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Abstract

Phylogenetic analyses using molecular data werd tsenvestigate biogeographic
and evolutionary patterns of AustralasiRlantago.The Internal Transcribed Spacers
(ITS) from nuclear DNA, ndhF-rpl32 from chloroplast DNA andcoxl from
mitochondrial DNA were selected from a primer asstg4 primer pairs for further
phylogenetic analyses. Phylogenetic reconstruaimh molecular dating of a dataset
concatenated from these regions comprising 20 Alasian Plantago species
rejected a hypothesis of Gondwanan vicariance figr Australasian group. The
phylogeny revealed three independent dispersalteyem Australia to New Zealand
that match expected direction because of West Winift and ocean currents.
Following this study, a dataset with 150 new ITQusnces from Australasian
Plantagq combined with 8%lantagosequences from previous studies, revealed that
the New Zealandpecies appear to have a recent origin from Auatrabt long after
the formation of suitable habitats formed by théfupf the Southern Alps (about 5
mya), followed by radiation. The ITS phylogeny alagests that a single migration
event of alpine species to lowland habitats hasioed and that recurrent polyploidy
appears to be an important speciation mechanistheirgenus. Species boundaries
between New ZealandPlantago were unclear using both morphological and
molecular data, which was a result of low geneivedjences and plastic morphology.
The taxonomy of several New ZealaRthntagospecies need revision based on the

ITS phylogeny.
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Chapter One: General Introduction

1.1 Plant phylogenetics

Ever since its conception, molecular phylogenelias been increasingly used as a
means of elucidating evolutionary histories anéhre§ taxonomy where other means
fail (e.g. the study group has ambiguous morphgkigilata or an incomplete fossil
record). Methods of obtaining molecular data (sastithe quantity of sample needed
and the amount of time needed to process the sahmplegh to the sequencing stage)
have consequently improved to the point that mdéealata are now as easy to obtain
for phylogenetic purposes as any other type of.dBt@ use of molecular data for
phylogenetic studies is more common in the anintaydom, whereas its utility has
only been recently applied to plant studies. Howewaolecular phylogenies are
extremely useful for plants, for which processeshsas interbreeding species
complexes, hybridisation, introgression and polyhtare fairly common (Soltist al.

2004; Hegarty and Hiscock 2005; Vriesendorp andkBaR005).

In New Zealand, phylogenetic analyses using moscdata have been effectively
employed for many different purposes such as ddimepges (Barkeet al. 2007;
Knapp et al. 2007; Perrie and Brownsey 2007), clarifying taxogo(Albach et al.
2005a; Heenaret al. 2006; de Langeet al. 2007; Tripp 2007), investigating
biogeography (Wagsta#t al.2002; Meudt and Simpson 2006; Sanmaetial. 2007;

Shephercet al.2007), and investigating patterns of evolution (dieand Bayly 2008).



Table 1.1.Recent molecular phylogenetic studies that havestigated biogeography of New Zealand plant groups.

Family or genus Long Distance Sequencing References Notes
Dispersal regions
(LDD) vs.
vicariance

Abrotanella LDD ITS, trnK- Wagstaffet al. Split between sister groups in Australia and Sdutterica was
matK 2006 dated to about 3.1 million years ago (mya).

Agathis Vicariance rbcL Stockleret al.2002 Closest relative @égathis australigthe New Zealand species)
is not one of the three extant Australian speciesgathis |.e.
presence of this species is not LDD from Austrtderefore
vicariance was inferred.

Asplenium LDD trnL-F Perrie and Multiple dispersals to New Zealand. Estimated dieaice time

Brownsey 2005 was 43mya for the oldest pair of New Zealand anmdNew
Zealand group. One frequently hybridizing austraug was
found.

Atherospermataceae LDD rbcL, rpll6, Renneret al.2000  Short fossil record and small genetic divecgeindicate that the
trnL-trnF, New Zealand species probably arrived by LDD frons#alia
trnT-trnL, or Antarctica during the last 30-50 million yeansyy.
psbA-trnH
atpB-rbcL

Blechnaceae LDD trnL-trnF Shephercet al. Identical sequences between species from: New Zeaad

2007 Australia, New Zealand and Chile, and Australia Hiagvaii.

Caltha Vicariance ITSatpB- Schuettpelz and Northern Hemisphere to South America and then to

rbcL, trnL-F

Hoot 2004

Australia/New Zealand.




Table 1.1.Recent molecular phylogenetic studies that havestigated biogeography of New Zealand plant groups.

Family or genus Long Distance Sequencing References Notes
Dispersal regions
(LDD) vs.
vicariance
Chloranthaceae LDD rbcL, rpl20- Zhang and Renner Estimated time of divergence among extstarinawas 18-
rpsi2 trnL, 2003 19mya.
trnL-F
Coriaria LDD rbcL, matK Yokoyamaet al. LDD was inferred from North America to the Pacifstands,
2000 and from New Zealand to South America.
Craspedia LDD ITS, ETS, Fordet al.2007 Low sequence divergence between Austratid\mw Zealand
psbA-trnH (1.5, 1.7, 3.0%; respectively). One trans-Tasmapatisal from
Australia to New Zealand, followed by species radia
Elaeocarpaceae LDD IT8nL-trnF  Craynet al.2006 LDD forAristotelia(New Zealand and Australian species form
sister clades, with South American species sisttd
Australasian clade). Divergence of South Ameriaaah l[dew
Zealand lineages were dated to 24-27 and 3 mypectsely.
Gentianella LDD ITS, matK von Hagen and Australian and New Zealand species probably diggeosly
morphology Kadereit 2001 once and probably from South America (suggested by
morphology; the relationships were not resolvedwiblecular
data). New Zealand and Australian clade divergedit.7
mya.
Gentianella LDD ITS1,ITS 2 Glenny 2004 Gentianellaappears to have arrived in New Zealand from South

America either once or twice, and probably dispemece to
Australia. First arrived in the South Island wititbsequent
northward expansion.




Table 1.1.Recent molecular phylogenetic studies that havestigated biogeography of New Zealand plant groups.

Family or genus Long Distance Sequencing References Notes
Dispersal regions
(LDD) vs.
vicariance
Gleicheniaceae LDD rbcL, trnL-F Perrieet al.2007 All three genera have undergone LDD to/froewiNealand
less than 55mya. Tasmanian and New Zeatleitheniashare
identicalrbcL sequences.
Gnaphalieae LDD ITS Breitwieset al. Most Gnaphalieae groups have relatively recemtalrin New
1999 Zealand, followed by rapid radiation in the groungl dnave close
affinities with Australian and New Guinean taxa.
Gunnera Vicariance ITSrbcL, Wanntorp and Vicariance of the group, with recent LDD of oneaps from
rpsl6 Wanntorp 2003 New Zealand to Tasmania.
Herbertus Short distance ITS, trnL-F Feldberget al. Distribution cannot be explained by Gondwanan vacare.
dispersal 2007 Could be a combination of short distance dispersdiseveral
rare LDDs.
Korthalsella LDD ITS, trnL-F Molvray et al.1999 Possibly from Malesia (where sister gendisuad) outward.
Direction of LDD within Australasia was unclear.
Lyallia and LDD rbcL, trnK- Wagstaff and Divergence of sister genera from sub-Antarcticidiaand New
Hectorella matK Hennion 2007 Zealand was estimated to be about 18.6 mya.
Microseris LDD AFLP Vijverberget al. Dispersals in south-east Australia, Tasmania, Nealahd, and

2002

the Australian mainland. Morphological differenitet is not
evident in the nuclear DNA.




Table 1.1.Recent molecular phylogenetic studies that havestigated biogeography of New Zealand plant groups.

Family or genus Long Distance Sequencing References Notes
Dispersal regions
(LDD) vs.
vicariance
Myosotis LDD ITS, psbA- Winkworth et al. Multiple long distance dispersals events; moshege were in a
trnA, matk 2002a direction opposite to predictions of the West Wrift.
ndhF
Nothofagus Vicariance rbcL Linder and Crisp  Vicariance followed by extensive extinctions.
1995
Nothofagus LDD + ITS, rbcL, Swensoret al. LDD of one species to Tasmania and one to New Adala
vicariance atpB-rbcL 2001 Several species in New Zealand and Australia hawehrtess
variation than expected from Gondwanan vicariance.
Nothofagus LDD + atpB-psal Knappet al.2005 Vicariance can explain some transoceanitioakhips among
vicariance trnL-trnF Nothofagusut the relationships between the trans-Tasman
species (ir.ophozoniaandFucospora can only be explained
by mid- to late-Tertiary transoceanic dispersal.
Oreobolus LDD ITS, trnL, Chaconet al.2006  Australasian (and Malesian, which is theadbselative)
trnL-F relationships unclear but hypothesized LDD from
Australasia/Malesia to Hawaii, and from AustrabeSouth
America.
Oreomyrrhis LDD ITS Chunget al.2005 ITS phylogeny shows that the New Zeal@nglomyrrhisgroup

is closely related to a group that is mostly distted in the
Northern Hemisphere. A molecular clock estimatiidy
recent (about 1.06mya).




Table 1.1.Recent molecular phylogenetic studies that havestigated biogeography of New Zealand plant groups.

Family or genus Long Distance Sequencing References Notes
Dispersal regions
(LDD) vs.
vicariance
Ourisia LDD ITS, ETS, Meudt and Tasmanian species are sister to a New Zealand. dadestor
matK, rps16 Simpson 2006 dispersed to Australasia from South America.
Pachycladon LDD ITS Heenaret al.2002  Recent dispersal between New Zealand andarasr(l species
is endemic to Tasmania, while all others endemigdoth
Island, New Zealand). Origin &fachycladorwas estimated to
be about 1.0 to 3.5 mya.
Pittosporum LDD ITS Gemmillet al. Mostly about the Hawaiian lineages but LDD is siage for
2002 the group, which includes one New Zealand species.
Relationships to and from New Zealand are unclear.
Plagiochila Vicariance ITS, rps4 Heinrichset al. Current distribution is a mixture of short distamtigpersal, rare
cannot be 2006 long distance events and extinction/recolonizatism result of
refuted. climate changes.
Polystichum LDD rps4-trnS Perrieet al.2003 Appears to be from Australia to New Zealaiittiiw the last 20
AFLP my.
Proteaceae LDD + rbcL, atpB, Barkeret al.2007 Gondwanan vicariance with more recent LDidit Between
vicariance atpB-rbcL New Zealand and Australian species was dated tot 21504
mya.
Pteridophytes LDD rbcL Perrie and Molecular dating shows that most ferns have underdgdD.
Brownsey 2007 Many of the New Zealand and non New Zealand ptetigtte

pairs had relatively small differences.




Table 1.1.Recent molecular phylogenetic studies that havestigated biogeography of New Zealand plant groups.

Family or genus Long Distance Sequencing References Notes
Dispersal regions
(LDD) vs.
vicariance
Ranunculus LDD ITS, JSA Lockhartet al. Dispersal from New Zealand to Australia and to Newnea.
(chloroplast) 2001 Dispersal origin of New Zealand species is undiean but the
group arose about 5mya.
Scaevola LDD ITS Howarthet al. New Zealand species (shared by Tonga) is nestéhven
2003 Australian lineage.

Scleranthus LDD ITS1,ITS 2 Smisseat al.2003 Lack of ITS sequence divergence between Alisstrand New
Zealand populations of two species. Divergence betw
Australasian and Eurasian clade was estimated lesbéhan 35
mya.

Sophora LDD atpB-rbcL Hurr et al. 1999 Long distance dispersal from Tuvalu to Loald Island to
New Zealand and across the South Pacific withirake2-5
my.

Stylidiaceae LDD ITStbcL Wagstaff and Wege Two dispersal events: one from Australia and tienfrom

2002 either South America or Australia.

sunflower alliance Vicariance rbcL Bremer and Simple molecular dating estimated the age of tnélcwer

of families Gustafsson 1997  alliance to be about 96 mya.

Tetrachondra LDD rbcL Wagstaffet al. Either long-distance dispersal Bétrachondra hamiltoniio

2000

New Zealand, or short distance dispersal via stepgiones.
East to west direction of LDD, opposite to the dii@n
predicted by West Wind Drift.




Table 1.1.Recent molecular phylogenetic studies that havestigated biogeography of New Zealand plant groups.

Family or genus Long Distance Sequencing References Notes
Dispersal regions
(LDD) vs.
vicariance
Veronica(Hebg LDD ITS Wagstaff and Recent origin and rapid radiation of the New Zedldrbe
Garnock-Jones group. This is followed by dispersal to the ChatHalands, and
1998 South America (at least twice).
Veronica LDD ITS Wagstaff and LDD from New Zealand to Australia and New Guinead also
(Chionohebe Garnock-Jones from New Zealand to South America and Rapa Isl@nriin of
Parahebg 2000 New Zealand species is equivocal between Austaaith
Northern Hemisphere
Veronica(Hebg LDD ITS, rbcL Wagstaffet al. One ancestor followed by diversification in New Eeal.

2002

Two LDD events to South America, at least one tstAalia and
one to New Guinea; plus six others across the iaritluding
to Chatham Island and the subantarctic islands.




1.1.1 Genetic markers for plant phylogenetics

When working on molecular phylogenies, choosingejermarkers is an important
process. Genetic markers need to be chosen baséueiomability to differentiate
between taxa at the level that the research reqjuerrently, the most common
genetic marker used for phylogenetic studies imtglas the Internal Transcribed
Spacer (ITS) region, found in the nuclear genomplarts, fungi and animals. This
refers to the region of 18S, 5.8S and 26S ribosageaks, along with two internal
transcribed spacers. It is widely applied in phglogtic studies, from fungi to higher
land plants (Whiteet al. 1990; Alvarez and Wendel 2003) and recently tonats
(Jorgenseret al. 2007; Kuriiwaet al. 2007). In fact, it was found that out of 244
papers published between the years 1998-2004, Gbixed ITS data and 34% of
phylogenies were published based on ITS data dlslvarez and Wendel 2003). The
trend of utilizing ITS as a marker for reconstragtplant phylogenies is also found in
New Zealand plant studies (Table 1.1), where 244161%) recent phylogenetic

studies investigating biogeography used ITS asrkena

The ITS region has various advantages as a maukein, as high genetic variation for
most groups, concerted evolution of the region, émd functional constraints
(Alvarez and Wendel 2003). In addition, the entillosomal DNA array region is
easily amplified with universal primers (Hillis amixon 1991) and as a consequence
of frequent use, there is a wide array of ITS saqges readily available on Genbank
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?dhsteotide). However, markers
from other regions may prove to be more useful thE8, especially at lower
taxonomic levels (Moret al. 2007; Shawet al. 2007). Markers from independent

regions can also be used in combination with edabbraas long as they have gene



histories that do not conflict. Increasing sequeleggth in a dataset may allow
phylogenetic trees to be more accurate, whereaplsersites from independent
regions increases the power of the phylogenetiereémce (Cummingst al. 1995).
Additionally, the use of more than one (indepenferdrker will allow visualization
of processes such as hybridisation, introgresseticulation and incomplete lineage
sorting if these have occurred in the past (Vridsgm and Bakker 2005). For events
such as hybridisation, parental lineages may also réwvealed based on the
phylogenies of the different markers (e.g. Albacid &hase 2004; Smisse&nt al.

2004).

Markers from different genomes are useful in tleispect because the nuclear DNA
(nrDNA) is independent of the organellar DNA anéytthave different mechanisms
of inheritance. Moreover, given that organellar DNAyenerally maternally inherited
and non-recombining in most plant groups, DNA fritra chloroplast DNA (cpDNA)
and mitochondrial DNA (mtDNA) may be able to showngtic relatedness and
geographic structure of genetic variation bettemtimrDNA, which is biparentally
inherited and undergoes recombination (Mairal. 2007). Recently, the development
of markers other than ITS have shown that manyipusly unexplored regions are
useful for plant phylogenetics (e.g. chloroplastrkees developed by Shaet al.
2007). While mtDNA is commonly used in animal segliit is usually not a suitable
marker for plant phylogenetics because it is kndwmevolve at an extremely slow
rate (Wolfeet al. 1987) and is therefore highly conserved even atsitecies level.
However, an unusually high rate of mtDNA evolutioas been found in a few plant
groups, includingPlantago (Cho et al. 2004), Silene (Mower et al. 2007) and

Geraniaceae (Parkinsaat al. 2005). Therefore, mtDNA may have some utility for

10



phylogenetic analyses within these genera and lpgssther plant groups. At the
population level, studies often use microsatelli@string of one to six nucleotide
sequences that are repeated multiple times (Zana. 2002), because they have

frequent length polymorphism when compared amodiyiiduals in a population.

1.2 Biogeography of Southern Hemisphere plants

Molecular data have been increasingly used to #ooct phylogenies for
investigating plant biogeography. Molecular phyloigs allow for large-scale studies
that would otherwise be too complex using otheresymf characters, such as
morphology (e.g. Renner 2004; Sanmartin and RohgQ34; Sanmartiet al.2007).
For example, by plotting distribution informatiom &3 phylogenies for different
Southern Hemisphere plant groups, Sanmaetiral. 2007 were able to infer that
plants in the Southern Hemisphere are more likelyisperse in an eastward direction
between Australia and South America, whereas theyreore likely to disperse in a

westward direction between South America and Nealatel.

Plant biogeography in the Southern Hemisphere haseged much attention (Table
1.1, Setoguchét al. 1998; Mufiozet al. 2004; Sanmartin and Ronquist 2004; Sytsma
et al. 2004; Sanmartiret al. 2007). Since the conception of plate tectonicghim
1960’s, distribution of Southern Hemisphere floes lheen believed to be the result of
vicariance from the supercontinent Gondwana (P88 1de Queiroz 2005; McGlone
2005), which broke up to form the landmasses ifStbiethern Hemisphere. However,
studies using molecular data suggest that recegt distance dispersal in Southern
Hemisphere plant groups are more prevalent thaviqugly thought (Winkworthet

al. 1999; Winkworthet al.2002b; de Queiroz 2005; McGlone 2005) (see Taldlg 1

11



The New Zealand landmass has been isolated bytandésof at least 1500km from
its closest landmass, Australia, after the brealkfu@ondwana 80 million years ago
(mya) (Cooper and Cooper 1995). Recent phylogereetalyses (Table 1.1) have
revealed that divergence dates for many plant graupdifferent continents are too
recent to be explained by vicariance (e.g. Wagstadf Garnock-Jones 1998; Htr
al. 1999; Lockharet al. 2001; Radforcet al. 2001; Swensoet al. 2001; von Hagen
and Kadereit 2001; Heenan al. 2002; Zhang and Renner 2003; Perrie and Brownsey
2005; Barkeret al. 2007; Perrie and Brownsey 2007; Pegial. 2007). Evidence of
long distance dispersal has also been found int gpla@ages that are considered
typical examples of Gondwanan relicts, suchNaghofagus(Swensonet al. 2001;
Knapp et al. 2005). Some authors have gone so far as to sd\tlib entire New
Zealand flora has arrived by long distance dispefBale 1994) but there is still
evidence that some plant groups have origins tht dack to a Gondwanan origin,
e.g.Agathis(Stockleret al. 2002; Knappet al. 2007). Thus, the origins of the New
Zealand flora may be a mixture of older vicariamecel more recent long distance

dispersal events.

Within Australasia, dispersal from Australia to N&galand is commonly found in
molecular studies (Wagstaff and Garnock-Jones 1988jstaffet al. 1999; Wagstaff
and Wege 2002; Fordt al. 2007). Dispersal in this direction is consisterthvwhe
prevailing West Wind Drift (Raven 1973; Winkwor#t al.2002b; Muiozt al.2004;
Sanmartiret al. 2007). While not as common, there is also evidesfcéispersal in
the opposite direction (New Zealand to Australi&agstaff and Garnock-Jones 2000;
Lockhart et al. 2001; Wagstaffet al. 2002; Wanntorp and Wanntorp 2003). Other

dispersal patterns can also be found, e.gvemnonica there has been evidence of

12



dispersals from Australia to New Zealand; New Zedlto Australia; New Zealand to
Papua New Guinea; New Zealand to South America; ded Zealand to Rapa
(Wagstaffet al. 2002). Additionally, New Zealand plant groups afeen found to
have established in New Zealand following one @righg distance dispersal event
(Wagstaff and Garnock-Jones 1998; Winkwaatlal. 1999; Perrieet al.2003; Albach
et al. 2005b; Meudt and Simpson 2006). While moleculafqienies have been able
to reveal biogeographic patterns in many New Zehlgslant groups, the

biogeography of many more lineages remain to bedes

1.3 Patterns of evolution in New Zealand plants

Overall evolutionary patterns within New Zealandrs are not well studied and in
particular, the evolution of alpine species is nefl-known (Lockhartet al. 2001).
Evidence for rapid radiation in many New Zealandnplgroups has been found in
many molecular phylogenetic studies to date (Wéigstad Garnock-Jones 1998;
Winkworth et al. 1999; Heenaret al. 2002; Perrieet al. 2003; Murrayet al. 2004;
Albach et al.2005b; Meudt and Simpson 2006). These radiation®féen associated
with speciation after recent long distance eveBtgifwieseret al. 1999), adaptation
to new habitats after the uplift of the SouthermpA(Wagstaff and Garnock-Jones
1998; Lockhartet al. 2001; Trewick and Morgan-Richards 2005), and dema
fluctuations (Raven 1973; Lockhaet al. 2001; Winkworthet al. 2002a). Speciation
in New Zealand plant groups may also have folloseparation of populations due to
uplift of Southern Alps (Haaset al. 2007), adaptation to different habitats (McBreen
and Heenan 2006), disruption during glacial peri@dslisplacement along the alpine
fault (Haaseet al.2007). Cook Strait, which separates the North amdalSislands of

New Zealand, could act as a barrier as well, aljhothere may have been land
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bridges connecting the North and South Islandsnduthe glacial cycles of the
Pliocene (Lewiset al. 1994). Older lineages may also have experiencgdlaton

fragmentation as a result of almost total submarsibthe New Zealand landmass
during the Oligocene (Cooper and Cooper 1995). #althlly, a recurrent pattern
within New Zealand is the dispersal of plants frtime South Island to the North

Island (e.g. Lockharet al.2001; Meudt and Simpson 2006).

Hybridisation is common in many New Zealand plardups (Heenaret al. 2001,
Lockhart et al. 2001; Albach and Chase 2004; Smisstnal. 2004), along with
recurrent polyploidy (Groves and Hair 1971). Reentr polyploidy is probably
associated with hybridisation because it allowsamisspeciation where one or several
polyploid hybrids arise sympatrically with both @r one of) the parent populations

(Petitet al.1999).

1.4 Taxonomy in New Zealand plant groups

Species boundaries in New Zealand plants may béeamaising morphological
characters due to recent or incomplete speciatssocated with recent and rapid
radiations. This often results in taxonomic proldemlany New Zealand groups are
large and have high morphological variation botkhimi and among species, such as
Myosotis (Winkworth et al. 1999; Winkworth et al. 2002a) andGnaphalieae
(Smissenet al. 2004). However, these, along with many other NexalZnd plant
groups often have low genetic diversity (Hetr al. 1999; Winkworthet al. 1999;
Heenaret al. 2002; Mitchell and Heenan 2002; Vijverbergal.2002; Winkworthet

al. 2002a), which makes species delimitations difficul
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Molecular phylogenies have been used for impropiant taxonomy within New
Zealand. For example, molecular data revealedtiigative or six genera of tidebe
complex have evolved withiNeronicg and are therefore paraphyletic (Albach and
Chase 2001). Circumscription deronicawas subsequently enlarged to include all
Southern HemisphereHebe species (Garnock-Jonest al. 2007). Molecular
phylogenies can also be used to efficiently ingedé species complexes (e.g. two
species ofCrassulawere found to have frequent interbreeding and cowdt be

separated based on genetic, morphological or kagicd!l data (de Langet al.2007).

1.5 Introduction to study group: Plantago

In this thesis, a phylogeny dPlantago is reconstructed using molecular data.
Plantagois a large genus (ca. 210 species) with a worldwid&ibution in the family
Plantaginaceae (Rahn 1996). The plants are mosibll gosettes but also form
woody shrubs in the Hawaiian and Juan Fernandaads|(Rock 1920). Plants in this
genus are wind-pollinated. The gerh&s three basic chromosome numbers 4, 5,
and 6 (Rahn 1996; Dhat al.2006); diploid chromosome numbers range frane 38

(P. ovatg to 2n = 96 P. correaeandP. “sylvester”).

Chemical properties and diverse breeding systents é&elf-incompatible or self-
compatible; dichogamy; cosexuality; gynodioecy aoedy; unisexual females or
hermaphrodites) within the genus have capturedattention of many researchers
(see Wolff and Schaal 1992; VanDijk and Bakx-Schartmi997; Ransteet al. 2000;
Squirrell and Wolff 2001; Hale and Wolff 2003; R#stet al. 2003; Nilsson and

Agren 2006; Nilssoret al. 2006). RecentlyPlantagohas also garnered attention as a
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result of the high evolutionary rate of mtDNA foumdthe genus (Chet al. 2004,

Bakkeret al.2006).

1.5.1 Previous phylogenetic studies
One phylogenetic study using morphological charactnd two using genetic

sequences have been performed on the genus so far.

Morphological phylogeny

Rahn (1996) reconstructed a phylogeny of the gesiusy morphological characters.
Most Australasian species were included (one Newlat®el and four Australian
species were not included). Based on the morphmdbghylogeny, the ca. 210
Plantagospecies were classified into six subgenera, inolydittorella (previously
described as a genus). This morphological phylogemgested that the Australasian
species do not form a monophyletic group. The Alasian species were grouped
with species from South America, Asia, Europe, N@winea and Tonga Islands

(Rahn 1996).

Molecular phylogenies

Ronstedet al. (2002) obtained ITS antinL-F sequences from 5Plantagospecies
(including two New Zealand specida: spathulataP. raoulii; and one from Australia:

P. debilig. Phylogenetic analyses revealed that sélfigicanswas paraphyletic and
circumscription of subgPsylliumwas revised to include those species. In a combined
ITS andtrnL-F phylogeny, the Australasian species did not forrm@nophyletic
group and were separated By stauntoniifrom the Amsterdam & St. Paul Islands

(located in the Indian Ocean).
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Finally, Hoggardet al. (2003) used ITS data from Zantagospecies (including one
New Zealand specie®. triandrg and five Australian specie$. tasmanica P.
daltoni, P. euryphylla P. hispida P. paradoxa to investigate whethetittorella
should be included withifPlantago or considered a separate genugtorella was
found to form the sister clade to a clade of a# ththerPlantago species. The
Plantagophylogeny (i.e., excludingittorella) resolved in this study was similar to

that resolved by Rgnsted al. 2002.

1.5.2 Biogeography oPlantago

Biogeography is interesting withidlantagobecause the genus is widely distributed.
Some species are endemic to certain areas liktis&ralasian species (there are
even species that are native to recently formeshds, such as Amsterdam & St. Paul
Islands), whereas many species are cosmopolitas Rshn 1996). Based on a
morphological phylogeny, Rahn (1996) invoked a narece model with subsequent
mass extinctions to explaiRlantago distribution in the Southern Hemisphere. In
contrast, Rgnsteét al. (2002) suggested a prevalence of long distanceeidiap
worldwide based on the molecular phylogeny. Howgetleg molecular phylogenies
have only included a maximum of six Australasiaacsgs (out of a total 32). South
American Plantago are represented by 13 species that have publisbgaesces.
Thus, inclusion of AustralasiaRlantago species in the phylogeny is crucial for
understanding biogeographic patterns of Southemisfghere plants. A molecular
phylogeny including more Australasian species can used to compare the
biogeographic hypotheses of the Southern Hemisppmgeies as suggested by Rahn
(1996) and Rgnsteet al. (2002) and may also shed light on several lineagdhe

phylogeny that are unclear.
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1.5.3 Taxonomy ofPlantago in New Zealand

Plantagois placed in the family Plantaginaceae, which waslitionally classified
with three generaBougueriaDecne.,Littorella P. Bergius andPlantagoL. These
were combined to form a monogeneric family basedmamphology (Rahn 1996),
although a molecular phylogeny has since shownegewd for recognizingyittorella

at the generic level (Hoggamt al. 2003). Individuals within the genus have high
morphological plasticity, which results in diffi¢cids when circumscribing the plants
into taxonomic groups, particularly at the spedeasl (Sykes in Weblet al. 1988,
Rahn 1996). While relationships of subgenera ardicses within Plantago are
reasonably well-resolved (in Rgnstetdal. 2002), inter-specific relationships are still

largely unclear.

In this thesis, | focus on the taxonomy Riantago species that are native to New
Zealand. So far there have been several taxonaeatntents for the New Zealand
species (e.g. Moore in Allan 1961; Sykes in Waedibal. 1988) but no recent,
comprehensive taxonomic monograph. Eight speci®arvitagowere accepted in the
most recent Flora of New Zealarfl: raoulii, P. spathulataP. triandra P. obconica

P. lanigerg P. unibracteataP. aucklandicaand P. triantha (Sykes in Webl®t al.
1988). In addition, there is a purported polyplofd2n=96 given the tag name.
“sylvester” (Groves and Hair 1971), which is stithdescribed. Like the rest of the
genus, morphological differences between New Zebsgecies are not easily defined,
resulting in problems with species delimitation adentification. Thus, genetic data
may be more useful in elucidating species boundaied relationships in the New
Zealand species d?lantago Discrepancies between the five most recent taxano

treatments (Hooker 1864; Cheeseman 1906; Chees&d3&) Moore in Allan 1961,
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Sykes in Webbet al. 1988) represent hypotheses of species boundaragsate
investigated in this study. To date, molecular pgghetic studies iRlantagohave

included only three out of the eight New Zealanecsgs.

1.6 Summary and research aims

In summary, obtaining DNA sequences from multipidependent genetic markers
has many advantages in phylogenetic studies. Ffantagq Australasianspecies

should be integrated into the molecular phylogengrder to make inferences about
the biogeography of Southern HemisphBtantagospecies. A molecular phylogeny
including Australasian species can also be usdabtoat species relationships within
the group, many of which are still largely uncle@enetic data may be useful for the
genus because morphological characters are exirgiasitic in the group and do not

appear to be very useful for species delimitations.

For this thesis, DNA sequences from the three miffe genomes are obtained to
reconstruct a molecular phylogeny of AustralasiRlantago species. Selection of
molecular markers from the three different planhayaes is based on an assay of
various primer pairs. The molecular phylogeny ienthused to: 1) investigate
phylogeny and biogeography of Australasian speofeBlantagg and 2) elucidate
phylogeny, evolutionary patterns and species baueglaf the New Zealand species.
In particular, | investigate if the current distritibn of native AustralasiaRlantago
species can be explained by vicariance or longaegt dispersal. While this study
cannot include a taxonomic monograph due to timesitaints, | address several

taxonomic issues at species rank that have plagsedrchers in the past.
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Chapter Two: Primer pair assays for amplification
of 24 nuclear, mitochondrial, or chloroplast regon
In four Plantagoand oneVeronica(Plantaginaceae)

species

Abstract

Combining DNA sequences from all three plant gerorpeovides a powerful
phylogenetic tool because the genomes have ditferexdes of inheritance. DNA
sequences from the chloroplast and nucleus are oftest used for reconstructing the
evolutionary history of plants, whereas mitochoaldBNA is not often used because
of extremely low evolution rates within the mitociavial genome. The aim of this
study was to find markers with good phylogenetgnals for future studies on the
genusPlantago(Plantaginaceae). A total of 23 different sequerecgons in all three
genomes were tested for amplification in fd&lantago and oneVeronicaspecies.
This survey revealed that primers for IT®x1, ndhF-rpl32 trnK-psbA trnE-trnTr,
trnLc-trnLf, trnC-trnD, rpsl16 (using both sets of primers tested) amdH-psbA
produced consistently clean amplification of thamgeted regions and were of good
sequence length (about 700-1k base pairs in lemgith). These regions are
recommended for future studies Rtantagoor related groups. DNA microsatellites
developed specifically fdPlantago major, P. coronopltendP. intermediawere also
trialed but they did not amplify or were not gerpyg successfully. Of the regions
that were sequenced, ITS amdhF-rpl32had the highest sequence variation between
New Zealand and Australian species (an average58b 2or each) and were chosen

for further phylogenetic analyses®lantago
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2.1 Introduction

Nuclear DNA (nrDNA) sequences are the most ofteadusolecular markers in plant
phylogenetic studies, whereas chloroplast DNA (cpPNhas recently gained

recognition as a useful marker (since the 1990rge single most commonly used
genetic marker in plant molecular phylogeneticghis Internal Transcribed Spacer
(ITS) region, which is located in the nrDNA. Out 244 plant phylogenetic papers
published between the years 1998-2004, it was fahatl66% utilized ITS data and
34% of these presented phylogenies based on TS alane (Alvarez and Wendel

2003).

DNA sequence regions from cpDNA and mtDNA, howeveay prove to be more
useful for phylogenetic studies than some wellidsthed nrDNA markers. Sequence
regions from cpDNA and mtDNA can also be used imjwaction with nrDNA
markers to improve understanding of the evolutignaistory of a plant or plant
groups. Utilising genetic markers from the thredfedent genomes may reveal
different lineage histories because mtDNA and cpDal& typically uniparentally
inherited, whereas nrDNA is biparentally inheritethese contrasting modes of
inheritance are especially useful for plant studiesvhich polyploidy, hybridisation
and introgression are fairly common processes i€Sett al. 2004). For example,
hybridisation events have been inferred and pap@ties have been elucidated from
conflicting signals presented by nrDNA and organ@&INA in several phylogenetic
studies (Lockharet al. 2001; Albach and Chase 2004; Smissérl. 2004). Where
there is no conflict among lineages, combining segas from all three plant

genomes is able to provide a powerful tool for plggnetic analysis. Concatenated

21



datasets have increased dataset size comparedsiogle region, which allows
building methods to construct more robust treeseredis analyzing data from
multiple independent sources has been shown toowepthe power of analyses
(Cummingset al. 1995). Analyses of concatenated datasets maypituwsde further
insight into an organism’s evolutionary historynh@an be achieved by markers from

the one genome alone or even several markers frersame genome.

Mitochondrial DNA (mtDNA) is rarely found to be auitable marker for plant
phylogenetic studies. Unlike mtDNA in animals, glamDNA is generally assumed
to evolve at an extremely slow rate (Wok al. 1987) and is therefore highly
conserved even at species level. However, an uly$ugh rate of mtDNA evolution
has recently been reported antago (Cho et al. 2004) and several other plant
groups such aSilene (Houliston and Olson 2006) and Geraniaceae (Bakkeal.
2006). In the case d?lantagq this accelerated rate even exceeds the rateimibn
mtDNA evolution by an order of magnitude (Cled al. 2004), which is highly
suprising. More phylogenetic work needs to be edrout on the mtDNA in the

group to explore this high rate of evolution.

The genusPlantago (Plantaginaceaegomprises more than 200 species of wind-
pollinated plants with a worldwide distribution thancludes many cosmopolitan
species. Plants within the genus have variablensbsome numbers. Rahn (1996)
reports values from fromm2= 8 (P. ovatg to 2n = 96 . correaeandP. “sylvester")
within the genus) and diverse breeding systems h(sas self-compatibility,
dichogamy, cosexuality, gynodioecy, dioecy, unisgxemales or hermaphrodites),

which have captured the attention of many reseasc{see Wolff and Schaal 1992;
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VanDijk and BakxSchotman 1997; Squirrell and W@@01; Hale and Wolff 2003;
Nilsson and Agren 2006; Nilssogt al. 2006). The plants in the genus also have
interesting chemical properties, which have beereshgated in various studies
(Ronstedet al. 2000; Rgnste@t al. 2003; Kozaret al. 2006; Barton 2007). Several
species, such @& ovata are cultivated for medicinal uses (Dagail.2006). Recent
studies that investigate the phylogeny BRantago using the nrDNA Internal
Transcribed Spacer (ITS) and the cpDNAL-F region have created a framework for
the evolutionary history of the group. However,sthetudies included sequences for
only three or six Australasian species (Rgngedl. 2002; Hoggardet al. 2003),

respectively.

In this study, the usefulness of several primersp&iom each of the three plant
genomes is tested for plants in the geRlentago The study group comprises two
New Zealand species, one Australian and one cositeopd’lantago species A
species from a different genus in the same favfigrpnica strictafrom New Zealand,
was included in the assays to establish the afpilityaof the primer pairs outside of
the genus. The unexpected rate of evolutioRlamtagomtDNA may be useful for
phylogenetic studies involving the genus and wasrdunther investigation. For this
reason, mtDNA primers have been included in thiglyt Several microsatellite
primers were also included. Microsatellites araaeg in any given genome, which
have multiple repeats of a string of one to six leottdes (Zaneet al. 2002).
Microsatellite regions have frequent length polyptosm, and are more variable than

other types of sequence markers at the populatiasi.|
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Table 2.1.Primer sequences and references for the primes paiuded in this study.

Region Genome Primer sequences Reference Designed for
1 TS Nuclear ITS28CC CGCCGTTACTAGGGGAATCCTTGTAAG Wagstaff and Garnock-Jones 1998 Universal
ITS5 GGAAGTAAAAGTCGTAACAAGG White et al. 1990
2 CcYycC Nuclear Primers are unpublished Wang, UBC (pers. comm.) N/A
CAMX1F AGCCTNTTCGACAAGGATGG .
3 CAM Nuclear CAMX2R AGTGANCGCATCACAGTT Strand et al. 1997 angiosperms
Waxy7F GYYTTSTGCATCCACAACATTGC .
4 Waxy Nuclear Waxy13R GGAGTGGCRACGTTTTCCTT Olmstead et al. unpubl. Lamiales
CHSX1F AGGAAAAATTCAAGCGCATG .
5 CHS Nuclear CHSX2RN TTCAGTCAAGTGCATGTAACG Strand et al. 1997 angiosperms
LFY.F2 CGTGGSAAAAAGAAYGGYYTDGATTA .
6 LFY Nuclear LEY R3 CATTTTDGGYTTGTTKATGTA Howarth and Baum 2005 angiosperms
GPDX7F GATAGATTTGGAATTGTTGAGG .
7 G3pdH Nuclear GPDX9R AAGCAATTCCAGCCTTGG Strand et al. 1997 angiosperms
: . cox1F4 GGATATCTAGGYATGGTTTATGC
8 cox1 Mitochondrial cox1R3 AAGCTGGAGGACTTTGTAC Cho et al. 2004 (pers. comm.) Plantago
: . nadlb GCATTACGATCTGCAGCTCA
9 nadl Mitochondrial nadlc GGAGCTCGATTAGTTTCTGC Demesure et al. 1995 land plants
: , NIA-iI3F AARTAYTGGTGYTGGTGYTTYTGGTC Scaevola, and
10 NIA3 - Mitochondrial 4 i3r GAACCARCARTTGTTCATCATDCC Howarth and Baum 2002 angiosperms
ndhF- ndhF GAAAGGTATKATCCAYGMATATT .
11 pI32 Chloroplast pI32-R CCAATATCCCTTYYTTTTCCAA Shaw et al. 2007 angiosperms
trnL CTGCTTCCTAAGAGCAGCGT .
13  rpl32-trL Chloroplast pI32-F CAGTTCCAAAAAAACGTACTTC Shaw et al. 2007 angiosperms
trnK3F CCGACTAGTTCCGGGTTCGAAT . .
12  trnK-psbA chloroplast PSBAR CGCGTCTCTCTAAAATTGCAGTCAT Winkworth et al. 2002a Myosotis
14 trE-trTr chloroplast tmE GCC TCC TTG GAG AGA TG Doyle et al. 1992 Poaceae

trnT-r TAC CAC TGA GTT AAA AGG GC
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Table 2.1.Primer sequences and references for the primes pailuded in this study.

Region Genome Primer sequences Reference Designed for

¢ CGAAATCGGTAGACGCTACG
15 trnLc-trnLf chloroplast f ATTTGAACTGGTGACACGAG Taberlet et al. 1991 land plants

trnC CCAGTTCAAATCTGGGTGTC
16  trnC-trnD chloroplast tmD GGGATTGTAGTTCAATTGGT Demesure et al. 1995 land plants

rps16F AAA CGA TGT GGT ARA AAG CAAC .
17 rpsl6 chloroplast ps16R AAC ATC WAT TGC AAS GAT TCG ATA Shaw et al. 2005 Angiosperms

aF ATGTCACCACAAACAGAGACTAAAGC
18 rbcL chloroplast cR GCAGCAGCTAGTTCCGGGCTCCA Hasebe et al. 1994 Ferns
19 trnH-psbA chloroplast trnH2 CGCGCATGGTGGATTCACAATCC Tate 2002 Tarasa and

psbAF GTTATGCATGAACGTAATGCTC Sang et al. 1997 Paeonia

rpskF GTGGTAGAAAGCAACGTGCGACTT angiosperms (designed
20 rpsl6 chioroplast . Ro TCGGGATCGAACATCAATTGCAAC Oxelman et al. 1997 from Sileneae)

trnLb- a CATTACAAATGCGATGCTCT
21 tnTa chloroplast b TCTACCGATTTCGCCATATC Taberlet et al. 1991 land plants
. . PCMO7F GAGCGTCCGATCTAAACGAT
22 PCMO7 microsatellite PCMO7R GACTAACGTGCATTGCCTAGC Koorevaar et al. 2002 Plantago coronopus
. . PM6F ATATGAATTAGCCAACAAA . . : :

23 PM6 microsatellite PM6R CCAGCTCCAAGTCAAAGTA Squirrell and Wolff 2001 P. major, P. intermedia
24 Jpm1l microsatellite JpmllF ATGGCATGAGTGGACCAGAT Squirrell and Wolff 2001 P. major, P. intermedia

Jom1llR AAAAGCTGGGCACCTACAAA
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The primers used here have been previously publi€h&ble 2.1) and were chosen based
on their previous usefulness in other plant phytegie studies. Many of these were
designed for universal use throughout land plantduding ITS regions (Whitet al.
1990; Wagstaff and Garnock-Jones 1998) -trnF (Taberletet al. 1991) and theps16
intron (Shawet al. 2005). Other primers have been developed for dpagibup studies,
such agbcL for ferns (Hasebet al. 1994),trnE-trnTr for Poaceae (Doylet al. 1992)
andtrnK-psbAfor Myosotis(Winkworth et al. 2002a). The microsatellite markers have
been designed for specific species witRlantagg PCMO07 forP. coronopugKoorevaar

et al. 2002), and JPM11 and PM6 f&r majorandP. intermedia(Squirrell and Wolff
2001). Prior to this study, all of the primer pafvéath the exception of ITS ananLc-
trnLf) have not been amplified in any native New Zedlan AustraliarPlantagospecies.
Several regions with successful amplification ament scrutinized in more detail by
comparing amplified length and sequence variatietwben thePlantagosamples. The
regions which show successful amplification and dy@®quence variation can be

recommended for use in future studies.

2.2 Materials and Methods

2.2.1 Study group

Within Plantagq two native New Zealand speciés §pathulatasubsp spathulataandP.
triandra subsp. triandra), one native Australian specie®.(euryphylla and one
cosmopolitan species that has established in Nealadd P. lanceolatd were included

in this study.P. lanceolataand P. spathulatasubsp.spathulatarepresent the furthest
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divergence between taxa in the genus and are placgdtant clades in the phylogeny
(Ranstedet al. 2002), thereby covering a wide range of the mobacuhbriation in the
genus. For the microsatellites, tRéantagospecies that the primers were designed for
were included as positive controls. This, coronopuswas included as the positive
control for PCMO7, andP. majorwas included as the positive control for both JPM11

and PM6.

In addition,Veronica strictawas included to see if the primers had phylogenditlities
beyond the genuBlantagq especially for primers that were designed forc8meuse, e.g.
the microsatellite primer pairs. Sample collectdetails for the species included in this

study are given in Appendix | (A).

2.2.2 Molecular methods

Total DNA was extracted from silica-dried leaves whole plants with either the
QIAGEN DNeasy Plant Mini Extraction Kit (Hilden, @eany) or a
cetyltrimethylammonium bromide (CTAB) extraction timed modified from Doyle and
Doyle (1990). PCR amplification was performed usiBgpendorf Mastercycler ep
gradient S (Hamburg, Germany) in a final volume26ful of the following: 16.35ul
water, 10X ThermoPol reaction buffer (10 mM KCI, &M (NH,;)2SQ,, 20 mM Tris-
HCI (pH8.8), 2 mM MgSQ@ 0.1% Triton X-100)(New England BioLabs), 0.4 mf§/m
BSA, 250 umol dNTPs, 10pmol each primer, 0.75 U ofaq DNA polymerase (New
England BioLabs) and 0.4d DNA template. Products were amplified with a

thermocycling profile of an initial 3 minutes at°@5 then 35 cycles of 30 seconds at
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Table 2.2.PCR amplification and sequencing results for ther Rlantagoand oné/eronicaspecies included in this study.

Region Vero_nica Plantago Plantago Plantago Plgntago Annealing No. of_ base Sequencing
stricta lanceolata euryphylla spathulata triandra temperature pairs
1 ITS S S S S S 50C ~800 +
2 CcyC M — M M M 40C ~500-600 +
3 CAM M — — — — 40C ~200-1300* N/A
4 Waxy — — — — — N/A ? N/A
5 CHS — — — — — N/A ~150-1200* N/A
6 LFY — — — — — N/A ~500* N/A
7 G3pdH — — — — — N/A ~150-1600* N/A
8 coxl S S S S S 55¢C ~800 +
9 nadl S S — — — 50C ~200 N/A
10 NIA3 — — — — — N/A ~85-1646* N/A
11 ndhF-rpl32 S S S S S 50C ~900-1000 +
13 rpl32-trnL S S SIM S S/IM 50C ~800-900 +
12 trnK-psbA S S S S S 50<C ~300 +
14 trnE-trnTr S S S S S 50C ~500-700 +
15 trnLc-trnLf S S S S S 50C ~1000 +
16 trnC-trnD S S S S S 50C >2000 +
17 rpsl6 S S S S S 50C ~1000 N/A
18 rbcL S/IM S/IM SIM S S/IM 50C ~1400 N/A
19 trnH-psbA S S S S S 50C ~400 +
20 rpsl6 S S S S S 50C ~1000 N/A
21 trnLb-trnTa S — — — — 50C ~700* N/A
22 PCMO7 M M M M M 55¢C ~190* +
23 PM6 — — — — — N/A ~100* N/A
24 JPM11 M M M M M 55¢C ~200 0

S = single banded amplified product, M = multipended amplified product, S/M = multiple banded pricbut band of amplified region much brighter,=
no amplified product, * estimated length from pms studies, + = successful sequencing or genayfir sequencing or genotyping failed, N/A = data not
available (i.e. not sequenced).
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95°C, 30 seconds at 30, and 2 minutes at 7€; and a final extension period of 10
minutes at 72C on an Eppendorf Mastercycler ep gradient S (Hagyb@ermany).

The same PCR protocol was used for all primer gaitssome of the primer pairs
needed optimization of annealing temperatures foccessful single band

amplification of the targeted region (Table 2.2).

The microsatellite regions were amplified using $hene PCR cocktail as above, with
the following modifications: 2omol of the forward primer with an M13 tail was
added, and $mol of a reverse complement of the tail labeledhwat fluorescent
6FAM dye was added to the cocktail. The method imszd follows the PCR protocol
as described in Schuelke (2000). These regions aemglified using a two-step
thermocycling profile of: an initial 5 minutes a4°@; then 30 cycles of 30 seconds at
94°C, 30 seconds at 55-8Z, and 2 minutes at 7€; followed by 8 cycles of 30
seconds at 9€, 30 seconds at 33, and 2 minutes at 7€; and a final extension

period of 10 minutes at 7€.

Amplified lengths for all samples were checked gsan 100 base pair (bp) DNA
ladder (Roche, Penzberg, Germany) on a 1.5% aggebs&€he amplified products of
Plantagospecies of ITSCYC coxl, ndhF-rpl32 rpl32-trnL, trnK-psbA trnE-trnTr,
trnLc-LF, trnC-trnD, trnH-psbA PCMO07 and JPM11 were cleaned using ROCHE
High Pure PCR Product Purification Kit (Manheim, r@any) and these were
sequenced/genotyped using an ABI3730 Genetic Aealy® the Allan Wilson
Centre Genome Service (Massey University, Palmerdtorth, New Zealand).

Genetic sequences were aligned and sequence eariatas calculated using
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Figure 2.1. Gels illustrating various PCR products. Lanes: %-¥eronica stricta
Plantago lanceolataP. euryphylla P. spathulatasubsp.spathulataandP. triandra
subsp.triandra for each region; AtrnH-psbAand rps16 (amplified using primers
from Oxelmanet al. 1997), B:rbcL and C:CYC Products in A show single banded
amplification of targeted area (referred to as Jable 2.2) whereas B and C are a

mix of multiple bands (S/M and M in Table 2.2).
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Figure 2.2.Gels illustrating the amplification of the microsliite regions. Lanes: 1-5
= Veronica stricta Plantago lanceolata P. euryphylla P. spathulata subsp.
spathulataand P. triandra subsp.triandra for each region; A: PCM07, B: PM6, C:
JPM11. Positive controls for B and C were run aeparate gel (not shown). PCM07
and JPM11 yielded product with multiple bands, welsrPM6 failed to amplify the

targeted area.

31



MEGA3.1 (Kumaret al. 2004). Microsatellites were analysed using Gengiap
v3.7 (Applied Biosystems). DNA sequences were dégpobsinto Genbank

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?dhrahectide).

2.3 Results

Different primer pairs amplified with various remu(see Figs. 2.1 and 2.2) and the
optimal temperatures for each region varied frorffCA 55°C (Table 2.2). Primer
pairs that resulted in single band amplificatiomsdll samples trialed were: IT&px1,
ndhF-rpl32 trnK-psbA trnE-trnTr, trnLc-trnLf, trnC-trnD, rps16 (using both sets of
primers) andrnH-psbA CAM yielded amplified products only foreronicastricta,
whereasnadl amplified successfully in th&¥eronica strictaand the cosmopolitan
Plantagospecies R. lanceolata but not in the AustralasiaBlantagospeciesCYC
amplified multiple banded products in all samplasdid not amplify inP. lanceolata
Primers that consistently failed to amplify any gwot despite several attempts were

Waxy, Leafy,CHSandG3pdHand NIA3.

Table 2.3. Comparison of sequence variation (%) between theetsequenced
regions, which represent the three plant genomash Bf the values presented

here is the sequence variation as compared Rimtago spathulatasubsp.

spathulata
| Australasian | Cosmopolitan
Plantago triandra
subsp. triandra P. euryphylla P. lanceolata
ITS 2.84 2.09 9.12
ndhF-rpl32 2.13 3.32 11.49
Cox1 0.17 0.17 17.98

32



Several of the amplified products were sequencet thase are not directly
comparable because products from different spaeeze sequenced for each region.
However, sequences were obtained from all fBlantago species for ITSndhF-
rpl32 andcoxl, representing one region from each genome. Pagesitof sequence
variation among thé&lantagospecies for these regions (Table 2.3) showed tweat t
interspecific genetic divergence found in ITS amhF-rpl32 are quite similar but
there was relatively lower interspecific genetizattgence found ircox1l among
Australasian species. Howevengxl displayed higher sequence divergence between
the New ZealandP. spathulatasubsp.spathulataand the cosmopolita. lanceolata

than ITS andhdhF-rpl32

The microsatellite primers PCMO07 and JPM11 yieldadtiple-banded product for
all PlantagoandVeronicasamples, whereas PM6 did not amplify the targetgtbn
(Fig. 2.2). PCMO07 and JPM11 amplified the targgteaduct in the positive control
but PM6 failed to amplify in its positive contrdtor PCM07 and JPM11, which had
successful amplification, we analyzed the prodoctiéngth and heterogeneity in the
samples. Genotyping was unsuccessful for PCMO07, redse the JPM11

microsatellites failed to show heterogeneity in Rt@ntagosamples.

2.4 Discussion

Primer pairs for amplification of regions from #firee plant genomes were included
in this study to test their usefulness for fututeylpgenetic studies focusing on
Plantago or related genera. Regions from all three plantogees were tested,

including several regions that are not usuallyséd in plant phylogenetic studies, e.g.
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regions in the short single copy of the cpDNA ahd mtDNA regions. With the
exception of ITS andrnLc-trnLf, the primers included in this study have nevezrbe

tested inPlantagao

2.4.1 PCR amplification results

Most of the primers tested here amplified proddotsall Plantago and Veronica
species, including a few that were designed smadiyi for other plant groups (such
asaF andcR from Hasebeet al. (1994), which were designed for Leptosporangiate
ferns). Surprisingly, other primers such as thameleafy andCAM, which were
designed for universal use among angiosperms, stendly failed to amplify PCR
products (Leafy) or only produced PCR products\eronica stricta(CAM). The
primers for thenadl region, shown to have worked in previous studieslving
Plantago species (Bakkeet al. 2006), amplified DNA from the cosmopolite®.
lanceolataand from the outgroupV( strictg but failed to amplify DNA from native
New Zealand and Australian species. Poor primeciBpigy or differences in the
quality of the DNA used in PCR could be the causeron-amplification of the
targeted region. However, the latter seems lesbapte as the method of DNA
extraction was the same for all of the samplesthadjuality of DNA for all samples

were similar when checked on a gel.

Nine regions amplified consistently with good PCiRduct across all samples: ITS,
coxl ndhF-rpl32 trnK-psbA trnE-trnTr, trnLc-trnLf, trnC-trnD, rps16 (using both
sets of primers) anttnH-psbA (Table 2.2). Among these, one is from nrDNA, one
from mtDNA and seven are from cpDNA. This resultynseamply be proportional to

the number of cpDNA markers included in this stlmy appears to suggest that
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regions from the cpDNA have easier amplificatiompared to nrDNA or mtDNA.
Microsatellites failed to amplify using PCR (Fig.2p, or failed genotyping (Table
2.2), suggesting that primers for these regionsi@aabhe extended to other species in

the genus.

While thenadlregion has been previously reported as >1 kbeguance length, the
amplified nadl product inPlantago lanceolatavas about 200 bp. This finding is
consistent with previous studies reporting a losshis mtDNA intron inPlantago
(Bakker et al. 2006). This deletion also occurs Felargonium, Geraniumand

Sarcocaulor(Bakkeret al. 2000).

2.4.2 Sequence divergence compared in IT&JhF-rpl32 and cox1

Usefulness of ITSndhF-rpl32andcoxl are compared in this study using sequence
divergence. Among these, the nuclear ITS regicdhesmost commonly used marker
in plants whereas the mtDN#ox1is the most commonly used marker used in animal
phylogenetics. The cpDNAdhF-rpl32intergenic spacer is a fairly new marker that
has not yet been utilised in plant phylogenetics was found to have the most
variation among other primers designed by Shetwal. (2007) for universal
angiosperm use. Among the three regiaos1had much higher sequence divergence
between the native New Zealand spedfesspathulatasubsp.spathulataand the
introducedP. lanceolata(Table 2.3). This may be support for the fast ettohary
rate of mtDNA inPlantagoas reported by Chet al. 2004. However, the same rate
does not seem to extend to within the New Zealaediss, whereox1 has the least
amount of variation (only one nucleotide substintbetween the two New Zealand

species) compared with ITS adhF-rpl32 Further studies are needed to determine
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the extent of the elevated mtDNA rateRlantago ThendhF-rpl32region appears to
have the fastest rate between Australasian sp@&iedralianP. euryphyllaand New
ZealandP. spathulatassubspspathulatd, whereasoxland ITS did not have as much
variation per sequence length for these speciass, Tdifferent primers may be better
suited to different research objectives. For examible fast evolving cpDNA marker
ndhF-rpl32may be appropriate when working with lower taxonotavels, while the

MtDNA cox1may be better suited when analyzing taxa at highemomic levels.

2.4.3 Conclusions

In this study, amplification of regions from nualgeanitochondrial and chloroplast
genomes in four species Bfantagoand oneVeronica(more than 10,000 bp in total)
have shown that several regions are more easilylif@dpthan others. Cross-
amplification of microsatellites designed for othgpecies inPlantago failed to
amplify or sequence for these foltlantago and one Veronica species. The
thermocycling profile and optimal annealing temparas reported here can also be

further optimized for each individual primer to @ale cleaner amplification product.

ITS had the most sequence variation between the Z&aland species in this study.
This region is the most commonly used marker intrptant phylogenetic studies and
has proven to be reliable in studies despite sewavbacks (see Feliner and
Rossell6 2007). However, researchers have now loe&ing for alternative markers
that may be more useful for phylogenetic analysgg Shawet al. 2007).It is shown

in this study that there may be more informationrmarkers in the nrDNA (such as
ITS) or in the other two genomes, depending on nkeds of the researcher.

Researchers intending to work &tantagoand any closely related group such as
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Veronica should be able to use the primer pairs that ctergly amplified the
targeted products (Tables 2.1 and 2.2). Based sultsefrom this study, it is not
recommended to use the microsatellite primersddstee for species other than those

they were developed for.

For further phylogenetic analyses of Australadtlantagospecies (Chapters three
and four), | chose to use ITS andhF-rpl32 because these markers appear to have
substantial variation and are a reasonable leraitbut 800-1000 bp longfox1had

the best result out of all the mitochondrial regidested and is therefore also selected
for further phylogenetic analyses. The sequenceergance observed among
Australasian species here indicates that the eldvatte of evolution is inconsistent
across the genus and sequencingaflfor more Australasian species will allow for
testing of this hypothesis (Cled al. 2004 only included a fewlantagospecies and

no Australasian species).
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Chapter Three: A three genome phylogeny for
Australasian Plantago (Plantaginaceae) species

reveals multiple trans-Tasman dispersal patterns

Abstract

Recent phylogenetic studies have shown that tharmaece of recent long distance
dispersal in Southern Hemisphere plants is far npevalent than the expected
distribution pattern of ancient Gondwanan vicar@anthe phylogeny of New Zealand
and AustralianPlantago (Plantaginaceae) was reconstructed using DNA segse
from the Internal Transcribed SpacersjhF-rpl32 and cox1l from the nrDNA,
cpDNA and mtDNA, respectively. The resolved phylogeshows evidence for at
least three long distance direct