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ird-pollinated  Macaronesian  Lotus  (Leguminosae)  evolved  within  a  group  of
ntomophilous  ancestors  with  post-anthesis  flower  color  change

ario  I. Ojedaa,∗,  Arnoldo  Santos-Guerrab,  Felicia  Oliva-Tejerac,  Alfredo  Validod,
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We  analyzed  the evolution  of red/orange  flowers  in four  putatively  bird-pollinated  species  of  Macarone-
sian  Lotus,  with  the  aim  of investigating  whether  this  floral  trait evolved  from  a similar  trait  found  in
some  entomophilous  Lotus  species,  namely  the  ability  to modify  flower  color  to  red  after  anthesis.  First,
we  mapped  the  ability  to  modify  flower  color  in this  group  on  a well-resolved  and  densely  sampled  phy-
logenetic  tree  of the Macaronesian  Lotus.  Secondly,  we  determined  differences  in  light  reflectance  and
pigment  composition  between  petals  of  (1)  prechange  and  postchange  flowers  in  bee-pollinated  species
and (2)  between  bee and  putatively  bird-pollinated  species.  Post-anthesis  flower  color  change  evolved
three  times  within  Macaronesian  Lotus,  and  putatively  bird-pollinated  species  evolved  within  a  clade
lower color change
ird pollination
otus
anary Islands

with  this  ability  to change  flower  color  to  red  after  anthesis.  The  evolutionary  transition  to  red/orange
flowers  in  the putatively  bird-pollinated  species  involved  biochemical  changes  similar  to  those  of the
developmental  transition  to red postchange  flowers.  In  both  cases  there  are  changes  in  the  composition
of  flavonols  and  anthocyanidins  within  the same  metabolic  pathways,  especially  in the  cyanidin  branch
of  pigment  production,  but  not  the  activation  or  inactivation  of  additional  branches  of  this  pathway.  Post-
anthesis  color  change  in Lotus, from  yellow  to  red, is thought  to be an  adaptation  to  reduce  bee  visits  to
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already  pollinated  flowers
for  bird-pollination  evolv
oration  is widespread  in p
evolution  of  bird  pollinati

ntroduction

Oceanic islands offer excellent environments for the study of
volutionary and biogeographic processes (Soja, 1982; Whittaker
nd Fernández-Palacios, 2007). They are particularly valuable for
he study of long distance dispersal, speciation and adaptation,

s their ecosystems are in general biologically simpler than their
ontinental counterparts. Like other oceanic islands, the Macarone-
ian archipelagoes (including Azores, Madeira, Canary, Salvage and
ape Verde islands) offers outstanding examples of endemism
nd adaptive radiations, e.g. Echium (García-Maroto et al., 2009),
rambe (Francisco-Ortega et al., 2002), Aeonium (Jorgensen and
lesen, 2001; Olesen et al., 2012), Sonchus (Kim et al., 1996), Tolpis
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 results  are  consistent  with  the  hypothesis  that  constitutive  red  coloration
m  facultative  red  flower  color  change  in Lotus.  As red  post-anthesis  col-
,  this  may  possibly  represent  a widespread  exaptive  mechanism  for  the

Mort et al., 2003), Cistus (Guzmán and Vargas, 2005) and Campanu-
aceae (Olesen et al., 2012), among others. Many of these endemics
how convergent evolution of insular woodiness and other mor-
hological plant traits.

One such example of parallel evolution is the repetitive conver-
ence of a set of floral traits (i.e. a pollination syndrome), including
opious dilute nectar, lack of scent, robust flowers, and red/orange
olors, apparently as adaptations to attract opportunistic passerine
irds as pollinators (Vogel et al., 1984; Olesen, 1985; Dupont et al.,
004; Valido et al., 2004; Valido and Olesen, 2010). In these islands,

oral adaptations to attract opportunistic passerine birds have
een proposed in at least 13 endemic species from six plant families
Valido et al., 2004), which represent around 0.4% of the native flora.
owever, the role of these passerine birds as effective pollinators
as been conclusively demonstrated in only two species, Isoplexis
anariensis (Plantaginaceae) and Canarina canariensis (Campan-
laceae) (Rodríguez-Rodríguez and Valido, 2008, 2011; Ollerton

dx.doi.org/10.1016/j.ppees.2013.05.002
dx.doi.org/10.1016/j.ppees.2013.05.002
http://www.sciencedirect.com/science/journal/14338319
http://www.elsevier.com/locate/ppees
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Table 1
Differences in floral traits between bee- and the putatively bird-pollinated species
of  Macaronesian Lotus. Although in some examples floral scent is lost in the transi-
tion to bird pollination, in this case both the putatively bird-pollinated species and
their closest bee-pollinated relatives appear to be unscented (at least for human
detection).

Floral trait Bee-pollinated Bird-pollinated

Color Yellow Red/orange
Shape Standard large Keel

small
Standard small Keel
large

Size Small Large
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Orientation Horizontal Erect
Longevity Short Long
Nectar volume Low High
Nectar composition Sucrose Hexose
Nectar concentration High Low
Conical cells in dorsal petal Present Absent

t al., 2009; Rodríguez-Rodríguez et al., 2013). Despite the pres-
nce of many species with a bird pollination syndrome, there is
s yet little understanding of the mechanisms by which all these
oral adaptations evolved in such diverse plant lineages in a geo-
raphic region that lacks specialist nectarivore birds (e.g. sunbirds
nd hummingbirds) (Valido et al., 2002, 2004).

Flower color modifications associated with bird pollination have
een well characterized in other plant groups (Cronk and Ojeda,
008; Rausher, 2008). To date most studies at the biochemical level
ave involved floral transitions to hummingbird pollination while
ower color transitions in oceanic island environments, under
he selection of opportunistic passerine bird visitors (rather than
pecialist nectar feeding species) is largely unexplored. Here we
ddress the evolution of red/orange flowers in the “rhyncholotus
roup” of Macaronesian Lotus. The majority of the nearly 40 Mac-
ronesian species within this genus have the usual floral traits (such
s yellow petals) found in continental Lotus, as in the widespread L.
orniculatus, and which are strongly associated with bee pollination
Hohmann et al., 1993; Proctor et al., 1996). Floral traits associ-
ted with bird pollination are present in four species within this
enus (all in the Canary Islands) and the transition from their clos-
st bee-pollinated ancestors (Allan et al., 2004; Degtjareva et al.,
006; Ojeda et al., 2012a,b) involved not only a change from yellow
o red/orange flowers, but several additional floral traits, including
hanges in flower size, shape, orientation, flower longevity, petal
icromorphology, as well as nectar composition and concentra-

ion that is characteristic of bird pollinated plants (Olesen, 1985;
upont et al., 2004; Valido et al., 2004; Ollerton et al., 2009; Ojeda
t al., 2012a,b) (Fig. 1A and B and Table 1).

Rhyncholotus group species are very rare in the wild so the only
irect observations of floral visits by birds, Phylloscopus canarien-
is (Phylloscopidae), are from cultivated plants of Lotus berthelotii
rom Tenerife, Canary Islands (Stelzer, 2005; Ollerton et al., 2009).

e have observed honey bees and ants visiting flowers of this
roup (Ojeda and Santos-Guerra, 2011), but they do not behave
s legitimate pollinators. Further studies are needed to determine
he effectiveness of passerine birds in pollinating these species.
nterestingly, pollination interactions with lizards have also been
bserved in Lotus maculatus (Siveiro and Rodríguez-Rodríguez,
012) and in L. berthelotii (Ollerton et al., 2009) and Lotus macu-

atus (S-RR 2012) (Ollerton et al., 2009). While noting that the

ircumstantial evidence for bird pollination is very strong we nev-
rtheless refer to this group as “putatively bird-pollinated” because
f the lack of direct evidence of pollen transfer by birds. Despite
he marked differences in flower morphology between the four
utatively bird-pollinated species and their closest bee-pollinated
ncestors, the bird pollination syndrome in Lotus evolved relatively
ecently within the last 2 Mya (Ojeda et al., 2012a,b).
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One striking characteristic of some bee-pollinated Macarone-
ian Lotus species is their ability to modify flower color after
nthesis (Sandral et al., 2006). Flower color change is not unique
o the Macaronesian Lotus species, as this phenomenon has been
bserved in other continental Lotus species (Weiss, 1995). Obser-
ations in other groups suggest that color change is cued by
ollination, although unpollinated flowers will also change color,
lthough more slowly (Jones and Cruzan, 1999). We have been
ble to make extensive observations of color change, both of wild
lants in the field in the Canary Islands, as well as of cultivated
lants in nurseries and gardens. Flowers after anthesis may modify
oloration from yellow/cream (prechange) to brown, pink, orange,
urple or red (postchange) depending on the species (Fig. 1D–H).

n this study we investigate first whether the four putatively bird-
ollinated Lotus evolved in lineages with the capacity to modify
ower color after anthesis and second, the pigment modifications

nvolved in the transition. In particular we wish to answer the
ollowing questions: (1) Is the ability to modify flower color asso-
iated with the evolution of red/orange flowers in this group?
2) Are prechange and postchange flowers likely to be perceived
ifferently by pollinators in bee-pollinated species? Similarly, (3)
re the putatively bird-pollinated flowers likely to be less dis-
ernible by insects than bee-pollinated flowers from the foliage
ackground? (4) What were the modifications in pigment compo-
ition and expression of anthocyanin genes during the evolutionary
ransition in flower color and how does this compare with devel-
pmental post-anthesis flower color change? The answers to these
uestions will then be used to discuss the more general hypothesis
hat developmental flower color change is a pre-adaptation for the
volutionary transition to bird pollination syndrome.

aterials and methods

econstruction of flower color change

Color change was coded as a binary character (absence and
resence of flower color change) and the evolution of this trait
as mapped on a maximum parsimony phylogenetic tree of the

roup based on four gene regions (ITS, Cytochrome B6,  trnH-psbA
nd matK) (Ojeda et al., 2012a,b). The phylogenetic analysis anal-
sis gave 451 nearly identical equally parsimonious trees, and for
he mapping analysis we selected one of these at random.

Flower color modification after anthesis was analyzed using
arsimony (DELTRAN) as implemented in MacClade 4.0 (Maddison
nd Maddison, 2005). Ancestral state reconstruction was carried
ut using Mesquite (Maddison and Maddison, 2011). Flower color
hange was recorded for each species based not only on our
wn field observations, but also on cultivated plants in botan-
cal gardens (Jardín de Aclimatación de la Orotova and Jardín
otánico Canario “Viera y Clavijo”), and on plants cultivated at
he University of British Columbia (UBC) glasshouses. For those
pecies that were neither cultivated nor observed in situ in the
eld, flower color was obtained from the literature (Monod, 1980;
ader and Podlech, 1989; Brochman et al., 1997; Jardim and

rancisco, 2000; Bramwell and Bramwell, 2001; Sandral et al.,
006).
easurement of petal reflectance spectra

In order to infer the insect visual receptors likely to be stimu-
ated by each flower color, we measured the reflectance of petals
f different flower colors. Petal reflectance was measured in situ
sing fresh collected flowers. Measurements were taken using

 portable spectrophotometer (Ocean Optics USB-2000; Duiven,

dx.doi.org/10.1016/j.ppees.2013.05.002
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ig. 1. Red/orange flowers showing the bird pollination syndrome in species of th
alma.  Yellow flowers of bee-pollinated species that do not modify flower color afte
E)  L. eriosolen, (F) L. jacobaeus, (G) L. emeroides,  and (H) L. sessilifolius. (For interpr
ersion of the article.)

hoto credits: I. Ojeda and F. Oliva-Tejera.

he Netherlands) connected to Deuterium-Halogen DH-2000 lamp
DT-MINI-GS-2; Ocean Optics). Reflectance was measured as the
roportion of a standard white reference tile (WS-1-SS; Ocean
ptics). We used a coaxial fiber cable (QR-400-7-UV-VIS-BX; Ocean
ptics) for all measurements and held the distance between the

ample and the measuring probe constant. The angle of illumi-
ation and reflection was fixed at 45◦. Data were processed with
pectrasuite software (version 1.0; Ocean Optics) and calculated
n 5-nm-wide spectral intervals over the range of 300–700 nm.
he three types of petals were measured separately on the side
aturally exposed to pollinator vision (adaxial side of the dorsal
etal, and abaxial side of lateral and ventral petals). All measure-
ents were taken five times on the same section of the petal

middle part) for each individual, and the averages of these mea-
urements were used to estimate the reflectance graph for each
pecies. We measured between 5 and 10 petals for each species
ollected from different individual plants. Overall, 19 species were
nalyzed, including all four putatively bird-pollinated species, five
ellow bee-pollinated species that do not change color, and 10 bee-
ollinated yellow/cream species that change color after anthesis
measured both before and after the color change) (Table S1). The
pecies included represent all postchange flower colors reported
n this group, except pink and brown, which were not available for
his study.

Supplementary material related to this article found, in the
nline version, at http://dx.doi.org/10.1016/j.plantsci.2004.08.011.

Reflectance graphs of each species were later classified accord-
ng to their correspondence to action spectra of the four visual

eceptors found in pollinating organisms (UV, blue, green and red)
Chittka et al., 1994).

igment extraction and composition analysis

In order to determine the type of pigments produced in the
owers of each species and their modifications during pollination
hifts, the three types of petals (dorsal, lateral and ventral) were

a
u
e
a
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ncholotus group”, (A) Lotus berthelotii from Tenerife and (B) L. pyranthus from La
esis (C) L. campylocladus. Late-anthetic flowers after color change in (D) L. glaucus,

 of the references to color in this figure legend, the reader is referred to the web

eparated from the rest of the flower and dried in silica gel.
igments were extracted from petal samples (20 mg) with an
xtraction buffer (MeOH/H2O/AcAc) and later treated with HCl 2N
t 100 ◦C for 30 min (Shimada et al., 2005). Samples dissolved on
he same extraction buffer were injected via infusion into an LC
gilent 1100 series light chromatograph (LC-MS) with a LC7MSD

rap XCT Plus. Two replicates from different individuals were
nalyzed for the focal species (L. sessilifolius and L. berthelotii)  in
rder to assess individual variation, but the remaining species
ere analyzed only in one individual, as the individual variation

n pigment composition was minimal.
Pigments were identified using retention times of a mixture of

ix anthocyanin standards (cyanidin, peonidin, pelargonidin, petu-
idin, delphinidin and malvidin; Chromadex, Irvine CA) and three
avonols (quercetin, kaempferol and isorhamnetin; Sigma–Aldrich
o., St Louis, MO) prepared and analyzed under similar conditions.

n total 20 species were analyzed, representing all flower colors
eported in the bee-pollinated group. This sample included five
ellow bee-pollinated species that do not modify flower color after
nthesis and nine yellow/cream bee-pollinated species that change
ower color after anthesis (both flower colors, i.e. prechange
nd postchange, were measured for each species). Our data set
lso included the four putatively bird-pollinated species and two
pecies from section Lotus, the model legume L. japonicus and L. fil-
caulis,  the latter a species that changes flower color after anthesis
rom yellow to red (Table S2).

Supplementary material related to this article found, in the
nline version, at http://dx.doi.org/10.1016/j.plantsci.2004.08.011.
The relative amount of each pigment was calculated from the
rea under the peaks in the MS spectra for each pigment identified
sing the LC/MSD trap software 5.2. The resulting data were used to
stablish which branches of the anthocyanin pathways were active,
nd to determine pigment pathway alterations during transitions
f flower color within the bee-pollinated group (prechange vs.
ostchange) and between the bee- and putatively bird-pollinated
pecies.

dx.doi.org/10.1016/j.ppees.2013.05.002
http://dx.doi.org/10.1016/j.plantsci.2004.08.011
http://dx.doi.org/10.1016/j.plantsci.2004.08.011
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Table 2
Sequences and annealing temperatures for the primers used to amplify the gene
regions in the anthocyanin pathway.

Gene region Primer sequence (5′-3′) Size (bp) Tm (◦C)

DFR1 DFR1F-GGATGAGACCTGCTGGGGTGACC 315 53
DFR1R-GATTCAGGGTGCTCGAAG

DFR2 DFR2F-CGCCACTGTAAGAGACCCTG 352 57
DFR2R-AACATCGCTCCAGCAGCTC

DFR3 DFR3F-CTCATGGAGGGCGGCTAC 214 55
DFR3R-GATCCTTGGAATTAAAGT

DFR5 DFR5F-GAGAAGGTTGGTATTCAC 281 55
DFR5R-TGATGAGTGAGAGAGCAG

ANS ANSF2-GCAGTGGGATACAATCTA 433 55
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etermination of the anthocyanin pathway branches active in
acaronesian Lotus

In order to further explore the activity of the anthocyanin path-
ay, and its different branches in this group during flower color

ransitions, we analyzed the expression of six structural genes of
he flavonoid pathway using semi-quantitative reverse transcrip-
ase PCR (RT-PCR). Gene expression comparisons in mature flowers
stage 13) at two sampling points (prechange and postchange
hen applicable) were carried out in five species: Lotus japonicus

which does not change color), its close relative Lotus filicaulis (Lotus
ection Lotus), L. sessilifolius var. pentaphyllus (section Pedrosia,
losely related to the putatively bird-pollinated group, and with
ed postchange flowers), and two species from the putatively
ird-pollinated (“rhyncholotus group”): L. berthelotii (with red
owers) and L. maculatus (yellow/orange flowers). For the focal
pecies, L. berthelotii,  L. maculatus and L. sessilifolius,  we analyzed
wo replicates for each species from a pool of flowers from the
ame individual. All flower tissue was collected between 9:00 am
nd 11:00 am on the same day, immediately placed in liquid nitro-
en and stored in -80 ◦C until further RNA extraction. All plants
f the five species for this study were cultivated at the University
f British Columbia (UBC) experimental glasshouse under similar
onditions (20–25 ◦C) in pots of 10–20 cm in diameter and were
ore than 6 weeks old when flowers were collected for analyses.
ll species were propagated from seeds, except L. maculatus and
. berthelotii,  which were purchased from commercial nurseries
n Vancouver, Canada. They were grown under the same environ-

ental conditions as the three bee-pollinated species mentioned
bove, except for the provision of a vernalization period of 30 days
n order to induce flowering. Seeds of L. sessilifolius var. pentaphyl-
us were collected from the field in Playa San Juan Guía de Isora,
enerife in 2008. Flower material was also collected from culti-
ated plants of L. berthelotii and L. maculatus in the “Jardin Canario
iera y Clavijo” following the procedure described above. For those
pecies with a flower color change, RNA was extracted from the
ame developmental stage (stage 13) when flowers are just open
nd without color changes (prechange) and also just after flowers
ommence visible color modification (postchange). Details of the
oral developmental stages are published elsewhere (Ojeda et al.,
012a,b). Each type of petal (standard, wings, keel) was collected
nd analyzed separately in all the five species described above.

In addition, two earlier developmental stages (stages 10 and 7;
jeda et al., 2012a,b) were analyzed for two species, L. japonicus
nd L. berthelotii with the purpose of characterizing the early gene
xpression of the same set of genes. RNA was extracted using the
ure LinkTM Plant RNA Reagent from Invitrogen following the man-
facturer’s protocol. RNA was treated with DNAse, visualized on an
garose gel (2%) and its concentration measured using a Nanodrop
pectrophotometer (ND-1000 Spectrophotometer, Thermo Scien-
ific). RNA was converted to cDNA using similar amount of RNA
cross all the samples using the RevertAidTM H Minus First Strand
DNA Synthesis Kit from Fermentas using a random hexamer
rimer according to manufacturer’s protocol. Genomic contami-
ation was assessed using the CYCLOIDEA 2 (LjCYC2) intron in L.

aponicus. The initial amount of cDNA was adjusted for each sam-
le analyzed and an internal control of endogenous expression was

ssessed by the constitutive expression of L. japonicus Ubiquitin
LjUbi) using LjUbiF/R (Feng et al., 2006).

In this study we analyzed the expression of three genes from
he anthocyanin biosynthetic pathway, dihydrofavonol 4-reductase
DFR), anthocyanin synthase (ANS) and O-methyltransferase (OMT).
hese genes were selected because they have been previously
haracterized in the model L. japonicus or other legumes, which
acilitated primer design from conserved regions. Additional genes

t
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ANSR1-ATGGAGAGGTCACGCTTG
OMT OMTF2-TCTGGAGACCAGTGTGTACC 432 56

OMTR2-TGAGTCTCTTGTGGTAGTTG
LjUbiquitin LjUBiF-CCTTTTGAACAATTATGGTTTATTTGG 75 55

LjUbiR-GGCCACAACAAACGATACTACTTG

rom the anthocyanin biosynthetic pathway, such as F3′H, FLS, and
3′5′H, deserve further analysis and were not included in this anal-
sis as further characterization is still needed for the species we
ncluded.

Six DFR copies (DFR1, 2, 3, 4a/b, 5) have been reported in the
. japonicus genome and in this analysis we only included four, as
he two DFR4 copies lack detectable functional activity in L. japoni-
us. New specific primers were designed for four of the DFR copies
reviously isolated in L. japonicus (Shimada et al., 2005). A con-
erved region of the ANS gene was amplified using a primer pair
esigned from a conserved region of the ANS from three species:
. corniculatus (AY028931) based on a partial cds (Paolocci et al.,
005), L. japonicus (chromosome 2, Miyakogusa.jp accession No.
M0304.350.nc) and Glycine max mRNA complete cds (EU334548).
his gene has not been fully characterized in L. japonicus and in
his analysis we amplified a conserved region, therefore we were
ot able to determine the number of copies of this gene in the
pecies we analyzed. A specific primer pair was designed from a
onserved region based on a previously published sequences from
. max (TIGR accession TC190220) (Kim et al., 2006), Medicago
ativa CCOMT (U20736) and the best hit we found from the L. japo-
icus genome for this gene (chr. 4, CMO 227.500.nc+ phase). This
articular copy of OMT was found to be specific for the conversion
f quercetin to isorhamnetin in G. max (Kim et al., 2006). Primer
equences, expected size and annealing temperatures are reported
n Table 2.

esults

volution of flower color change in Macaronesian Lotus

Within Macaronesian Lotus, we found that 21 (58%) of the
pecies sampled have the ability to modify flower color after anthe-
is. Flowers at anthesis (prechange) are always yellow or cream in
ll bee-pollinated species, and postchange flowers are either red (8
pp), purple (6 spp), brown (4 spp), orange (2 spp) or pink (1 spp)
Fig. 2). The ability to change flower color after anthesis appears
o be derived and it has evolved at least three times within this
roup. Notably, the bee-pollinated species that are most closely

elated to the putatively bird-pollinated Lotus have a flower color
hange to red after anthesis. Although the majority of the puta-
ively bird-pollinated group is uniformly red or red/orange during
evelopment, the ability to modify flower color is still retained in L.
yranthus, which starts out orange and deepens to reddish-orange
fter anthesis (Fig. 2E).

dx.doi.org/10.1016/j.ppees.2013.05.002
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Fig. 2. Molecular tree based on one nuclear (ITS) and three plastid regions (CYB6, trnH-psbA and matK). The tree was randomly selected form a maximum parsimony (MP)
analysis from Ojeda et al. (2012a,b). Character mapping of the trait flower color change after anthesis in Lotus sections Pedrosia and the “rhyncholotus group”. Red branches
show  clades where this trait has evolved and the numbers on the tree the times this trait evolved within this groups (1–3). Arrows indicate the numbers of reversals, one of
w utgro
w olor a
(  (E) L. 

( d, the 

P
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hich  occurred in three species of the “rhyncholotus group”. The species from the o
ith  (*) are distributed in mainland Africa and/or in Europe (a) represents flower c

A)  L. jacobaeus, (B) L. purpureus, (C) L. eriosolen, (D) L. sessilifolius subsp. sessilifolius,
J)  L. lancerottensis.  (For interpretation of the references to color in this figure legen

hoto credits: I. Ojeda and F. Oliva-Tejera.
lower reflectance and color change perception

Our measurements included the three types of petals, dorsal,
ateral and ventral, within each flower. We did not find differ-
nces in the reflectance measurements within the same petal of
he same species. The results described below correspond to the
orsal petal only. Yellow flowers have at least three different major
eflectance types (Table 3). The species typically have a reflectance

p
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w
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o
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up belong to the Lotus section are not endemic of the Macaronesian region. Species
t anthesis (pre-change) and (b) indicates flower color after change (post-change).
pyranthus,  (F) L. emeroides, (G) L. argyrodes, (H) L. glaucus,  (I). L. campylocladus, and
reader is referred to the web version of the article.)
eak above 500 nm (Fig. 3A–C). Seven species also have a UV peak
n the reflectance spectrum. Prechange and postchange flowers

ithin the same plant species have different reflectance spectrum,
ith the postchange reflectance peak shifted toward the red part

f the spectrum and a slight reduction in the UV region (Table 3,
ig. 3B and C). We found that flowers with deep purple colors tend
o have a reflectance peak above 600 nm, while red-orange flowers
ave a peak above 500 nm. We also found that the presence of a UV

dx.doi.org/10.1016/j.ppees.2013.05.002
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Table 3
Classification of flower reflectance of bee- and putatively bird-pollinated flowers according to human and bee perception. Flower types: UV-green, green, blue-green, and
uncolored. u = UV receptor, b = blue receptor, g = green receptor, and r = red receptor. The symbols ‘+’ indicates the light reflected stimulates the receptor, ‘/’ indicates a partial
reduction while ‘−’ indicates a lack of light reflected on the sensitivity range of each receptor. NA = not applicable.

Anthesis (prechange) After color change (postchange)

Human color perception Bee-flower color Reflectance Human color perception Bee-flower color Reflectance

Bee-pollinated species
Without flower color change

L.  campylocladus Yellow UV-green u+ b− g+ r+ NA NA
L.  callis-viridis Yellow UV-green u+ b− g+ r+ NA NA
L.  creticus Yellow UV-green u+ b− g+ r+ NA NA
L.  dumetorum Yellow Green u− b− g+ r+ NA NA
L.  brunneri Yellow Green u− b− g+ r+ NA NA

With  flower color change
L.  purpureus Yellow UV-green u+ b− g+ r+ Brown Green u− b− g+ r+
L.  latifolius Yellow UV-green u+ b− g+ r+ Red Green u− b− g+ r+
L.  glaucus Yellow Blue-green u− b/ g+ r+ Orange Green u− b− g/ r+
L.  kunkelii Yellow Blue-green u− b/ g+ r+ Red Green u− b− g/ r+
L.  sessilifolius Yellow Green u− b− g+ r+ Red Green u− b− g/ r+
L.  arinagensis Yellow Green u− b− g+ r+ Red Green u− b− g/ r+
L.  mascaensis Yellow Green u− b− g+ r+ Red Green u− b− g/ r+
L.  tenellus Yellow Green u− b− g+ r+ Red Green u− b− g/ r+
L.  argyrodes Yellow Green u− b− g/ r+ Purple Uncolored u− b− g− r+

 b− g+

 b− g−
 b− g−
 b/ g+

 b− g+

p
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d

P

T
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p

L.  jacobaeus Yellow Green u−
Putatively bird-pollinated species
L.  berthelotii Red Uncolored u−
L.  eremiticus Orange-brown Uncolored u−
L.  maculatus Yellow-orange Green u−
L.  pyranthus Orange UV-green u+

eak is more common on those species with yellow flowers that
ack postchange color (Table 3).

The putatively bird-pollinated species L. maculatus and L. pyran-

hus have reflectance in the action spectra of the bird green and red
isual receptors. Lotus pyranthus has an additional UV peak in early
nthesis orange flowers (older flowers turn redder but still main-
ain the UV peak). The other two putatively bird-pollinated species
L. berthelotii and L. eremiticus)  have a reflectance peak restricted
o the red receptor (above 600 nm) and are thus likely to be poorly
istinguished from the green foliage background by bees (Fig. 3D).
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able 4
elative amount of flavonoids (anthocyanins and flavonols) in bee- and putatively bird
igment after color change.

Anthocyanins 

Cyanidin Peonidin Delphinidin Mal

Bee-pollinated species
Without flower color change

L.  spartioides 1.1 0 2.55 0 

L.  callis-viridis 0.04 0 0.04 0 

L.  dumetorum 0.08 0 0 0 

L.  brunneri 0 0 0 0 

L.  campylocladus 0.5 0 0.48 0 

With  flower color change
L.  sessilifolius (1) 2.14 (6.07) 0.02 (1.80) 1.72 (9.31) 0 (2.
L.  sessilifolius (2) 3.27 (6.28) 0.02 (0.24) 4.1 (10.0) 0.03
L.  mascaensis 1.83 (8.10) 0 (0.90) 1.83 (10.26) 0 (3.
L.  argyrodes 0 (7.97) 0 (5.84) 0 (7.06) 0 (39
L.  jacobaeus 0 (6.3) 0 (18.64) 0 (26.30) 0 (42
L.  glaucus 0 (9.5) 0 (2.69) 0 (15.92) 0 (1.
L.  arinagensis 0 (4.5) 0 (0.24) 0 (11.03) 0 (1.
L.  emeroides 0 (4.0) 0 (1.48) 0 (3.7) 0 (3.
L.  tenellus 0.82 (5.35) 0 (0.81) 0.17 (8.96) 0 (1.

Putatively bird-pollinated species
L.  berthelotii (1) 22.7 0.78 6.55 0.16
L.  berthelotii (2) 33.0 3.5 9.7 0.88
L.  maculatus 9.6 0.203 8.6 0.22
L.  eremiticus 9.15 0.58 8.90 0.92
L.  pyranthus 2.82 (23.4) 0 (0.18) 5.1 (28.1) 0 (0)
 r+ Purple Uncolored u− b− g− r+

 r+ NA NA
 r+ NA NA

 r+ NA NA
 r+ Red Green u− b− g+ r+

etal pigment composition in Lotus

The flavonoids identified suggest that two branches of the

nthocyanin pathway, the cyanidin and delphinidin branches are
ctive at anthesis in flowers of the Macaronesian Lotus (section
edrosia). We did not find any anthocyanidin derivatives of the
elargonidin branch (with a dihydrokaempferol precursor) in any
f the species analyzed. We conclude that the pelargonidin branch
f the anthocyanin biosynthetic pathway is not active in flowers of
ny of the sections of Lotus tested. Additionally, we identified three

-pollinated species. The values in brackets correspond to the relative amount of

Flavonols

vidin Petunidin Quercetin Kaempferol Isorhamnetin

0 7.38 2.08 9.45
0 2.2 0.84 1.97
0 3.69 1.67 8.08
0 3.95 2.43 1.49
0 3.34 2.01 5.69

90) 0 (0.87) 2.47 (3.50) 0.71 (0.87) 6.21 (14.40)
 (1.32) 0 (1.29) 3.93 (7.02) 1.64 (1.56) 7.84 (16.00)
99) 0 (2.53) 4.21(4.36) 2.23 (2.55) 15.48 (15.68)
.2) 0 (6.98) 1.07 (1.51) 2.20 (24.35) 3.70 (15.70)
.5) 0 (40.6) 2.97 (15.70) 2.43 (5.11) 4.37 (5.17)

97) 0 (6.58) 12.21 (23.12) 1.90 (4.53) 6.23 (15.94)
62) 0 (3.99) 6.24 (14.32) 0.70 (4.45) 2.39 (8.25)
12) 0 (3.97) 7.79 (8.78) 1.49 (1.16) 5.20 (33.90)
75) 0 (3.73) 13.78 (11.35) 1.67 (0.87) 6.23 (2.92)

 0.98 14.63 1.93 0.70
 0 18.11 1.8 0
 0 24.49 0.49 0
 0.45 5.24 0.14 2.65

 0 (0.72) 7.76 (12.40) 0.34 (0.62) 0.13 (0.32)

dx.doi.org/10.1016/j.ppees.2013.05.002
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Fig. 3. Reflectance of yellow bee-pollinated flowers that do not change flower color (A) Lotus campylocladus with a UV peak (u+ b− g+ r+), species that modify flower color
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fter  anthesis (B) L. latifolius (yellow and red flowers), (C) L. sessilifolius subsp. ses
ollinated species with red flowers. Spectral range and peaks of spectral sensitivity (
rchilochus colubris (Chen and Goldsmith, 1986), and (3) human color vision (Bowm

 = blue receptor, g = green receptor, and r = red receptor. The symbols ‘+’ indicates th
 lack of light reflected on the sensitivity range of each receptor. Bars around indiv
orrespond to bee color perception. (For interpretation of the references to color in

ifferent flavonols (or their derivatives): kaempferol, quercetin,
nd isorhamnetin. These were present (in various amounts) in all
pecies we analyzed.

igments in yellow flowers without post-anthesis flower color

odification

Yellow flowers of these species (5 spp analyzed) contain a
ixture of flavonols (mainly isorhamnetin) and traces of antho-

yanin pigments. We found delphinidin and cyanidin in three out
f five species analyzed, which suggests that these branches are
ctive even in species that do not change flower color after anthe-
is. However, the amount of anthocyanin pigment in these five

P
a

(
m
a

s (yellow and red flowers), and (d) reflectance of L. berthelotii,  a putatively bird-
les) in (1) a bumblebee, Bombus terrestris (Peitsch et al., 1992), (2) the hummingbird
nd Dartnall, 1980). A thick black bar indicates the sensitivity range. u = UV receptor,
t reflected stimulates the receptor, ‘/’ indicates a partial reduction, and ‘−’ indicates

easurements represent standard deviation. “Green”, “UV green” and “uncolored”
gure legend, the reader is referred to the web version of the article.)

pecies is minimal compared to the flavonols, which are present
n large amounts (Table 4). Additionally, the fact that these pig-

ents were found in non-methylated forms indicates a lack of
athway progression down these biosynthetic branches to meth-
lated derivatives (Fig. 4A).
igments in yellow-flowered species that modify flower color after
nthesis

Yellow flowers (prechange) have a composition of flavonols
mainly isorhamnetin) similar to that in species that do not

odify flower color, but the relative amount of delphinidin
nd cyanidin is greater (Fig. 4B). In older flowers (postchange),

dx.doi.org/10.1016/j.ppees.2013.05.002
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Fig. 4. Liquid chromatography–mass spectrometry (LC–MS) of bee-pollinated flow-
ers  (A) Lotus spartioides, a species with yellow flowers that do not modify flower color
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facilitated the evolution of this flower morphology, additional con-
ditions may have been required for the evolution of this pollination
fter anthesis, (B) prechange yellow flowers of L. sessilifolius subsp. sessilifolius, (C)
ostchange red flowers of L. sessilifolius, and (D) a putatively bird-pollinated species,
.  berthelotii,  with red flowers. The area under the peak for each pigment identified
as used to estimate the relative amount of each pigment. (For interpretation of the

eferences to color in this figure legend, the reader is referred to the web version of
he  article.)

urther anthocyanidin pathway progression occurs. In addition to
elphinidin and cyanidin, we found methylated derivatives, i.e.
eonidin, malvidin and petunidin, in these species. The pigment
omposition of these postchange flowers varied consistently with
he color of each species. Purple and pink flowers tend to have

ore derivatives of the delphinidin branch while red and orange
owers have more derivatives of the cyanidin branch.

The closest relatives of the putatively bird-pollinated flowers (L.
essilifolius, L. arinagensis and L. mascaensis) have a color change to

ed flowers in late anthesis. In these species, all five anthocyanins
etected in the putatively bird-pollinated species (cyanidin, del-
hinidin, malvidin, peonidin, petunidin) were already present in
he yellow flowers, but their amounts increased substantially dur-
ng flower color modification (postchange flowers) (Fig. 4B and C)
Table 4).
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igments in red/orange, putatively bird-pollinated species

This group of species (4 spp.) contains abundant cyanidin
erivatives, and the main flavonol is quercetin (rather than

sorhamnetin) (Fig. 4D, Table 4). But, the same branches of the
nthocyanin pathway are active, and flavonols still contribute to
igment composition in these species. However, the main flux
f flavonoid production is toward anthocyanins, particularly the
yanidin and delphinidin branches of the anthocyanin pathway.
ll flavonol production is reduced, but this is especially marked in

he case of isorhamnetin, a derivative of quercetin. Thus, the tran-
ition from bee- to the putatively bird-pollinated species in this
roup appears to involve a quantitative re-direction of pigment
roduction from flavonols to anthocyanins (Figs. 4 and 5), similar
o but greater than the re-direction during post-anthesis change in
ee-pollinated species.

ene expression comparisons during flower color modification

Five of the structural enzymes we examined are expressed at
ate developmental stages at least in one species. We did not find
ny expression of DFR3 (Fig. 6) in any of the species tested. Two
enes, ANS and DFR1, are expressed uniformly in all species. DFR2
s not expressed in the putatively bird-pollinated species but was
xpressed in all other species. DFR5 is not expressed in species of
ection Lotus (L. japonicus and L. filicaulis) but is strongly expressed
n all other species sampled (section Pedrosia + the “rhyncholo-
us group”). OMT has a reduced expression in late developmental
tages in the putatively bird-pollinated species (lateral and ventral
etals), but it is expressed at earlier developmental stages in the
utatively bird-pollinated species tested, L. berthelotii (Fig. 6 and
ig. S1).

Supplementary material related to this article found, in the
nline version, at http://dx.doi.org/10.1016/j.plantsci.2004.08.011.

iscussion

lower color change as a possible exaptation in the evolution of
rnithophily in Lotus

From observations of close relatives (Figs. 1H and 2D), the ances-
or of the putatively Canarian bird-pollinated species likely had
ed flowers in late anthesis, which might have been an exaptation
Gould and Vrba, 1982) facilitating the evolution of this pollination
yndrome in these islands. The entomophilous ancestors already
ad the capacity to produce the pigments (cyanidin and delphinidin
erivatives) observed in these putatively bird-pollinated species.
hus, the evolution of red/orange colors might only have required

 heterochronic shift from late (facultative) to early (constitutive)
nthocyanin pigmentation.

Our character mapping analysis suggests that the ability to mod-
fy flower color after anthesis has independently evolved three
imes within the Macaronesian Lotus group (Fig. 2). However, the
ower features associated with bird pollination evolved relatively
ecently in only one of these clades (Ojeda et al., 2012a,b). Thus,
lthough flower color change may have been a prerequisite that
yndrome in only this clade. Such conditions may be ecological, as
or instance the availability of new habitats in Tenerife and La Palma
slands due to volcanic activity (Ojeda et al., 2012b).

Flower color change is not a unique feature of Lotus section
edrosia, as it has been reported in at least in 20% of angiosperm
amilies. It has previously been reported in at least 25 genera within

dx.doi.org/10.1016/j.ppees.2013.05.002
http://dx.doi.org/10.1016/j.plantsci.2004.08.011
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Fig. 5. Schematic representation of the anthocyanin pathway and the major modifications during the evolutionary transition from yellow (bee pollination) to red flowers
(bird  pollination) in Lotus. Colors at the end of the major pigments represent approximate coloration produced by each pigment. Bold arrows indicate the pathways active
in  bird-pollinated species. The pelargonidin branch is inactive in the three types of petals in this group. Major transitions in pigment composition in the transition to the
b lation
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ird  pollination syndrome: (1) up regulation of the cyanidin branch, (2) down regu
ubsequent modification of flavonol composition. The gray square indicates the br
ird-pollinated species. The OMT we used in this study was isolated on the basis o
onversion of cyanidin to peonidin, delphinidin to petunidin, and delphinidin to m
he  references to color in this figure legend, the reader is referred to the web versio

egumes (Weiss, 1995), including Lupinus (Gori, 1983), Caesalpinea
Cruden and Hermann-Parker, 1979), Syrmatium (Jones and Cruzan,
982, 1999), Desmodium (Willmer et al., 2009) and in another four
pecies within Lotus (Weiss, 1995). It might be of interest to exam-
ne whether the evolution of bird pollination in other genera within
eguminosae, and in other families, may have been facilitated by
his characteristic.

olor change in flowers as a bee deterrence mechanism

What is the fitness advantage for a particular species to modify
ower color after anthesis? Although we have no empirical data

rom these insular Lotus, there is substantial empirical evidence
hat an increase in insect visitation rate, fruit set and pollinator for-
ging efficiency accompanies late-anthesis color change in many
pecies (Jones and Cruzan, 1982; Oberrath and Böhning-Gaese,
999; Willmer et al., 2009). Postchange late-anthesis flowers may
till contribute to the overall floral display and attract pollinators

t long distance; but at short range, prechange unpollinated flow-
rs (with reward) can be distinguished from postchange, probably
ollinated flowers (without reward). Pollinator activity is there-
ore directed efficiently toward those flowers less likely to have
een pollinated. Additional floral changes (such as flower orienta-
ion, size, shape and odor production) may act in conjunction with
olor modifications (Eisikowitch and Rotem, 1987; Raguso, 2004;

illmer et al., 2009), and it is likely that all these floral alterations
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 of the delphinidin branch and (3) down regulation of flavonol production with a
of the anthocyanin pathway with the main pigment production in the putatively
orhamnetin-specific gene in Glycine (Kim et al., 2006). OMT is also involved in the
, but it is possible that different copies of OMT are involved. (For interpretation of
e article.)

fter anthesis are an integrated system to increase foraging effi-
iency at least in some plant species (Raguso, 2008).

olor change in Lotus flowers is likely to be perceived by bees

Our petal reflectance data in Lotus (Table 3) suggests that flo-
al color change in Macaronesian Lotus within the same species
auses differential reflectance that will stimulate different recep-
ors in the pollinators. The different floral stages are thus likely
o be perceived differently by the insect visual system. Most
ymenopteran species analyzed to date have trichromatic color
ision with three types of spectral sensitivity, for example for
pis mellifera: UV-A (S-receptor; �max = 340 nm), blue (M-receptor;
max = 430 nm) and green (L-receptor; �max = 535 nm) receptors
Menzel and Backhaus, 1991). These insects do not react to
eflectance peaks above 585 nm (Chittka et al., 1994; Briscoe
nd Chittka, 2001), and red flowers with peaks above 585 will
ot stand out from the green foliage (but see Schikora et al.,
002; Skorupski et al., 2007). These postchange floral color

odifications involve a shift away from the green wavelength

etected by the L-receptor of insects (Fig. 3B and C). Further-
ore, in those species with prechange UV reflection there is a

eduction of UV (S-receptor) in postchange flowers (Martinez-
arms et al., 2010). The presence of a UV peak in some

pecies indicates that Lotus flowers that look the same to the
uman eye (yellow) (Bowmaker and Dartnall, 1980) are of at

east three types to bees (Table 3). These three types are: UV-

dx.doi.org/10.1016/j.ppees.2013.05.002
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ig. 6. Gene expression comparison of three structural genes of the anthocyanin p
-methyl transferase (OMT) at mature stages of flower development. LjUbiquitin w

essilifolius,  the two latter with prechange yellow flowers and postchange red flow
owers  that do not change color after anthesis. The size of each PCR product in bas
P  = ventral petal. All flowers correspond to stage 13 and the yellow flowers (pr

nterpretation of the references to color in this figure legend, the reader is referred 

reen, green and blue-green. Two of these types, UV-green and
lue-green, have not been reported previously in Lotus (Floral
eflectance Database, FreD: http://reflectance.co.uk/new/) (Arnold
t al., 2010).

ed/orange color in the putatively bird-pollinated Lotus may have
volved as an anti-bee and pro-bird strategy

In general, red bird-pollinated flowers tend to have reflectance
eaks above 585 nm, and do not reflect at any wavelength
etectable to most bees (Chittka and Waser, 1997; Briscoe and
hittka, 2001; Martinez-Harms et al., 2010). Thus, red bird-
ollinated flowers are more difficult for insects to distinguish from
he plant foliage (as background) which reflects in several wave-
engths visible to bees (Chittka and Waser, 1997), and they will
ot stand out. The same is true for the putatively bird-pollinated
otus. A previous study has reported the reflectance of L. berthelotii
Ollerton et al., 2009), which has the typical reflectance spectrum
f a bird-pollinated flower (Chittka et al., 1994; Altshuler, 2003;
artinez-Harms et al., 2010). Our results indicate that only two

ut of the four putatively bird-pollinated species (L. berthelotii and
. eremiticus)  have this pattern, which lacks reflectance in the UV

nd blue, and has a peak in the red range above 585 nm (Fig. 3D).
he other two putatively bird-pollinated species (L. maculatus and
. pyranthus)  do have some reflectance in wavelengths perceived
y the green visual receptor, and are similar in that regard to the
ee-pollinated yellow flowers after late-anthesis color change to
ed (Table 3). This provides a link between the two flower types,
hich may be significant in understanding the evolution of bird
ollination in the group.

2
e
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m

ay, dihydroflavonol-4-reductase (DFR1, 2, 3 and 5), anthocyanin synthase (ANS) and
ed as an internal control. Bee-pollinated species of L. japonicus, L. filicaulis and L.
utatively bird-pollinated species from the “rhyncholotus group” with red-orange
s (bp) is indicated on the right side of the gels. DP = dorsal petal, LP = lateral petal,

ge) are after the orange ones (postchange) for L. filicaulis and L. sessilifolius. (For
 web version of the article.)

Birds have a more sophisticated visual system than
ymenopterans. They have four photoreceptor sensitivities
VS, S, M and L) and cone oil droplets that enhance their vision
Chen and Goldsmith, 1986; Hart et al., 2000). It has been proposed
efore (Raven, 1972) that red coloration evolved in some plant
roups as an adaptation to exclude bees. Birds seem to lack an
nnate preference for red colors (Grant and Grant, 1968; Lunau
nd Maier, 1995), but several experiments have shown that they
uickly associate floral reward with particular colors (Grant, 1966;
ottsberger, 1971). Our reflectance analyses therefore suggest that

ed/orange-pigmented flowers in the four rhyncholotus species
ight have evolved to deter bees (anti-bee) as much as to be an

dvertisement to birds (pro-bird). They have less UV reflectance
han the bee-pollinated Lotus species, and similar observation
ave been made on hummingbird flowers in the neotropics (Lunau
t al., 2011). These Lotus flowers also have other traits that may
unction more as anti-bee features than pro-bird features. The
utatively bird-pollinated species have dilute nectar composed
ainly of hexose sugars (Dupont et al., 2004), which is more

ifficult to evaporate into honey and it is less efficient from an
nergetic point of view. They also lack papillose conical cells on
he petal epidermal surface exposed to pollinators (Ojeda et al.,

012a,b), which make the surface more difficult to grip (Whitney
t al., 2009, 2011).

he changing balance of anthocyanin and flavonol pigment
omposition in bee and bird pollination in Lotus

In many systems, transitions in pollination syndrome have
ainly involved the activation/inactivation of particular branches

dx.doi.org/10.1016/j.ppees.2013.05.002
http://reflectance.co.uk/new/
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f the anthocyanin biosynthetic pathway (Scogin and Freeman,
987; Zufall and Rausher, 2003; Rausher, 2008; Streisfeld and
ausher, 2009; Smith and Rausher, 2011). Unlike other plant
roups analyzed before, the transition in Lotus from bee- (yel-
ow/cream) to putatively bird- (red/orange) pollinated flowers does
ot seem to involve novel inactivation or activation of branches
f the anthocyanin pathway. Rather, this transition involved the
ncreased production of derivatives of the dihydroquercetin pre-
ursor in the putatively bird-pollinated species that were already
resent in the closest relative bee-pollinated species, partly at the
xpense of flavonol production.

Flavonoid biosynthesis in Lotus is through dihydroflavonols,
uch as dihydroquercetin (DHQ) which is a precursor of both
avonols (quercetin and isorhamnetin) and anthocyanins (cyani-
in), depending of the enzyme systems active (Grotewold, 2006;
anaka et al., 2008). Therefore, at the biochemical level, the transi-
ion in flower color appears to involve the re-direction of pathway
ux toward the cyanidin branch, which is the main anthocyanin
bserved in the putatively bird-pollinated flowers (Fig. 4D). On the
ther hand, the flavonols kaempferol and isorhamnetin are greatly
educed in bird-pollinated flowers, and have a relatively minor
ontribution to the overall flavonoid composition in comparison
o bee-pollinated flowers (Fig. 4). It may be that this redirection
f flux results from a small but significant shift in the balance of
ompetition for substrates by enzymes in these branches. Flower
olor change both developmental (prechange and postchange), and
volutionary (pollinator shifts) therefore appears to result from
odified flux into already active branches in the anthocyanin path-
ay; pigment production is re-directed toward the cyanidin and
elphinidin branches instead of toward flavonols, which decrease.

Our gene expression data from mature flowers in the two
pecies groups also indicates that the genes required, ANS, DFR and
MT, for the production of these pigments are active in both bee and
utatively bird-pollinated species (Fig. 6). Gene expression analy-
es of earlier developmental stages in L. japonicus and L. berthelotii
lso confirm that these genes in the anthocyanin metabolic path-
ay are active in early flower developmental stages in both species

Fig. S1). Our results confirm that one copy of DFR (DFR3) is not
xpressed in floral tissue of any species, and is likely to be expressed
nly vegetatively as previously reported (Shimada et al., 2005). Our
esults also indicate that the pelargonidin branch is not active in the
etals of the species sampled, as no anthocyanidin derivatives of
he dihydrokaempferol were observed. These results are consis-
ent with a previous report, which indicates that the pelargonidin
ranch is not active in stems of L. japonicus (Shimada et al., 2005).
dditional genes not explored in this study, such as flavonol syn-

hase (FLS), will be of particular interest, as well as to examine
efinitely whether ANS and OMT are single or multi-copy in the
arious species of Lotus, and to further characterize their particular
oles in the color modifications of this group.

oncluding remarks

Our results show that the four putatively bird-pollinated Mac-
ronesian Lotus evolved within a group of entomophilous species
hich already have the capacity to produce the anthocyanin cyani-

in and delphinidin derivatives. The shift in flower color between
he two pollination syndromes therefore only involved a redi-
ection of pigment production toward anthocyanin, rather the
ctivation or inactivation of new branches within the anthocyani-
in pathway.

Pigment changes after flower anthesis evolved independently
t least three times in Macaronesian Lotus, probably as an aid
o deter bees from visiting already pollinated flowers, and so

D

E

F

 PRESS

ncrease pollinator foraging efficiency in the bee-pollinated species.
onsistent with this, our spectral reflectance data indicates that
odifications in pigment composition between prechange and

ostchange flowers in bee-pollinated species are likely to be
erceived differently by the insect visual system. Later, this trait
ppears to have been co-opted and amplified in the four bird-
ollinated species to produce the characteristic red/orange flowers
f this group. Post-anthesis color change may therefore be a pre-
daptation (exaptation), facilitating the shift to bird pollination
y providing the same function (deterrence of bee visitation) in

 different context.
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