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Prostanthera lasianthos visited by Phylotocus sp. (Cetoniinae).

“A traveller should be a botanist,
for in all views plants form the

chief embellishment.”

Charles Darwin

Evolution of pollination in Prostanthera \%



Abstract

Prostanthera Labill. (Lamiaceae) is traditionally divided into section Klanderia (F.
Muell.) Benth. and section Prostanthera based on floral characteristics that correspond
to putatively ornithophilous or entomophilous pollination syndromes. To better
understand these pollination syndromes and how they evolved, the phylogenetic
relationships, ﬂorai morphology, and pollination of Prostanthera were investigated.
Maximum parsimony and Bayesian phylogenies for 66 (~75%) species of Prostanthera
were constructed using chloroplast (trnT-F, ndhF-rpl32) and nuclear (ETS) genomes. In
all cases Prostanthera was found to be paraphyletic with respect to Wrixonia.
Prostanthera section Prostanthera was revealed to be paraphyletic relative to section
Klanderia. A multivariate morphometric analysis of floral characteristics was also
congruent with the molecular phylogenies and identified a single putatively
ornithophilous group and two putatively entomophilous groups. Quantitative analyses
of pollinator visitation further supported hypotheses derived from the analysis of
nucleotide data and multivariate morphometrics and identified functional pollinator
groups for each clade. Ancestral state reconstruction using squared-change parsimony
of geometric morphometric landmark data provided insights into the ancestral
pollination syndrome and evolutionary changes necessary to optimise corolla
morphology for each clade. It is concluded that ancestral Prostanthera was likely
pollinated by a diverse range of insects and possibly even birds. The evolution of an
ornithophilous clade and a generalist entomophilous clade correspond with separate
modifications to the lobes and tube of the corolla. The combination of phylogenetic and
morphological data from this study provides a robust understanding of relationships and

an insight to the structural changes in the evolution of pollination.
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Chapter 1

Introduction

Flowers of Prostanthera monticola.
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The importance of pollination
Sexual reproduction enhances evolutionary rates and, therefore, enables species to
change and adapt to their environment. The restriction for movement in plants,
specifically the plant sporophyte, presents a barrier for individuals to exchange genetic
information. Pollination in seed plants is one solution that has enabled breeding biology
to occur in terrestr_ial systems and has enabled plants to inhabit every continent on earth
(Crepet 2008). Pollination refers to the transfer of pollen grains (male gametophyte)
from their source to the female flower parts where they may germinate and then fertilise
the egg cells of the female gametophyte. This transfer can be abiotic (e.g. wind and
water) but most pollination (>91%) relies on animals (Buchmann and Nabhan 1996)
and is found in over 86% of angiosperm genera (Renner and Ricklefs 1995). Most
plants of terrestrial systems are angiosperms and therefore pollination is the most

common breeding system (Crane et al. 1995; Crepet and Niklas 2009).

The pollination syndrome

An outbreeding species requires pollinators to be able to visit at least twice in order to
ensure pollen is transmitted from the stamens to stigma. Complete pollinator fidelity
leads to the evolution of flowers with peculiar features such as orchids that attract male
wasps by resembling female wasps or corpse flowers that attract flesh flies because they
smell like rotting carcasses (Proctor et al. 1996). These features were noticed as early as
the 1700’°s when biologists began examining the relationships between animals and
plants. Structures such as the long nectar spur of Angraecum sesquipedale Thou.
(Orchidaceae) began to be used to infer the types of animals that visited flowers
(Darwin 1862). A suite of flower characteristics correlated with characteristics of the

pollinator was established and this relationship was labelled as a pollination syndrome
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(Vogel 1954). A further treatment and modification of this concept describes several
specialised or generalised interactions between a plant and its pollinator(s) (Faegri and
Van der Pijl 1979). The most common biotic pollination syndromes are insect-
pollination (entomophily) and bird-pollination (ornithophily). Short and wide corolla
tubes, floral scent, small quantities of concentrated nectar, landing pads, and shorter
wavelength light reflection allow an entomophilous flower to attract a wide range of
insect pollinators. More specific pollination syndromes can also be identified within
entomophily, such as melittophily (bee pollination) or psychophily (butterfly
pollination). Ornithophilous flowers usually have long narrow corolla tubes, lack a
floral scent, have large quantities of dilute nectar, lack insect landing pads, and are

usually coloured red.

Not all characteristics must be present for a syndrome to exist. However, incorrect
estimations of pollinators are usually made when based on only a few characteristics.
For example, the entomophilous features of Microloma sagittatum remove any
suspicion that it is ornithophilous (Ollerton 1998), and the ornithophilous features of
Peraxilla sp. do not indicate that they are pollinated by bees (Robertson et al. 2005).
These syndromes become exceedingly difficult to apply to systems when multiple
pollinators are involved (Waser et al. 1996), which brings to question whether
pollination syndromes actually exist. There have been very few tests of pollination
syndromes (Hingston and McQuillan 2000; Ollerton and Watts 2000; Consiglio and
Bourne 2001; Kay and Schemske 2003; Hargreaves et al. 2004; Wilson et al. 2004;
Zhang et al. 2005; Valdivia and Niemeyer 2006; Wester and Cla3en-Bockhoff 2006b;
Wolfe and Sowell 2006; Martén-Rodriguez et al. 2009; Ollerton et al. 2009b) (Hingston

and McQuillan 2000; Ollerton and Watts 2000; Consiglio and Bourne 2001; Kay and
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Schemske 2003; Hargreaves ef al. 2004; Wilson et al. 2004; Zhang et al. 2005;
Valdivia and Niemeyer 2006; Wolfe and Sowell 2006; Martén-Rodriguez et al. 2009;
Ollerton ef al. 2009a), and they offer a varying range of support. Yet pollination
syndromes are continuously used as a method for determining pollinators and they are
often a method for introducing pollination biology. This emphasises the need to
improve the ways ip which we understand the relationships between plants and

pollinators.

Pollination syndromes are an excellent example of convergent evolution, since they
have evolved independently across many different plant families. For example, the long
tubular flower that typifies nemestrid fly pollination is observed in the Lamiaceae,
Iridaceae, Orchidaceae, and Plumbaginaceae (Goldblatt and Manning 1996; Potgieter
and Edwards 2001; Manning and Goldblatt 2005; Combs and Pauw 2009; Ferrero et al.
2009), and ornithophily is observed in several different genera of the Lamiaceae
(Whitten 1981; Raju and Reddi 1989; Vos et al. 1994; Lindqvist and Albert 2002;
Wester and Claflen-Bockhoff 2006b; Wester and ClaBen-Bockhoff 2006a; Scheen and
Albert 2009). Sometimes the convergence upon a particular syndrome can be so similar
that incorrect taxonomic conclusions have been made when floral morphology has been

used in a phylogeny (Crisp 1996).

Phylogenetics

Phylogenetics provide a tool for exploring morphological evolution in addition to
demonstrating relationships amongst taxa. They have been used to infer the evolution in
a vast diversity of structures from dragonfly wings (Bybee et al. 2008) to nephridial

systems of rotifers (Riemann and Ahlrichs 2010). Inferring the evolution of structures

Evolution of pollination in Prostanthera 4



permits a greater understanding about the evolution of complex life history strategies,
such as the origins of specialised herbivory (JAMESON et al. 2007), host switches for
parasites (Bert et al. 2008), or the evolution of dioecy in plants (Weller ez al. 1998).
Phylogenies may be constructed by using morphological and/or molecular data as
characters for tree building algorithms based on various optimality criteria. The
problem with morphological data sets is that they may contain unknown levels of
homoplasy based on convergent evolution. One of the advantages of nucleotide
sequence data is that it is not subject to the evolutionary pressures acting upon the
phenotype. Molecular phylogenies are demonstrating that some characteristics from
earlier cladistic studies are homoplastic, such as the plumage pattern in the woodpecker
genera Veniliornis and Picoides (Moore et al. 2006), or the pollination syndromes in

Disa (Johnson et al. 1998).

Nucleotide sequence data can be composed of separate data sets from different genomes
such as the mitochondrial (mtDNA), chloroplast (cpDNA), and nuclear (ntDNA) DNA.
The cpDNA and ntDNA non-coding regions are commonly used for lower taxonomic
studies in plants since their rate of evolution is much faster (Tay et al. 2010). Each
genome is susceptible to biparental inheritance (ntDNA) or hybridisation (cpDNA and
nrDNA) that may distort the resolution of the tree. This underlines why most
phylogenetic studies of plants now include markers from both genomes to reduce the
error of phylogenetic inference (Mort et al. 2007). The lower cost and time for
sequencing has increased the rate at which full plastid genomes can be sequenced and
has advanced the identification of better cpDNA markers (Shaw et al. 2007).
Furthermore, it has made it easier to provide additional markers so that phylogenetic

inferences may be more rigorous.
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Morphometrics

Multivariate analysis is a useful application for investigating habitat structure
(Kooyman and Rossetto 2006), species diversity (Peeters 2002), and taxonomy
(Jiménez-Pérez and Lorea-Hernandez 2009). It has recently been used to test pollination
syndromes (Wilson et al. 2004; Martén-Rodriguez et al. 2009; Ollerton et al. 2009a)
since it analyses a wide diversity of measures such as flower colour, nectar quantity,
and structural measurements. It is also is used in multivariate morphometrics, which is a

method used to quantify shape.

Multivariate morphometrics has traditionally combined several linear measurements to
provide a quantitative description and interpretation of biological shape (Rohlf 1990).
The quantification of shape can have severe weaknesses since linear measurements do
not incorporate depth, their representation of form is uneven, and they often refer to
total lengths rather than distances between homologous points (Strauss and Bookstein
1982). Recent applications termed ‘geometric morphometrics’ (Rohlf and Marcus 1993;
Mitteroecker and Gunz 2009), such as elliptic fourier shape analysis (Kuhl and Giardina
1982; Rumpunen and Bartish 2002), or landmark analysis (Kendall 1986; Rohlf 1990;
Bookstein 1991; Rohlf and Marcus 1993), attempt a less biased description of shape.
Relative warps analysis is a more recent development of landmarks analysis (Rohlf and
Marcus 1993) that ordinates the deviations calculated between homologous landmarks
amongst different shapes. The advantage that this technique offers over other landmark
analyses is that it implements a thin-plate spline to describe the distortions in shape in
the ordination (Bookstein 1989). The spline is a modification of Thompsons’ (1942)

cartesian grid and the bending and distortions allow a visualisation of the differences
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between different shapes. The advances in digital imaging and computational
processing speed over the past two decades have dramatically reduced the cost of data
acquisition and calculations. The use of this technique originated in anthropology
(Bookstein et al. 2003) and has recently been used for a variety of zoological
investigations such as the identification of subspecies in fresh water flagellates using
scale shape (N eustupa and Némcova 2007) and of trophic ecology of cichlid fishes
based on body shape (Riiber and Adams 2001). The remarkably few applications in
botany (Jensen et al. 2002; Gémez et al. 2006; Jacques and Zhou 2010) has left open a

vast opportunity to explore the variation in plant form.

Prostanthera

The Lamiaceae consists of many taxa demonstrative of transitions from insect
pollination to bird pollination (Huck 1992b). This is a well supported clade (Cantino
1992; Wagstaff and Olmstead 1997; Wagstaff et al. 1998) and is considered ancestrally
insect-pollinated. At least seven genera are confirmed to have subgroups that have
evolved bird-pollination and there are many more species that have floral morphology
indicative of ornithophily (Whitten 1981; Raju and Reddi 1989; Huck 1992b; Vos er al.
1994; Lindqvist and Albert 2002; Wester and ClaBen-Bockhoff 2006a; Ford and
Johnson 2008). Their ornithophilous features are akin to ornithophilous morphologies
typical of other plant families, such as the Scrophulariaceae (Wilson ef al. 2007; Cronk
and Ojeda 2008). This makes taxa in the Lamiaceae a stable framework in which to
investigate evolutionary transitions between entomophily and ornithophily. Salvia
(Lamiaceae) itself comprises two convergent pathways to ornithophily, either by the
Trochilidae in the Americas (Wester and Claen-Bockhoff 2006b), or the Nectarinidae

in Africa (Wester and Cla3en-Bockhoff 2006a).
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The Prostantheroideae are one of seven subfamilies placed in the Lamiaceae and are
composed of two endemic Australian tribes, the Chloantheae and the Westringieae
(Harley et al. 2004). A robust molecular phylogeny has been provided for the former
tribe (Conn ef al. 2009), but there is little understanding about the relationships within

the Westringieae.

The Westringieae appear to represent numerous evolutionary paths towards a bird-
pollinated morphology (Conn 2004). Amongst six genera (Hemiandra, Hemigenia,
Microcorys, Prostanthera, Westringia, and Wrixonia) the first four listed contain at
least one species that appears to be ornithophilous (Keighery 1980; Guerin 2005).
Prostanthera 1s the largest genus and contains a highly diverse set of species in terms of
morphological diversity and geographic distribution (Conn 1984; 1988). Species are
woody evergreen shrubs or sub-shrubs, although P. lasianthos can grow into a small
tree. Their distribution across temperate Australia includes climates as diverse as

rainforest to desert (Conn 1992a).

The inflorescences of Prostanthera are anthotelic (Briggs and Johnson 1979) and are
considered lateral (axillary) (Conn 1984). In Prostanthera section Klanderia, one
flower is regarded as the uniflorescence (Briggs and Johnson 1979), or partial
inflorescence (Troll 1964; Weberling 1989). Many species of section Prostanthera
(such as P. rotundifolia and P. lasianthos) have bracteose racemiform conflorescences,
which superficially appear to be elaborations of a botryoidal inflorescence (Conn 1984).
The flowers of Prostanthera have a 5-merous corolla that consists by five basally fused

petals to form a corolla tube, with free distal ends forming five lobes. The abaxial lobe
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and the two lateral lobes are separated from the adaxial lobes such that they often
appear to form a distinctive abaxial corolla lip, a character of the family. The two
adaxial lobes, which compose the adaxial lip of the flower, are almost completely fused
together and are referred to as the adaxial median lobe-pair (Conn 1984). The flower of
Prostanthera is distinguished from all other Westringieae by its bilobed calyx and four
functional bilocular anthers (Cantino 1992). Each anther bears what is believed to be an
extension of the connective tissue between each theca, and is referred to as an anther
appendage (Conn 1984). These appendages might have a function in pollination similar

to other superficially similar structures associated with the anthers of other Lamiaceae

(ClaBen-Bockhoft et al. 2004).

Prostanthera was earlier separated into two genera (Cryphia R.Brown and
Prostanthera Labill. by Brown 1810) but Bentham (1870) reduced Cryphia to the
synonymy of Prostanthera, recognising two sections, namely section Klanderia (F.v.
Muell.) Benth. and section Prostanthera Benth. (as sect. ‘Euprostanthera’). This
classification has been followed by subsequent authors. Section Klanderia was
circumscribed as having long, narrow, and tubular corollas whereas those of section
Prostanthera are short and wide. Prostanthera aspalathoides (sect. Klanderia), for
example, is a widespread, small subshrub of the Australian semi-arid inland with
flowers bearing red long-tubular corollas. Prostanthera lasianthos (sect. Prostanthera)
is a small tree of eastern Australian rainforests with flowers bearing white gullet-shaped
corollas. Therefore, according to corolla characteristics, section Klanderia are
considered ornithophilous and section Prostanthera are considered entomophilous.
However, very little quantified visitation or pollination data are available for any

species (Keighery 1982; Conn 1984).
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Project aims

The primary purpose of this study is to understand the evolution of pollination in
Prostanthera by examining floral morphology and pollinators within a phylogenetic
context. Since there is poor understanding of the infrageneric relationships of
Prostanthera, the priority is to construct the first phylogeny for the genus using
nucleotide sequence data, which is the focus of Chapter 2. Then, the floral morphology
and other characteristics relating to pollination syndromes are quantified to examine the
diversity of pollination syndromes in Chapter 3. Observations of the pollination biology
and quantification of visitors are used to test the putative pollination syndromes in
Chapter 4. The data of the previous chapters are then combined in an analysis (Chapter

5) to infer the evolution of pollination in Prostanthera.
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Chapter 2

Molecular data reveal the paraphyly of
Prostanthera section Prostanthera

Introduction

Floral morphology is currently used to distinguish two sections within Prostanthera:
Prostanthera section Klanderia and Prostanthera section Prostanthera (Bentham 1870;
Conn 1984). The red, curved tubular flowers of section Klanderia are so distinct from
the flowers of section Prostanthera that each section was originally recognised as a
separate genus (Brown 1810). Each section, however, has members with characteristics
that conflict with its original description. For instance, although flowers of section
Klanderia were identified as having small to absent anther appendages, some recently
described members have large anther appendages (Conn 1984). The only traits that
consistently distinguish section Klanderia from section Prostanthera are corolla shape
and colour. These are distinctive characteristics of ornithophily and entomophily and
suggest that the sectional classification of Prostanthera does not represent natural
relationships. This is because pollination syndromes describe similarities of pollinator
selection pressure and not necessarily phylogenetic relationships. For example, red,
tubular flowers have evolved in a plethora of genera within the Lamiaceae (Whitten
1981; Raju 1989; Raju and Reddi 1989; Huck 1992; Vos et al. 1994; Lindqvist and
Albert 2002; Guerin 2005; Wester and Clalen-Bockhoff 2007; Ford and Johnson 2008).

Molecular evidence and careful morphological study support the conclusion that
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unrelated species have independently evolved this morphology even within a genus

such as Salvia (Walker et al. 2004).

Prostanthera is a member of the Westringieae, which contains Hemiandra, Hemigenia,
Microcorys, Prostanthera, Westringia, and Wrixonia (Conn 1992b). Eichlerago
tysoniana used to also be included until it was reclassified as Prostanthera tysoniana
(Carrick 1977; Conn 1992b). This tribe is well supported by molecular and
morphological data but is not well resolved (Cantino 1992; Conn 1992a; Guerin 2008).
These data suggest that Microcorys, Hemiandra, and Westringia nest within Hemigenia
(Guerin 2008). Wrixonia, Prostanthera and P. tysoniana form a group sister to these
genera (Cantino 1992; Conn 1992b). Wrixonia appears to be the most closely allied
genus to Prostanthera and is distinguished from it because its adaxial pair of anthers are
reduced to staminodes (Carrick 1976; Cantino 1992). In addition to the sectional
classification, three morphological series were recognised within section Prostanthera
when it was described (Bentham 1870). A member of the Racemosae has an
inflorescence composed of flowers in terminal racemes whereas the Subconcavae and
Convexae have axillary flowers. A member of the Subconcavae is distinguished from
the Convexae because its flower has an anther-appendage twice as long as the theca.
Recent descriptions of new species appear to conflict with this classification. For
example, P. linearis is a member of Convexae yet it has flowers in terminal racemes.
This supports Hillsons’ (1959) conclusions that macro-morphological features likely
not reliable indicators of phylogeny. Furthermore, P. behriana, P. baxteri, P.
canaliculata, and P. eurybioides are members of the Subconcavae yet their appendage

is equal or less than the length of the theca which conflicts with their placement (Conn
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1988). Therefore better characters are needed to investigate the relationships within

Prostanthera.

The relationships in Prostanthera are investigated in this Chapter in order to understand
how putative pollination syndromes have evolved and if floral morphology correlates
with phylogenetic relationships. A phylogeny is constructed using molecular data since
morphological characteristics might be a result of convergent evolution based on the
selection pressures by pollinators. The phylogeny is constructed from chloroplast
(trnT-F, ndhF-rpi32) and nuclear (ETS) markers using maximum parsimony and
Bayesian analysis. The trnT-F marker was employed since the results from
phylogenetic analysis of Microcorys and Hemigenia provide high infrageneric
resolution (Guerin 2008). Another chloroplast marker (ndhF-rpl32) was used since it
has a reportedly high number of potentially informative characters (Shaw et al. 2007).
The nuclear ribosomal external transcribed spacer (ETS) was used to complement the
chloroplast data. Although ITS has been used in other Lamiaceae (Steane ef al. 1999;
Prather ef al. 2002; Jamzad et al. 2003; Steane et al. 2004; Trusty et al. 2005; Edwards
et al. 2006; Barber et al. 2007; Ford and Johnson 2008; Conn et al. 2009), ETS was

used since it has been shown to be more variable (Baldwin and Markos 1998).

All putatively ornithophilous and entomophilous species that have been discovered
since the last complete description of Prostanthera (Bentham 1870) have been
classified as either section Klanderia or section Prostanthera, respectively. However,
new members of section Prostanthera have not been given a series membership. In this

study, they are placed into the Convexae, Racemosae, or Subconcavae according to the
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original classification system. The groups formed by this classification are then

compared with the molecular phylogeny.

Materials and methods

Taxon sampling

DNA was collected for 66 species of Prostanthera, eight species in the Westringieae,
and seven species in the Chloantheae (Table 2.1). Samples were collected in the field,
from living collections at botanic gardens, and from herbarium sheets. Fresh leaf
material was desiccated in silica gel and stored at 4 °C (Chase and Hills 1991). All

voucher samples were deposited at the National Herbarium of NSW, Sydney, Australia

(NSW).

Identification of series

All species of section Prostanthera that have not been formally placed in Bentham’s
(1870) series were studied from herbarium sheets and published descriptions and are
identified in Table 2.1. The following key, adapted from Bentham (1870), was used to
categorise these species into the Convexae, Racemosae, or Subconcavae. The length of
the anther appendage is employed in the original key but is abandoned here since the
classification of many species in the original series is inconsistent with their appendage
length. The results and references for the conclusion of each species are supplied in

Appendix 2.1.
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Table 2.1 Species of Prostanthera, tribe Westringieae and tribe Chloantheae used for phylogenetic analysis. += amplified; N= not amplified;
B.G.= Botanic Garden; N.P.= National Park; N.R.= Nature Reserve; S.F.= State Forest; *= not allocated to series by Bentham (1870).

DA2YJUD]SO4J UT UOJRUI[[O] JO UOTIN[OAT]

Species Section Series Locality State Accession trnT-F  rpl32-ndhf ETS
Prostanthera althoferi B.J.Conn Prostanthera ~ Convexae* Plumridge Lakes, Great Victoria Desert WA NSW808470 + + +
P. askaniaB.].Conn Prostanthera  Racemosae* Strickland S.F. NSW NSW717011 + - +
P. aspalathoides A.Cunn.ex Benth. Klanderia - Gubbata N.R. NSW NSW803944 _ + +
P. baxteri Benth. Prostanthera ~ Subconcavae ANBG living collection WA CANB8910156 + + +
P. behriana Schitdl. Prostanthera ~ Convexae Monarto SA AD20050034 + + +
P. caerulea R.Br. Prostanthera ~ Racemosae Blue Mountains N.P. NSW NSW4210209 + + +
P. calycina F. Muell. ex Benth. Klanderia - Eyre Peninsula SA AD20040496 + + +
P. carrickiana B.J.Conn Klanderia - Esperence WA NSW803848 + + +
P. chlorantha (F Muell.) Benth. Klanderia - Kangaroo Island SA NSW743683 + + +
P. cineolifera R.T.Baker&H.G.Sm. Prostanthera ~ Racemosae* Pokolbin S.F. NSW NSW791484 + + +
P. cruciflora J.H.Willis Prostanthera  Racemosae* Mt. Kaputar N.P. NSW AE922944 + + +
P. cryptandroides subsp. euphrasioides Prostanthera  Subconcavae Warialda NSW NSW784616 + + i
(Benth.)B.J.Conn

P. cuneata Benth. Prostanthera ~ Convexae Mt. Buffalo N.P. VIC NSW844231 - + -
P. decussata F Muell. Prostanthera ~ Convexae Kosciuszko N.P. VIC NSW791485 + + +
P. densa A.A.Ham. Prostanthera ~ Convexae* Port Stephens NSW NSW789038 + + +
P. denticulata R Br. Prostanthera  Convexae Ganoo N.P. NSW NSW844199 + 3 +
P. discolor R.T.Baker Prostanthera ~ Convexae* Wollemi N.P. NSW NSW619945 + + *
P. eurybioides F Muell. Prostanthera  Subconcavae Monarto SA AD20060793 + i %
P. ferricola B.J.Conn&K.A.Sheph Prostanthera  Subconcavae Robinson Ranges WA NSW746276 + + +
P. florifera B.J.Conn Klanderia - O'Connor Dam, Kimba SA CANB9901279 + + +
P. galbraithiae B.J.Conn Prostanthera ~ Convexae* Holey Plains State Park VIC NSW808463 2 + *
P. granitica Maiden&Betche. Prostanthera  Racemosae* Warrumbungles N.P. NSW NSW844192 + % +
P. grylloana F Muell. Klanderia - Jaurdi Station WA NSW808472 + + +
P. hindii B.J.Conn Prostanthera  Racemosae* Gardens of Stone N.P. NSW NSW5022365 + + -

Sl
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Species Section Series Locality State Accession trnT-F  rpl32-ndhf ETS
P. hirtula Benth. Prostanthera  Racemosae Mt. Buffalo N.P. VIC NSW844197 + + +
Prostanthera howelliae Blakely Prostanthera ~ Convexae* Sackville NSW NSW799701 + + +
P. incana A.Cunn ex.Benth. Prostanthera  Racemosae Blue Mountains N.P. NSW NSW803914 + + +
P. incana A.Cunn ex.Benth. Prostanthera  Racemosae Buddawang N.P. NSW NSW844193 + + +
P. incisa R.Br. Prostanthera  Racemosae Blue Mountains N.P. NSW NSW862999 + + +
P. incurvata B.J.Conn Klanderia - Norseman region WA CANB9900248 . + + +
P. junonis B.J.Conn Prostanthera  Subconcavae* Somersby NSW NSW749548 + + +
P. lanceolata R Br. Prostanthera  Racemosae* Upper Corindi NSW NSW799705 + + +
P. lasianthos Labill. Prostanthera  Racemosae Mount Tomah Botanic Gardens NSW NSW799707 + + +
P. lasianthos Labill. Prostanthera  Racemosae Bruny Island TAS NSW860451 + + +
P. linearis R.Br. Prostanthera ~ Convexae Brisbane Waters N.P. NSW NSW784600 + + +
P. lithospermoides F.Muell. Prostanthera  Subconcavae ANBG living collection QLD CANB9808063 + + +
P. magnifica C.A.Gardner Prostanthera  Subconcavae* Kings Park living collection WA NSW803846 + i +
P. marifolia R.Br. Prostanthera  Convexae Manly, Sydney NSW NSW743858 + + +
P. melissifolia F Muell. Prostanthera ~ Racemosae Otway N.P. VIC NSW803972 + + +
P. monticola B.J.Conn Klanderia - Mount Buffalo N.P. VIC NSW803943 + + +
P. nivea Benth. var. induta Prostanthera  Subconcavae Warrumbungles N.P. NSW NSW803949 + + +
P. nivea Benth. var. nivea Prostanthera  Subconcavae Central Tilba NSW NSW844232 + + +
P. ovalifolia R.Br. Prostanthera  Racemosae Whian Whian S.F. NSW NSW4200941 + + +
P. palustris B.J.Conn Prostanthera  Subconcavae* Bundjalung N.P. NSW NSW863020 + + +
P. petraea B.J.Conn Prostanthera  Racemosae* Bald Rock N.P. NSW NSW791461 + + +
P. phylicifolia F Muell. Prostanthera ~ Convexae Deua N.P. NSwW Eurobodella B.G.#2888 + i +
P. porcata B.J.Conn Klanderia - Deua N.P. NSW Eurobodella B.G.#35 + £ i
P. prunelloides R.Br. Prostanthera  Racemosae Blue Mountains N.P. NSwW NSW799703 + + +
P. rhombea R.Br. Prostanthera  Convexae Pokolbin S.F. NSW NSW803849 + + +
P. ringens Benth. Klanderia - Goonoo N.P. NSW NSW844195 + + *
P. rotundifolia R.Br. Prostanthera  Racemosae East Gippsland VIC NSW494368 + + +
P. rotundifolia R.Br. Prostanthera ~ Racemosae Upper Scamander TAS NSW862995 % + +
P. rugosa Benth. Prostanthera ~ Convexae Joadja N.R. NSwW NSW844198 + + +
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Species Section Series Locality State Accession trnT-F  rpl32-ndhf ETS
P. saxicola var.montana A.A.Ham. Prostanthera ~ Subconcavae Blue Mountains N.P. NSW NSW803916 + + +
Prostanthera saxicola var. major Benth. Prostanthera  Subconcavae Gibraltar Ranges N.P. NSW NSW784611 + + +
P. scutellarioides (R.Br.)Brig. Prostanthera ~ Convexae* Nightcap N.P. NSW NSW785872 + N N
P. scutellarioides (R.Br.)Briq. Prostanthera ~ Convexae* Castlereagh N.R. NSW NSW799702 + + +
P. sejuncta M.L.Will. Prostanthera ~ Convexae* Fortis Creek N.P. NSW NSW791458 + + +
P. semiteres B.J.Conn Klanderia - Newdegate WA NSW808468 N N +
P. serpyllifolia (R.Br.)Briq. subsp.microphylla Klanderia - Pulletop N.R. NSW NSW813913 + + +
P. sieberi Benth. Prostanthera ~ Racemosae Illawarra Escarpment N.R. NSW NSW844227 + + +
P. sp.E sensu B.J.Conn Prostanthera  Racemosae* Morton N.P. NSW NSW749547 + + +
P. sp.”Wiseman’s Ferry” Prostanthera  Racemosae* Wiseman’s Ferry NSW NSW749554 + + +
P. spinosa F.Muell. Prostanthera ~ Convexae Kangaroo Island SA NSW799708 + + +
P. staurophylla F. Muell. Prostanthera ~ Convexae* Mt. Mackenzie N.R. NSW NSW785873 + + +
P. stenophylla B.J.Conn Prostanthera  Convexae* Wollemi N.P. NSW NSW619740 + + +
P. striatiflora F.Muell. Prostanthera ~ Convexae Mount Yardi SA NSW449546 + + +
P. suborbicularis C.T.White&W.D.Francis Prostanthera  Subconcavae* Quilpie-Thargomindah Rd toward Eulo Qld CANB741662 + + +
P. teretifolia Maiden&Betche Prostanthera  Convexae* Torrington NSW NSW714620 + + +
P. tysoniana (Carrick)B.J.Conn Prostanthera  Subconcavae* Austin, Byro Station WA NSW205148 N N +
P. violacea R.Br. Prostanthera  Racemosae Buddawang National Park NSW NSW615474 + + +
P. walteri F. Muell. Klanderia - Mount Ellery VIC NSW808464 + B +
P. wilkeana F Muell. Prostanthera  Subconcavae* Little Sandy Desert WA NSW594892 N + +
Outgroup taxa

Brachysola halganiacea (F.Muell. & Tate)Rye - - Southern Cross region WA CANB602366 + + +
Brachysola coerulea (F.Muell.)Rye - - Coolgardie WA NSW480339 + + +
Cyanostegia lanceolata Turcz. - - Highbury WA NSW494623 + + +
Cyanostegia corifolia Munir - - Eneabba WA NSW494553 + # #
Dicrastylis exsuccosa (F.Muell.)Druce - - Kings Park living collection, Perth WA KPBG 20000486 + + N
Dicrastylis lewellinii (F. Muell.)F. Muell. - - North Western Plains WA KPBG 20001266 * 4 +
Hemiandra coccinea O.H.Sarg. - - Wongan Hills N.R. WA CANB602355 e * +
Hemigenia purpurea R.Br. - - Royal National Park NSW NSW803917 + + +
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Species Section Series Locality State Accession trnT-F  rpl32-ndhf ETS
Microcorys tenuifolia Benth. - Koolbabbie Farm WA CANB9709567 + + +
Newcastelia bracteosa F.Muell. - North-east of Norseman WA NSW494660 N N +
Westringia lucida B.Boivin - Kosciuszko N.P. NSW NSW618148 + + +
Westringia longifolia R Br. - Tahmoor NSW NSW4166185 & # +
Westringia senifolia F.Muell. - Mt. Buffalo N.P. NSW NSW799706 N N +
Wrixonia prostantheroides F. Muell. - Paynes Find NT CANB602334 + N +
Wrixonia schultzii (Tate) Carrick - West Macdonnells N.P. NT NSW413681 + + +




1 Flowers in terminal racemes, leaves of the inflorescence all or mostly reduced to
membranous or broad acuminate or very deciduous bracts ............. Racemosae

1 Flowers axillary, the floral leaves similar to the stem-ones or rather smaller...2
2 Leaves convex or with revolute margins .........ccccceevveeieeenieeenieennennne. Convexae
2 Leaves concave or with incurved margins or flat, the margins never recurved

...................... e —ee e ettt ——ee e e e et —aaeeeettaareaeeeenrraeeeeeeennnneee. SUDCONCAVAE

Molecular methods
Double-stranded DNA was extracted using the DNeasy Plant Mini kit (Qiagen 2001).
Material was ground dry or in an Eppendorf tube with pre-heated lyses buffer (Qiagen

2001).

Universal or specifically designed primers were used for amplification of double-
stranded DNA (Table 2.2). The internal primers AP-TRNL and AP-TRNLTr (A. Perkins,
National Herbarium of NSW, pers. comm.) were used if the amplification of trnT-F was
problematic. The reverse primer ETS-PROS2 was designed for use with the forward
primer 18S-E (Baldwin and Markos 1998) since the ETS-B primer (Beardsley and
Olmstead 2002) had little success. The 26S-IGS and 18S-ETS were used in long PCR

to design the ETS-PROS2 primer.

Long PCR amplification was performed using a MyCycler thermal cycler (BioRad
Laboratories Inc., Australia). Reactions contained 5 pL of 10X NHy4 buffer, 2.5 pL of
2.4mM MgCl,, 2 pL of each 0.25mM dNTP, 2.5 pL of each primer, 0.5 pL. of BIO-X-
ACT™ Long DNA Polymerase (Bioline, www.bioline.com), and 29.1 uL of H,0. One

uL of genomic DNA was added to complete a reaction volume of 51 pL. The long PCR
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Table 2.2 Details of primer sequences used for amplification of trnT-F, ndhF-rpl32, and ETS for taxa in the Westringieae and Chloantheae.

Region Genome Direction  Primer Primer sequences (5°-3°) Reference Designed for
trnT-F Chloroplast Forward AP-TRNL AGACGCTACGGACTTAAT Perkins, (pers.comm.) Apiales
Reverse AP-TRNLr ATTAAGTCCGTAGCGTCT Perkins, (pers.comm.) Apiales
Forward A50272 ATTTGAACTGGTGACACGAG Taberlet et al. (1991 )‘ Universal
Reverse CAL-TR GCGATGCTCTAACCTCTGA Perkins (2001) Orchidaceae
ETS Nuclear Reverse ETS-PROS2 GCAGCGACGACATCCCAACC This study Prostanthereae
Forward 18S-E GCAGGATCAACCAGGTAGCA Baldwin and Markos (1998) Universal
26S-1GS GGATTGTTCACCCACCAATAGGGAACGTGAGCTG Baldwin and Markos (1998) Universal
18S-ETS ACTTACACATGCATGGCTTAATCT Baldwin and Markos (1998) Universal
ETS-B ATAGAGCGCGTGAGTGGTG Beardsley and Olmstead (2002) Mimulus
ndhF-rpl32  Chloroplast Forward ndhF GAAAGGTATKATCCAYGMATATT Shaw et al. (2007) angiosperms
Reverse rpl32-R CCAATATCCCTTYYTTTTCCAA Shaw et al. (2007) angiosperms




protocol consisted of an initial denaturation at 94°C for 1 minute, followed by 35 cycles
0f 94°C for 15 seconds (denaturation) and 68 °C for 5 minutes (annealing and extension

of primers), followed by a final 10 minutes at 68 °C.

Standard PCR amplification was performed using a MyCycler thermal cycler (BioRad
Laboratories Inc., Australia). The master mix comprised 5 pL of 10X NHy buffer, 2.4
uL of 2.4mM MgCl,, 1 pL of each 0.25mM dNTP, 1 pL of each primer, 0.5 pL of
BIOTAQ™ (Bioline, www.bioline.com) and 36.1 pL of H,0. 1 pL of genomic DNA
was added to the master mix to complete a reaction volume of 51 pL.. The PCR
protocol using trnT-F consisted of an initial denaturation step at 95°C for 1 minute, 35
cycles of denaturation (95°C for 30 seconds), annealing (55 °C for 30 seconds), and
extension (72 °C for 1 minute), and a final step of 4 minutes at 72 °C. The PCR protocol

for ETS was similar except that the annealing temperature was raised to 60 °C.

All PCR products were purified using Sureclean'™. The sequencing reactions were
performed by Sydney University and Prince Alfred [Hospital] Molecular Analysis
Centre (SUPAMAC) using BigDye® Terminator v3.1 Cycle Sequencing Ready
Reaction Kits and an Applied Biosystems 3730x] DNA Analyzer (ABI Biosystems,

www.appliedbiosystems.com).

Consensus sequences were compiled from forward and reverse sequences for each
marker. Electropherograms were checked visually, edited and aligned with the
computer programs Sequencher 4.5™ (gene codes corporation), ClustalW (Thompson
et al. 1997), and BioEdit sequence alignment editor®(Hall 1999). Indels were coded in

Segstate version 1.4 (Miiller 2005) using the simple indel coding method described by
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Simmons and Ochoterena (2000) and added to the alignment as simple binary
characters. Alignments for all three markers are provided in Appendix 2.2-2.4.
Alignments for the different combinations of these three markers are also provided in

Appendix 2.5-2.8.

Phylogenetic reconstructions

Maximum parsimony analyses were conducted using PAUP* Version 4.0b10
(Swofford 2002) for all three datasets, separately or in concatenated data sets.
Combined data analysis included species without missing DNA regions. Heuristic
searches were used with the following settings: all nucleotide substitutions and
insertion/deletion events weighted equally, random taxon addition starting tree with
TBR branch swapping, uninformative characters excluded, and MULTREES in effect.
Analyses for each dataset resulted in large numbers of optimal trees that exceeded the
available memory and prevented the completion of the analysis. Restricted analyses
were, therefore, performed acquiring 1000 replicates and saving 100 trees for each
replicate, saving a total of 100000 trees. Gaps were treated as missing and positions
where bases were ambiguous were coded as polymorphic rather than uncertain.
Identical trees were eliminated using the CONDENSE option and then a strict
consensus of all most parsimonious trees was calculated. Length of the shortest tree (L),
consistency index (CI), retention index (RI), and rescaled consistency index (RC) were

calculated for all data sets.

It has been shown there is a general positive relationship between congruence and
phylogenetic accuracy (Cunningham 1997b; a). Therefore congruence between data

sets (trnT-F, ndhF-rpl32, and ETS) was examined using the incongruence length
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difference test (ILD) in PAUP* Version 4.0b10. A test was performed for all
combinations of data sets. One-thousand ILD replicates were run with the heuristic
search settings described above, with the exception of using only 100 random sequence

replicates.

A reverse constraint analysis was used to test the results of each heuristic search. The
analysis used the same heuristic search settings as above and searched for trees equal

to, or less than, the length of the strict consensus.

Branch support was assessed by conducting bootstrap analysis on all data sets
(Felsenstein 1985a). Bootstrap analyses ran 1000 replicates using the same heuristic
search settings described above. A bootstrap value of 95% - 100% is considered strong
support, 75-95% is considered moderate support, and 50-74% is considered weak

support.

Bayesian analysis was conducted with Mr. Bayes v3.1.2 (Huelsenbeck and Ronquist
2001) using datasets without indels. All searches were conducted with the transversion
model plus gamma ‘TVM+G’, using the Akaike Information Criterion (AIC) as
indicated by Modeltest (Posada and Crandall 1998). The number of substitution types
was set to 6 and the rate variation across sites was set as gamma-distributed. Priors
were set according to the “TVM+G’ model (Appendix 2.9). Tree space was searched
using the Metropolis Coupled Markov Chain Monte Carlo analysis using 4 chains
starting at randomly selected trees. The chains were run for 5000000 generations in two
simultaneous runs, saving one tree every 100 generations. Most analyses reached a

plateau of negative log-likelihood scores after 30000 generations and so trees found
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before the chains converged on a narrow likelihood score were discarded by setting the
‘burn-in’ value to 30000. Posterior probability (PP) values > 0.95 are considered to be

significant and PP values <90 are not reported in the results (Larget and Simon 1999).

Results

Compositional homogeneity

Mean base frequencies and results of chi-square tests for a dataset of each molecular
marker are listed in Table 2.3. The results of a chi-square test on these values indicated
that the frequencies did not significantly stray from compositional homogeneity

indicating compositional bias does not play a significant function in these data.

Incongruence length difference test

An incongruence length difference (ILD) test indicates significant incongruence
(p<0.005) for all combinations of the trnT-F, ndhF-rpl32, and ETS data sets. Despite
this incongruence, there is a high likelihood that the combination of markers may still
improve phylogenetic accuracy. For instance, even though Barker and Lutzoni (2002)
demonstrate that ILD tests are significantly correlated with a decrease in phylogenetic
accuracy, they also show that nearly half of the combined data sets with significant ILD
values have an increased accuracy compared with the two separate analyses. This
suggests that the test is a relatively poor indicator of data set ‘combinability’ (Barker
and Lutzoni 2002). Yoder ef al. (2001) also demonstrate that incongruence can be
detected in combined analyses that are phylogenetically accurate. Therefore, the
analysis of the combined data set (trnT-F, ndhF-rpi32, and ETS) is still presented here

as the precise utility of the ILD test is unclear.
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Table 2.3. Taxa information, base frequencies, and parsimony statistics for maximum parsimony analyses and prior probability (P.P.) statistics
for Bayesian analyses of chloroplast (trnT-F, ndhF-rpl32) and nuclear (ETS) markers.

Plastid Nuclear All Markers

trnT-F ndhF-rpl32 ETS
Total number of taxa 83 82 86 80
Total number of ingroup 77 76 80 75
Aligned length 1817 750 426 2968 %
Total characters eliminated 1618 654 187 2479
Parsimony informative substitutions 165 96 239 489
Indels 162 113 76 238
Parsimony informative indels 83 66 49 191
Total parsimony informative characters 248 162 288 680
Base frequences and X test
A 0.3105 0.33962 0.24356 0.31109
C 0.16799 0.15468 0.27307 0.18244
G 0.15904 0.12712 0.28921 0.17216
T 0.35592 0.37858 0.19416 0.33430
X 9.967019 31.241007 84.011694 23.159349
degrees freedom 246 243 255 237
p-value 1.00 1.00 1.00 1.00
Parsimony statistics
Tree length 474 400 1168 1382
Reverse constraint analysis score 475 401 1169 1382
Consistency index 0.597 0.477 0411 0.469
Retention index 0.838 0.764 0.708 0.736
Rescaled consistency index 0.500 0.365 0.291 0.345
nodes resolved from strict consensus 44 27 60 57
% nodes resolved with Bootstrap values >75% 13 6 28 30
% nodes resolved with P.P. >0.95 22 16 33 41




Maximum parsimony and Bayesian analysis

Tree information and statistics are listed for the maximum parsimony (MP) and
Bayesian inference (BI) analyses performed on all datasets (Table 2.3). The reverse
constraint analysis found no trees with the same or shorter number of steps than the

most parsimonious trees.

The Westringieae are resolved as a clade and have strong support (BS=100%, PP=1.0)
in all MP and BI trees (Figs. 2.1-2.6, node A). All taxa from Wrixonia and Prostanthera
are recovered in a strongly supported clade (BS=100%, PP=1.0). The remaining results
for each data set are described separately since the resolution within this clade varies

between markers and analyses.

ndhF-rpl32 data set

The clade of Wrixonia and Prostanthera is poorly resolved in MP and BI trees (clade B,
Figs. 2.1 and 2.2). The Bl tree (Fig. 2.2) is more resolved and recovers Wx. schultzii
with P. carrickiana P. ferricola, P. incurvata, P. magnifica, and P. striatiflora in clade
1. It also recovers P. aspalathoides, P. calycina, P. chlorantha, P. florifera, and P.
serpyllifolia in clade H. Clades I and H have strong Bayesian support (PP=0.96 and 1.0,
respectively) and contain most species of section Klanderia. Two large clades (E and F)
are resolved but do not have strong support. Both clades contain only section
Prostanthera and each has at least two out of three representatives of Bentham’s (1870)

series classification.
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Figure 2.1. The strict consensus of 78794 trees from maximum parsimony (MP)
analysis of the ndhF-rpl32 sequence data for Prostanthera and its outgroups. Bootstrap
values of 75% are reported above branches and thickened branches received 100%.
Coloured branches refer to species grouped into Bentham’s (1870) series of section
Prostanthera: blue= Convexae; purple= Racemosae; green= Subconcavae. Section
Klanderia is coloured red. Species from the original treatment are in bold. The
abbreviations of genera are as follows: B=Brachysola; C= Cyanostegia; D=Dicrastylis;
Hd= Hemiandra; Hg= Hemigenia; M= Microcorys; P= Prostanthera; Ws= Westringia,

Wx= Wrixonia.
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Figure 2.2. The 50% majority rule phylogram from Bayesian analysis of the ndhF-
rpl32 sequence data for Prostanthera and its outgroups. Prior probabilities of greater
than 0.95 are reported below branches and thickened branches receive 1.00. Values are
formatted as a % rather than with a decimal place. Generic abbreviations are listed in
Fig. 2.1 and coloured branches refer to species grouped into Bentham’s (1870) series of
section Prostanthera: blue= Convexae; purple= Racemosae; green= Subconcavae.
Section Klanderia is coloured red. Species from the original treatment are in bold.
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trn'T-F data set

The strict consensus of the MP tree and the BI tree of the rrnT-F data set are poorly
resolved and have similar topologies (Figs. 2.3 and 2.4). Clade J contains both species
of Wrixonia, three species of section Klanderia (P. carrickiana, P. incurvata, and P.
porcata) and three‘species of section Prostanthera (P. ferricola, P. magnifica and P.
striatiflora). Wrixonia schultzii nests within a moderately supported subclade (BS=

85%,PP=1.0) with P. ferricola, P. magnifica and P. striatiflora.

The three species of section Klanderia listed above form a well supported clade
(BS=96%,PP=1.0); there is little phylogenetic resolution for the rest of this section.
Much of section Prostanthera, however, is recovered in two clades (E and F) in MP and
BI trees. Clade E receives weak bootstrap support and Bayesian support (BS= 57%,
PP= 1.0) whereas clade F is supported in both trees (BS= 87%,PP=1.0). Both clades
contain at least two out of three representatives of Bentham’s (1870) series

classification.

ETS data set

The MP strict consensus tree and BI tree of the ETS data have similar topologies and
are well resolved (Figs. 2.5 and 2.6). Wrixonia nests within clade D of Prostanthera.
This clade has weak bootstrap support but strong Bayesian support (BS= 57%, PP=
0.99). All species of section Klanderia are also recovered within clade D. Clade H is a
strongly supported (BS= 100%, PP= 1.0) group of section Klanderia found in the arid

regions of south eastern Australia.
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Figure 2.3. The strict consensus of 11095 trees from maximum parsimony (MP)
analysis of the #rnT-F sequence data for Prostanthera and its outgroups. Bootstrap
values of 75% are reported above branches and thickened branches received 100%.
Generic abbreviations are listed in Fig. 2.1 and coloured branches refer to species
grouped into Bentham’s (1870) series of section Prostanthera: blue= Convexae;
purple= Racemosae; green= Subconcavae. Section Klanderia is coloured red. Species
from the original treatment are in bold.
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Figure 2.4. The 50% majority rule phylogram from Bayesian analysis of the #7nT-F
sequence data for Prostanthera and its outgroups. Prior probabilities of greater than
0.95 are reported below branches and thickened branches receive 1.00. Values are
formatted as a % rather than with a decimal place. Generic abbreviations are listed in
Fig. 2.1 and coloured branches refer to species grouped into Bentham’s (1870) series of

section Prostanthera: blue= Convexae; purple= Racemosae; green= Subconcavae.
Section Klanderia is coloured red. Species from the original treatment are in bold.

Evolution of pollination in Prostanthera

31



_L‘E

78

>|

e

o

—

—fE—

98

e ————

82

i

P ——

e

reeem—

Fe—

p——
e
f———

199 —
=

=~

P

Figure 2.5. The strict consensus of 46142 trees from maximum parsimony (MP)

94

—

B.halganiacea
B.coerulea
N.bracteosa
D.lewellinii
C.lanceolata
C.corifolia.
M.tenuifolia
ﬁd. coccinea
.purpurea

Vl?s.luc:d,a .
Ws.longifolia
Ws.senifolia .
P.cryptandroides var.euphrasioides
P.nivea var.induta
P.tysoniana
P.suborbicularis
P.nivea var.nivea
P.baxteri
P.saxicola var.montana
P.junonis )
P.saxicola var.major
P.striatiflora
P.magnifica
P.ferricola
’};.behr:ana

.wijlkean
P.a/[l;o?ena
Ilg.girtull.'li,

.hoye
P.ga)%rall %e
P.sp.sensu "E" -
P.lasianthos "Tasmania”
P.lasianthos "BlueMountainsN.P."
E.Iineari

.sejuncta
P.marifolia
.densa
P.hindii
P.rhombea
P.phylicifolia
P.scutellarioides
P.granitica
P.denticulata
P.decussata
P.ringens
P.gry Igana

.schultzii ;

%.pros_[antherordes
B. wa/t?n

.monticola
P.semiteres
P.incurvata
P.carrickiana
P.florifera
P.serpyllifolia
P.aspalathoides
.calycina
.chlorantha
.porcata
P.cuneata_
P.eurybioides
P.spinosa
P.palustris
B‘ tet-ret/follﬁ

.staurophylla
P.prunelloides
P.caerulea
P.stenophylla
P.lanceolata
P.discolor )
P.lithospermoides
P.sp."Wiseman'sFerry"
P.melissifolia
P.askania
P.rugosa
P.cruciflora
P.petraea .
P.ovalifolia
P.sieberi
P.incisa )
P.incana "BlueMountains N.P."
P.incana "Buddawang N.P."
P.violacea
P.cineolifera.
P.rotundifolia "Victoria™
P.rotundifolia "Tasmania"

analysis of the ETS sequence data for Prostanthera and its outgroups. Bootstrap values

of 75% are reported above branches and thickened branches received 100%. Generic

abbreviations are listed in Fig. 2.1 and coloured branches refer to species grouped into
Bentham’s (1870) series of section Prostanthera: blue= Convexae; purple= Racemosae;

green= Subconcavae. Section Klanderia is coloured red. Species from the original

treatment are in bold.
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Figure 2.6. The 50% majority rule phylogram from Bayesian analysis of ETS sequence
data for Prostanthera and its outgroups. Prior probabilities of greater than 0.95 are
reported below branches and thickened branches receive 1.00. Values are formatted as a
% rather than with a decimal place. Generic abbreviations are listed in Fig. 2.1 and
coloured branches refer to species grouped into Bentham’s (1870) series of section
Prostanthera: blue= Convexae; purple= Racemosae; green= Subconcavae. Section
Klanderia is coloured red. Species from the original treatment are in bold.
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Figure 2.7. The strict consensus of 78 trees from maximum parsimony (MP) analysis of
the combined trnT-F, ndhF-rpl32, and ETS sequence data for Prostanthera and
Westringia. Bootstrap values of 75% are reported above branches and thickened

branches received 100%. Generic abbreviations are listed in Fig. 2.1 and coloured
branches refer to species grouped into Bentham’s (1870) series of section Prostanthera:
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blue= Convexae; purple= Racemosae; green= Subconcavae. Section Klanderia is
coloured red. Species from the original treatment are in bold.
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Figure 2.8. The 50% majority rule phylogram from Bayesian analysis of the combined
trnT-F, ndhF-rpl32, and ETS sequence data for Prostanthera and Westringia. Prior
probabilities of greater than 0.95 are reported below branches and thickened branches
receive 1.00. Values are formatted as a % rather than with a decimal place. Generic

abbreviations are listed in Fig. 2.1 and coloured branches refer to species grouped into
Bentham’s (1870) series of section Prostanthera: blue= Convexae; purple= Racemosae;

green= Subconcavae. Section Klanderia is coloured red. Species from the original

treatment are in bold.
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Most of section Prostanthera is resolved in three clades (E,F, and G). Clade G is well
supported (BS= 100, PP= 1.0) and contains species strictly belonging to the
Subconcavae. Clade E contains species of section Prostanthera only found in eastern
Australia that belong to the Convexae or Racemosae. It has weak bootstrap and no
Bayesian support; within it, however, all members except P. hirtula are recovered in a
clade with moderate support (BS= 82%, PP= 0.97). Clade F contains members of the
Convexae, Racemosae, and Subconcavae restricted to eastern Australia. It is supported
in the BI tree but not in the MP tree (BS= 63%, PP= 0.96). Combined with the sister
taxon P. prunelloides, however, it forms a strongly supported clade (BS= 88%, PP=

1.0).

Combined data set (trn'T-F, ndhF-rpi32, and ETS)

The topology of the MP strict consensus tree and BI tree are similar to the results of the
ETS data set (Figs. 2.7 and 2.8). Wrixonia nests within clade D, which has weak
bootstrap support but strong Bayesian support (BS= 64%, PP=1.0). All species of
section Klanderia are also recovered within clade D but are poorly resolved. Clade H is

a strongly supported (BS= 100%, PP= 1.0).

Similar to the results from the ETS data set, most of section Prostanthera is resolved in
three clades (E,F, and G). Clade G is sister to most other groups of Prostanthera and
has high support (BS= 100, PP= 1.0). All members of this clade belong to the

Subconcavae.

Clade E contains eastern distributed species of section Prostanthera that belong to the

Convexae or Racemosae. Unlike the results from the ETS data set, this clade has
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moderate bootstrap support and Bayesian support (BS= 93%, PP=1.0). It is composed
of two well resolved a internal clades that have high support and each contain taxa of

the Convexae and Racemosae.

Clade F has high support (BS= 100%, PP= 1.0) and mostly contains members of the
Racemosae that are restricted to eastern Australia. Prostanthera stenophylla (Convexae)
and P. lithospermoides (Subconcavae), however, are also found within this clade.

Similar to the results from the ETS data set, clade E also forms a moderately supported

clade (BS= 83%, PP= 1.0) with P. prunelloides.

Analyses were also run to include all species in a combined analysis, even if DNA
regions were missing. However, this did not change the structure of the phylogeny or

improve its resolution.

Discussion

The purpose of this study was to test the sectional classification of Prostanthera.
Results are equivocal as to whether section Klanderia is monophyletic but the sectional
classification is not supported by the phylogeny. Furthermore, it is found that Wrixonia
is nested within Prostanthera sens. lat. and the classification of series within section

Prostanthera does not correspond to the relationships recovered in the molecular

phylogeny.

There is general consensus amongst all trees of each molecular region. However, the

phylogeny reconstructed from the ndhF-rpl32 region is poorly resolved. This low
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resolution does not correspond to the high variability in closely related families such as
the Scrophulariaceae or Plantaginaceae (Shaw et al. 2007; Dunbar-Co et al. 2008; Tay
et al. 2010). It is likely that the well resolved tree of Plantago has better resolution
because the ndhF-rpl32 region is at least 300 base pairs longer. Other species, such as
Magnolia acuminata L., Trillium ovatum Pursh, and Hibiscus cannabinus L. have
regions similar to Prostanthera in size (~650BP) and also have a reportedly high
variation, described as potentially informative characters (Shaw et al. 2007). The ndhF-
rpl32 region of Prostanthera has several sites of mononucleotide repeats (e.g. poly-A’s)
that vary in length amongst species. Since they are difficult to align they were not used
in the phylogenetic analysis. If these sites greatly contribute to the number of
potentially informative characters described by Shaw et al. (2007) then the ndhF-rpi32
may not be useful to low-level molecular studies that require base pair alignments for

phylogenetic analysis.

Classification in the Westringieae

The molecular phylogeny supports the position of Prostanthera and Wrixonia as sister
to all other Westringieae (Cantino 1992; Conn 1992b). However, it places Wrixonia
within Prostanthera and therefore contradicts previous morphological analyses that
support Wrixonia as a sister clade to Prostanthera. Furthermore, none of the results
recover both species of Wrixonia within a clade. Therefore this does not provide
support that Wrixonia is a monophyletic clade, but its status remains unresolved since

they are consistently recovered within a poorly resolved region of the phylogeny.

The placement of Wrixonia within Prostanthera suggests that the flower of Wrixonia

has lost a functional pair of anthers as well as the appendages on its functional anthers.
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This loss suggests that anther morphology has changed too rapidly to be a useful
phylogenetic character at the generic level. The considerable morphological variation in
anther appendages within each section of Prostanthera also indicates this as a rapidly
evolving character. Furthermore, Microcorys is considered distinct from Hemigenia
because it has two abaxial staminodes (Carrick 1976). Recent molecular evidence
demonstrates these two genera are polyphyletic and hence a similar reduction in anther

appendages may have occurred again in the Westringieae (Guerin 2008).

Classification in Prostanthera

Whilst the phylogeny is insufficiently resolved to reject the monophyly of section
Klanderia, it does demonstrate the paraphyly of section Prostanthera. Although the
ndhF-rpl32 region recovers little resolution within Prostanthera, trnT-F and ETS
regions consistently show that species of section Klanderia nest within Prostanthera in
clade D (Figs. 2.2- 2.8). Clade F, which is composed of species from section
Prostanthera, has strong support from the trnT-F and ETS regions and is more derived
than section Klanderia (Figs. 2.2- 2.8). This therefore forms two separate clades
composed of species of section Prostanthera. Wrixonia, P. cuneata, P. eurybioides,
and P. spinosa are recovered with species of section Klanderia by better resolved trees
(Figs. 2.5- 2.8). However, their placement is not consistent amongst these trees nor does
their position receive any support. Therefore, the status of section Klanderia remains
unresolved since there is a lack of evidence in support of the group and there is little

evidence to reject it.

The paraphyly of section Prostanthera contradicts the previous assumption of

monophyly derived from Bentham’s (1870) classification. Unfortunately no subsequent
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study of taxonomy in the Westringieae has included multiple representatives to test the
monophyly of section Prostanthera. Two possible exceptions are morphological studies
that support section Prostanthera and P. tysoniana (= Eichlerago tysoniana) as sister to
section Klanderia (Cantino 1992; Conn 1992b). The ETS data set contradicts this since
it recovers section Klanderia within section Prostanthera, which includes P. tysoniana
(=E. tysoniana). In Xaddition to some of the previously untreated species, the placement
of many original members in each series does not correspond with the phylogeny.
Prostanthera lasianthos, for example, has racemose inflorescences but is recovered
with members of the Convexae. This supports that inflorescence and leaf shape are not
ideal for systematic treatment of Prostanthera (Hillson 1959). Despite these
inconsistencies, however, there is some correlation between the phylogeny and the
series. Most members of the Racemosae belong to clade F, which has high support from
the trnT-F and ETS data sets and is also partially recovered in the BI analysis of the
ndhF-rpl32 region. Most members of the Convexae belong to clade E, which is resolved
in all trees except the ndhF-rpi32 MP tree. Most of the Subconcavae are recovered as
sister to the rest of Prostanthera; this includes clade G which has high support in trnT-F
and ETS trees. In addition to this general correlation, the reclassification of some of
Bentham’s decisions makes the correlation even stronger. For example, the current
morphological descriptions of P. spinosa and P. cuneata fit the Subconcavae even
though they are placed in the Convexae (Conn 1988; 1998). It appears that with detailed
morphological and ontogenetic study across Prostanthera may resolve the

inconsistencies between the phylogenetic and series classifications.

The trees of the trnT-F and ETS datasets recover the multiple accessions of a particular

species into a well supported clade. Prostanthera sejuncta has been described as P.
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spinosa until recently because they both share spinose branches (Williams et al. 2006).
Their placement into separate clades is a surprising result that supports that the spinose
morphology is homoplastic. Prostanthera arapilensis and P. nudufa also have spinose
morphology and their addition to the phylogeny is necessary to better understand the

evolution of this morphology.

Conclusions

The results of molecular analyses demonstrate that Prostanthera is not monophyletic
since Wrixonia nests within it. Since Prostanthera was described before Wrixonia, and
both belong to a well supported clade, it is recommended that Wrixonia be transferred
to Prostanthera. Poor resolution of the phylogeny prevents a conclusion about the
monophyly of section Klanderia. The sectional classification should be rejected,
however, since section Prostanthera is paraphyletic. The phylogeny does not
correspond to the series classification proposed by Bentham (1870). It appears that with
an improved morphological understanding of Prostanthera, however, these groups will

be the foundation of a new internal classification of Prostanthera.
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Chapter 3

Floral characters and shape support
measureable pollination syndromes in
Prostanthera

Introduction

Pollination syndromes have traditionally been characterised based on a collection of
qualitative characteristics (Vogel 1954; Faegri and Van der Pijl 1979). For example,
long red tubular corollas, a large volume of nectar, reflexed lower lobes, and exserted
anthers are typical floral features that are used to estimate ornithophily (Faegri and Van
der Pijl 1979; Cronk and Ojeda 2008). However, applying the concept of a pollination
syndrome does not always allow correct prediction of pollinators and should not be
considered failsafe (Faegri and Van der Pijl 1979; Proctor ef al. 1996). For example, the
flowers of the bird-pollinated Banksia ericifolia Smith (Proteaceae) do not have long
red tubular corollas and the long red tubular corollas of Peraxilla tetrapetala (L.f.)
Tiegh. (Loranthaceae) are not exclusively bird pollinated (Paton and Turner 1985;
Robertson et al. 2005). Inferring pollinators based on floral characteristics might be
improved if it is understood what measureable changes are necessary to distinguish

them.

The few studies that have measured differences between pollination syndromes employ

multivariate analysis of floral characteristics (Ollerton and Watts 2000; Wilson ef al.
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2004; Martén-Rodriguez et al. 2009). The choice of measureable characteristics for
these studies was restricted to linear measurements such as petal reflexion, or corolla
length. Flower shape, which has an influence on attracting pollinators and corresponds
to their fit (Westerkamp and Classen-Bockhoff 2007), has so far been restricted to

categorical description and has not been reliably measured objectively.

Relative warps analysis is a recent method developed to measure differences in shape
(Rohlf and Marcus 1993; Mitteroecker and Gunz 2009). This analysis recognises shape
as a set of landmarks and compares it with homologous landmarks on other shapes by
using principal components analysis (Rohlf and Marcus 1993). The principal
components, defined as relative warps, can be visualised by préj ecting them onto a thin-
plate spline, which is a modification of Thompsons’ (1942) cartesian grid (Bookstein
1989). Therefore patterns in the ordination can be associated with the deformations in
shape caused by relative warp 1 (RW1) or relative warp 2 (RW2) on the thin-plate
splines. The effect these deformations have on the entire shape can also be investigated
by dissecting the total change in shape, which is known as the shape component, into
two parts: the uniform shape component, which describes the effects of shearing and
stretching, and the non-uniform shape component, which describes the effects of
localised deformations in shape (Jensen et al. 2002). Relative warps analysis has had a
wide variety of applications from taxonomic analysis of Drosophila to identifying
trophic phenotypes amongst Cichlid fishes (Rohlf and Slice 1990; Riiber and Adams
2001). Its recent application for understanding zygomorphy in Erysimum flowers
demonstrates that there is potential for this tool to investigate key changes of flower

shape amongst pollination syndromes (Gomez et al. 2006)
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Taxa are inferred to be either entomophilous or ornithophilous by qualitative
observations of their flowers: a short, gullet-shaped, mauve or white corolla of section
Prostanthera (Fig. 3.1a and Fig. 3.2b) implies entomophily whereas the long, red,
tubular corolla of section K/anderia (Fig. 3.1c) implies ornithophily (Keighery 1980;
Conn 1984). These pollination syndromes are speculative without quantitative analysis
of morphology or visitors. In this chapter, multivariate analyses of linear measurement
and shape are used to identify the difference in floral shape amongst groups identified

in the phylogeny of the genus Prostanthera.

Figure 3.1 Three species of Prostanthera demonstrating the breadth of variation in
flower morphology. a) Prostanthera lasianthos, female stage. b) P. rotundifolia,
female stage. c) P. aspalathoides, male stage.

Materials and Methods

Specimen collection

Seventeen species of Prostanthera were selected for morphometric analysis and
collected from across New South Wales, Victoria, and South Australia (Table 3.1).
Flowers were collected from more than one population of P. aspalathoides, P.

lasianthos, P. monticola, and P. nivea. Two varieties of P. nivea (namely, var. induta
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Table 3.1. Species of Prostanthera used for phenetic and geometric analysis. Section and series classification is based on Bentham (1870).
*=series classification adopted in Chapter 2. N.P.= National Park; N.S.W.= New South Wales; S.A.= South Australia; S.F.= State Forest; Vic.=

Victoria.
Study Species Section Series Location Voucher #
P. aspalathoides Benth. Klanderia - Gubbatta N.R., N.S.W NSW803944
Taleeban N.R., N.S.W NSW803918
Hiawatha S.F., N.S.W NSW803950
P. chlorantha (F.Muell.) Benth. Klanderia - Currency Creek, S.A. NSW803952
P. cruciflora J. H.Willis Prostanthera ~ Racemosae* Mount Kaputar N.P., N.SW. NSW803951
P. cuneata Benth. Prostanthera  Convexae Mt. Buffalo N.P., Vic. NSW844231.
P. lasianthos Labill. Prostanthera  Racemosae Blue Mountains N.P., N.SW. NSW799707
P. linearis R.Br. Prostanthera  Convexae Brisbane Waters N.P., N.S.W. NSW784600
P. monticola B.J.Conn Klanderia - Mount Buffalo N.P., Vic. NSW803943
P. nivea Benth. var. induta Prostanthera  Subconcavae Warrumbungles N.P., N.S.W. NSW803949
P. nivea Benth. var. nivea Prostanthera  Subconcavae Mt. Kaputar N.P., N.S.W. NSW803947
P. ovalifolia R.Br. Prostanthera  Racemosae Mendooran, N.S.W. NSW803953
P. porcata B.J.Conn Klanderia - Buddawang N.P., N.S.W. NSW779742
P. ringens Benth. Klanderia - Pilliga S.F., N.S.W. NSW803945
P. rotundifolia R Br. Prostanthera  Racemosae Mt. Buffalo N.P. Vic. NSW779804
P. saxicola R.Br. var.montana Prostanthera  Subconcavae Blue Mountains N.P., N.S.W. NSW803916
P. serpyllifolia (R.Br.)Briq. subsp. microphylla  Klanderia - Pulletop N.R., N.S.W. NSW813913
P. sieberi Benth. Prostanthera  Racemosae Royal N.P., N.S.W. NSW844227
Mt. Keira, N.S.W. NSW803920
P. staurophylla F .Muell. Prostanthera - Mt. Mckenzie, N.S.W. NSW785873
P. striatiflora F Muell. Prostanthera  Subconcavae Mt. Yardi, S.A. NSW449546




and var. nivea) were included to account for its full range of morphological variation.

For other species, replicates were collected from different plants at one population.

The flowers of Prostanthera are bisexual and protandrous (Conn 1984). For most
species of Prostanthera, shape change is continuous for the duration of the male flower
stage whereas it ceases by the female stage (refer to Chapter 4). Therefore most
phenetic data and all geometric data were collected from female stage flowers. For each
species, one male stage flower and one female stage flower were collected for
measurements of the phenetic data. Therefore the total number of flowers examined for
these measurements was 34. Three female stage flowers were collected for each species
to measure the geometric data. The total number of flowers used for the geometric

analysis was 51.

Flowers were cut below the prophylls (refer to Chapter 1) and preserved in 70%
ethanol. To keep the natural shape of the flower, care was taken to remove the flowers
and place them in a vial large enough to suspend the flower in ethanol without
deformation. Apart from anthers being slightly divergent, there was no change in

morphology after preservation in ethanol.

Measurement of phenetic data

Bentham (1870) originally described flowers of Prostanthera as bilabiate with
spreading lateral lobes of the labium, or bottom lip. However, it is often difficult to
ascertain which lip these lateral petals associate with and so flower descriptions are here
based on the morphology previously outlined by Conn (1984). In his terminology, the

corolla is defined as consisting of five lobes: two adaxial, two lateral, and one abaxial
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(Fig. 3.2). The adaxial lobes are often so completely fused that they are referred as the

adaxial median lobe-pair (Conn 1984).

Twenty-three morphological characters (Table 3.2) were chosen on the basis that they

are commonly used to distinguish insect and bird pollination syndromes (Wilson ef al.

2004; Cronk and Ojeda 2008; Martén-Rodriguez et al. 2009; Ollerton et al. 2009b).
Since flowers of Prostanthera are isobilateral (Conn 1984), measurements that were

taken from one side of the flower were consistently made on the right (Figs. 3.2a and

3.2b). Most characters were measured with hand held calipers (to the nearest 0.05 mm)

with the aid of a dissecting microscope. The profile for each specimen was photocopied

so that characters of curvature and reflexion could be measured using a ruler and

protractor.

Table 3.2. Twenty-three floral characteristics measured for the phenetic analysis of

Prostanthera.

#  Floral character # Floral character

1 @ stage flower length 13  Adaxial lobe reflexion

2 & stage flower length 14  Lateral lobe width

3 Abaxial tube length 15  Tube height

4  Adaxial tube length 16  Tube width

5  Abaxial lobe length 17 @ stage female exsertion

6  Adaxial median lobe-pair length | 18 & stage female exsertion

7  Abaxial curvature (length) 19 & stage male exsertion

8  Adaxial curvature (length) 20 appendage length: abaxial
anther

9  Abaxial curvature (angle) 21 appendage length: adaxial
anther

10 Abaxial curvature (angle) 22 Spotting

11 Adaxial tip curvature (angle) 23 Corolla colour

12 Abaxial lobe reflexion
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Figure 3.2. Image of flower illustrating the location of the 10 landmarks and linear
morphometric characters applied to Prostanthera tflowers. (a), landmarks on a P.
monticola flower; (b), landmarks on a P. sieberi flower; (c), linear measurement of a P.
ovalifolia flower in profile; (d), linear measurement of a P. ovalifolia flower in front
view. AL= abaxial lobe; AMP= adaxial median pair; LLI= left lateral lobe; LLr= right
lateral lobe; 1= female stage flower length; 2= male stage flower length; 3= abaxial
tube length; 4= adaxial tube length; 5= abaxial lobe length; 6= adaxial median pair lobe
length; 14= lateral lobe length; 15= tube height; 16= tube width.
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Adaxial flower length (characters 1 and 2) was measured for male and female stage
flowers whereas tube length (characters 3 and 4) was only measured in female flowers
(Fig. 3.2¢). Flower length (characters 1 and 2) was measured from the base of the calyx
to tip of the adaxial median pair. Tube length (characters 3 and 4) was measured from
the base of the corolla to the base of the lateral lobe. Lobe length (characters 5 and 6)

was measured from the lobe base to its tip (Figs. 3.2c and 3.2d).

Length and angle of corolla curvature were measured by using abaxial tangent and
adaxial tangent lines (Fig. 3.3a). Adaxial tip curvature and adaxial curvature were
measured to establish any effect the adaxial lobe pair has on overall shape. The abaxial
tangent is the line drawn tangentially to the curve of the abaxial side of the flower. The
adaxial tangent is the line drawn as the tangent to the curve of the adaxial side of the
flower. Corolla curvature length (characters 7 and 8) and angle (characters 9 and 10)
were measured between the tangent and the junction of the abaxial and lateral lobe.
Adaxial tip curvature (characters 11) was measured as the angle between the adaxial

tangent and tip of the adaxial median pair.

The main flower axis was used to measure the angle of adaxial and abaxial lobe
reflexion (Fig. 3.3b). The main flower axis is the line drawn from the base of the corolla
through the junction between the lateral lobe and the abaxial lobe. Abaxial lobe
reflexion (character 12) is the angle between the main flower axis and the distal tip of
the abaxial lobe. Adaxial lobe (character 13) reflexion is angle between the main flower

axis and the distal tip of the adaxial median pair.
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Figure 3.3. Images demonstrating measurements made for Prostanthera flowers. (a)
and (b), Illustration of a flower representative of Prostanthera section Klanderia; (c),
abaxial (top) and adaxial (bottom) anthers of P. striatiflora. The abaxial anther 1s
position on its side whereas the adaxial anther is positioned ventral side down and
shows how the appendage is an outgrowth of the enlarged connective tissue (n) between
the two thecae (t). 7=abaxial curvature (length); 8= adaxial curvature (length); 9=
abaxial curvature (angle); 10= adaxial curvature (angle); 1 1= adaxial tip curvature; 12=
abaxial reflexion; 13= adaxial reflexion; 17= stigma exsertion; 19= stamen exsertion;
20= appendage length of abaxial anther; 21= appendage length of adaxial anther.
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Measurements of height and width were taken from the point at which the lobes emerge
from the floral tube (Fig. 3.2c). Lateral lobe width (character 14) was measured at the
base of the lateral lobe. Tube height (character 15) was measured from the midpoint of
the abaxial lobe to the midpoint of the adaxial median pair. Tube width (character 16)
was measured at the base of the adaxial median pair. Stamen length and style length
were measured from the base of the calyx to the tip of the anther and stigma,
respectively (Fig. 3.2d). Female exsertion (characters 17 and 18) and male exsertion
(character 19) were acquired by subtracting total flower length of the respective flower
from this distance. At the female flower stage, stamens have senesced and so were not

measured.

Some Prostanthera species have more than one type of androecial appendage (Conn
1984). This study is only concerned with the principal appendage, which originates
from the connective tissue between the two thecae (Fig. 3.3¢). The abaxial anther
appendage (character 20) and the adaxial anther appendage (character 21) were

measured from base to tip.

Corolla colour and the presence of spots were measured on fresh flowers in the field
from approximately 200 female flowers for each species. The presence of spots on the
corolla (character 21) was assessed as any markings on the abaxial lobe (Fig. 3.1a).
Corolla colour (character 22) was coded from one to four in order from shortest
wavelength to longest wavelength: 1= white (Fig. 3.1a), 2= blue-violet (Fig. 3.1b),

3= green-yellow, and 4= red (Fig. 3.1c).
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Measurement of geometric data

The shape of the flower face (e.g. Fig. 3.2a) was used for relative warps analysis since it
demonstrates many characteristics associated with pollination syndrome. Ten
morphologically homologous points represent the apex of each petal lobe and each
sinus between each of these lobes (Figs.3.2a and 3.2b). The apex of a petal was found at
the terminus of theT midvein and each sinus was chosen as the deepest point between
petal lobes. These represent Type 1 landmarks (Slice e al. 1996). In the morphometric
study of a leaf, sinuses are considered to be Type 2 landmarks since their exact
positioning relies on geometric evidence rather than homology (Jensen 1990; Slice et

al. 1996; Jensen et al. 2002). Sinuses in a corolla, however, can be considered Type 1

landmarks since they represent the division between petals.

Ethanol-preserved flowers were photographed using a stage mounted digital SLR
camera (Canon EOS 30D) fixed with a 35mm Canon Lens EF (1:2). Four landmarks (1,
4, 6 and 8, Fig. 3.2a and Fig. 3.2b) were used to standardise flower position before
digitisation by levelling them along a background horizontal line and the crosshairs of
the camera viewfinder. The computer program Tps-Dig version 2.05 (Rohlf 2006) was
used to digitise the location of homologous landmarks on each flower image and record

the resulting data matrices.

Statistical analysis

Similarities of floral characters of Prostanthera were investigated using PATN version
3.03 (Belbin and Collins 2004). Cluster analysis and multidimensional scaling were
conducted on the phenetic data in a two-part analysis. The first analysis was conducted

using measurements of both sexual stages. A second analysis excluded the
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measurements taken from male stage flowers. This was done in order to make

comparisons with the geometric analyses that only analyse female stage flowers.

Cluster analysis was conducted using the Gower association measure and a flexible
unweighted pair group method with arithmetic mean (UPGMA) sorting strategy with a
beta value = -0.1. Qower’s coefficient of similarity (Gower 1971) was used to prevent
unequal character weighting since different quantitative measures are used. PATN
subsequently changes these results to a dissimilarity matrix (Austin and Belbin 1982).
The Kruskal-Wallace statistic was used to evaluate how well each character partitioned
the groups found at a particular dissimilarity value in the cluster analysis. An analysis
of similarities (ANOSIM) was used to evaluate the statistical significance between

groups (Clarke and Green 1988).

Semi-strict hybrid multidimensional scaling (SSHMDS) and non-metric
multidimensional scaling (NMMDS) ordinations were used to investigate spatial
patterns of the floral characters after the data transformation described above. SSHMDS
is recommended when there are a smaller number of operational taxanomic units
(OTUs) than data variables because it is sensitive to differences between closely
grouped OTUs (Rohlf 1972). Results of SSHMDS and NMMDS were congruent,
therefore only the output of the former will be presented here. Principal component
correlation (PCC) was used to generate a regression line for each variable in
multivariate space. A coefficient of determination (r*) measures the correlation of each
variable from PCC. The reliability of the PCC was tested using Monte-Carlo attributes
in ordination (MCAO) to determine how robust each linear regression was; a value less

than 5% was considered as robust.
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The landmark data were analysed using relative warps analysis (Rohlf 1993), cluster
analysis and SSHMDS ordination. Relative warps was conducted with the program
PAST (Hammer ef al. 2001). A consensus shape for each species was generated from
three replicates. For all species, the consensus shapes were then superimposed with
each other using the Procrustes method to eliminate differences in size and rotation
(Rohlf and Slice 1990). Relative warps analysis was conducted using principal
components analysis (PCA) and then thin-plate splines were generated for relative warp

one (RW1) and relative warp two (RW2).

The landmark data was also analysed with cluster analysis and SSHMDS to investigate
the differential effect between the uniform and non-uniform shape component. The
weight matrix was extracted using PAST and imported into PATN. Subsequent cluster
analysis and SSHMDS ordination used the same settings as described for the analysis of

phenetic data.

Results

Phenetic data

The data matrix for phenetic data is provided in Appendix 3.1. Two groups can be seen
from the UPGMA dendrogram with a dissimilarity value of 0.527 (Fig. 3.4). Group 1
contains five members of section Klanderia. Group 2 contains P. serpyllifolia (section
Klanderia) and all members of section Prostanthera. The flower of group 1 has a
longer (characters 1, 2, 4, and 6), more curved (characters 7 and 8) corolla that reflects

colour of a longer wavelength (character 23) (Fig. 3.5).
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Figure 3.4. Dendrogram for the UPGMA analysis of the floral phenetic data from 17
species of Prostanthera. Three clusters can be identified from the dendrogram. Line
colour represents sectional membership: red = section Klanderia; blue = section
Prostanthera.
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Figure 3.5. Box-whisker plots of UPGMA analysis of the floral phenetic data from 17
species of Prostanthera. Eight characters separate group 1 and group 2. Characters are
ranked by Kruskal-Wallace values from highest (top) to lowest (bottom). Asterisk

represents character retrieved only in the analysis using male and female stage flowers.
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Two subgroups (group 2a and group 2b) are recovered in the UPGMA dendrogram at a
dissimilarity value of 0.363 (Fig. 3.4). The flower of group 2a has a more exserted
stigma (characters 17 and 18), shorter corolla (character 2), shorter abaxial lobe length
(character 5), shorter anther appendages (characters 20 and 21), and a more narrow tube

height (character 15) (Fig. 3.6).

The highest discriminatory characters from an analysis on taxa organised according to
sectional classification are tube width, curvature, and colour (Fig. 3.7). The flower of
section Klanderia is longer (characters 1, 2, 4, and 6), narrower (character 16), more
curved (character 8) and reflects colour of a longer wavelength (character 23). The
ANOSIM supports that they are significantly different because 0.10% scores (best

fratio=1.48) are higher than the real f-ratio (1.42).

Semi-strict hybrid multiple dimensional scaling (SSHMDS) recovers three groups
similar in composition to those recovered in the UPGMA dendrogram (Fig. 3.8). Most
characters with high Kruskal-Wallace values scored from cluster analysis have high r*
values that are significant (MCAOQO, p<0.05) (Appendix 3.2). Prostanthera serpyllifolia
(arrow) of group 2 is joined to group 1 by the minimum spanning tree. A group 1 flower
is longer (characters 1, 2 and 4) and more curved (characters 7 and 8) (Fig. 3.6). If P.
serpyllifolia is considered as group 1, then the flower of group 1 is also narrower
(character 16) and reflects a colour with longer wavelength (character 23). Compared
with only group 2b, the flowers of group 2a (circles) are wider (character 16), have
more exserted stigmas (characters 17 and 18), and have longer anther appendages

(characters 20 and 21).
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Figure 3.6. Box-whisker-plots from UPGMA analysis of floral phenetic data from 17
species of Prostanthera. Seven characters discriminate group 1, group 2a, and group 2b.
Characters are ranked by Kruskal-Wallace values from highest (top) to lowest (bottom)

Evolution of pollination in Prostanthera 58



23 Colour

KW = 11.000
Group Mean
Klanderia 3.33

Prostanthera 1.27

% 2 J phase flower length

KW = 10.343
Group Mean
Klanderia 1.93

Prostanthera 0.86

1 ¢ phase flower length
KW = 10.343
Group Mean

Klanderia 2.09
Prostanthera 0.97

4 Adaxial tube length
KW =9.7071
Group Mean

Klanderia 1.39
Prostanthera 0.69

16 Tube width
KW = 7.9192
Group Mean
Klanderia 0.38
Prostanthera 0.58

6 Adaxial median lobe-pair length

KW = 7.3636
Group Mean

Klanderia 0.78
Prostanthera (.45

12 Abaxial lobe reflexion

KW = 7.3636

Group Mean
Klanderia 296
Prostanthera 246

8 Adaxial curvature (length)

KW = 7.3636
Group Mean

Klanderia 0.60
Prostanthera 0.31

1.1.00 ?.50 4.00
——
1 0.07 1.40 2.73
T M
—_—
L0.55 166 278
a3
L 0.44 1.19 1.95
T
= : T
oy S —
1 0.28 0.68 1.06
T
,l T |
1 0.20 0.59 0.97,
e I
P |
1207 278 348
Yy M
I e gy S
1 0.08 0.44 0.81)

f———( 1}

Figure 3.7. Box-whisker plots from the UPGMA analysis of floral phenetic data from
17 species of Prostanthera. The analysis uses the a priori groups section Klanderia and

section Prostanthera. Eight characters separate section Klanderia and section

Prostanthera. Characters are ranked by Kruskal-Wallace values from highest (top) to

lowest (bottom). Asterisk represents character retrieved only in the analysis using male

and female stage flowers. An S represents the approximate position of P. serpyllifolia in

the box plots.
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Figure 3.8. Pair-wise plots of the first three dimensions recovered from SSHMDS of
the floral phenetic data from 17 species of Prostanthera (stress = 0.080). Character
numbers from Table 3.2 are used in the vector diagrams. Prostanthera serpyllifolia is
marked with an ‘s’ and P. staurophylla is marked with an ‘A’. Symbols represent
cluster membership derived from flexible UPGMA (Fig. 3.4) and colours represent

sectional classification. Triangle= group 1; circle= group 2a; squares= group 2b; red =

Prostanthera section Klanderia; blue = Prostanthera section Prostanthera.
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Cluster analysis recovers two groups at a dissimilarity value of 0.559 when male stage
flower data are removed (Fig. 3.9). Group 1 contains five members of section
Klanderia. group 2 contains P. serpyllifolia (section Klanderia) and all members of
section Prostanthera. The flower of group 1 has a longer (characters 1, 4, and 6), more
curved (characters 7 and 8) corolla that reflects colour of a longer wavelength

(character 23) (Fig. 3.5).

Two subgroups (group 2a and group 2b) are recovered in the UPGMA dendrogram at a
dissimilarity value of 0.402 (Fig. 3.4). The flower of group 2a has a more exserted
stigma (characters 17), shorter length (character 1), more reflexed adaxial median pair

(character 13), and shorter anther appendages (characters 20 and 21) (Fig. 3.10).

The SSHMDS recovers three groups similar in composition to those recovered in the
UPGMA dendrogram (Fig. 3.11). Most characters with high Kruskal-Wallace values
scored from cluster analysis have high r* values that are significant (MCAO, p<0.05)
(Appendix 3.2, Analysis 2). Prostanthera serpyllifolia of group 2 is joined to group 1
by the minimum spanning tree. A group 1 flower is longer (characters 1 and 4) and
more curved (characters 7 and 8) (Fig. 3.6). If P. serpyllifolia is considered as group 1,
then the flower of group 1 is additionally narrower (character 16), has a more reflexed
abaxial lobe (character 12) and reflects a colour with longer wavelength (character 23).
Compared to only group 2b, the flowers of group 2a (circles) are wider (character 16),
have more exserted stigmas (character 18), and have longer anther appendages

(characters 20 and 21).
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Figure 3.9. Dendrogram from the UPGMA analysis of the floral phenetic data from 17
species of Prostanthera. Data excludes characters from male stage flowers. Line colour
represents sectional membership: red = section Klanderia; blue = section Prostanthera.
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17 species of Prostanthera. Data excludes characters from male stage flowers. Five
characters discriminate group 1, group 2a, and group 2b. Characters are ranked by
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Figure 3.11. Pair-wise plots of the first three dimensions recovered from SSHMDS of
the floral phenetic data from 17 species of Prostanthera (stress = 0.080). Data excludes
male flower stage characteristics. Character numbers from Table 3.2 are used in the
vector diagrams. Prostanthera serpyllifolia is marked with an ‘s’ and P. staurophylla is
marked with an ‘A’. Symbols represent cluster membership derived from flexible
UPGMA (Fig. 3.9) and colours represent sectional classification. Triangle= group 1;
circle= group 2a; squares= group 2b; red = Prostanthera section Klanderia; blue =
Prostanthera section Prostanthera.
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Geometric data
The landmark data for all 17 species of Prostanthera is listed in Appendix 3.3. Two
groups are recovered in relative warps analysis along relative warp one (RW1)

(Fig. 3.12). The cohesiveness of these two groups is reinforced by the minimum
spanning tree (MST) connections. Prostanthera monticola and P. lasianthos form the
connection betwee;n the two groups. Group 2 is separated into two subgroups (2a and
2b) along relative warp 2 (RW2). The MST connects subgroups from P. sieberi to P.
lasianthos. Both relative warps account for 80% (67.6 and 12.4, respectively) of the
total shape variation. Both relative warps produce deformations of flower shape when
projected onto a thin-plate spline (Fig. 3.13). In the ordination, RW1 defines a shift in
size proportion between the adaxial median lobe-pair and the lower lobes (lateral lobes
and abaxial lobe) of the flower. Its negative deformation increases the size of the
adaxial median lobe-pair and decreases the size of the lower lobes. Its positive
deformation decreases the size of the adaxial median lobe-pair and increases the size of
the lower lobes. Negative deformation of RW2 causes the lateral lobes and the tips of
the adaxial median lobe-pair to stretch upwards, increasing the radial symmetry of the
flower shape. Positive deformation of RW2 causes the lateral lobes and tips of the
adaxial median lobe-pair to bend downwards, increasing the bilateral symmetry of the
flower shape. The consensus shape of group 1 is horizontally compressed in relation to

the consensus shape of either subgroup of group 2 (Fig. 3.14).

Cluster analysis recovers two groups at a dissimilarity value of 0.426 based on the
combination of uniform component (warp 2) and non-uniform component (warps 4,10,
and 12) (Figs. 3.15 and 3.16A). Group 1 has larger values of warp 4, 10 and 12 whereas

Group 2 has a larger value for warp 2 (Fig. 3.16A). Group 1 contains members of
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Figure 3.12. Ordination from relative warps analysis of the flower from 17 species of
Prostanthera. Symbols represent cluster membership derived from flexible UPGMA of
phenetic analysis (Figs. 3.4 and 3.9) and colours represent sectional classification.
Prostanthera lasianthos, P. monticola, and P. sieberi are marked with an ‘L’,’M’, and
‘B’ respectively. See Figure 3.13 for the corresponding shape deformations represented
by relative warp 1 (RW1) and relative warp 2 (RW2). Triangle= group 1; circle= group
2a; squares= group 2b; red = Prostanthera section Klanderia; blue = Prostanthera
section Prostanthera.
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Figure 3.13. Thin-plate splines demonstrating the positive and negative amplitude
deformations from relative warps analysis. Relative warp one stretches (-1.5 amplitude)
or contracts (+1.5 amplitude) the shape of the flower constituting the adaxial median
lobe-pair. Relative warp two bends the shape of the flower constituting the lateral lobes
downwards (-1.5 amplitude) or upwards (+1.5 amplitude).
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Figure 3.14. Thfn—plate splines of the consensus shape for (a.) group 1, (b.) group 2a,
and (c.) group 2b. All shapes are illustrated at the same scale.
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Figure 3.15. Dendrogram from the UPGMA analysis of the geometric data. Line colour
represents sectional membership: red = section K/anderia; blue = section Prostanthera.
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Figure 3.16. Box-whisker-plots from UPGMA analysis of geometric data. Four warps

discriminate (A) group 1 and group 2, or (B) section Klanderia and section
Prostanthera. Characters are ranked by Kruskal-Wallace values from highest (top) to

lowest (bottom).
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section Klanderia plus P. striatiflora and group 2 contains the remaining members of
section Prostanthera. The groups remain significantly different if P. striatiflora is
placed with section Prostanthera (ANOSIM: best-fratio= 1.28 < real f-ratio= 1.34) and

there is no change in discriminatory characters (Fig. 3.16B).

SSHMDS recovers two groups similar in composition to those recovered in the
UPGMA dendrogram (Fig. 3.15). The four characters (warps 2, 4, 10, and 12) have
high r* values that are significant (MCAO, p<0.05) (Appendix 3.2, Analysis 3). The two

groups are linked by MST through P. monticola and P. sieberi (Fig. 3.17).

Discussion

The purpose of this study was to define measureable characteristics of pollination
syndromes by identifying the differences between floral characteristics of groups within
Prostanthera. Multivariate analysis and relative warps analysis confirm that
ornithophilous floral characteristics separate section Klanderia from section
Prostanthera. Two distinct flower morphologies within section Prostanthera are

identified as having syndromes of melittophily or general entomophily.

Interpretation of phenetic analysis

Cluster analysis initially recovered two groups similar in membership to section
Prostanthera and section Klanderia. An exception is that it recovered P. serpyllifolia
with the section Prostanthera in group 2 rather than with section K/anderia in group 1.
This is because the flower of P. serpyllifolia is smaller than any other species of section

Klanderia (Conn 1984); characters such as shorter length and weaker curvature place it
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Figure 3.17. Pair-wise plots of the first three dimensions recovered from SSHMDS of
the geometric data without male flower stage characteristics (stress= 0.1464). Character
numbers from Table 3.2 are used in the vector diagrams. Symbols represent cluster
membership derived from flexible UPGMA (Fig. 3.9) and colours represent sectional
classification. Prostanthera monticola and P. striatiflora are marked with an ‘M’ and an
“T’, respectively. Triangle= group 1; circle= group 2a; squares= group 2b; red =
Prostanthera section Klanderia; blue = Prostanthera section Prostanthera.
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amongst section Prostanthera (Fig. 3.5). In the SSHMDS plot, however, it is situated
between the clusters of both sections and therefore its membership could also be part of
section Klanderia. If analysis is conducted with it placed within section Klanderia then
the significance between groups is retained. Compared to a flower of section
Prostanthera, a flower of section Klanderia is longer, reflects longer wavelengths of
light, and has a narrower corolla tube. The flowers of section Prostanthera have shorter

corollas that reflect shorter wavelengths of light and the corolla tube is wider.

Cluster analysis also recovers two subgroups within section Prostanthera. Compared to
a flower of group 2b, the flower _of group 2a has a shorter corolla, abaxial lobe, and
anther appendages, and has a more exserted stigma. Prostanthera staurophylla changes
membership if the male flower characteristics are excluded from the analysis. In this
case, abaxial lobe length does not distinguish flowers of either group. Instead, a group
2a flower has a more reflexed adaxial median lobe-pair. This group membership
appears more accurate since P. staurophylla is situated closer to group 2b in both
SSHMDS plots (Figs. 3.8 and 3.11). Between group 2a and group 2b there is a large
difference in the adaxial median lobe-pair reflexion for the female stage since flowers
in the early anthetic male stage are shown to be porrect. The degree of reflexion of P.
cruciflora, P. ovalifolia, P. rotundifolia, and P. sieberi is much larger than the other

species when in the female stage (compare Fig. 5.4a and Fig. 5.4i for an example).

Interpretation of geometric analysis
Relative warps ordination produces two groups corresponding to section Klanderia and
section Prostanthera. OTUs of section Klanderia cluster in the negative scale of RW1.

As demonstrated on the thin-plate splines of figure 3.13, negative amplitude of relative
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warp one causes a deformation of the flower shape to increase the size of the adaxial
median lobe-pair compared to the lower lobes. Conversely, the OTUs of section
Prostanthera cluster in the positive scale of RW1. Therefore their flowers have larger

lower lobes compared to their adaxial median lobe-pair.

A greater size of thp adaxial median lobe-pair in the geometric analysis corresponds to
the greater length of the adaxial median lobe-pair measured in the phenetic analysis. A
greater size of the abaxial lobes in the geometric analysis, however, does not
correspond to any change in length of the abaxial lobe in the phenetic analysis. Instead,
a decrease in abaxial lobe size corresponds with an increase in abaxial lobe reflexion:
reflexion can change the two-dimensional size of a shape when orientation is taken into
consideration. Rather than a change in size, the appearance of small lower lobes is due
to the reduction in size of the outline. This phenomenon has not been encountered
before since previous shape analyses have interpreted shapes without great 3-D
complexity (e.g. Rohlf 1993; Swiderski 1993; Marcus et al. 2000; Jensen et al. 2002;
Neustupa and Némcova 2007). This presents a limitation to the choice of subjects
relative warps analysis can handle until cost and speed of producing 3-D landmark files

becomes sufficiently smaller.

The relative warps ordination also produces two clusters that match group 2a and group
2b recovered from phenetic analysis. The flower of group 2a has a more radially
symmetric shape whereas the flower of group 2b has a more bilaterally symmetric
shape. Part of the radial symmetry can be explained by the upward shifting of the

adaxial median lobe-pair. Much like the change in size of the abaxial lobes between
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each section of Prostanthera, the increased size of the adaxial median lobe-pair is

explained by phenetic analysis as an increase in reflexion rather than length.

The results of UPGMA analysis and SSHMDS on the shape component are similar to
the results using phenetic data as they confirm both sections of Prostanthera are
significantly differgnt and they form similar clusters in multivariate space. Since warp 2
is a component of the uniform shape it represents uniform stretching of the shape. In
this analysis it describes that width and height ratio is significantly different between
group 1 and group 2, which can be interpreted as similar to the decrease in width
described by the phenetic analysis. A comparison of the consensus shape (Fig.3.14) of

each group demonstrates this change in width.

A limitation of interpreting warps analysis is that the ordination compares the two
highest ranking shape changes. Although the above changes represent a large portion of
the shape variation amongst Prostanthera, 20% of this change cannot be compared.
Important biological shape changes might not be correlated with large changes in shape.
Therefore, it is possible that relative warps analysis might not be able to indicate the

most important biological changes in shape.

Interpretation of pollination syndromes

The consensus of all analyses of floral characters describes that the difference between
section Klanderia and section Prostanthera is based on the difference between
ornithophilous and entomophilous characters, respectively. Red colouration, a long and
narrow floral tube, and a reflexed lower lobe are typically associated with

ornithophilous flowers and are thought to have evolved as preventative mechanisms for
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insect visitors (Faegri and Van der Pijl 1979; Proctor et al. 1996; Schemske and
Bradshaw 1999; Temeles and Rankin 2000; Castellanos et al. 2004; Cronk and Ojeda
2008). For example, red colours are less obvious to an insect, abaxial lobe reflexion
prevents insects from landing while it improves the fit of a birds’ head, a long and
narrow tube exceeds the length of unspecialised insect mouthparts and prevents an

insect from reaching the floral nectary (Raven 1972; Faegri and Van der Pijl 1979).

Blue or white colours, shorter and wider floral tubes, and the presence of a large lower
abaxial lobe are flower characters that are identified as entomophilous. These are found
in all the species of section Prostanthera of this study. Within this group, the floral
diversity suggests there is a scale within the generalist pollination syndrome. The
results from phenetic data demonstrate that group 2a has more exserted stigmas, a
shorter flower length, a more reflexed adaxial median lobe-pair, and a shorter
appendage length than group 2b. This seems to be described in part by geometric
analysis that shows that group 2a is more radially symmetric and group 2b is strongly
bilaterally symmetric. The stigma becomes exserted in group 2a due to the shortening
of the flower length. Yet the anthers do not become exserted meaning that they are held
closer to the gynoecium at the base of the flower. The consensus of all analyses of floral
characters describes that the difference between group 2a and group 2b is based on the
difference between general entomophilous characters and melittophilous characters,
respectively (Faegri and Van der Pijl 1979; Proctor et al. 1996; Neal et al. 1998;
Ollerton et al. 2007; Westerkamp and Classen-Bockhoftf 2007). Bilaterally symmetric
flowers are strong visual cues for hymenopterans and a porrect adaxial median lobe-pair
hides anthers from pollen collecting bees. Furthermore, melittophilous plants often have

complex mechanisms to deposit pollen in a place where a bee cannot remove it
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(ClaBen-Bockhoff et al. 2003; Reith et al. 2006; ClaBen-Bockhoff 2007; Westerkamp
and Classen-Bockhoftf 2007). This mechanism in group 2b appears to consist of a long
floral tube that channels a visitor to brush past elongated anther appendages. The
appendages might then disrupt the hidden anthers to release pollen on the dorsal surface
ot the visitor. The flowers of group 2a have more generalised characteristics such as a
shallow, open coro}lla tube which is not restrictive to various body shapes or
unspecialised mouthparts of insects. Furthermore, anthers are held close to the
gynoecium so that all floral rewards are held together. This is likely so that anthers can
contact a visitor regardless of which way it accesses the flower. This places anthers in
an accessible place for insects to collect pollen. However, if the flower is a generalist,

then a wide range of pollinators other than bees are less inclined to collect pollen.

The species of group 2a and group 2b form separate clades in the phylogeny of
Prostanthera (Figs. 2.3-2.8). Group 2b species are found at the base of the Prostanthera
clade which suggests that their floral morphology is the ancestral state. The derived
clade (clade F) composed of group 2a species indicates that their morphology has
evolved more recently. Reduced anther appendages of group 2a imply that the pollen
depositing mechanism has changed corresponding with the accessibility of the flower.
The anther appendage has possibly become vestigial since a visitor can manage to avoid
triggering it in an open flower. In Salvia this has happened because changes in the
corolla force the pollinator into a specific position (Walker ef al. 2004; Wester and
ClaBBen-Bockhoff 2006a; Walker and Sytsma 2007; Wester and Cla3en-Bockhoff 2007).
The trend in section Prostanthera is opposite since the anther appendage is reduced in a
more cup-shaped flower. The anthers of these flowers, such as P. sieberi, have many

short barbs (triangular trichomes) found at the tips of the reduced appendages as well as
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at the base of their lobes (Conn 1984; Conn 1992a; Conn 1997; 2006; Hunter ef al.
2006). The anther appendage mechanism might still function like those of group 2b
flowers but only requires the contact of the head or mouthparts of an insect rather than a

thorax or abdomen.

Despite these chargcters, caution still must be used in determining pollinators because
many generalist flowers have been shown to be an ecological specialist on one
particular pollinator (Ollerton et al. 2007). Like the flowers of section Klanderia, these
flower types need to be quantified for pollinators in the field to properly assess

pollination syndromes in Prostanthera.

Conclusions

This study demonstrates measureable differences in groups of Prostanthera that
correspond with the typical characteristics of either ornithophily and entomophily. The
floral variation within Prostanthera suggests one group is potentially melittophilous
and another is suited to more general entomophily. It would be incorrect to conclude
that these results alone satisfy our understanding of the reproductive biology of
Prostanthera. To build on this, further work mﬁst demonstrate pollinators of each
flower type presented here in order to more confidently understand the pollination of

Prostanthera.
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Chapter 4

Investigation of pollination syndromes in
Prostanthera

Introduction

Two sections are recognised in the genus Prostanthera: section Prostanthera and
section Klanderia. Prostanthera section Prostanthera is regarded as entomophilous
because the taxa have white or mauve gullet-shaped flowers. Prostanthera section
Klanderia is regarded as ornithophilous because the taxa have red or green flowers that
have longer corolla tubes. This floral diversity is very similar to the many other
entomophilous or ornithophilous groups found in the Lamiaceae (Conn 1984; Vogel et
al. 1984; Conn 1988; Huck 1992a; Guerin 2005; Wester and Claen-Bockhoff 2007).
Prostanthera lasianthos is a typical example of section Prostanthera because its flower
has a broad corolla tube, is white, and has nectar guides (Conn 1992a; Conn 1994).
Molecular and morphological analyses in this study (Chapters 2 and 3) have confirmed
that the affinities of this species are with other species of section Prostanthera. Field
observations, however, contradict the expected pollination syndrome for P. lasianthos
because they report consistent visitation by birds (Loyn 1985). The extent of pollinator
observations in the rest of Prostanthera is limited to four species of section Klanderia
that have been observed being visited by birds of the Meliphagidae and five species of
section Prostanthera (including P. lasianthos) that have been observed being visited by

bees and wasps (Conn 1984; Brown et al. 1997; Hingston and McQuillan 2000).
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The pollination syndromes of Prostanthera were first proposed using herbarium
specimens (Keighery 1980). This was part of a large scale estimate of pollination of the
southwestern flora of Australia aimed at using floral characteristics to determine the
pollination syndromes of over 3000 species. However, it was recently found that the
typical traits associ}ated with generalised pollination syndromes in Australian flora are
unreliable predictors of floral visitors (Hingston and McQuillan 2000). Very few
flowers were found to be exclusively ornithophilous and no entomophilous flowers
were exclusive to a specialised suite of insects. A recent test of pollination syndromes
on flora of other continents also do not support pollination syndromes (Ollerton et al.
2009a). Recent descriptions of pollination biology in some species provide other
examples of exceptions to pollination syndromes. For example, the flowers of
Tritoniopsis revoluta appear specialised on long-proboscid fly pollinators because their
long floral tubes exclude all other insects. However, in absence of flies the
accumulation of nectar up the floral tube attracts the short-tongued bee Amegilla fallax
which pollinates the flower (de Merxem et al. 2009). Fenster et al. (2004) argue,
however, that the integrity of generalised pollination syndromes may still be maintained
despite these exceptions by recognising ‘functional groups’ of pollinators. These groups
consist of suites of pollinators, taxonomically related or not, that exert similar selection

pressures.

In this chapter, I examine whether the different flower types observed in Prostanthera
covary with observed pollinators using the recent method of classifying pollinators into
‘functional groups’ (Fenster e al. 2004). This is done by quantifying pollinator visits

and organising them into ‘functional groups’ based on an assessment of their
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morphology and behaviour. This follows methods that categorise species which are
observed to interact with flowers in a similar manner, but distinguish similar species if
they manipulate the flowers differently (Wilson et al. 2004; Martén-Rodriguez et al.
2009). Methods for defining pollinator effectiveness in plants include quantifying
visitor duration, visitor abundance, pollen removal or deposition, as well as fruit set
(Ivey et al. 2003). Tierney and Gross (2001) observed that individuals of P. junonis
Conn produced higher fruit set when plants were not protected from pollinators;
however, the pollinators responsible for this could not be recorded. No other
quantitative measures of pollinator effectiveness have been described for Prostanthera.
This study describes a pollinator based on observation of pollen transfer, however, this
is only an estimation until more rigorous tests of pollinator effectiveness (Ivey et al.

2003) can be conducted on the observed visitors.

A barrier for understanding pollinators of Prostanthera is that the pollination
mechanism in the flower and its diversity has not been examined. The most detailed
description of pollination has been given for species of section Klanderia. Species of
this group have protandrous flowers and have anthers that are held in pairs above the
throat of the corolla (Conn 1984; Huck 1992b). If the corolla is distorted or anther
appendages are contacted, the anthers separate laterally and are lowered onto the visitor
for pollen deposition. It is speculated that stigmas are receptive after they become

exserted beyond the corolla and after the anthers dehisce (Conn 1984).

In order to distinguish pollinators from visitors, the pollination mechanism and floral

phenology are described across the floral variation observed in Prostanthera. Using the
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pollinator data, the relationships for Prostanthera are then examined in multivariate

space to test the integrity of pollination syndromes.

Materials and methods

Specimens and sites
Phenology and visitation were recorded in field observations for 12 species of

Prostanthera and one species of Westringia during 2007, 2008, or 2009 (Table 4.1).

Table 4.1 Species used for the observations of floral phenology and floral visitation.
Total refers to the total number of visitor censuses made at a particular population.

Asterisks identify the four species used for detailed study of phenology. Abbreviations:

N.P.= National Park; N.S.W.= New South Wales; S.F.= State Forest; Vic.= Victoria.

Study Species Study Populations Voucher # Sites Total
Prostanthera aspalathoides A.Cunn.ex Benth.. Gubbatta N.R., NSW NSW803944 2 2

Taleeban N.R., NSW NSW803918 2 2

Hiawatha S.F., NSW NSW803950 2 2
P. cruciflora J.H.Willis Mount Kaputar N.P., NSW NSW803951 4 6

Boggabri, NSW NSW844233 2 2
*P. lasianthos Labill. Blue Mountains N.P., NSW NSW799707 5 14

Mt. Buffalo N.P., Vic. NSW844202 2 2
P. linearis R Br. Brisbane Waters N.P. NSW784600 3 5
*P. monticola B.J.Conn Mount Buffalo N.P. NSW803943 5 13
P. nivea Benth. var. nivea Mt. Kaputar N.P., NSW NSW803947 2 2
P. porcata B.J.Conn Buddawang N.P., NSW NSW779742 2 -+
P. ringens Benth. Pilliga S.F., NSW NSW803945 2 2
P. rotundifolia R.Br. Mt. Buffalo N.P., Vic. NSW779804 2 2
P. saxicola var. major Benth. Mt. Tomah Botanic Gardens NSW784611 - -
P. saxicola var.montana A.A.Ham. Blue Mountains NSW NSW803916 1 1
P. serpyllifolia (R.Br.)Brig.subsp. serpyllifolia  Pulletop N.R., NSW NSW813913 2 2
*P. sieberi Benth. Illawarra Escarpment

Conservation-Area, NSW

NSW884227 2 3
Royal N.P., NSW
- 1 1
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