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PHYLOGENY AND ECOLOGY OF DIOECIOUS FIG POLLINATION

George D. Weiblen

Michael J. Donoghue (Thesis advisor)

ABSTRACT

The evolution of mutualistic interactions between the dioecious figs (Ficus subg. Ficus,
Moraceae) and their pollinating wasps (Hymenoptera: Agaonidae) was examined using
comparative methods. Fig species are either monoecious or gynodioecious depending on
the arrangement of unisexual florets within the specialized inflorescence or syconium.
Due to complex interactions with pollinators (Agaoninae), the gynodioecious species are
functionally dioecious. In Chapter 1, the evolutionary relationships of dioecious figs
were examined through phylogenetic analyses based on the internal transcribed spacer
region of nuclear ribosomal DNA (nrDNA) and morphology. Chapter 2 describes a
parallel study of the pollinators of dioecious figs using mitochondrial DNA (mtDNA)
sequences and morphology. Separate and combined analyses suggest that neither
dioecious figs nor their pollinators are monophyletic. However, fig/pollinator

associations were largely congruent with phylogeny and support a revised classification

of Ficus.
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Comparative analyses in Chapter 3 examined aspects of coevolution including the
cospeciation of interacting lineages and the coadaptation of interacting traits. Pararell
phylogenies and correlated rates of evolution in fig nrDNA and pollinator mtDNA
sequences support a history of cospeciation. Reconstructions of breeding system
evolution indicated that dioecy evolved once or twice with at least two reversals to
monoecy in a dioecious lineage. Changes in pollinator ovipositor length were correlated
with changes in fig breeding system. The correlated evolution of fig style lengths and
pollinator ovipositors suggests a role for coadaptation in the regulation of resource
conflicts between mutualists.

Chapter 4 summarizes ecological studies in New Guinea, examining the impact of
non-pollinating fig wasps on the mutualism and suggesting a new hypothesis for the
origin and maintenance of dioecious fig pollination. Chapter 5 presents an argument that
fig pollination is an extreme case of coevolution in plant/insect interactions. The
associations of herbivores in a range of insect guilds were poorly correlated with host

phylogeny, compared to the associations of specialized fig wasps. Most Ficus herbivores

in New Guinea, including leaf chewing and sap sucking insects, are oligophagous and
their patterns of association are not explained by host phylogeny, suggesting that other

factors play an important role in shaping interactions between plants and insects in

general.
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CHAPTER 1

Splitting the fig: Phylogenetic relationships of dioecious Ficus

based on ITS sequences and morphology

“I have been rent, like the morning toast, by two forces splitting biology
into macro-molecules and macro-organisms, and I do not know how this
rift may be spanned. [ cannot conceive what energy level, chemical bond,
or carbon-grouping can decide whether it is insect-pollination or curiosity
that will be inherited. But the pendulum has swung. The young
botanist...models molecules and chromosomes, and works very largely in
vitro. Nevertheless, if biology is not to stand still, the pendulum will
return and its amplitude will be the strength of those who have put their

trust in the macrocosm.” E. J. H. (Corner 1963), p. 1000



Introduction

The genus Ficus (Moraceae) includes some 750 species of woody plants occurring in
most tropical and subtropical forests around the world (Berg 1989). These species of
trees, shrubs, climbers and hemi-epiphytic stranglers are recognized by their specialized
inflorescence and pollination syndrome (Janzen 1979b, Berg 1990b). Resembling a
fleshy fruit in outward appearance, the fig is an enlarged receptacle enclosing hundreds of
unisexual flowers accessible only by a tight, bract-filled opening or ostiole. The enclosed
inflorescence, or syconium, protects the flowers against most parasites except for
diminutive insects capable of entering through the ostiole (Berg 1990a). The interior of
the inflorescence is the location of an obligate mutualism with pollinating seed predators,
fig wasps in the family Agaonidae of parasitic Hymenoptera (Chalcidoidea). Interactions
between figs and fig wasps are among the best known examples of reproductive
interdependence between plants and their pollinators (Bronstein 1992). In addition, fig
wasps are specialized to the extent that unique pollinator species are associated with most
fig species (Ramirez 1970, Wiebes 1979a); but see (Rasplus 1994, Michaloud et al. 1996,
Kerdelhue et al. 1997).

The intertwined life cycles of figs and pollinators, together with their extreme
specificity, are the basis for much speculation on the nature and extent of coevolution
involved (Ramirez 1974, Janzen 1980, Wiebes 1987, Thompson 1994a). Have figs and
their pollinators cospeciated? What floral adaptations, if any, prevent pollinators from
preying on all the seeds in figs? Dioecious figs have generated interest in regard to the
second question, due to the apparent conflicts with pollinators in regard to seed resources

(Grafen and Godfray 1991). Dioecious figs also provide a framework in which to



examine the two major components of coevolution: patterns of speciation and reciprocal
adaptations (Thomson 1994). Until the present, our knowledge of coevolution in
dioecious figs has been shaped by taxonomy (Wiebes 1963b, Wiebes 1979a, Corner
1985), ecology (Galil 1973, Kjellberg et al. 1987a, Corlett 1993, Weiblen et al. 1995,
Patel and McKey 1998), behavior (Hossaert-McKey et al. 1994, Ware and Compton
1994b), and anatomy (Verkerke 1987, Beck and Lord 1988a, Verkerke 1989).
Phylogenetic studies are limited and the relationships of the dioecious species have not
been examined in detail (Yokoyama 1995, Herre et al. 1996). This chapter provides an

analysis of phylogenetic relationships in dioecious figs based on DNA sequences and

morphology.

Life cycles of dioecious figs and their pollinators

Morphologically, figs are monoecious or gynodioecious according to the arrangement of
the unisexual florets within the syconium (Figure 1). Due to complex interactions with
pollinating fig wasps, however, the gynodioecious species are functionally dioecious
(Berg 1989, Weiblen et al. 1995). Inside the protogynous syconia, female fig wasps
actively pollinate heterostylous florets while ovipositing in a fraction of fig ovaries. The
fate of the ovaries in dioecious species is determined by the interaction of pollinator
ovipositors and style lengths in two types of figs (Ganeshaiah et al. 1995). Seed figs
contain only long-styled pistillate florets that are fertilized and unharmed (Galil 1973).
Gall figs contain staminate florets and short-styled pistillate florets, enabling pollinators
to deposit their eggs in close proximity to fig embryos. Gall figs are functionally

staminate because fig wasp larvae consume all of the developing seed (Weiblen et al.



1995). The release of pollen from staminate florets in gall figs coincides with eclosure
and mating of the fig wasps. Flightless males chew an exit from the syconium and the
winged females escape in search of receptive figs in which to complete their life cycle.

The ecology of dioecious fig pollination is described in greater detail in Chapter 4.

Classification of dioecious figs
Ficus is the largest genus in the Moraceae, a mostly tropical woody plant family

recognized by the presence of latex, stipules, and paired inflorescences with unisexual

flowers (Corner 1962a). As the only member of the tribe Ficeae (Rohwer 1993), the

genus has long been noted for its distinctive reproductive morphology (Berg 1989). In
the last century, Ficus was split into several genera (Gasparrini 1844, Miquel 1862) that
became the basis for a subgeneric classification after the genus was reunited (Miquel

1867b, Miquel 1867a). Miquel classified the dioecious species in four subgenera

(Covellia, Erythrogyne, Eusyce and Synoecia) based on microscopic floral characters.
Almost a century later, Corner (1965) united the dioecious figs under one of four
subgenera in his reclassification of the genus (Table 1). Although Miquel (1867a) and
King (1887a) recognized striking similarities between some monoecious and dioecious
species, Corner (1960b) split them on the basis of breeding system alone. Corner (1965)
went on to recognize subgenera based on breeding system, growth form, and
inflorescence position in the following scheme: (A) subg. Urostigma including
monoecious stranglers with axillary figs, (B) subg. Pharmacosycea including monoecious

trees with axillary figs, (C ) subg. Sycomorus including monoecious trees with

cauliflorous figs, and (D) dioecious subg. Ficus including trees, banyans, and climbers



with cauliflorous and axillary figs. A reclassification grouping some monoecious and
dioecious species based on pollinator associations was later rejected (Ramirez 1977,
Corner 1985). However, local floras (Corner 1970b, Berg and Wiebes 1992) have
commented on the striking similarities between species with different breeding systems.
This chapter presents a phylogenetic analysis of subg. Ficus and their relatives,

examining classification, pollinator relations, and breeding system evolution in dioecious

figs.

Geographical distribution of dioecious figs

Ficus can be found in all three tropical regions (Figure 2A) but the majority of species

occur in Asia, the Indo-Papuan Islands and Australia. The dioecious species are
restricted to the old world tropics. Malesia is the center of diversity for dioecious figs in
terms of species richness and endemism (Figure 2B). Most dioecious species occur here,
comprising an estimated 343 species out of the 503 species in the region (68%; Berg
1989). In addition, five of the eight sections in subg. Ficus are centered in Malesia
(Table 1). Dioecious sect. Adenosperma, for instance, is restricted to New Guinea,
Australia and the Solomon Islands (Corner 1958). However, some dioecious species are
widespread, such as E. variegata, which is distributed from eastern India to New Guinea
and from northern Australia to southern Japan (Corner 1965). Dioecious coastal species,

such as F. tinctoria, have even wider distributions on remote islands in the Pacific and

Indian Oceans (Corner 1958). Geographical range in most dioecious species is more
restricted. For example, at least 11 species of sect. Sycocarpus are found only in New

Guinea (Corner 1958). It is also noteworthy that the regional species richness of Ficus



reaches its peak not in the continental masses of Asia and Australia, but in the complex of
islands stretching from the Solomons in the east to Borneo in the west. Species within

this region were the focus of sampling for phylogenetic analysis.

Objectives of phylogenetic analysis

The main objective of this study was to test the monophyly of the dioecious figs (subg.
Ficus) with reference to the monoecious figs (subg. Pharmacosycea, Sycomorus and
Urostigma). There were three additional objectives to the study. These included: (B)
identification of major shifts in breeding system, such as changes from monoecy to dioecy
and from dioecy to monoecy, (C) reconstruction of phylogenetic relationships for comparison
with pollinator phylogeny (Chapter 2) and tests of coevolutionary hypotheses (Chapter 3),
and (D) reconstruction of phylogenetic relationships in a local assemblage of dioecious figs
for comparison with sympatric fig wasp assemblages (Chapter 4) and comparison with the
associations of insect herbivores in general (Chapter 5).

The primary source of characters for phylogeny reconstruction was the internal
transcribed spacer (ITS) region of nuclear ribosomal DNA. The ITS region has proven
useful for resolving phylogenetic relationships at lower taxonomic levels in plants due to its
high interspecific variability (Baldwin et al. 1995). However, the limitations of ITS and

other genes in reconstructing Ficus phylogeny were also explored (see ITS heterogeneity and

chloroplast genes). As a supplement to ITS sequences, morphological characters for Ficus

were analyzed separately and in combination.

Issues in phylogenetic analysis



Whether or not to combine morphological and molecular data sets in a single analysis has
been a subject of considerable debate in the recent systematic literature (Bull et al. 1993, de
Queiroz et al. 1995, Huelsenbeck et al. 1996). Different analytical approaches to this
problem are based on principles of total evidence, separate analysis, and conditional
combination (Huelsenbeck et al. 1996). According to the principle of total evidence,
systematists have argued that inferences based on all the available data are more likely to be
correct than inferences based on a subset of the data (Barrett et al. 1991). This is only the
case if different sources of data share the same underlying phylogenetic history, an
assumption of the total evidence approach. However, conflicting species phylogenies are
often inferred from different gene regions and morphological characters (Swofford 1991,
Doyle 1992). Sources of conflict between data sets can result from either systematic error or
from data sets not sharing the same phylogenetic history (de Queiroz et al. 1995). Systematic
error results from the failure of phylogenetic reconstruction methods to make accurate
assumptions about the evolutionary processes affecting character change. Maximum
parsimony, for example, may fail when multiple characters exhibit correlated patterns of
homoplasy (Felsenstein 1978). Molecular data with unequal base composition, codon usage,
or differences between synonymous and non-synonymous substitutions may also converge
on the wrong tree (Naylor and Brown 1998). Furthermore, sampling characters from
independent data sets, such as morphology and molecules, increases the sampling variance
and the chance of obtaining an inaccurate result (de Queiroz 1993). On the other hand, data
sets may also differ with respect to their underlying phylogenetic history. In the case of

molecular data, phylogenies inferred from different genes may conflict with each other or



with species phylogeny due to lineage sorting (Maddison 1997) or lateral transfer (McDade
1992, Sang et al. 1997).

Separate analyses have the advantage of highlighting points of conflict, without
indicating whether systematic errors or different histories are responsible for incongruent
phylogenies. If incongruence is due to sampling or random errors in phylogeny estimation,
then a combined analysis may provide the best estimate of phylogeny (de Queiroz et al.
1995). A conditional approach favors combined analyses in the event of “weak”
incongruence while favoring separate analyses in the event of *strong” incongruence
(Huelsenbeck et al. 1996). Different statistical methods have been developed for estimating
the extent of incongruence (Kishino and Hasegawa 1989, Templeton 1993, Farris et al.
1994).

When morphology and molecules are not significantly incongruent, their combination
can recover phylogenetic signal that is hidden in separate analyses (Barrett et al. 1991).

Practical and theoretical considerations on separate versus combined analysis of [TS and

morphological data sets for Ficus are explored using several approaches (see Tests of

congruence). In Ficus, it has been suggested that morphology may yield incorrect estimates

of phylogeny because of convergent evolution in reproductive traits; however previous
studies did not specifically test this proposition (Herre et al. 1996). With regard to the
question of breeding system evolution, the issue of including characters of interest in

phylogeny reconstruction (de Queiroz 1996) was examined using sensitivity analysis

(Donoghue and Ackerly 1996).

Materials and Methods



Taxon sampling

The evolutionary relationships of dioecious figs were examined through phylogenetic
analyses of 46 species (Table 2). Sampling was limited to representatives of the major
taxonomic divisions of Ficus (subgenera and sections). The choice of ITS and morphology
as sources of characters did not permit the inclusion of other Moraceae as outgroups in the
phylogenetic analysis, due to difficulties associated with sequence alignments and the
assessment of homology (see Results: ITS heterogeneity and chloroplast genes). Evidence

from the chloroplast gene rbecL (Herre et al. 1996) and morphology (Berg 1989a) suggests

that the neotropical sect. Pharmacosycea is a sister group to the rest of Ficus. Two

representatives of sect. Pharmacosycea were designated as outgroups. Sampling of the

monoecious subgenera also included 15 species representing the sections Oreosycea,

Urostigma, Conosycea, Malvanthera, Americana, and Sycomorus. In addition, twenty nine

species comprising eight percent of dioecious subg. Ficus were sampled. At least two

representatives of each dioecious section were sampled, in addition to the species included in
ecological studies (Chapter 4 and 5). Four field trips were made to tropical lowland forests
in Malesia between 1995 and 1997 to obtain collections of fertile plant specimens and DNA.

Sampling localities included sites in Australia, Indonesia, Papua New Guinea and the

Solomon Islands.

Nuclear ribosomal DNA
Sources of DNA included leaves preserved in silica gel in the field, herbarium specimens less
than 10 years old, and fresh leaves harvested from cultivated plants. Voucher specimens for

all DNA sources are deposited at the Harvard University Herbaria (A; Appendix 1).



Genomic DNA was extracted from 10-20 mg of dried leaves (30-50 mg when fresh). The
protocol of Doyle and Doyle (1987) was modified to avoid problems associated with DNA
isolation from leaves containing latex. Leaves were ground in liquid N, and incubated at 60°
C in a 400 puL solution of 2X CTAB buffer with 4% polyvinyl pyrrolidone (mol. wt. 40000)
and 0.8 pul. B-mercapto-ethanol. After | hr, samples were centrifuged for 5 min and the
aqueous supernatant was twice extracted with 400 gL of phenol:chloroform:isoamyl alcohol
(25:24:1). The supernatant was extracted a third time with chloroform:isoamy! alcohol
(24:1). DNA extracts were cleaned with a GENECLEAN II® kit (BIO 101 Inc.), serially
diluted, and amplified with a PCR reagent system (Gibco BRL Inc.).

Primers ITS4 and ITSS (White et al. 1990) were used for amplification of the region
including the two internal transcribed spacers and the 5.8S subunit of nuclear ribosomal
DNA. The thermal conditions for amplification included: (A) denaturation at 96° C (2 min);
(B) 2 cycles of denaturation at 94°C (30 s), annealing at 40° C (30 s) and extension at 72° C
(60 s); (C) 35 cycles as in (B) but with annealing at 55° C (30 s); and (D) final extension at
72° C (4 min). PCR products were quantified on 0.4% agarose gels using a Low DNA
Mass™ ladder (Gibco BRL Inc.) and single bands were purified with a QIAquick™ PCR
purification kit (QIAGEN® Inc.). PCR products were cycle sequenced in both directions
using primers [TS2, ITS3, ITS 4 and ITS5 (White et al. 1990). ITS2 and ITS3 sequencing
primers were redesigned for Ficus (5’-GCATCGATGAAGAACGTAGC-3’ and 5'-
GGAAGGAGAAGTCGTAACAAGG-3’, respectively). Sequences were collected using
Long Ranger™ polyacrylamide gels (FMC Bioproducts Inc.), a 377 PRISM™ sequencer
(Applied Biosystemn Inc.), and DNA Sequencing Analysis software version 2.1.1 (Applied

Biosystem Inc.). Chromatograms were edited with Sequencher™ software (Gene Codes

10



Inc.) and aligned manually (Appendix 2). Matrices were also deposited in TreeBASE (http:
www_herbaria.harvard.edu/treebase). Thirty-three ambiguous positions corresponding to
4.3% of the aligned sequences were excluded from analysis (i.e. positions 283-286, 465-483
and 529-547). Thirty-four gaps remained in the aligned sequence following the exclusion of
these ambiguous sites. Nineteen autapomorphic indels were treated as missing data. The
presence or absence of fifteen remaining indels was coded in a supplemental set of characters

(Appendix 2), but all inde! positions were excluded from analyses of the aligned sequences.

ITS heterogeneity and chloroplast genes

Molecular cloning examined heterogeneity among ITS paralogues in dioecious figs. [TS
heterogeneity within species was explored because the inclusion of divergent paralogues and
pseudogenes in phylogenetic analysis has the potential to yield inaccurate estimates of
species phylogeny (Buckler et al. 1997). PCR products from five species were cloned and
sequenced for comparison with the results of direct sequencing. In addition, multiple TS

clones from F. nodosa and F. variegata were sequenced to look for the presence of

heterologous ITS copies within species. ITS PCR products were ligated and transformed
using the pPGEM®-T Easy Vector System (Promega Corp.). Transformed cells were
screened with ampicillin and recombinant plasmid DNA was isolated using the Wizard®
Plus Miniprep DNA purification system (Promega Corp.).

Two chloroplast gene regions were amplified and sequenced as potential sources of
additional characters for phylogenetic studies of dioecious figs. ndhF, a single copy
chloroplast gene encoding one subunit of NADH dehydrogenase, has been useful in

phylogenetic studies of plant families and genera (Olmstead and Sweere 1994). ndhF was

11



amplified and sequenced for three Ficus species according to protocols in Ferguson (1998).
Non-coding regions of chloroplast DNA have been useful in elucidating phylogenetic
relationships at lower taxonomic levels, due to higher rates of nucleotide substitution than in
coding regions (Taberlet 1991). The trnL intron, located in the region encoding the leucine

(UAA) transfer RNA, was amplified according to protocols in Taberlet (1991) and sequenced

for 16 Ficus species.

Morphology

Sixty-four discrete morphological characters were selected from the taxonomic literature
(Corner 1933, Corner 1955, Corner 1958, Corner 1960b, Corner 1960a, Corner 1961, Corner
1965, Corner 1967, Corner 1969, Corner 1970a, Corner 1970b, Corner 1976, Comer 1978)
and by examination of living plants and more than 800 herbarium collections.
Representative vouchers for morphological study are listed in Appendix 1. Sixty-one
characters with two to ﬁve states were potentially informative in phylogenetic analysis
(Appendix 3). Reproductive characters included the position and structure of the syconium,
inflorescence bracts and unisexual florets (Figure 1). Vegetative characters included
branching architecture, ptyxis, phyllotaxis, and leaf venation. The position of epidermal
glands, hairs, and cystoliths were also a major source of characters and states. Scoring of
morphological characters is listed in Appendix 4. Ten out of 64 characters were not
applicable to some taxa and were treated as missing data (-), which can be problematical in
phylogenetic analysis (Maddison 1994). Approximately 4.7% of the matrix consisted of non-
applicable character states while <0.5% and 1.4% of the matrix consisted of unscored (?) and

polymorphic (&) character states, respectively.

12



Phylogenetic analyses

Phylogenetic analyses were performed with PAUP* version 4.0b1 for Power Macintosh
computers (Swofford 1998). Under the optimality criterion of parsimony, heuristic
searches were conducted according to PAUP* default settings, except that 1000 random
addition sequence replicates were used with MAXTREES were set to increase without
limit. All characters were unordered and weighted equally. Uninformative characters
were excluded from all analyses. Bootstrap resampling (Felsenstein 1985a) and decay
analyses (Bremer 1988, Donoghue et al. 1992) were used to estimate clade robustness.
Bootstrapping involved heuristic searches with 10,000 replicates and a random addition
sequence with N = 1. In the case of ITS and combined analyses, the option to save
multiple equally parsimonious trees per replicate was disabled to reduce the search times
on Power Macintosh 7300 and Macintosh G3 computers. Decay analyses were
performed using the program Autodecay version 2.9.5 (T. Eriksson) with 10 random

addition sequence replicates per heuristic search.

Tests of congruence

The issue of combining morphological and molecular datasets (Swofford 1991,
Donoghue and Sanderson 1992, Larson 1994, Huelsenbeck et al. 1996) was explored
using two statistical methods (Mason-Gamer and Kellogg 1996). The incongruence
length difference (ILLD) test estimates congruence based on data partitions (Farris et al.
1994, Swofford 1998). The ILD test measures observed incongruence in two data

partitions (i.e. morphology and ITS) against a distribution of incongruence measures
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taken from random partitions of the combined data sets. This test was performed using
the "partition homogeneity" option in PAUP*. Search options included 100 partition
replicates with 10 random addition sequence replicates per partition and MAXTREES
was set to increase without limit. All parsimony-informative characters (241) were
equally weighted and unordered in the combined analyses (Cunningham 1997b,
Cunningham 1997a).

Another statistical test of congruence, based on the comparison of rival trees, was
also implemented. Templeton's test considers the conflict between trees generated by
separate analyses with the possibility of taking into account the strength of support for
nodes in rival trees (Templeton 1993, Larson 1994). Each data set was analyzed to find
the most parsimonious trees compatible with constraint trees from the rival data set. For
example, morphological data were analyzed to find the shortest trees compatible with the
shortest trees from a separate znalysis of the ITS data. Constraint trees from the rival
data set included the strict consensus tree, bootstrap consensus trees (50%, 70% and
90%), and a most parsimonious tree selected at random. Constrained search parameters
were 100 random addition sequence replicates with MAXTREES set to increase without
limit. Most parsimonious trees from the constrained and unconstrained searches were
selected at random and compared using a non-parametric sum of signed ranks test
(Wilcoxon) under the "Tree scores” option in PAUP*. It was not possible to apply tests

of congruence based on maximum likelihood to compare morphological and ITS data sets

(Kishino and Hasegawa 1989).

In addition to statistical measures of conflict, comparisons were made between

consensus trees and bootstrap values from the separate analyses. The strict consensus of
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the shortest ITS and morphological trees highlighted cases of complete agreement (but
see Barrett et al. 1991). Comparisons of bootstrap values between conflicting nodes in
the separate analyses were used to identify points of weak and strong incongruence
between the results from morphological and ITS data. Molecular and morphological data
were also analyzed in combination. All 241 potentially informative characters were
unordered and assigned equal weight. The evolution of morphological characters was
reconstructed under parsimony using MacClade and one of the shortest combined trees
selected at random (Maddison and Maddison 1992). A list of apomorphies for major

clades was generated using PAUP*.

Results

Nuclear ribosomal DNA

Amplification of ITS from Ficus yielded single bands with the exception of F. racemosa,
which produced two bands. Gel purification the two bands showed that the longer

fragment aligned to other Ficus while the shorter fragment was most similar to ITS

sequences from pathogenic fungi (Euascomycetes). This putative fungal sequence was
excluded from further analysis. Cloning results from four species agreed with the results
of direct sequencing at 99% of nucleotide positions. Results from cloning and direct
sequencing differed from each other at three to seven positions in the aligned sequence
and no two clones from the same plant differed by more than five and eight positions of
the aligned sequence (~1%) in E. nodosa and F. variegata, respectively. The location of
nucleotide differences among ten clones from each species was scattered such that clones
could not be grouped below the level of species. This kind of heterogeneity was
suggestive of random errors by DNA polymerase during the cycle sequencing reactions

possibly induced by high GC-content in the ITS region. Overall, the resuits of cloning
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and direct sequencing suggest that ITS heterogeneity did not pose a major problem for
phylogeny reconstruction in Ficus.

Manually aligned ITS sequences for 46 species were 761 bp in length including
33 positions with ambiguous alignment. Parsimony analyses of ITS alone were based on
643 bp excluding the ambiguous positions and indel positions coded as binary characters.
One hundred and sixty-five nucleotide positions (25.6%) were potentially informative. In
addition, fifteen out of 35 indels were potentially informative. Analysis of the 180
characters combined found a single island of 208 most parsimonious trees of 453 steps
(CI'=0.55). The strict consensus was congruent with the bootstrap consensus at 29 of 31
nodes with >50% support (Figure 3). Two clades with bootstrap values less than 60%
did not appear in the strict consensus but are shown in Figure 3. A clade with F. pungens
as sister to subsect. Sycocarpus and a clade with E. septica as sister to the rest of subsect.
Sycocarpus were compatible with 158 and 50 out of 216 most parsimonious trees,
respectively.

[n agreement with results from rbcL (Herre et al. 1996), the neotropical and
paleotropical sections of subg. Pharmacosycea did not form a clade (Figure 3) and there
was marginal support from ITS for the paraphyly of sect. Oreosycea. Monoecious subg.
Urostigma was not monophyletic due to the position of sect. Urostigma as sister to a
dioecious clade but support for this relationship was weak. Subgenus Ficus was
polyphyletic and divided into two highly supported clades. One entirely dioecious clade
included the well-supported and monophyletic sects. Ficus, Kalosyce, Rhizocladus and
Sycidium, excluding E. pungens. The other clade included dioecious sects.

Adenosperma, Neomorphe, Sycocarpus, F. pungens, and monoecious subg. Sycomorus.
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Relationships within this clade were not well resolved, although monophyly of sect.
Adenosperma, subsect. Sycocarpus and subg. Sycomorus were each highly supported. In
addition, the derivation of monoecious subg. Sycomorus within dioecious subg. Ficus
received strong bootstrap support.

ITS substitutions and the position of indels were also reconstructed on one of the
shortest trees under parsimony (Figure 4). The largest genetic difference, according to
branch lengths, was between the neotropical sect. Pharmacosycea and the rest of the genus.
Some species had numerous apomorphies (i.e. 17 in E. albipila). However, species within
Ficus, Kalosyce, Rhizocladus, and Urostigma clades had fewer than 4 substitutions in
terminal branches and ITS did not contain sufficient nucleotide variation to adequately
resolve phylogenetic relationships within these sections. On the other hand, relationships
among sections were often supported by multiple substitutions (e.g. Kalosyce and
Rhizociadus). The phylogenetic distribution of indels also provided support for major clades
of dioecious figs. For example, two indels were shared by species in a dioecious clade
including subg. Sycomorus. A pair of indels supported sect. Sycidium while another pair

supported a Ficus-Kalosyce-Rhizocladus clade. Single indels also characterized sects.

Kalosyce and Rhizocladus and subsect. Sycocarpus.
Two chloroplast gene regions showed similar levels of phylogenetic information.

Interspecific variation in trnL, sequences from 18 species representing all Ficus subgenera

was very low. Out of 498 aligned bases, unambiguous nucleotide substitutions were
detected at seven positions (1%) and only one of these was potentially informative.
There were three autapomorphic indels and a four bp insertion shared by F. odoardi, F.

punctata and F. ruginerva (sects. Kalosyce and Rhizocladus). Also, ndhF was partially

17



sequenced for F. microcarpa (subg. Urostigma) and two dioecious species (F. copiosa and
E. wassa). The three species together showed only 13 nucleotide substitutions out of

1202 aligned positions (1%). E. copiosa and F. wassa, closely related, were distinguished

by six substitutions out of 2150 positions (0.3%). Due to the scarcity of potentially

informative characters in Ficus chloroplast genes, phylogenetic analyses were limited to

ITS sequences and morphology.

Morphology
The morphological data alone yielded six most parsimonious trees of 339 steps (CI =
0.47). (Figure 5). The strict consensus was congruent with the bootstrap consensus at 20

out of 21 nodes with >50% support. (Figure 5). A clade representing neotropical sect.

Pharmacosycea with 57%, shown in Figure 5, was not present in the strict consensus due
to the position of F. albipila as sister to E. insipida in the most parsimonious trees.

Morphological analysis indicated that subg. Ficus was not monophyletic and that

monoecious subg. Sycomorus was derived within a paraphyletic sect. Neomorphe. The
dioecious figs including subg. Sycomorus were sister to monoecious subg. Urostigma.
These three subgenera were derived within a paraphyletic subg. Pharmacosycea.
However, morphological support for subgeneric relationships was relatively weak, as
indicated by low bootstrap values at deep nodes compared to shallow nodes. Monoecious
subg. Urostigma had a bootstrap value of 64% but support for the paraphyly of sect.
Oreosycea was lacking. The monophyly of monoecious sects. Conosycea, Malvanthera,

and Urostigma was upheld in the morphological analysis, in contrast to dioecious sects.

Sycidium, Sycocarpus, and Neomorphe, which were polyphyletic or paraphyletic.
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