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a b s t r a c t
The four red-ﬂowered, apparently bird-pollinated Lotus species from the Canary Islands have previously
been classiﬁed in their own genus, Rhyncholotus. Currently, they are considered as a separate section
within genus Lotus, distinct from other herbaceous Canarian congeners which are yellow-ﬂowered and
bee-pollinated. A combined analysis of four nuclear regions (including ITS and three homologues of
CYCLOIDEA) and three plastid regions (CYB6, matK and trnH-psbA) nests the four bird-pollinated species
within a single extant species of bee-pollinated Lotus (L. sessilifolius), in a very extreme example of species
paraphyly. Therefore, our data compellingly support the hypothesis that the Macaronesian Lotus species
with a bird pollination syndrome are recently derived from entomophilous ancestors. Calibration of the
phylogenetic trees using geological age estimates of the most recent islands (La Palma and El Hierro)
together with oldest ages of Fuerteventura indicates that bird pollination evolved ca. 1.7 Ma in the Canarian Lotus. These four bird-pollinated species share a most recent common ancestor (MRCA) with L. sessilifolius that dates to about 2.2 Ma. Our analyses further suggest that the evolution of the bird pollination
syndrome was likely triggered by the availability of new niches in La Palma and Tenerife as a result of
recent volcanic activity.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
The phytogeographic region of Macaronesia consists of ﬁve volcanic archipelagos (Azores, Madeira, the Salvage Islands, the Canary Islands and Cape Verde) as well as a region of the African
mainland (southern Morocco and the former Spanish West Africa)
known as the ‘‘Macaronesian enclave’’ (Fig. 1) (Peltier, 1973; Sunding, 1979). The Macaronesian ﬂora has a high degree of endemism, 20% overall (Humphries, 1979) and 40% in the Canary
Islands alone (Santos-Guerra, 1999). It also has a broad range of
altitudinal zones (0–3700 m), island ages (0.8–21 Ma) and distances from main continental areas of Europe or Africa, with the islands ranging from 95 to 1600 km (Carracedo, 1994; Carracedo
et al., 2002; Humphries, 1979).
Bird pollination is reported in this region for at least 11 endemic
plant species from six genera: Canarina and Musschia (Campanulaceae), Isoplexis (Scrophulariaceae), Echium (Boraginaceae), Lotus
(Leguminosae) and Navaea (Malvaceae). These species possess sev⇑ Corresponding author. Address: The Biodiversity Research Centre and Department of Botany University of British Columbia, Room 3529, 6270 University Blvd,
Vancouver, Canada V6T 1Z4. Fax: +1 604 822 2016.
E-mail address: isidro@interchange.ubc.ca (I. Ojeda).
1055-7903/$ - see front matter Ó 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2011.10.001

eral features associated with opportunistic nectar-feeding birds,
including red–orange ﬂowers, abundant dilute nectar, diurnal
anthesis, extended ﬂower life span, and loss of scent and landing
platform (Dupont et al., 2004; Olesen, 1985, 1988; Olesen and
Valido, 2003a; Ollerton et al., 2009; Rodríguez-Rodríguez and
Valido, 2008; Valido et al., 2004).
Recent studies have suggested at least ﬁve passerine birds, the
Canarian chiffchaff (Phylloscopus canariensis), the blue tit (Parus
teneriffae), the Sardinian warbler (Sylvia melanocephala), the canary
bird (Serinus canarius) and chafﬁnch (Fringilla coelebs), as the main
pollinators of these species (Ollerton et al., 2009; Rodríguez-Rodríguez and Valido, 2008; Sletzer, 2005; Valido et al., 2002). Despite
the relatively large number of lineages with a bird pollination syndrome in this region, to date there are only four studies that
unequivocally demonstrate the role of these opportunistic nectar
feeders as effective pollinators, speciﬁcally in Isoplexis, Canarina
and Navaea (González and Fuertes, 2011; Ollerton et al., 2009;
Rodríguez-Rodríguez and Valido, 2008, 2011). In the remaining
groups only nectar foraging observations have been reported.
Several hypotheses have been suggested to explain the origin
and maintenance of this pollination syndrome in Macaronesia:
(1) the ‘‘de novo specialist’’ hypothesis states that presumably
extinct specialist nectarivorous birds on the islands exerted
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Fig. 1. Geographical distribution of Lotus section Pedrosia and rhyncholotus in the ﬁve Atlantic volcanic archipelagos of the Macaronesian region (Madeira, Azores, the Salvage
islands, the Canary Islands and Cape Verde islands), Europe and Africa. In each archipelago, we indicate the no. of species/no. of endemic species. The age of each Canarian
island after emergence was taken from Carracedo et al. (2002). The phytogeographic region of Macaronesia is indicated by dashed lines, including a portion of the Africa
mainland denoted as the ‘‘Macaronesian enclave’’ (Peltier 1973; Sunding 1979; Kim et al. 2008).

selective pressures on the ﬂowers, followed by their further maintenance by opportunistic birds after the extinction of the specialist
birds (Olesen, 1985; Vogel et al., 1984); (2) the ‘‘relict’’ hypothesis
suggests that the selection and evolution took place in mainland
areas before the plant taxa colonized the islands, once in the islands the specialist bird was replaced by non specialist nectarivorous passerines (Valido et al., 2004); (3) the ‘‘de novo opportunistic’’
hypothesis suggests that the ﬂoral traits observed in these species
evolved in the islands under the selective pressure of current
opportunistic birds (Dupont et al., 2004; Valido et al., 2004).
To date, evidence from Navaea (González and Fuertes, 2011),
Canarina (Fuertes-Aguilar et al., 2002) and Isoplexis (Bräuchler
et al., 2004; Rodríguez-Rodríguez and Valido, 2008) suggests that
these ﬂoral features are plesiomorphic and may be relictual.
Bird-pollinated species in these genera do not have derived positions within their respective phylogenies. It is therefore likely that
the evolution of these ﬂower features occurred on the mainland
before the colonization of Macaronesia. However, in the remaining
cases (Lotus, Muschia and Echium) this is still unresolved (Valido
et al., 2004) and it is unknown when these ﬂower features evolved
within these groups. Bird-pollinated Echium (Böhle et al., 1996;
Dupont and Skov, 2004; Valido et al., 2002) and Lotus (Allan
et al., 2004) have derived positions within entomophilous clades
and this may indicate a recent origin in the Canary Islands. Due
to incomplete sampling and the low resolution of the internal
transcribed spacer (ITS) used in previous studies in Lotus
(Allan et al., 2004; Degtjareva et al., 2006), it has not yet been
possible to determine unequivocally the phylogenetic origin of bird
pollination or the most closely related entomophilous species.

1.1. Bird-pollinated Macaronesian Lotus
Bird pollination occurs in four species of Macaronesian Lotus
(Olesen, 1985; Ollerton et al., 2009; Valido et al., 2004). These
are normally placed in their own section Rhyncholotus, but we will
refer to them as the ‘‘rhyncholotus group’’ as our current analysis
does not support their status as a section (see Section 4). These
taxa have several ﬂoral traits associated with bird pollination,
including: large ﬂowers, great quantities of dilute nectar (mainly
composed of hexose sugars), red–orange ﬂower color, long-lived
ﬂowers, and upward ﬂower orientation (Dupont et al., 2004; Olesen, 1985; Ollerton et al., 2009; Valido et al., 2004). These species
are apparently pollinated by opportunistic nectar-feeders, and
two species (the Canarian chiffchaff and the blue tit) have been reported foraging on cultivated individuals of at least two of these
species (Ollerton et al., 2009; Sletzer, 2005).
The bee-pollinated species of section Pedrosia, together with
those of the bird-pollinated rhyncholotus group, represent an
example of an island radiation within Macaronesia. Currently,
Pedrosia and Rhyncholotus are recognized as a two separate sections within Lotus (Degtjareva et al., 2006; Sandral et al., 2006;
Valido et al., 2004), the former with about 36 species and the latter
with four species (Sandral et al., 2006). Previous studies have
addressed the morphology of Macaronesian Lotus (Degtjareva
et al., 2006; Sandral et al., 2006). The main diagnostic feature
common to both sections (Pedrosia s.l.) is the presence of a tooth
(also referred to as a ‘forked style’) on the ventral side of the style
(Kramina and Sokoloff, 1999). Rhyncholotus has been separated
from Pedrosia only on the basis of differences in the ﬂoral traits
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associated with bird pollination (Pérez de Paz, 1990; Sandral et al.,
2006). However, both groups have been variously merged as
Pedrosia s.l. (rhyncholotus + Pedrosia) (Allan et al., 2004), considered separate subgenera (Monod, 1980), or distinct genera
(Bentham, 1865; Christ, 1888; Kunkel, 1974).
Members of Pedrosia s.l. occur in a wide range of habitats ranging from rocky coast to mountain pine forest at an elevation above
2000 m. They are represented in all ﬁve archipelagos as well as in
mainland Africa and Europe (Sandral et al., 2006) (Figs. 1 and 2).
Species of Pedrosia s.l. are characterized by a high degree of endemism, and some of them are restricted to speciﬁc habitats within
one island. At least nine species within Pedrosia s.l. are endangered,
including the four rhyncholotus species (Bañares et al., 2004).
Previous analyses have not completely clariﬁed their relationships, and the current phylogenetic evidence suggests that the
entomophilous section Pedrosia is paraphyletic, with the rhyncholotus group of polyphyletic origin, embedded in one of the clades
within Pedrosia (Allan et al., 2004; Degtjareva et al., 2008; Degtjareva et al., 2006). The addition of morphology to the nrITS phylogeny in the most recent analysis of the group recovered
rhyncholotus as monophyletic (Degtjareva et al., 2006) within a
paraphyletic Pedrosia, but the relationships within Pedrosia s.l.
are generally still poorly resolved.
Our aims in this analysis are (i) to clarify the phylogenetic relationships within Pedrosia s.l. with special regard to determining the
sister group relationship of the bird-pollinated species and (ii) to
estimate the timing and ecological context of the origin of bird pollination in this group.
2. Materials and methods
2.1. Taxon sampling
Here, we analyze a nested series of three data sets with different
sample numbers and gene regions.
(1) ITS analysis. The nuclear ribosomal ITS region alone was
used in a preliminary analysis encompassing a very comprehensive sampling that represented almost every taxon or

population that has been recognized at the species level with
this group, with at least one sample per taxon. We also
included samples from populations that may represent
new species based on morphological and/or genetic evidence (Oliva-Tejera et al., 2005; Oliva-Tejera et al., 2006).
This sampling included 125 samples in total, 118 from the
ingroup, representing 38 described species, two subspecies,
one variety and three undescribed new species. We also
included 26 sequences from previous phylogenetic analyses
deposited in GenBank (Allan et al., 2004; Allan et al., 2003;
Degtjareva et al., 2008; Degtjareva et al., 2006) (Supplementary Information, Table S1).
(2) Four gene analysis. As a result of the previous analysis, a
smaller but representative subset of samples for each species was selected for more detailed analysis with more gene
regions. We included 54 samples (all newly collected for this
analysis) representing 38 species, two subspecies, one variety and one undescribed species within Pedrosia s.l. (Supplementary information, Table S2). This data set was analyzed
with four gene regions: one nuclear (ITS) and three plastid
(CYB6, trnH-psbA and matK). This data set was analyzed both
separately (nuclear or plastid only) and in combination.
(3) Six gene analysis. Finally, we analyzed a highly targeted data
set of 22 samples (21 from the ingroup); including all species most closely related to the rhyncholotus species. This
data set comprised six gene regions, four nuclear (ITS, Lotus
japonicus CYCLOIDEA 1, 2 and 3) and two plastid (trnH-psbA
and matK). CYB6 was not used in this analysis due to its lack
of variability. LjCYC1–3 are developmental genes involved in
petal identity in Lotus japonicus (Feng et al., 2006). CYCLOIDEA genes have been widely and successfully used for phylogenetic analyses (Hughes and Eastwood, 2006; MarténRodríguez et al., 2010; Ree et al., 2004; Smith et al., 2004;
Wang et al., 2004; Zhang et al., 2010). This data set was used
to determine the closest relatives of the bird-pollinated species. It comprises 15 species and includes several accessions
of the closest relatives that we identiﬁed in previous analyses (Supplementary information, Table S2).

Fig. 2. Geographical distribution of Lotus sections Pedrosia and rhyncholotus in the Canary Island archipelago, with the date of the oldest subaerial volcanism of each island
according to Carracedo et al. (2002). Species in bold are bird-pollinated species from the rhyncholotus group. No. of Lotus species/no. of endemic Lotus species are also given
on each island.
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Only three species (L. chazalei, L. tibesticus and L. loweanus) were
not available for this analysis. Lotus chazalei is distributed in the
coastal region of Mauritania, extreme SW Sahara and extreme
SW Morocco, L. tibesticus is an endemic from Chad and L. loweanus
is an endemic to the Island of Porto Santo, Madeira (Fig. 1). There is
strong morphological evidence that they are related to other
species in the analysis (L. tibesticus to L. jolyi, L. loweanus to the L.
argyrodes group and L. chazalei to the L. assakensis group), but not
to rhyncholotus (Sandral et al., 2006). Therefore, we do not believe
that their inclusion is critical for resolution.
2.2. Outgroup selection
We selected four species from section Lotus as an outgroup: the
model legume L. japonicus and three related species. This group
was chosen as some of the gene regions used in this analysis were
ﬁrst isolated and studied in detail in L. japonicus. Additionally, we
included two species from a different genus in the Loteae, Hosackia,
which occur only in North America and are much less closely related to the Macaronesian Lotus (Supplementary information, Tables S1 and S2).
2.3. DNA Extraction and sequence data analysis
Genomic DNA was extracted from either fresh leaves, silica gel
dried leaf material or voucher specimens (Supplementary information, Table S3) following a modiﬁcation of the cetyl-trimethylammonium bromide (CTAB) procedure (Doyle and Doyle, 1987).
In total, we sequenced and analyzed four nuclear and three plastid
regions.
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primers matKX and matK3.2 (Kress et al., 2005), respectively (Supplementary information, Table S3). Each locus was ampliﬁed, sequenced and the raw sequence data were imported to
Sequencher 4.1 for editing and combining of contig sequences.
Consensus sequences were imported to Se-Al ver. 1.0 (Rambaut,
1996) and aligned manually.
2.6. Phylogenetic analyses
Phylogenetic analyses were performed using maximum parsimony (MP), maximum likelihood (ML) and the Bayesian method.
Parsimony analysis was conducted using PAUP ver. 4.0b10
(Swofford, 2001) assuming unordered characters and equal character weighting. A heuristic search strategy with 10, 000 random
stepwise-addition replicates, TBR branch-swapping, and MULTREES option was used. Branch support was analyzed with bootstrap (Felsenstein, 1985) using a simple addition sequence and
1000 replicates, with each replicate using the same tree search
parameters as used in the MP analysis.
Additionally, we also analyzed the same data sets using maximum likelihood as implemented in Garli Version 1.0 (Zwickl,
2006) and Bayesian analysis using Mr. Bayes (Huelsenbeck and
Ronquist, 2001; Ronquist and Huelsenbeck, 2003). The best-ﬁt
model for each region was determined using jMODELTEST ver.
0.1.1 (Posada, 2008). We used the GTR + G + I; lset nst = 6 rates = invgamma and the HYK models. Bayesian analyses were run
using four Monte Carlo chains, a random tree as a starting point,
sampling every 1000 generations, and continuing for 5,000,000
generations. ML analyses with Garli were run using the same
two models mentioned above with stepwise staring tree topology,
two search replicates and 100 bootstrap replicates.

2.4. Nuclear regions

2.7. Dating the origin of bird pollination

The ITS region was ampliﬁed (30 cycles of 96 °C for 1 min, 49 °C
for 1 min, 72 °C for 1 min) using primers 4 and 5 (White et al.,
1990). We included three homologues of the CYCLOIDEA gene from
L. japonicus. Lotus japonicus CYCLOIDEA1 (LjCYC1) was ampliﬁed
(95 °C for 2 min, 30 cycles of 94 °C for 30 s, 55 °C for 1 min and
72 °C 2 min, and 72 °C for 2 min) using a combination of two speciﬁc and two general primers.
The region that encompasses the TCP domain was ampliﬁed
using CYC.1.1F and LEGCYCR1 and the region with the R domain
using LEGCYCF and CYC1.1R.
LjCYC2 was ampliﬁed either using a combination of two speciﬁc
primers LC2.1F and LC2.1R (95 °C for 2 min, 30 cycles of 94 °C for
45 s, 50–57 °C for 1 min and 72 °C 2 min, and 72 °C for 2 min), or
a combination of LC2.1F and LEGCYCR for the region that includes
the TCP domain and LEGCYCF and LC2.1R for the region that includes the R domain (95 °C for 2 min, 30 cycles of 94 °C for 45 s,
55 °C for 1 min and 72 °C 2 min, and 72 °C for 2 min).
LjCYC3 was ampliﬁed with two primer combinations. The region
including the TCP domain was ampliﬁed (95 °C for 2 min, 30 cycles
of 94 °C for 30 s, 45 °C for 1 min and 72 °C 2 min, and 72 °C for
7 min) using the primers CYC3.2F and LEGCYCR1 (Citerne et al.,
2003); the region that contains the R domain was ampliﬁed with
LEGCYCF and CYC3.1R (Supplementary information, Table S3).

Divergence times within the Macaronesian Lotus were obtained
using the program Beast v1.5.4 (Drummond and Rambaut, 2007),
which estimates branch lengths, topologies, substitution parameter models and dates simultaneously. We ran this analysis using
two data sets, a combined matrix of 52 samples and four gene regions (ITS, matK, trnH-psbA and CYB6) with a total of 2092 bp, and a
data set of six genes (ITS, LjCYC1, 2 and 3, matK, and trnH-psbA)
with 22 samples and 4461 bp. We used a constant-rate Yule (speciation process) prior and all other priors and operators were the
default settings. Four independent runs were performed using
the uncorrelated lognormal relaxed-clock model (Drummond
et al., 2006) for 50,000,000 generations. Trees and parameters were
sampled every 5000 generations yielding a total of 10,000 trees,
with a burn in of 5,000,000. All analyses were run using the HYK + gamma substitution model. The Beast ﬁle was created using the
BEAUti program v 1.5.4 within BEAST. The performance of each
run was further analyzed with the program Tracer. Mean parameter estimates and 95% highest posterior densities (HPDs) were
determined by analyzing the Beast tree ﬁles with TreeAnnotator
v 1.5.4 (Drummond and Rambaut, 2007). Trees were visualized
and edited with Figtree v1.3.1. This analysis was constrained with
the best hypothesis of relationship (topology) of this group obtained from MP and ML in previous analyses.
Macaronesia lacks reliable fossil records for Lotus, so we used
instead the most up to date geological estimates of maximum
island age as our calibration points (Figs. 1 and 2). For this particular analysis, we used three calibration points. Lotus has several
endemic taxa on different islands and we used the distribution of
two endemics, Lotus sessilifolius subsp. villossisimus (El Hierro,
1.12 Ma) and L. sessilifolius subsp. sessilifolius (La Palma 1.77 Ma)
as calibration points (Ancochea et al., 1994; Carracedo, 1994). Both
taxa are endemic to these islands and they could not have been

2.5. Plastid regions
The cytochrome B6 (CYB6) gene was ampliﬁed (94 °C for 2 min,
35 cycles of 94 °C for 20 s, 55 °C for 20 s and 72 °C 2 min, and 72 °C
for 5 min) using the primers CYB6-F and CYB6-R (Choi et al., 2006).
The intergenic region trnH-psbA (Sang et al., 1997) and the matK
gene were ampliﬁed (94 °C for 3 min, 35 cycles of 94 °C for 30 s,
45 °C for 1 min and 72 °C 2 min, and 72 °C for 2 min) using the
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able to colonize and diversify prior to the emergence of these two
islands.
The ages of La Palma and El Hierro have been used before as calibration points in other plant groups (Percy et al., 2004). The third
calibration point of 20.6 Ma was based on the age of the oldest island, Fuerteventura, as an upper limit for the colonization of the
Canary Islands (Carracedo, 1994) and therefore an upper limit for
the age of the most common recent ancestor (MRCA) for the species of this archipelago. The approach of using multiple maximum
ages has been used in several analyses within this archipelago,
both in animals and plants (Anderson et al., 2009; Cox et al.,
2010; García-Maroto et al., 2009; Kim et al., 2008; O’Leary,
2009), and it has been suggested that it is less prone to inaccurate
age estimations (Anderson et al., 2009).

3. Results
3.1. Major clades of Pedrosia s.l. in Macaronesia
Our analysis using the large data matrix of 125 ITS accessions
recovered four major clades within the Macaronesian Lotus section
Pedrosia and the rhyncholotus group (Supplementary information,
Fig. S1, Clades A–D), and no differences were observed when GenBank sequences where excluded or included from this analysis, or
when the ITS were analyzed with a data set of 54 accessions. Clade
A contains all the Cape Verde species, which form a monophyletic
group together with one African lineage of three species. Clade B
includes species from the Canary Islands, Madeira and the Azores.
The Madeiran and the Azorean species are located in an early
divergent position within this clade, together with samples of an
undescribed species from Tenerife. The four bird-pollinated species
(rhyncholotus) are all in clade B, and are unresolved with respect
to another ﬁve species group of Pedrosia s.s. referred to as the ‘‘Lotus sessilifolius group’’. Despite the fact that the ITS nuclear region is
more variable than the plastid regions (Supplementary information, Table S4), it does not indicate unequivocally whether the
bird-pollinated species are monophyletic, or resolve the sister
group relationship of rhyncholotus (Supplementary information,
Fig. S1).
Clade C also includes species mainly from the Canary Islands,
one species from the Salvage Islands, one from Madeira and three
African species. Two of these African species form an early divergent subclade, and the remaining species are divided into two
other subclades: subclade I, which includes exclusively Canary Island species with a mountain distribution; and subclade II, including one species from Madeira, another from the Salvage Islands,
and three coastal species from the Canary Islands. Finally, another
early divergent clade consists of an African species (Lotus jolyi)
(clade D). The inclusion of indels (two in the ITS matrix for section
Pedrosia s.l.) in the analysis increased the resolution within clade C,
but not in other clades.
The three plastid regions alone gave little resolution (Supplementary information, Fig. S2), but did not conﬂict with the nuclear
analysis in the position of the rhyncholotus species. The combined
analysis of these four regions (ITS, trnH-psbA, matK and CYB6) resulted in a more highly resolved phylogeny that recovered the
same major clades as the large ITS analysis (Fig. 3). The position
of the four bird-pollinated species was the same, either in separate
or combined nuclear and plastid analyses. The four bird-pollinated
species were placed together within clade B, closely related to two
species of the L. sessilifolius group (L. sessilifolius and Lotus mascaensis), (Fig. 3). However, there was still a lack of resolution of the relationships among these species, and it was still not possible to
unequivocally identify the sister group of the bird-pollinated
species.

Similar results were obtained when the same data sets were
analyzed with maximum likelihood or Bayesian analyses, and only
minor discrepancies were observed relative to the four major
clades obtained from MP analyses. The only major difference was
the placement of L. jolyi. All MP analyses placed this species at
the base of the entire group in the Macaronesian Lotus, while
Bayesian analysis placed it at the base of the Cape Verde clade
(clade A) and ML placed it at the base of clades B and C. However,
in all analyses the support for the position of this species is low,
and further studies should be considered to address its phylogenetic relationships.
3.2. Six gene region analysis with the inclusion of CYCLOIDEA
homologues
The combined analysis of the six regions increased the resolution and suggested that L. sessilifolius is the closest relative of the
four bird-pollinated species. We sampled representatives from all
geographic distributions (samples from four islands) and intra-speciﬁc taxonomic groups (two subspecies and one variety) within
this species, and it appears that L. sessilifolius is paraphyletic with
respect to rhyncholotus (Fig. 4). However, with these data sets
we were unable to identify unequivocally the populations of L.
sessilifolius closest to the four bird-pollinated species (Fig. 4). These
phylogenetic results (Figs. 4 and 5) suggest that rhyncholotus may
have a double origin, but this hypothesis has no bootstrap or morphological support (see Section 4). The three CYCLOIDEA homologues gave similar topologies when analyzed separately and in
combination. Among these three paralogues, LjCYC1 seems to be
the most variable copy (Table 1). No major differences were observed when the same data sets were analyzed using ML or Bayesian analyses (Fig. 5).
3.3. Dating the origin of bird-pollinated Lotus in the Canary Islands
The calibration using the four-gene data matrix indicated that
Lotus likely colonized Macaronesia between 6 and 4.3 Ma between
late Miocene and early Pliocene. Under this scenario, the earliest
colonization event occurred in Cape Verde ca. 6.1 (0.50–7.29)
Ma (Clade A), and the latest in the Canary Islands, ca. 4.3 Ma
(0.58–6.38) (Fig. 6). The four species with the bird pollination
syndrome (rhyncholotus) appear to be of recent origin; the most
recent common ancestor (MRCA) of the lineage comprising L. sessilifolius and the rhyncholotus group was dated at 2.08–2.70 Ma, and
the estimated age of the bird-pollinated rhyncholotus species
(MRCA) was of 1.2–1.72 Ma (Figs. 6 and 7 and Table 2).
The calibration using the six-gene data set (Fig. 7) indicated that
the Lotus eremiticus/Lotus pyranthus subclade diverged about
0.67 Ma and the Lotus berthelotii/Lotus maculatus subclade at ca.
1.11 Ma. Similar results were obtained when the four rhyncholotus
species were unconstrained or constrained to be monophyletic (Table 2). The evolution of bird pollination is therefore associated with
a recent radiation of Macaronesian Lotus (the L. sessilifolius group)
over the last 2.7 Ma in the islands of Tenerife, La Palma, La Gomera,
and El Hierro and to a lesser extent in Gran Canaria around the
beginning of the Pleistocene.
4. Discussion
4.1. Closest relative of the four bird-pollinated species
A previous study (Sandral et al., 2006) suggested that either
species of the L. argyrodes group from Madeira and the Azores (four
species) (Fig. 8A–C), or members of the L. sessilifolius group (ﬁve
species) (Fig. 8D–I) were the closest relatives of the bird-pollinated
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Fig. 3. Majority rule tree recovered from a combined analysis of one nuclear (ITS) and three plastid gene regions (matK, trnH-psbA and CYB6) using MP. Branches with an
arrow indicate clades absent in the strict consensus. Values above branches represent bootstrap from MP/posterior probabilities support.

rhyncholotus group. Most members of these two groups have
slightly larger ﬂowers than the rest of the Pedrosia s.s. and both
groups have the ability to modify ﬂower color after anthesis by
producing anthocyanins similar to those observed in red–orange,
bird-pollinated ﬂowers. Our study unequivocally rules out a close
relationship of rhyncholotus with the L. argyrodes group, and
clearly supports a tight relationship with the L. sessilifolius group
(Lotus sessilifolius, L. mascaensis, L. emeroides, L. kunkelii and L. arinagensis) (Fig. 3) (Sandral et al., 2006).
Our results show that two species, L. mascaensis and L. sessilifolius, are very closely related to the four bird-pollinated species.
These two species share some morphological features with the
bird-pollinated species. Both species have ﬂowers with a somewhat upward orientation, i.e. in an intermediate inclination between other members of Pedrosia s.s. and the rhyncholotus
group. Additionally, the leaﬂets of both species are often ﬁliform
or linear (Fig. 8D–I), a feature present also in rhyncholotus (Fig. 8).
Our data set of six gene regions (ITS, LjCYC1, LjCYC 2, LjCYC 3,
trnH-psbA, and matK) speciﬁcally supports L. sessilifolius as the closest relative of the four bird-pollinated rhyncholotus (Figs. 4 and 5).
This species exists as a complex group which is distributed in four
islands (La Palma, La Gomera, Tenerife and El Hierro) within the
Canary Island archipelago (Sandral et al., 2006), and is the most
widely distributed species in Lotus section Pedrosia (Fig. 2). L. sessilifolius has been divided into three subtaxa (two subspecies and
one variety), L. sessilifolius subp. sessilifolius from Tenerife, La
Gomera and La Palma, L. sessilifolius subsp. villosissimus from El

Hierro (Sandral et al., 2006) and L. sessilifolius subsp. sessilifolius
var. pentaphyllus from Tenerife (Fig. 2) (Bramwell and Bramwell,
2001).
According to the six gene data set, L. sessilifolius represents a
paraphyletic species from which the rhyncholotus group evolved.
Similar topologies were obtained with ML and Bayesian analyses,
where the position of this species as the closest relative of the
rhyncholotus group is well supported (Figs. 4 and 5). The relationship between individual populations of L. sessilifolius and rhyncholotus is not totally resolved, but in all analyses we recovered L.
sessilifolius subsp. sessilifolius var. pentaphyllus (Tenerife) as the earliest diverging accession within this group (Figs. 4 and 5).
The L. sessilifolius-rhyncholotus group offers a remarkable case
of a paraphyletic species (Crawford, 2010; Crisp and Chandler,
1996; Rieseberg and Brouillet, 1994), in which the derivative lineage (the four rhyncholotus) has even been classiﬁed as a separate
genus, but apparently all four species are nested within the single
widespread species L. sessilifolius. Paraphyletic progenitor species
are often associated with recent speciation events (Crawford,
2010) but, given time, reciprocal monophyly at most loci will be
achieved between progenitor and descendent species (Carstens
and Knowles, 2007; Hudson and Coyne, 2002; Rieseberg and
Brouillet, 1994) by lineage sorting and extinction. In this case, it
is remarkable that the descendant lineage has diversiﬁed into four
species before reciprocal monophyly has been achieved.
Our results from MP analysis of the six gene dataset raise
the possibility that bird pollination may have a double origin
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Fig. 4. Strict consensus tree obtained from the data set of six gene regions and 22 samples using MP. Values above branches indicate bootstrap values/Bayesian support
(values below 50 are not indicated). Arrows indicate clades recovered also using Bayesian and ML analyses.

Fig. 5. Maximum likelihood tree recovered with Garli (Zwickl, 2006) using a data set of six genes and 22 samples (see Section 2).
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Table 1
Individual and combined nucleotide variability detected in the six gene regions used for 21 samples to identify the closest relative species of the four rhyncholotus species within
clade B.
Nuclear regions

Number of samples
Aligned length (bp)
Number of indels (ingroup)
Number of constant sites
Number of parsimony informative sites
Number of parsimony informative sites excluding outgroup
Number of trees recovered

Plastid regions

All combined

ITS

LjCYC1

LjCYC2

LjCYC3

trnH-psbA

matK

22
615
0
55
4
2
1

22
879
11
826
29
24
30

22
851
4
783
27
26
24

22
880
2
825
12
7
60

22
340
2
326
6
6
18

22
898
0
895
3
3
20

22
4461
19
4193
80
67
374

Fig. 6. Chronogram obtained for the evolution of bird pollination in the Macaronesian Lotus under a Bayesian relaxed clock uncorrelated clock model using BEAST, and
applied to the combined data set of 52 samples and using a data set of four gene regions (ITS, matK, trnH-psbA and CYB6). Upper limits of the ages of La Palma (1.77 Ma), El
Hierro (1.12 Ma), and Fuerteventura (20.6 Ma) were used as calibration points (black circles). The four bird-pollinated species of rhyncholotus were constrained to be
monophyletic in this analysis. Bird-pollinated species are shown in red branches. Ages estimates with their 95% credibility intervals are shown on nodes. Values on grey
squares represent bootstrap values from MP/posterior probabilities inferred from the Bayesian inference. Major geological events between the Miocene and Pleistocene are
indicated with arrows at the bottom. Clades are named following the groups recovered with ITS and the four gene data analyses.

(Figs. 4 and 5). However, on morphological grounds, a single origin
would seem to be more likely because the striking similarities between all four bird-pollinated species involve numerous shared derived characters. The same double origin topology was recovered
with Bayesian and ML analyses (Figs. 4 and 5). However, when
the analysis was re-run with rhyncholotus constrained to be
monophyletic, the tree length was only two steps greater (376
vs. 374) and rhyncholotus was still nested within L. sessilifolius.
The paraphyly of L. sessilifolius is therefore unaffected by whether
rhyncholotus is monophyletic or not.
4.2. The age of the bird pollination syndrome in Macaronesian Lotus
Our data show that the four rhyncholotus species are a recently
evolved group in this archipelago and therefore represent a

neoendemic (crown) lineage(s) (Cronk, 1992; Vargas, 2007). It is
truly remarkable that a group which has been considered in the
past a separate genus could in fact have evolved so recently.
Bird pollination in Echium (Boraginaceae) likely occurred within
the same time window as in Lotus, and the bird-pollinated E. wildpretii seems to have diverged in the last 1 Ma from the melittophilous
E. pininana (García-Maroto et al., 2009). In contrast, bird pollination
in Navaea (Malvaceae), Canarina (Campanulaceae) and Isoplexis
(Scrophulariaceae) probably evolved earlier, as they represent
apparently older lineages (Bräuchler et al., 2004; Fuertes-Aguilar
et al., 2002; Rodríguez-Rodríguez and Valido, 2008); although no
phylogenetic dating studies have been carried out in these groups.
The calibration reported for Echium together with that of Lotus
(reported here), are so far the only age estimates for the evolution
of bird pollination in Macaronesia based on molecular data. Outside
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Fig. 7. Chronogram of the rhyncholotus group using a six gene data set and analyzed with Beast using El Hierro (1.12 Ma), La Palma (1.77 Ma) and the age of Gran Canaria
(14.5 Ma) as upper age estimates (black circles). The four bird-pollinated species of rhyncholotus were constrained to be monophyletic in this analysis. Node ages are
indicated above branches with 95% highest probabilities densities (HPD) intervals.

Table 2
Estimated date of origin of the MRCA (in Ma) of various clades based on two data sets. Values are given for each clade when rhyncholotus group is constrained or unconstrained to
be monophyletic.
Clade

[L. sessilifolius + rhyncholotus]
[Rhyncholotus]
[L. eremiticus/L. pyranthus]
[L. berthelotii/L. maculatus]

Four-gene chronogram

Six-gene chronogram

Constrained

Unconstrained

Constrained

Unconstrained

2.20
1.20 (0.32–1.70)
–

2.08
–
–
–

2.70
1.72
0.58
1.45

2.09 (0.62–4.13)
–
0.67 (0.06–1.90)
1.11 (0.07–2.21)

Macaronesia, much older dates have been inferred for the evolution
of bird pollination in various groups, such as Alloxylon, Telopea and
Embothrium (Proteaceae), where bird pollination apparently originated in the early Eocene (52.8 Ma ± 6.8) (Barker et al., 2007).
Under this scenario of recent evolution, these ﬂoral features
likely evolved in Canary Island Lotus under the selective pressure
of opportunistic passerine birds (‘‘de novo opportunistic’’ hypothesis) (Dupont et al., 2004; Valido et al., 2004), consistent with records of ﬂoral visits by the Canarian chiffchaff and the blue tit
(Ollerton et al., 2009; Sletzer, 2005) in this group.
Age colonizations of some passerines in Macaronesia (including
Parus, Serinus and Sylvia) have been estimated between 0.008 and
2.3 Ma (using divergence times calculated from rate estimates of
2% sequence divergence per Ma) (reviewed in Dietzen (2007), Dietzen et al. (2008a,b) and Dietzen et al. (2006)). In particular, the polytypic P. teneriffae contains at least 15 subspecies distributed from
Macaronesia, Europe and Africa. Five endemic subspecies are distributed in the Canary Island archipelago, P. teneriffae subsp. ombriosus (El Hierro), P. teneriffae subsp. palmensis (La Palma), P. teneriffae
subsp. teneriffae (La Gomera, Tenerife), P. teneriffae subsp. hedwigii
(Gran Canaria) and P. teneriffae subsp. degener (Fuerteventura, Lanzarote), that colonized and radiated within this archipelago within
the last 0.3–1.5 Ma (Dietzen, 2007; Dietzen et al., 2008a).
Another possibility is that specialist birds were once distributed
in the Canary Island archipelago, and after their extinction, oppor-

(0.62–4.17)
(0.29–3.3)
(0.06–1.81)
(0.06–1.80)

tunistic passerine birds might have occupied their niche. However,
there is no current fossil evidence to support this (Báez, 1992).
Notably, there has been no rigorous testing of the effectiveness
of these bird species as putative pollinators in the four rhyncholotus species, except for the particular case of Isoplexis canariensis
(Ollerton et al., 2009; Rodríguez-Rodríguez and Valido, 2008) and
Canarina camariensis (Rodríguez-Rodríguez and Valido, in press).
Further work is complicated by the extreme rarity of all four rhyncholotus species in the wild. All of them are considered endangered
in their natural habitat, and occur in very small populations (Cáceres et al., 2004a,b; Gómez and Coello, 2004; Ojeda and SantosGuerra, 2011; Ojeda and Marrero, 2004).
If all four bird-pollinated rhyncholotus have small population
numbers (ranging from 1 to 20 individuals) separated by long distances (several kilometres), what is then the selective advantage of
relying in birds as pollinators? Birds are more reliable pollinators
under harsh environmental conditions and/or unpredictable environment, such as high altitudes (Stiles, 1978). Birds also have a
higher range of mobility than insects, and therefore are more effective pollinators over long distances in isolated populations. For instance, it has been shown in Penstemon (Plantaginaceae) (Kramer
et al., 2011) and Streptocarpus (Gesneriaceae) (Hughes et al.,
2007) that bird-pollinated species have a greater functional
connectivity among distant populations than their bee-pollinated
congeners.
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Fig. 8. Flower and leaﬂet morphology in L. argyrodes (A–C), L. mascaensis (D–F), L. sessilifolius subsp. sessilifolius var. pentaphyllus (G–I) and the bird-pollinated L. berthelotii (J–
L).

4.3. The availability of new niches and the evolution of ornithophily in
Lotus
The current geographical distribution of the four bird-pollinated
species suggests that this syndrome may have evolved as new habitats became available in the islands of Tenerife and La Palma due
to both recent volcanic activity and the eustatic lowering of the sea
level (García-Talavera, 1997). Lotus berthelotii and L. maculatus are
distributed in the central parts of Tenerife and the coastal area,
respectively (Gómez and Coello, 2004; Hind, 2008; Martín and Berriel, 2007; Ojeda and Marrero, 2004), which were formed in the
last 3 Ma, when volcanic activity united the older regions of Anaga,
Teno and Adeje (Carracedo et al., 2002). No records exist of populations of these two species in those three older regions in Tenerife,
except one population of L. maculatus, which was recorded before
in Anaga. This later population is considered extinct in this region
(Ojeda and Santos-Guerra, 2011). The other two species, L. pyranthus and L. eremiticus, are endemics to La Palma (Cáceres et al.,
2004a; Coello, 2007; Gonzáles et al., 2004; Medina, 2008), an
island that emerged only in the last 1.7 Ma (Carracedo, 1994).

However, it must be borne in mind that the current distributions of these taxa may not correspond with those in the geological
past, either because of extinction associated with the mentioned
environmental factors, or of presumable range shifts caused by
the European settlement and/or the increase of agricultural activity
(and, more recently, tourism development). Indeed, all four species
were described relatively recently. The ﬁrst, Lotus berthelotii, was
noted in the late 19th century (Masferrer-Arquimbau, 1881), and
the most recent, L. pyranthus, was discovered and described barely
two decades ago (Pérez de Paz, 1990). Therefore, we have virtually
no information on the distribution of these plants prior to the
twentieth century.
Compared to radiations driven by key morphological innovations, such as spur length in columbines (Hodges, 1997), the availability of novel habitats through volcanism may have been a more
important diversiﬁcation factor for the L. sessilifolius group. The relatively depauperate fauna of newly formed volcanic islands could
have had effects on bird behaviour that facilitated the evolution
of bird pollination in rhyncholotus. Birds on islands generally have
much less interspeciﬁc competition than those in continental
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habitats. As a result, they tend to diversify their diet (becoming
‘‘super-generalists’’), and this may have led to the inclusion of nectar as an additional food source (Olesen et al., 2002; Valido et al.,
2004). This phenomenon of niche widening due to relaxed interspeciﬁc competition on islands has been also reported in lizards
(Olesen and Valido, 2003b). Interestingly, a lizard (Gallotia galloti
Oudart, Lacertidae) has also been reported foraging in ﬂowers of
L. maculatus and L. berthelotii (Ollerton et al., 2009); however, there
is no evidence that it is an effective pollinator.

5. Conclusions
In this study, we have shown that bird pollination evolved in
Macaronesian Lotus from a single melittophilous ancestral species,
L. sessilifolius. Despite the marked differences in ﬂower morphology
between the two syndromes, our phylogenetic and molecular dating analyses indicate that this syndrome evolved relatively recently, about 1.7 Ma. The four bird-pollinated species and the
progenitor species, L. sessilifolius, share a MRCA dated at about
2.2 Ma. Based on morphological features, both groups are unequivocally classiﬁed as distinct at the species level, and have even been
placed in different genera, yet we found very little variation in the
molecular markers we used in our phylogenetic analyses. Even faster evolving genes, such as CYCLOIDEA, provided relatively few
informative sites between the two groups. All this evidence indicates that L. sessilifolius represents an extreme case of a paraphyletic species where the descendant lineage has evolved a new
pollination syndrome and undergone speciation events before
the progenitor species has achieved monophyly with respect to
the descendant lineage. Faster evolving regions, such as simple sequence repeats (SSR), are required to further study variation in this
paraphyletic species and the origin of this derived pollination syndrome in more detail.
Our calibration estimates underscore the importance of recent
volcanic activity in the Canary Islands, together with geographic
isolation, in promoting both the diversiﬁcation of Macaronesian
Lotus and later the evolution of bird pollination in rhyncholotus.
Speciﬁcally, the merging of old island regions in Tenerife, and the
emergence of new terrain in Tenerife and on the young island of
La Palma, created the areas in which rhyncholotus species are
now found.
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