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Abstract

Testing the correlation of morphological and genetic marker variation enables the
Investigation of evolutionary processes. Knowledge of evolutionary processes can be used
to identify those morphological characters that could be used to produce evolutionary
meaningful taxonomies. This thesis aims to test the correlation between morphological and
genetic marker variation to further understand the evolution of species within the genus
Arum and identify those morphological characters that correspond with evolutionary
groups. The investigation is carried out at the intraspecific level, intrageneric level and in a
putative hybrid zone.

At the intraspecific level, genetic (ISSR) and morphological variation was quantified in
populations of the morphologically similar species A. maculatum and A. italicum.
Populations of 4. maculatum showed evidence of isolation by distance, presumably a result
of pollinator behaviour and seed dispersal. Leaf patterning in A. maculatum did not
correspond to evolutionary lineages. However, similar leaf patterning characters in A.
italicum are used to classify the two subspecies neglectum and italicum and the ISSR
analysis confirmed that these taxa are genetically distinct. These two subspecies were
shown to be interbreeding in sympatric populations. The interbreeding has created a
morphological and genetic difference between subsp. neglectum in sympatric populations
compared with allopatric populations.

At the intrageneric level, a phylogenetic analysis of Arum (using trnl and ITS1 sequences)
indicated that both vegetative and reproductive characters are convergent within the genus.
The apparent convergent evolution of reproductive and vegetative characters indicates that
both have been important during the diversification of the genus. These convergent
characters are not useful for producing classifications that reflect evolutionary groups as the
groups they produce are polyphyletic.

In the putative hybrid zone, ISSR markers confirmed the presence of A. creticum and A.
idaeum hybrids. There appears to be introgression ot the A. idaeum genome into A.
creticum; this could have implications for the future genetic integrity of A. creticum. Within
this hybrid zone, continuous characters were found to be representative of genetic variation,

however categorical characters were not.

In conclusion, this thesis has shown that even within a single genus, the correlation between
morphological and genetic marker variation is influenced by both the taxa being studied and
the nature of the morphological trait. In particular, if morphological characters are found to
be adaptively important, their correspondence to genetic groups should be tested before
their use in taxonomies. The findings of this thesis also suggest there i1s great value in the
complementary use of genetic and morphological analysis for taxonomic studies as well as
evolutionary studies. For example, the importance of reproductive characters in the
diversification of Arum species has produced a wide range of morphological variation, with
limited taxonomic utility due to a tendency for homoplasy. Vegetative characters were also
found to need careful testing before use in taxonomies as leaf patterning was found to
correspond to sub-species status for one species of Arum but not another. Finally, this thesis
has shown that, if closely related taxa are hybridising, variation ot continuous reproductive
characters may be used as an indicator of hybridisation, even i1t the morphological

characters are potentially polygenic.
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FROM MT PSILORITIES AND MT KEDROS FOR SEVEN INFLORESCENCE TRAITS IN THE SEVEN A PRIORI
MORPHOLOGICAL GROUPS. COLOURS. PURPLE: ALLOPATRIC POPULATIONS OF A. CRETICUM; RED:
INDIVIDUALS FROM MT KEDROS; BLUE: INDIVIDUALS FROM MT PSILORITIES; GREEN: ALLOPATRIC
POPULATIONS OF A. IDAEUM. CLASSIFICATION. ALCR: ALLOPATRIC A. CRETICUM, CR: A.
CRETICUM IN SYMPATRIC POPULATIONS; CL: A. CRETICUM LIKE; MH: MIDDLE HYBRID; IL: 4.
IDAEUM LIKE; ID: A. IDAEUM IN SYMPATRIC POPULATIONS; ALID: ALLOPATRIC A. IDAEUM. GRAPHS.

A: CHAMBER LENGTH; B: CHAMBER WIDTH; C: SPADIX WIDTH; D: SPADIX LENGTH NOT INCLUDING
FLOWERS; E: SPATHE WIDTH; F: SPATHE LENGTH; G: PEDUNCLE LENGTH. ivuetueteniiteeenerenereneeereeenneenn. 197

FIGURE 5.5 NEIGHBOUR-JOINING TREE OF NEI AND LEI (1978) GENETIC DISTANCES AMONG INDIVIDUALS
FROM ALLOPATRIC POPULATIONS OF A. CRETICUM AND A. IDAEUM. BOOTSTRAP VALUES GREATER
THAN 50% ARE DISPLAYED ABOVE THE BRANCHES. ID= A4. IDAEUM INDIVIDUALS AND CR= A.
CRETICUM INDIVIDUALS. «.eutitiiiiittetitierietttseeteesneeenerserstessssrssessessssssssssssssesneassssserssssnessresssesssersnssmnmesnnns 204

FIGURE 5.6 MDS ORDINATION OF THE PAIRWISE GENETIC DISTANCES AMONG ALL SAMPLED INDIVIDUALS.
THE INDIVIDUALS ARE CLASSIFIED INTO THE SEVEN MORPHOLOGICAL CATEGORIES: ALCR=
ALLOPATRIC A. CRETICUM. CR= A. CRETICUM WITHIN HYBRID ZONES. CL= A. CRETICUM LIKE
INDIVIDUALS. MH= MIDDLE HYBRID TYPE. IL= A4. IDAEUM LIKE INDIVIDUALS. ID= A. IDAEUM
WITHIN HYBRID ZONES. ALID= ALLOPATRIC A. IDAEUM. ...cuuueuneernieeeteetiereesenieransisesenessesssasssesssensses 206

FIGURE 5.7 ESTIMATED GENOTYPE PROPORTIONS OF INDIVIDUALS FROM THE PUTATIVE HYBRID ZONES.

EACH INDIVIDUAL IS REPRESENTED BY A VERTICAL LINE, PORTIONED IN TO K=2 COLOURED
SEGMENTS. RED=A. CRETICUM GENOME AND GREEN=A. IDAEUM GENOME. ALCR AND ALID
INDIVIDUALS ARE THOSE FROM ALLOPATRIC POPULATIONS OF A. CRETICUM AND A. IDAEUM,

RE S PE CTIVELY & ettt ettt ee et esssssssssssssssnsasasassssnsssasesssesersssssssssssnssssssssnsessssnssssensnsnsnrasesssosssssasssasasss 208
FIGURE 5.8 THE PROBABILITY CALCULATED IN THE NEwW HYBRIDS PROGRAM OF EACH INDIVIDUAL

(REPRESENTED BY COLOURED COLUMNS) BELONGING TO THE SIX GENOTYPE FREQUENCY CLASSES.

THE HEIGHT OF EACH COLOURED BAR IS PROPORTIONAL TO THE PROBABILITY OF AN INDIVIDUAL

BELONGING TO THE CORRESPONDING GENOTYPIC CLASS. THE GENOTYPIC CLASSES ARE: PURE A.
CRETICUM (CR), PURE A. IDAEUM (ID), F1 AND F2 HYBRIDS AND BACKCROSSES TO 4. CRETICUM

(BxCR) AND A. IDAEUM (BxID). THE INDIVIDUALS ARE ORDERED ACCORDING TO THE PROBABILITY
THAT THEY ARE PURE A. CRETICUM, BACKCROSSES TO A. CRETICUM, F1 AND F2 HYBRIDS,
BACKCROSS TO A. IDAEUM, AND PURE A. IDAEUM. TO SHOW THE CORRESPONDENCE OF THE SEVEN A
PRIORI MORPHOLOGICAL CATEGORIES TO THE PROBABILITIES THE MORPHOLOGICAL CATEGORY OF
EACH INDIVIDUAL IS INDICATED ON THE X-AXIS. THE A PRIORI MORPHOLOGICAL CATEGORIES ARE:
1=ALCR, 2=CR, 3=CL, 4=MH, 5=IL, 6=ID AND 7=ALID. ...c..cccceotviriniiiniiiis 210
FIGURE 5.9 THE PROBABILITY CALCULATED IN THE NEW HYBRIDS PROGRAM OF EACH INDIVIDUAL
BELONGING (REPRESENTED BY COLOURED COLUMNS) TO THE SIX GENOTYPE FREQUENCY CLASSES.
THE INDIVIDUALS ARE ORDERED BY MORPHOLOGICAL GROUP, THE PROPORTION OF EACH COLOUR

IN THE VERTICAL BARS INDICATING THE PROBABILITY OF AN INDIVIDUAL BELONGING TO EACH OF

16



THE GENOTYPE CLASSES. THE CLASSES ARE PURE A. CRETICUM (CR), PURE A. IDAEUM (ID), F1 AND
F2 HYBRIDS AND BACKCROSSES TO 4. CRETICUM (BxXCR) AND A. IDAEUM (BxID). INDIVIDUALS
ARE GROUPED BY THE MORPHOLOGICAL CATEGORIES. ALLOPATRIC A. CRETICUM (ALCR); A.

CRETICUM (CR); A. CRETICUM LIKE (CL); MIDDLE HYBRID (MH); A. IDAEUM LIKE (IL); A. IDAEUM
(ID); ALLOPATRIC A. IDAEUM (ALID)

FIGURE 5.10 MDS PLOTS WITH THREE CATEGORICAL CHARACTERS SUPERIMPOSED ON THE GRAPHS. THE
ALLOPATRIC SAMPLES OF A. CRETICUM (ALCR) AND A. IDAEUM (ALID) ARE MARKED FOR
REFERENCE IN RED AND GREEN, RESPECTIVELY. A: INFLORESCENCE DISPLAY MODE EITHER FLAG
OR CRYPTIC. FLAG DISPLAY IS TYPICAL OF A. CRETICUM, CRYPTIC DISPLAY TYPICAL OF A. IDAEUM,
B: SPATHE REFLEXED. REFLEXED SPATHE HOODS ARE TYPICAL OF A. CRETICUM, NON-REFLEXED

SPATHE HOODS TYPICAL OF A. IDAEUM;, C: SMELL EITHER LIKE A. CRETICUM OR A. IDAEUM................ 214
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Chapter 1 Correlation of morphological and

genetic characters: an introduction

‘Whether he realises it or not, every biologist — even he who works on the

molecular level — works with species or parts of species and his findings may be

influenced decisively by the choice of a particular species’ - E. Mayr (1957)

The taxonomic category of species is used at the forefront of biological research. It is at
the species level that comparative biology operates, through understanding interactions
among species (e.g. hybridisation: Cronberg and Natcheva, 2002), to evolutionary
theory (e.g. testing species origins: Manos et al., 1999) and conservation biology (e.g.
population translocation: Knapp and Rice, 1998). To be able to understand processes
such as these, it 1s important to understand what species are (Sites and Marshall, 2003).
Species are expected to consist of single lineages of evolving populations (Simpson,
1961; Wiley, 1978, 1981; Avise and Wollenberg, 1997; Hey er al., 2003; Sites and
Marshall, 2003; for a review of species concepts see Mayden, 1997). If species do not
correspond to evolutionary groups, they are misleading by suggesting relationships

among organisms that have no evolutionary support (Hennig, 1966).

Species are commonly defined by morphological characters (e.g. Boyce, 1989; Stace,
1997). However, there are problems associated with comparing morphological
characters among species. Firstly, variation of morphological characters can be non-

heritable as the expression of morphological characters can be affected by the
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environment (plasticity); for example, the morphology of both Amblystegium
(Vanderpoorten and Jacquemart, 2004) and Impatiens (Donohue et al., 2000) is plastic
and varies depending on the environmental conditions. A second problem may arise
through the convergence of morphological characters. Convergent evolution is when
characters independently evolve on different lineages. Convergent characters can

therefore cause relationships among species to be interpreted incorrectly. Using genetic
characters (such as nucleotide sequences) to infer evolutionary relationships avoids the

problems of non-heritable variation and convergence associated with morphological

characters (Hillis, 1987).

Genetic characters have been used to infer evolutionary relationships at all taxonomic
levels, e.g. among angiosperms (Chase et al., 1993; Savolainen er al., 2000), within
families, e.g. Cunoniaceae (Bradford and Barnes, 2001), or within genera, e.g. Begonia
(Plana, 2003). These examples used genetic markers to identify evolutionary

relationships, so that taxonomic descriptions could be adjusted to correspond to

evolutionary patterns.

When evolutionary relationships are known, a comparative analysis of morphological
and genetic variation can identify the morphological characters that correspond to
differences in evolutionary history. Convergence has been identified in the fruit and
flower morphology of species in the family Cunoniaceae (Bradford and Barnes, 2001)
and leaf morphology in the Fontinalaceae (Shaw and Allen, 2000), indicating that these
characters should not be used taxonomically. Correlation of both genetic and

morphological variation at the population level within a species’ range can also be
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Informative. It is possible to infer migration patterns such as the postglacial migration
routes of the genus Dryas (Philipp and Siegismund, 2003) and adaptation of
morphological characters to different environments, such as in Nassella pulchra (Knapp
and Rice, 1998), or selection within hybrid zones, for example in a Polystichum

(Dryopteridaceae) hybrid zone (Ketner and Mesler, 2000).

Comparisons of morphological and genetic variation can be carried out at any
taxonomic level but the age of any points of divergence are likely to differ with the
taxonomic level. Intraspecific variation can be attributed to evolutionary and population
processes that have occurred recently or are currently occurring. However, when
interspecific comparisons are made among species, the differences attributed to each
point of divergence are older (possibly ancient). Divergence of lineages can be
attributed to barriers to reproduction reducing gene flow and allowing populations to
change. Often, barriers to gene flow can break down (or have not yet tully evolved) and
allow interspecific hybridisation between diverged lineages (Stace, 1989). Areas where
hybridisation is occurring are called hybrid zones, and like intraspecific variation,
evolutionary processes in these zones have occurred recently or are currently occurring.

In hybrid zones, comparisons of morphological and genetic variation can also be used to

identify recent patterns of evolution.

Published work looking at both morphological and genetic variation usually focuses on
only one taxonomic level, such as variation at the population level typified by the
population genetic study of Oryza malampuzhaensis in an ecological gradient (Thomas

et al., 2001) or diversity of different Acorus gramineus populations (Liao and Hsiao,
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1998). Phylogenetic studies of genera also usually focus on relationships at the species
level, for example Bupleurum (Neves and Watson., 2004) or Begonia (Plana, 2003), and
usually do not include analyses at the population level. When studying hybrid zones
phylogenetic relationships between hybridising species are often not included and only
genetic relationships among hybrids compared with parental species are examined (e.g.

Klier ef al., 1991; Ketner and Mesler, 2000: Gonzalez-Rodriguez ef al., 2004).

This thesis investigates the correlation of morphology and genotype (revealed using
mocecular markers) at several taxonomic levels within a single genus. By investigating
the relationship between morphological and genetic marker variation within a single
genus inferences gained at the interspecific level can be cast in the broader context of
past evolution of the genus. Similarly, variation within interspecific hybrid zones can
also be placed within the context of evolution of the genus as a whole. The three areas,
intraspecific variation, interspecific variation and interspecific hybridisation, ofter the
opportunity to study the use of morphological characters in different situations.
Investigating which morphological characters correspond to current and recent patterns
of evolution compared with old evolutionary differences allows us to test the usefulness
of morphological characters for representing ancient and more recent evolutionary
differences. The following sections investigate correlation of morphological and genetic

characters, for the taxonomic purpose of interpreting evolutionary differences at three

taxonomic levels.
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Intraspecific variation

Species tend not be homogeneous but comprise an assemblage of populations that may
vary 1n both morphological and genetic characters (Linhart and Grant, 1996). The
variation among conspecific populations can be due to random processes such as
genetic drift or mutation (Davis and Gilmartin, 1985). Intraspecific variation can also
arise through adaptation of populations to localised conditions caused by environmental
heterogeneity throughout a species’ range (Linhart and Grant, 1996). When populations
throughout a species’ range experience different selection pressures, the genotype may
change in response to these different evolutionary pressures (Wright, 1951). These
processes 1n turn can create morphological and genetic differences that correspond to
ecological or geographical races that can be recognised as subspecies (Grant, 1981).
Different morphologica<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>