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ABSTRACT: Surveys of plant breeding systems in angiosperm families
have shown a significant association between monoecy and dioecy,
and researchers have proposed that dioecy has tended to evolve from
monoecy. We evaluated this hypothesis in the context of a phylogeny
of 918 monocotyledons assembled from 19 published trees. Binary
and multistate breeding system characters were mapped onto a set
of composite trees, and alternative models of character change were
compared using maximum likelihood. Over a range of tree topologies
and optimizations, we found three to eight times as many changes
from hermaphroditism to dioecy as we did from monoecy to dioecy.
Also, the rate at which monoecy gave rise to dioecy was not signif-
icantly higher than the rate at which hermaphroditism gave rise to
dioecy. Our analysis implies that the correlation of monoecy and
dioecy in angiosperm families does not reflect a preponderance of
changes from monoecy to dioecy. Instead, we postulate that the
family-level correlation results from the clustering of breeding system
changes in the underlying phylogeny. Our results suggest renewed
attention to modeling the transition from hermaphroditism to
dioecy, possibly involving transient intermediates such as gynodioecy.

Keywords: breeding systems, dioecy, monocotyledons, phylogeny,
parsimony, maximum likelihood.

Beginning with Darwin (1877), evolutionary biologists
have tried to explain the origin and significance of dioecy
in flowering plants. Although the majority of angiosperm
species are hermaphroditic, approximately 6% are dioe-
cious, with sexes segregated in separate individuals (Ren-
ner and Ricklefs 1995). Whether the evolution of dioecy
results from selection for outcrossing, as Darwin suggested,
or from sexual selection on separate components of male
and female fitness has been a subject of considerable debate
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(articles in the American Naturalist include Thomson and
Barrett 1981; Bawa 1982; Givnish 1982; Lloyd 1982; Ross
1982; Willson 1982, 1991; Baker 1984).

In the literature on the evolution of dioecy, two general
approaches are apparent. The first concentrates on mod-
eling selection at the population level (Charnov 1982).
Charlesworth and Charlesworth (1978), for example,
modeled a pathway to dioecy involving the invasion of a
hermaphroditic population by male-sterile individuals
(gynodioecy) followed by selection against female function
in the remaining hermaphrodites (also see Ross 1982;
Schultz 1994). The second approach aims to identify pat-
terns in the distribution of breeding systems across an-
giosperms or seed plants in general. For the most part,
such studies have focused on correlations between the tax-
onomic distribution of dioecy and other attributes. Renner
and Ricklefs (1995, p. 604), for example, in a study focused
on genera within angiosperm families, found that “the
single most important predictor of a group’s tendency to
acquire dioecy is the presence of monoecy in the group.”
On the basis of this association they argued that “dioecy
appears to have evolved most frequently via monoecy, per-
haps through divergent adjustments of floral sex ratios
between individual plants” (Renner and Ricklefs 1995, p.
596; also see Lewis 1942; Westergaard 1958). Regardless
of approach, the pathways described envision different
kinds and numbers of evolutionary steps separating al-
ternative breeding systems (fig. 1).

In broad comparative studies, correlations have also
been documented between dioecy and self-incompatibility,
heterostyly, insect pollination, bird dispersal, growth form,
and living on islands (e.g., Bawa 1980, 1982; Givnish 1982;
Renner and Ricklefs 1995; Sakai et al. 1995). However, the
interpretation of such correlations is complicated. As
Baker (1984) noted, the presence of two traits within a
taxonomic group (e.g., heterostyly and dioecy) does not
necessarily mean that one arose from the other. And, as
Donoghue (1989) illustrated in testing a hypothesis ad-
vanced by Givnish (1980), counting the number of taxa
(species, genera) with a particular combination of traits
(e.g., fleshy propagules and dioecy) can overestimate the
number of times that a particular sequence of evolutionary
change (first fleshy propagules, then dioecy) probably oc-
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Figure 1: Some evolutionary pathways to dioecy in flowering plants.
Renner and Ricklefs (1995) proposed that dioecy evolves from monoecy
through the genetic fixation of sex ratios between individuals. Charles-
worth and Charlesworth (1978) proposed a model that invoked the
spread of male-sterile individuals in a hermaphroditic population (gyn-
odioecy) followed by selection against femaleness in the remaining her-
maphrodites. Dioecy may also evolve from hermaphroditism through the
expression of male and female sterility genes in separate individuals (Ross
1982).

curred. Thomson and Brunet (1990) also emphasized the
use of phylogenetic trees in studying plant breeding sys-
tems, and numerous examples have appeared (reviewed
by Weller and Sakai 1999).

Renner and Ricklefs (1995, p. 604) clearly appreciated
these points, noting that although “the general direction
of evolutionary change is likely to be from monoecy to
dioecy ... phylogenetic analyses of individual examples are
needed to support this assumption.” Here we report the
results of a phylogenetic analysis of breeding system ev-
olution, focusing specifically on pathways to dioecy in a
composite phylogeny of monocotyledons. We focus on
monocotyledons because this is a large clade (over one-
quarter of all angiosperm species) that has recently re-
ceived considerable phylogenetic study (e.g., see Rudall et
al. 1995). In particular, we address the following questions:
How many times have monoecy, dioecy, and other breed-
ing systems evolved in monocots? Have shifts among some
breeding systems occurred more often than others? And
has dioecy evolved most often from hermaphroditism and
gynodioecy, as modeled by Charlesworth and Charles-
worth (1978) and others, or from monoecy, as inferred
by Renner and Ricklefs (1995) based on taxonomic cor-
relations? More generally, we consider the conceptual link
between phylogenetic analysis of breeding system evolu-
tion and models of evolution at the population level.
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Methods
Tree Assembly

We assembled a large phylogenetic tree of monocotyledons
by combining a number of published trees into one. The
aim of this exercise was to increase the number of taxa in
the tree so as to enhance the power of phylogenetic anal-
yses to detect and explain general evolutionary patterns.
Composite trees (e.g., Sillen-Tulberg 1988, 1993; Dono-
ghue 1989; Janz and Nylin 1998; Rolland et al. 1998) pro-
vide a broader look at character evolution than the in-
dividual studies on which they are based. However, as we
argue in the discussion, they compound uncertainty and
may increase bias because of uneven taxonomic sampling
of the underlying phylogeny (also see Sanderson et al.
1998). For this reason, analyses aimed at exploring the
sensitivity of results to tree topology (Losos 1995; Weller
et al. 1995; Donoghue and Ackerly 1996; Ackerly and Don-
oghue 1998; Donoghue et al. 1998) and taxon sampling
(Ree and Donoghue 1998) are especially critical in such
cases. However, comparative analyses conducted on very
large trees may also be particularly robust to changes in
underlying topology (Donoghue and Ackerly 1996).

In assembling a monocot phylogeny for our analyses,
we relied on published tree topologies without evaluating
support for particular clades or attributes of the underlying
data sets. When more than one tree had been published
for a particular group, we used several criteria in choosing
among them.

First, only trees based on analyses of character matrices
under some optimality criterion were considered; other-
wise, no method of phylogenetic inference was preferred,
although most published studies are based on maximum
parsimony. Second, no one type of data was preferred;
instead, we selected studies including either the highest
number of informative characters or those based on com-
bined analysis of data from different sources (de Queiroz
et al. 1995). For example, we selected a starting monocot
tree based on combined molecular and morphological data
(table 1), as opposed to a tree based on morphological
characters alone (Stevenson and Loconte 1995). Third, we
chose trees containing maximum information about phy-
logenetic relationships, namely, those with the most taxa
and greatest resolution. In general, this meant choosing a
published most parsimonious (MP) tree, as opposed to a
consensus tree. Fourth, we did not include phylogenies in
which there were no deviations from hermaphroditism
(e.g., Haemodoraceae: Simpson 1990; Pontederiaceae:
Kohn et al. 1996; Triticeae: Mason-Gamer and Kellogg
1996). Finally, monophyletic groups were pruned from less
inclusive phylogenies and grafted into more inclusive phy-
logenies in cases where the placement of groups was un-
ambiguous and where grafting increased the number of
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Table 1: Phylogenies used to construct a composite tree of monocots.

Data matrix

Clade Reference (tree description)

1. Monocotyledons  Chase et al. 19950, figure 4 rbcL & morphology (1 of 96 MP trees)

2. Asparagales Chase et al. 19954, figure 2 rbcL (1 of 11468 MP trees)

3. Liliales Chase et al. 19954, figure 3 rbcL (1 of 11468 MP trees)

4. Stemonoids Chase et al. 19954, figure 1 rbcL (1 of 11468 MP trees)

5. Dasypogonaceae  Chase et al. 19954, figure 4 rbcL (1 of 11468 MP trees)

6. Commelinids Linder and Kellogg 1995, figure 3 rbcL & morphology (1 of 96 MP trees)

7. Arecaceae Uhl et al. 1995, figures 2, 3 cpDNA RFLPs & morphology (1 of 98 MP trees)

8. Ariflorae French et al. 1995, figure 1 cpDNA RFLPs (strict consensus of 1344 trees)

9. Alismatideae Les et al. 1997, figure 2 rbcl (strict consensus of 32 MP trees)

10. Agavaceae Bogler and Simpson 1996, figure 3 ITS rDNA (strict consensus of 4 MP trees)

11. Pandanaceae Cox et al. 1995, figure 6 Morphology (MP tree)

12. Zingiberales Kress 1995, figure 6 rbcl & morphology (1 of 2 MP trees)

13. Poales Kellogg and Linder 1995, figure 12 rbcL, rpoC2, cpDNA RFLPs & morphology (strict
consensus of 99 MP trees)

14. Cyperales Simpson 1995, figure 1 Morphology (MP tree)

15. Graminae Kellogg and Campbell 1987, figure 28.2  Morphology (1 of 7 MP trees)

16. Pooideae Kellogg and Watson 1993, figure 10 Morphology (1 of 500 MP trees)

17. Bambusoideae ~ Kellogg and Watson 1993, figure 3 Morphology (1 of 32 MP trees)

18. Chloridoideae Van den Borre 1994, figure 6 Morphology (distance tree)

19. Panicoideae Kellogg and Watson 1993, figure 7 Morphology (1 of 5000 MP trees)

Note: Figure 2 illustrates the relationships between clades in the composite tree, which is available from G. Weiblen. Trees from individual

studies are deposited in TreeBASE (http://phylogeny.harvard.edu/treebase).

taxa in the composite tree. In most cases, pruning involved
only the removal of outgroups, while grafting required the
replacement of some taxa or small clades with clades from
other studies. In addition, the following minor modifi-
cations were made: Schizachne and Sclerodactylon (Po-
aceae) each appeared twice in the initial composite tree
because of conflicting placements in Kellogg and Watson
(1993) and Van den Borre (1994). These were assigned a
single position based on Watson and Dallawitz (1992).
Astelia, which was omitted in pruning clade 1, was grafted
into Asparagales (Chase et al. 1995a) as sister to Bland-
fordia, based on its position in Chase et al. (1995b).

Figure 2 shows an overview of the composite tree used
as a starting point in our analyses. A Nexus file containing
the composite tree is available from the first author; this
file can be downloaded to MacClade (Maddison and Mad-
dison 1992) to view the trees and character scorings used
in this study. The individual trees underlying our com-
posite tree can be obtained from TreeBASE at http://
phylogeny.harvard.edu/treebase. The phylogenetic studies
represented in the composite tree include 91 of the 138
instances of dioecy (66%) in monocot genera reported by
Renner and Ricklefs (1995).

Characters, States, and Scoring Issues

To assess the frequency of transitions between monomor-
phic and polymorphic (mostly dimorphic) breeding sys-

tems, we scored all taxa for the following binary character:
(0) flowers hermaphroditic and alike in sexuality
throughout the species, or (1) flowers not all alike in sex-
uality. The absence of functional stamens or carpels in
some flowers implies the differentiation of two (or more)
sexual arrangements per species. Polymorphism involves
unisexual flowers of two forms or, in some cases, a com-
bination of unisexual and hermaphroditic flowers ar-
ranged on the same plant or separate plants.

To investigate transitions between all possible arrange-
ments of stamens and carpels, we scored all taxa for a
character with the following nine states: (0) hermaphro-
ditic, with flowers all alike in sexuality throughout the
species; (1) monoecious, with staminate and carpellate
flowers on the same plant; (2) dioecious, with staminate
and carpellate flowers on different plants; (3) andromon-
oecious, with staminate and hermaphroditic flowers on
the same plant; (4) gynomonoecious, with carpellate and
hermaphroditic flowers on the same plant; (5) andro-
dioecious, with staminate and hermaphroditic flowers on
separate plants; (6) gynodioecious, with carpellate and
hermaphroditic flowers on separate plants; (7) poly-
gamomonoecious, with carpellate, staminate, and her-
maphroditic flowers on the same plant; and (8)
polygamodioecious, with carpellate, staminate, and her-
maphroditic flowers on separate plants.

Scoring of these characters was based on published ac-
counts, including original taxonomic descriptions, floras,
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Figure 2: Summary of the connection between individual trees in the composite monocotyledon tree used in this study. This representation is
meant only to indicate how individual trees are nested within each other and nothing about taxonomic ranks. Numbers refer to individual studies
in table 1; see text for details on tree assembly. The composite tree can be obtained from the first author. Trees from individual studies are available

at http://phylogeny.harvard.edu/treebase.

and surveys of sex expression (e.g., Yampolsky and Yam-
polsky 1922; Renner and Ricklefs 1995). When (rarely)
conflicting accounts of breeding system were encountered,
more recent citations were preferred over older citations,
except when the more recent information lacked sufficient
detail. We also accounted for changes in the circumscrip-
tion of families and genera in an attempt to accurately
connect the older literature to currently accepted names.
A complete list of sources for breeding system information
is available from G. Weiblen on request.

Only 17 of the terminal taxa in the composite tree were
polymorphic for breeding system. However, the occur-
rence of more than one state in a terminal taxon is prob-
lematical for inferring ancestral states (Maddison and
Maddison 1992), and we therefore split polymorphic taxa
into separate clades representing the different states
(Nixon and Davis 1991; see Donoghue 1994 for com-
mentary on this procedure in phylogenetic inference). For
example, Scleropogon (Poaceae) includes both monoecious
and dioecious species and was represented by a single poly-
morphic taxon in the Chloridoideae clade (Van den Borre
1994). We split Scleropogon into two taxa, one representing
the monoecious species and the other the dioecious spe-
cies. This established a minimum estimate of the number
of evolutionary events; if we knew more about the phy-
logeny of Scleropogon, we might have discovered several
independent derivations of monoecy or dioecy within the
group. Such splits into two taxa were carried out for Apon-

ogeton, Asparagus, Blyxa, Buchloe, Centrolepidaceae,
Chioncloa, Distichilis, Jouvea, Leucopoa, Soderstromia, and
Zigadenus. To reflect the occurrence of three breeding sys-
tems, Bouteloua, Carex, Cortaderia, Dioscoreaceae, and
Restoniaceae were each split into three taxa. Elimination
of polymorphisms by this procedure expanded our com-
posite tree from 894 to 918 taxa.

We used MacClade (Maddison and Maddison 1992) to
reconstruct ancestral breeding systems and infer state
changes on a completely resolved composite tree under a
range of assumptions, as well as to conduct the sensitivity
analyses described below. To avoid difficulties in inferring
ancestral states with polytomies (Maddison 1989), we used
the option in MacClade to randomly resolve polytomies,
which resulted in completely dichotomous trees. This pro-
cedure should not systematically bias inferred patterns of
character evolution, but we nevertheless conducted sen-
sitivity analyses using randomly generated trees for the
same set of 918 taxa. We compared changes in 100 di-
chotomous resolutions of our starting composite tree. We
also compared these results with changes inferred on 100
randomly generated trees in order to explore the sensitivity
of our results to major rearrangements in tree topology
(cf. Donoghue and Ackerly 1996). Measures of homoplasy
on these trees were also compared with averages obtained
from permuted data (cf. Sanderson 1991). Permutation
involved the random and repeated assignment of the ob-
served character state frequencies to the terminal taxa. It
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was not feasible to compute all possible reconstructions
of ancestral states using the equivocal cycling option in
MacClade, owing to the size of the tree and the existence
of multiple equally parsimonious solutions at some nodes.
Instead, the frequencies of unambiguous character changes
under ACCTRAN and DELTRAN optimizations were cal-
culated for each dichotomous tree.

Alternative models of character change were also com-
pared using a maximum likelihood method for discrete
characters that does not require the reconstruction of an-
cestral states (Pagel 1994, 1997). We used two-, three-, and
four-state characters with versions d3 and d4 of the pro-
gram Discrete (Pagel 1994, 1997) to test particular hy-
potheses regarding the direction of breeding system evo-
lution. In the case of the binary character, a log-likelihood
ratio test compared models of evolution assuming equal
versus unequal transition probabilities among monomor-
phic and polymorphic breeding systems. Three- and four-
state characters were used to test the expectation derived
from Renner and Ricklefs (1995) that transitions from
hermaphroditism to dioecy may be less frequent than tran-
sitions from monoecy to dioecy. A four-state character was
defined: (0) hermaphroditism, (1) monoecy, (2) dioecy,
or (3) any other breeding system. We compared the like-
lihood of a model assuming unrestricted parameters with
a model assuming q02 = q12, where gab is the probability
of change from state a to state b along a branch of the
composite tree. In the case of nested models, the likelihood
ratio statistic is x* distributed with the degrees of freedom
equal to the difference in the number of parameters in
the models under comparison. A character with states (0)
hermaphroditism, (1) dioecy, or (2) any other breeding
system made possible a simplified test of the likelihood of
transitions to dioecy from hermaphroditism or from any
other breeding system. In this case, we compared the like-
lihoods of a model assuming no restrictions with a model
with g01 = ¢21. In all likelihood analyses, branch lengths
were assumed to be equal. At least in the case of large
trees, branch length modifications are not likely to have
a significant impact on the estimated likelihoods (Ree and
Donoghue 1999). Changing the number and/or length of
branches with a particular state (e.g., to approximate un-
derlying percentages of species with different conditions)
can have an important impact on likelihood estimates (Ree
and Donoghue 1999). We did not explore such modifi-
cations, however, because the percentage of dioecious taxa
in our composite tree (ca. 10%; table 2) is reasonably close
to estimates for angiosperms as a whole (7%-10% for
genera and 6% for species; Yampolsky and Yampolsky
1922; Renner and Ricklefs 1995).

Assumptions about character weighting were evaluated
under parsimony using step matrices (Maddison and Mad-
dison 1992; Maddison 1994) and “cost-change” analysis

Table 2: Number and frequency of taxa with different breeding
systems in a binary and a multistate character on a composite
tree of monocotyledons.

Number
State Breeding system of taxa  Frequency
Two states:
0 Monomorphic 614 .669
1 Dimorphic/polymorphic 304 331
Nine states:
0 Hermaphroditic 614 .669
1 Monoecious 132 .144
2 Dioecious 91 .099
3 Andromonoecious 59 .064
4 Gynomonoecious 5 .005
5 Androdioecious 1 .001
6 Gynodioecious 5 .005
7 Polygamomonoecious 7 .008
8 Polygamodioecious 4 .004

(Ree and Donoghue 1998). We explored how great a cost
must be imposed on changes from hermaphroditism to
dioecy for the frequency of inferred monoecy-to-dioecy
changes to exceed hermaphroditism-to-dioecy changes.
For the sake of simplicity, we used a character with three
states: (0) hermaphroditism, (1) dioecy, and (2) monoecy
plus all other breeding systems. We then defined weights
%, ¥, and z as the costs of 02, 21, and 01 changes, respec-
tively. Next, we increased z relative to x and y by incre-
ments, keeping the cost of x and y equal and ensuring that
each step matrix satisfied the triangle inequality. The cost
of reversals was assumed to be equal to one in all cases.

Results

Under parsimony we inferred that the ancestor of mon-
ocots was hermaphroditic. In our focal monocot tree, we
recorded 66 unambiguous changes from monomorphic to
polymorphic breeding systems and 24 reversals in an
ACCTRAN optimization. The DELTRAN optimization
yielded 71 changes from monomorphism to polymor-
phism and 19 reversals. On 100 dichotomous resolutions
of the starting composite tree, we found an average of 59
unambiguous gains of polymorphism (min-max: 54-62)
and 18 losses (min-max: 17-19). In contrast, we obtained
an average of 162 gains (min-max: 127-200) and 12 losses
(min-max: 4-28) on 100 random trees.

Shifts between the nine breeding systems on our focal
composite tree are summarized in table 3. We found about
eight times as many changes to dioecy from hermaphro-
ditism than from monoecy (26-35 vs. 3—4 times). There
were 9-11 reversals from dioecy to monoecy; more than
expected by chance and three times the number of shifts
from monoecy to dioecy. The six reversals from dioecy to



hermaphroditism were more common than expected by
chance and also more common than reversals from mo-
noecy, despite the presence of 50% more monoecious than
dioecious taxa in the composite tree (table 2). To gauge
relative frequencies, we divided the number of gains of
dioecy from either hermaphroditism or monoecy by the
number of terminal taxa bearing each state. By this mea-
sure, the frequency of changes to dioecy in hermaphroditic
clades (0.03) was three times greater than in monoecious
clades (0.01). Gynodioecy was seen to have evolved from
hermaphroditism at least three times independently but
did not appear to have given rise to dioecy. The evolution
of andromonoecy from hermaphroditism occurred re-
peatedly (16-18 times) but was limited to the grass clade
(Poaceae). Shifts from andromonoecy to hermaphrodit-
ism, monoecy, and gynomonoecy within the grasses also
occurred multiple times (table 3).

Consistency index (CI) was very low for binary and
multistate characters, indicating that particular breeding
systems evolved repeatedly in monocots. The CI of 0.01
for the binary character on our focal tree was still far
greater than under a permuted distribution of states (mean
CI = 0.004), indicating significant autocorrelation of
breeding systems on the composite tree. Likewise, the nine-
state character showed less homoplasy (CI = 0.06) than
when the distribution of states was permuted (CI = 0.03).

Comparison of dichotomous composite trees with ran-
domly generated trees (table 4) showed that the results are
influenced by tree topology. As expected, breeding systems
showed greater autocorrelation in multiple alternative res-
olutions of the composite tree than in random trees. More
precisely, monoecy and dioecy originated less often and
characterized larger clades in composite trees than in ran-
dom trees. However, reversals from dioecy and andro-
monoecy to hermaphroditism and monoecy, respectively,
were more common in composite trees than in random
trees.

With Discrete we found no significant difference in
the probability of changes between monomorphic (0)
and polymorphic (1) breeding systems (likelihood ratio,
LR = 0.0007, df = 1). In other words, the estimated rates
of change (q01 = 0.0530, q10 = 0.0605) were not signifi-
cantly more likely to yield the observed data than a re-
stricted model with equal rates of change (401 = q10). In
the case of three states, we could not reject the hypothesis
that the rate of change from hermaphroditism to dioecy
is equal to the rate of change from any other breeding
system to dioecy (LR = 0.0327, df = 1). Nor could we re-
ject the hypothesis that changes from hermaphroditism to
dioecy (q02 = 0.0286) were as probable as changes from
monoecy to dioecy (q12 = 0.0233) in the case of four states
(LR = 0.0008, df = 1). Rates of change among breeding
systems are summarized in tables 5, 6, and 7.
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We also compared alternative step matrices for the
three-state character under parsimony. We found that the
frequency of changes from monoecy to dioecy only exceeds
that of hermaphroditism to dioecy when we assume that
hermaphroditism-to-dioecy changes were eight times
more costly than monoecy-to-dioecy changes. Eliminating
all of the inferred hermaphroditism-to-dioecy changes
from the tree required that they be nine times more costly
than monoecy-to-dioecy changes. In this case, the ances-
tors of most hermaphroditic clades were inferred to be
monoecious. When we assumed that hermaphroditism to
dioecy changes involved two steps, while monoecy to
dioecy changes involved one step (as per the Renner and
Ricklefs [1995] model; see fig. 1), we observed that changes
to dioecy from hermaphroditism still outnumbered
changes from monoecy by a ratio of 17: 10.

Discussion

Considering the number of evolutionary changes inferred
under parsimony (tables 3, 4) and the rates of change
inferred under maximum likelihood (tables 5, 6, 7), we
conclude that dioecy probably evolved more often from
hermaphroditism than it did from monoecy, or at least
that the rate at which monoecy gave rise to dioecy is no
higher than the rate at which hermaphroditism gave rise
to dioecy. These findings differ from earlier conclusions
based on taxonomic ranks (Lewis 1942; Westergaard 1958;
Renner and Ricklefs 1995). On the basis of the correlation
of monoecious and dioecious genera in flowering plant
families, these authors hypothesized the common occur-
rence of a two-step evolutionary pathway involving shifts
from hermaphroditism to monoecy followed by changes
from monoecy to dioecy (fig. 1). Lewis (1942, p. 52) stated
this model clearly when he wrote, “the change from her-
maphroditism requires more steps than from monoecy.”

One possible explanation for the difference in conclu-
sions is that the correlation observed across all angio-
sperms is not present in monocots alone. In other words,
if Renner and Ricklefs (1995) had focused only on mono-
cots, they would not have reported a significant correlation
and would therefore not have reached the same evolu-
tionary conclusion. This is not the case, however. Sixteen
of 60 monocot families include both monoecious and di-
oecious genera, and of the remaining 44 families in which
monoecy and dioecy are not coincident, seven families
with monoecious genera lack dioecy and seven with di-
oecious genera lack monoecy. As in angiosperms as a
whole, the association of monoecy and dioecy within fam-
ilies of monocots is statistically significant (goodness of fit
with Williams’s correction = 15.74, P < .001).

The reason we have reached different conclusions is that
the occurrence of monoecy and dioecy within monocot
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Table 3: Evolutionary changes among nine breeding systems in monocotyledons: unambiguous changes
under ACCTRAN (and DELTRAN) optimizations on the focal composite tree

Herm  Mono Dio Androm Gynom Androd Gynod Polym Polyd
Herm 9(17) 26(35 16 (18) 3(2) 1(1) 3 (3) 3(4) 2(2)
Mono 2(1) 3 (4) 2(2) 00 00) 0() 0() 0(0)
Dio 6(6) 9 (11) 0(1) 0(1) 0 (0) 1(0) 0(0) 0/(0)
Androm 11 (10) 4 (4) 0 (0) 2(2) 0 (0) 0 (0) 1(1) 0 (0)
Polyd 0(0) 1(1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Note: Ancestral and derived states are listed in the left column and top row, respectively. Transitions from androdioecy,
gynodioecy, polygamomonoecy, or polygamodioecy to other states were not detected and are omitted from the ancestral

state column. Transitions from hermaphroditism to dioecy, and from monoecy to dioecy, are italicized. Herm =

hermaphroditicc, Mono = monoecious, Dio = dioecious,

Androm = Andromonoecious,

Polyd = Polygamodioecious,

Gynom = Gynomonoecious, Androd = Androdioecious, Gynod = Gynodioecious, Polym = Polygamomonoecious.

families does not mean that monoecy gave rise to dioecy.
Phylogenetic relationships within such families often imply
multiple origins of dioecy, often from hermaphroditism.
As an illustration, consider a phylogeny of the palm family
(Arecaceae; fig. 3). In this case, we see two unambiguous
changes from monoecy to dioecy but four shifts from her-
maphroditism to dioecy or polygamodioecy. As in mono-
cots as a whole, the more common change is not the
pathway based on taxonomic ranks (Lewis 1942; Renner
and Ricklefs 1995). In the taxonomic correlation, palms
are simply scored as a family having both monoecy and
dioecy present, and details on changes within the group
are unspecified. If the rank of family is ignored, and instead
we count the number of changes inferred on the phylog-
eny, we obtain a rather different picture. Dioecy sometimes
evolves from monoecy, but it evolves more often from
hermaphroditism.

This explains how a phylogenetic approach yields a dif-
ferent answer, but why is there a strong positive correlation
at the family level in the first place? We think that the
taxonomic correlation results from the clustering of
changes in breeding system within particular clades of
monocots. That is, breeding system seems to be especially
labile within certain clades, such that shifts to different
breeding systems occur in relative proximity on the tree

(see Sanderson 1991). When breeding system changes are
clustered in the tree, almost any taxonomic circumscrip-
tion of families—whether based on numbers of taxa,
breeding systems, or other attributes—would tend to
group monoecious and dioecious species within families.
We believe that the correlation is best interpreted not in
terms of a tendency for dioecy to evolve from monoecy
but, rather, as a tendency for changes in breeding system
to be phylogenetically clustered, perhaps as a consequence
of underlying developmental genetic changes in certain
lineages.

Although the distribution of homoplasy in monocot
breeding systems is intriguing, it will be difficult to explain
without more comparative data on the developmental ba-
sis and genetics of sex determination. LeRoux and Kellogg
(1999) addressed this question in the grass subfamily Pan-
icoideae (clade 19 in fig. 1) and suggested a mechanism
for sex determination based on maize genetics and patterns
of sex expression in the tribe Andropogoneae. DeLong et
al. (1993) identified in maize a single gene (#s2) that affects
the selective abortion of gynoecia through cell death to
produce female-sterile inflorescences. LeRoux and Kellogg
(1999) proposed that the origin of a cell death pathway
involving ts2 could account for the shift from hermaph-
roditism to andromonoecy in the Panicoideae. Repeated

Table 4: Evolutionary changes among nine breeding systems in monocotyledons: average unambig-
uous changes under ACCTRAN for 100 alternative dichotomous composite trees (and 100 randomly

generated trees)

Herm Mono Dio Androm Gynom Androd Gynod Polym Polyd
Herm e 7(88) 22(62) 15(41) 2 (3) 1(1) 44 36 203)
Mono 0 (1) 3(1) 2 (1) 0 (1) 0 (0) 0 (0) 0() 0¢(0)
Dio 30 9(@1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Androm 10 (0) 4 (0) 0 (0) 2 (0) 00) 0() 1) 0(0)
Polyd 0(0) 1(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Note: Ancestral and derived states are listed in the left column and top row, respectively. Transitions from androdioecy,

gynodioecy, polygamomonoecy, or polygamodioecy to other states were not detected and are omitted from the ancestral

state column. Transitions from hermaphroditism to dioecy, and from monoecy to dioecy, are italicized. Abbreviations

are identified in table 3.



Table 5: Rates of change in monocot breeding systems es-
timated by maximum likelihood under less (and more) re-
stricted models of evolution using Discrete (Pagel 1994,
1997)

Rate of change

State Monomorphic (0)  Polymorphic (1)
Two states:
Monomorphic .0530
(.0549)
Polymorphic .0605
(.0549)

Note: Assuming equal branch lengths, gab is the probability of change
from state a to state b along a branch of the composite tree. The more
restricted model was defined as q01 = q10.

modification of such a pathway could result in the clus-
tering of particular breeding system changes in the tree.
In the Andropogoneae, for example, we inferred 10 re-
versals from andromonoecy to hermaphroditism, more
than expected by chance and possibly reflecting the re-
peated loss of a functional cell death pathway. For most
monocot clades, genetic and developmental data are in-
sufficient to allow a general explanation for patterns in
monocot breeding system evolution.

At this point it is important to reflect on sources of
uncertainty and caution against the misinterpretation of
our analyses. First, it is definitely true that published phy-
logenies are not entirely correct, and inaccuracies are com-
pounded in the assembly of a composite tree and in the
arbitrary resolution of polytomies (Donoghue and Ackerly
1996; Sanderson et al. 1998; Ree and Donoghue 1999).
Also, as discussed in “Methods,” we have not taken into
account the strength of support for relationships or con-
flicts among trees derived from different datasets or anal-
yses. Second, the sampling of taxa may be inadequate to
detect particular changes or significant differences in rates
of change, although a composite tree does help in this
regard (Ree and Donoghue 1999). Our study was, of
course, limited by the availability of phylogenetic analyses.
For lack of sufficiently broad phylogenetic studies, we were
unable to consider in detail several clades with consider-
able variation in breeding system, such as sedges (Cyper-
aceae) and yams (Dioscoreaceae). Third, there are a variety
of problems associated with the circumscription of char-
acters and states and the scoring of taxa, especially when
sex expression is either poorly characterized or difficult to
categorize (e.g., sex changes in Arisaema; Bierzychudek
1984). Finally, possible biases associated with parsimony
analysis of character evolution, and the existence of mul-
tiple equally parsimonious solutions in some cases, also
contribute to uncertainty (e.g., Swofford and Maddison
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Table 6: Rates of change in monocot breeding systems
estimated by maximum likelihood under less (and
more) restricted models of evolution using Discrete
(Pagel 1994, 1997)

Rate of change

State Herm (0) Dioecy (1)  Other (2)
Three states:
Herm .0292 .0279
(.0422) (.0245)
Dioecy .0610 .0186
(.0547) (.0240)
Other .0685 1418
(.0847) (.0422)

Note: Assuming equal branch lengths, gab is the probability
of change from state a to state b along a branch of the composite
tree. The more restricted model was defined as g02 = g12. Tran-
sitions to dioecy are in italics. Abbreviations are identified in
table 3.

1992; Collins et al. 1994; Frumhoff and Reeve 1994; Mad-
dison 1994; Schultz et al. 1996; Ree and Donoghue 1998).

While none of these problems can be circumvented en-
tirely, we have tried in several ways to contain them or at
least to understand their effects. Regarding tree uncer-
tainties, we explored the sensitivity of the results to alter-
native resolutions of polytomies in the composite tree and
compared random trees and randomly shuffled characters
(cf. Donoghue and Ackerly 1996). Our discussion centers
on findings that are robust to the changes in tree topology
that we explored. Concerning the second point, and in
view of the fact that approximating the underlying dis-
tribution of character states has been identified as a critical
factor (Ree and Donoghue 1999), it is noteworthy that the
percentage of dioecious taxa in our composite tree (table

Table 7: Rates of change in monocot breeding systems estimated
by maximum likelihood under less (and more) restricted models
of evolution using Discrete (Pagel 1994, 1997)

Rate of change
Herm (0) Monoecy (1) Dioecy (2) Other (3)

State

Four states:

Herm .0034 .0286 .0255
(.0038) (.0266) (.0256)
Monoecy  .0000 .0233 .0199
(.0000) (.0266) (.0265)
Dioecy .0797 .1348 .0067
(.0793) (.1346) (.0030)
Other .1983 .0362 .0232
(.1985) (.0357) (.0262)

Note: Assuming equal branch lengths, gab is the probability of change from
state a to state b along a branch of the composite tree. The more restricted
model was defined as q02 = q12. Transitions to dioecy are in italics. Abbre-
viations are identified in table 3.
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Figure 3: Breeding system evolution inferred under parsimony (using MacClade; Maddison and Maddison 1992) on a phylogeny for the palm
family (Uhl et al. 1995; with random resolution of polytomies). There were two unambiguous changes from monoecy to dioecy and four unambiguous
changes from hermaphroditism to dioecy or polygamodioecy.



2) is close to estimates for angiosperms as a whole. To
address character coding and scoring issues mentioned in
the third point, we considered alternative character cir-
cumscriptions (binary and multistate). Finally, concerning
inference issues, we focused on unambiguous changes un-
der parsimony while also recording the range obtained
using different optimization procedures. Although such
sensitivity analyses could be extended in a variety of ways,
the results of comparative analyses conducted on very large
phylogenies, entailing many relevant state changes, are
likely to be robust to considerable change in tree topology,
alternative scorings, and character coding schemes (Don-
oghue and Ackerly 1996). We are therefore confident that
the main results of this study, especially the finding that
dioecy originates more often from hermaphroditism than
from monoecy, will be upheld in further tests.

One major conceptual difficulty remains. We observed
many direct transitions from hermaphroditism to dioecy,
but is it possible that we missed intermediate stages? Per-
haps we failed to include extant or extinct taxa that pos-
sessed intermediate breeding systems. Or perhaps the in-
termediate stages were transitory within ancestral species
if the rate of character change exceeded the rate of spe-
ciation (cf. Frumhoff and Reeve 1994). These concerns are
important, and the likelihood of having missed transitions
needs to be evaluated on a case by case basis. In each case
where we inferred a change from hermaphroditism to
dioecy, the most obvious question concerns the likelihood
that monoecy was an intermediate. We doubt that this is
generally the case for several reasons. Monoecy is widely
distributed in angiosperms and is characteristic of clades
of many sizes, and we know of no reason to suppose that
it is unstable or transitory from the standpoint of genetic
and ecological mechanisms. Furthermore, models of
change from monoecy to dioecy have generally envisioned
a gradual process, involving alternating incorporation of
genes that slightly affect male and female fertility (e.g.,
Charlesworth and Charlesworth 1978).

If monoecy is not likely as a transitory intermediate
condition, what about other breeding systems? Although
we do not observe changes to dioecy from gynodioecy, we
believe that such transitions are a strong possibility based
on several arguments. The direct origin of dioecy from
hermaphroditism seems unlikely because this would re-
quire at least two mutations at once, one suppressing the
development of the gynoecium and another suppressing
the androecium. In theory, androdioecy (loss of gynoecia
in some plants) could be an intermediary, but this con-
dition is extremely rare in angiosperms, and it is unclear
whether it has ever given rise to dioecy (e.g., Swensen et
al. 1998). In contrast, gynodioecy is more common, and
changes from hermaphroditism to dioecy through gyno-
dioecy are well documented (e.g., Hart 1985; Weller et al.
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1998). Most important for this argument, selection models
based on nuclear and nuclear-cytoplasmic male sterility
(Schultz 1994) suggest that gynodioecy may be unstable
and may result in accelerated transitions to dioecy. A rapid
transition from gynodioecy to dioecy within an ancestral
species would not be detected in phylogenetic analysis.

Recent molecular studies also suggest that a hermaph-
roditic pathway may be important (e.g., DeLong et al.
1993). The simplest genetic models for induction of mon-
oecy require at least two genes, which precisely affect the
abortion of gynoecia and androecia in separate flowers on
the same plant. Two genes are also required for induction
of dioecy except that organ abortion is segregated among
plants in this case. Monoecy is evidently not a prerequisite
for the fixation of staminate or carpellate flowers within
plants, and the view that monoecy is one step closer to
dioecy than hermaphroditism does not draw support from
current knowledge of genetic mechanisms or phylogenetic
relationships.

Conclusions

We draw two main conclusions from this article. First,
monocots illustrate how phylogenetic analysis of character
change can lead to a conclusion that differs from inter-
pretations based on taxonomic evidence (e.g., Lewis 1942)
or rank-based correlations (Renner and Ricklefs 1995). If
the fundamental question concerns sequences of character
change, the most direct approach is a phylogenetic one.
A taxonomic correlation may result for reasons other than
a particular repeated sequence of character change. In this
case we believe that the correlation between monoecy and
dioecy is strong not because monoecy tends to give rise
to dioecy but instead because changes in breeding system
(in whatever direction) tend to be clustered in the tree.
Our second conclusion concerns the evolution of plant
breeding systems in general. Taking the main result of this
analysis at face value, we suggest renewed attention to
models and mechanisms of transition from hermaphro-
ditism to dioecy, possibly through a transient gynodioe-
cious phase.
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