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Abstract Macaranga (Euphorbiaceae) has received much
ecological and evolutionary research attention as a genus that
includes some of the most conspicuous pioneer trees of
Southeast Asian tropical rainforests and because of its
manifold associations with ants, including about 30 species
that are obligate ant-plants (myrmecophytes). We used
sequence data from three chloroplast DNA loci (ccmp5,
ccmp6b, atpB-rbel) to assess phylogeographical patterns in
species of Macaranga, section Pruinosae, sampled from
various regions of Borneo and the Malay Peninsula. Forty-
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nine chloroplast DNA haplotypes (HT) were identified among
768 specimens from five species, Macaranga gigantea (N=
329; 23 HT), Macaranga pearsonii (N=347; 21 HT),
Macaranga puberula (N=24; 4 HT), Macaranga hosei (N=
48; 6 HT), and Macaranga pruinosa (N=20; 5 HT). Forty-
one haplotypes were species-specific, whereas eight haplo-
types were shared by two, three, or four species and occupied
internal positions in a parsimony network. Population genetic
parameters based on haplotype frequencies proved to be in a
similar range in the non-myrmecophytic M. gigantea and in
the ant-associated M. pearsonii, which have overlapping
distributions in northern and eastern Borneo. A comparison
of Ggr and Ngt values revealed a strong phylogeographic
structure in both species, whereas colonization pathways
suggested by the network topology were different. Both
species exhibited similar levels of haplotypic diversity and
moderate to high levels of population differentiation. There
were no obvious indications for an influence of the symbiotic
ant partners on the population structure of their host plants.

Keywords Ant-plants - Biogeography - Myrmecophytes -
Pioneer trees - Population genetics - Southeast Asia

Introduction

The island of Borneo is part of Sundaland, which is one of
the four large bioregions of Southeast Asia (Woodruff
2010) and one of the 25 worldwide biodiversity hotspots
for conservation priorities suggested by Myers et al. (2000).
Unfortunately, much of the biodiversity of Southeast Asia
as a whole is currently in threat of extinction (Brooks et al.
2002; Sodhi et al. 2004). For Borneo, for example, annual
deforestation averages 1.7%, and only 57% of the land
surface remained forested in 2002 (Brooks et al. 2002; FAO
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2006). Considering the rapid loss of habitat and the need
for protection measures, surprisingly little is known about
the distribution of botanical richness on Borneo (Slik et al.
2003; Cannon and Manos 2003; Raes et al. 2009).

As a consequence of logging, road building, and other
human activities, pioneer trees have become dominant
elements in many tropical landscapes, including the
lowland dipterocarp forests of Borneo. Despite their
ecological significance, the evolutionary history of tropical
pioneer trees has been addressed in few studies yet. Most of
these are dealing with the Neotropics (e.g., Alvarez-Buylla
and Garay 1994; Caron et al. 2000; Dutech et al. 2000;
Cavers et al. 2005; Dick and Heuertz 2008), whereas still
little is known about genetic diversity, genetic structure,
and underlying evolutionary processes in paleotropical
pioneer trees (e.g., Muloko-Ntoutoume et al. 2000; Cannon
and Manos 2003; Ng et al. 2004; Born et al. 2008). Given
the important role that pioneer trees play in the regeneration
dynamics of tropical forests in general, knowledge about
these processes may be of crucial importance for future
management considerations.

Some of the most important pioneer trees of lowland
dipterocarp forests of the Malay Archipelago belong to the
genus Macaranga Thouars (Euphorbiaceae). Macaranga
includes about 280 dioecious species that are distributed
from Africa through Southeast Asia to some remote Pacific
islands (Whitmore 2008). While Macaranga pioneers are
mostly restricted to forest gaps, stream banks, and forest
margins in primary forests, they have become tremendously
abundant following the anthropogenic destruction of rain-
forests and nowadays can form almost pure stands in
degraded areas. At the same time, Macaranga populations
have become increasingly isolated on a larger scale, due to
the fragmentation of formerly continuous forests into small
patches and the extension of oil palm plantations. The
occurrence of certain Macaranga species was shown to be
closely related with the level of disturbance in a forest, and
these species can therefore serve as indicators of the general
type of forest structure (Slik et al. 2003).

A remarkable feature of Macaranga is its manifold
associations with ants (Fiala et al. 1989; 1999). Roughly
30 Macaranga species from three taxonomical sections (i.e.,
Pachystemon, Pruinosae, and Winklerianae) are so-called
myrmecophytes or ant-plants, in which the plants provide
food and nesting space for the ants in their hollow stems
(Davies 2001; Fiala et al. 1989; Whitmore 2008). In
exchange, the ants protect their host plants against herbivores
and vines. Macaranga myrmecophytes are confined to the
ever-wet rainforests of Sundaland and form a diversity center
on Borneo (reviewed in Fiala et al. 1999; Blattner et al.
2001).

We are investigating the phylogeography of selected
Macaranga species to contribute to a better understanding
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of biodiversity patterns of myrmecophytic and non-
myrmecophytic pioneer trees in the Sundaic bioregion and
Borneo in particular. In earlier studies, we successfully
reconstructed phylogenetic trees of Macaranga myrmeco-
phytes with the help of nuclear ribosomal ITS sequences
(Blattner et al. 2001) and amplified fragment length poly-
morphisms (Bénfer et al. 2004). Our previous attempts at
using chloroplast DNA (cpDNA) haplotypes for generating
species-specific phylogeographies were however hampered
by the frequent occurrence of shared haplotypes among
closely related Macaranga species (Vogel et al. 2003). The
problem was particularly pronounced in the bancana group
of Macaranga section Pachystemon, where the distribution
of cpDNA haplotypes apparently followed a geographical
rather than a taxonomical pattern (Banfer et al. 2006). These
results indicated a considerable influence of hybridization
and introgression and/or the persistence of ancient haplo-
types in this group. In such a situation, phylogeographic
analyses of chloroplast data for single species can be
misleading (see also Jakob and Blattner 2006).

In the present study, we set up a cpDNA-based phylogeog-
raphy for five species of Macaranga section Pruinosae with
emphasis on comparing the non-myrmecophytic Macaranga
gigantea with the ant-associated Macaranga pearsonii. Both
species are pioneer trees in lowland dipterocarp rainforests
and share an overlapping distribution area in northern and
eastern Borneo.

The overall aims of our study were (1) to assess the
extent of cpDNA haplotype sharing among Macaranga
species of section Pruinosae, (2) to investigate levels of
cytoplasmic genetic diversity and genetic structure of two
typical pioneer tree species, M. gigantea and M. pearsonii,
with a focus on northern and eastern Borneo, and (3) to
examine and compare phylogeographical patterns in the
two species. We discuss the obtained results in the light of
biogeographical, historical, and ecological aspects and
present a preliminary hypothesis on the evolution of M.
gigantea and M. pearsonii on Borneo. Finally, we discuss
whether the obligate association with ants may influence
the population structure of myrmecophytic Macaranga
pioneer trees.

Materials and methods
Study species

Members of Macaranga section Pruinosae in the Malay
Archipelago have been shown to be monophyletic in all
molecular studies so far (Blattner et al. 2001; Davies et al.
2001; Bénfer et al. 2004, 2006; Kulju et al. 2007).
According to Whitmore (2008), the section comprises nine
species, five of which are myrmecophytes. In molecular
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trees, the non-myrmecophyte M. gigantea is sister to all
other species in the section (Bénfer et al. 2004). M.
gigantea is locally very abundant and has a wide
distribution range covering the Malay Peninsula, Sumatra,
and Borneo. Another non-myrmecophyte in section Prui-
nosae is the rare Macaranga pentaloba which is endemic to
the Kelabit Highlands on Borneo (Davies 2001). The
likewise non-myrmecophytic Macaranga nicobarica and
Macaranga siamensis do not occur in the region considered
in this paper. Macaranga pruinosa has a somewhat peculiar
status because it has never been found associated with ants
on Borneo but is polymorphic for this trait in the rest of its
range, i.e., Sumatra and the Malay Peninsula. It is absent
from Sabah in the northeast of Borneo. The remaining four
species of section Pruinosae are myrmecophytic across
their whole distribution ranges. Macaranga hosei is found
on the Malay Peninsula, Sumatra, and Borneo except for
Sabah where it is replaced by M. pearsonii. Macaranga
rufescens is endemic to Brunei and northern Sarawak,
where it occurs sympatrically with M. hosei. Macaranga
puberula is restricted to high altitudes and only occurs in
mountainous habitats of northern Borneo.

All species of section Pruinosae are early successional,
light-demanding pioneer trees. Their seeds, which are often
produced in large quantities, are covered in a violet-colored
aril and are preferentially taken by small birds and squirrels
(Davies 2001). Occasionally, hornbills, monkeys, and
orangutans have also been observed while feeding on large
fruiting trees (B. Fiala and D. Guicking, personal observa-
tion). Pollinators are mainly thrips, but in M. gigantea and
M. pruinosa, small heteropterans were also found as
visitors in male and female flowers (Moog et al. 2002;
Moog 2002).

Plant material

A total of 768 specimens from five species of Macaranga
section Pruinosae were sampled from various regions of
Borneo and the Malay Peninsula. A list of the sampling
localities and sample sizes is provided in Table 1. Species
identification was based on morphological characters
(Davies 2001). Most of the samples were collected from
the two main target species of the study, i.e., M. gigantea
(N=329) and M. pearsonii (N=347). Additional specimens
were included from M. puberula (N=24), M. pruinosa (N=
20), and M. hosei (N=48). In general, one or two young
leaves per plant were collected, dried with silica gel, and
stored at —80°C until DNA isolation. Samples were taken
from larger seedlings, saplings, or adult trees to allow
unambiguous species identification. Only in four cases was
species identification questionable (see below). Almost all
of the samples originated from roadsides, logging areas, or
disturbed forests, whereas only few plants were found

along trails or in gaps in the primary forest. In northern
Borneo and on the Malay Peninsula, samples were
collected from individuals with a minimum distance of
50 m to minimize the risk of sampling related individuals,
whenever possible. Samples from East Kalimantan were
collected in plots of 10x10 m which were spaced at 30-m
intervals along straight transects of up to 900-m length.
However, because information about the mode and distance
of seed dispersal is lacking for the species, we cannot
exclude that in a few cases specimens with the same genetic
background might have been analyzed. In such cases,
genetic diversity values for a population would have been
underestimated. The different sampling sites, hereafter
referred to as populations, were usually separated from
each other by non-forested land (with the exception of
those from the Danum Valley area). Due to the inaccessi-
bility of some remote localities as well as natural variation
in the abundance of some species, a certain sampling
disparity could not be avoided.

DNA isolation and identification of chloroplast haplotypes

DNA was isolated from dried leaf material following a
modified cetyl trimethylammonium (CTAB) protocol as
described in Bénfer et al. (2006). Chloroplast DNA
haplotypes were defined on the basis of the combined
sequence information at three chloroplast loci which had
previously been shown to be polymorphic within and
between Macaranga species. These are the ccmp5 (micro-
satellite region 3’ to rps2, 6573 bp) and ccmp6 (intron 2 of
the Ycf3 gene, 70-79 bp) loci, each harboring a size-
variable stretch of mononucleotides (chloroplast micro-
satellites; Weising and Gardner 1999) and an approximately
450-500-bp fragment of the atpB-rbcL intergenic region
(Vogel et al. 2003; Bénfer et al. 2006). DNA polymor-
phisms at the target loci were identified by the polymerase
chain reaction (PCR) followed by single-nucleotide se-
quencing (SNS) analysis of PCR products on an automated
sequencer (LI-COR, model 4200 IR?), with details given in
Guicking et al. (2008). As terminating dideoxynucleotides,
ddCTP was chosen for the ccmp5 locus, ddATP for the
ccmp6 locus, and ddTTP for the a#pB-rbcL intergenic
region. Base substitutions, the presence or absence of
indels, and the numbers of bases at poly-(T) or poly-(A)
repeats in each sample were inferred from the SNS patterns.
This information was then converted into a set of unique
haplotypes, each of which was defined by a specific string
of character states (see Guicking et al. 2008). Base
substitutions and indels were each assumed to represent
single-mutation events. A stepwise mutation model was
followed for coding microsatellite variation, i.e., each gain
or loss of one repeat unit was counted as a single
mutational event (Bénfer et al. 2006).
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Table 1 Sampling localities, sample sizes per population (), number of haplotypes (No. HT), haplotype (%), and nucleotide () diversities of five
species of Macaranga section Pruinosae

No.  Locality Latitude Longitude N No. HT & s

M. gigantea (N=329; no. HT=23 (18))

1 Malaysia, Peninsula, Selangor, Genting road N0320 E 10146 5 1 0 0

2 Malaysia, Peninsula, Selangor, FRIM NO0312 E10136 12 3 0.318+£0.164  0.00078+0.00082
3 Malaysia, Peninsula, Selangor, Rawang NO0315 E10130 1 1 na na

4 Malaysia, Peninsula, Pahang, Kuantan NO0350 E10310 8 2 0.250+0.180  0.00083=+0.00089
5 Malaysia, Peninsula, Johor, Mersing N0217 E10343 9 2 0.389+0.164 0.00065+0.00075
6 Malaysia, Borneo, Sarawak, Sibu NO0217 EI11149 2 2 1+0.5 0.00831+0.00910
7 Malaysia, Borneo, Sarawak, Niah NO0348 E 11342 2 1 0 0

8 Brunei, Belait, Labi NO0420 E11424 12 2 0.167£0.134  0.00028+0.00045
9 Brunei, Temburong, Belalong N0432 E11509 10 2 0.200£0.154  0.00033+0.00051
10 Malaysia, Sarawak, Lawas NO0451 E11524 4 2 0.500+0.265 0.00083+0.00103
11 Malaysia, Sabah, Kuala Penyu NO0535 E11536 4 1 0 0

12 Malaysia, Borneo, Sabah, Beaufort NO0521 E 11545 25 4 0.357£0.115  0.00384+0.00242
13 Malaysia, Borneo, Sabah, KK to Rafflesia Center NO0553 Ell614 9 2 0.222+0.166  0.00074+0.00082
14 Malaysia, Borneo, Sabah, road Poring to Kg. Monggis N0608 E11647 17 3 0.404+0.130  0.00210=+0.00156
15 Malaysia, Borneo, Sabah, Bukit Taviu NO0540 E11659 24 2 0.431+0.081  0.00072+0.00075
16 Malaysia, Borneo, Sabah, Sepilok NO0552 E11757 3 1 0 0

17 Malaysia, Borneo, Sabah, Tabin NO0519 E 118 50 1 na na

18 Malaysia, Borneo, Sabah, Danum, road to Lahad Datu N0459 EI11753 9 2 0.556+0.090 0.00092=+0.00094
19 Malaysia, Borneo, Sabah, Danum, road to Malua NO0505 E 11743 17 5 0.442+0.145 0.00093=+0.00090
20 Malaysia, Borneo, Sabah, Luasong NO0438 EI11723 5 2 0.600+£0.175  0.01196+0.00799
21 Malaysia, Borneo, Sabah, Tawau Hills NO0420 E11800 20 3 0.511£0.091  0.00096+0.00090
22 Indonesia, Borneo, E-Kalimantan, Berau NOl5S6 EI11714 6 2 0.333+0.215 0.00055+0.00073
23 Indonesia, Borneo, E-Kalimantan, Bukit Bankirai S0101 EIll652 24 2 0.083+0.075 0.00014+0.00030
24 Indonesia, Borneo, E-Kalimantan, Bukit Soeharto S0051 E11701 10 2 0.200+0.154  0.00133+0.00118
25 Indonesia, Borneo, E-Kalimantan, PT-ITCI Concession S0052 E11630 35 1 0 0

26 Indonesia, Borneo, E-Kalimantan, Samboja S0059 EIl1l656 28 2 0.254+0.095 0.00042+0.00054
27 Indonesia, Borneo, E-Kalimantan, Sungai Wain S0105 EI11649 27 1 0 0
M. pruinosa (N=20; no. HT=5 (2))

1 Malaysia, Borneo, Sarawak, Sibu N0217 E11149 5 1 0 0

2 Indonesia, Borneo, E-Kalimantan, Bukit Bankirai S0101 E11652 1 1 na na

3 Indonesia, Borneo, E-Kalimantan, Bukit Soecharto S0051 E11701 3 3 1.000+£0.272  0.00332+0.00313
4 Indonesia, Borneo, E-Kalimantan, Samboja S0059 E 116 56 11 4 0.491+0.175 0.00145+0.00124
M. hosei (N=45; no. HT=6 (4))

1 Malaysia, Peninsula, Selangor, Genting road NO0320 E10146 5 1 0 0

2 Brunei, Belait, Labi NO0420 E11424 6 3 0.600+£0.215 0.00111+0.00113
3 Brunei, Belait, Teraja NO0420 E11425 13 2 0.282+0.142  0.00047+0.00060
4 Brunei, Temburong, Belalong No0432 EI11509 16 4 0.792+0.045 0.00187+0.00144
5 Indonesia, Borneo, E-Kalimantan, Berau NOl56 EI11714 8 1 0 0
M. pearsonii (N=347; no. HT=21 (16))

1 Malaysia, Borneo, Sabah, KK to Rafflesia Center NO0553 Ell614 6 2 0.333+£0.215  0.00055+0.00072
2 Malaysia, Borneo, Sabah, Poring NO0603 E11643 19 1 0 0

3 Malaysia, Borneo, Sabah, Kg. Monggis NO0610 E 11646 28 1 0 0

4 Malaysia, Borneo, Sabah, Telupid NO0540 E11703 3 2 0.667+£0.314  0.00665+0.00564
5 Malaysia, Borneo, Sabah, Bukit Taviu NO0540 E 11659 41 6 0.631+£0.058 0.00535+0.00313
6 Malaysia, Borneo, Sabah, Sepilok NO0552 E117 57 1 1 na na

7 Malaysia, Borneo, Sabah, Gomantong Caves NO0532 E11804 1 1 na na

8 Malaysia, Borneo, Sabah, Tabin NO0519 E11850 20 3 0.195+£0.115  0.00048+0.00059
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Table 1 (continued)

No.  Locality Latitude Longitude N No. HT & T
9 Malaysia, Borneo, Sabah, Danum, Main Line North NO0502 E11802 6 3 0.733+0.155 0.00277+0.00216
10 Malaysia, Borneo, Sabah, Danum, road to Lahad Datu NO0459 E11753 38 6 0.701£0.055 0.00371+0.00232
11 Malaysia, Borneo, Sabah, Danum, road to Malua NO505 E 11743 44 4 0.502+0.077  0.00106+0.00094
12 Malaysia, Borneo, Sabah, Danum, Malua NO0506 E 11736 33 4 0.455+0.097  0.00083+0.00081
13 Malaysia, Borneo, Sabah, Luasong N 0438 E 11723 11 3 0.564+0.134  0.00302+0.00212
14 Malaysia, Borneo, Sabah, Tawau Hills N0420 E11800 27 4 0.504+0.088 0.00202+0.00148
15 Indonesia, Borneo, E-Kalimantan, Bukit Bankirai S0101 E11652 16 2 0.458+0.095 0.00076+0.00079
16 Indonesia, Borneo, E-Kalimantan, Bukit Soeharto S0051 E11701 26 1 0 0
17 Indonesia, Borneo, E-Kalimantan, PT-ITCI Concession S0052 E11630 4 1 0 0
18 Indonesia, Borneo, E-Kalimantan, Samboja S0059 E 11656 17 3 0.323+0.136  0.00093+0.00089
19 Indonesia, Borneo, E-Kalimantan, Sungai Wain S0105 E11649 6 2 0.533+0.172  0.00089=+0.00097
M. puberula (N=24; no. HT=4 (1))
1 Malaysia, Borneo, Sabah, Crocker Range, near Keningau N 0530 E 116 16 14 3 0.484+0.142  0.00088=+0.00087
2 Malaysia, Borneo, Sabah, Kinabalu NP N 0607 E 11623 10 1 0 0
Total 768 49

In the first line for each species, the total number of samples (&), total number of haplotypes (No. HT), and number of haplotypes unique to this

species (in parenthesis) are given

na: not applicable

Network reconstruction

Parsimony networks were reconstructed to infer genetic
relationships among haplotypes. To account for the presumably
different mutation rates underlying base substitutions, indels,
and microsatellites, we followed the two-step strategy described
by Bénfer et al. (20006). In the first step, all length variation at
chloroplast microsatellites was excluded from the analyses,
and a backbone network of core haplotypes was reconstructed
using the computer program TCS 1.21 (Clement et al. 2000).
In the second step, variation at microsatellite loci was added
manually at the appropriate network positions. Some closed
loops could be resolved by assuming that connections
between haplotypes from different species were less likely
than those within a species. In one case, geographical origins
of the samples were taken into account to resolve some
unlikely loops (Crandall and Templeton 1993).

Population genetic analyses

Geographic populations were defined by pooling all sampled
plants from a continuous forest stand that were less than 15 km
apart. Parameters of genetic variation and population diffe-
rentiation were estimated for the two main target species of
our analysis, M. gigantea and M. pearsonii, following
various approaches. Within-population diversities were cal-
culated as h (haplotype diversity, defined as the probability
that two randomly chosen haplotypes are different in the
sample) and 7t (nucleotide diversity, the mean number of
differences between all pairs of haplotypes in the sample)

using the program ARLEQUIN 3.11 (Excoffier et al. 2005).
Species-specific overall diversity measurements were esti-
mated according to Pons and Petit (1995, 1996). The
software PERMUT (available at http://www.pierroton.inra.
fr/genetics/labo/Software/) was used to calculate the mean
within-population gene diversity (/4;), the total gene diversity
(ht), and the gene differentiation over all populations (Ggr,
which might be viewed as a natural extension of Wright’s
Fs1; Pons and Petit 1995). We also estimated the equivalent
parameters (vs, v, Ngt) that take into account the numbers
of pairwise differences between haplotypes. To test for the
presence of a phylogeographic structure, we checked
whether Ng1>Ggr by comparing the directly measured Ngr
values with those obtained after 1,000 random permutations
of haplotype identities (Burban et al. 1999).

A hierarchical analysis of molecular variance (AMOVA)
was conducted to estimate the variance components at three
levels: among regions, among populations within regions, and
within populations. Five geographical regions were defined:
(1) Malay Peninsula, (2) northwestern Borneo including
Sarawak, Brunei, and part of Sabah, west of the Crocker
Range, (3) northeastern Borneo (i.e., Sabah east of the
Crocker Range), (4) northern East Kalimantan (Berau), and
(5) southern East Kalimantan. Conventional F' statistics were
used as distance measures. All AMOVA analyses were
conducted with ARLEQUIN 3.11 (Excoffier et al. 2005).

Populations from the lowlands of Sabah (bordered by
mountain ranges to the west and to the south) were tested for
isolation by distance. To do this, the relationships between
genetic and geographic distances of populations were exam-
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ined following Grivet and Petit (2002). Pairwise Ggr and Ngt
values were calculated using the program DISTON (available
at http:/www.pierroton.inra.fr/genetics/labo/Software/) and
were plotted as a function of geographic distance. In each
distance class considered, mean pairwise diversities among
populations were computed first, and the coefficients of
differentiation Gst and Ngt were then derived by taking the
ratios of the means.

Results

Species specificity of chloroplast haplotypes in Macaranga,
section Pruinosae

A total of 49 different chloroplast haplotypes were identified
among 768 plants from five species (Tables SI and S2). Of
these, 23 haplotypes were found in M. gigantea (N=329), 21
in M. pearsonii (N=347), four in M. puberula (N=24), six in
M. hosei (N=48), and five in M. pruinosa (N=20) (Table 1,
Fig. 1).

Forty-one haplotypes were species-specific, six were
shared by two species, one was shared by three species, and
one was shared by four species. Most noteworthy was
haplotype 15 (HT 15), which was present in all studied
species except for M. hosei. Three of the four haplotypes
found in M. puberula also occurred in M. pearsonii, and one
of these (HT 13) also occurred in M. gigantea. The dominant
haplotype in M. hosei, HT 5, was also found once in M.
pearsonii. HT 17 was present in M. pearsonii and M.
gigantea, and HT 43 occurred in M. gigantea and M. hosei
on the Malay Peninsula. Haplotypes HT 22 and HT 24 were
frequently found in M. gigantea and also occurred in M.
pruinosa. We may conclude that chloroplast haplotypes are
mostly species-specific in Macaranga section Pruinosae (see
“Discussion”). In the analyses described below, we therefore
treat haplotype distributions by species.

Haplotype diversity within populations

The observed levels of within-population haplotypic diversity
differed markedly among populations (Table 1). The majority
of populations exhibited multiple haplotypes, with haplotype
diversities up to £>0.7. However, a subset of populations
from all species were fixed for one particular haplotype (i.e.,
haplotype diversity #=0), even if sample numbers were high.
Nucleotide diversity values ranged from 7=0 to 7>0.01
(Table 1).

Region specificity of chloroplast haplotypes

Whereas most haplotypes were found in more than one
population, haplotypes were almost always restricted to one
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M. pruinosa

M. pearsonii

Fig. 1 Statistical parsimony network based on cpDNA haplotype data in
Macaranga section Pruinosae. Each rectangle represents a unique
haplotype (indicated by numbers). Lines connecting the haplotypes
represent mutational steps (thin lines: microsatellite mutations; bold
lines: other indels and base substitutions). Small circles represent
unsampled or extinct haplotypes. Hatched colors indicate that the
respective haplotypes were found in more than one species. Haplotype
13 was found also in one sample of M. gigantea, probably representing
a case of introgression (see text)

particular region (e.g., Malay Peninsula, East Kalimantan,
Sabah; Table S1, Fig. 2a, b). Among the few exceptions are
HT 5 of M. hosei, which occurred in Brunei as well as in
Berau (northern East Kalimantan), HT 15 of M. gigantea,
which occurred both on the Malay Peninsula and in Berau,
and HT 24 of M. gigantea, which was found on the Malay
Peninsula, in Sarawak, and in East Kalimantan.

Geographical distribution of haplotypes and genetic
diversity in M. gigantea and M. pearsonii

The geographical distribution of chloroplast haplotypes and
population genetic parameters based on haplotype diversities
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Table 2 Diversity parameters for copDNA haplotypes of M. gigantea and M. pearsonii, estimated according to Pons and Petit (1995, 1996)

M. gigantea (N=319, 22 pop.)

hs 0.283 (0.0403) A
hrt 0.915 (0.0232)
Gst 0.691 (0.0399) A
M. pearsonii (N=342, 16 pop.)

hs 0.371 (0.0647) A
hr 0.894 (0.0300)
Gsr 0.585 (0.0651) A

Vs 0.133 (0.0596) B
vr 0.921 (0.0522)
Nst 0.855 (0.0613) B
Vs 0.112 (0.0312) B
vr 0.910 (0.0753)
Nst 0.877 (0.0411) B

Standard deviations are given in parentheses. Letters (A, B) indicate significant differences between A-type and v-type parameters (P<0.01).
Distances between haplotypes are only taken into account by v-type parameters. Calculations were based on populations with >3 and on all
haplotypes except HT 13 in M. gigantea which presumably represents an M. pearsonii haplotype (see ‘“Discussion”)

were analyzed in more detail for M. gigantea and M.
pearsonii (Fig. 2a, b). In M. pearsonii, we were able to
sample the distribution range quite extensively, except for
populations in northern East Kalimantan (Fig. 2b). M.
gigantea with its much larger distribution range could not
be sampled over the whole area (Fig. 2a). Diversity
parameters were calculated on the basis of 22 populations
in M. gigantea and 16 in M. pearsonii (all populations with
N<4 excluded). In both species, haplotypic diversity proved
to be generally higher in Sabah as compared with East
Kalimantan (Fig. 2a, b, Table 1). Coefficients of population
differentiation were generally moderate to high (Table 2).
Whereas the Ngr values were in a similar range for the two
species, Gst values were higher in M. gigantea than in M.
pearsonii (Gst 0.691 vs. 0.585, Ngr 0.855 vs. 0.877;
Table 2). The permutation test showed that Ngt was
significantly higher than Ggr in both species, indicating a
clear phylogeographic structure for M. gigantea and M.
pearsonii chloroplast haplotypes.

The results of the AMOVA also suggested a considerable
extent of population structure (Table 3). In both species, a
considerable percentage of the total variation occurred

among regions and among populations within regions (M.
gigantea 43.7% and 29.9%, M. pearsonii 28.3% and
36.1%). M. gigantea showed higher differentiation among
groups than M. pearsonii, irrespective of whether all
sampled geographic locations or only those locations that
were sampled for both species were included in the analysis.

Within Sabah, genetic differentiation among M. pearsonii
populations clearly increased with geographic distance
(Fig. 3), with Ngt values mostly exceeding Ggr values. In
M. gigantea, no such pronounced effect of isolation by
distance was found in Sabah (Fig. 3).

Discussion

Species specificity of chloroplast haplotypes in Macaranga
section Pruinosae

The correct interpretation of intraspecific phylogeographic
data might crucially rely on the knowledge of cpDNA
haplotypic diversity in species closely related to the taxon
under study, especially for species that frequently hybridize

Table 3 Hierarchical AMOVA for cpDNA haplotypes of M. gigantea and M. pearsonii

M. gigantea All populations Identical populations

Source of variation df % of total variance df % of total variance
Among regions 4 43.70 1 54.72
Among populations within regions 17 29.89 10 19.28
Within populations 297 26.41 208 26.00
M. pearsonii

Among regions 1 28.33 1 26.53
Among populations within regions 14 36.11 10 37.93
Within populations 326 35.56 328 35.54

Five geographical regions were defined: Malay Peninsula, northwestern Borneo (west of the central mountain range), northeastern Borneo (Sabah,
east of the central mountain range), northern East Kalimantan (Berau), and southern East Kalimantan. In the third column, percentages of total
variance are given for all populations sampled; in the fifth column, only sympatric populations were considered. All values of among population

variation are highly significant
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Fig. 3 Genetic differentiation among populations for unordered (Gst:
solid line) and ordered (Ngst: dashed line) haplotypes as a function of
distance classes in M. gigantea and M. pearsonii

or show incomplete sorting of ancient polymorphisms (Petit
et al. 2002; Cannon and Manos 2003; Jakob and Blattner
2006). Extensive sharing of cpDNA haplotypes among
species and a geographical rather than taxonomic arrange-
ment of haplotypes had been observed in the bancana
group of Macaranga section Pachystemon (Bénfer et al.
2006). This is apparently not the case in section Pruinosae,
where 41 out of 49 haplotypes were confined to a single
species. Furthermore, the genealogy of the haplotypes
(Fig. 1) also showed a clear differentiation of the five
species included. These results may indicate an earlier
radiation of section Pruinosae, as compared with the
bancana group of section Pachystemon.

The few haplotypes that were shared by two or more
species were mainly restricted to the central part of the
network where the most ancient alleles are supposed to
occur. These central haplotypes differed solely by different
lengths of mononucleotide repeats, i.e., cpDNA micro-
satellites (Fig. 1). There is good evidence that recurrent and
independent mutations frequently occur at chloroplast
microsatellite loci (Doyle et al. 1998; Bénfer et al. 2006);
hence, a high probability of homoplasy exists at these loci
for old haplotypes. HT 17 might represent such a case of
homoplasy. This haplotype was found in M. gigantea and

M. pearsonii, and in both species it was separated from the
neighboring haplotype by a single mutational step at a
chloroplast microsatellite locus (Fig. 1). However, as all
individuals bearing HT 17 were collected in the same
region, we cannot exclude the possibility of introgression
either.

Only a single individual was identified that clearly
represents a recent hybrid. This refers to a M. gigantea
specimen bearing HT 13 that is otherwise specific to M.
pearsonii. Although morphologically unambiguously M.
gigantea, this plant also harbored nuclear microsatellite
alleles specific for M. gigantea as well as for M. pearsonii
(unpublished data). Furthermore, it was found at a location
(Danum Valley) where HT 13 frequently occurred in
syntopic M. pearsonii, while all other M. gigantea speci-
mens had different haplotypes. A second case of possible
introgression refers to a few specimens that were morpho-
logically identified as M. pruinosa but exhibited M.
gigantea haplotypes (HT 22 and HT 24). In his revision,
Davies (2001) noted that hybridization between M. gigan-
tea and M. pruinosa is not unlikely. However, as the two
species look very similar in the seedling and sapling stages
which were analyzed in these particular cases, we cannot
exclude the possibility that the specimens were simply
misidentified.

Haplotype sharing among species can also be attributed
to incomplete sorting of ancient lineages. The generally low
numbers of missing intermediate haplotypes suggest that
extinction rates of chloroplast lineages in section Pruinosae
are rather low, which results in a low rate of lineage sorting.
Furthermore, shared chloroplast types were found mostly in
intermediate positions of the network (i.e., at the base of
species-specific genealogical lineages, see Fig. 1) and were
also shared between species with non-overlapping distribu-
tion areas, suggesting that these haplotypes represent
ancestral alleles. The most striking case of haplotype
sharing was the occurrence of HT 15 among four of the
five species under study, M. hosei being the only exception.
As sampling was limited in M. hosei and HT 15 represents
an intermediate between two M. hosei haplotypes (HT 43
and HT 46), we may nevertheless assume that HT 15 has
also survived in this species but was not yet found. The
central position and the wide taxonomic and geographic
distribution of this haplotype suggest that HT 15 might in
fact represent the most basal haplotype in section Pruino-
sae. Incomplete lineage sorting of common ancient hap-
lotypes is also likely to explain the shared occurrence of HT
13 and HT 14 in M. pearsonii and M. puberula. M.
puberula is most closely related to M. pearsonii (Davies
2001) and probably evolved as an ecotype of higher
elevations.

We conclude that persistent ancient polymorphisms
provide the best explanation for most of the cases of shared
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chloroplast haplotypes in Macaranga section Pruinosae.
Hybridization between species seems to be comparatively
rare. As shared alleles proved to be restricted to a few
ancient polymorphisms, species-specific population genetic
and phylogeographic analyses of the chloroplast haplotypes
therefore seem justified.

Biogeographic implications

Any discussion of the evolutionary history of a species
must take into account the historical dynamics of the
studied landscape (Woodruff 2010). The Southeast Asian
continent has one of the most complex geological histories
in the world, and its paleogeographic history has been
greatly influenced by changing sea levels and the intermit-
tent formation and destruction of land bridges across the
Sunda shelf during the Pleistocene (Morley 2000; Hall
2009; Woodruff 2010). As was postulated for Southeast
Asian tropical rain forests in general (Cannon et al. 2009),
we may assume that Macaranga species, and pioneer
species in particular, expanded their distribution ranges
over the exposed Sunda shelf during glacial periods. We
found support for formerly more widespread distribution
ranges of individual haplotypes not only in section
Pachystemon (Bénfer et al. 2006) but also in M. gigantea,
where identical or closely related haplotypes occurred in
East Kalimantan and on the Malay Peninsula (Table S1,
Fig. 2a). This pattern most likely originated from migration
across land connections between Borneo and the mainland
during Pleistocene cold cycles.

The biogeography of plants and animals on Borneo is
strongly influenced by the occurrence of a central mountain
range that divides the island into a northwestern and a
southeastern part and rises up to 4,010 m at Mount
Kinabalu in Sabah. There is evidence from previous studies
that this range forms an effective dispersal barrier for the
lowland flora and fauna (e.g., Cannon and Manos 2003;
Slik et al. 2003; Moyle et al. 2005; Bénfer et al. 2006; Raes
et al. 2009). The distribution areas of some lowland
Macaranga species are also bordered by this mountain
range, e.g., those of Macaranga bancana, Macaranga
trachyphylla, Macaranga indistincta, and Macaranga
glandibracteolata (Davies 2001).

In the present study, we found clear evidence that the
range also forms an intraspecific barrier both in M.
gigantea and M. pearsonii (Fig. 2a, b). M. gigantea is
distributed on both sides of the range, but eastern and
western haplotypes were clearly differentiated from each
other, suggesting a long-term independent evolution. A few
eastern and western haplotypes were nevertheless also
found on the “wrong” side (Fig. 2a), indicating that limited
seed flow across the range may occur. M. pearsonii is
mainly distributed east of the range; however, we also
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found some individuals on the western slopes of the range.
This “western” M. pearsonii population was fixed for a
single haplotype plus one related local type (Fig. 2b) and
thus might have originated from a single founder event.

Haplotypes of M. pearsonii from Sabah and East
Kalimantan were separated from each other by several
mutational steps (Fig. 2b). Such a strong genetic differen-
tiation can either be explained by the occurrence of
geographic barriers and/or by the large geographical
distance. Although the mountain ranges that presently
separate Sabah and East Kalimantan are not very high,
one has to take into account that vegetation zones shifted to
lower altitudes during glacial periods of the Pleistocene
(Cannon et al. 2009). Hence, mountain barriers may have
had a stronger barrier effect on lowland vegetation in the
past than they have today. Alternatively, isolation by
distance may explain the observed differentiation of
populations in Sabah and East Kalimantan. We found some
indications for isolation by distance in M. gigantea, as
haplotypes from Berau in northern East Kalimantan (HT 15
and HT 30, green in Fig. 2a) were in an intermediate
network position between haplotypes from Sabah and
southern East Kalimantan (Fig. 2a). Unfortunately, we were
not able to get hold of material of M. pearsonii from
northern East Kalimantan.

A preliminary hypothesis on the evolution of M. pearsonii
and M. gigantea in Borneo

M. pearsonii is endemic to northern and eastern Borneo.
Despite a certain sampling disparity, we may conclude that
much higher levels of genetic diversity are present in Sabah
as compared with southern East Kalimantan (Table 1).
Assuming that high measures of genetic diversity are
characteristic of regions with large and stable populations,
whereas low measures of genetic diversity are indicative of a
recent colonization (Petit et al. 2002; Lowe et al. 2004), we
propose that M. pearsonii has a longer continuous presence
in the state of Sabah than at the sampled locations in East
Kalimantan. The small number of missing intermediate
(ancestral) haplotypes in the network further argues for a
continuous presence of M. pearsonii in the eastern lowlands
of Sabah, consistent with the assumption of persistent ever-
wet rainforests in northern Borneo (Gathorne-Hardy et al.
2002; Cannon et al. 2009). The considerable extent of
genetic differentiation within Sabah (Fig. 2b) may then be
related to the rugged topography of the region, which may
enhance allopatric differentiation. In contrast, southern East
Kalimantan might have experienced periods of more arid
conditions, which could have given rise to founder events
during subsequent re-colonization of savannah-like areas by
rainforest plants (Morley 2000; Gathorne-Hardy et al. 2002).
The relatively low diversity of Macaranga-associated
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Crematogaster ants in southern Kalimantan was also
interpreted as an indicator for recent colonization of this
region (Quek et al. 2007).

The situation is more complicated in the widespread M.
gigantea. As in other Macaranga species, we found higher
levels of genetic diversity in Sabah as compared with East
Kalimantan and the Malay Peninsula. Assuming that
interior positions in the network represent ancestral hap-
lotypes and tip positions represent derived haplotypes, most
of the M. gigantea haplotypes in Sabah are derived.
Ancestral types, including the putative root of the section
(HT 15), predominate in East Kalimantan as well as on the
Malay Peninsula, suggesting either a mainland Malaysian
or a southern Bornean origin of the species. Furthermore, in
Sabah, haplotypes from different branches of the network
co-exist, showing affinities to either haplotypes from
western Borneo or from East Kalimantan (Fig. 2a). This
pattern seems compatible with the assumption of at least
two independent colonizations into Sabah, one from the
west crossing the central mountain range and one from the
south. High measures of genetic diversity in Sibu, Sarawak,
and Luasong, Sabah, then most likely represent secondary
contact zones between formerly differentiated lineages.

Genetic diversity of tropical pioneer trees

Due to their restriction to forest gaps and edges with often
low population densities in undisturbed forests, pioneer
species have unique life histories and population structures
(Alvarez-Buylla and Garay 1994). Different theoretical
models have been set up to explain the genetic structure
of pioneers, either postulating strong population substruc-
turing due to continuous founder effects (Wright 1940) or
reduced interpopulational differentiation due to elevated
gene flow rates (Slatkin 1985). Previous studies on tropical
pioneer trees generally revealed low levels of genetic
structure, thus favoring Slatkin’s (1985) hypothesis
(Alvarez-Buylla and Garay 1994; Muloko-Ntoutoume et
al. 2000; Cavers et al. 2005; Litrico et al. 2005).

The total haplotype diversity of M. gigantea and M.
pearsonii was high (hr 0.915 and 0.894, hg 0.283 and 0.371,
respectively). Studies in other tropical tree species generally
found lower levels of total haplotype diversity (e.g., Caron et
al. 2000; Dutech et al. 2000; Cavers et al. 2003; Salgueiro et
al. 2004). However, as most of these studies were based on
cpDNA polymerase chain reaction—restriction fragment
length polymorphisms (PCR-RFLP) that possibly show
lower mutation rates than cpDNA microsatellites analyzed
in the present study, a direct comparison of the values may
be misleading. Population subdivision was moderate to high,
especially when taking into account genetic distances among
haplotypes (Gst 0.69 and 0.59, Nst 0.86 and 0.88, in M.
gigantea and M. pearsonii, respectively). However, a certain

bias may have been introduced by the broad sampling over
two or more geographical regions separated by mountain
barriers or the sea. When considering only populations from
the lowlands of Sabah, i.e., on a much smaller geographic
scale, Gyt values of 0.42 and 0.52 were obtained for the two
species. A Ggr in a similar range (0.54) was also found for
another tropical pioneer tree species, Aucoumea klaineana,
in Gabon, and was considered low by the authors (Muloko-
Ntoutoume et al. 2000).

In a parallel study, we found that nuclear microsatellite
data show hardly any differentiation (Fgp<0.1) among
populations of species of Macaranga section Pruinosae
from within geographic regions (to be published else-
where). Low overall Fgr values were also detected in the
neotropical pioneer tree species Cecropia obtusifolia, using
allozyme markers (Alvarez-Buylla and Garay 1994). A lack
of genetic differentiation observed with nuclear markers
often indicates efficient pollen flow. The main pollinators of
Macaranga are thrips (Moog et al. 2002; Moog 2002), and
long-distance pollen dispersal might be facilitated by wind
drift of these tiny insects (Lewis 1973, 1997; Setsuko et al.
2007). We may conclude that extensive pollen and/or seed
dispersal apparently has maintained genetic connectivity
among populations in M. gigantea and M. pearsonii and
that our study is in line with Slatkin’s (1985) hypothesis of
reduced interpopulational differentiation in pioneer trees.

Ant-associated pioneer trees

It is noteworthy that two of the most successful tropical
pioneer tree genera worldwide, i.e., the neotropical genus
Cecropia and the palaeotropical genus Macaranga, are ant-
associated (Berg et al. 2005; Whitmore 2008). The
association with ants may therefore be interpreted as a
key innovation that facilitates the colonization of pioneer
habitats, probably because the ants protect their host plants
efficiently against competing herbivores and vines. On the
other hand, one could hypothesize that the obligate
association with ants might restrain dispersal abilities in
obligate Macaranga ant-plants. Under natural conditions,
Macaranga myrmecophytes are dependent on the presence
of their ant partner to survive to the reproductive stage, and,
vice versa, the ant queens need the trees to found their
colonies (Fiala et al. 1989; Heil et al. 2001). There is good
evidence from small-scale population genetic studies that
dispersal of Macaranga-associated ant queens is restricted
(Tirke et al. 2010). Therefore, myrmecophytes need a
suitable partner ant to establish a new population at a
remote site, whereas in non-myrmecophytes, the successful
recruitment is mainly restricted by seed dispersal efficiency.
One may therefore hypothesize that myrmecophytic Mac-
aranga species are less efficient long-distance colonizers
than non-myrmecophytes, with negative consequences for
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maintaining gene flow between geographically separated
populations. If this assumption is correct, myrmecophytes
may be expected to show stronger patterns of population
differentiation than non-myrmecophytes.

In the present study, we found no significant differences in
population parameters of the myrmecophytic M. pearsonii
and the non-myrmecophyte M. gigantea. Both species
exhibited similar numbers of cpDNA haplotypes and similar
levels of genetic diversity. Overall population differentiation
was even higher in M. gigantea than in M. pearsonii
(Table 3). Likewise, we found no significant differences
between myrmecophytic and non-myrmecophytic species of
Macaranga section Pachystemon (Weising et al. 2010).
These results argue against a strong negative effect of the
symbiotic ant partners on colonization abilities in obligate
ant-plants.

On the other hand, we found some indications for
isolation by distance in M. pearsonii within the lowlands of
Sabah, whereas no such effect became apparent in M.
gigantea (Fig. 3). This observation is compatible with our
hypothesis that myrmecophytes only disperse continuously
whereas non-myrmecophytes are also capable of long-
distance dispersals. Further support for more restricted
dispersal abilities of myrmecophytes as compared with non-
myrmecophytes comes from the observation that M.
gigantea also grows outside the forest and even close to
or within cities, whereas M. pearsonii trees are always
found close to forested areas. However, to finally clarify
whether the obligate association with ants may influence
dispersal abilities in their host plants and if so, at what
geographical scale this would become apparent, other
factors would need to be considered, including seed
dormancy capability, natural population abundances, habi-
tat preferences, and seed dispersal distances. Furthermore,
we currently do not know how colonization of secondary
habitats, as a consequence of anthropogenic destruction of
primary forests, may influence population patterns of
pioneer trees in the future. Conversion of primary or
secondary forest into agricultural land and the establish-
ment of large oil palm plantations unsuitable for Macar-
anga are likely to restrict gene flow among fragmented
populations much more efficiently than in the past.
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