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Abstract Members of the Euphorbiaceae are ecologically
important elements of Southeast Asian forests. Species of
the pioneer tree genus Macaranga, which is also known for
its association with ants, are often abundant in disturbed areas.
Phylogenetic studies suggested a recent radiation of section
Pachystemon which comprises the majority of obligate
myrmecophytes within Macaranga. In the present study, we
analyzed the genetic structure of three closely related species
of this section (M. constricta, M. griffithiana, and
M. motleyana) with the aim of resolving their controversial
taxonomy and historical biogeography. Chloroplast DNA

haplotypes proved to be species-specific and showed a strong
phylogeographic pattern. Nuclear microsatellite data
supported the taxonomic distinctness of M. griffithiana and
M. motleyana, but gave ambiguous results for M. constricta.
Genetic differentiat ion was stronger each within
M. griffithiana and M. motleyana than between M. constricta
andM. griffithiana, highlighting problems of defining species
boundaries. We found no indication for introgression or
hybridization events. The high intraspecific morphological
variation of the Bornean endemic M. motleyana was partly
reflected by similar patterns of genetic variation. The
pronounced genetic structure indicates a comparatively long
diversification for this species. In contrast, the weak genetic
differentiation within M. griffithiana, as well as the wide-
spread distribution of its most common chloroplast haplotype
from peninsular Malaysia up to Indochina, indicates a recent
expansion in this area. Despite their morphological similarity
and close relatedness, all species possess their own specific
ant-partners with a corresponding distribution pattern.

Keywords Ant–plant mutualism . Borneo . Genetic
structure .Macaranga . Phylogeography . Population
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Introduction

Members of the Euphorbiaceae are important elements of
Southeast Asian forests. Ranking second behind the dominant
Dipterocarpaceae in abundance in Borneo (Slik et al. 2003a),
euphorbs make a large contribution to the rainforest ecosys-
tem, especially in secondary forests. Many pioneer species of
the genus Macaranga are indicators for forest disturbance
(Slik et al. 2003b) and belong to the most abundant trees in
disturbed areas. A conspicuous feature of Macaranga in
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Sundaland is their close mutualistic association with ants,
mainly from genus Crematogaster (Fiala et al. 1999). About
30 Macaranga species are involved in the highly specific
obligate myrmecophytic associations that are confined to the
everwet dipterocarp rainforests and do usually not extend into
the more seasonal monsoon forest regions (e.g., Fiala et al.
1999; Davies 2001). The ants protect their host trees against
herbivore damage and vine cover and provide an important
ecological advantage, probably facilitating colonization of
newly available pioneer habitats (Fiala et al. 1989, 1994).
The tight association is assumed to have contributed to the
diversification of both ant and plant partners (Feldhaar et al.
2010; Weising et al. 2010).

The genusMacaranga is organized in four sections and 14
informal species groups (Whitmore 2008). Myrmecophytism
is mainly confined to sections Pruinosae, Winklerianae, and
Pachystemon, the latter of which was further subdivided into
four monophyletic groups (Blattner et al. 2001; Davies et al.
2001). The so-called bancana-clade (Bänfer et al. 2004, 2006;
corresponding to Pachystemon group 1 in Davies 2001) is the
largest group with at present 19 species, of which 15 are
obligatorily associated with ants. Phylogenetic studies based
on nuclear ribosomal ITS sequences revealed low genetic var-
iation among species of the bancana-clade, suggesting that
this group has undergone a recent and rapid radiation
(Blattner et al. 2001; Davies et al. 2001). High levels of hy-
bridization and introgression further argue for a young age of
the species of this group. Chloroplast DNA (cpDNA) haplo-
types were frequently found to be shared among species and
followed a geographic pattern rather than reflecting taxonomic
boundaries (Bänfer et al. 2006). The existing phylogenies do
not unambiguously resolve the position of the species, and
even the delimitation of some species is not well supported.

In this study, we focus on three closely related species of
the bancana-clade: M. motleyana (Müll. Arg.) Müll. Arg.
1866, M. constricta Whitmore and Airy Shaw 1971, and
M. griffithiana Müll. Arg. 1866. These species are morpho-
logically similar and form a weakly supported sister group to
the remainder of the bancana-clade in ITS phylogenies
(Blattner et al. 2001). The relationships among the three study
species remained largely unresolved, although some support
was found for M. motleyana being sister group to
M. griffithiana plusM. constricta. The taxonomy of the study
species has a controversial history, especially regarding the
species status of M. griffithiana (see Materials and Methods
Section). Macaranga griffithiana also has a remarkably
disjunct distribution; it occurs throughout the southern part
of the Thai-Malay Peninsula to Sumatra but also in very iso-
lated populations in the Chanthaburi pocket in east Thailand
and Cambodia (Whitmore 1984; Maschwitz et al. 2004). It is
thus the onlymyrmecophyticMacaranga species known from
the seasonal monsoon zone. WhereasM. constricta is restrict-
ed to a small area of peninsular Malaysia, M. motleyana is

endemic to Borneo. The latter species shows a considerable
morphological variation and is one of the few species of
section Pachystemon which is found in almost all parts of
Borneo. Its haplotypes take a central position in a cpDNA
network of the bancana-clade (Bänfer et al. 2006), suggesting
an ancestral state and a probable evolutionary origin of
myrmecophytism in this group. Despite their phenotypic
similarity and close phylogenetic relationship, M. motleyana,
M. constricta, andM. griffithiana appear to be associated with
different partner ants which also vary in distribution, age, and
genetic structure (Fiala et al. 1999; Feldhaar et al. 2003b,
2010; Quek et al. 2004, 2007).

Taken together, the three species are of particular interest in
terms of questions of taxonomic delimitations, gene flow, bio-
geographic history, and evolution of ant–plant relationships.
In the present study, we use cpDNA sequences and nuclear
microsatellite markers to (i) test whether molecular data sup-
port the morphological distinctness of the three closely related
taxa, (ii) determine their genetic diversity and structure, and
(iii) reconstruct phylogeographic patterns within each of the
species and compare these with the respective patterns found
in the associated ants.

Materials and methods

Study species

All three species have 2–3 stamens per flower and a conspic-
uous wax coating of the stem (Online Resource 1) that is
mostly absent in the remaining species of the bancana-clade.
Macaranga constricta is a large, early successional tree with a
restricted occurrence in forest on dry hillsides in the east of
peninsular Malaysia (Fig. 1), where it was discovered as late
as 1967 during a logging operation. The species was first
described by Whitmore and Airy Shaw (1971) but
Whitmore doubted of whether it could actually be distin-
guished from M. griffithiana. Davies (2001), however kept
its species status in his revision due to e.g., Bmuch longer
and erect inflorescences, and entire acuminate staminate
bracteoles.^

Macaranga griffithiana is light demanding and most com-
mon as a bushy treelet in swampy secondary forest. It occurs
in Sumatra, peninsular Malaysia, and southeastern peninsular
Thailand but was also reported from Cambodia and southern
Vietnam (T. Kenzo, M. Nuraliev, H. Sovanly, I. Theilade,
pers. com.). Whitmore (1974) reduced M. griffithiana to a
geographical form of M. motleyana and established two sub-
species: M. motleyana subsp. griffithiana (Müll. Arg.)
Whitmore and M. motleyana (Müll. Arg) Muell. Arg. subsp.
motleyana. Davies (2001), however re-established the species
status of M. griffithiana. The leaves of M. griffithiana are
shallowly dissected, whereas they are long and ascending with
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deep narrow sinuses in M. motleyana. The bracteoles of the
staminate inflorescences are only shortly and irregularly
toothed in M. griffithiana, whereas they are deeply pectinate
inM. motleyana (for further characteristics see Davies 2001).

Macaranga motleyana is widespread over Borneo but was
not collected from west Kalimantan and only recently found
by us in the coastal forest of Similajau, northern Sarawak. In
Sabah, we recognized two morphotypes (A and B) which
differed from the general appearance of M. motleyana. We
did not yet come across fertile specimens of these
morphotypes. Morphotype A was only found in heavily dis-
turbed habitat near the Tawai Forest Reserve near Telupid. It
had long, acuminate stipules and oval, tough leaves which
were—atypical for the species—completely undissected
(Online Resource 1 E–G). Older leaves were dull green, and
young leaves brownish red on the adaxial side and bright
glaucous on the abaxial side. Some plants had conspicuous
patterns of herbivore damage that were never found on the
Bnormal^ type of M. motleyana along the same logging road
a few kilometers away. Morphotype B was characterized by a
thin, soft stem and dark green leaves which were papery thin,
especially when dry. This morphotype occurred in lowland
forest in Tawau Hills and in Kinabalu Park (Poring) as well
as in Deramakot F.R. where it was found sympatrically with
the Bnormal type^ which grew along logging roads.

Ant-associates

Myrmecophytic Macaranga species are obligatorily associat-
ed with ten only partly described (morpho)species of the ant
genus Crematogaster (Myrmicinae) (Fiala et al. 1999;
Feldhaar et al. 2003a, b, 2010). Additional genetic lineages
of associated ants were established by Quek et al. (2004,
2007) based on COI and COII sequences of the mitochondrial
DNA (see Online Resource 2 for an overview of synonyms).
The patterns of ant-association are complex but important for
the understanding of the evolution of this system. There is
extensive data available on the general biology, diversity,
and distribution of the associations from earlier publications
(e.g., Fiala et al. 1999; Feldhaar et al. 2003a, 2010), so we
refer to these for details and here summarize only the most
relevant information concerning the associations of our study
species.Macaranga motleyana andM. constricta have mainly
been found with Crematogastermsp. 7/lineage A and C. msp.
9/lineage B, respectively, which came out as early-branching
and thus perhaps most ancient partners in mitochondrial DNA-
based phylogenies of theMacaranga-associated ants (Feldhaar
et al. 2003a; Quek et al. 2004, 2007). Macaranga grifftihiana
had been reported to be colonized by C. borneensis (formerly
C. msp. 1) which is the most generalistic ant species with
respect to host plant use and occurs in the whole distribution
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area of myrmecophytic Macaranga from south Thailand to
Borneo (Fiala et al. 1999; Feldhaar et al. 2003b, Quek et al.
2007; see Online Resource 2).

Sampling

Collection sites are shown in Fig. 1 and summarized in Table
1. We collected four specimens of the rareM. constricta from
its only known locality, 51 specimens ofM. griffithiana from
ten sites on Sumatra and the Malay Peninsula, and 137 spec-
imens ofM. motleyana from 14 sites on Borneo. As the forest
has been largely cleared in these regions, we mainly sampled
in forest remnants that were separated by a matrix of open land
or plantations. No balanced sampling was possible due to the
patchy occurrence of the species at different sites. We were
able to cover the known distribution area (Davies 2001) of all
species relatively well with the exception of south and central
Kalimantan and the east coast of Sumatra. Two leaves of each

specimen were collected from small trees, silica-dried, and
stored at −20 °C until further analysis. Voucher specimens
were deposited at the National Herbarium Leiden (L), the
Universiti Brunei Darussalam Herbarium (UBDH), and the
University of Würzburg. Leaf material of analyzed specimens
has been stored at the University of Kassel. Ant-associates
collected from sampled trees are stored with the first author
at the University of Würzburg and with H. Feldhaar at the
University of Bayreuth, Germany.

Molecular analyses

DNA was isolated following a modified cetyl trimethyl am-
monium bromide (CTAB) protocol (Bänfer et al. 2006).
Plastid haplotypes were defined from the combined informa-
tion at three plastid microsatellite (simple sequence repeat;
SSR) loci, using the universal primer pairs ccmp2, ccmp5,
and ccmp6 (Weising and Gardner 1999; Vogel et al. 2003).

Table 1 Sample localities, sample sizes (N), and geographical distribution of cpDNA haplotypes inM. constricta,M. griffithiana, andM. motleyana

Species Locality Lat/Long N CpDNA haplotypes

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

M. constricta Kuantan (MP) 03 51 N 103 14 E 4 3 1

M. griffithiana Wof Kuantan (MP) 03 51 N 103 11 E 5 4 1

N of Kuala Lumpur (MP) 03 19 N 101 45 E 10 1 9

Mersing (MP) 02 22 N 103 40 E 11 11

Lingii (MP) 02 28 N 102 01 E 2 2

Lumut (MP) 04 13 N 100 37 E 2 2

Pattani (MP) 06 51 N 101 15 E 3 3

Chantaburi (MP) 12 36 N 102 09 E 3 1 2

Kampong Thom (MP) 12 44 N 105 28 E 3 3

Padang (SU) 00 56 S 100 22 E 7 3 4

NE of Padang (SU) 00 29 S 100 22 E 5 5

M. motleyana Bukit Bankirai (EK) 01 01 S 116 52 E 8 8

PT-ITCI (EK) 00 48 S 116 23 E 9 7 2

Samboja (EK) 00 59 S 116 56 E 11 11

Berau (EK) 01 56 N 117 14 E 17 17

(Incl. 1 spec. B) Tawau (SAB) 04 20 N 118 00 E 8 8

Sepilok (SAB) 05 52 N 117 57 E 9 9

Danum Valley (SAB) 04 59 N 118 04 E 23 16 2 5

(All spec. A) Tawai (SAB) 05 39 N 117 13 E 8 7 1

(All spec. B) Deramakot (SAB) 05 20 N 117 20 E 2 1 1

Telupid (SAB) 05 40 N 117 03 E 4 4

(Incl. 6 spec. B) Poring (SAB) 06 04 N 116 41 E 13 13

Similajau (SAR) 03 25 N 113 14 E 15 15

Kubah (SAR) 01 36 N 110 13 E 9 9

Bako (SAR) 01 42 N 110 27 E 1 1

Total 192 3 1 8 4 4 2 28 5 26 26 2 16 28 5 7 1 1 1 24

MPMalay Peninsula, Thailand, and Cambodia; SU Sumatra; EK East Kalimantan; SAB Sabah; SAR Sarawak
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The ccmp2 locus was characterized by fragment length anal-
ysis. Sequencing of 20 polymerase chain reaction (PCR) prod-
ucts from M. motleyana and M. griffithiana specimens
(GenBank accession numbers KT449838-KT449865) re-
vealed that length differences at the ccmp2 locus (294–
313 bp) were attributable to three indels. Two of these are
due to simple insertion–deletion mutations, the third one is
more complex with four different variants (see Online
Resource 3). The ccmp5 (71–75 bp) and the ccmp6 (62–
76 bp) loci were genotyped by single nucleotide sequencing
analysis (Guicking et al. 2008). Plastid haplotypes were re-
written as pseudo-sequences with a total length of 13 nucleo-
tide positions (Online Resource 3). Indels were coded as sin-
gle changes in the final alignment. Poly (A/T) and poly (CT)
microsatellites were coded according to the stepwise mutation
model (Kimura and Ohta 1978). A cpDNA haplotype network
was created using statistical parsimony as implemented in
TCS 1.21 (Clement et al. 2000).

Seven nuclear SSR loci were used in this study (Online
Resource 4). All loci were originally developed from other
Macaranga spp. (Guicking et al. 2006; Baier et al. 2009),
but cross-amplified easily in our study species. PCR am-
plifications were performed in final volumes of 25 μL,
containing approximately 50 ng of genomic DNA,
1.5 mM magnesium chloride (MgCl2), 20 mM Tris-
hydrochloride (HCl) (pH 8.0), 50 mM potassium chloride
(KCl), 0.2 mM of each deoxyribonucleotide (dNTP), 5 μg
bovine serum albumin (BSA), 0.5 units Taq DNA poly-
merase (Invitrogen), and 10 pmol of each primer. One
primer of each pair was 5′-labeled with IRDye700 or
IRDye800 fluorescent dyes. After initial denaturation
(94 °C, 6 min), samples were submitted to 35 cycles of
a touch-down PCR protocol in a Biometra thermocycler
(Biometra, Germany). Each cycle consisted of 45 s at
94 °C (denaturation), 30 s at 65°–54 °C (annealing), and
45 s at 72 °C (elongation). The initial annealing tempera-
ture of 65 °C was decreased by 1 °C per cycle until
54 °C were reached. After final elongation (2 min,
72 °C), fragments were denatured and separated on a Li-
Cor 4200 IR2 sequencer (Li-Cor Biosciences, Germany).
Allele sizes were determined by visual examination, using
an external size standard and reference samples loaded on
each gel.

For each nuclear SSR locus, the numbers and sizes of al-
leles, Nei’s gene diversity HS (Nei 1987), and GIS (an estima-
tor of Wrighťs inbreeding coefficient FIS) were calculated
with the program FSTAT 2.9.3 (Goudet 2002). All loci were
tested for departures from Hardy–Weinberg equilibrium
(HWE) and for linkage disequilibrium between loci using
Genepop 3.4 (Raymond and Rousset 1995) (Online
Resource 4). We used the infinite alleles model for all nuclear
SSR-based calculations, because some loci contained strongly
interrupted or composed microsatellite motifs (as revealed by

sequence analysis), and frequent deviations of the allele pat-
terns from the expected regular length differences prohibited
the assumption of a stepwise mutation model.

Analysis of population structure

Analyses of molecular variance (AMOVA; Excoffier et al.
1992) were performed with the program Arlequin 3.11
(Excoffier et al. 2005) to quantify the relative contribution of
variation at different hierarchical levels. For intraspecific anal-
yses, regions were defined for M. griffithiana as (1) Thai-
Malay Peninsula (MP) and (2) Sumatra (SU), and for
M. motleyana as (1) East Kalimantan (EK), (2) Sabah
(SAB), and (3) Sarawak (SAR). Pairwise differences were
used as the distance method.

Estimates of genetic diversity and population structure
were calculated for each species, for the separate regions.
For cpDNA, levels of within-population diversity were calcu-
lated as H (haplotype diversity) and π (nucleotide diversity)
using Arlequin 3.11. For nuclear SSR data, FSTAT 2.9.3
(Goudet 2002) was used to calculate the numbers of alleles
and allelic richness (number of alleles standardized for sample
size; El Mousadik and Petit 1996) within each species and
region. Observed (Ho) and expected heterozygosity (He; Nei
1987) at nuclear SSR loci were calculated with Arlequin 3.11.

Bayesian cluster analysis of nuclear SSR genotypes

To estimate the number of genetic units among and within the
three species, Bayesian cluster analyses based on nuclear SSR
data were performed with the program Structure 2.3 (Pritchard
et al. 2000). The number of genetic clusters (K) was varied
from one to ten. The burn-in was set to 100,000, and the run
length was set to 1,000,000 iterations. For each number of
genetic clusters, the program was run ten times. To test for
hybridization among species, the Buse population
information^ option was applied. In all other analyses, the
admixture model was used, and allele frequencies were
allowed to be correlated among clusters (Falush et al. 2003).
The best number of genetic clusters was chosen by calculating
the ΔK statistic of Evanno et al. (2005), using Structure
Harvester v. 0.6.94 (Earl and vonHoldt 2012).

Dated phylogeny of myrmecophytic Macaranga

To estimate the age and divergence times of our study species,
we extended the only available dated phylogeny of
Macaranga and its sister genus Mallotus provided by van
Welzen et al. (2014) by including additional ITS sequences.
Because none of our study species and only two species of the
bancana-group were included by vanWelzen et al. (2014), we
used the ITS sequence alignment of Kulju et al. (2007) that
was also used by van Welzen et al. (2014) and complemented
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this with available sequences of myrmecophytic Macaranga
species (Blattner et al. 2001; Davies et al. 2001). We used
BEAST 1.82 (Drummond et al. 2012) and the same parameter
settings as van Welzen et al. (2014) to generate a dated phy-
logeny from the complemented data set.

Results

Species delimitation

A total of 19 different cpDNAhaplotypes were found among the
192 samples from the combined pseudo-sequences of three
cpDNA loci (ccmp2, ccmp5, and ccmp6) (HT 0 to HT 18;
Online Resource 3). Two haplotypes were found in
M. constricta, six in M. griffithiana, and 11 in M. motleyana.
None of the haplotypes were shared between species (Table 1,
Fig. 1; Online Resource 3). The relationships among cpDNA
haplotypes expressed in mutational steps are illustrated in the
statistical parsimony network depicted in Fig. 2. All species
proved to be separated from each other by a minimum of three
mutational steps (see Fig. 2 for a list of alternative three-step
connections). Most cpDNA haplotypes formed region-specific

groups within species. For example, haplotypes 11 to 16 were
exclusively found inM. motleyana plants from Sabah.

In the nuclear SSR analysis, a maximum of two alleles per
locus per individual was observed, supporting that all species
are diploid. No indication for linkage disequilibrium was
found. Deviation from HWE was found in some populations
and some loci (Online Resource 4). For example, locus B10
showed a significant deviation from HWE in nine out of 13
M. motleyana populations. Eight of these had a positive FIS
value (equivalent to a heterozygote deficit), suggesting that a
null allele might have been present at this locus, in which case
genetic diversity may be underestimated.

While all cpDNA haplotypes in our analysis were species-
specific, the nuclear SSR (ncSSR) data revealed a more com-
plex pattern of species delimitation. In the Structure analysis,
the optimum number of genetic clusters according to Evanno
et al. (2005) was found for K=2 (Online Resource 5a, b) and
K=8 (Fig. 3), both with the Buse population information^ and
the Badmixture model option,^ although the latter detected an
additional peak for K=5 (Online Resource 5d). For K=2,
M. constricta and M. griffithiana plus one particular
M. motleyana sample from Bako (study site 25) were gener-
ally differentiated from all remainingM.motleyana specimens
(Online Resource 5a, b). However, under the admixture
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model, a similarly good likelihood value was found when
M. motleyana samples from Danum Valley, Tawai, and
Poring (sites 18, 19, and 22) grouped together with the
M. constricta-M. griffithiana-Bako-cluster (Online Resource
5c). At this K, the output of the structure program is therefore
ambiguous.

At K=8, the three species were clearly differentiated in all
runs, and further clusters showed intraspecific differentiation
in M. griffithiana and in M. motleyana. The aberrant
M. motleyana sample from Bako (see above) either formed a
separate cluster (population information option, Fig. 3a) or
grouped withM. griffithiana from Sumatra (admixture model,
Fig. 3b). For K=5,Macaranga constricta andM. griffithiana
samples from the Malay Peninsula were grouped into the
same cluster, whereas the M. griffithiana samples from
Sumatra formed a separate cluster that also included the
M. motleyana sample from Bako, further underlining the
special status of this plant. Taken together, these results
revealed a stronger intraspecific differentiation within
M. griffithiana as well as within M. motleyana than between
M. griffithiana and M. constricta (Online Resource 5d).
Accordingly, an AMOVA based on ncSSR data attributed a
much lower proportion (22.2 %) of the total genetic variation
to the species level as compared with an AMOVA based on
cpDNA data (66.5 %) (Table 2a).

Genetic diversity and intraspecific variation

All estimates of genetic diversity derived from cpDNA and
ncSSR data were highest forM. motleyanawhich also had the
largest sample size (Table 3). Almost all cpDNA haplotypes

were region-specific for either Sabah, East Kalimantan, or
Sarawak. Only HT 9 occurred both in northern East
Kalimantan and eastern Sabah (Figs. 1 and 2). Notably, the
M. motleyana morphotype A from Tawai (site 19) had two
specific haplotypes (HT 14 and HT 15; Fig. 2). In the three
populations that included morphotype B individuals of
M. motleyana (Poring, Deramakot, and Tawau; Table 1), HT
12 was most abundant, but this haplotype is widely distributed
and was also found in the Bnormal^M. motleyanamorphotype
(Telupid, Danum). Thus, there was no strict association of a
particular haplotype with the morphotype B. The observed
large differences between Ho and He calculated from ncSSR
data in M. griffithiana and M. motleyana (Table 3a) and for
M. motleyana in Sabah (Table 3b) are attributable to the pro-
nounced population substructure in these species and regions.

A species-specific Bayesian cluster analysis based on
ncSSR data (performed without the sample from Bako)
underlined the strong intraspecific variation in M. motleyana
(Fig. 4). When the optimum number of clusters (K=4) was
applied, a clear differentiation was found between East
Kalimantan, Sabah, and Sarawak (Fig. 4). Specimens from
population Berau (site 15, northern East Kalimantan) showed
an affiliation to one cluster from Sabah but also to East
Kalimantan (Fig. 4). In Kubah (site 24, west Sarawak), some
influence from East Kalimantan was also observed (Fig. 4).
Within Sabah, two genetic clusters were found, one including
all individuals from Tawai (morphotype A) plus most from
Poring and some from Danum, whereas the second cluster
comprised all remaining individuals from Sabah (Fig. 4).
The first cluster was even more differentiated in the
Structure analysis run with the Buse population information^
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Fig. 3 Genetic differentiation among 192 specimens from three
Macaranga species collected at 25 localities, based on a Bayesian
analysis with the program Structure 2.3 (Pritchard et al. 2000). Four
specimens of the rare M. constricta were collected from the only known
locality (1) in peninsular Malaysia, 51 specimens ofM. griffithiana from
eight localities (2–9) in peninsular Malaysia and two from Sumatra (10–
11), and 137 specimens of M. motleyana from 14 sites on Borneo. Bar

plots forK=8 clusters obtained by analyzing all samples of all three study
species are shown using the Buse populations information^ option (three
Bpopulations^ here referring to the three species) (a) and the Badmixture
model^ option (b). Each individual is represented as a vertical line, which
is partitioned into colored segments that indicate the individual’s
membership fractions in the assumed species. The numbers in between
the plots refer to sample localities as indicated in Fig. 4
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option (Fig. 3a). Under these settings, the Tawai population
that comprised all morphotype A individuals became almost
perfectly separated from all other M. motleyana specimens.

The results of the intraspecific AMOVA in M. motleyana
differed strongly between cpDNA and ncSSR data (Table 2).
While the highest percentage of variation in cpDNA data was
attributed to the Bamong regions^ level and the lowest to the
Bwithin populations^ level, ncSSR data showed by far the
highest percentage of variation within populations and the
lowest percentage among regions.

InM. griffithiana, four cpDNA haplotypes exclusively oc-
curred on the Malay Peninsula and two on Sumatra (Figs. 1
and 2). The most widespread haplotype HT 6 was distributed
from the southern Malay Peninsula up to eastern Thailand,
whereas another, closely related haplotype (HT 7) was con-
fined to the isolated northern populations in Chanthaburi and

Kampong Thom in Cambodia (Fig. 1). A strong differentia-
tion between M. griffithiana specimens from the Thai-Malay
Peninsula and those from Sumatra was indicated by a species-
specific Bayesian Structure analysis of ncSSR data with K=2
(Fig. 4). Finally, a strong regional structure in M. griffithiana
was likewise revealed by an AMOVA, in which cpDNA and
ncSSR data both attributed more than 40 % of the total vari-
ation to the Bamong regions^ level (Table 2b).

Estimation of age and divergence times

The dated phylogeny of our BEAST analysis is provided in
Online Resource 6. Despite some inconsistencies (see
Discussion Section), the analysis provided a rough estimate for
the age of our study species. All M. motleyana, M. griffithiana,

Table 2 Results of the AMOVA
analyses for cpDNA haplotypes
and ncSSR data

Source of variation d.f. Percentage of variation
(cpDNA haplotypes)

d.f. Percentage of
variation (ncSSR)

(a)

Among species 2 66.5*** 2 22.2***

Within species 188 33.5 381 77.8

(b) M. griffithiana

Among regions 1 45.9* 1 42.3*

Among populations within regions 8 29.9*** 8 8.2***

Within populations 41 24.2 92 49.5

(c) M. motleyana

Among regions 2 55.4*** 2 10.4***

Among populations within regions 10 35.2*** 10 16.4***

Within populations 123 9.4 259 73.2

Differentiation of species (a), differentiation within M. griffithiana (b), and differentiation within M. motleyana
(c). Significance levels are indicated for differentiation parameters with *p<0.05, ***p<0.001

Table 3 Genetic diversity parameters for each of the three study species (a) and per region inM. griffithiana andM.motleyana (b), estimated from the
information of seven ncSSR loci and a total of 19 cpDNA haplotypes

Species N No. pL No. alleles Allelic richness Hobs Hexp No. HT h π (%)

(a)

M. constricta 4 5 2.0±0.8 0.32±0.24 0.31±0.23 2 0.50±0.27 4.17±5.17

M. griffithiana 51 7 8.1±2.1 0.38±0.21 0.58±0.20 6 0.66±0.06 10.39±7.42

M. motleyana 137 7 14.0±4.1 0.55±0.14 0.76±0.15 11 0.84±0.01 18.40±11.34

(b)

M. griffithiana MP 39 6 5.3±2.9 4.0±2.3 0.34±0.27 0.40±0.31 4 0.47±0.09 8.21±6.31

M. griffithiana SU 12 7 4.3±1.5 4.3±1.5 0.50±0.18 0.56±0.21 2 0.48±0.11 4.04±4.20

M. motleyana EK 45 7 10.4±3.6 6.8±2.3 0.62±0.11 0.68±0.16 3 0.53±0.04 4.73±4.35

M. motleyana SAB 67 7 10.7±4.0 6.7±2.1 0.52±0.14 0.74±0.15 7 0.74±0.04 13.90±9.16

M. motleyana SAR 25 7 5.9±2.4 4.7±1.6 0.51±0.29 0.56±0.26 2 0.08±0.07 0.67±1.45

N sample size, No. pL number of polymorphic ncSSR loci, No. alleles number of alleles, allelic richness (smallest N=12), Hobs and Hexp observed and
expected heterozygosities, No. HT number of cpDNA haplotypes, h haplotype diversity, π nucleotide diversity,MPMalay Peninsula, SU Sumatra, EK
East Kalimantan, SAB Sabah, SAR Sarawak
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and M. constricta samples sequenced by Blattner et al. (2001)
cluster together in one group that diverged from its sister group
(notably containing the M. motleyana from Davies et al. 2001)
between 5 and 10 million years BP (mya) (Online Resource 6).
Divergence of M. motleyana, M. griffithiana, and M. constricta
accessions from each other is dated to less than 5 mya (95 %
highest posterior density interval 1.53–5.57 mya).

Distribution of associated ants

The main ant-partner of M. motleyana proved to be
Crematogaster msp. 7, which like its host plant is restricted
to Borneo (Fig. 5). This morphospecies was occasionally
found on other host plants of section Pachystemon, mostly
on the likewise waxy and widespread M. hypoleuca which is
normally inhabited by C. decamera (see Online Resource 2).
The latter ant species also occurred on M. motleyana, espe-
cially in East Kalimantan and Sarawak but was found only
once on M. griffithiana in peninsular Malaysia (Fig. 5).
Crematogaster borneensis was the main colonizer in all
M. griffithiana saplings on peninsular Malaysia and Sumatra
(very rarely C. msp. 2), and was only occasionally found in
M. motleyana in Borneo. Macaranga constricta was colo-
nized by a further species, C. msp. 9. This ant species was
also found in a few M. hypoleuca saplings together with
C. decamera at a disturbed road site some kilometers from
the next M. constricta.

Discussion

Species delimitation and intraspecific variation

In the present study, all cpDNA haplotypes proved to be spe-
cies-specific, suggesting a clear distinction of the plastid ge-
nome among species. This is a remarkable finding, given that
an earlier molecular study of section Pachystemon had re-
vealed a mainly geographical rather than taxonomical pattern
of cpDNA haplotype distribution for most species of the
bancana-clade, but not for M. motleyana and M. griffithiana
(Bänfer et al. 2006). In the case of these two taxa, species
boundaries and geographic patterns appear to be congruent
with each other, so geographical isolation and taxonomic dif-
ferentiation may have proceeded hand in hand. Macaranga
motleyana and M. griffithiana may therefore represent a dis-
junct species pair having originated in allopatry, as it was
previously suggested by Bänfer et al. (2006). The clear dis-
tinction betweenM. griffithiana andM. constricta haplotypes
also suggests genetic independence as both species grow in
close proximity. Overall, we found no indication for hybridi-
zation or introgression among the three species. The only ex-
ception may be the single specimen from Bako (Sarawak)
which morphologically resembles M. motleyana but was

grouped genetically with M. griffithiana from Sumatra. The
Bako area has also been identified as being floristically rather
distinct within Borneo and shows strong affinities to both the
Malay Peninsula and Sumatra (Slik et al. 2003a).

For delimiting closely related species, ncSSRs have been
reported to overcome problems associated with the use of
cpDNA or ITS sequences (such as, e.g., incomplete lineage
sorting, chloroplast capture, or insufficient among species var-
iation) and have been applied for a number of tropical tree taxa
(e.g., Duminil et al. 2012). The ncSSR data in our study
supported the genetic distinctness of M. griffithiana and
M. motleyana, whereas the results forM. constricta were am-
biguous, depending on the model used. All three species were
found to be colonized by their own specific ant-partner, also
indicating distinctive features of the species. The main polli-
nators differ as well betweenM. griffithiana andM.motleyana
(Fiala et al. 2011). As a further ecological trait,M. griffithiana
was found to be associated with a specific endophytic scale
insect probably endemic to peninsular Malaya (Heckroth et al.
1998). Finally, the typical habitat characteristics of the species
appear different. WhereasM. motleyana occurs on dry as well
as on wetter soils, M. griffithiana is found in swampy areas
only, and M. constricta seems to be restricted to dryland for-
ests (Davies 2001, and own observations). We always found
M. constricta on hill slopes with good drainage and
M. griffithiana on the swampy basis of the hills. These two
types of habitat were sometimes only separated by 1–2 km at
our sampling sites, so gene flow between the habitats by
pollen or seeds is certainly possible.

Interestingly, the ncSSRs in our study showed stronger
differentiation within M. griffithiana (peninsular Malaysia
vs. Sumatra) and within M. motleyana, than between
peninsular Malaysian M. constricta and M. griffithiana.
Defining criteria for species delimitation is particularly
challenging in M. motleyana which showed very high
intraspecific morphological as well as genetic variation. The
ncSSR data suggest that notwithstanding their morphological
distinction, M. motleyana and morphotype B are the same,
despite some differences in AFLP (Bänfer et al. 2004) and
ITS data (Blattner et al. 2001). Morphotype A, on the other
hand, was separated from the remainder of M. motleyana by
cpDNA haplotype data as well as in part by the nuclear data.
Therefore, what is currently named as M. motleyana might
actually comprise different (sub)taxa or be a single widespread
and polymorphic taxon, depending on species definition. The
high internal diversity in M. motleyana is apparently not due
to hybridization, although it grows sympatrically with other
species from the same section (probably sharing pollinators,
Fiala et al. 2011).

A plausible cause of the high genetic differentiation within
this species might be a relatively long history of diversifica-
tion. This would be in accordance with the internal (and there-
fore presumably ancient) position of M. motleyana and their
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allies in the haplotype network of Bänfer et al. (2006), as well
as with the relatively early-branching position of
M. motleyana from the remainder of the bancana-clade in

the ITS phylogeny of Blattner et al. (2001) and in a strict
consensus tree from the combined analysis of molecular and
morphological characters in Davies et al. (2001). In the latter
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study, the ITS data of M. motleyana alone resulted in an un-
resolved polytomy together with other species of the bancana-
clade (Pachystemon group 1). In our extension of the BEAST
analysis of van Welzen et al. (2014), it is striking that all
sequences fromBlattner et al. (2001) cluster together, whereas
two identical sequences from the samples used in Davies et al.
(2001) came out in a separate position (Online Resource 6).
Whether this difference reflects true sequence differences
(possibly due to different sampling localities?) or whether
the sequences from different laboratories are not compatible
is unknown. The resolution of section Pachystemon in general
and of the bancana-group in particular appears insufficient
when based on ITS sequences only. This is illustrated by sev-
eral instances in our tree in which conspecific accessions do
not cluster together (whereas they do in species from other
sections, e.g., M. winkleri, Online Resource 6), and internal
nodes are found in less than 50% of the resulting trees (at such
nodes, no error bars are provided for the age estimate). The
section Pachystemon was also poorly resolved in Kulju et al.
(2007), and van Welzen et al. (2014) reported reconstructing
the phylogeny of the Macaranga group 1 from Kulju et al.
2007 with BEAST to be difficult.

The M. griffithiana specimens from the Malay
Peninsula showed little intraspecific differentiation, and
even the specimens from Thailand and Cambodia were
not separated by the ncSSR data, despite the large geo-
graphical distance. The weak genetic differentiation of
M. griffithiana, as well as the wide distribution of its most
common haplotype from peninsular Malaysia up to
Indochina most probably indicates a recent expansion in
this area. Studies on the genus Shorea also reported sig-
natures of bottlenecks and subsequent population expan-
sion on peninsular Malaysia (Kamiya et al. 2012; Ohtani
et al. 2013). As myrmecophytic Macaranga species are
confined to dipterocarp lowland forests, their distribution
range may have been similar, and their life history strategy
as pioneer trees may later have promoted an even more
rapid dispersal. The M. griffithiana populations in eastern
Thailand and Cambodia might be a recent remnant of
surviving pockets of stable rainforest in the area
(Whitmore 1984). Another possible explanation would be
extant long-distance gene flow, e.g., by wind-driven thrips
pollinators (see Guicking et al. 2013 for M. hypoleuca).
Given that the respective populations are separated by
more than 1000 km distance, we consider the latter hy-
pothesis as rather unlikely.

In contrast to the lack of differentiation on the mainland,
M. griffithiana specimens from Sumatra formed a clearly
separate cluster in the nuclear data and also had its own
Bprivate^ cpDNA haplotypes (i.e., unique haplotypes
occurring in only one population). Macaranga griffithiana
may therefore actually comprise two different varieties, one
in peninsular Malaysia and the Asian mainland and one in

Sumatra. Whitmore (1982) already mentioned some differ-
ences in the bracteoles of Malayan material of this species
compared to those from Sumatra. Slik et al. (2011) found
little floristic affinities between forests in peninsular
Malaysia and west Sumatra, indicating that they differ in
vegetation as well. Our sample size ofM. constrictawas too
small for an intraspecific Bayesian Structure analysis; but
nevertheless, this species proved to harbor two unique
cpDNA haplotypes, pointing to a considerable differentia-
tion despite its small distribution area.

Many tropical tree species have poorly delimited taxonom-
ic boundaries and contain cryptic species as well as a high
proportion of unrecognized intraspecific diversity (Rosell et
al. 2010). Our results highlight the problems of defining spe-
cies boundaries solely based on genetic data. If we used the
extent of intraspecific differentiation as major criterion for
taxon delimitation, it might be justified to splitM. griffithiana
and M. motleyana into two or more taxa each. It is, however,
questionable whether such splitting of rather well-defined
ecological units would be reasonable. Further investigations
comprising more species of the bancana-clade and additional
molecular data are needed to provide more insight into the
relevance ofmorphological and genetic data for defining exact
taxonomic boundaries in Macaranga.

Differentiation across Sundaland

Macaranga motleyana/M. griffithiana is at present the only
myrmecophytic case in the genus where the genetic separation
of populations between Borneo and Sumatra/Peninsula
Malaysia seems to have resulted in allopatric speciation
(Bänfer et al. 2006; Guicking et al. 2011, 2013; Weising et
al. 2010). All other members of sections Pachystemon as well
as Pruinosae (Davies 2001) in peninsular Malaysia also occur
on Borneo, and several of them also show largemorphological
variation that has, however, not been given species status in
the different regions (e.g., M. hullettii, M. pruinosa, see also
Davies 2001). Genetic differences between these regions were
also detected in Shorea curtisii (Kamiya et al. 2012) but have
not been found in other widespread dipterocarp species like
S. parvifolia and S. leprosula (Iwanaga et al. 2012; Ohtani et
al. 2013).

Although the dated phylogeny reconstruction of available
Macaranga ITS sequences (Online Resource 6) revealed sev-
eral inconsistencies of the data in the bancana-clade, it gave
some rough insights into the temporal evolution of the group.
Divergence times of the distinct motleyana-group of Blattner
et al. (2001) from its sister group could be dated to less than
10 mya with the BEAST approach, and divergence of
M. motleyana from M. griffithiana plus M. constricta from
this study to between 5.57 and 1.5 mya, and might therefore
have predated Pleistocenic events (see also Chomicki and
Renner 2015, Fig. S9). The last common ancestor of the only
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two members of the bancana-clade (M. hullettii and M.
triloba) included in van Welzen et al. (2014) was there dated
to 4.6–0.2 mya. Sumatra and Borneo were connected to main-
land Asia until about 5 mya, and since then became separated
by the sea for more than half of the time (e.g., Voris 2000;
Cannon et al. 2009; Raes et al. 2014). A deeper history of
vicariant evolution between the Asian mainland and the
Sundaland islands dating back to the Pliocene was observed
for many other plant and animal groups (e.g., Bendiksby et al.
2010; Leonard et al. 2015, and references therein). Without a
more comprehensive sampling that includes samples from
different geographical localities per species (and possibly
more genes), it cannot yet be clarified whether M. motleyana
is paraphyletic and M. griffithiana evolved after a long-
distance dispersal of some ancient M. motleyana to the
Malay Peninsula and Sumatra, or whether the two species
are sister species that evolved allopatrically from a former
widespread precursor.

Comparative phylogeography of ant-associates

Crematogaster msp. 7/lineage A on M. motleyana is
presumed to have originated between 9 and 6 mya
(Quek et al. 2004, 2007), which would match a proba-
ble origin of a common ancestor of the motleyana-group
of less than 10 mya. This ant species exhibits large
within-species genetic variation (up to 14 % in COI in
Sabah alone, Feldhaar et al. 2010). It therefore mirrors
the intraspecific variation found in its host, although
gene flow appears to be even more restricted. Thus,
ant specimens from M. motleyana trees found in
Poring and Tawau were separated by six missing
mtDNA haplotypes, although their host plants shared
the same cpDNA haplotype (Feldhaar and Fiala, unpubl.
results). Both ants and plants are restricted to Borneo,
and it could indeed represent an old association which
has been shaped by similar historical events, leading to
high substructuring of both partners. A specific endo-
phytic scale insect associated with C. msp. 7/lineage A
also came out as the oldest coccid lineage (L6) of the
species studied in Borneo, likewise pointing to old as-
sociations (Ueda et al. 2008).

Continuous rainforest seems to have covered large
parts of Sundaland for a long time (Cannon et al.
2009; Raes et al. 2014) but for parts of Sumatra and
peninsular Malaysia drier, and seasonal conditions pre-
dominated during the Pleistocene (Morley 2000). In this
period, forest may have become restricted to refugial
areas. Macaranga constricta and its specific ant-partner
(C. msp. 9/lineage B) are both endemic on peninsular
Malaysia where the ant was assumed to represent a
relictual lineage, suggesting massive extinctions in its
history (Quek et al. 2007). In contrast, Crematogaster

borneensis/lineage K on M. griffithiana came out as
rather derived and little differentiated in the phyloge-
nies, and its origin was dated to about 2 mya
(Blaimer 2012). Quek et al. (2007) assumed that an
expansion of the ant lineage K took place in lowlands
of Sumatra and peninsular Malaysia in the Pleistocene,
possibly during one of the interglacials. It mirrors the
fast expansion scenario for its host M. griffithiana in the
area. A possible scenario for a relatively recent associ-
ation between M. griffithiana and the generalist ant spe-
cies C. borneensis might be that this ant species found
an empty niche on M. griffithiana after possible original
ant-associates had gone extinct during the Pleistocene. It
may, however, not have reached the disjunct relict area
of M. griffithiana in eastern Thailand and Cambodia,
where the species is associated with ants from the genus
Camponotus (Formicinae) instead (Maschwitz et al.
2004, and unpublished data).

Conclusions

Few genetic studies have focused on pioneer plant species
in Sundaland; however, the ecological relevance of genera
that grow successfully in secondary forest has tremendous-
ly increased following anthropogenic disturbance of the
rainforests. The comparison of nuclear and plastid DNA
in our study provided insights into the genetic delimitation
of the study species and characterized their genetic struc-
ture across a large distribution area. However, our results
point out problems of species delimitations/definitions
which might be common in tropical trees in general. The
congruence of biogeographic and genetic patterns of plants
and their ants indicates a common history of the mutual-
istic associations, but also represents very different exam-
ples of this symbiosis: a widespread and presumably
ancient plant species on Borneo, a vicariant, recently
expanded species on Sumatra and the Asian mainland
and a very local relict on peninsular Malaysia. The
phylogeographical and ecological results would thus
support the present status of these three closely related
Macaranga taxa as separate species.
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