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Abstract

Relationships between the four families placed in the angiosperm order Fabales (Leguminosae, Polygalaceae, Quillajaceae,
Surianaceae) were hitherto poorly resolved. We combine published molecular data for the chloroplast regions matK and rbcL with
66 morphological characters surveyed for 73 ingroup and two outgroup species, and use Parsimony and Bayesian approaches to
explore matrices with different missing data. All combined analyses using Parsimony recovered the topology Polygalaceae
(Leguminosae (Quillajaceae + Surianaceae)). Bayesian analyses with matched morphological and molecular sampling recover the
same topology, but analyses based on other data recover a different Bayesian topology: ((Polygalaceae + Leguminosae)
(Quillajaceae + Surianaceae)). We explore the evolution of floral characters in the context of the more consistent topology:
Polygalaceae (Leguminosae (Quillajaceae + Surianaceae)). This reveals synapomorphies for (Leguminosae (Quillajaceae + Suri-
anaceae)) as the presence of free filaments and marginal ⁄ventral placentation, for (Quillajaceae + Surianaceae) as pentamery and
apocarpy, and for Leguminosae the presence of an abaxial median sepal and unicarpellate gynoecium. An octamerous androecium
is synapomorphic for Polygalaceae. The development of papilionate flowers, and the evolutionary context in which these phenotypes
appeared in Leguminosae and Polygalaceae, shows that the morphologies are convergent rather than synapomorphic within
Fabales.

The current order Fabales was identified almost two
decades ago (Chase et al., 1993), but remains ill-defined
in terms of morphological synapomorphies. Further-
more, the relationships between the four families placed
in the order, Leguminosae, Polygalaceae, Quillajaceae,
and Surianaceae, remain uncertain. Two of the families,
Polygalaceae and Leguminosae, are species-rich and
widely distributed. They include ca. 21 ⁄1000 and
727 ⁄19 325 genera and species, respectively (Persson,
2001; Lewis et al., 2005). In contrast, the monogeneric
family Quillajaceae comprises just two species, found in
Chile and Brazil (Fuks, 1983; Lersten and Horner,
2005). The other species-poor family of Fabales, Suri-
anaceae, comprises about five genera and ten species,
and is restricted to Australia and Mexico, but includes
also the pantropically distributed species Suriana mari-
tima L. (Crayn et al., 1995). Previous phylogenetic

analyses of Fabales using molecular data sets have
recovered conflicting interfamilial relationships and
failed to provide support for these relationships (Doyle
et al., 2000; Persson, 2001; Bello et al., 2009). Here, we
explore morphology as a source of characters to help
resolve this problem. We test whether combined anal-
yses can recover robustly supported and resolved
phylogenetic relationships, and also whether any syna-
pomorphies can be identified that characterize the order,
families, and any novel groups.

Our morphological survey focuses on reproductive
traits as a potentially rich source of characters. In
general, the performance of reproductive characters in
phylogenetic inference has proved little better than other
morphological characters (Bateman and Simpson, 1998;
Lavin et al., 2001). However, some studies have shown
improved phylogenetic resolution after inclusion of
floral characters (e.g. in caesalpinioid legumes, Heren-
deen et al., 2003). Floral traits are often fundamental for
family diagnosis, so combined analyses that include
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floral characters alongside molecular data could have
potential to yield resolved phylogenies and morpholog-
ical synapomorphies for suprafamilial groupings. Given
the limits of molecular data in reconstructing topologies
for rapidly radiating groups (Wortley et al., 2005), we
expect combined analyses including morphological data
to be an efficient route to a better resolved and better
supported phylogeny, as well as offering insight into
floral evolution.

Trends in floral evolution within Leguminosae have
been the focus of detailed research that can be exploited
for phylogeny reconstruction (e.g. Tucker, 1984, 1987,
1988, 1989, 1991, 1992, 1996, 1998, 2000a,b, 2001a,b,
2002a,b, 2003a,b, 2006; Tucker and Stirton, 1991;
Tucker and Douglas, 1994; Tucker and Kantz, 1997;
Prenner and Klitgaard, 2008), but no explicitly phylo-
genetic studies have extended this research to other
families placed in the order Fabales. A broader study
integrating recent data for Quillajaceae, Surianaceae,
and Polygalaceae (Bello et al., 2007, 2010) has potential
to test earlier hypotheses regarding evolutionary trends
across the order. Quillajaceae and Surianaceae exhibit
numerous differences in the organization of their repro-
ductive whorls, despite their similarity in both inflores-
cence structure and perianth and gynoecial merosity
(Bello et al., 2007). On the other hand, Leguminosae
flowers resemble those of Quillajaceae in several traits
(Bello et al., 2007).

One interesting morphological phenomenon in Fab-
ales that is highlighted here is the presence of papilionate
flowers (or ‘‘keeled’’ flowers sensu Westerkamp, 1997) in
most species of the two species-rich families, Polygala-
ceae and Leguminosae. Westerkamp and Weber (1999)
investigated the homology of the papilionate flowers of
Fabales, comparing mature floral characters in Legu-
minosae and Polygalaceae. They concluded that despite
functional similarities and a common pentamerous
condition, the keeled flowers of these two families are
not homologous. Prenner (2004a) made a further
comparison of the morphologies of papilionate flowers
of Leguminosae and Polygalaceae, highlighting mor-
phological characters shared between the two families
that could be inherited from a common ancestor and
thus be truly homologous. However, he was cautious in
his conclusions, because the homology of these charac-
ters was not tested in the context of a phylogeny.
Considerably more data are now available for the
flowers of Polygalaceae (Bello et al., 2010), so the
relationships between papilionate flowers in these two
families can be further evaluated. Investigation of the
morphologies in a phylogenetic context will allow a test
of whether the papilionate flowers represent a conver-
gent (Westerkamp and Weber, 1999) or homologous
(Prenner, 2004a) syndrome within Fabales. Even if few
or none of the characters that constitute the papilionate
flowers of Leguminosae and Polygalaceae are homolo-

gous, a resolved phylogeny that incorporates floral
development characters can provide insight into the
nature of this intriguing convergence. For example,
phylogenetic continuities between non-homologous
structures with shared function were described by Baum
and Donoghue (2002). Here, we use a phylogenetic
framework to determine whether the papilionate syn-
drome is phylogenetically continuous within Fabales,
even if it is not a synapomorphy and all characters fail
tests of homology sensu Patterson (1982). Finally, an
evolutionary module that Bello et al. (2010) proposed
for the the keeled flowers of Polygalaceae can be re-
evaluated by comparing the distribution of its compo-
nent traits (bracteoles, lateral sepals, lateral petals) in a
phylogenetic context.

Materials and methods

Compiling matrices

Morphological data were assembled for 66 morpho-
logical characters (Appendices 1 and 2) across 75 taxa,
including two outgroups. Scanning electron microscopy
was used to observe floral characters from Polygalaceae
and Kramaria and characters were scored from photo-
micrographs (Figs 1 and 2) following the procedure
described in Bello et al. (2007). Other characters were
scored from the literature (Appendix 2). Three fruit
characters (winged fruit, fruit consistency, and fruit
dehiscence) were included as reproductive characters
related to floral morphology, because gynoecium struc-
ture ultimately determines fruit morphology. A charac-
ter describing the habit was also included, because it was
easily scored for all taxa. Other non-floral characters
were considered but rejected, because it proved impos-
sible to score an adequate sample for all the study taxa.

Previously published molecular data were compiled
for these 75 taxa from two gene regions, matK and rbcL
(Appendix 1). In cases where it was impossible to
exactly match morphological and molecular sampling,
DNA data from congeners was used. For some taxa,
DNA sequences representing congeners were not avail-
able either, so only morphological data were scored for
a subset of the species surveyed here. We analysed three
matrices with combined data to check the consistency
of the results using different data sets with different
proportions of missing data. The first matrix (matrix A)
has all 75 taxa included in the morphological survey,
whether or not molecular data were available. This
matrix, with a total of 3208 characters, has 20 taxa
without any DNA data, and 25 are represented by just
a single DNA marker (20 with rbcL and five with matK
only). Matrix A includes 24 ingroup species to repre-
sent Leguminosae, 48 for Polygalaceae, one species
to represent Surianaceae, and one to represent
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Fig. 1. SEM photomicrographs of selected species here studied illustrating several character states (Appendix 2). (a,b) Salomonia cylindrica. (c)
Monnina salicifolia. (d) Polygala alpicola. (e) P. paniculata. (f), P. hygrophylla. (g) Bredemeyera floribunda. (h,l,m) P. violacea. (i) M. aestuans. (j,n)
Krameria ixine. (k) Securidaca retusa. (a) Lateral view of a raceme with sessile mature flowers. (b) Top view of a raceme; floral buds without
bracteoles. (c) Bud with lateral sepals and abaxial petal initiating simultaneously. (d) Abaxial and adaxial sepals starting to cover the floral bud. (e–g)
Covering of the floral bud by the lateral sepals at different stages of development of the gynoecium: once it is closed (e), during locule formation (f)
and before gynoecium differentiation (g). (h) Abaxial view of a flower with fused sepals. (i) Lateral view of a calyx with two petaloid lateral sepals
covering the floral bud. (j) Top view of a floral bud with petal primordia initiated simultaneously. (k) Top view of a floral bud with the abaxial petal
initiating first. (l) Top view of a floral bud with petals and stamens initiating simultaneously. (m) Top view of a floral bud with the adaxial petal
primordia initiating after the carpel primordia. (n) Lateral view of a mature flower with the lateral and the adaxial petals fused. Abaxial petals were
removed. Asterisks indicate places where subtending bracts were removed. The abaxial part of the flower is oriented towards the top of the
photomicrograph, except in a, b, h, i, and n. Abbreviations: adp, adaxial petal; ap, abaxial petal; apt, flower-attachment point; b, bracteole; f, floral
apex; g, gynoecium; lp, lateral petal; ls, lateral sepal; m, apical meristem; p, petal; pc, peduncule; s, sepal; sb, subtending bract; st, stamen. Black
arrowheads indicate petal primordia, white arrowheads indicate stamen primordia. Scale bars: a, h, i, n = 0.3 mm; b = 150 lm; c, d, f, g, j, k, l,
m = 30 lm; e = 60 lm.
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Quillajaceae. There is 44% missing data in this data set.
The second matrix (matrix B), also with 3208 charac-
ters, includes only the 40 ingroup taxa for which
morphology, rbcL, and ⁄or matK data were available. In
this matrix, there is a total of 13% missing data. Matrix
B includes 18 species of Leguminosae, 20 of Polygal-
aceae, and again one species to represent Surianaceae
and one for Quillajaceae. Krameria ixine Loefl. (Kra-
meriaceae) was also scored for both morphology and
DNA markers and was selected as the outgroup in
matrices A and B. We scored morphological characters
for Krameria ixine alone of the possible outgroups,
because there are few studies that include a complete
floral ontogeny of other suitable outgroups. Those that
do exist usually deal with taxa with derived morpho-
logies, which makes comparison and scoring of char-
acters in the context of Fabales difficult. Krameria is
morphologically different from other eurosid I taxa
(Sheahan and Chase, 1996), but it has been considered
to be closely related to Polygalaceae based on wood
and floral similarities (Eichler, 1875; Leinfellner, 1971;
Milby, 1971; Cronquist, 1981).

Given uncertainty regarding the higher-level relation-
ships of the Fabales, we analysed a third data set
(matrix C) including the broadest possible sampling of
all the ingroup taxa (including species with any marker
available, rbcL, matK, or morphology). Matrix C
includes representatives of Begoniaceae, Betulaceae,
Cucurbitaceae, Eleagnaceae, Fagaceae, Oxalidaceae,
Rosaceae, Violaceae, and other Zygophyllaceae (in
addition to Krameria ixine, Appendix 1). For these
analyses Gillenia trifoliata (Rosaceae) and Krameria
ixine were scored for morphological characters from a
published floral developmental study (Evans and Dick-
inson, 2005) and personal observation, respectively.
Because G. trifoliata was considered to be more dis-
tantly related to Fabales than K. ixine, the other
outgroup species scored for morphology, it was desig-
nated the primary outgroup sensu Barriel and Tassy
(1998). This third matrix (matrix C) comprises 3208
characters and 198 taxa in total, with 181 species of
Fabales (including five Surianaceae, 61 Leguminosae,
one Quillajaceae, and 112 Polygalaceae). There is a total
of 43.2% of missing data in this data set. There are 121
taxa in this data set without morphological data.

Phylogenetic analyses

In the different analyses performed, all the characters
have equal weights. Matrix A and matrix B were both
analysed using both Parsimony and Bayesian methods.
Most-parsimonious trees were estimated using WinCla-
da (Nixon, 2002) to spawn NONA, keeping a maximum
of 10 000 trees, 1000 replicates and ten starting trees per
replicate. Non-informative characters were removed
prior to the analyses. Bootstrap support values were
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Fig. 2. SEM photomicrographs of selected species of Polygalaceae
illustrating several character states (Appendix 2). (a) Diclidanthera
bolivarensis. (b) Monnina aestuans. (c) Krameria ixine. (d) Securidaca
bialata. (e) Carpolobia lútea. (f) Polygala vulgaris. (g) P. longicaulis. (a)
Lateral view of a mature floral bud with adnate sepals and petals
partially removed. (b) Lateral view of a mature floral bud with sepals,
abaxial, and lateral petals removed. Adaxial petals and androecium are
adnate. (c) Lateral view of a floral bud with two conspicuous abaxial
petals and three adaxial petals in a valvate corolla. (d) Top view of a bud
with stamens and carpels initiating simultaneously. (e) Top view of a
floral bud with non-antepetalous stamens. (f) Front view of a floral bud
with connate stamens. (g) Front view of a young bud displaying a
common stamen meristem. Abbreviations: adp, adaxial petal; ap,
abaxial petal; apt, flower-attachment point; b, bracteole; f, floral apex; g,
gynoecium; lp, lateral petal; ls, lateral sepal; m, apicalmeristem; p, petal,
pc, peduncule; s, sepal; sb, subtending bract; st, stamen; stt, stamen tube.
Black arrows indicate stamen primordia. a, b, c = 0.3 mm; d,
e = 60 lm; f = 150 lm, g = 15 lm.
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calculated in PAUP 4.1 (Swofford, 2002) using a
heuristic search with 1000 replicates, a simple sequence
addition, and the TBR branch swapping strategy. For
the Bayesian analyses, appropriate substitution models
were determined for each of the molecular data parti-
tions (matK and rbcL) as described in Bello et al.
(2009). The general time reversible model
(GTR + I + G) was selected for both rbcL and matK
partitions, whereas for the morphological partition the
MrBayes Mk model (Lewis, 2001) was implemented.
MrBayes ver. 3.1.2.1 was run for 5 · 106 generations
with four chains, sampling every 100 generations.
Analyses were repeated with sampling every 1000 and
10 000 generations. Likelihood scores were plotted
against generation numbers to confirm that the analyses
had burnt in. The last 348 trees (from the analyses
of matrices A and B) and 149 trees (from the analysis of
matrix C) with the highest likelihoods were used to
determine the posterior probabilities by constructing a
majority rule consensus tree in PAUP 4.0b. The
Bayesian analyses were carried out on the freely
available Bioportal of the University of Oslo (Kumar
et al. 2009).

In addition to analyses of matrices A–C, a 75-taxon
morphology-only matrix was analyzsd using Parsimony.
The molecular data alone for matrices A–C (morpho-
logical characters excluded) were also analysed using
both Parsimony and Bayesian criteria.

The Templeton (Wilcoxon signed-ranks) test was
used to compare the topologies derived from the
morphology-only (75-taxon data set) and the mor-
phology + molecular data set (matrix A), to test
whether the morphological hypothesis is significantly
different from the combined hypothesis (Larson,
1994). The incongruence length difference (ILD) test
(Farris et al., 1994) as implemented in WinClada,
using 1000 replicates and ten trees for hold, was also
implemented, comparing the morphological and
molecular partitions of matrix A. Finally, a randomly
selected most-parsimonious tree derived from the
Parsimony analysis of the B data set was chosen to
visualize the distribution of floral characters with
higher retention index. Each morphological character
distribution was evaluated using character diagnoser
in WinClada under the unambiguous optimization
option.

Results

Phylogenetic analyses

Data-set dimensions and tree scores from the Parsi-
mony analysis are shown for matrices A–C (Table 1).
The proportion of informative characters is higher in
matrices A and C. However, data set B produces the
fewest most-parsimonious trees (Table 1). In terms of
tree scores, matrices A and B produced trees with a
higher consistency index (ci) than matrix C, but the
retention index (ri) was similar in all data sets (Table 1).
Several morphological characters have higher ci follow-
ing Parsimony analysis of matrix B than in trees
recovered from Parsimony analyses of matrices A and
C (Appendix 3). The ri of the characters behaved in
similar ways in all topologies. All Parsimony analyses
(Figs 3–5) suggested the interfamilial topology (Polyg-
alaceae (Leguminosae (Quillajaceae + Surianaceae))).

In the analysis of matrix C, the order Fabales finds
90% bootstrap support (Fig. 5). Bootstrap support was
low (£ 67%) for the group comprising Leguminosae,
Quillajaceae, and Surianaceae (denoted hereafter as the
LQS clade) in the analyses of matrices A, B and C,
respectively (Table 2, Figs 3–5). Support was higher for
Quillajaceae and Surianaceae as sisters (the QS clade):
83)89%. Support for Leguminosae is in the range
69)89%, and for Polygalaceae in the range 92)100%
(Figs 3–5).

In the Bayesian analyses, sampling either every 100,
1000 or 10 000 generations did not result in substantive
differences in topology or support (data not shown).
Topologies and support values shown here for analyses
of matrices A and B are from analyses with sampling
every 100 generations, but for analyses of matrix C the
results are from the less frequent sampling (every 10 000
generations). The Bayesian analyses of matrices A and C
recovered a topology inconsistent with the most-parsi-
monious hypothesis, with Quillajaceae + Surianaceae
as sisters [0.66 posterior probability (pp)—A;
0.99pp—C)], Leguminosae + Polygalaceae (0.88 pp—
A; and 0.81 pp—C) as sisters, and these two pairs of
sisters as sister to each other (Table 2, Fig. 6). Bayesian
analysis of matrix B recovered the same interfamilial
relationships as the Parsimony analyses (Fig. 7). For
this topology, support was higher for the QS clade

Table 1
Matrices and tree scores from Parsimony analyses

Matrix No. of characters ⁄number of taxa Informative characters Number of MP trees Tree length ci ri

A 3208 ⁄75 917 (28.58%) 8730 3215 0.45 0.74
B 3208 ⁄41 867 (27.02%) 16 2815 0.47 0.74
C 3208 ⁄198 1262 (39.33%) 10 000 6278 0.35 0.75

Matrix A: all taxa with morphological data, which may or may not lack molecular data. Matrix B: taxa with morphological and data from at least
one molecular partition. C: taxa with any character available, including a broad sampling of outgroups.
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(0.9 pp) than for the LQS clade (0.51 pp). Bayesian
analysis of matrices A and C also differed in the
relationships within Polygalaceae. In Bayesian analysis

of matrix B and in the Parsimony-based topologies,
Xanthophyllum appeared as sister to all other Polygal-
aceae, and (Moutabeae + Carpolobieae) was sister to

Fig. 3. Nelsen consensus tree derived from Parsimony analysis of matrix A. Values indicate bootstrap support. C = Carpolobieae, M =
Moutabeae, P = Polygaleae, X = Xanthophylleae.

6 M.A. Bello et al. / Cladistics 1 (2012) 1–29



Polygaleae (Figs 3–5, 7). However, Bayesian analyses
of matrices A and C (Figs 6 and 8) suggested Mouta-
beae as sister to the clade (Carpolobieae + Polyga-
leae). Bayesian analyses of matrices A and B both
supported Leguminosae and Polygalaceae with 1.00pp
(Figs 6 and 7). Surianaceae is represented by more than
one sampled species only in matrix C, and finds support
of 0.99pp (Fig. 8). The Bayesian analyses of matrix C
were difficult to perform because of the repeated failure
of analyses with more than 5 million generations. In
fact, some of the resulting majority rule consensus trees
surveyed along this study displayed a non-monophy-
letic Leguminosae, Polygalaceae or even a non-resolved

Fabales (data not shown). The topology derived from
matrix C, sampling every 10 000 generations for
5 million generations, is suboptimal due to the presence
of P. dalmaisiana into Leguminosae, although it reflects
the interfamilial relationships obtained after several
independent analyses performed under different settings
(Fig. 8).

The Templeton test indicated that the morphological
and combined topologies are significantly different
[Ts = 8735.0 (n = 498, P < 0.0001)]. The ILD test
also showed that the nucleotide (matK + rbcL) and the
morphological partitions are significantly incongruent
(a = 0.05, P = 0.0010).

Fig. 4. Nelsen consensus tree derived from Parsimony analysis of matrix B. Values indicate bootstrap support. Within Polygalaceae,
C = Carpolobieae, M = Moutabeae, P = Polygaleae, and X = Xanthophylleae; within Leguminosae, Ca = Cassieae, Ce = Cercideae,
Cs = Caesalpinieae, De = Detarieae, Fa = Fabeae, Ps = Psoraleeae, and Sw = Swartizieae.
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Fig. 5. Nelsen consensus tree derived from Parsimony analysis of matrix C. Values indicate bootstrap support. Q = Quillajaceae, S = Surianaceae.
Within Polygalaceae, C = Carpolobieae, M = Moutabeae, P = Polygaleae, and X = Xanthophylleae. Within Leguminosae, Ca = Cassieae,
Ce = Cercideae, Cs = Caesalpinieae, De = Detarieae, Fa = Fabeae, M = Mimosaceae, Mi = Mirbelieae, Ph = Phaseoleae, Ps = Psoraleeae,
So = Sophoreae, and Sw = Swartizieae.
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Exclusion of either the molecular or the morpholog-
ical partition in any of the analyses resulted in trees with
less resolution and support (data not shown). Consid-
ering alternative Parsimony analyses, excluding mor-
phology or molecules, for matrices A–C, only one
analysis yielded bootstrap support greater than 50% for
an interfamilial relationship. Matrix C with molecular
data alone recovered the QS clade with 68% bootstrap
support. Excluding morphological partitions from the
Bayesian analysis resulted in trees that did not resolve
any interfamilial relationships.

Optimization of floral traits

Characters with relatively high ri include traits from
the four floral whorls, particularly the androecium
(Fig. 9, Appendix 3). Synapomorphies for the main
clades within Fabales include mainly androecial and
gynoecial traits (Table 3): synapomorphies for the clade
LQS include free filaments and marginal ventral pla-
centation (Fig. 9j,p), whereas the QS clade is supported
by two characters: apocarpy and a pentamerous gynoe-
cium (Fig. 9n,o). Shared derived characters of the
Leguminosae clade include an abaxial median sepal
and a monocarpellate gynoecium (Fig. 9a,n). An octa-
merous androecium supports the Polygalaceae clade
(Fig. 9g). Other characters that display some homoplasy
following optimization (i.e. they evolve more than once)
but still suggest trends within Fabales include the
presence of five or six antesepalous stamen primordia,
the presence of two androecial whorls (clade LQS,
Fig. 9g,h), overlap of the timing of stamen and carpel
initiation (Leguminosae, Fig. 9f), the presence of four
antesepalous stamen primordia, adnation of the petals
and stamens, a free median position for the androecium,
and an oval anther shape (clade Polygalaceae, Fig. 9e,-
g,i,l). Within Polygalaceae, the monophyletic tribe

Polygaleae displays several character states that differ
from the rest of the family. One, the arrested develop-
ment of the lateral petals, appears as a synapomorphy
for this clade (Fig. 9d, Table 3). Three other characters,
the identity of the petaloid lateral sepals, the number of
well-developed petals, and apical anther dehiscence, also
support the Polygaleae clade, although they have also
evolved independently in some species of Leguminosae
(Fig. 9b,c,m). Synapomorphies of minor clades within
Fabales include the number of adult stamens, sepal
initiation, anther dehiscence, gynoecium merosity, and
crest and stigmamorphology (Table 3). Synapomorphies
for Fabales in trees derived from the analysis of matrix C
include free petals, the abaxial petal primordia initiated
first, and possession of at least two ovules per locule.

Discussion

Systematics of Fabales

All Parsimony analyses conducted in this study
indicate that interfamilial relationships within Fabales
can be summarized as (Polygalaceae (Leguminosae
(Quillajaceae + Surianaceae))). One of the Bayesian
topologies, resulting from the analysis with a relatively
low proportion of missing molecular data (matrix B), is
consistent with this hypothesis (Fig 7, Table 2). Bello
et al. (2009) proposed the topology (Polygalaceae
(Leguminosae (Quillajaceae + Surianaceae))) as a
working hypothesis for Fabales. Inclusion of morpho-
logical characters in this study increases confidence in
this particular resolution of families.

Exclusion of either the molecular or the morpholog-
ical partition from our three matrices resulted in trees
that did not resolve any interfamilial relationships with
support above 50% bootstrap support (BS) or 0.5 pp,
with one exception. The Parsimony analysis of the
molecular matrix with wide outgroup sampling (matrix
C) recovered Q and S as sisters with 68% BS; this is a
relationship recovered in all combined analyses. Thus,
both resolution and support for interfamilial relation-
ships were improved relative to analysis of morpholog-
ical or molecular partitions alone, as well as relative to
our previous study based on molecular data alone (Bello
et al., 2009). In providing resolution where molecular
data alone were indecisive, our findings agree with
others using combined analyses (e.g. Doyle and Endress,
2000), including several studies in Leguminosae
(Herendeen et al., 2003; Wieringa and Gervais, 2003;
Mansano et al., 2004). We report increased resolution
and support in our combined analyses despite Temple-
ton and ILD tests suggesting conflict between the
morphological and molecular data partitions. Several
studies have questioned the value of the incongruence
test as an indicator of character set combinability

Table 2
Summary of interfamilial relationships suggested by the phylogenetic
analyses

In the tree recovered by the Parsimony analysis, numbers above the
branches indicate bootstrap values derived from matrices A and B, and
values below branches are boostrap supports for matrix C. In the trees
recovered by Bayesian analyses of matrices A and C, the values above
and below the branches are posterior probabilities of matrix A and
matrix C analyses, respectively.

Parsimony analyses of
matrices A, B and C

Bayesian analyses

Matrix A and C Matrix B

9M.A. Bello et al. / Cladistics 1 (2012) 1–29



(Dolphin et al., 2000; Yoder et al., 2001; Darlu and
Lecointre, 2002), and our finding supports the view that
data combination should be explored even where there is
a suggestion of conflict.

Explanations for low support for the interfamilial
relationships of Fabales under pasimony and Bayesian
approaches using molecular data alone have already
been discussed elsewhere (Bello et al., 2009). While an

Fig. 6. Majority-rule consensus tree derived from Bayesian analysis of matrix A. Values indicate posterior probabilities. Q = Quillajaceae,
S = Surianaceae. Within Polygalaceae, C = Carpolobieae, M = Moutabeae, P = Polygaleae, and X = Xanthophylleae. Within Leguminoseae,
Ca = Cassieae, Ce = Cercideae, Cs = Caesalpinieae, De = Detarieae, Fa = Fabeae, Mi = Mirbelieae, Ph = Phaseoleae, Ps = Psoraleeae,
So = Sophoreae, and Sw = Swartizieae.
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alternative source of information from morphology
could overcome some of the challenges met when
reconstructing topologies for rapidly radiating groups
(Bello et al., 2009), new challenges are introduced.
Modelling non-DNA data for phylogenetic inference
remains a considerable challenge. For the Bayesian

approach, a Poisson model of substitution for morpho-
logical data may be inappropriate because it is unlikely
that all the characters have similar probabilities of change
along a given branch tree, or that the character states ‘‘are
like units turned on and off’’ (Goloboff and Pol, 2006,
p. 157). Thus, the dissimilar mode of analysis of the

Fig. 7. Majority-rule consensus tree derived from Bayesian analysis of matrix B. Values indicate posterior probabilities. Q = Quillajaceae,
S = Surianaceae. Within Polygalaceae, C = Carpolobieae, M = Moutabeae, P = Polygaleae, and X = Xanthophylleae. Within Leguminoseae,
Ca = Cassieae, Ce = Cercideae, Cs = Caesalpinieae, De = Detarieae, Fa = Fabeae, Ps = Psoraleeae, and Sw = Swartizieae.
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Fig. 8. Majority-rule consensus tree derived from Bayesian analysis of matrix C. Values indicate posterior probabilities. Q = Quillajaceae. Within
Polygalaceae, C = Carpolobieae, M = Moutabeae, P = Polygaleae, and X = Xanthophylleae. Within Leguminoseae, Ca = Cassieae,
Ce = Cercideae, Cs = Caesalpinieae, De = Detarieae, M = Mimosaceae, So = Sophoreae, and Sw = Swartizieae.
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

Fig. 9. Distribution of selected morphological characters. The topology derived from matrix B has been taken as the base tree to follow the
optimization. The optimization reflects unambiguous changes only (non-ACCTRAN or DELTRAN distribution is shown). Characters: (a) median
sepal position; (b) lateral sepal identity; (c), number of well-developed petals in mature flowers; (d) lateral petals; (e) position of corolla and
androecium adnation; (f) temporal overlap of stamen and carpel initiation. (g), number of antesepalous stamen primordia; (h) distinctive androecial
whorls during early ontogeny; (i) median stamen position; (j) connate filaments; (k) number of adult stamens; (l) anther shape; (m), anther
dehiscence; (n), number of carpels; (o), early carpel interaction; (p) placentation. Abbreviations: ada = adaxial, aba = abaxial, api ⁄ax = apical
axial, bas ⁄ven = basal ventral, L = Leguminosae, lat = lateral, mar ⁄ven = marginal ventral, n ⁄a = not applicable, P = Polygalaceae,
Q = Quillajaceae, S = Surianaceae, sag ⁄ lin = sagitatte or linear, st = stamen. Dashed line indicates ambiguity. Asterisks in b–d and m indicate
the clade corresponding to the tribe Polygaleae, where keeled flower morphology is present.
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morphological traits using Parsimony and Bayesian
approaches should be taken into account when compar-
ing the resulting topologies, particularly in cases where
the morphological characters are crucial in the recon-
struction of deep and short branches (Mishler, 2006).

The poor performance of the Bayesian analyses of
matrix C in comparison with matrices A and B can be
attributed to lack of character sampling in general.
However, the proportion of global missing data of
matrix C (43.2%) is comparable with that of matrix A
(43.97%), so the effect in matrix C seems to be due to
the morphological partition and how the stochastic Mk
model works with this information; 61% of taxa in
matrix C lack morphological data, whereas all terminals
in matrices A and B have morphological data available.
It has been claimed that extensive missing data are
generally problematic for Bayesian analyses (e.g. Lem-
mon et al., 2009), but studies using the Mk model
dealing with missing molecular characters conclude that

a combination of morphological and molecular data
does a better job in providing a phylogenetic placement
for taxa with just morphological information, lacking
molecular characters (Egge and Simons, 2009; Wiens
et al., 2010). Moreover, Wiens et al. (2010) stated that
morphological data can change the placement of taxa in
combined analyses, even when there is an overwhelming
majority of molecular characters, pointing to the large
influence of these characters in the resultant hypothesis.
Thus, in the case of our matrix C, if the model used to
work on the morphological partition is not effective due
to the missing morphological data, regardless of whether
the models for molecular partitions perform well, the
entire analyses will be less informative.

Evolution of reproductive characters in Fabales

The morphological characters supporting the interfa-
milial relationships of Fabales proposed here are mostly

Table 3
Synapomorphic traits in Fabalean clades after unambiguous optimization of floral traits included on a matrix B-derived topology

Character states Clade

Abaxial petal primordia formed first (18), minimum
two ovules per locule (61), free petals (26).

Fabales*

Filaments free (40), placentation marginal ⁄ventral (62) LQS
Apocarpous (50) and pentamerous (48) gynoecium QS
Abaxial median sepal (9) monocarpous gynoecium (48) L
Nine adult stamens (43) (Tamarindus indica ((Amherstia nobilis ((Brownea latifolia + Browneopsis ucayalina)

(Aphanocalyx cynometroides (Isoberlinia scheffleri + Saraca palembanica)))))�
Unidirectional sepal initiation (7) (Leiconteia hatschbachii (Pisum sativum + Psoralea pinnata))
Octamerous androecium (43) P
‘‘Two valve’’ anther dehiscense (46), three ⁄ four
carpels (48)

((Balgoya pacifica (Barnhartia floribunda (Eriandra fragans (Moutabea sp. +
Diclidanthera bolivarensis)))) ((Carpolobia lutea + C. goetzii) (Atroxima
afzeliana + A. liberica)))�

Extended and folded crest (29) (Securidaca retusa (S. bialata (S. longepedunculata (S. fragilis(S. diversifolia +
S.coriacea)))))*

Arrested lateral petals (22) Tribe Polygaleae
Stigmatic lobes close (60) Tribe Polygaleae except Bredemeyera floribunda
Crest with multiple finger-like peaks (29) (Polygala violacea (Comesperma confertum (Monnina aestuans + M. salicifolia))

((Polygala myrtifolia (P. vulgaris, P. serpypllifolia, P. alpicola)) ((P. longicaulis +
P. hygrophilla) (P. paniculata (P. subtilis + P. tenella)))))

Stigmatic lobes widely spaced, abaxial area
hairy, adaxial receptive (60)

((Polygala arenaria + P. usafuensis), ((P. cruciata (P. hygrophilla (P. longicaulis +
Polygala 1))) (Polygala 3 ((P. paniculata (P. sancti-georgii + P. galapeia))
(P. tenella (P. subtilis + P. galioides))))))�

Parietal placentation (62) (Xanthophyllum sp. (X. clovis (X. amoenum + X. adenotus)))*
All petal lobes connated (26) (Eriandra fragans (Moutabea sp. + Diclidanthera bolivarensis))*
Abaxial and adaxial corolla and androecium adnation
(28), stigma lobes widely spaced with the abaxial area
nude and the adaxial receptive (60)

Tribe Polygaleae except Bredemeyera floribunda and Securidaca clade

Abaxial and adaxial corolla and androecium adnation
(28), crest with multiple finger-like peaks (29)

Clade with species of the genera Comesperma, Epirixanthes, Heterosamara, Muraltia,
Nylandtia, and Salomonia. Also includes Bredemeyera colletioides and Polygala spp.
(except P. cowellii, P. fuertesii, P. guayaquilensis, P. jamaicensis, P. obscura,
P. penaea, P. violoides)�

Three antesepalous stamen primordia (35) (Epirixanthes papuana + Salomonia cylindrica)*

Numbers indicate the character number in Appendix 2. L = Leguminosae, P = Polygalaceae, Q = Quillajaceae, S = Surianaceae. Legumi-
nosae clades are in dark grey, Polygalaceae clades are in light grey. Underlined characters do not appear as synapomorphies in the tree derived from
the matrix C analysis, but they do in trees recovered from analyses of matrices A and B.

*Clades from a matrix A-derived tree.

�Clades from a matrix C-derived tree.
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related to differences in the reproductive whorl (Fig. 9,
Table 3). Interestingly, although the floral ontogeny of
Quillajaceae and Surianaceae suggests that the develop-
ment and organization of the reproductive whorls differ
between these families (Bello et al., 2007), two charac-
ters—apocarpy and pentamery of the gynoecium
—emerge as synapomorphies of the QS clade (Fig.9n,o,
Table 3). Three differences between these sister families
represent changes accumulated mostly in Surianaceae.
These changes relate to the relative positions of the
stamens and carpels, the late development of the
gynoecium, and ovule disposition. On the other hand,
some floral similarities between Quillajaceae and Suri-
anaceae, such as inflorescence morphology and perianth
initiation, exhibit relatively high homoplasy (ci = 0.14–
0.2; ri = 0.2–0.28). Bello et al. (2007) invoked the
possible plesiomorphic nature of these traits to explain
these similar but apparently non-informative characters,
but differences in the development of the reproductive
whorls could have blurred a potential QS sister-group
relationship. In contrast, palynological evidence sug-
gests that these two families are unique in Fabales in
possessing trizonocolporate pollen and lalongate endo-
apertures with adjacent fastigia (Claxton et al., 2005).

In the same study, Claxton et al. (2005) suggested that
the pollen morphology of Quillajaceae has more in
common with that of Leguminosae and Surianaceae
than Polygalaceae. This proposal agrees with the estab-
lishment of the LQS clade, here supported by two
synapomorphies: placentation marginal ⁄ventral and fil-
aments free. Ontogenetic characters also characterize
the LQS clade (Fig. 9e,g,h), including the presence of
five ⁄ six antesepalous stamen primordia and the dispo-
sition of the androecial whorl. However, this ‘‘deep’’
interfamilial relationship is primarily evidenced by traits
originating during mid development or even late devel-
opment, which suggests that floral ontogeny could
potentially be as informative as any other source of
data. Within Polygalaceae, late-developing characters
such as the crest and stigma morphology represent
synapomorphies for relatively large clades (Table 3).
This interesting result is inconsistent with the Hierar-
chical-Significance Hypothesis proposed by Tucker
(1997), which suggests that the timing of character
expression during ontogeny is correlated with the
hierarchical level at which the character is significant.

A floral evolutionary module triggered the keeled flower in
Polygalaceae

An octamerous androecium appears as a synapomor-
phy for Polygalaceae, whereas the abaxial median sepal
and the monocarpellate gynoecium are shared derived
traits for Leguminosae (Fig. 9a,k,n, Table 3). Adnation
of the petals and stamens represents a tendency of the
Polygalaceae clade (Fig. 9e), as well as some gynoecial

features such as syncarpy and the bicarpellate condition.
However, the bicarpellate condition of Polygalaceae
appears to be plesiomorphic due to its presence in the
designated outgroup Krameria ixine, but further sam-
pling would be required to confirm this. Within Polyg-
alaceae, the tribes Xanthophylleae, Carpolobieae, and
Moutabeae (and their interrelationships) are each sup-
ported by at least one trait, usually from the reproduc-
tive whorls: Xanthophylleae by parietal placentation
(Fig. 9p, Table 3), Carpolobieae by the presence of
five ⁄six antesepalous stamens (Fig. 9g), a median adax-
ial sepal (Fig. 9i), and five well-developed stamens
(Fig. 9k), and Moutabeae by connation of all petals
(Table 3). A sister-group relationship between Mouta-
beae and Carpolobieae found poor bootstrap support,
but exhibited two synapomorphies: ‘‘two-valvate’’
anther dehiscence and the presence of more than two
carpels (Fig. 9m,n, and see fig. 6A, C, F in Bello et al.,
2010).

The tribe Polygaleae is primarily supported by peri-
anth characters, all involved in the shape of the keeled
flower: the lateral petaloid sepals (Fig. 9b), the trimer-
ous corolla in adult flowers (Fig. 9c), and arrested
lateral petals (Fig. 9d). A reproductive-whorl character
supporting the tribe Polygaleae is the apical anther
dehiscence (Fig. 9m, and see fig. 3M in Bello et al., 2010).
Bello et al. (2010) proposed the existence of an evolu-
tionary floral module in Polygalaceae that is subject to
selection pressure independently from other parts of the
flower, suggesting that the lateral perianth organs
represent a dynamic integrated unit in these flowers.
This module is evidenced by correlated transformations
of characters relating to the bracteole, lateral sepal
heterochrony, and lateral petal suppression within
Polygalaceae; it is manifested in the establishment of
the keeled flower that is characteristic of the tribe
Polygaleae. The current phylogenetic study suggests that
the petaloid lateral sepals, the presence of three well-
developed petals, and the arrested development of the
lateral petals all represent character-state transforma-
tions of the ancestor of a monophyletic tribe Polygaleae,
with most of the descendants retaining these states in
their floral morphology (Fig. 9b–d). On the other hand,
the bracteoles, which are integrated with the floral flanks
and previously associated with the presence of a
heteromorphic calyx in Polygalaceae (Bello et al.,
2010), behave differently after optimization. The pres-
ence ⁄absence of the bracteoles (character 5, ci = 0.09–
0.14, ri = 0.4–0.5) and their position in the pedicel in
adult flowers (character 6, ci = 0.14–0.3, ri = 0.33–
0.63) are not distributed as would be expected if the
bracteoles were associated with a Polygalaceae floral
module (i.e. with a character-state change on the stem
node of the tribe Polygaleae-clade). Thus, although the
influence of the bracteoles in the early development of
the keeled flowers cannot be excluded, the evidence here
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is that the bracteoles do not represent part of the
proposed floral module (Bello et al., 2010).

Despite the occurrence of correlated changes in the
suite of characters integrating the rest of the floral
module in Polygalaceae, the individual characters main-
tain their independence in terms of their suitability as
‘‘good’’ characters for phylogenetic inference. Three
characters—petaloidy of the lateral sepals, arrested
development of the lateral petals, and the presence of
three fully developed petals—represent non-independent
traits within a monophyletic clade Polygaleae. It could
be that their character transformations in the most
recent common ancestor of Polygaleae are associated
with the same genetic event as changes in the homo-
logues of the lateralizing factor in Lotus flowers kew1
(Feng et al., 2006). However, the character-state trans-
formations of the perianth originating the keeled flowers
of Polygalaceae are here regarded as phylogenetically
congruent events. Interestingly, a significant shift in
diversification rate was documented for the stem node of
the tribe Polygaleae (54–50.5 Ma) during the early
Eocene, simultaneously with the appearance of carun-
cular elaiosomes (Forest et al., 2007). This evidence,
together with the location of the synapomorphies
associated with the origin of polygalaceous keeled
flowers on this internode, suggests an accumulation of
morphological trait changes between the stem and
crown nodes of the monophyletic tribe Polygaleae.
The stem node of Polygaleae could represent the origin
of key innovations, in which key innovations are defined
as a synapomorphies that are acquired by a lineage
immediately prior to an evolutionary radiation, and are
demonstrably the primary cause of the radiation (Rudall
and Bateman, 2007). Polygaleae represents the most
species-rich tribe of Polygalaceae (ca. 800 spp.), in
comparison with Moutabeae (15 spp.), Xanthophylleae
(95 spp.) and Carpolobieae (23 spp.), so the evolution of
the keeled flower of Polygaleae could have helped to
trigger a radiation, although this conclusion is based on
circumstantial evidence and requires empirical demon-
stration.

Keeled flowers represent a convergent syndrome in
Fabales

Our combined analyses provide resolution of the
relationships between the families in the order Fabales,
as well as hypotheses of evolution for 59 floral charac-
ters across the order. These new hypotheses, alongside
our estimates of the ages of the families from a previous
study (Bello et al., 2009), form the basis for our
re-evaluation of the papilionate syndrome. Previous
investigations of papilionate flowers (Westerkamp and
Weber, 1999; Prenner, 2004a) were based on detailed
comparisons of the morphology and the ontogeny of
few selected flowers. The phylogenetic context provides

a broader framework for consideration of the homolo-
gies between the papilionate flowers. In re-evaluating the
papilionate syndrome in a phylogenetic context we
address the following questions:

1. is the papilionate syndrome in Leguminosae
homologous with the papilionate syndrome in Polygal-
aceae?

2. if the entire papilionate syndrome is not homolo-
gous, is any contributing character or set of characters
homologous?

3. in the absence of homology, is the papilionate
syndrome phylogenetically continuous?

4. in the absence of homology and phylogenetic
continuity, does the papilionate syndrome appear at the
same time in different lineages?

Finally, we discuss latent homology as an explanation
for the papilionate syndrome.

A test of homology is a two-step process (De Pinna,
1992). First, primary homology is assessed. Primary
homology statements are attributes as represented in a
character matrix or alignment. Usually morphological
attributes are recognized as characters because of
topographic, ontogenetic and compositional similarities
(Patterson, 1982; Hawkins, 2000). Secondary homolo-
gies are the primary homology statements when plotted
onto a cladogram. Eldredge and Cracraft (1980, p. 36)
stated that ‘‘ . . . homology can be conceptualized simply
as synapomorphy (including symplesiomorphy [...])’’
and Patterson (1982) equated homology with synapo-
morphy; structures are homologous if they have a single
evolutionary origin. We confirm that the papilionate
flowers of Leguminosae and Polygalaceae are not
homologous either as primary homology statements or
as synapomorphies. Prior to this study, the studies of
Westerkamp and Weber (1999) and Prenner (2004a)
showed that the papilionate flowers of Polygaleae and
Leguminosae did not pass the similarity test sensu
Patterson (1982). That they were not synapomorphies
was also apparent even before the relationships between
families were reconstructed here, because within Polyg-
alaceae, papilionate flowers are restricted to tribe
Polygaleae, a tribe shown to be derived within the
family in previous analyses (Forest et al., 2007; Bello
et al., 2009). Furthermore, within Leguminosae, there
are cases of non-papilionoidy within clades of keeled
flowers, and different types of papilionate morphologies
are considered to have evolved in parallel (Pennington
et al., 2000).

Our investigation allows a further critical appraisal of
Prenner�s (2004a,b) suggestion that some shared char-
acteristics of papilionate flower development in some
Leguminosae and Polygalaceae could be synapomor-
phies. If so, these characteristics should be identifiable in
a combined analysis. We have re-evaluated previously
cited similarities between papilionate flowers of Legu-
minosae and Polygalaceae, including formation of a
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racemose inflorescence, acropetal and helical organ
initiation, morphogenetic function of the bracteoles
(Prenner, 2004b), suppression and loss of organs, late
filament fusion, synchronous stamen differentiation, late
closure of the gynoecium, late expression of floral
asymmetry (Prenner, 2004a), enclosure of the reproduc-
tive whorls by a keel, and a supply of nectar inside the
filament column (Westerkamp and Weber, 1999). None
of these characters was found to be a synapomorphy for
the entire order Fabales, thus refuting any phylogenetic
continuity in these traits from the most recent common
ancestor of papilionate flowers to extant papilionate
flowers. Each of these similarities should therefore be
interpreted as homoplasy.

Phylogenetic continuities between non-homologous
structures with shared function were described by Baum
and Donoghue (2002) in the context of transference
of function. According to their definition, ‘‘Transference
of function from structure A to structure B means that
an ecologically meaningful biological role is carried out
by structure A in species a and structure B in species b,
and there was a direct transition from using A to using B
in an ancestor of b’’ (Baum and Donoghue, 2002, p. 54).
In our context, we sought alternative floral character-
istics that are not similar sensu Patterson (1982), but are
presumed to have the same function in pollination.
Phylogenetic continuity would be evident if either one or
the other state appeared in all extant papilionate
flowers, and all intervening ancestors carry out the
function using one or the other structure. The topologies
we recover do not reveal recruitment of alternative
characters to achieve phylogenetic continuity in func-
tion, and indeed there is not phylogenetic continuity in
pollination biology.

Age estimations of Leguminosae show that some
Papilionoideae diversified earlier than several Caesalpi-
nioideae or Mimosoideae lineages (Lavin et al., 2005),
suggesting that keeled flowers evolved early during the
diversification of legumes. Conversely, the tribe Polyg-
aleae originated some 10 Ma after the origin of the
family Polygalaceae. We have shown that the crown
nodes of Leguminosae and Polygalaceae are similar in
age, 59 and 57.4 Ma, respectively (Bello et al., 2009).
One intriguing possibility is that the rapid diversification
of the tribe Polygaleae was possible because pollinators
of pre-exisiting papilionate legume flowers were imme-
diate and effective pollinators of the later-evolving
papilionate flowers of Polygaleae.

Evolutionary developmental genetic thinking has
promoted a re-evaluation of the concept of homology
and in particular latent homology. According to de Beer
(1971, p. 10), ‘‘latent homology conveys the impression
that beneath the homology of phenotypes there is a
genetically-based homology which provides some evi-
dence of affinity between the groups that show it’’. Since
then, the suggestion that similar structures share pat-

terns of gene expression has led systematists to consider
developmental–genetic explanations for parallelism and
latent homology (Hawkins, 2002). The keeled flowers of
Leguminosae do not represent the same type of evolu-
tionary module in the floral flanks as revealed here for
the keeled flowers of Polygalaceae, which makes even
the parallel evolution of floral traits unlikely. Neverthe-
less, it is interesting to consider the possibility that latent
homology is in operation in the Fabales, in which an
ancestral pattern of gene expression ⁄ function predis-
poses the evolution of particular traits in some but not
all of the descendants (Hawkins, 2002). This scenario
supposes the expression of a plesiomorphic papilionate
condition in both Leguminosae and in Polygalaceae, but
is challenged from the developmental ⁄morphological
perspective. The subfamily Papilionoideae is a diverse
clade in terms of its floral features, and in consequence
presents several floral bauplans in addition to the
‘‘typical’’ keeled flower organization. For example,
bilabiate flowers evolved in at least nine tribes indepen-
dently within Leguminosae (Westerkamp and Claßen-
Bockhoff, 2007). Inferences of floral evolution suggested
by phylogenetic studies in legumes indicate that many
Papilionoid groups with non-papilionate flowers are
derived from zygomorphic papilionate flowers (Pen-
nington et al., 2000), and that actinomorphic flowers are
a derived feature in several lineages, rather than a
plesiomorphic condition (Bruneau et al., 2001; Wojcie-
chowski et al., 2004). These probable inferences serve to
increase the complexity of floral diversity within this
subfamily. Apart from the variation in floral morphol-
ogy within Papilionoideae, the flowers of Cercis (Cae-
salpinioideae, Cercidae) also resemble keeled flowers.
However, papilionate features in Cercis become appar-
ent just before or at anthesis, which strongly suggests a
convergent scenario (Tucker, 2002a). Thus, taking into
account Leguminosae alone, the concept of a ‘‘papili-
onate’’ or ‘‘keeled’’ flower seems to group multiple non-
homologous morphological bauplans, which further
misleads comparisons with keeled flowers of Polygala-
ceae. Extrapolating the results of studies of symmetry
control genes in legumes, it seems that latent homology
is unlikely to explain the presence of keeled flowers in
Fabales. Although recruitment of CYCLOIDEA (CYC)
homologues is thought to underlie a common origin for
the mechanisms controlling floral zygomorphy in eudi-
cots, the independent recruitment of CYC-like genes
within different zygomorphic clades might result in the
acquisition of different functions, divergence of mecha-
nisms, and distinct types of zygomorphy (Feng et al.,
2006).

In summary, both the development of papilionate
flowers and the evolutionary context in which these
phenotypes appeared in Leguminosae and Polygalaceae
show that the morphologies are convergent, despite
several remarkable similarities between them. In its
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diverse forms, the papilionate flower is evidently an
adaptive syndrome in which the pollination organs are
completely hidden prior to mechanical release by a
pollinator, usually a bee (Endress, 1994; Westerkamp,
1997). The papilionate flowers of Fabales must be
regarded as different structural features performing a
similar ecological function, rather than a continuation
of a trait occurring in a papilionate ancestor, supporting
the view that iterative evolution of similar features is
much more common than was previously believed
(Endress, 2011).
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Bredemeyera Willd. (Polygalaceae) do Brasil. Rodriguésia 32,
269–319.

Mendes Marques, M.C., 1996. Securidaca L. (Polygalaceae) do Brasil.
Arq. Jard. Bot. Rio Janeiro 34, 7–144.

Mendes Marques, M.C., Gomes, K., 2002. Polygalaceae. In: Wander-
ley, M.G.L., Sheperd, G.J., Giulietti, A.M. (Eds.), Flora Fan-
erogámica do Estado de São Paulo, Vol. 2. Hucitec, São Paulo, pp.
229–259.

Milby, T.H., 1971. Floral anatomy of Krameria lanceolata. Am. J. Bot.
58, 569–576.

Mishler, B.D., 2006. The logic of the data matrix in phylogenetic
analysis. In: Albert, A. (Ed.), Parsimony, Phylogeny and Genom-
ics. Oxford University Press, Oxford, pp. 57–70.

Morat, P., van der Meijden, R., 1991. Balgoya (Polygalaceae trib.
Moutabeae), a new genus from New Caledonia. Bull. Mus. natl.
Hist. nat. Section B, Adansonia 13, 3–8.

Morgan, D., Soltis, D.E., Robertson, K.R., 1994. Systematic and
evolutionary implications of the rbcL sequence variation in
Rosaceae. Am. J. Bot. 81, 890–903.

Nixon, K.C., 2002. WinClada. Published by the author, Ithaca, NY.
Patterson, C., 1982. Morphological characters and homology. In:

Joysey, K.A., Friday, A.E. (Eds.), Problems of Phylogenetic
Reconstruction. Systematic Association Special Volume 21. Aca-
demic Press, London, pp. 21–74.

Pennington, R.T., Klitgaard, B.B., Ireland, H., Lavin, M., 2000. New
insights into floral evolution of basal Papilionoideae from molec-
ular phylogenies. In: Herendeen, P.S., Bruneau, A. (Eds), Advances
in Legume Systematics 9. Royal Botanic Gardens, Kew, pp. 233–
248.

Persson, C., 2001. Phylogenetic relationships in Polygalaceae based on
plastid DNA sequences from the trnL-F region. Taxon 50, 763–779.

Potter, D., Gao, F., Bortiri, P.E., Oh, S.-H., Baggett, S., 2002.
Phylogenetic relationships in Rosaceae inferred from chloroplast
matK and trnL-trnF nucleotide sequence data. Plant Syst. Evol.
231, 77–89.

Potter, D., Eriksson, T., Evans, R.C., Oh, S., Smedmark, J.E.E.,
Morgan, D.R., Kerr, M., Robertson, K.R., Arsenault, M.,
Dickison, T.A., Campbell, C.S., 2007. Phylogeny and classification
of Rosaceae. Plant Syst. Evol. 231, 77–89.

Prenner, G., 2004a. Floral development in Polygala myrtifolia (Polyg-
alaceae) and its similarities with Leguminosae. Plant Syst. Evol.
249, 67–76.

Prenner, G., 2004b. New aspects in floral development of Papilionoi-
deae: initiated but supressed bracteoles and variable initiation of
sepals. Ann. Bot. 93, 537–545.

Prenner, G., 2004c. Floral development in Daviesia cordata (Legumi-
nosae: Papilionoideae: Mirbelieae) and its systematic implications.
Aust. J. Bot. 52, 285–291.

Prenner, G., Klitgaard, B.B., 2008. Towards unlocking the deep nodes
of Leguminosae: floral development and morphology of the
enigmatic Duparquetia orchidacea (Leguminosae, Caesalpinioi-
deae). Am. J. Bot. 95, 1349–1365.

Robertson, K.R., Lee, Y.-T., 1976. The genera of Caesalpinioideae
(Leguminosae) in the southern United States. J. Arnold Arbor. 57,
1–53.

Ronse De Craene, L.P., 2010. Floral Diagrams, an Aid to Under-
standing Flower Morphology and Evolution. Cambridge Univer-
sity Press, Cambridge, UK.

van Royen, P., van Steenis, C.G.G.J., 1952. Eriandra, a new genus of
Polygalaceae from New Guinea. J. Arnold Arbor. 33, 91–95.

Rudall, P.J., Bateman, R.M., 2002. Roles of synorganisation, zygo-
morphy and heterotopy in floral evolution: the gynostemium and
labellum of orchids and other lilioid monocots. Biol. Rev. 77, 403–
441.

Rudall, P.J., Bateman, R.M., 2007. Developmental bases for key
innovations in the seed-plant microgametophyte. Trends Plant Sci.
12, 317–326.

Savolainen, V., Chase, M.W., Hoot, S.B., Morton, C.M., Soltis, D.E.,
Bayer, C., Fay, M.F., Bruijn, A.Y.D., Sullivan, S., Qiu, Y.-L.,
2000. Phylogenetics of flowering plants based upon a combined
analysis of plastid atpB and rbcL gene sequences. Syst. Biol. 49,
306–362.

Sheahan, M.C., Chase, M.W., 1996. A phylogenetic analysis of
Zygophyllaceae R. Br. based on morphological, anatomical and
rbcL sequence data. Bot. J. Linn. Soc. 122, 279–300.

Smith, J.J., 1912. Neue papuanische Pflanzen. Feddes repert 10, 486–
488.

Soltis, D.E., Morgan, D., Grable, A., Soltis, P.S., Kuzoff, P., 1993.
Molecular systematics of Saxifragaceae sensu stricto. Am. J. Bot.
80, 1056–1081.

Styer, C., 1977. Comparative anatomy and systematics of Moutabeae
(Polygalaceae). J. Arnold Arbor. 58, 109–145.

Sumithraarachchi, D.B., 1988. Polygalaceae. In: Dassanayake, M.D.
(Ed), A Revised Handbook to the Flora of Ceylon 6. A.A.
Balkema, Rotterdam, pp. 301–317.

Swensen, S.M., Luthi, J.N., Rieseberg, L.H., 1998. Datiscaceae
revised: monophyly and the sequence of breeding system evolution.
Syst. Bot. 23, 157–169.

Swofford, D.L., 2002. PAUP*. Phylogenetic Analysis Using Parsi-
mony (*and Other Methods), ver. 4b 10. Sinauer Associates,
Sunderland, MA.

Thulin, M.B., Bremer, B., Richardson, J., Niklasson, J., Fay, M.F.,
Chase, M.W., 1998. Family relationships of the enigmatic rosid
genera Barbeya and Dirachma from the Horn of Africa region.
Plant Syst. Evol. 213, 103–119.

Tucker, S.C., 1984. Unidirectional organ initiation in leguminous
flowers. Am. J. Bot. 71, 1139–1148.

Tucker, S.C., 1985. Floral development in Caesalpinia (Leguminosae).
Am. J. Bot. 72, 1424–1434.

Tucker, S.C., 1987. Floral initiation and development in legumes. In:
Stirton, C.H. (Ed.), Advances in Legume Systematics 3. Royal
Botanic Gardens, Kew, pp. 183–279.

Tucker, S.C., 1988. Dioecy in Bauhinia resulting from organ supres-
sion. Am. J. Bot. 75, 1584–1597.

Tucker, S.C., 1989. Overlapping organ initiation and common
primordia in flowers of Pisum sativum (Leguminosae: Papilionoi-
deae). Am. J. Bot. 76, 714–729.

Tucker, S.C., 1991. Helical floral organogenesis in Gleditsia, a
primitive caesalpinioid legume. Am. J. Bot. 78, 1130–1149.

Tucker, S.C., 1992. The developmental basis for sexual expression in
Ceratonia siliqua (Leguminosae: Caesalpinioideae: Cassieae). Am.
J. Bot. 79, 318–327.

Tucker, S.C., 1996. Trends in evolution of floral ontogeny in Cassia
sensu stricto, Senna, and Chamaecrista (Leguminosae: Caesalpi-
nioideae: Cassieae: Cassiinae); a study in convergence. Am. J. Bot.
83, 687–711.

Tucker, S.C., 1997. Floral evolution, development, and convergence:
the Hierarchical-Significance Hypothesis. Int. J. Plant Sci. 158,
S143–S161.

Tucker, S.C., 1998. Floral ontogeny in legume genera Petalostylis,
Labichea, and Dialum (Caesalpinioideae: Cassieae), a series in floral
reduction. Am. J. Bot. 85, 184–208.

Tucker, S.C., 2000a. Floral development in tribe Detarieae (Legumi-
nosae: Caesalpinioideae): Amherstia, Brownea, and Tamarindus.
Am. J. Bot. 87, 1385–1407.

20 M.A. Bello et al. / Cladistics 1 (2012) 1–29



Tucker, S.C., 2000b. Evolutionary loss of sepals and ⁄or petals in
Detarioid legume taxa Aphanocalyx, Brachystegia, and Monopeta-
lanthus (Leguminosae: Caesalpinioideae). Am. J. Bot. 87, 608–624.

Tucker, S.C., 2001a. The ontogenetic basis for missing petals in Crudia
(Leguminosae: Caesalpinioideae: Detarieae). Int. J. Plant Sci. 162,
83–89.

Tucker, S.C., 2001b. Floral development in Schotia and Cynometra
(Leguminosae: Caesalpinioideae: Detarieae). Am. J. Bot. 88, 1164–
1180.

Tucker, S.C., 2002a. Floral ontogeny of Cercis (Leguminosae:
Caesalpinioideae: Cercideae): does it show convergence with
papilionoids? Int. J. Plant Sci. 163, 75–87.

Tucker, S.C., 2002b. Comparative floral ontogeny in Detarieae
(Leguminosae: Caesalpinioideae). 1. Radially symmetrical taxa
lacking organ suppression. Am. J. Bot. 89, 875–887.

Tucker, S.C., 2002c. Floral ontogeny in Sophoreae (Leguminosae:
Papilionoideae). III. radial symmetry and random petal aestivation
in Cadia purpurea. Am. J. Bot. 89, 748–757.

Tucker, S.C., 2003a. Comparative floral ontogeny in Detarieae
(Leguminosae: Caesalpinioideae). III. Adaxially initiated whorls
in Julbernardia and Sindora. Int. J. Plant Sci. 164, 275–286.

Tucker, S.C., 2003b. Floral development in Legumes. Plant Physiol.
131, 911–926.

Tucker, S.C., 2006. Floral ontogeny of Hardenbergia violacea (Fab-
aceae: Fabiodeae: Phaseoleae) and taxa of tribes Bossiaeeae and
Mirbelieae, with emphasis on presence of pseudoracemes inflores-
cences. Aust. J. Bot. 19, 193–210.

Tucker, S.C., Douglas, A.W., 1994. Ontogenetic evidence and phylo-
genetic relationships among basal taxa of legumes. In: Ferguson,
I.K., Tucker, S.C. (Eds), Advances in Legume Systematics 6:
Structural Botany. Royal Botanic Gardens, Kew, pp. 11–32.

Tucker, S.C., Kantz, K.E., 1997. Comparative floral development and
evolution in tribe Caesalpinieae (Leguminosae: Caesalpinioideae).
Haematoxylum. Am. J. Bot. 84, 1047–1063.

Tucker, S.C., Stirton, C.H., 1991. Development of the cymose inflores-
cence, cupulum and flower of Psoralea pinnata (Leguminosae:
Papilionoideae: Psoraleeae). Bot. J. Bot. Linn. Soc. 106, 209–227.

Venkatesh, C.S., 1956. The special mode of dehiscence of anthers of
Polygala and its significance in autogamy. Bull. Torrey Bot. Club
83, 19–26.

Verkerke, W., 1985. Ovules and seeds of the Polygalaceae. J Arnold
Arbor. 66, 353–394.

Wadhwa, B.M., 1996. Polygalaceae. In: Dassanayake, M.D., Clayton,
W.D. (Eds), A Revised Handbook to the Flora of Ceylon. A.A.
Balkema, Rotterdam, Netherlands, pp. 339–342.

Westerkamp, C., 1997. Keel blossoms: bee flowers with adaptations
against bees. Flora 192, 125–132.

Westerkamp, C., Claßen-Bockhoff, R., 2007. Bilabiate flowers: the
ultimate response to bees? Ann. Bot. 100, 361–374.

Westerkamp, C., Weber, A., 1999. Keel flowers of the Polygalaceae
and Fabaceae: a functional comparison. Bot. J. Linn. Soc. 129,
207–221.

Wiens, J.J., Kuczynski, C.A., Townsend, T., Reeder, T.W., Mulcahy,
D.G., Sites, J.W., 2010. Combining phylogenomics and fossils in
higher-level squamate reptile phylogeny: molecular data change the
placement of fossil taxa. Syst. Biol. 59, 674–688.

Wieringa, J.J., Gervais, G.Y.F., 2003. Phylogenetic analyses of
combined morphological and molecular data sets on the Aphan-
ocalyx-Bykinia-Tetraberlinia group (Leguminosae, Caesalpinioi-
deae, Detarieae s.l.). In: Klitgaard, B.B., Bruneau, A. (Eds),
Advances in Legume Systematics, Higher Level Systematics 10.
Royal Botanic Gardens, Kew, pp. 181–196.
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Appendix 1

GenBank accession numbers and ⁄or voucher information of the species of Fabales and other eurosids I included in the combined

cladistic analyses

Species ⁄ source matK rbcL

Polygalaceae
Atroxima afzeliana(Oliv.ex Chod.)Stapf
Zenker 4687, 4710 (K)

EU604049 (29) AM234175 (28)

Atroxima liberica Stapf – AM234174 (28)
Balgoya pacifica P. Morat & Meijden* – –
Barnhartia floribunda Gleason B. Jr. 6707 (K) – AM234168 (28)
Bredemeyera colletioides (Phil.) Chodat – AM234171 (28)
B. floribunda Willd Bello 744 (COL) EU596520 (29) EU644699 (29)
B. microphylla Hieron – AM234173 (28)
Carpolobia goetzei Gürke – AM234177 (28)
C. lutea G. Don Burtt (B5), Meikle 626, 1156 K) C. alba G.Don EU604053 (29) C. alba G.Don AM234176 (28)
Comesperma confertum Labill. Burns 120 (K) C. esulifolium (Gand.) Prain

EU596516 (29)
C. esulifolium (Gand.) Prain
AM234179 (28)

C. hispidilum Pedley – AM234178 (28)
C. virgatum Labill. Strid 20448 (K) – C. ericinum DC. L29492 (3)
Diclidanthera bolivarensis Pittier Wurdack 41332 (COL) – –
Epirixanthes papuana J.J.Sm. Vogel 9190, Corner 2196 (K) – –
Eriandra fragans P. Royen & Steenis* EU604051 (29) AM234170 (28)
Heterosamara tatarinowii (Regel) Paiva – AM234208 (28)
Monnina aestuans DC. Bello 771, 772, 805 (COL) EU604037 (29) EU644698 (29)
M. dictyocarpa Griseb. – AM234183 (28)
M. glaberrima Chodat. EU604039 (29) EU644697 (29)
M. hirta (Bonpl.) B.Eriksen – AM234181 (28)
M. leptostachya Benth. – AM234182 (28)
M. malmeana Chodat. – AM234180 (28)
M. pennellii Ferreyra. EU604036 (29) EU644696 (29)
M. phillyrioides (Bonpl.) B. Eriksen – AM234185 (28)
M. phytolaccaefolia Kunth EU596519 (29) EU644695 (29)
M. pterocarpa Ruiz & Pavon – AM234186 (28)
M. salicifolia Ruiz & Pavón González 4136(COL) EU604038 (29) EU644694 (29)
M. santamartensis Ferreira Morales 1790 (COL) – –
M. xalapensis Kunth EU604047 (29) AM234184 (28)
Monnina sp.1. – EU644693 (29)
Monnina sp.2. – EU644692 (29)
Monnina sp. 3 – AM234187 (28)
Moutabea sp. Wurdack 41141 (COL) – M. aculeata (Ruiz & Pavon) Poepp. & Endl.

AM234169 (28)
Muraltia alba Levyns – AJ829696 (24)
M. angulosa Turcz. – AJ829685 (24)
M. ericoides (Burm.f.) Steud. – AJ829695 (24)
M. heisteria DC. Claßen-Bockhoff s.n.(MJG) – AJ829698 (24)
M. mixta DC. Chase 6567 (K). – AM234188 (28)
M. pauciflora (Thunb.) DC. – AJ829687 (24)
Nylandtia scoparia (E. & Z.) Goldblatt & Manning – AJ829701 (24)
N. spinosa (L.) Dumort – AJ829700 (24)
Polygala acicularis Oliv. Chancellor 245 (K) – –
Polygala acuminata Willd. – AM234195 (28)
P. albida Schins Watermeyer 62 Chancellor 128 (K) – –
P. alpicola Rupr. Living collections Kew 2000-3244 EU604041 (29) AM234191 (28)
P. amara L. – Z70175 (6)
P. arenaria Willd. Chancellor 152 (K) – –
P. arillata D.Don – AM234210 (28)
P. bracteolata L. – AJ829702 (24)
P. calcarea Schults. Ross-Craig sn (K) – AM234194 (28)
P. chamaebuxus L. UK Caistor, Pottertons nursery EU596517 (29) AM234198 (28)
P. comosa Schkuhr – AM234211 (28)
P. cowellii (Britton) S.F.Blake – AM234199 (28)
P. cruciata L. – L01945 (2)
P. x dalmaisiana Dassler González s.n.(COL) – –
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(Continued)

Species ⁄ source matK rbcL

P. erioptera DC. Chodat – AM234219 (28)
P. fruticosa P.J.Bergius – AM234215 (28)
P. fuertesii (Urb.) S.F.Blake – AM234200 (28)
P. galapeia Hook.f – AM234218 (28)
P. galioides Poir EU604048 (29) EU644691 (29)
P. garcinii DC. – AM234212 (28)
P. gomesiana Welw. Ex Oliv. Faulkner 1010 (COL) – –
P. guayaquilensis Eriksen & Stahl – AM234190 (28)
P. hebeclada DC. – AM234196 (28)
P. hispida Burch ex DC. – AM234224 (28)
P. hygrophilla Kunth Bello 728 (COL) EU604040 (29) EU644689 (29)
P. jamaicensis Chodat – EU644690 (29)
P. klotzschii Chodat – AM234209 (28)
P. lindheimeri A.Grey – AM234206 (28)
P. longicaulis Kunth Bello 720, 721 (COL) EU604042 (29) EU644688 (29)
P. ligustroides A. St.-Hil. – AM234202 (28)
P. microphylla L. – AM234203 (28)
P. myrtifolia L.* EU604043 (29) AJ829699 (28)
P. obscura Bentham – AM234207 (28)
P. oleaefolia A. St-Hil. & Moq. – AM234204 (28)
P. oxyphylla DC. – AM234202 (28)
P. paniculata L. Bello 648, 741, 746, 804, González 4109,
4193, Morales 1781 (COL)

EU596518 (29) EU644684 (29)

P. peduncularis Burch ex DC. – AM234214 (28)
P. penaea L. – AM234201 (28)
P. rehmannii Chodat – AM234222 (28)
P. rhinostigma Chodat – AM234223 (28)
P. rupestris Pourr. – AM234220 (28)
P. sancti-georgii Riley – AM234217 (28)
P. senega L. EU604034 (29) AM234189 (28)
P. serpyllifolia Hose Ross-Craig sn (K) EU604052 (29) EU644685 (29)
P. subtilis Kunth Bello 719 (COL) EU604033 (29) EU644683 (29)
P. tenella Willd. González 4099a (COL) EU604030 (29) EU644687 (29)
P. teretifolia L.f. – AM234213 (28)
P. uncinata E.Mey. – AM234192 (28)
P. usafuensis Gürke Greenway 8188 (K) – –
P. violacea Aubl. Bello 715, 686 (COL) EU406035 (29) EU644686 (29)
P. violioides A.St-Hil. & Moq. – AM234205 (28)
P. virgata Vell – AM234216 (28)
P. vulgaris L. Rudall & Bateman sn, Ross-Craig 491 (K) EU604046 (29) AM234193 (28)
Polygala sp.1 Betancur 10982 (COL) – –
Polygala sp.2 Collenette 2351 (K) – –
Polygala sp.3 Betancur 10993 (COL) – –
Polygala sp. 4 Granados 902 (COL) – –
Salomonia cylindrica Kurs Chew 1029, 1029a (K) – –
Securidaca bialata Benth. Bello 726 (COL) – EU644682 (29)
S. coriacea Bonpl. Bello 789 (COL) – –
S. diversifolia S.F.Blake Bello 798 (COL) EU604055 (29) AM234225 (28)
S. fragilis Stähl &B. Eriksen Giraldo3138 (COL) – –
S. longepedunculata Fresen. Binuyo 36915 (K) – –
S. paniculata Roxb. ex Wall Zarucchi 2127 (K) – –
S. retusa Spruce ex A.W.Benn. Bello 691 (COL) EU604029 (29) EU644681 (29)
S. tavoyana Wall. Forman 1123 (K) – –
Securidaca sp. Bello 723 (COL) – EU644680 (29)
Xanthophyllum adenotus Miq. Hallier 882 (L) – X. octandrum (F.Muell.) Domin.

AM234229 (28)
X. amoenum Chodat van Royen 3201 (L) – X. affine Korth ex Miq. AM234228 (28)
X. clovis Meijden Forman 868a (K) – –
Xanthophyllum sp. Coode 7814, 7760 (K) EU604044 (29) AJ235799 (11)
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Species ⁄ source matK rbcL

Leguminosae
Acrocarpus fraxinifolius Wight & Arn. EU361843 (27) AF308699 (13)
Adenolobus garipensis (E.Mey.) Torre & Hillc. AM234268 (28) EU361844 (27)
Adenolobus pechuelii (Kuntze) Torre & Hillc AM234264 (28) EU361845 (27)
Amherstia nobilis Wall.* AF542601 (18) AM234234 (28)
Aphanocalyx cynometroides Oliver EU361855 (27) AM234241 (28)
Archidendron hirsutum I.C.Nielsen – AM234253 (28)
Baphia nitida Afzel. Ex Lodd – AM234261 (28)
Bauhinia galpinii N.E. Br. EU361875 (27) AM234262 (28)
B. syringifolia (F. Muell.) Wunderlin* EU361878 (27) AM234267 (28)
Bobgunnia fistuloides (Harms) J.H.Kirkbr. & Wiersema EU361885 (27) AM234258 (28)
Brenierea insignis Humbert EU361889 (27) AM234269 (28)
Brownea latifolia Jacq.* Brownea sp. AY386932 (22) Brownea sp. U74186 (8)
Browneopsis ucayalina Huber EU361894 (27) AM234233 (28)
Caesalpinia spinosa(Molina)Kuntze Bello 803(COL) C. calycina Benth EU361899 (27) C. calycina Benth AM234236 (28)
Cadia purpurea Forssk.* – U74192 (8)
Calliandra pittieri Standl. – AM234255 (28)
C. trinervia Benth. – AM234255 (28)
Calpocalyx dinklagei Harms – AM234257 (28)
Cassia javanica Aubl.* – C.grandis L.f. AM234244 (28)
C. fistula L.* AM086830 (25) U74195 (8)
Cedrelinga catenaeformis (Ducke) Ducke – AM234256 (28)
Ceratonia siliqua L.* AY386852 (22) U74203 (8)
Cercis canadensis L.* AY386908 (22) U74188 (8)
C. chinensis Bunge – AM234263.1 (28)
Chamaecrista nictitans Moench* EU361914 (27) AM234248 (28)
Crudia gabonensis Pierre ex Harás EU361922 (27) AM234230 (28)
Cynometra webberi Baker f.* C. mannii Oliver EU361925 (27) C. mannii Oliver AM234231 (28)
Daviesia cordata Sm.* D. latifolia R. Br. AY386887 (22) –
Delonix elata (L.) Gamble – AM234235 (28)
Detarium macrocarpum Harms EU361929 (27) AM234239 (28)
Dialium guianensis (Aubl.) Sandw. – AM234245 (28)
Duparquetia orchidacea Baill. EU361937 (27) –
Erythrophleum ivorense A.Chev – U74205 (8)
Exostyles venusta Schott ex Spreng.* – –
Gleditsia triacanthos L.* AY386849 (22) S70129 (6)
Goniorrhachis marginata Taub. EU361959 (27) AM234232 (28)
Griffonia physocarpa Baill. EU361961 (27) AM234265 (28)
Gymnocladus dioica (L.) Koch AY386929 (22) U74193 (8)
Haematoxylum brasiletto H. Karst.* AY386905 (22) AY409384 (23)
Hardenbergia violacea (Scheneev).* Stearn – U74241 (8)
Inga sp. – AM234254 (28)
Isoberlinia scheffleri (Harms) Greenway EU361983 (27) AM234240 (28)
Lecointea hatschbachii Barneby* L. peruviana Standl. EU361990 (26) L. peruviana Standl. AM234260 (28)
Parkia multijuga Benth. – AM234251 (28)
Parkinsonia aculeata L. AY386917 (22) Z70157 (6)
Peltophorum ptercocarpum (DC.) Backer ex K.Heyne – AM234243 (28)
Pentaclethra macrophylla Benth. AF521853 (19) AM234250 (28)
Petalostylis labicheoides R. Br.* AY386895 (22) AF308719 (13)
Pisum sativum L.* AY386961 (22) X03853 (1)
Poeppigia procera Presl. AY386907 (8) AM234246 (28)
Psoralea pinnata L.* P. glandulosa L. AY386871 (22) P. aculeata L. AM235013 (28)
Pterogyne nitens Tul. EU362031 (27) AM234247 (28)
Saraca palembanica Baker – AM234238 (28)
Sclerolobium sp. EU362040 (27) AM234242 (28)
Senna didymobotrya (Fresen.)H.S.Irwin& Barneby* AM086860 (25) –
S. pistaciifolia (Kunth) H.S.Irwin & Barneby

Bello 778 (COL)
S. alata L.) Roxb. EU362042 (27) S. alata (L.) Roxb. U74250 (8)

Storckiella australiensis J.H.Ross & B.Hyland EU362052 (27) AM234249 (28)
Swartzia cadiospermum Spruce ex. Benth. EU362053 (27) AM234259 (28)
Tamarindus indica L.* EU362056 (27) S70160 (6)
Umtiza listeriana Sim. EU362062 (27) AM234237 (28)
Zenia insignis Chun. EU362065 (27) AF308722(13)
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Species ⁄ source matK rbcL

Quillajaceae
Quillaja saponaria Molina AY386843 (22) U06822 (5)

Surianaceae
Cadellia pentastylis F. Muell. EU604056 (29) L29491 (3)
Guilfoylia monostylis F. Muell. EU604031.1 (29) L29494 (3)
Recchia mexicana Moc. & Sessé EU604045.1 (29) AM234270.1 (28)
Stylobasium spathulatum Desf. EU604032.1 (29) U06828.1 (4)
Suriana maritima L. AY386950 (22) U07680 (3)

Non Fabalean species
Begoniaceae
Begonia grandis Otto ex A.DC. AB016466 (12) AF534733 (20)

Betulaceae
Alnus glutinosa (L.) Gaern. – EU644678 (29)
A. sinuata Rydb. AY263914 (21) AY263926 (21)

Cucurbitaceae
Abobra tenuifolia Naud. – AF008961 (9)

Elaeagnaceae
Sheperdia argentea (Pursh.) Nutt. – AJ225787 (10)

Fagaceae
Trigonobalanus verticillata Forman AB084771 (16) AB084769 (16)

Oxalidaceae
Oxalis stricta L. AF542605 (18) –

Rosaceae
Fragaria · annanasa Duchesne – U06805 (4)
F. vesca L. AF288102 (17) –
Gillenia trifoliata Moench.* AF288104 (17) G. stipulata Trel. DQ250747 (26)

Violaceae
Viola chaerophylloides Makino AB038188 (14) –

Zygophyllaceae
Bulnesia arborea Engl. – EU644676 (29)
Kallstroemia sp. – EU644677 (29)
Krameria ixine Löfling Fernández-Alonso 22529 (COL) EU604050 (29) EU644679 (29)
K. lanceolata Torr. – Y15032 (7)
Larrea cuneifolia Cav. AF542602 (18) AF200471 (15)
Zygophyllum xanthophyllum Engl. – AJ133872 (7)

Specimens with observed floral characters are in bold type. Asterisks denote species not observed here, with morphological information extracted
from the literature (see Appendix 2 for references). Dashes indicate lack of information. When molecular sequences were not available for the species
surveyed for morphology, sequences from close relatives were used instead (names and GenBank accession numbers provided). Numbers in
parenthesis indicate the references for molecular data: (1) Zurawski et al. (1986), (2) Albert et al. (1992), (3) Fernando et al. (1993), (4) Soltis et al.
(1993), (5) Morgan et al. (1994), (6) Käss and Wink (1996), (7) Sheahan and Chase (1996), (8) Doyle et al. (1997), (9) Swensen et al. (1998), (10)
Thulin et al. (1998), (11) Savolainen et al. (2000), (12) Yokoyama et al. (2000), (13) Kajita et al. (2001), (14) Kita and Kato (2001), (15) Lia et al.
(2001), (16) Kamiya et al. (2002), (17) Potter et al. (2002), (18) Hilu et al. (2003), (19) Luckow et al. (2003), (20) Clement et al. (2004), (21) Li et al.
(2004), (22) Wojciechowski et al. (2004), (23) Haston et al. (2005), (24) Forest and Manning (2006), (25) Marazzi et al. (2006), (26) Potter et al., 2007;
(27) Bruneau et al. (2008), (28) Forest et al. (2007), (29) Bello et al. (2009).

Appendix 2

Morphological characters scored for combined phylogenetic analyses

Character Character states, references

0. Habit (0) tree; (1) shrub ⁄ liana; (2) herb. The branches of the shrubs in Polygalaceae usually adopt a liana-like
growth. That is why the habit ‘‘shrub ⁄ liana’’ is scored as part of the same character state. Within the Polygalaceae
species here scored, the only three species scored as trees are Eriandra fragans, Xanthophyllum amoenum and X. clovis

1. Inflorescence
morphology

(0) indeterminate; (1) determinate. In Polygalaceae, the indeterminate character state is usually represented
by racemes ⁄ spikes, whereas the determinate is restricted to cymes (van der Meijden, 1982; fig. 1), as
observed in Quillajaceae and Surianaceae (Bello et al., 2007)

2. Flower insertion (0) sessile; (1) not sessile. Sessile flowers have no noticeable pedicel subtending the floral bud (Fig. 1a)
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Character Character states, references

3. Resupination (0) absent; (1) present. Resupination is considered here as a twist of the pedicel that occurs during late
development modifying the original disposition of the abaxial ⁄adaxial floral organs [see, for example,
Breteler and Smissaert-Houwing (1977, fig. 1) for Atroxima and Carpolobia; Rudall and Bateman (2002)
for orchids]. The opposite disposition of the flowers of Polygalaceae and Leguminosae (Bello et al., 2010;
fig. 1) is not the result of resupination as coded here, but by an opposite arrangement of the floral organs

4. Hypanthium (0) absent; (1) present. The hypanthium is considered the result of expansion of the receptacle by
intercalary growth, into a tube or a cup, placing the stamens and the perianth at a higher level than the
gynoecium (Ronse De Craene, 2010). In Fabales, a cup-shaped hypanthia with stamen petal tube seems
to predominate (see Eriandra fragans, van Royen and van Steenis, 1952; fig. 4; Bello et al., 2010; fig.
6D–E) and the cup-like hypanthium (e.g. Bauhinia malabarica, Gleditsia triacanthos, Petalostylis
labicheoides, Cercis canadensis, Tucker, 1988, 1991, 1992, 2000a, 2002a,b; Barnhartia floribunda, Bello
et al., 2010; fig. 5L)

5. Bract and bracteoles (0) only flower-subtending bracts present, (1) flower-subtending bract and flower-preceding bracteoles
present. Bracteoles or reduced paired leaves associated with the flower tend to occur in Polygalaceae,
except in Epirhizanthes papuana (where there are floral buds with one, two or none bracteoles, Bello et al.,
2010; fig. 4M) and Salomonia cylindrica (without bracteoles, Fig. 1b)

6. Pedicel (0) divided by bracteoles proximally, (1) divided by bracteoles distally, (2) undivided. This character refers
to the location of the bracteoles on the pedicel in mature flowers

7. Sepal initiation (0) helical; (1) unidirectional; (2) bidirectional; (3) simultaneous (Prenner, 2004c; Bello et al., 2010)
8. Temporal overlap in calyx

and corolla initiation
(0) absent; (1) present. When the initiation of a petal primordium ⁄primordia occurs before or is
simultaneous with the initiation of a sepal primordium ⁄primordia, we consider it is an overlap in calyx
and corolla initiation (Prenner, 2004a; fig. 9I). In Polygalaceae, the overlap occurs between the lateral
sepals and the abaxial petal (Fig. 1c)

9. Median sepal (0) adaxial position; (1) abaxial position; (2) adaxial and abaxial positions; (3) there is not a sepal in the
median position. This character was observed primarily in early ontogeny, when appropriate stages were
available (Bello et al., 2010). Although the position of the sepals is usually maintained in adult flowers, it
is variable in the case of Ceratonia (Tucker, 1992)

10. Timing of bud covering by
abaxial ⁄adaxial sepals

(0) when the gynoecium starts locule differentiation; (1) before gynoecium initiation (contrast character
state of Bello et al., 2010; fig. 1D vs figs 7A, 9D; Prenner, 2004a; fig. 10)

11. Timing of bud covering by
lateral sepals

(0) when the gynoecium is closing [see e.g. Haematoxylum, Tucker and Kantz (1997, fig. 29), Fig. 1E], (1)
during locule differentiation ⁄ovary wall enlargement (Fig. 1f); (2) before gynoecium initiation
(Fig. 1g)

12. Calyx tube (0) absent (e.g. Balgoya pacifica, Morat and van der Meijden, 1991; fig. 1.4); (1) present (Bello et al., 2010;
fig. 4J). A calyx tube is formed by intercalary growth under and between the sepal lobes in the taxa
observed here

13. Location of postgenital
fusion of sepal lobes

(0) adaxial fusion (Tucker, 2006; fig. 3E); (1) all sepal lobes fused (Bello et al., 2007; fig. 3B); (2) abaxial
fusion (Fig. 1h); (3) no fusion (Prenner, 2004c; fig. 1G, J)

14. Sepal aestivation (0) imbricate (Bello et al., 2010; fig. 2); (1) valvate (Bello et al., 2007; fig. 3B)
15. Lateral sepal identity (0) petaloid; (1) sepaloid
16. Adult symmetry of calyx (0) actinomorphic (Bello et al., 2010; fig. 4J); (1) zygomorphic (Fig. 1i); (2) asymmetric (see Prenner and

Klitgaard, 2008; fig. 2H)
17. Calyx persistency (0) caducous in fruit; (1) persistent in fruit
18. First petal primordia

formed
(0) all formed simultaneously (Fig. 1j); (1) abaxial petal forms first (Fig. K)

19. Temporal overlap in
corolla and androecium
initiation

(0) absent (Prenner, 2004a; fig. 9; Fig. 1l); (1) present (Bello et al., 2010; fig. 3C). When the initiation of
stamen primordium ⁄primordia occurs before or is simultaneous with the initiation of petal primordium ⁄
primordia, we consider it is an overlap in the corolla and androecium initiation

20. Temporal overlap
in corolla and
gynoecium initiation

(0) absent; (1) present (Fig. 1m). When the initiation of a carpel primordium ⁄primordia occurs before or is
simultaneous with the initiation of any petal primordium ⁄primordia, we consider that it is an overlap
between the corolla and gynoecium initiation

21. Number of fully developed
petals in mature flowers

(0) none; (1) three (see Bello et al., 2010; fig. 10D, N); (2) four-five. Fully developed in this context means
not arrested or vestigial, with a properly developed lamina

22. Lateral petals (0) not formed (Bello et al., 2010; fig. 4C); (1) arrested (Bello et al., 2010; fig. 3K); (2) fully developed
(Bello et al., 2010; fig. 5B)

23. Abaxial petal (0) arrested (Tucker, 2000a; fig. 69); (1) fully developed (Bello et al., 2010; fig. 10K, P, Q); (2) not formed
(Tucker, 1992). Although in Duparquetia orchidacea the abaxial petals are reduced and may be
homologous to the petal bases of other Caesalpinioids (Prenner and Klitgaard, 2008), we code them as
fully developed due to the presence of a developed lamina. They are not vestigial or arrested, despite the
reduction they have

24. Petal shape of
adult flower

(0) homomorphic (Bello et al., 2007; fig. 6J; Bello et al., 2010; fig. 6H); (1) heteromorphic (Bello et al.,
2010; fig. 10)
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25. Corolla tube (0) absent; (1) present
26. Connation of petals (0) all petal lobes (Bello et al., 2010; fig. 6F); (1) abaxial (Prenner, 2004c; fig. 2F); (2) lateral ⁄adaxial

(Fig. 1n); (3) lateral ⁄abaxial (Tucker, 1989); (4) petals entirely free (Bello et al., 2010; fig. 10P)
27. Calyx ⁄ corolla interaction (0) not adnate; (1) adnate (Fig. 2a). In Polygalaceae, adnation of the calyx and corolla occurs at the

proximal part, at the level of the corolla and the calyx tube
28. Position of corolla and

androecium adnation
(0) none; (1) adaxial; (2) abaxial and adaxial; (3) abaxial, adaxial and lateral (Fig. 2b)

29. Crest type (0) no crest; (1) extended folded flat; (2) two main peaks; (3) multiple finger-like peaks (see Bello et al.,
2010; fig. 10). The crest is an overgrowth located at the distal portion of the abaxial petal in several
Polygalaceae

30. Position of clawed petal (0) all petals clawed (Bello et al., 2007; fig. 3D); (1) abaxial petal clawed (Bello et al., 2010; fig. 10Q); (2)
adaxial petal clawed; (3) abaxial and adaxial petals clawed; (4) lateral petals clawed; (5) no clawed
petals

31. Petal aestivation (0) contort (Bello et al., 2010; fig. 2E); (1) imbricate (Bello et al., 2010; fig. 2A); (2) valvate (Fig. 2c)
32. Adult symmetry of the

corolla
(0) actinomorphic (Bello et al., 2007; fig. 7E); (1) zygomorphic (Bello et al., 2010; fig. 3L); (2) asymmetric
(Tucker, 1996; figs 3 and 6)

33. First stamen primordia
formed

(0) all initiated simultaneously (Bello et al., 2010; figs 4C, 7N, 8F); (1) abaxial (Bello et al., 2010; fig. 7K);
(2) lateral (Tucker, 2000a; fig. 46); (3) adaxial. It is considered here that the stamens do not develop
simultaneously when the plastochron between the first primordium ⁄primordia and the other stamens is
visually evident. In the case of P. myrtifolia we consider the stamen primordia to initiate simultaneously,
but see Prenner (2004a) for a hypothesis of stamen initiation in this species

34. Temporal overlap of stamen
and carpel initiation

(0) absent; (1) present (Bello et al., 2010; figs 2D, 7F). When the initiation of carpel primordium ⁄
primordia occurs before the initiation of a stamen primordium ⁄primordia, we consider there is an
overlap in the androecium and gynoecium initiation

35. Number of antesepalous
stamen primordia

(0) two (Bello et al., 2010; fig. 2E); (1) three; (2) four (Bello et al., 2010; fig. 2F); (3) five ⁄ six (Bello et al.,
2007; fig. 2); (4) ten

36. Number of antepetalous
stamen primordia

(0) none (Fig. 2e); (1) one; (2) two ⁄ three (Bello et al., 2010; fig. 8H); (3) four; (4) five ⁄ six.

37. Distinctive androecial
whorls during early
ontogeny

(0) one (Bello et al., 2010; fig. 7B); (1) two (Bello et al., 2007; fig. 5H). This character discriminates
between stamen primordia which are equidistant to the center of the flower (and appear aligned within an
apparent unique whorl), and stamen primordia forming distinctive whorls

38. Median stamen position (0) abaxial (Bello et al., 2010; fig. 2E); (1) adaxial (Bello et al., 2010; fig. 2C); (2) abaxial and adaxial (Bello
et al., 2007; fig. 2A); (3) median position free (Bello et al., 2010; fig. 2A)

39. Common stamen meristem (0) absent; (1) present (Bello et al., 2010; figs 2G, 3D). When stamen primordia initiate on a common ring
or base, the ring is considered a common stamen meristem. This does not mean there is congenital fusion
of the stamens

40. Connate filaments (0) absent; (1) present (Bello et al., 2010; fig. 8K)
41. Androecium disposition in

adult flower
(0) towards one side (Fig. 2i); (1) surrounding the carpels equidistantly (Bello et al., 2007; fig. 5K); (2)
asymmetrically (Bello et al., 2007; fig. 2B)

42. Staminode position (0) outer androecial whorl (Bello et al., 2007; fig. 2B); (1) inner androecial whorl; (2) not limited to one
whorl; (3) staminode absent

43. Number of adult stamens (0) one; (1) three; (2) four; (3) five; (4) seven; (5) eight; (6) nine; (7) ten; (8) more than ten
44. Anther attachment (0) basifixed (Bello et al., 2010; fig. 5F); (1) dorsifixed (Bello et al., 2007; fig. 3F)
45. Anther shape (0) X-shaped (Bello et al., 2007; fig. 7F); (1) sagitatte or linear (Bello et al., 2010; fig. 5A); (2) oval (Bello

et al., 2010; fig. 6I)
46. Anther dehiscence (0) apically confluent slits (Venkatesh, 1956; see Bello et al., 2010; fig. 3M); (1) ‘‘two-valve’’ separation

(Bello et al., 2010; fig. 6G); (2) longitudinal (Bello et al., 2007; fig. 7E); (3) two separated slits (Tucker,
1996; fig. 86); (4) independent terminal pores (Tucker, 1996; fig. 70)

47. Number of sporangia (0) four; (1) fewer than four (Bello et al., 2010; fig. 3M)
48. Number of carpels (0) one; (1) two; (2) three; (3) four; (4) five; (5) more than five. In the cases where there is pseudomonomery

by reduction of the adaxial carpel (e.g. Securidaca and Monnina), the ovary is considered bicarpelar
(Bello et al., 2010; fig. 7O)

49. Carpel position (0) antesepalous; (1) antepetalous; (2) antesepalous and antepetalous (Bello et al., 2010; fig. 2)
50. Carpel early interaction (0) syncarpous (Bello et al., 2010; fig. 4C–G); (1) apocarpous (Bello et al., 2007; fig. 6F); (2) not applicable

(monocarpy). Syncarpous early interaction means the carpels are congenitally fused at initiation, whereas
apocarpous early interaction refers to an independent initiation of the carpels, even if they fuse later
during the development

51. Carpel arrested
development position

(0) all gynoecium (Bello et al., 2007; fig. 4H); (1) adaxial; (2) no arrested development. When there is
arrested development in all the gynoecium, all the carpels become rudimentary after initation. The
arrested development of the adaxial carpel coincides with the pseudomonomerous condition in
Polygalaceae such as Monnina and Securidaca
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52. Gynoecium adnation (0) adnate (Tucker, 2000a; fig. 1C); (1) not adnate. Adnate refers to the carpel attached laterally to the
hypanthium

53. Gynophore (0) absent; (1) present
54. Nectarial tissue (0) absent; (1) present
55. Stipitate ovary (0) absent; (1) present
56. Adult gynoecium symmetry (0) zygomorphic (Bello et al., 2010, fig. 9I); (1) actinomorphic (Bello et al., 2007; fig. 5I)
57. Style (0) glabrous; (1) with indument
58. Style disposition in at anthesis (0) straight; (1) curved
59. Style position (0) top of the ovary; (1) gynobasic
60. Stigmas (0) widely spaced, abaxial area hairy, adaxial receptive; (1) widely spaced, abaxial area receptive, adaxial

hairy; (2) widely spaced, abaxial area nude, adaxial receptive; (3) widely spaced, abaxial and adaxial
areas receptive; (4) stigmas close together (Bello et al., 2010; figs 11 and 12)

61. Number of ovules per locule (0) one; (1) two; (2) more than two
62. Placentation (0) marginal ventral; (1) basal ventral; (2) apical axial; (3) parietal
63. Winged fruit (0) absent; (1) present
64. Fruit consistency (0) fleshy; (1) dry
65. Fruit dehiscence (0) indehiscent; (1) dehiscent

General literature source for Polygalaceae: Aublet (1775), Loureiro (1790), Wirz (1910), Smith (1912), Levyns (1949, 1954), van Royen and van
Steenis (1952), Wurdack and Smith (1971), Breteler and Smissaert-Houwing (1977), Styer (1977), Mendes Marques (1980, 1996), van der Meijden
(1982, 1988), Verkerke (1985), Kruger et al. (1988), Sumithraarachchi (1988), Bamert (1990), Morat and van der Meijden (1991), Eriksen
(1993a,b), Koyama (1995), Wadhwa (1996), Mendes Marques and Gomes (2002), De Wilde and Duyfjes (2005), Prenner (2004a), Eriksen and
Persson (2007). Leguminosae: Hutchinson (1959), Robertson and Lee (1976), Tucker (1985, 1988, 1989, 1991, 1992, 1996, 1998, 2000a,b, 2001a,b,
2002a,b,c, 2006), Tucker and Stirton (1991), Tucker and Kantz (1997), Mansano et al. (2002, 2004), Prenner (2004b,c), Prenner and Klitgaard
(2008). Quillajaceae: Fuks (1983), Bello et al. (2007). Rosaceae: Evans and Dickinson (2005). Surianaceae: Bello et al. (2007).

Appendix 3

Length, consistency (ci) and retention (ri) index values for each morphological character on topologies derived from matrices A, B

and C

Character

Length ci ri

A B C A B C A B C

0 14 9 14 0.14 0.22 0.14 0.66 0.66 0.66
1 6 2 7 0.16 0.2 0.14 0.28 0.2 0.25
2 3 0 3 0.33 0 0.33 0.33 0 0.33
3 3 2 3 0.33 0.5 0.33 0.33 0.5 0.33
4 11 7 11 0.09 0.14 0.09 0.41 0.4 0.44
5 6 3 7 0.16 0.33 0.14 0.54 0.33 0.45
6 10 5 10 0.2 0.2 0.2 0.52 0.2 0.52
7 11 7 13 0.27 0.28 0.23 0.6 0.61 0.5
8 10 6 10 0.1 0.16 0.1 0.62 0.61 0.62
9 4 4 4 0.5 0.5 0.5 0.9 0.87 0.9
10 8 6 8 0.12 0.16 0.12 0.5 0.5 0.5
11 14 10 15 0.14 0.2 0.13 0.6 0.52 0.58
12 9 7 9 0.11 0.14 0.11 0.71 0.62 0.72
13 10 6 10 0.3 0.5 0.3 0.36 0.5 0.36
14 3 0 3 0.33 0 0.33 0 0 0
15 5 3 4 0.2 0.33 0.25 0.88 0.88 0.91
16 8 7 10 0.25 0.28 0.2 0.64 0.37 0.55
17 4 4 5 0.25 0.25 0.2 0.86 0.7 0.82
18 5 4 5 0.2 0.25 0.2 0.2 0 0.33
19 9 7 9 0.11 0.14 0.11 0.61 0.57 0.63
20 11 9 10 0.09 0.11 0.1 0.23 0.11 0.3
21 3 4 4 0.66 0.5 0.5 0.97 0.88 0.94
22 8 5 7 0.25 0.4 0.28 0.83 0.78 0.86
23 2 3 3 0.5 0.33 0.33 0.5 0 0
24 10 8 10 0.1 0.12 0.1 0.6 0.5 0.62
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Character

Length ci ri

A B C A B C A B C

25 4 2 4 0.25 0.5 0.25 0.57 0 0.57
26 5 0 5 0.8 0 0.8 0.75 0 0.75
27 2 2 2 0.5 0.5 0.5 0.75 0 0.75
28 7 6 6 0.42 0.5 0.5 0.91 0.83 0.93
29 6 4 6 0.5 0.75 0.5 0.87 0.87 0.87
30 17 11 17 0.29 0.36 0.29 0.65 0.63 0.66
31 5 3 5 0.4 0.66 0.4 0.57 0.66 0.57
32 11 8 13 0.18 0.25 0.15 0.35 0.14 0.26
33 12 9 11 0.25 0.33 0.27 0.62 0.5 0.68
34 8 8 8 0.12 0.12 0.12 0.73 0.53 0.73
35 4 3 5 0.5 0.66 0.6 0.92 0.94 0.92
36 9 8 11 0.33 0.37 0.27 0.77 0.72 0.71
37 3 3 5 0.33 0.33 0.4 0.9 0.86 0.85
38 10 9 11 0.3 0.33 0.27 0.74 0.66 0.71
39 3 2 3 0.33 0.5 0.33 0.33 0 0.33
40 5 4 6 0.2 0.25 0.16 0.81 0.78 0.78
41 11 10 13 0.18 0.2 0.15 0.35 0.11 0.26
42 9 7 9 0.33 0.42 0.33 0 0 0
43 13 9 14 0.46 0.55 0.4 0.73 0.77 0.73
44 6 5 8 0.16 0.2 0.12 0.68 0.66 0.58
45 3 3 3 0.66 0.66 0.66 0.96 0.94 0.96
46 7 5 7 0.57 0.6 0.57 0.9 0.89 0.9
47 6 3 5 0.16 0.33 0.2 0.75 0.75 0.8
48 4 3 5 0.75 1 0.6 0.96 1 0.92
49 4 3 5 0.5 0.66 0.4 0 0 0
50 2 2 3 1 1 0.66 1 1 0.96
51 5 5 5 0.4 0.4 0.6 0.72 0.5 0.81
52 6 5 5 0.16 0.2 0.2 0 0.2 0.2
53 U U U U U U U U U
54 16 10 16 0.06 0.1 0.06 0.21 0.18 0.21
55 10 7 12 0.1 0.14 0.08 0.64 0.62 0.56
56 2 2 3 0.5 0.5 0.33 0.83 0.5 0.71
57 10 8 10 0.1 0.12 0.1 0.35 0 0.35
58 9 6 10 0.11 0.16 0.1 0.38 0.16 0.35
59 U U U U U U U U U
60 6 3 6 0.66 1 0.66 0.9 1 0.9
61 6 5 6 0.33 0.4 0.33 0.85 0.84 0.86
62 3 3 4 1 1 0.75 1 1 0.96
63 2 2 2 0.5 0.5 0.5 0.83 0.5 0.83
64 4 3 4 0.25 0.33 0.25 0.78 0.6 0.78
65 12 10 12 0.08 0.1 0.08 0.6 0.3 0.6

U, uninformative.
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