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Abstract

The Resedaceae, containing 6 genera and ca. 85 species, are widely distributed in the Old World, with a major center of species diver-
sity in the Mediterranean basin. Phylogenetic analyses of ITS and plastid trnL—trnF sequences of 66 species from all genera of the Resed-
aceae reveal (1) monophyly of the family, in congruence with preliminary phylogenetic studies; (2) molecular support for the traditional
morphological subdivision of the Resedaceae into three tribes according to ovary and placentation types, and carpel number; (3) two
monophyletic genera (Caylusea, Sesamoides), and one natural group (core Reseda), which includes the remaining four genera of the fam-
ily (Ochradenus, Oligomeris, Randonia, Reseda); (4) a monophyletic origin for four of the six taxonomic sections recognized within Reseda
(Leucoreseda, Luteola, Glaucoreseda, Phyteuma). Our results lead us to interpret an increment of the basic chromosome number in the
family from x =5 to x = 6 in at least two independent instances, and a broad representation of polyploids in multiple lineages across phy-
logenies, including association between octoploids and alien invasion in many parts of the world. Species diversity, endemism number,
phylogenetic relationships and sequence divergence in Resedaceae suggest two major centers of differentiation, one in the western Medi-
terranean, and the other in the eastern Mediterranean and SW Asia. Two independent colonization events to the Canary Islands from
Africa are indicated for the two Canarian Reseda endemics.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Resedaceae are included in the order Brassicales (Judd
etal., 1994), and have been traditionally considered closely
related to Capparaceae and Brassicaceae (Abdallah and de
Wit, 1978; Cronquist, 1988; Norris, 1941; Takhtajan, 1969;
Thorne, 1976). However, recent studies based on embryolog-
ical, morphological and molecular data, revealed unexpected
relationships for Resedaceae (Gadek et al., 1992; Hall et al.,
2002, 2004; Hufford, 1996; Karol etal, 1999; Rodman,
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1991a,b; Rodman et al., 1993, 1994, 1996a,b, 1998; Tobe and
Raven, 1991), which together with the Australian endemic
Gyrostemonaceae and two Capparaceae genera (Forchham-
meria Liebm. and Tirania Pierre; Pax and Hoffmann, 1936)
formed the GRFT-clade (Hall et al., 2004). Unfortunately,
none of these studies could unambiguously determine the sis-
ter-group of the Resedaceae. Although several molecular
studies have been conducted in the order Brassicales, little
attention has been paid to the origin and internal phyloge-
netic relationships of the Resedaceae. Hall et al. (2002, 2004)
performed an extensive survey of the phylogenetic relation-
ships within core Brassicales, based on plastid sequence data
from various markers (matK, ndhF, rbcL). They suggested for
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the first time monophyly of Resedaceae, although based on a
very restricted sampling (only one accession each of Reseda
and Oligomeris).

Taxonomy of the Resedaceae has been traditionally
based on morphological data (e.g. ovary structure, petal
shape, seed ornamentation, floral merosity). The most com-
prehensive taxonomic accounts of the Resedaceae were
published by Miiller Argoviensis (1857, 1864), and by
Abdallah and de Wit (1978). Both treatments are mostly in
agreement with respect to infrafamiliar subdivisions,
although differing in species number (Supplementary Table
S1). The family was divided in three tribes (Astrocarpeae,
Cayluseae, Resedeae), circumscribed by ovary and placen-
tation types (Fig. 1). The tribe Resedeae was also divided
into two subtribes on the basis of the relative position of
sepals, petals and stamens: Randoninae, with Randonia, as
characterized by its perigynous flowers; and Resedinae,
with the remaining genera (Ochradenus, Oligomeris,
Reseda) typically showing hypogynous flowers. However,
the infrageneric subdivision of genus Reseda has been con-
troversial. The circumscription of subgenera and sections
depends on authorship (Supplementary Table S1). More
recent taxonomic novelties include rearrangements of Och-
radenus (Miller, 1984) and Sesamoides (Lopez Gonzalez,
1986, 1990), in addition to the description of some new spe-

Tribe Cayluseas [Caplusea]
Semiapocarpous awany
Ba=al and central (axile) placentation

Tribe Astrocarpeae [Sesamaides)
ApOCArpaUs owany
htarginal placentation

cies of Reseda (Miller and Nyberg, 1994; Thulin, 1990;
Valdés Bermejo and Kaercher, 1984), and Ochradenus
(Miller, 1984; Miller and Morris, 2004; Thulin, 1994a),
mainly from NE Africa and Arabian Peninsula.

The approximately 85 species of the Resedaceae primar-
ily occur on limestone soils of arid environments (steppes
and deserts). Some species are widespread weeds favoured
by human activities, and a few are confined to high moun-
tains. Four of the six genera (Caylusea, Ochradenus, Olig-
omeris, Randonia) occur in desert regions, while the
remaining two (Reseda, Sesamoides) are mainly Mediterra-
nean genera. The three Caylusea species are distributed in
desert areas from Cape Verde Islands to southwestern Asia,
and in the highlands of E Tropical Africa. Oligomeris occu-
pies similar desert habitats and comprises two species in
SW Africa, and a widespread species with a disjunct area,
distributed in the Old World (from the Canary Islands to N
India), and in the New World (SW North America). Och-
radenus (9 species) and the monotypic genus Randonia are
desert shrubs, the former occurring from N Africa to SW
Asia, the latter restricted to gypsum soils of W and C
Sahara. Reseda is by far the largest genus (c. 65 species) in
the family. Many species of Reseda are restricted to the
Mediterranean basin, while four species are worldwide
weeds (Reseda alba, R. lutea, R. luteola, R. phyteuma).

Tribe Resedeze
[Oehradenrus, Oligomeris,
Randonia, Reseda)
Synecarpic ovary, paral placentaion

Fig. 1. Diagnostic characters of tribal classification of Resedaceae based on type of ovary and placentation. Illustrations taken from Abdallah and de Wit

(1978).
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Finally, the genus Sesamoides, with 1-6 species depending
on the taxonomic treatment (Abdallah and de Wit, 1978;
Lopez Gonzalez, 1993; Miiller Argoviensis, 1857, 1864),
occurs exclusively in the W Mediterranean region.

Cytogenetic studies have proven to be of major impor-
tance in Resedaceae, and could contribute to understand the
evolutionary patterns inferred from phylogenetic reconstruc-
tions. A congruent pattern of different basic chromosome
numbers and the infrageneric taxonomic classification of
Reseda based on morphology (Table 1) was first detected by
Eigsti (1936). These results were later confirmed by a series of
cytogenetic studies of Iberian species of Reseda and Sesamo-
ides (Fernandez Peralta and Gonzalez Aguilera, 1982; Gon-
zalez Aguilera etal, 1980a,b; Gonzalez Aguilera and
Fernandez Peralta, 1981, 1983, 1984). In these studies, the
authors interpreted a basic chromosome number of x=15 for
Sesamoides and three different ones within Reseda (x=135,
x=06, x="7), which characterized different sections (Table 1).
They also suggested x=>5 as the primitive basic number for
the whole family. Both dysploidy and polyploidy have been
invoked as the primary driving forces in chromosome evolu-
tion of Resedaceae (review in Gonzalez Aguilera and Fern-
andez Peralta, 1984). Dysploidy may have been involved in
the early occurrence of the different basic chromosome num-
bers of the Resedaceae, and also in the differentiation of cer-
tain sections of genus Reseda (sects. Phyteuma, Reseda).
Polyploidy is associated to speciation of particular groups
(Sesamoides, Reseda sects. Glaucoreseda, Leucoreseda,
Reseda). As a result, number of complements in Resedaceae
varies from two in Reseda sect. Phyteuma to 16 in Sesamoides
(Table 1). Frequent anomalies were observed in chromosome
pairing during meiosis, such as multivalent configurations,
chromosome bridges, and early or lagged segregation of
chromosomes (Fernandez Peralta and Gonzalez Aguilera,
1982; Gonzalez Aguilera et al., 1980a,b; Gonzalez Aguilera
and Fernandez Peralta, 1981, 1983). Despite a considerable
number of cytogenetic studies, further investigations are
needed to obtain new cytogenetic data for some species, par-
ticularly for those of Caylusea, Ochradenus, Oligomeris and
Randonia.

In this paper we present the first molecular phylogenetic
hypothesis of the Resedaceae with special emphasis on the
largest genus (Reseda), using sequence data from the Inter-
nal Transcribed Spacer region (ITS) of the nuclear ribo-
somal DNA and the plastid #rnl—trnF region. Particular
issues addressed in this paper are to (i) test the monophyly
of the six genera of the family and to analyze phylogenetic
relationships between them; (ii) evaluate previous taxo-
nomic classifications of the whole family and particularly
the internal subdivision of genus Reseda; (iii) elucidate pos-
sible patterns of morphological and chromosome evolution
inferred from phylogenetic relationships; and (iv) identify
biogeographic patterns of diversity and endemism.

2. Materials and methods
2.1. Plant material and sampling strategy

Species delimitation of generic and infrageneric subdivi-
sions within Resedaceae was established following two taxo-
nomical treatments (Abdallah and de Wit, 1978; Miiller
Argoviensis, 1857, 1864), with some modifications (Supple-
mentary Table S1). One hundred and fifty-six populations of
66 species were sampled (Supplementary Table S2 and Table
2), as follows: Caylusea (3 species), Ochradenus (6) Oligomeris
(3), Randonia (1), Reseda (48), and Sesamoides (5). Up to 6
populations (Caylusea hexagyna) were sampled to represent
the geographical and morphological variation within species.
Special emphasis was placed on Reseda, including represen-
tatives of all infrageneric groups defined by Miiller Argovien-
sis (1864) and Abdallah and de Wit (1978), and at least two
populations per species, when possible.

Outgroup taxa were selected on the basis of recent
molecular studies conducted across Brassicales using plas-
tid markers (Hall et al., 2002, 2004; Rodman et al., 1993,
1996a,b, 1998). Four populations of Gyrostemonaceae
(genera Gyrostemon, Codonocarpus, Tersonia), two of
Tovariaceae (Tovaria), two of Capparaceae (Forchhamme-
ria) and one of Pentadiplandraceae (Pentadiplandra) were
included (Supplementary Table S2).

Table 1
Summary of the cytogenetic data available for Resedaceae
Taxon Inferred basic chromosome Selected references Ploidy level
number (x)
Caylusea ? — —
Oligomeris 5? Dalgaard (1986) 6?
Ochradenus 7? Spellenberg and Ward (1988), Mohamed (1997) 8?
Randonia 5? Reese (1957) 6?
Sesamoides 5 Gonzalez Aguilera and Fernandez Peralta (1981) 4,8,12,16
Reseda Glaucoreseda 7 Gonzalez Aguilera et al. (1980a) 4
Leucoreseda 5 Kaercher and Valdés Bermejo (1975), 4.8
Gonzalez Aguilera and Fernandez Peralta (1983)
Luteola 6 Eigsti (1936), Fernandez Peralta and Gonzalez Aguilera (1982) 4
Neoreseda ? — —
Phyteuma 6 Eigsti (1936), Gonzalez Aguilera et al. (1980b) 2
Reseda 6 Eigsti (1936), Gonzalez Aguilera et al. (1980b) 4.8

Note. Specific haploid chromosome numbers are shown in Supplementary Table S2.
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2.2. DNA extractions, PCR amplification and sequencing

A total of 154 accessions (66 species, 11 subspecies) of
the Resedaceae were sequenced as the ingroup for the ITS
analysis, and 95 accessions (59 species, 7 subspecies) for the
trnL-F study. Combined analysis was performed for 93
samples of 59 species and 7 subspecies, from which we
obtained both ITS and #rnL-F sequences (Table 2).

Total genomic DNA was extracted from silica-dried
material, fresh tissue from cultivated plants and herbarium
specimens (BRNM, C, DBN, FT, GB, GH, HBG, HUJ,
LD, M, MA, MSB, NY, O, OXF, PRE, RNG, UPOS, UPS,
WU), using the DNeasy Plant Mini Kit (Qiagen, Califor-
nia, USA) or NucleoSpin Plant-Kit (Macherey-Nagel).
Standard polymerase chain reaction (PCR) was used for
amplification of double-stranded DNA on a Perkin-Elmer
PCR system 9700 (California, USA). Standard primers
were used for amplification and cycle sequencing of the ITS
region (Blattner, 1999 for ITS A; White et al., 1990 for ITS
4; Meimberg, 2002 for alTS1 and alTS4) and the
trnL(UAA)-trnF(GAA) spacer (trnC and trnF, Taberlet
etal, 1991). After 1-5min pre-treatment at 94°C, PCR
conditions were: 24-35 cycles of 1 min at 94°C, 30s-1 min
at 50-52°C, 1-2min at 72 °C, and a final stage of 15min at
72 °C. Amplified products were cleaned using spin filter col-
umns (PCR Clean-up kit, MoBio Laboratories, California,
USA) and MicroconYM-100 Filter Tubes (Amicon Biosep-
arations), following the manufacturer’s protocols. Cleaned
products were directly sequenced using dye terminators
(Big Dye Terminator v. 2.0, Applied Biosystems, Little
Chalfont, UK) following the manufacturer’s protocols, and
samples were run on an Applied Biosystems Prism Model
3700 automated sequencer. Sequenced data were assembled
and edited using the program SeqEd v. 1.0.3 (Applied Bio-
systems, California, USA). ITUPAC symbols were used to
represent nucleotide ambiguities in ITS sequences.

2.3. Phylogenetic analyses
Three different matrices were analyzed: ITS (157

sequences), trnl-F (104 sequences), and the ITS-trnl-F
combined (96 accessions). Alignment was performed using

Table 2

Number of species of the six genera for ITS and trnL-F sequence analyses

Taxon Marker Percentage
ITS tmL-F Combined  sampled (%)

Caylusea 3 3 3 100

Ochradenus 6 4 4 66

Oligomeris 3 3 3 100

Randonia 1 1 1 100

Reseda 48 (59) 45 (52) 45 (52) 77

Sesamoides 5 3 3 83

Total (family) 66 59 59 80

Note: Number of infraspecific taxa are specified in brackets for Reseda.
Percentage of sampled species are given with respect to total number of
species recognized (see supplementary Table S1).

the windows interface Clustal X v. 1.62b (Thompson et al.,
1997), with manual adjustments. Maximum parsimony
(MP) and Bayesian Inference (BI) analyses were performed
on the complete ITS and #rnL-F matrices as well as on
reduced matrices resulting from the exclusion of multiple
sequences per taxon. In MP analyses, all characters and
transitions/transversions were equally weighted (Fitch,
1971), as implemented in PAUP* version 4.0b10 (Swofford,
2002). In order to avoid overweighting characters, gaps
were treated as missing data. Heuristic searches were repli-
cated 100 times with random taxon-addition sequences,
tree-bisection-reconnection (TBR) branch swapping, and
the options Multrees and Steepest Descent in effect. For
cases in which the running was interrupted due to a mem-
ory fault, a second heuristic search was performed retaining
only 500 trees per replicate with a number of steps equal to
the one found in the previous heuristic search (Schultheis,
2001). In addition to standard measure of fit of characters
to the trees produced (Consistency Index (CI) (Kluge and
Farris, 1969); Retention Index (RI) (Farris, 1989)), the
strength of support for individual branches was estimated
by fast bootstrapping (Felsenstein, 1985) with 100,000 re-
sampling. Congruence of ITS and #rnl-F datasets was
tested using the Hompart test (1000 replicates with a max-
trees setting of 10) and the Templeton (1983) and Kishino
and Hasegawa (1989) tests as implemented in PAUP.

In order to test whether interruptions of heuristic
searches caused by memory faults could affect the results of
analyses, we performed complete parsimony searches using
the improved algorithms (Goloboff, 1999; Nixon, 1999)
implemented in the program TNT v. 1.0 (Goloboff et al.,
2003). These analyses were performed by using the new
technologies sectorial search, ratchet and tree fusing, in a
1000 random addition sequence replicate analysis, with
default parameters in effect and gaps treated as missing
data. Trees retained after completion of each search
were submitted to a “traditional” search with TBR branch
swapping.

Insertions/deletions mutations needed for the alignment
of the ITS and trnL-F matrices were coded with the pro-
gram Indelcoder (Miiller, 2006) using the Modified Com-
plex Indel Coding (MCIC) algorithm. In order to evaluate
the relevance of considering indels as additional coded
characters for phylogenetic inference, two different MP
analyses were carried out for each matrix, one including all
indels as exactly coded by Indelcoder as additional charac-
ters, and one without coded indels. In order to test the accu-
racy of this new program, Indelcoder codification was
manually revised and a third matrix was obtained and ana-
lyzed. This third matrix was compiled by excluding those
additional characters which codified indels that only
affected outgroup, were ambiguous (hypervariable ends) or
autoapomorphic.

The complete ITS matrix was split into three different
matrices, including the ITS-1, ITS-2 spacers, and the 5.8S
region, respectively. These three matrices and the complete
trnL-F matrix were analyzed to determine the simplest
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model of sequence evolution, both under the Hierarchical
Likelihood Ratio Test (hLRT) and the Akaike Information
Criterion (AIC) as implemented in MrModeltest 1.1b
(Nylander, 2002; Posada and Crandall, 1998). When each
criterion selected a different evolutionary model, Bayesian
analyses were performed under both models by using
MrBayes 3.0b4 (Ronquist and Huelsenbeck, 2003). Four
Markov Chain Monte Carlo were run simultaneously in
each Bayesian analysis for 5,000,000 generations with an
interval of 1000 generations. Burn-in was evaluated over
generations. After discarding trees yielded before the Like-
lihood stationary, the remaining trees were summarised in a
majority rule consensus tree, using posterior probability
(pp) as a measure of clade support. Tree topology depicted
by different evolutionary models selected by each criterion
was similar and differing slightly in clade support. There-
fore pairwise differences, tree topology and posterior prob-
abilities herein shown, were those obtained when applying
the simplest model selected by the hLRT criterion. The evo-
lutionary models that best fit the ITS-1 and ITS-2 spacers
were different from the one that best fits the 5.8S region (see
Section 3.2). Accordingly, character partition was
performed on the complete ITS matrix for the Bayesian
analysis.

3. Results
3.1. Characteristics of ITS and trnL-F sequences

The characteristics of ITS and #rnL-F sequences are
summarised in Table 3. According to phylogenetic results,
these characteristics are given for (1) the family Reseda-
ceae, which comprises 154 ITS and 95 #rnl-F sequences,
and (2) the core Reseda, with 136 ITS and 85 trnL-F acces-
sions of Ochradenus, Oligomeris, Randonia, and Reseda.

Table 3

Visual inspection of ITS chromatograms of the core
Reseda revealed clear nucleotide additivities (positions con-
taining double nucleotide peaks) in 131 positions. These
additivities were found in 62 accessions, representing 39
species of the four genera of the core. Forty five of these 131
additive positions were present in 4 species of Reseda sect.
Leucoreseda (R. alba, R. attenuata, R. suffruticosa, R. valen-
tina). Although it was not possible to determine whether
double-peaks were due to sequencing artifacts or to differ-
ent ITS copies, equimolar proportions of alternative nucle-
otide peaks in many accessions suggested the presence of
more than one ITS copy as the most probable explanation.
This view is also supported by the fact that 86 of the 131
additive positions were variable sites for the remaining
accessions with no additivities. Nonetheless, further studies
which include cloning of those species showing ITS double-
peaks are necessary to check if they are caused by multiple
ITS copies due to hybridization processes. Corrected GTR
pairwise distances of ITS sequences within the Resedaceae
vary between 0% (80 pairs of sequences) and 28.56% (Cay-
lusea latifolia and the two populations of C. abyssinica vs.
Reseda alphonsi). Within the core Reseda, the minimum
pairwise distance (0%) was found between 58 pairs of
sequences, and the maximum (23.34%) between Reseda
undata ssp. undata and R. alphonsi. The highest sequence
divergence within the same species in core Reseda (3.57%)
was found when comparing Reseda valentina ssp. valentina
pop.2 and R. valentina ssp. almijarensis.

Corrected GTR pairwise distances of trnL-F sequences
within the Resedaceae vary between 0% (59 pairs of
sequences) and 7.46% (Sesamoides interrupta vs. Randonia
africana pop.2). Within the core Reseda, the minimum pair-
wise distance (0%) was found between 55 pairs of
sequences, and the maximum one (4.35%) between Reseda
luteola pop.3 and R. wurnigera. The highest sequence

Summary of phylogenetic results obtained from the analyses of ITS and #rnL-F sequences of Resedaceae and the core Reseda, once outgroup sequences

were excluded

ITS region ITS trnL—trnF
ITS-1 5.8S ITS-2

Resedaceae
Length range (bp) 624-639 251-266 160-162 208-213 697-787
Aligned length (bp) 681 281 162 238 1002
Number of variable vs. informative characters 298/258 176/156 11/6 111/96 139/99
Maximum sequence divergence (GTR) 28.56% 43.35% 2.71% 25.68% 7.46%
Informative indels (no. bp) 15 (1-18) 9 (1-18) 0 6 (1-2) 10 (1-93)
Number of nucleotide additivities 151 98 5 48 0
Number of accessions with nucleotide additivities 67 50 5 37 0
CI' (C) 0.55 (0.57) — — — 0.71 (0.76)
RI 0.92 — — — 093
Mean G + C content 57.80% 57.56% 55.69% 59.59% 33.22%
Core Reseda
Number of variable vs. informative characters 266/220 154/133 9/4 103/83 113/76
Maximum sequence divergence (GTR) 23.34% 25.81% 1.29% 25.68% 4.35%
Informative indels (no. bp) 8 (1-2) 4(1) 0 4(1-2) 6 (1-93)
Number of nucleotide additivities 131 86 5 40 0
Number of accessions with nucleotide additivities 65 47 6 34 0
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divergence within the same species in core Reseda (1.07%)
was found when comparing the two populations of Rando-
nia africana.

3.2. Phylogenetic analyses

Phylogenetic reconstructions of the ITS, zrnL-F and
combined matrices performing Bl and MP, using algo-
rithms implemented in PAUP (specified below) and TNT
(results not shown), yielded similar topologies. Both plas-
tid and nuclear data sets were congruent when testing
topological congruence with Templeton and Kishino—
Hasegawa tests as implemented in PAUP (results not
shown). However, the Hompart test showed that both
data sets were incongruent. By partitioning the taxon
sampling and testing independently, the incongruence
could be traced back to six accessions (Reseda attenuata
pop.2, R. barrelieri, R. ellenbeckii pop.2, R. gayana pop.2,
R. sessilifolia and R. valentina ssp. valentina pop.2). Of
these, four taxa belong to Reseda sect. Leucoreseda, where
topological incongruences affect terminal branches.
Reseda sessilifolia and R. ellenbeckii pop.2 were posi-
tioned as polytomies to most of the other accessions of the
ingroup with trnL-F, but were positioned within well-
resolved clades with ITS. After excluding these six acces-
sions and the outgroup, the Hompart test revealed con-
gruence between both data sets (p-value =0.13). Despite
the lack of congruence for the whole data matrix using the
Hompart, the combined analyses were conducted, as
topological tests revealed congruence and the few incon-
gruences detected did not affect deep nodes of phyloge-
nies. Additionally, only minor differences were detected in
the consensus topologies of the single matrix analyses,
and combined results increased branch support for nearly
all clades. BI analyses of the complete ITS, trnL-F, and
combined matrices are shown in Figs. 2-4, respectively.
Resolution and clade support were considerably lower in
the individual zrnl-F analysis compared to the ITS and
combined, irrespective of the method used, due to a
reduced amount of informative positions of the data set
(Table 3). Topologies obtained from phylogenetic analy-
ses of the complete ITS, trnl-F and combined matrices
were identical and the measure of fit similar to those
inferred from the reduced matrices (one accession per spe-
cies). The MP analyses of the complete ITS matrix
resulted in 47,000 shortest trees of 1085 steps (CI' =0.551;
RI1=0.922); 49,501 shortest trees of 391 steps (CI' =0.713;
RI1=0.934) for the trnL-F matrix; 47,503 shortest trees of
1397 steps (CI'=0.579; RI=0.880) for the combined
matrix. Similar bootstrap supports were obtained for each
of the three different MP analyses (without indel coding,
only coding informative indels, and including all indels
coded), as conducted to evaluate the accuracy of the pro-
gram Indelcoder. MrModeltest retrieved SYM +1+ G as
the most likely evolutionary model for the ITS-1 spacer,
SYM + G for the ITS-2 spacer, K80 + I for the 5.8S region,
and GTR + G for trnL-F.

Resedaceae form a strongly-supported monophyletic
group (100% bs; 100% pp) irrespective of the sequences and
analyses performed. The ITS (Fig.2) and ITS-trul-F
(Fig. 4) trees revealed three well-supported clades (all
>92% bs; 100% pp). Two of them clustered all accessions
of Caylusea and Sesamoides together, and the third one
includes all accessions of Ochradenus, Oligomeris, Rando-
nia, and Reseda. Caylusea is sister group to the rest of the
Resedaceae (100% bs; 100% pp) and then Sesamoides is sis-
ter (=83% bs; 100% pp) to the third major clade (core
Reseda). Two lineages of moderate to high support contain
accessions of Reseda and Oligomeris (lineage A, >69% bs;
100% pp) and accessions of Reseda, Ochradenus and Ran-
donia (lineage B, >93% bs; 100% pp). Lineage A is formed
by four sublineages. Sublineage Al has accessions exclu-
sively of Reseda sect. Leucoreseda (=99% bs; 100% pp) and
is sister to the other three. The sublineage A2 contains
accessions of Reseda sect. Luteola (100% bs; 100% pp) and
is, in turn, sister to the sublineage A3, with accessions of
Reseda sect. Glaucoreseda (=98% bs; 100% pp), and the
sublineage A4, with those of Oligomeris (=71% bs; =90%
pp). Lineage B displays limited resolution of sublineages
containing the rest of accessions of core Reseda. Three
basal, well-supported sublineages (B1, B2, B4) and one with
weak support (B3) are recognized and further discussed
(Figs. 2 and 4).

4. Discussion
4.1. Character evolution and systematic implications

Analyses of nuclear ITS and plastid #rnL-F sequences of
nearly all species of the Resedaceae strongly support its
monophyly, as already proposed in previous molecular
studies based on plastid markers (rbcL, ndhF, matK; Hall
et al., 2004). Within Resedaceae, Caylusea and Sesamoides
constitute well-supported monophyletic genera, while the
large genus Reseda is not monophyletic, since the genera
Oligomeris, Ochradenus, and Randonia are embedded
within Reseda (core Reseda; Figs. 2-4). The three tribes
(Cayluseae, Astrocarpeae, and Resedeae) traditionally rec-
ognized in the Resedaceae share a most recent common
ancestor, as retrieved in all phylogenies (=73% bs; 100%
pp; Figs. 2-4). The use of two diagnostic morphological
characters (ovary and placentation type; Abdallah and de
Wit, 1978; Bolle, 1936; Miiller Argoviensis, 1857, 1864) is
congruent with our result of three lineages including all
accessions of the three tribes. Placentation appears to have
evolved from the plesiomorphic central-axial condition
found in the tribe Cayluseae to the apomorphic parietal in
the tribe Resedeae, as it has been traditionally proposed
(Puri, 1945, 1950; Ronse de Craene, 2002; Stebbins, 1974).
Our analysis however reveals marginal placentation (tribe
Astrocarpeae) as the intermediate state (Fig. 1). On the
other hand, an unidirectional increment in carpel fusion in
the course of evolution is not supported by our data. Caylu-
seae, the earliest divergent tribe, has a semiapocarpic ovary,
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indicating that apocarpic ovaries (tribe Astrocarpeae) orig-
inated later, and then syncarpic unilocular ovaries (tribe
Resedeae). Accordingly, our nuclear and plastid phyloge-
nies disagree with acceptance of apocarpy as the primitive
condition, as historically admitted by most taxonomists (i.e.
Armbruster et al., 2002; Eames, 1961; Endress, 1982, 2001;
Soltis et al., 2005; Stebbins, 1974). Syncarpy is a key inno-
vation and has a broad adaptive advantage over apocarpy,
so conditions favouring apocarpy over syncarpy are
uncommon (Armbruster et al., 2002; Endress, 2001), and
reversals to apocarpy in angiosperms rare (Endress et al.,
1983; Fallen, 1986; Jenny, 1988; Ramp, 1988). However,
this reversal event affecting Sesamoides was suggested by
systematists (Cronquist, 1981; Hufford, 1996; Kubitzki,
2003; Sobick, 1983; Takhtajan, 1997). A general pattern of
reduction in carpel number in Resedaceae is also deduced
from our phylogenetic hypothesis, in agreement with a
main trend in angiosperms (Soltis et al., 2005). Carpel num-
ber is somehow variable in the early divergent lineages (5-6
in Caylusea and 4-8 in Sesamoides), and then decreases in
core Reseda (usually 3-4), followed by acquisition of two
carpels in Randonia africana and Reseda sect. Neoreseda.

Our molecular phylogeny is not conclusive to resolve the
taxonomic complexity of Sesamoides, in which some
authors (Abdallah and de Wit, 1978; Miiller Argoviensis,
1864) circumscribed a single species, while others recog-
nized up to six different species (Lopez Gonzalez, 1993).
The low morphological variability found among Sesamo-
ides taxa is also supported by their limited ITS and trnlL-F
sequence divergence, and give evidence for limited differen-
tiation in this genus.

The phylogenetic placement of Oligomeris, Ochradenus
and Randonia within genus Reseda is surprising if we con-
sider the diagnostic, clear-cut characters of these genera.
However, it could be a good example of how ecological
adaptation to extremely xerophytic conditions may induce
homoplasic morphological variation in Reseda, which leads
to taxonomic decisions that hide true systematic relation-
ships. Thus, the acquisition of woodiness and deciduous
leaves in Ochradenus and Randonia, and the polygamous
flowers and reduction or loss of petals in Oligomeris and
Ochradenus are interpreted as morphological adaptations
to desert conditions. In fact, simplification of floral struc-
ture, i.e. reduction in size or loss of petals and a tendency
towards dioecy (polygamous flowers), has been considered
as a transitional state in the evolutionary pathway from
hermaphroditism to dioecy (Barrett, 2002; Charlesworth
and Charlesworth, 1978). Convergent evolution for these
characters has been reported in desert habitats as those
where Resedaceae genera occur (Hall et al., 2004; Hufford,
1996). Acquisition of woodiness in Ochradenus and Rando-
nia is intriguing since the annual habit, considered to be an
adaptation to dryness, appears to be predominant in the
Sahara flora (Braun-Blanquet, 1964).

Despite lack of evidence for monophyly of Reseda, the
general evolutionary pattern within the core Reseda is
mainly in agreement with previous sectional classification

of Reseda. Thus, four of the six sections recognized within
Reseda are monophyletic (Leucoreseda (lineage Al), Lute-
ola (A2), Glaucoreseda (A3), Phyteuma (Bl); Figs. 2, 4).
Two different major lineages are reported within the core
Reseda, clade A and clade B. Lineage A comprises mostly
4-carpelled species (except for R. luteola), whereas members
of lineage B usually bear 3 carpels, with rare exceptions of 2
carpels (Randonia, Reseda sect. Neoreseda). Tree topology
of ITS and #rnL-F sequence analyses indicates not only a
general pattern of reduction in carpel number in the
Resedaceae but also within the core Reseda in a homoplasic
fashion.

Section Leucoreseda (lineage Al) is formed by the Medi-
terranean widespread R. alba and six endemics to Iberian
Peninsula and NW Africa. This section has been divided in
two subsections considering habit and floral structure (Ara-
nega, 1992, 1994; Supplementary Table S1), which are
partly supported by our ITS and combined analyses. Acces-
sions of both subsections are segregated in two major sub-
lineages (Figs. 2-4). However, incongruences in the
phylogenetic placement of several accessions (R. attenuata,
R. barrelieri, R. valentina) were found when comparing
nuclear (Fig.2) and plastid (Fig.3) phylogenies. These
incongruencies concerned the internal resolution of sect.
Leucoreseda, and may also be responsible for the lack of
congruence depicted when applying the Hompart test. Spe-
cies identity is clarified by our analysis in some cases but
not in others. Our results support identity of R. gayana, tra-
ditionally subsumed under R. undata (Abdallah and de Wit,
1978; Miiller Argoviensis, 1864; Valdés Bermejo, 1993;
Yeo, 1964, 1996), and its placement in subsect. Erythrore-
seda, as already proposed on the basis of morphology (Ara-
nega, 1992, 2005). Populations of the Mediterranean
widespread and highly variable R. alba (subsect. Leucore-
seda) do not form a monophyletic group according to our
ITS and trnL-F trees (Figs. 2 and 3). We hypothesize, as
already suggested (Abdallah and de Wit, 1980; Zohary,
1966), that hybridization between taxa of R. alba complex
plays an important role and is responsible for numerous
additivities (23) found in six ITS accessions of this group.

Reseda sect. Glaucoreseda (lineage A3) consists of
restricted endemics to the high mountain ranges and pla-
teaus of the Iberian Peninsula and Morocco. Low internal
resolution in this section (Figs. 2-4) is due to low level of
sequence divergence rather than nucleotide incongruences
among informative characters (results not shown). This
result is congruent with recent, ongoing processes of allo-
patric speciation. The striking sister-relationship between
Reseda sect. Glaucoreseda and Oligomeris has never been
proposed in taxonomic accounts, although both taxa share
several morphological features (4 carpels, entire leaves,
basal leaf teeth, persistent sepals and stamens).

The monotypic Reseda sect. Luteola is the only member
of lineage A which consistently bears 3 carpels. However, it
has traditionally been considered close to sect. Glaucore-
seda, because both taxa are the only ones in the family
showing a forked placenta.



S. Martin-Bravo et al. | Molecular Phylogenetics and Evolution 44 (2007) 1105-1120 1115

The remaining species of Reseda (sections Reseda,
Phyteuma, Neoreseda), together with those of Ochradenus
and Randonia, form lineage B (Figs. 2-4). The large, basal
polytomy displayed in this lineage B, prevents us from
establishing major clades and determining phylogenetic
relationships among them.

Monophyly of section Phyteuma is not clearly retrieved
in our analyses. All the species of sect. Phyteuma cluster
together (B1) in the trnL-F (Fig. 3) and combined (Fig. 4)
analyses, but not in the ITS tree (Fig. 2). Our results sup-
port the identity of the NW African endemic R. collina
(Miiller Argoviensis, 1857, 1864), as well as its indepen-
dence from R. phyteuma, in contrast with the view of sev-
eral authors (Abdallah and de Wit, 1978; Ibn Tattou, 1999;
Valdés, 2002). Reseda phyteuma has been proposed as one
of the putative ancestors of the cultivated R. odorata, as
well as R. arabica and R. orientalis (Abdallah and de Wit,
1978). Nuclear and plastid discordance suggests a hybrid
origin, in which R. arabica and R. orientalis may have been
involved (Figs. 2 and 3).

All species of section Reseda are included in sublineages
B2, B3, and B4 (Figs. 2 and 4) together with those of
sect. Neoreseda (B3) and Ochradenus and Randonia (B4).
Sublineage B2 (Reseda sect. Reseda sensu stricto) shows
high congruence between taxonomic and monophyletic
groups, with the exception of the NW African R. lutea ssp.
neglecta, which is linked with the Canarian endemic
R. crystallina and not with its conspecific ssp. lutea (see dis-
cussion in biogeography section).

Mostly perennial species from N Africa and SW Asia
included in section Reseda form the weakly supported sub-
lineage B3. However, phylogenetic relationships within this
group are hindered by the poor internal resolution in all
analyses. In this particular case, low resolution may be due
to active reticulation processes, as 26 additivities have been
detected in 14 ITS accessions representing 12 species of
sublineage B3. In addition to this, some conspecific acces-
sions do not cluster together (Reseda amblycarpa, R. auc-
heri, R.ellenbeckii, R. gilgiana; Figs. 2-4). The atypic two-
carpelled shrublets R. ellenbeckii and R. telephiifolia also
fall within this clade. Both species were treated in the sepa-
rate subgenus or section Neoreseda (Abdallah and de Wit,
1978; Perkins, 1909, respectively). However, in light of our
results and in order to seek a natural classification, there is
no evidence for support of an independent group for these
species.

Accessions of Ochradenus and Randonia form a mono-
phyletic group in the same sublineage (B4) in all analyses.
Occurrence of the two genera in lineage B coincides with a
relatively reduced number of carpels (3 and 2, respectively).
Both genera were recognized by Miiller Argoviensis (1864)
and Abdallah and de Wit (1978) based on floral differences,
while Miller (1984) considered no morphological evidence
to differentiate them. The two genera display biological
affinities, i.e. desert shrubs very similar in habit, with spines-
cent branches and deciduous leaves. However, occurrence
of three-carpelled flowers without corolla in Ochradenus,

while two-carpelled with 8 petals in Randonia, coupled with
grouping of ITS species accessions into monophyletic
groups (Figs. 2, 4; but see Fig. 3), lead us to recognize the
taxonomic validity of both genera.

4.2. Cytogenetic evolution

There exists a strong relationship between cytogenetic
evolution, as inferred from the ITS and 7rnL-F phylogenies,
and taxonomic classification of the family (Fig.4). Our
results suggest an evolutionary increment of haploid
number from the proposed basic chromosome number
x=5 (Gonzalez Aguilera and Fernandez Peralta, 1984).
Dysploid processes may have been involved in early acqui-
sition of the two secondary basic numbers (x=06, x=7),
and therefore would have acted as the driving force in the
cytogenetic evolution of the family. It could not be tested
whether x =35 constitutes the ancestral state, because no
chromosome number is available for the basal-most genus
Caylusea. Sesamoides, sister to the remaining genera, dis-
plays haploid chromosome numbers of 10, 20, 30, and 40
(Gonzalez Aguilera and Fernandez Peralta, 1981). It has
been stated that the basic chromosome number of Sesamo-
ides is x =15, in spite of the series of haploid numbers rang-
ing from 10 to 40, because meiotic tetravalents have been
observed in species with 2n=20 (Gonzalez Aguilera and
Fernandez Peralta, 1981, 1984). Our phylogenetic recon-
structions suggest that the derived basic number x = 6 may
have been acquired twice or three times in the course of the
evolution of the family, as it is the inferred basic number in
three independent sublineages (A2, B1, B2). Similar argu-
ments of those given for Sesamoides led to accept x=7 as
the basic chromosome number of Reseda sect. Glaucoreseda
(sublineage A3; Gonzalez Aguilera et al., 1980a). The posi-
tion of sect. Glaucoreseda in all phylogenetic reconstruc-
tions indicates a more recent acquisition of the basic
number x =7 in Reseda.

In addition to dysploidy, polyploidy seems to have acted
as an important cytogenetic mechanism in the evolution of
the Resedaceae. Sesamoides purpurascens contains several
ploidy levels (from n =10 to n=40), which is a strong pat-
tern of ploidy increment also found at a lower extent in
Reseda sects. Leucoreseda and Reseda s.s. (Table 1, Supple-
mentary Table S2). Our phylogenetic results help to inter-
pret evolution of chromosome number in the course of
polyploidization in two cases. A pectinate topology of line-
age A and sister-group relationships indicate that acquisi-
tion of n=20 in Reseda alba (sect. Leucoreseda) is the result
of polyploidy from »=10. In lineage B2, species of sect.
Reseda s. s. (n=12), form a well-supported sister-group to
Reseda lutea (n=24), leading us to suggest a second case of
polyploidization in the Mediterranean region. It is interest-
ing to notice that these two unique known octoploids in
Reseda (R. alba, R. lutea) form part of the two main lineages
(A, B; Figs. 2 and 4) and are the most morphologically vari-
able and widely distributed species within their sections
(Leucoreseda and Reseda, respectively). In fact, R. alba and
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R. lutea are becoming invasive aliens in many parts of the
world (i.e. Daniel, 1993; Davis et al., 1993; Harris et al.,
1995; Heap, 1997; Heap et al,, 1993; Leistner, 1970; Pearce,
1982), whereas the species with lowest chromosome num-
bers in sects. Leucoreseda and Reseda show a more limited
distribution (Fig.4; Supplementary Table S2). This fact
agrees with the presumed improvement of colonization
ability attributed to polyploids and their predominance in
the checklists of the more extended weeds (Ehrendorfer,
1980; Soltis and Soltis, 2000; Stebbins, 1972).

4.3. Biogeographic implications

Resedaceae are primarily distributed in the Old World,
with the Mediterranean basin as the primary center of
diversity in terms of not only species but also genera num-
ber. Species distribution of the Resedaceae is summarised
in seven different zones (Fig. 5), characterized by vegeta-
tion, habitat, climatic, and geographic characteristics. The
region including the Iberian Peninsula, NW Africa and
Macaronesia (zone A), is one of the two main hotspots of
the Resedaceae, with 36 species and five genera. High level
of endemism with 22 endemic species, the endemic Reseda
sect. Glaucoreseda and the subendemic sect. Leucoreseda
(all endemic species except for the widespread R. alba) lead
us to interpret an active, long-term diversification process

in zone A. The diversity of habitats (steppes, savannas,
garigues, semiarid and arid deserts), the presence of high
mountain ranges and long-term isolated archipelagos, as
well as the influence of past climatic and geological events,
help to understand the number of taxa and endemics’ abun-
dance. In the case of the mountain sect. Glaucoreseda, our
ITS phylogeny support the monophyly of the Moroccan R.
battandieri and R. glauca from Pyrenees (Fig.2). The
remaining species appear unresolved in a polytomy due to
the low number of informative characters, that may be
caused by recent diversification as a result of post-glacial
isolation. At least four independent dispersal events may
have been involved in the colonization of Resedaceae to the
Canary Islands. The Canary flora contains the widespread
Oligomeris linifolia, the Mediterranean Reseda luteola, and
two endemic species (R. crystallina, R. scoparia), which are
placed in four independent lineages of the ITS, trnl-F and
combined phylogenies (Figs. 2-4). Concerning continental
sources of dispersals, no general pattern can be established
with confidence. Assuming current species distributions as
ancestral areas, our results place the origin of the endemic
R. crystallina in NW Africa from an ancestor related to the
endemic R. lutea ssp. neglecta (Figs. 2-4), as already pro-
posed by Abdallah and de Wit (1978) on the basis of mor-
phology. The case of the endemic R. scoparia is difficult to
explain, given that its phylogenetic placement remains still
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unclear. This taxon is sister to the Ochradenus/Randonia
clade if plastid (Fig. 3) and combined analyses (Fig. 4) are
considered, while unresolved in the basal polytomy of line-
age B of the ITS tree (Fig. 2).

Zone B, which includes desert countries of N and NE
Africa (from Algeria to Egypt), harbours representatives of
five of the six genera of the Resedaceae. In contrast to zone
A, this zone is not significantly rich in species number and
local endemics. This homogeneous pattern of diversity may
be due to relatively similar habitats and uniform climates
over time.

Tropical E African countries (Kenya, Uganda, Tanza-
nia, Ethiopia, Somalia, Eritrea, Djibouti) and S Arabian
Peninsula (zone C) are also rich in species (21) and genera
(4). This zone has an extraordinary percentage of endemic
species of the Resedaceae (80%), since 17 out of the 21
species are exclusive to this area. Particularly, two of the
three species of genus Caylusea and all the nine Reseda
species occurring in zone C are endemics. These nine
Reseda species are characterized by shrubby habit, and
belong to the same lineage (B3) in our phylogenetic recon-
structions (Figs. 2 and 4). New arid habitats generated
since aridification in the Pleistocene (Cane and Molnar,
2001; Chiarugi, 1933; deMenocal, 1995; Quézel, 1978)
were suitable for Reseda. An earlier isolation time by
Pleistocene aridification processes, together with a diverse
topography and geology (some edaphic endemics), may
have been responsible for high levels of speciation rates in
zone C. Recurrent aridification processes may have also
affected Ochradenus, which also displays the greatest
diversification of the genus in E Africa and S Arabia
(Miller, 1984), with eight of the nine species (6 endemics)
in zone C. These two territories are separated by the Red
Sea and Gulf of Aden, whose formation is a fairly old geo-
logical event (~20-10 million years ago, Miocene) for
plant speciation (Meulenkamp and Sissingh, 2003; Rob-
erts, 1969; Wickens, 1976). A strong disjunct pattern is
observed in this zone, where Reseda differentiated prefer-
entially in the horn of Africa (6 endemics), whereas Och-
radenus displays a high number of endemics (4) in the
southern-most stripe of the Arabian Peninsula. Addition-
ally, an ancient part of the African continent (the island of
Socotra) displays a similar pattern of allopatric specia-
tion. Our phylogenetic results agree with two independent
speciation processes (lineages B3, B4) in Socotra to form
two unrelated Resedaceae endemics (Reseda viridis, Och-
radenus socotranus; Fig. 2).

Zone D primarily comprises SW part of Asia, from E
Mediterranean basin to W India (Fig. 5). This broad area is
the second main center of diversity of the Resedaceae (31
species, 4 genera). All the zone D endemics are circum-
scribed in Reseda sects. Phyteuma and Reseda (except for
one species of Ochradenus), reflecting a great diversification
pattern within two sublineages (B1, B3; Figs. 2 and 4). At
least 15 endemic species of sect. Reseda are present in zone
D, accounting for nearly 60% of the total number of species
within the largest section of the genus.

Zone E comprises the C Mediterranean basin (from
Sardinia and Corsica to Greece) and C Europe. The low
number of species and genera (9/2) in this large territory,
coupled with occurrence of multiple sublineages of recent
origin (Reseda sects. Leucoreseda, Luteola, Phyteuma,
Reseda), reveals a relatively new colonization of most Euro-
pean countries. In fact, there is only one endemic species in
this area (Reseda inodora).

Zone F consists of the remote area of SW Africa where
two endemic species of Oligomeris can be found (O. drege-
ana, O. dipetala). Several cases of disjunct distribution
between the arid regions of N and S Africa have been stud-
ied (de Winter, 1971; Goldblatt, 1978; Thulin, 1994b). This
pattern of disjunction has been traditionally explained by
the existence of an arid corridor facilitating N-S connection
through E Africa during dry phases of the Pleistocene (Jiir-
gens, 1997; Verdcourt, 1969; Werger, 1978). This corridor
may have been operating in alternate arid-humid phases in
pre-Pleistocene periods to account for long isolation pro-
cesses (Besnard et al., 2006). Alternatively, the possibility of
long-distance dispersal has also been proposed (Thulin,
1994b). The small zone G (SW North America), which only
harbours the widespread species Oligomeris linifolia, repre-
sents the most remarkable disjunction of the Resedaceae.
Further work is needed to investigate whether long-dis-
tance dispersal is responsible for recent colonization of
Oligomeris in SW North America, as suggested by sequence
similarity of populations from Yemen, Morocco, Tunisia
and the isolated Canary Islands.
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