found for the five specific questions posed at the

beginning of this project.
e Is Comesperma a “good” genus or is it congeneric with Bredemeyera?

All three datasets indicate that Comesperma is a monophyletic group and that it is not
nested with the representatives of Bredemeyera included in the analyses. Although the
defining characters for each genus are relatively few, it is clear they should not be
combined. Persson’s (2001) analysis of z7rnL/F also shows that Bredemeyera itself is
polyphyletic and splits into sectional groups in his trees. The generic status of
Bredemeyera should probably be narrowed to exclude Hualania also, although further

data to confirm these results would strengthen such a decision.

e  Where should Bredemeyera papuana be placed?

This species remains problematic for several reasons—it has not been re-collected since
the late 1960s and it was extremely difficult to extract useful DNA from the few
specimens which are available. A half sequence was generated for the trnL/F dataset,
but its position within the phylogenetic trees differed with analysis method. Bayesian
analysis does indicate a sister group relationship to the remainder of Comesperma and

there are morphological features in commeon, but without re-extraction and
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re-sequencing, the position of this species must be considered ambiguous. Attempts to
sequence the existing DNA sample for other regions or to resequence the trnl/F region
failed due to contamination issues and the low levels of whole DNA for the species. Re-
collection from the wild and/or improved sequencing techniques may provide a solution

for this problem.

e s Epirixanthes a “good” genus or 1s it congeneric with Salomonia?

This question was not conclusively answered in this study. An ITS sequence for
Epirixanthes cylindrica appeared as the sister species to two species of Salomonia, but
further sampling from both genera would be required to confirm this result and ascertain
that these are sister genera rather than one nesting within the other. My own sequencing
and that reported by Persson (2001) failed to recover a trnl/F sequence from
Epirixanthes, which may well indicate that it has a reduced chloroplast genome lacking
this region. (Wolfe ef al. (1992) found that the entire z7nL gene was either absent or
transformed into a pseudogene in Epifagus virginiana, a non-photosynthetic parasitic
flowering plant.) By contrast, representatives of Salomonia were readily sequenced for
both chloroplast and nuclear markers. The “negative” result for Epirixanthes may thus

be further evidence of its separation from Salomonia.

e Should the Xanthophyllaceae be maintained as a separate family or sunk into the

Polygalaceae?

The two molecular datasets were analysed using taxa from the Fabaceae and other
related families as indicated by recent large phylogenies for angiosperm families to
provide a root for the trees produced. Both ITS and trnL/F strongly suggest that the
representatives of Xanthophyllum sequenced are monophyletic, forming the sister to all
other genera in the analyses. Xanthophyllum could thus be maintained as a tribe
(Xanthophylleae) of the Polygalaceae or a distinct family (Xanthophyllaceae). Either
status would be justified by the current scientific evidence and, since only a small
number of species were included in these phylogenetic analyses, it is simplest to
maintain the stafus quo unless future phylogenetic analysis of Xanthophyllum indicates

that it is non-monophyletic.
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e Does Emblingia belong in the Polygalaceae?

This question was largely answered prior to the commencement of the project, with
rbel. data (Angiosperm Phylogeny Group 1998; Chandler & Bayer 2000) indicating that
Emblingia 1s closely related to the Capparales. A specimen was sequenced for ITS and
irnl/F and a BLAST search of Genbank indicated that the sequences were closest to
those for Cleome (Capparaceae). Since this family is only distantly related to
Polygalaceae and its inclusion might cause problems with homology assessment, it was

omitted from any further analysis.

Future work on the phylogeny of Polygalaceae in Australia needs to be refocused as a
result of these findings. The existing phylogenies are largely unresolved in regard to the
relationships between species groups—the divisions of the genera are reasonably well
supported and so are several smaller groups within these genera, but the relationships
between these groups are highly speculative at present. A molecular region intermediate
in evolutionary rate between those used in this study may be able to resolve this
question. The subgeneric relationships within Comesperma outlined by Chodat (1896)
are largely supported by the current molecular data, which is a valuable finding.
Relating these groups to ecach other and exploring further groupings would also be
useful. Chodat’s classification for the most part separated the “oddball” taxa within
Comesperma, leaving the vast majority of the genus in the polymorphic series
Confertae. Lower-level studies of this large group of shrubby taxa may provide a better
understanding and classification of its diversity, which could then be utilised in a
monographic treatment. In a similar vein, the south-east Asian and Australian taxa
within Pelygala series Chloropterae need closer examination and perhaps phylogenetic
analysis. While the monophyly of this series is strongly indicated, the taxonomy of the
Australian taxa in particular is unsatisfactory. There may be several new or previously
unrecorded species in northern and central Australia and any study would need to

include these as end-taxa.,
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