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Abstract

The Canary Islands have been a focus for phylogeographic studies on the colonization and diversiWcation of endemic angiosperm
taxa. Based on phylogeographic patterns, both inter island colonization and adaptive radiation seem to be the driving forces for specia-
tion in most taxa. Here, we investigated the diversiWcation of Micromeria on the Canary Islands and Madeira at the inter- and infraspe-
ciWc level using inter simple sequence repeat PCR (ISSR), the trnK-Intron and the trnT-trnL-spacer of the cpDNA and a low copy
nuclear gene. The genus Micromeria (Lamiaceae, Mentheae) includes 16 species and 13 subspecies in Macaronesia. Most taxa are
restricted endemics, or grow in similar ecological conditions on two islands. An exception is M. varia, a widespread species inhabits the
lowland scrub on each island of the archipelago and could represent an ancestral taxon from which radiation started on the diVerent
islands. Our analyses support a split between the “eastern” islands Fuerteventura, Lanzarote and Gran Canaria and the “western” islands
Tenerife, La Palma and El Hierro. The colonization of Madeira started from the western Islands, probably from Tenerife as indicated by
the sequence data. We identiWed two lineages of Micromeria on Gomera but all other islands appear to be colonized by a single lineage,
supporting adaptive radiation as the major evolutionary force for the diversiWcation of Micromeria. We also discuss the possible role of
gene Xow between lineages of diVerent Micromeria species on one island after multiple colonizations.
© 2006 Elsevier Inc. All rights reserved. 
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1. Introduction

The Canary Islands, part of the Macaronesian phyto-
geographic region, consist of an archipelago of seven major
volcanic islands located in the northeastern Atlantic Ocean
in close proximity to the western Sahara coast. The geologi-
cal history of the archipelago is characterized by a temporal
sequence of volcanic eruptions over the past 20 million
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years with the ages of the islands decreasing from east to
west (i.e. 20.7 Ma for Fuerteventura to 0.7–0.8 Ma for El
Hierro) (Carracedo, 1994; Guillou et al., 2004). The older,
eastern islands contain mountain ridges of low altitude (i.e.
Lanzarote 671 m, Fuerteventura 807 m), whereas the high-
est volcanoes in the central and western islands exceed
1400 m with the Teide-peak on Tenerife rising to 3718 m.
The Canary Islands are characterized by a subtropical cli-
mate that is strongly inXuenced by the humid trade winds
from the northeast and the cold Canaries Current that
causes persistent, dense fog at around 1000 m in elevation.
South sides of the islands as well as high altitudes
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frequently experience desert and semi-desert conditions
with very low levels of precipitation. In contrast, the slopes
of the mountains are characterized by high to medium
humidity and rainfall augmented by condensation and fog.
These sharp elevational gradients in climate have resulted
in the formation of distinct ecological zones: coastal deserts
and arid low land scrub, humid and semi-arid subtropical
scrub and woods, humid laurel forest (“laurisilva”) in the
cloud belt, a heath belt (Fayal-Brezal) as transition vegeta-
tion between laurel forest and, at high altitudes, humid to
dry temperate pine forests as well as dry subalpine scrub.
Local adaptation to these habitats within islands, as well as
physical isolation among the islands, are main factors
responsible for the rich Xora of Macaronesia with at least
831 species and 40 genera endemic in this region (Humph-
ries, 1979; Hansen and Sunding, 1993).

In the last decade, the Canary Islands have been in the
focus for phylogeographic studies on the colonization and
diversiWcation of endemic angiosperm taxa (e.g. Böhle et al.,
1996; Kim et al., 1996; Barber et al., 2000; Francisco-Ortega
et al., 2001; Mort et al., 2002; Allan et al., 2004; FairWeld
et al., 2004; Trusty et al., 2005). Based on phylogeographic
patterns, inter island colonization has been proposed as a
driving force for species diVerentiation within highly
diverse genera on the Canary Islands (i.e. Francisco-Ortega
et al., 1996, 2001). This mechanism was supported by phy-
logenies indicating niche conservatism, where taxa with
similar ecological preferences comprise a single clade, and
suggests that adaptation to speciWc ecological zones
occurred only once within the archipelago (Francisco-Ort-
ega et al., 2001). An alternative explanation is adaptive
radiation, where adaptation to the distinct habitats occurs
independently on each island. Examples supporting an
adaptive radiation on each island are found in several taxa
(e.g. Kim et al., 1996; Percy and Cronk, 2002). Both coloni-
zation and adaptive radiation seem to be important in most
taxa (Panero et al., 1999; Barber et al., 2000; Francisco-Ort-
ega et al., 2002; Mort et al., 2002; Allan et al., 2004; Trusty
et al., 2005). Studies of the evolution of plant diversity on
the Canary Islands indicate that most of the plant groups of
the Canary Islands evolved by adaptation to diVerent eco-
logical zones as well as by inter-island colonization.

The genus Micromeria Benth. (Lamiaceae, Nepetoideae)
as currently understood (Harley et al., 2004) contains about
70 species with a distribution range extending from the
Himalayan region to the Macaronesian Archipelago (with
Madeira, the Cape Verde and Canary Islands) and from the
Mediterranean to South Africa and Madagascar (Dor-
oszenko, 1986; Morales, 1993; Bräuchler et al., 2005).
Molecular data suggest the transfer of sect. Pseudomelissa
to Clinopodium (Bräuchler et al., 2005) and the exclusion of
sect. Cymularia (with M. cymuligera Boiss. and Hausskn. an
endemit of southeastern Anatolia as the only representa-
tive) from Micromeria (Bräuchler, unpublished anatomical
and preliminary molecular data). From the remaining sec-
tions of Micromeria s.str., sect. Micromeria includes
approximately 50 species of perennial suVruticose herbs
and shrubs. Centers of diversity are found in the Mediterra-
nean region and the Canary Islands.

Comparative analysis of cpDNA data revealed Macaro-
nesian Micromeria (excluding M. forbesii from Cape Verde
Islands) as monophyletic with a group of taxa from the
Western Mediterranean (e.g. M. inodora and M. fontanesii)
as neighbor group (Bräuchler et al., 2005). According to the
revision by Pérez de Paz (1978), the genus Micromeria
includes 16 species and 13 subspecies in Macaronesia, with
the highest diversity on Tenerife and Gran Canaria (seven
species each). Lower numbers of species are found on La
Palma (3), Gomera (2), El Hierro (2), Lanzarote (1) and
Fuerteventura (1); (see Fig. 1, Table 1). Only one species,
M. varia L. colonized the whole archipelago. It occurs
mainly in dry to medium dry lowland habitats and is taxo-
nomically split into seven subspecies. M. hyssopifolia Webb
et Berth. is found in the pine forests of Tenerife and El
Hierro while M. lasiophylla Webb et Berth. inhabits the
high altitude desert of Tenerife and La Palma. The remain-
ing species are narrow endemics. Two of them, M. leucan-
tha Svent ex P. Perez and M. pineolens Svent., both
occurring on Gran Canaria, are forming sect. Pineolentia
(Pérez de Paz, 1978) because of their morphological dis-
tinctness. The most striking features of M. pineolens are its
shrubby habit (up to 80 cm), leaves exceeding 1 cm in length
and large Xowers with a corolla size ranging from 10 to

Fig. 1. The Canary Islands and Madeira and the distribution of the species
of the genus Micromeria on the islands. Species distributed on more than
one island are marked bold.
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15 mm. M. pineolens can be found only in north eastern
Gran Canaria in the Tamadaba pine forest (800–1200 m).
M. leucantha, is characterized by xeromorphic, needle
shaped leaves that are presumably an adaptation to their
habitat of sun exposed cliVs. This species occurs only in the
dry southwestern region of Gran Canaria.

The patterns of species distribution in Micromeria make
this genus a good system in which to test the relative impor-
tance of inter-island colonization versus ecological shift
within monophyletic groups. Several taxa are restricted
endemics, others grow in similar ecological conditions on
diVerent islands, and one species inhabits the lowland scrub
on each island of the archipelago and could represent an
ancestral taxon from which radiation started on the diVer-
ent islands.

Here, we present a population based study of genetic simi-
larities of Micromeria from the Canary Islands at the inter-
and intraspeciWc level using inter simple sequence repeat PCR
(ISSR). These data were compared to phylogenetic recon-
struction of multiple samples from diVerent populations using
the trnK-intron and the trnT-trnL-spacer of the cpDNA as
well as a low copy nuclear gene. The purpose of the present
study was to determine (i) if inter-island colonization as impli-
cated by the species concept can be supported by molecular
data, (ii) if the speciation of taxa conWned to similar ecological
zones is attributed to parallel adaptive speciation, (iii) if
Micromeria varia, the most widespread species, is an ancestral
taxon or a taxon that was distributed recently to the single
islands, and (iv) if the sectional status of the morphological
most aberrant forms within the genus can be supported or if
these morphological peculiarities are rather a result of adapta-
tion to extreme habitats in relatively young taxa.

2. Material and methods

2.1. Plant material

During several excursions to all major islands of the
Canary archipelago and Madeira, about 400 specimens
were collected in total, representing 14 species. Sampling
was performed covering the whole island, with up to four
individuals from one sampling site. For M. pineolens a
higher number of individuals were sampled, because of
the restricted distribution. One sample of M. helianthemi-
folia Webb. et Berth. from Gran Canaria was taken from
a plant cultivated at the Botanical Garden TaWra, Gran
Canaria. The narrow endemics of northwestern Tenerife,
M. glomerata P. Perez and M. rivas-martinezii Wildpr.
were not available for the analyses (Table 2). Sampling
consisted of 2–3 leaves from one individual that were Wxed
in DNA isolation buVer in the Weld. One voucher speci-
men per sampling site was made for some typical repre-
sentatives of the species, vouchers were not taken from
small and protected populations. Most species could be
determined unambiguously, but for several samples the
species assignment was doubtful. These samples are
shown in the analyses with both potentially applicable
species names. This applied in particular to the samples
from Gomera (M. varia or M. lepida Webb et Berth.)
where only a small number of samples with typical M.
varia characters were found. Due to these uncertainties we
did not assign species names to the samples from Gomera.
Sequences of three herbarium specimen were included in
the FPS2 dataset.

DNA isolation of buVer-Wxed material, ampliWcation
and sequencing was performed as described previously
(Meimberg et al., 2000, 2001; Bräuchler et al., 2004, 2005).
The resulting DNA solution was used for ISSR-PCR and
for ampliWcation of the trnK intron the trnT-trnF spacer
region of the cpDNA and the farnesyl-pyrophosphate-syn-
thethase 2 (FPS2).

2.2. AmpliWcation and sequencing

The trnK intron was analysed for 64 samples and ampli-
Wed from total DNA as described previously (Meimberg
et al., 2000, 2001; Bräuchler et al., 2005). For comparative
sequencing the trnK intron was ampliWed in two parts using
Table 1
Taxonomy of the genus Micromeria in Macaronesia according to Pérez de Paz (1978)

Species Distribution Ecology Subspecies Section

M. benthamii Gran Canaria Open areas medium altitude and open pine forest — Micromeria
M. forbesii Cape Verde Islands Open mountain slopes — Micromeria
M. glomerata Tenerife Humid lowland — Micromeria
M. helianthemifolia Gran Canaria Semi arid scrub land — Micromeria
M. herpyllomorpha La Palma Open pine forest — Micromeria
M. hyssopifolia Tenerife/El Hierro Open pine forest — Micromeria
M. lachnophylla Tenerife High altitude desert — Micromeria
M. lanata Gran Canaria Open rocks in pine forest belt — Micromeria
M. lasiophylla Tenerife/La Palma High altitude desert 2 Micromeria
M. lepida Gomera Open pine forest 2 Micromeria
M. leucantha Gran Canaria CliVs in semi desert — Pineolentia
M. pineolens Gran Canaria Dense pine forest — Pineolentia
M. rivas-martinezii Tenerife Humid lowland — Micromeria
M. teneriVae Tenerife Semi arid scrub land — Micromeria
M. tenuis Gran Canaria Open areas medium altitude and open pine forest 2 Micromeria
M. varia All islands Dry lowland areas 7 Micromeria
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the primer pair 2-trnK-3914F/Sat16-1200R and Sat2-
1200F/16-trnK-2R (Bräuchler et al., 2005; primers 2-trnK-
3914Fand 16-trnK-2R are according to Johnson and Soltis,
1994), respectively using the following cycle proWle: (1)
94 °C for 2 min, (2) 35 cycles at 94 °C for 1 min, 54 °C for
1 min, 72 °C for 1 min 30 sec and (3) a terminal extension
phase at 72 °C for 10 min. The trnT-trnF region was ampli-
Wed using the primers suggested by Taberlet et al. (1991) in
two parts using either the primer pair A/B or C/F using the
following cycle proWle: (1) 94 °C for 2 min, (2) 35 cycles at
94 °C for 1 min, 54 °C for 1 min, 72 °C for 1 min 15 s and (3)
a terminal extension phase at 72 °C.

PCR products were puriWed and sequenced directly
using the same primers as for ampliWcation. Sequencing
was performed using an ABI 377 (Applied Biosystems)
automated sequencer according to the manufacturer’s pro-
tocol.

2.3. AmpliWcation of FPS2

The ITS region of Micromeria species could not be
used due to frequent co-ampliWcation of paralog
sequences and probably pseudogenes (data not shown), so
identiWcation of homologous sequences would have been
diYcult (Álvarez and Wendel, 2003; Bailey et al., 2003).
As an alternative, markers for a low copy gene were devel-
oped. For this purpose, ESTs published for Mentha, a
close relative of Micromeria (WagstaV et al., 1995) were
Table 2
Number of samples used for ISSR and sequence analysis

In cases in which species determination could not be performed unambiguously, values are given as the range of possible numbers for the corresponding
samples.

Lanzarote Fuerteventura Gran Canaria Tenerife Gomera La Palma El Hierro Madeira

No. samples collected 20 4 90 90 83 30 27 25
ISSR analysis (sum) 4 4 80 79 83 30 27 13
M. varia 4 4 20 18–31 0–83 0–1 3 13
M. helianthemifolia — — 1 — — — — —
M. leucantha — — 2 — — — — —
M. pineolens — — 10 — — — — —
M. lanata — — 11 — — — — —
M. tenuis — — 13–22 — — — — —
M. benthamii — — 14–23 — — — — —
M. lachnophylla — — — 3 — — — —
M. lasiophylla — — — 5 — 3–12 — —
M. teneriVae — — — 6 — — — —
M. hyssopifolia — — — 34–47 — — 24 —
M. lepida — — — — 0—83 — — —
M. herpyllomorpha — — — — — 17–27 — —

cpDNA analysis (sum) 3 4 11 14 7 11 7 4
M. varia 3 4 0 3 0–7 0–1 1 4
M. helianthemifolia — — 1 — — — — —
M. leucantha — — 2 — — — — —
M. pineolens — — 2 — — — — —
M. lanata — — 1 — — — — —
M. tenuis — — 3–4 — — — — —
M. benthamii — — 1–2 — — — — —
M. lachnophylla — — — 2 — — — —
M. lasiophylla — — — 2 — 3 — —
M. teneriVae — — — 1 — — — —
M. hyssopifolia — — — 6 — — 6 —
M. lepida — — — — 0–7 — — —
M. herpyllomorpha — — — — — 7 — —

FPS2 analysis (sum) 3 4 11 20 2 9 2 4
M. varia 3 4 0 4 0–2 0 0 4
M. helianthemifolia — — 0 — — — — —
M. leucantha — — 1 — — — — —
M. pineolens — — 2 — — — — —
M. lanata — — 2 — — — — —
M. tenuis — — 4–5 — — — — —
M. benthamii — — 1–2 — — — — —
M. lachnophylla — — — 5 — — — —
M. lasiophylla — — — 3 — 1 — —
M. teneriVae — — — 4 — — — —
M. hyssopifolia — — — 4 — — 2 —
M. lepida — — — — 0–2 — — —
M. herpyllomorpha — — — — — 8 — —
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BLASTed (Altschul et al., 1997) on the Arabidopsis
genome. Primers were designed for regions that covered
about 1000 bp on the Arabidopsis genome and were
Xanked by regions homologous to strings of one EST. In
total we tested Wve regions for which the FPS2 (Mentha
mRNA: gi14488052; Lange et al., 2000) turned out to be
the most applicable because of the lower length variability
and the relative high amount of point mutations found in
the pairwise comparison in the Wrst experiments. We iden-
tiWed ca. 2000 bp of this sequence in Micromeria, of which
we used a ca. 600 bp section for comparative sequencing
(Fig. 2). AmpliWcation was performed using the primers
900F (CAT GAG CAA TGC RCA AGC AAC) and
1565R (CCM AAG GTT GGT ATG ATT GCC) accord-
ing to the following temperature proWle: 1£ 94 °C 1,5 min;
35£ 94 °C 1 min; 54 °C, 1 min; 72 °C, 1 min; 1£ 72 °C
1 min. The resulting PCR products were sequenced
directly using the same primers as for PCR.

2.4. ISSR Wngerprints

Inter simple sequence repeat PCR (ISSR) was per-
formed in accordance with available published protocols
(e.g. Gupta et al., 1994; Martin and Sánchez-Yélamo,
2000) using 10 diVerent 3�-anchored primers. In each case,
two primers were used together in one reaction to increase
Fig. 2. MP analysis of the cpDNA dataset (A) and FPS2 (B). Shown is one of 192 shortest trees (A) and the shortest tree (B). Branches that collapse in the
strict consensus tree are marked dashed. Bootstrap values >50 are indicated below branches. Only one example for equal sequences was included in the
analysis. In this case either the number of samples for which a sequence was found is given after the respective species name, or names are summarized by

A B
brackets, in case of sequences that had been found in diVerent species or diVerent islands.
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the number of fragments (Table 3). The PCR was opti-
mized for each reaction with respect to the annealing tem-
perature, the amount of DNA, and the amount of primers
used. For all primers, a concentration of 0.8 �M proved to
be optimal while using 1 �l DNA solution in a 50 �l total
reaction volume. Annealing temperatures were set accord-
ing to Table 3. AmpliWcation was carried out with the fol-
lowing protocol: (1) 94 °C for 2 min, (2) 35 cycles with
94 °C for 1 min, speciWc annealing temperature for 1 min,
72 °C for 1 min, and (3) a terminal extension phase at
72 °C for 5 min. For fragment separation 6% Poly(NAT)
Wide Mini S-2x25 Gels (Fa. Elchrom) were used. Fifteen
microliters of the PCR solution were loaded and the frag-
ments were separated within 240 min at 100 V in an elec-
trophoresis chamber with 30 cm gel length. As a size
standard, a mixture between 100 bp ladder and 20 bp lad-
der (Fa. Promega) was used. The DNA was stained 1 h in
ethidiumbromide solution (100 �g/l), and subsequently
destained with water several times. Fragments of length
between 150 and 1000 bp were scored. Fragment lengths
were determined with the program ONE-Dscan 1.0 (Scan-
alytics) under manual control and data were converted
into a 0/1-matrix, scoring the fragments as diallelic. This
matrix was used for distance analysis.

2.5. Phylogenetic and distance analysis

Sequences were aligned manually. A gap in a sequence
was inserted when it was more parsimonious under the
assumption of equal weight for a gap and a point mutation.
Indels were coded as an additional binary character (Sim-
mons and Ochoterena, 2000) in a separate matrix which
was attached at the end of the sequence alignment before
creating the nexus Wle. Poly-A or poly-T length polymor-
phisms were coded as a single state for each observed num-
ber of repeated bases. The resulting data matrix was
subsequently analysed using PAUP version 4.0b10 (Swo-
Vord, 2002) as described previously (Meimberg et al., 2000,
2001). All heuristic searches were carried out using random
addition (10 replicates), tree-bisection-reconnection (TBR)
branch swapping, with the Collapse option in eVect and

Table 3
ISSR primers used in this study

Two primers were included in one PCR to increase the number of frag-
ments. The annealing temperature (Tm) is shown for this reaction, as well
as the number of scored fragments.

Primer Sequence 5�–3� Tm (°C) No. fragments

1 I-CT9G CTCTCTCTCTCTCTCTCTG 57 82
I-GAC5C GACGACGACGACGACC

2 I-GA8C GAGAGAGAGAGAGAGAC 53 50
I-CA9G CACACACACACACACACAG

3 I-AC9G ACACACACACACACACACG 55 73
I-AC9C ACACACACACACACACACC

4 I-ACG5G ACGACGACGACGACGG 57 60
I-ACG5C ACGACGACGACGACGC

5 I-TCG5G TCGTCGTCGTCGTCGG 57 56
I-TCG5C TCGTCGTCGTCGTCGC
saving multiple trees (MulTrees). Ensemble consistency
(CI; Kluge and Farris, 1969) and retention indices (RI; Far-
ris, 1989) were determined after exclusion of uninformative
positions. Bootstrap values from 1000 replicates were calcu-
lated using the same settings as for heuristic searches (Fel-
senstein, 1985). Strict consensus trees were constructed
from all most parsimonious trees. The sequences reported
in this study are available from GenBank (Accession Nos.
DQ640403–DQ640475; previously generated trnK
sequences that had been used as outgroup are published
under gi58045273 and gi58045291; Bräuchler et al., 2005).
Sequence matrices used in this study and corresponding
trees and are available in TreeBase. To assess character
congruence between the cpDNA and the FPS2 data set a
partition homogeneity test (Farris et al., 1995) as imple-
mented in PAUP 4.0b10 (SwoVord, 2002) was performed
with the same heuristic search settings as used in the phylo-
genetic analysis. The test included 1000 replicates with a
maxtrees setting of 100 per replicate.

Distance analysis of the ISSR 0/1-matrix was performed
with the software package NTSYSpc (Applied Biostatistics,
2002), using the Dice coeYcient and the Jaccard coeYcient,
as implemented in NTSYSpc, or the Nei–Li distance model
(Nei and Li, 1979), as implemented in PAUP. The Nei–Li
distance model corresponds to the Dice coeYcient
(NTSYSpc manual) and comparison between both meth-
ods revealed only minor diVerences in the subsequent anal-
ysis. No diVerences were observed using the Dice or Jaccard
coeYcient, so only the results of the Dice coeYcient dis-
tance matrix are shown. The distance matrix was used for
UPGMA and neighbor joining or principle component
analyses (PCoA). PCoA was performed using the double
center, eigenvalue procedure as implemented in NTSYSpc.

3. Results

3.1. Analysis of cpDNA sequences

CpDNA sequences were determined for 61 samples,
including multiple samples from 13 species. The data
matrix included the entire trnK intron and the spacer
between trnT and trnL; in total about 3000 bp. The trnL
intron and the spacer between trnL and trnF were less vari-
able (data not shown), and not used in this study. The align-
ment consisted of 28 diVerent cpDNA haplotypes including
three outgroup taxa M. fontanesii Pomel, Satureja montana
L. and Satureja spicigera (Koch) Boiss. Of these, 18 haplo-
types were unique for a single sample, four haplotypes were
found in several samples from the same species from one
island, and three haplotypes were found in more than one
species, including two of them in diVerent species from
diVerent islands. Samples of M. varia subsp. rupestris from
Lanzarote and Fuerteventura had equal sequences with
samples assigned to M. lanata, M. tenuis, M. benthamii and
M. pineolens from Gran Canaria as well as 19 samples from
six species from Tenerife, La Palma, El Hierro and
Madeira.
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The alignment consisted of 2983 positions, 10 of those
referring to the coded indels. Sequence variation was very
low, only 67 positions were variable and of these only 33
were informative. For the ingroup only 11 characters were
informative and, of these, four were length polymorphisms.
MP analysis resulted in 128 shortest trees of 72 steps with
CID 0.958 and RID 0.961 (Fig. 2A).

In the cpDNA phylogeny two major clades were indi-
cated, one containing all samples from the eastern islands
Lanzarote, Fuerteventura and Gran Canaria (bootstrap
support, btsD82). Further resolution in this clade was low
and only weakly supported. The other clade contained the
samples from the western islands Tenerife, La Palma and El
Hierro together with those from Madeira, although this
grouping was only weakly supported by one length poly-
morphism and was not supported by bootstrap analysis.
Samples from Gomera were assigned to both clades.

3.2. Analysis of FPS2 sequences

FPS2 sequences had been determined for 120 samples by
direct sequencing of the PCR product. As expected for a
nuclear low copy gene, several samples of FPS2 were het-
erozygous. These samples were excluded from the analysis,
so only 61 samples with homozygous sequences were con-
sidered. The alignment consisted of 19 diVerent sequences
including S. montana L. and M. inodora (Desf.) Benth. from
Morocco as outgroup taxa. From the 17 ingroup sequences,
eight sequences only existed in a single sample and six
sequences were found in multiple individuals from one spe-
cies on the same island. Equal sequences were found in M.
pineolens and M. benthamii from Gran Canaria and M.
varia from Lanzarote and Fuerteventura. One sequence
was found in 21 samples representing Wve diVerent species
from the western islands Tenerife, La Palma, El Hierro and
Gomera as well as Madeira. The alignment consisted of 549
positions. Of these, 453 were constant, 96 variable but unin-
formative and 20 parsimony informative. Within the
ingroup, 10 positions were parsimony informative. No
length polymorphisms were observed in the ingroup, so no
indels were coded. The region investigated was formed by 3
exons of 46–90 bp length and 2 introns of 77–225 bp length.
From a third intron, 35 bp were determined. Exon regions
(210 bp in total) with 12 positions (5.7%) showed a lower
variability than intron regions (359 bp in total) with 62
positions (17.3%). Considering only the ingroup, this diVer-
ence was smaller with Wve positions (2.4%, one informative
position) in the exons and 20 (5.6%, nine informative posi-
tions) in the introns. MP analysis of this dataset resulted in
one shortest tree of 80 steps with a CID0.988 and a
RID0.947 (Fig. 2B).

As in the cpDNA phylogenetic reconstruction, the sam-
ples appear to form a monophyletic group, albeit with low
support by bootstrap analysis (btsD 59). The internal reso-
lution of the FPS2 dataset is lower. The only major clade
contained all samples from Gomera, La Palma, El Hierro
and Madeira, and the majority of samples from Tenerife,
except the high altitude desert taxa (btsD 56). M. teneriVae,
was indicated as neighbor group to the rest of the members
of this clade (btsD54).

A combination of the cpDNA and FPS2 datasets was
possible with 21 samples represented in both matrices.
These 21 samples exhibited 14 diVerent combined cyto-
nuclear haplotypes. The partition-homogeneity test (Farris
et al., 1995) as implemented in PAUP was not signiWcant
(PD0.33) so both matrices did not show a signiWcant
incongruence, though it has to be considered that the low
number of informative positions in the sequencing datasets
could diminish the power of detecting incongruencies. The
combined analysis using a combined sequence from M. fon-
tanesii and M. inodora as outgroup resulted in six most par-
simonious trees with the length of 50 steps and a CID0.818
and an RID0.907. The consensus tree provided no addi-
tional support for the respective clades. All internal nodes
were supported by synapomorphies of only one of the sin-
gle matrices, so bootstrap support was not increased. Sam-
ples from the western islands formed a monophyletic
group, supported by two synapomorphic indels from the
cpDNA dataset and were further subdivided, with M. lasio-
phylla and M. lachnophylla from Tenerife and M. teneriVae
as subsequent sisters to the rest of the samples from the
western islands by apomorphies from the FPS2 dataset.
For the samples from the eastern islands, only one clade
was indicated in the consensus tree, which was supported
exclusively by synapomorphies from the cpDNA dataset.
Combining the cpDNA and FPS2 sequences did not result
in further resolution of this clade, probably due to the
reduced number of samples. As this analysis did not pro-
vide additional support or new information, the phyloge-
netic reconstruction is not shown. Nevertheless, among
samples that were included in both matrices, equal
sequences in all loci were shown by a sample from El
Hierro, La Palma and Madeira and by samples from Fuert-
eventura and Lanzarote.

3.3. ISSR Wngerprint analysis

In total ISSR Wngerprints of about 400 samples were
investigated. Samples yielding poor ampliWcation products
were excluded from the analysis. The 0/1 matrix from
Wngerprint pattern was constructed from 324 samples.
ISSR ampliWcations using 10 primers in Wve reactions gen-
erated 321 diVerent fragments (Table 3). Of these frag-
ments, 304 were observed in more than one sample. Using
the Dice or Jaccard CoeYcient and UPGMA or Neighbor
joining led to similar results, so only UPGMA from a Dice
coeYcient distance matrix is shown (Fig. 3).

In the UPGMA, nearly all samples of one island clus-
tered together and all species found on more than one
island (M. varia, M. hyssopifolia and M. lasiophylla) were
grouped within the cluster of samples of the respective
island. Accordingly, no fragments could be found that were
shared by these species in samples from diVerent islands.
However, fragments supporting clusters for samples from
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the single islands were identiWed. Closer similarities
between the clusters of one island were obvious among the
samples from Tenerife, El Hierro and La Palma on the one
hand and Gran Canaria, Fuerteventura and Lanzarote on
the other. The latter two showed very high similarities to
each other. Samples from Madeira were positioned closer
to the Wrst group of clusters than to the group containing
the samples from Gran Canaria. Only Micromeria from
Gomera formed two distinct clusters: one (55 samples)
positioned between the samples from La Palma and the
samples from Tenerife and the other (26 samples) posi-
tioned next to the samples from Lanzarote and Fuerteven-
tura and from Gran Canaria.

Single species from the islands were only weakly sepa-
rated from each other in the single clusters (Fig. 3). The best
division was achieved between the samples from Gran
Canaria. Here, the single species formed subclusters, even if
some were not distant from each other (Fig. 4). The most
clearly delimited cluster was formed by the samples of
M. pineolens. From Tenerife only samples of M. teneriVae,
M. lasiophylla and M. lachnophylla clustered together.
M. varia and M. hyssopifolia are grouped in a single cluster
Fig. 3. UPGMA of dice similarities of ISSR Wngerprinting patterns of Micromeria of the Canary Islands and Madeira in comparison to species assignment
of the samples and origin. For samples which could not have been identiWed unambiguously the names of the species they could be assignable to are given.
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that showed no obvious separation according to the diVer-
ent species. Samples of M. teneriVae represented a cluster
which was divided from all other samples from Tenerife.

In El Hierro, a division between the three samples of
M. varia and the samples from M. hyssopifolia could be rec-
ognized, while in La Palma samples from diVerent species
did not form recognizable major cluster.

4. Discussion

In this study, we performed a survey of genetic similari-
ties using ISSR Wngerprints and comparative sequencing of
chloroplast and nuclear loci. In all datasets we observed a
split between the “eastern” islands Fuerteventura, Lanza-
rote and Gran Canaria and the “western” islands Tenerife,
La Palma and El Hierro. We identiWed two lineages of
Micromeria in Gomera but all other islands appear to be
colonized by a single lineage.

4.1. Colonization pattern in macaronesia

As indicated by the cpDNA phylogeny, there is strong
support for the hypothesis that Micromeria from the
Canary Islands and Madeira are monophyletic. With the
exception of M. forbesii Benth. from the Cape Verde
Islands, the Macaronesian Micromeria form a closely
related group that exhibits sequences with low divergence.
As revealed by a recent comparative sequence analysis, the
closest relatives of this Macaronesian clade are M. fontane-
sii and M. inodora from NW Africa and the Balearic
Islands, so colonization started probably from the western
Mediterranean or NW Africa (Bräuchler et al., 2005).
Fig. 4. Comparison of the distance analysis of ISSR Wngerprints of samples from Gran Canaria (left) and samples from Tenerife (right), shown as PCoA—
plot. Top two panels show three dimensionals, the bottom panels show two.
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Results from this study support a division of individuals
of Gran Canaria and Lanzarote/Fuerteventura from the
rest of the islands. Representatives of both lineages can
only be found in Gomera. The assignment of samples from
the “eastern” islands to one monophyly and the ones from
the “western” to another can be interpreted as a coloniza-
tion of the archipelago after the appearance of the major
islands (at least Gran Canaria and Tenerife). The islands of
Lanzarote and Fuerteventura are assumed to be the oldest
islands of the archipelago, followed by Gran Canaria.
Chloroplast DNA haplotypes from Lanzarote and Fuert-
eventura were equal to haplotypes found on Gran Canaria
so they represent a subset of haplotypes from Gran Cana-
ria, rather than a unique evolutionary lineage. Further-
more, the samples from Lanzarote and Fuerteventura were
very similar to each other in respect to their ISSR
Wngerprinting pattern and sequences. A stepwise coloniza-
tion from east to west is therefore not supported by the
ISSR dataset.

In the FPS 2 as well as in the cpDNA dataset, samples
from Gomera, La Palma, El Hierro and Madeira are para-
phyletic to samples from Tenerife, with some samples of all
these islands and Tenerife exhibiting the same sequence.
This pattern indicates that a colonization of these islands
was starting from Tenerife and Madeira, about 5 Ma old,
had been colonized from one of the younger Canary
Islands. As summarized in Trusty et al. (2005), this dis-
persal route had been identiWed so far for six taxa: Aeonium
(Mort et al., 2002; FairWeld et al., 2004) Convolvulus (Carine
et al., 2004), Crambe (Francisco-Ortega et al., 2002), Peri-
callis (Panero et al., 1999), Sonchus (Kim et al., 1996) and
Bystropogon (Trusty et al., 2005). On the contrary, the Cape
Verde Islands have been colonized by representatives of
another lineage, so Micromeria forbesii is part of a neigh-
boring group to all Micromeria from the Canary Islands
including Madeira (Bräuchler et al., 2005).

4.2. Adaptive radiation, inter island colonization and 
hybridization

When islands exist in close proximity as they do in the
Canary Archipelago, inter-island colonization is very likely.
To date, inter-island colonization and ecological shift
within one monophyletic group appear to be of similar
importance in explaining the evolution of endemic species
on the Canary Islands (summarized in Trusty et al., 2005).
In our study, inter-island colonization within either the
western islands or the eastern islands is consistent with the
sequence datasets. However, the ISSR analysis supports the
hypothesis that all islands except Gomera have been colo-
nized by a single lineage.

ISSR Wngerprint patterns as co-dominant markers are
strongly inXuenced by hybridization events (Wolfe et al.,
1998). It is feasible that the genetic similarities derived from
the ISSR analysis reXect patterns of introgressions that led to
a homogenization of the genotypes of diVerent Micromeria
species on one island. Introgressions had been proposed by
Herben et al. (2005) as an explanation for the Wnding that
most investigated taxa on the Canary Islands appear to have
evolved after a single dispersal event to the islands, despite
the great age of the islands and their relatively close proxim-
ity to the African coast. Herben et al. (2005) suggested that
multiple colonizations of the Canary Islands could remain
undetected in phylogenetic analyses, because of hybridization
between arriving individuals with earlier established popula-
tions. Such a mechanism is also feasible for inter island colo-
nization and could lead to the high genetic similarity of
species of Micromeria on a single island.

Natural interspeciWc hybrids are recognized for Microm-
eria on several Canary Islands (Pérez de Paz, 1978) and we
observed intermediate forms for some of the species where
they grow together (e.g. M. lanata and M. benthamii on
Gran Canaria and M. varia and M. teneriVae on Tenerife).
Also the occurrence of equal cpDNA haplotypes in diVer-
ent species from the same as well as diVerent islands indi-
cates some degree of introgression between islands. On the
other hand, the samples from Gomera fall within two dis-
tinct groups in the analyses, so there appears to be repro-
ductive isolation between these populations, although we
failed to diVerentiate between species in most of these sam-
ples. In addition, M. pineolens and M. leucantha are very
similar in their ISSR Wngerprint patterns to M. benthamii
or M. tenuis and grow together in near proximity. However,
M. pineolens and M. leucantha are very diVerent from
M. benthamii or M. tenuis morphologically and intermedi-
ate forms were not observed. The same applies to M. varia
in Gran Canaria and the high altitude species M. lasiophy-
lla and M. lachnophylla on Tenerife. In addition, in Gran
Canaria the single species can be diVerentiated to some
extent by the similarity analysis, so at least in some cases
species speciWc bands are present in the matrix.

Our data support a high amount of insular radiation
after a single colonization event as primary evolutionary
force that led to the high diversity of Micromeria on the
Canary Islands. However, our FPS 2 results are still prelim-
inary because they do not include subcloned sequences, and
thus, an identiWcation of all alleles of this locus within the
single species. In addition, the amount of gene Xow between
species that may inXuence the pattern we have observed
could not be conclusively estimated. In this context, we are
currently working on an intensive comparative study on the
FPS 2 locus, including about 1200 bp of subcloned PCR
product, as well as ongoing analysis of a microsatellite
dataset. With identiWcation of the alleles occurring in the
diVerent species, we hope to determine if alleles that could
be remnants of early diversiWcations exist in the samples,
and introgressions led to a homogenization of genetic simi-
larities. This would be of particular interest for M. varia,
which could be considered an ancient taxon indicated by its
wide distribution. With this approach we also want to ver-
ify the phylogenetic position of M. teneriVae, which is indi-
cated in the FPS2 dataset with low support as neighbor
group to samples from Tenerife, Gomera, La Palma, El
Hierro and Madeira and is forming a cluster slightly
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separated from the remaining Tenerife samples in the ISSR
analysis.

4.3. Taxonomic implications

Distance analysis of ISSR Wngerprints showed a higher
amount of interspeciWc diVerentiation within samples from
Gran Canaria than from samples from Tenerife, these
being the two islands with the highest diversity of Microme-
ria species. Considering the morphological distinctness, the
most clearly deWned taxa according to the revision of Pérez
de Paz (1978) are M. pineolens and M. leucantha from Gran
Canaria which have been placed in their own section Pine-
olentia. M. pineolens is characterized by a shrubby habit
(up to 80 cm), ovate, densely pubescent leaves exceeding
10 mm and large pink Xowers (10–15 mm). M. leucantha is
an ascending shrublet up to 20 cm, with leaves grouped
towards the tip of the branchlets and large typically white
Xowers (15–20 mm). Both species are local endemics in the
northwestern part of Gran Canaria and show diVerent eco-
logical preferences, M. pineolens occurring exclusively in
the humid pine forest and M. leucantha being part of the
coastal low land scrub where it is found predominately on
sun exposed cliVs. Our molecular data indicate close rela-
tionships to other taxa from Gran Canaria, so the sectional
status seems not justiWed.

In Gran Canaria several taxa are morphologically dis-
tinct from M. varia. M. benthamii, a twiggy shrublet with
erect or ascending branchlets, pubescent leaves and Xowers
of medium size (7–10 mm) is found in the central parts of
Gran Canaria (600–1900 m). Similar to M. benthamii is
M. tenuis with slightly smaller Xowers (5–6 mm), pubescent
leaves and pedunculate cymes that are longer than the
leaves. This taxon occurs on dry slopes in the lower zone of
Gran Canaria. M. lanata a species of the higher parts in
central Gran Canaria is distinguished from all other taxa
by its narrow elliptical, white-woolly leaves and very small
Xowers (2–4 mm). The ISSR Wngerprint analysis showed
these species as slightly delimited from each other, so the
results are not contradictory to their status as species.

On Tenerife species are less well characterised. The most
widespread taxon on this island is M. hyssopifolia, which
occurs in the coastal region as well as in the humid laurel
forest, Fayal-Brezal and pine forest from sea level up to
2000 m, as well as in El Hierro. It is diYcult to separate this
species from M. varia subsp. varia which is found on the
coastal zone of northern Tenerife. Both taxa have linear to
lanceolate, needle-like leaves with slightly revolute border,
very small Xowers (3–4 mm) and short pedunculate or ses-
sile cymes. Considering the weak morphological diVerences
between M. varia and M. hyssopifolia the species status is
doubtful. Our molecular data also fail to support a species
status for the high altitude species M. lachnophylla from
Tenerife and M. lasiophylla from Tenerife and La Palma.
The ISSR Wngerprint analysis showed high genetic similar-
ity to samples from other species on the respective island
and no closer relationships between samples from M. lasio-
phylla on Tenerife and La Palma. Both species are perhaps
ecotypes of M. hyssopifolia or M. herpyllomorpha (La
Palma) respectively.

A morphologically distinct species is M. teneriVae, which
is a procumbent shrublet with opposite, suborbicular to
cordate, glabrous leaves and small Xowers (3–5 mm).
M. teneriVae is restricted to the southern slopes of the
Anaga mountains one of the two older parts of Tenerife
(4 Ma; Ancochea et al., 1990; Guillou et al., 2004), recently
referred to as paleoislands (Trusty et al., 2005). It has been
stated that M. teneriVae as well as the restricted endemics
M. glomerata, and M. rivas-martinezii might be ancient
relicts from these older parts from Tenerife. In the ISSR
analysis M. teneriVae is forming an own cluster which could
support the status as species

Samples from Gomera were the only ones that fell in two
clearly separated clusters in all of our analyses, so the
occurrence of at least two diVerent species on this island
can be supported. M. lepida is characterized by lax inXores-
censes and peduncles and pedicels longer than the leaves.
Additionally M. varia with typical small Xowers and inXo-
rescences with short peduncled verticillasters occurs
between 200–800 m in various parts on Gomera.

Micromeria varia, the possible progenitor of this radia-
tion is distributed in the drier parts of each island of the
archipelago, including Madeira. Within M. varia various
subspecies have been described for diVerent islands which
are characterized by similar leaf shape, indumentum, and
small Xowers (Pérez de Paz, 1978), but slightly diVerent
concerning habit, calyx and corolla length. According to
our analysis, samples of this species are polyphyletic and
more closely related to the other species from the respective
island than to conspeciWc taxa on other islands. Some of the
characters may represent pre-adaptations to this xeric habi-
tat. In this case they would resemble the ancient state of the
progenitors that originally settled the archipelago. As a
consequence, colonization of new islands would have been
initiated repeatedly from dry lowland habitats. In this case
the status as species would be justiWed and M. varia would
be the progenitor of the radiation on the single islands.
However, with the exception of El Hierro, samples assigned
to M. varia are embedded within the clusters of the respec-
tive island in the ISSR analysis, so this scenario is not sup-
ported by our results. However, the resolution of our
datasets is too low to decide between these scenarios, so
further research is needed.
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