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Premise of research. Surprisingly little is known regarding the phylogenetic distribution and frequency of self-
incompatibility (SI) in some of the largest angiosperm families, including the legumes (Fabaceae). The ecological
and economic significance of the family has motivated an enormous but scattered output of literature concerning
its breeding systems and reproductive biology. Since the last synthesis of this literature, we have gained a clearer un-
derstanding of the various mechanisms responsible for SI, but data on their number and phylogenetic distribution
remain limited.

Methodology. We compiled species-level information on legume breeding systems, pollination syndromes, lon-
gevity, stature, stem composition, geographic location, and ploidy. The resulting database contains entries for 1167
unique species across 184 genera, accounting for nearly 5% of the family. Using these data, we assess the phylo-
genetic distribution and frequency of SI in Fabaceae and evaluate the potential correlation between SI and three
other traits: ploidy, stem composition, and longevity.

Pivotal results. We estimate that approximately one-fifth of legume species have SI, with the remainder being
self-compatible. Appropriate controlled pollinations are available for only a small portion of species in our data-
base, and genetic studies are limited to fewer than 0.5% of the family. Moreover, our survey reveals no convincing
evidence that a single SI mechanism operates in Fabaceae. Despite uneven coverage and a sample of ca. 5% of
Fabaceae, the results of our phylogenetic analyses strongly suggest that longevity is statistically significantly corre-
lated with breeding systems, while ploidy is not.

Conclusions. Our collection reveals a great variety of SI expressions in the family. Compelling evidence indicates
that one of the best-studied SI systems—RNase-based SI—is homologous across core eudicots and ancestral to the
group. Previous studies surmise that this systemmayoperate in Fabaceae, but this remains an openquestion.Whatever
its genetic causes among legumes, the reduced seed and fruit set after selfing appears to evolve dynamically and exhibit
uncommon variation. We highlight the need for empirical work evaluating SI and outline areas where future efforts
may provide disproportionate rewards.
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Introduction

Unlikemost sexually reproducing groups, the greatmajority of
flowering plants are hermaphrodites. Although they harbor po-
tential for self-fertilization, flowering plants also often maintain
mechanisms that reduce selfing or prevent it entirely (Barrett
1998). Such mechanisms are part of the enormous variation ob-
served in the anatomical and physiological features, collectively

known as plant breeding systems, that govern patterns of repro-
duction in angiosperms (Neal and Anderson 2005). While some
features reduce selfing by morphological or temporal means (e.g.,
herkogamy or dichogamy), in the present article we focus on self-
incompatibility (SI)—a general term for a suite of postmating, pre-
zygotic, physiological mechanisms that allow a plant to recognize
and reject its own pollen. SI is one of themost common and effec-
tive means by which higher plants prevent self-fertilization, but
unlike features such as herkogamy or dioecy, SI is largely an invis-
ible trait; there is rarely any obvious characteristic morphology
associated with it. While all SI systems involve the coordinated
action of male and female components facilitating the recogni-
tion and rejection of self-pollen, several different mechanisms
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with distinct genetic andmolecular underpinnings are known to
exist (Silva and Goring 2001).
Current estimates indicate that a variety of SI mechanisms

evolved at least 35 times, and this is likely a great underestimate
(Igić et al. 2008). The underlying molecular machinery generally
functions to inhibit germination of self-pollen grains on the
stigma by preventing elongation of the self-pollen tube within the
style, often controlled by a single multiallelic locus called the S-
locus (de Nettancourt 2001). Gametophytic SI (GSI) is the most
common type of SI and involves the rejection of self-pollen as de-
termined by the pollen haplotype. One particular flavor of GSI
(RNase-based SI [RSI]) is found in several distantly related core
eudicot families—including Cactaceae, Plantaginaceae, Rosaceae,
Rubiaceae, Rutaceae, and Solanaceae—with astonishing genetic
and molecular similarities, evidence that this system may be ho-
mologous and therefore ancestral to core eudicots (Igić and Kohn
2001; Steinbachs and Holsinger 2002; Ramanauskas and Igić
2017, 2021; Liang et al. 2020).
The evolution of SI is thought to be associated with the in-

creased evolutionary success of angiosperms (Zavada and Taylor
1986; Franklin-Tong and Franklin 2003; Goldberg et al. 2010).
Traits that influence mating patterns, including genetic related-
ness among mated pairs, affect the amount and the distribution
of genetic variation in space and over time (Barrett 2013). Such
traits have broad consequences for the evolutionary pathways
available to organisms. Thus, the presence or absence of SI has
two important effects. First, strict outcrossing achieved by SI
may commonly increase net diversification rates, the balance of
speciation and extinction rates (Goldberg et al. 2010). Second,
patterns of genetic variation determine the raw material avail-
able for the action of natural selection, so SI also ought to influ-
ence the distribution of all other traits.
Indeed, SI has long been observed to causally or indirectly cor-

relate with other traits, including ploidy (Charlesworth 1985),
stem composition (Arroyo 1981; Barrett 1998), stature (Scofield
and Schultz 2006), and longevity (Hamrick and Godt 1996),
among others. Associations between breeding systemand traits re-
lated to life span, like stem composition and longevity, are thought
to arise partly as a result of the increased levels of genetic load pres-
ent in long-lived plant species (Scofield and Schultz 2006). It is
generally observed that woody and perennial species are dispro-
portionately likely to express some form of SI (Barrett 1998;
Friedman 2020). Annual species, many of which are weedy, in-
stead predominantly self-fertilize, partly because of load dynamics
(Lande and Schemske 1985) but perhaps also to provide repro-
ductive assurance to such species during the relatively brief peri-
ods whenmating is possible (Hamrick and Godt 1996). Similarly,
there appears to be a strong association between increased selfing
and polyploidy (Grant 1956; Barringer 2007). This association
may likewise provide reproductive assurance for recent polyploids
thatmaybe reproductively isolated from their diploid progenitors,
in addition to reducing the deleterious effects of high genetic load
by expanding the number of gene copies available to an individual
organism (reviewed in Ramsey and Schemske 1998). Polyploidy
can causally disrupt the molecular mechanism responsible for
RSI (Stout and Chandler 1942; Stone 2002), and evidence of cor-
related evolution of self-compatibility (SC) and polyploidy has
been observed across groups with RSI (Miller and Venable 2000;
Robertson et al. 2011). Comparative analyses of this kind are
valuable tools that provide insight into the forces shaping trait

distribution among angiosperms, but such analyses are not pos-
sible without good data.

There are enormous gaps in breeding systemdata inmany fam-
ilies that are especially relevant in determining the phylogenetic
distribution and frequency of SI across angiosperms. Notably,
themolecular mechanism(s) operating in Fabaceae and their phy-
logenetic distribution within the family remain unknown, despite
many years of active literature (e.g., Sims et al. 1999; Casey et al.
2010; Aguiar et al. 2015). Fabaceae contains nearly 7% of all
flowering plant species, is abundantly distributed everywhere
on earth, except in the extreme polar regions, and exhibits a prac-
tically unparalleled diversity of traits (Yahara et al. 2013). The
economic and agricultural importance of this group has led to a
considerable body of literature regarding its reproductive biology.
Arroyo (1981) collated and explored the distribution of breeding
systems in Fabaceae with an impressive collection of data con-
taining 364 species, highlighting a general trend of a high frequency
of SI in woody tropical groups and a low frequency in herbaceous
temperate groups. Neither the molecular causes nor confirmation
of the distribution of RSI across core eudicots would be uncovered
for nearly a decade following her review (McClure et al. 1989), so
her paper could not assess information regarding the mechanism
responsible for the action of SI in Fabaceae. While characteriza-
tion of SI systems is still fraught with challenges (e.g., Allen and
Hiscock 2008), recent work takes advantage of the knowledge
regarding the distribution of SI and candidate-based sequencing
experiments, focusing on the metonymous pistil-expressed genes
(T2/S-type RNases) in species that possess this system (Ramana-
uskas and Igić 2017, 2021; Liang et al. 2020). A nominal sliver of
Fabaceae species (six species, five of six with SC, of ca. 19,500)
have previously been unsuccessfully screened for candidate S-
RNase genes (Sims et al. 1999; Aguiar et al. 2015). The limited
available data on the distribution and phenomenon of SI in the
family represent a barrier to a broader understanding of the evo-
lutionary causes and consequences of breeding system variation,
obscure themechanisms thatmay operate, and limit efficient sam-
pling for efforts to uncover the genetic basis of SI in the family.

Here, we aim to examine the distribution and frequency of SI
in Fabaceae by recording the currently known literature. We
evaluate potentially correlated evolution between breeding sys-
tem and three traits: ploidy, longevity, and stem composition.
Combining the empirical data gathered from pollination exper-
iments, genetic studies, and molecular and physiological work
on SI, we assess the overall weight of evidence regarding the
claim that RSI may operate in Fabaceae. Finally, we provide a
set of recommendations for efficiently uncovering the molecular
genetic basis of SI in this and other families.

Material and Methods

Study System

Fabaceae is the third-largest family of flowering plants behind
Asteraceae and Orchidaceae and is perhaps the most economi-
cally important behind Poaceae (Azani et al. 2017). Its species
are distributed worldwide, and many play an indispensable eco-
logical role as nitrogen fixers. Legumes from each major lineage
appear in the fossil record during the middle to late Eocene, sug-
gesting that its sixmajor clades are approximately 50–55Myr old
(Lavin et al. 2005).
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As currently described, the family contains six subfamilies
(Azani et al. 2017). Papilionoideae, the largest and youngest sub-
family, contains roughly 14,000 recognized species, or approxi-
mately 72% of the family. This subfamily is characterized by
the highly specialized papilionoid flower and an increasing trend
toward a herbaceous growth form, and it is also the most wide-
spread of the family. Most agriculturally important Fabaceae
species belong to this group (e.g., common beans, soy, lentils,
peanuts). Caesalpinioideae, which includes Mimosoideae, is a
lineage of mostly tropical trees that contains approximately
4400 species, or 22%of the family. The remaining 6%of species
belong to the four smallest and oldest subfamilies: Dupar-
quetioideae, Cercidoideae, Detarioideae, and Dialioideae.

Breeding System Data

Using the ISI Web of Knowledge Science Citation Index and
Google Scholar, we collected published reports with dozens of
search terms related to plant mating and breeding systems
within Fabaceae. We also included data from conservation
reports, local flora and field guides, books, conference presen-
tations, theses, monographs, and citations recovered within
each source. We examined more than 1000 published works.
From 366, we assembled a primary database that contained
breeding system and associated trait data.

Breeding system data were collected and scored with an ac-
companying quality score (QS) indicator (Grossenbacher et al.
2017). Instances where the relative success of selfed and out-
crossed hand pollinations were reported or those that directly
provided a measure along with transparent calculation proce-
dures received a score of 1 (QS p 1; highest quality). These
high-quality data were used to calculate an index of SI (ISI).
Following Lloyd (1968), we define ISI as

ISI p 12
relative selfed success

relative outcrossed success
,

where relative pollination success is scored as the ratio of fruits (or
seeds) set to flowers pollinated. The subtraction from unity differs
from Lloyd’s formulation, which is an index of SC, and it has the
intuitive effect of having the higher ISI denote greater success fol-
lowing cross-fertilization (Raduski et al. 2012). When possible,
calculation of ISI with fruit set, comparedwith seed set, is superior
because reduced seed set can occur for reasons other than the
prezygotic action of SI, especially inbreeding depression and re-
source limitation. Therefore, we used pollination experiments that
report relative fruit set (n p 223). When these data were not
available, we resorted to calculating ISI with seed set (n p 13).
If only manual self-pollinations were performed (without cross-
pollinations) and they successfully yielded fruit, these data were
assigned aQS of 1 (QS p 1). If hand pollinationswere performed
but fruit set or seed set was not reported within the study, we
assigned QS p 2, and those that simply stated the breeding sys-
temwith no pollination experiments reported were given the min-
imum, QS p 3. When reports stated the breeding system with
an associated citation that did not address the breeding system of
that species, these datawere not scored (i.e., “NA”). Our search in-
cluded papers published through October 2018.

It is possible for ISI to take on negative values in the rare
instances (n p 24) when the relative success of self-pollinations

is higher than that of cross-pollinations. Within any single popu-
lation, there is no clear biological basis for consistently increased
fruit set following self-pollination versus cross-pollination (Lloyd
and Schoen 1992; Raduski et al. 2012). Instead, negative ISI
values likely result from a variety of sources of error, including fi-
nite sample sizes, incompatibility of outcross pollen, variances in
pollen loads and other aspects of manual pollination, and mis-
takes (Raduski et al. 2012). Consequently, we set all negative
values of ISI to 0, which helps facilitate downstream analyses.
For reports of a variety of summary statistics, we employed an ar-
bitrary approximation: species with ISI > 0:8 were classified as
having SI (Bawa 1974).

Chromosome Counts and Ploidy Data

When reported alongside breeding system data, information
regarding the chromosome number and ploidy of investigated
species was scored from the original sources. When published
reports did not indicate the chromosome numbers or ploidy of
the plants tested, such data were instead taken from the Chromo-
someCountsDatabase (Rice et al. 2015) semiautomatically using
the CCDBcurator R package (Rivero et al. 2019). For an initial
prune, these records were sorted against a list of all recognized
Fabaceae genera from the Plant List (TPL; https://www.theplantlist
.org/), yielding a total of 4926 entries. These entries were then
formally synonymized using the procedure described below for a
total of 4687 entries. When chromosome numbers differed for a
single species, the value with the highest number of published
reports was chosen (mode, n p 966). When there was an equal
number of reports indicating differing chromosome numbers,
these datawere not used (n p 193).We constrained chromosome
numbers, removing entries with extremely low haploid (!4)
values, because the original sources sometimes contain errors be-
cause of multivalence or notes of irregular chromosome counts.
We observed 17 species (0.3% of the total data set) with haploid
chromosome numbers greater than 56.We cross-referenced these
entrieswith published data to ensure that these reports were accu-
rate. Our final data set of chromosome counts included 4202
unique entries.
Stebbins’s fraction. Most taxa have chromosome number

information but lack ploidy determinations. We inferred species’
ploidy designations relative to their generic base with an estimate
referred to as “Stebbins’s fraction” (Stebbins 1938; Román-
Palacios et al. 2019). Sporophytic (2n) counts that are greater
than or equal to 3.5 times the lowest haploid (n) base count of
the genus are categorized as polyploid (Wood et al. 2009). In ad-
dition, we removed genera with data for fewer than three species,
as the generic base may not be reliably established. While the use
of this method to estimate increases in ploidy level may fail to de-
tect older duplication events, we are primarily concerned with
uncovering a pattern of association between recent chromosome
doubling and loss of SC, indicative of the action of RSI.

Other Trait Data

Wecollected information on other traits if other traits of interest
were also concurrently reported in the study with breeding system
data for each species. Stem composition, longevity, and stature
were almost always included within the original published re-
ports, but in the rare instanceswhen theywerenot, this information
was collected from another published report when available.
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We also collected data on pollen-to-ovule ratios, outcrossing
rates, pollination syndromes (including tripping mechanisms,
floral morphology that prevents self-fertilization without a pol-
linator), geographic locations, elevations, and pollen limitations
(calculated from observations of natural and manual pollina-
tion success). These data are not evaluated in the present article
but are available in the associated database.

Phylogenetic Relationships

Weextracted phylogenetic relationships among Fabaceae from
a larger data set used to create the broadly inclusive seed plant
phylogeny (Smith and Brown 2018). Briefly, a sparse multilocus
alignment matrix of species across Fabales was constructed using
4548 taxa from the National Center for Biotechnology Informa-
tion (retrieved from http://www-personal.umich.edu/~eebsmith
/big_seed_plant_datasets/trees/ onMarch 2, 2018). Tree inference
involved constraint (monophyly) of recognized families and a
model of sequence evolution partitioned by gene region. We used
a list of all recognized Fabaceae genera from TPL to prune nonle-
gume taxa from the tree. (Taxonomic designations for all species
were standardized using the synonym-resolving procedure de-
scribed below.)
For rate estimates and visualization, we relied on two resulting

phylogenetic trees. The first is a species-level tree for trait analysis
containing only those species for which our database includes
breeding system information and relevant trait data—ploidy, lon-
gevity, and stem composition. The second also used the same
Fabales phylogeny to construct a genus-level Fabaceae tree by
randomly selecting and retaining one tip from each genus.We im-
posed a semiparametric penalized likelihood molecular clock
(Sanderson 2002) as implemented with the chronopl function
(R package APE; Paradis et al. 2004).

Trait Correlation Analyses

We employed single-variable phylogenetic logistic regression
models (Ives and Garland 2010) to test correlations between
breeding system (SI or SC) and three binary traits: ploidy (diploid
or polyploid), stem composition (woody or herbaceous), and lon-
gevity (annual or perennial). Although the associationbetween an-
nual plants and SC has long been recognized, there is no clear ev-
idence indicating the order of transitions (see Friedman 2020 for a
review). Long-lived species (woody or herbaceous perennials)may
be associatedwith higher inbreeding depression, resulting in selec-
tion against selfing, while annual life cycles present risks without
assured reproductive success (Hamrick and Godt 1996). On the
basis of such observations, Barrett et al. (1996) argue that changes
in ecological conditions drive transitions in life history traits,
which then have important consequences for breeding system evo-
lution (e.g., the repeated evolution of autogamy within annual
lineages of Gilia species). Thus, stem composition and longevity
were used as explanatory variables, alongwith ploidy,which com-
monly disrupts GfSI in diploid taxa (Miller and Venable 2000;
Zenil-Ferguson et al. 2019). Because there are no woody annual
species, we could not test interactions between these terms. It is un-
likely that longevity and stem composition are independent, and
we consequently performed separate analyses with these traits
jointly coded as three states: herbaceous annuals, herbaceous pe-
rennials, and woody perennials.

We implemented all phylogenetic regression fitting and tests
using the function phyloglm in the R package phylolm (Ho et al.
2016). We examined different combinations of these traits to test
for significant interactions but focused only on traits that were
significant in single-trait models: stem composition and longevity.
We also used the jointly coded stem composition and longevity to
assess whether there may be interactions between these traits and
ploidy.We assessed the relative performance of eachmodel using
the Akaike information criterion (AIC) values from the phyloglm
results.We display the results of the best-performingmodel using
the mosaic function from the R package vcdExtra, which also
displays Pearson residuals (Friendly 2021).

Taxonomic Name Resolution

We resolved taxonomic names for all species binomials in
breeding system (n p 1330), chromosome count (n p 4957),
and phylogenetic (n p 4368) data sets using the Taxonomic
Name Resolution Service version 5.0 (Boyle et al. 2021) with
three sources selected: the USDA (National Plant Data Team
2020), TPL (https://www.theplantlist.org/), and Tropicos (http://
www.tropicos.org). Our search settings allowed partial matches
and amatch accuracy that returned all names foundwithin an edit
distance of four (four missed letters, four transposed letters). For
all data sets, species designations classified as “accepted” were
kept. Species designations classified as “synonym,” “illegitimate,”
“invalid,” “no opinion,” “misapplied,” or “rejected name” were
replaced with “accepted” names when available or were removed
from the data sets. We also removed species no longer recognized
as belonging in the family. (See the supplemental PDF, available
online, for additional information.)

All analyses were conducted in R (R Core Team 2020). All
data (including the full breeding system database and associated
reference list) are available in the supplemental data, available
online, and supplemental PDF.

Results

The final assembled data set contains data from 366 reports
published from 1886 through 2018, including books, theses,
monographs, conservation reports, flora and field guides, and
journal papers. There are 1411 entries for 1167 unique currently
described species placed in 184 genera. Our data set contains
285 entries of data with a QS of 1, 104 with a QS of 2, and
770with aQS of 3.Of these, 1050 characterize unique currently
described species as having SI or SC.

Breeding System in Fabaceae

We find that 20.6% of tested Fabaceae species have SI and
that the highest proportion of species with SI appear in
Cercidoideae and Detarioideae (table 1). However, only a
nominal portion of these subfamilies have been sampled (less
than 1%); Caesalpinioideae exhibits the highest proportion of
species with SI with the highest coverage. The family-wide SI per-
centage is less than the 27% with SI that Arroyo (1981) origi-
nally reported with 364 species. We found the breeding system
status for 6.0% of Papilionoideae, 3.5% of Caesalpinioideae (in-
cluding 3.6% of Mimosoideae), 3.5% of Dialioideae, and less
than 1% of Cercidoideae and Detarioideae, and we found no
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data for Duparquetioideae, for a total family-wide coverage of
5.4%. We were unable to find any reported data for 410 cur-
rently recognized genera across the family (see the supplemental
PDF for a full list). The vast majority of genera with reported
breeding systems have such data for less than one-fifth of each
genus (fig. 1). Of the 163 genera in our data set that are also found
on the phylogenetic tree, 125 entirely have either SI or SC (fig. A1;
figs. A1, A2 available online).

ISI and quality of breeding system reports. We found ex-
perimental crossing data sufficient to estimate ISI for 236 species
(fig. 2). ISI fruit set datawere preferred (n p 223), butwe used ISI
calculated from seed set where fruit yield was not reported
(n p 13). These data span four subfamilies (Detarioideae, Dia-
lioideae, Caesalpinioideae, and Papilionoideae) and 84 genera.
We also added species for which only manual self-pollinations
were performed but full fruit set was observed, assigning an ISI
value of 0 (n p 66 for Papilionoideae and n p 6 for Caesal-
pinioideae). Thus, our total ISI data set contains 308 entries
from 95 genera (12.6% of 756 recognized genera). As observed
across angiosperms (Raduski et al. 2012), the frequency appears
strongly bimodal, with 79.9% of species possessing values of
ISI ≤ 0:2 or ISI ≥ 0:8. For species where ISI calculation was pos-
sible, more than one-third (37.0%) are classified as having SI on
the basis of a cutoff value of 0.8.

We find a significantly higher proportion of species with SI in
our ISI data (QS 1) than across our entire data set (37.0% vs.
20.6%; two-sample test for equality of proportions: x2 p 33:2,
P < 0:01). We also observe a higher proportion of species with
SI for Papilionoideae in our QS 1 data than across the data set
(24.8% vs. 12.8%; two-sample test for equality of proportions:
x2 p 12:2, P < 0:01). This proportional difference in SI data is
not significant for Caesalpinioideae (52.0% vs. 54.3%; two-sample
test for equality of proportions: x2 p 0:1, P p 0:76; there is a
single QS 1 record from Detarioideae [SC] and Dialioideae [SI]).
This likely reflects a bias caused by the fact that SC is easier to as-
certain. It is easier to casually establish self-fertilization, especially

in a glasshouse environment, because it requires no specific inter-
vention. On the other hand, it may also often be scored in error, es-
pecially when unreliably reported on account of copious fruit set in
thefield.We ignored such reports, aswell as those that claimed that
entire genera had SI/SC without any accompanying evidence. We
cannot be sure, however, that secondary reports did so.
The surveyed literature contains a greater proportion of qual-

itative SC accounts than qualitative SI accounts (80.0% vs.
58.0%; two-sample test for equality of proportions: x2 p 49:8,
P < 0:01). Of the 900 SC reports, 723 were QS 2 or QS 3 data.
Of the 238 SI reports, 138 were QS 2 or QS 3 data. The data
also contain a higher proportion of qualitative accounts from
Papilionoideae, which has a far lower frequency of species with
SI generally (84.6% qualitative from Papilionoideae vs. 39.8%
from other subfamilies; two-sample test for equality of propor-
tions: x2 p 181:2, P < 0:01).
Genetics of pollen rejection and site of pollen tube inhibition.

We evaluated the evidence consistent with a variety of plausible
sterility and SI mechanisms across the family. We found nine
studies that investigated the patterns of genetic inheritance of SI
in Fabaceae species (table A1; tables A1, A2 available online).
The results of these studies are sometimes vague, uncertain, or dif-
ficult to interpret, and they may conflate phenomena that are dis-
tinct from SI (e.g., inbreeding depression). Only three genera of
Papilionoideae have been examined, and we found no work es-
tablishing the genetics of the response for species from other
subfamilies.
We also recorded outcomes of studies that tracked the site of pol-

len tube arrest following self-pollination. Published reports on pol-
len tube arrest were available for 38 species spanning 27 genera of
2 subfamilies: 16 from Papilionoideae, 10 from Caesalpinioideae
(5 fromMimosoideae), and 1 fromDetarioideae. Fabaceae species
show an apparently high variation in the location of pollen tube ar-
rest following self-pollination, which is reported at the stigma,
within the style, or at the ovary (fig. 3). Half of the studied species
are reported to express some kind of “late-acting” phenomenon,
meaning that the pollen tube arrests at the base of the style, at
or near the ovary (late-acting SI [LSI]), or that the cross fails after
fertilization (postzygotic failure, distinct from SI). The remainder
arrest earlier in the pistil, between the stigmatic surface and the bot-
tom of the style (table A2).

Trait Associations

Weevaluated trait correlations between breeding system, ploidy,
longevity, and stem composition using phylogenetically corrected
logistic regression (phyloglm function in R). After the Fabaceae
species-level tree was pruned to retain only taxa forwhich ploidy,
longevity, and stature were also known, our final tree contained
185 species, representing species from Papilionoideae (n p 132),
Caesalpinioideae (n p 52), and Cercidoideae (n p 1). This tree
and the companion data set were used for all subsequent analyses
of trait associations. We report AIC values, significant terms, co-
efficients of independent variables, and phylogenetic correlation
parameters (a) for each model (table 2). Our best-performing
models indicate that longevity is significantly correlated with
breeding system.
Stem composition and longevity. Pairwise phylogenetically

corrected logistic regression analyses using the phyloglm func-
tion found evidence of correlations between breeding system

Table 1

Summary of Self-Incompatibility (SI) Frequency
and Breeding System Coverage by Subfamily

Subfamily
Total
species

Species
with data SI (%) Coverage (%)

Duparquetioideae 1 0 . . . . . .
Cercidoideae ~335 1 100.0 .3
Detarioideae ~760 3 66.7 .4
Dialioideae ~85 3 33.3 3.5
Caesalpinioideae: ~4400 204 52.0 3.5
Mimosoideae ~3000 110 62.7 3.7

Papilionoideae ~14,000 839 12.8 6.0

Total ~19,500 1050 20.6 5.4

Note. Columns list the total number of unique species, the number
of species forwhich data onbreeding systems are available, the percentage
of species with SI of those tested for breeding system in each subfamily,
and coverage as the percentage of the subfamily with the tested breeding
system. For comparisonwith previous studies, the caesalpinioid data orig-
inating from the previously recognizedmimiosoid subfamily are shown in
italics. Approximate total numbers for each subfamily are as given by the
Legume Phylogeny Working Group (Azani et al. 2017).
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and both stem composition (z p 21:2, P < 0:01) and longevity
(z p 23:3, P < 0:05), but stem composition evaluated inde-
pendently was one of the lowest-performing models examined.
Moreover, when stem composition and longevity are evaluated
together in a single phyloglm model (StemComp 1 Longevity),
only longevity is significantly correlated with breeding system
(z p 23:2; longevity: P < 0:05; stem composition: P p 0:40).

As these terms likely interact, we jointly coded them into a single
term, StemCompLong, which was significantly correlated with
breeding system in all models evaluated (P < 0:01). The best-
performing model includes both stem composition and lon-
gevity as separate terms as well as ploidy, with longevity being
the only significant term (z p 4:1, P < 0:01). We observed far
fewer woody perennials with SC and more perennials with SI,

Fig. 1 Genus-level legume phylogeny displaying breeding system data coverage. Each circle is scaled to indicate the relative size of genera.
Nodes of Caesalpinioideae and Papilionoideae are labeled, and illustrations indicate representative morphology of selected genera. The color gra-
dient represents 0%–100% breeding system data coverage within that genus. For approximately even coverage, genera were manually binned into
each of six percentage-of-coverage categories: 0 (n p 412), 10 and !1.7 (n p 31), ≥1.7 and !4.0 (n p 33), ≥4.0 and !9.0 (n p 36), ≥9.0 and
!20.52 (n p 27), and ≥20.52 (n p 36). The largest category included 412 genera with 0% coverage, indicating that breeding system studies
are wanting. (The phylogenetic tree is taken from Smith and Brown [2018]; see the text for details.)
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regardless of stem composition, than expected if these traits
were independent (fig. 4).

Ploidy. Our final chromosome counts database contains 4144
observations across four subfamilies (Cercidoideae, Detarioideae,
Caesalpinioideae, Papilionoideae) and 188 genera, with 3294 dip-
loid species and850polyploid.The lowest 2npolyploid value is 16,
from the genusMichrocharis, where 2np8 is the generic base. The
highest 2n diploid value is 56, from the genus Leucaena, where
2np112 is the highest observed chromosome count in the genus.
Of these 4144 observations, 626 overlap with our breeding sys-
tem database. The highest number of observations comes from
Papilionoideae (n p 531, ca. 3.8% of the subfamily), followed
byCaesalpinioideae (n p 94, ca. 2.1%of the subfamily) and a sin-
gle observation fromCercidoideae.Of the 541 diploid species, 442
are classified as having SC and 99 as having SI. Of the 85 poly-
ploid species, 66 are classified as having SC and 19 as having SI.

In the data set we used for phylogenetically corrected logistic
regression analysis, we retained 185 species, 33ofwhich are poly-
ploid. Of the 33 polyploid species, 12 have SI: 1 from Caesal-
pinioideae and 11 from Papilionoideae. If we change the thresh-
old for categorizing polyploids such that sporophytic counts
(2n) that are greater than or equal to four times the lowest hap-
loid (n) count of the genus are coded as polyploid, we retain
seven SI polyploids: one from Caesalpinioideae and six from
Papilionoideae. We find no evidence of significant correlation
between ploidy and breeding system in any models evaluated,
even with the greater threshold for assigning polyploids, but
we do find evidence of a possible interaction between our jointly
coded StemCompLong and ploidy (z p 2:6, P < 0:05; table 2).

Discussion

Establishing the pattern of genetic control of SI and gathering
functional genetic evidence uncovering the molecular actors is

time-consuming and expensive. This partly explains the absence
of a clear explanation for the identity of genes governing SI as
well as its distribution across legumes. Unlike in Brassicaceae or
Solanaceae, for example, where the genetic basis of SI is widely
shared by species within each family, it seems that the expression
of various phenomena related to SI in Fabaceae is both varied and
variable. Despite some lack of clarity, our results confirmmany of
those recovered by Arroyo (1981), and the greater availability of
data, including phylogenetic relationships, allows several insights.
SI is broadly distributed in Fabaceae, and its variability as a phe-
nomenon, bothwithin and between genera, suggests that no single
SI “system”—as it is presently defined and understood—consis-
tently operates or explains this variability. Furthermore, we find
no compelling evidence, to date, that the most widespread RNase-
based mechanism (RSI) is responsible for causing SI in this fam-
ily. Such absence of evidence should clearly be interpreted with
caution. We report 366 papers with breeding system informa-
tion, an apparently large number that belies a surprising lack
of data on SI frequency, phenomena, and underlying genetics
across this very large family. Below,we discuss the principal findings
and some shortcomings of our approaches and outline areas where
future work may be effectively focused.

Features of SI in Fabaceae

Despite long-standing interest in the genetic basis, phylogenetic
distribution, and frequency of SI across Fabaceae, the body of lit-
erature has not been systematically collected and summarized in
decades. We modeled our search on the previous data set com-
piled by Arroyo (1981), which contained information on the
breeding systems and their correlates for 364 species.With an ad-
ditional 686 species, we find similar patterns of SI occurrence
across Fabaceae: a higher frequency of SI across the primarily
woody lineages (Duparquetioideae, Cercidoideae, Detarioideae,

Fig. 2 Distribution of index of self-incompatibility (ISI) values in Fabaceae from the collected literature (308 species). ISI measures the relative
selfed and outcrossed success of fruit set per flower after manual pollination. ISI p 0 denotes equal success following self- and cross-fertilization,
and ISI p 1 denotes failed fruit set after self-fertilization and success after cross-fertilization. A critical ISI value of 0.80 is often used to classify
species as self-compatible (lower) or self-incompatible (higher).
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Dialioideae, Caesalpinioideae) and a lower frequency in the pri-
marily herbaceous papilionoids (fig. A2).
Arroyo also pointed out that the lower proportion of species

with SI in Papilionoideae possibly reflects their trend toward her-
baceous stem composition. While SI is found in all subfamilies
with breeding system data (table 1), its occurrence is generally
concentrated in some of the less species-rich (“early diverging”
or“basal”) lineages—such as the tribes Bauhineae andCercideae,
as well as somemimosoids. It also appears elsewhere recently de-
rived within narrowly circumscribed groups such as the genus
Trifolium, potentially supporting the claim that some form of
SI evolved independently in this family (Arroyo 1981). Without
a clear understanding of the molecular genetic components and
a broad sampling, however, it is presently impossible to confi-
dently code traits, infer much detail regarding breeding system
trait transitions, and/or estimate the confounded trait-dependent
diversification rates.
Major differences seem to exist in the described phenomenon

of SI, both within and between groups. Nevertheless, we recover
a bimodal distribution of ISI values similar to the one described
across many distantly related angiosperm families (e.g., Raduski
et al. 2012; Grossenbacher et al. 2017). This widely observed bi-
modality of ISI may be effected by a combination of population

genetic (Porcher and Lande 2005) and macroevolutionary pro-
cesses. While SC does not ensure high selfing rates, breeding sys-
tem (including ISI, its imperfect estimation metric) is strongly as-
sociated with mating system (Raduski et al. 2012). Therefore,
some of the long-term equilibrium dynamics may be explained
by the causal interaction of breeding andmating systems—break-
down of SI allows selfing rates to depart from zero. Species with
high ISI values generally have high outcrossing rates, while those
with low ISI values have lower ones, albeit with a wider range of
outcrossing rates, as specieswith SCmay employ other characters
that promote outcrossing. The current theoretical approaches fail
to accommodate higher-level processes, despite the possibility
that transitions may be cladogenetic and highly asymmetric, and
differential speciation and extinction rates may be ever present
(Goldberg et al. 2010). The expected ISI distribution can then take
on a number of shapes, including the observed bimodality, even in
the absence of stabilizing lower-level selection (Igić and Busch
2013). It should be noted, however, that intraspecific distributions
of ISI also tend to adhere to extreme values, casting considerable
doubt on any proposition of persistent stabilizing selection on
breeding systems (Raduski et al. 2012).

A challenging feature in determining the distribution and fre-
quency of SI is the wide range in the quality of the reported data.

Fig. 3 Site of fertilization failure following self-pollination for the studied Fabaceae species. For stigma and style, the site of self-pollen tube
arrest is indicated and likely involves self-incompatibility (SI). Species with arrest at the stigma additionally include those for which stigmatic mem-
brane disruption can facilitate successful self-pollination (e.g., many Lotus species). For ovarian rejection, it is unclear without detailed study whether
the failure mechanism is consistent with SI (late-acting SI) or whether the failure reflects early-acting inbreeding depression. We include reports of arrest
from the nuclear layer of the ovule (Acacia retinodes) and any reported “incompatibility” reaction following fertilization (e.g., differential zygote and
fruit abortion in selfed species). See table A1 (tables A1, A2 are available online) for a full list of references and study findings.
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Data reporting varies in part because of the varying definitions of
SI employed and the methods employed to establish whether a
plant has SI. We subscribe to the century-old reasoning that
broadly limits SI to prefertilization phenomena and considers
postzygotic differences in the results of self- and cross-pollinations
distinct (perhaps most frequently inbreeding depression, selective
abortion, etc.). This definition is consistent with those of East and
Park (1917), Brewbaker (1958), Arasu (1968), and de Nettan-
court (2001), who all suppose SI to be the inability of a cosexual
plant producing fertile gametes to set seed when self-pollinated.

The use of a QS provides a means of quantifying confidence
in the reported data. Manual pollination experiments that allow
for the calculation of ISI are of the highest quality because these
methods distinguish SI from the myriad of other reasons that a
plant may not set seed from its own pollen (e.g., resource lim-
itation, unreceptive stigma, immature pollen, or experimental
errors). Moreover, when manual self-pollination is performed
without manual outcrossing in tandem, this may provide infor-
mation on the ability to self-fertilize but is uninformative with
respect to SI. Yet restricting the survey to only species for which
high-quality data exist excludes a high proportion of available
data. Many informative sources include the incompatibility sta-
tus of a species without experimental data because that aspect
either was not appropriate in that venue (e.g., floras) or was
not the purpose of the paper. It is likely that such sources also
contain accurate information on SI.

Weak Evidence regarding Mechanism(s) of SI in Fabaceae

Several correlated characteristics plausibly implicate RSI in
self-rejection within Fabaceae, particularly in Trifolium (Casey
et al. 2010). These characteristics include the GSI rejection of
pollen established through reciprocal crossing experiments (Brew-
baker 1955), pollen tube arrest in the style following self-pollination
(although some evidence implicates stigmatic location; Casey et al.
2010), and the presence of wet stigmas and binucleate pollen

grains (Brewbaker 1967). The wide occurrence of RSI across
eudicots—especially the close rosid relatives Rosaceae—along
with its ancestral condition in core eudicots (Igić and Kohn
2001) adds up to a bantamweight of evidence supporting the
possible occurrence of RSI in Fabaceae.
Yet a closer inspection yields a complicated picture.Whilemost

species indeed possesswet styles and binucleate pollen, there is al-
most no clear shared pattern of the SI phenomenon beyond this
broad characterization.We found reports of evaluation of the ge-
netic pattern of SI response in eight papilionoid species, half of
which are fromTrifolium.While Casey et al. (2010) located a sin-
gle S-locus inTrifolium repens, their study did not report evidence
regarding the presence or absence of candidate T2/S-RNases
known to cause the pistil-part response or SLF genes, which cause
the pollen-part response. Aguiar et al. (2015) also screened five
papilionoid species for candidate S-RNases and did not find likely
actors in the SI response, although the majority of their sample
was composed of species with unambiguous SC. Finally, the
RSI mechanism is commonly subject to “competitive interac-
tions,”whereby chromosome doubling results in the breakdown
of SI (Lewis 1947; Brewbaker 1954). Trifolium repens is a recent
tetraploid, which lowers the likelihood that it employs the RSI
mechanism (Casey et al. 2010).
Systematic study of the documented site of pollen tube inhibi-

tion is informative because it provides hints about the possible un-
derlying causes of SI. If pollen rejection occurs on or within the
stigmatic depth, it is generally associated with a dry stigmatic sur-
face and is characterized by sporophytic SI (SSI) genetic mecha-
nisms. Otherwise, if pollen rejection occurs on orwithin the style,
it is generally associated with a wet stigmatic surface and is char-
acterized by GSI genetic mechanisms (Brewbaker 1967), which
include RSI. Wet stigmatic surfaces are characteristic of Fabaceae
(Heslop-Harrison and Shivanna 1977). Yet the reported site of in-
hibition in SI across the family appears unusually varied, with the
arrest of self-pollen tubes not limited to the style. Pollen tube ar-
rest is noted both on the stigmaand in the style, while themajority

Table 2

Summary of Results Evaluating Trait Correlations

Model Significant term(s) AIC Coefficient(s) a

StemComp 1 Longevity 1 Ploidy Longevity*** 140 .43, 3.79, 2.78 .81
StemComp 1 Longevity Longevity*** 142 .35, 3.53 .98
Longevity Longevity*** 142 3.65 1.03
StemComp StemComp* 171 1.56 .65
Ploidy None 183 .22 2.03
StemCompLong 1 StemCompLong:Ploidy StemCompLong,***

StemCompLong:Ploidy*
140 2.07, 21.85 (2.10, ploidy) 1.48

StemCompLong 1 Ploidy 1
StemCompLong:Ploidy

StemCompLong,***
StemCompLong:Ploidy* 141 2.07, 2.10, 21.85 1.47

StemCompLong StemCompLong*** 145 2.05 1.62
StemCompLong 1 Ploidy StemCompLong*** 147 2.09, 2.57 1.68

Note. We performed phylogenetic logistic regression in phyloglm to assess possible correlated evolution between breeding system and three traits:
stem composition (StemComp), longevity (Longevity), and ploidy (Ploidy). We also evaluated a collapsed term combining stem composition with lon-
gevity (StemCompLong). We report the models that evaluated stem composition and longevity as separate terms, followed by the models that evaluated
the jointly coded stem composition and longevity term (StemCompLong). Coefficients from each independent term are listed in the order that these
terms appear in the model. The phylogenetic correlation parameter (a) is also reported. AIC p Akaike information criterion.
* P ! 0.05.
*** P ! 0.001.
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of reports find that pollen is rejected at the ovule or after fertiliza-
tion, which indicates phenomena unrelated to SI (fig. 3).
Angiosperm families were long believed to be generally

characterized by a single SI system (Stebbins 1957), although
there is little firm biological basis for such expectations and they
were based on sparse empirical data.While the evolution of novel
self-recognitionmechanisms is relatively rare (Igić et al. 2008), the
taxonomic rank of “family” implies no specific age or number of
lineages, both ofwhich affect the expected number of novelmech-
anisms. Both Primulaceae and Rubiaceae, for example, harbor

both homomorphic GSI and heteromorphic SSI systems (Tala-
vera et al. 2001), and Polemoniaceae may express both GSI and
SSI (Goodwillie 1997). The available data do not support the ac-
tion of a conserved “system” operating in Fabaceae or possibly
within any one of its genera. It remains to be seen whether any
species in Fabaceae express RSI, and our preliminary findings in-
dicate that, should such species exist, they are most likely to be
found in the woody species outside Papilionoideae.

Finally, species with so-called late-acting (LSI) mechanisms—
that is, ovarian (ovule penetration) or zygotic (zygote development)

Fig. 4 Mosaic plot for the best-performing trait correlation model. We selected one of the best-performing trait correlation models (see table 2
for full model results): breeding system as a response variable of stem composition, longevity, and ploidy as separate terms (StemComp 1 Longevity 1
Ploidy). Individual boxes are sized relative to the number of observations for each group, and numbers in each box display Pearson residuals. Shading
reflects the residuals (i.e., lack of fit) for this particular model: for example, we observed far fewer diploid woody perennials than would be expected if
these traits were independent. Note that trait evolution of all evaluated models likely violates implicit model assumptions (e.g., equal diversification
rates, homogeneity of rates), and these results are highly preliminary. SC p self-compatibility; SI p self-incompatibility.
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arrest—are dramatically understudied across angiosperms, as
well as in Fabaceae (Gibbs 2014). We are not aware of a single
functional genetic study uncovering the underlying causes. The
task is made more difficult because many studies that encounter
a failure of plants to set fruit or seed often casually ascribe such
phenomena to LSI, which conflates SImechanisms of self-rejection
with inbreeding depression, resource limitation, and maternal ef-
fects. Therefore, the distinction between pre- and postzygotic ar-
rest may appear merely semantic, but it can bring clarity to func-
tional and mechanistic studies in establishing causality in both
applied and basic domains of research (de Nettancourt 2001).
The wide acceptance of a distinction in the evolutionary literature
likely traces to a rather straightforward conjecture: a chronic
wastage of fertilized ovules would be quickly stemmed by natural
selection, given any variation in a slightly earlier-acting barrier
to fertilization. The lack of such a distinction between pre- and
postzygotic phenomena also makes the pursuit of the molecular
underpinnings, their evolutionary origins, and mechanisms by
which they are maintained (or lost) much more difficult. The dis-
parate nature of the various causes of self-sterility and incompat-
ibility, as well as their inconsistent reporting across the family, all
but ensures that they do not describe a single underlying genetic
system.

Trait Associations

Arroyo (1981) noted a correlation between woodiness and SI
within Fabaceae. Previous studies have commonly found an asso-
ciation between perennials and SI (Hamrick and Godt 1996), as
such species may predominantly outcross as a result of the sub-
stantial reduction in fitness among selfed progeny (Morgan et al.
1997). Selection for SC may also be strong in annual species as a
means of reproductive assurance. We conducted analyses that
found that woodiness and SI may be correlated only through pe-
rennial duration, inasmuch as woody species are obligate peren-
nials. In our best-performing models, we did not find evidence of
a correlation between stem composition (alone) and SI. Instead,
our analyses indicated that longevity may be significantly corre-
lated with SI, while stem composition is not.

GSI mechanisms are often causally associated with the break-
down of SC following polyploidization as a result of S-locus du-
plication and so-called competitive interaction (Lewis 1947). Sev-
eral studies have examined the potential correlation between SC
and polyploidy. Mable (2004), when considering only groups
with GSI, found some evidence of a correlation between poly-
ploidy and SC in a comparative study across angiosperms. Other
studies have similarly reported a correlation between SC and
polyploidy in families with GSI (Miller and Venable 2000; Rob-
ertson et al. 2011). As such, a lack of correlation between ploidy
and breeding system in some legumes discounts the probability
of the occurrence of RSI. Recent work also supports a long-
ago whole-genome duplication in the common ancestor of the
papilionoids (Cannon et al. 2015), additional evidence that the
presence of RSI is unlikely in this subfamily. Although we found
no significant correlation between SC and polyploidy, our analy-
sis was restricted to a small portion of Fabaceae species (approx-
imately 1%), the majority of which are papilionoids. It is as yet
unclear whether there is a single homologous SI mechanism op-
erating in the family or several independently evolved mecha-

nisms, so any interpretations of comparative analyses of this
kind are deeply uncertain.
A relatively low frequency of SI and the observed trait associa-

tions may have multifarious causes or a single major underlying
cause. For example, they may each be caused by selection im-
posed by frequent colonization and the dispersal mode of specia-
tion. A common parallel outcome of colonization is a filtering ef-
fect for uniparental reproduction (Baker 1955; Grossenbacher
et al. 2017). Such a filtering effect may also be amplified in short-
lived species (e.g., annuals) given their need for immediate repro-
duction and may likewise be alleviated in long-lived perennials,
which would allow more than one immigrant of the same species
to accumulate over an extended period of time. Interestingly, al-
though there is considerable literature on the topic of establishment
following long-distance dispersal, especially the role of breeding
systems (termed “Baker’s rule”; reviewed in Pannell et al. 2015)
and rhizobial partner nodulation (e.g., Parker 2001), virtually none
of it examines their interaction. While the data on the frequency of
SI are not particularly reliable because of low reporting formost an-
giosperm families, Igić et al. (2008) surmised it to be ca. 40%–50%
for flowering plants overall. The eye-catchingly low frequency of
ca. 20% SI for Fabaceae is also well under the best estimates for
Asteraceae (60%), Brassicaceae (30%–40%), and Solanaceae (40%;
Grossenbacher et al. 2017).
Phylogenetic comparative analyses such as the ones we con-

ducted have some fairly basic limitations. First, even though the
best evidence strongly links the traits we examined with differen-
tial diversification and asymmetric transition rates (Goldberg et al.
2010; Mayrose et al. 2011), because our data are both sparse
and unevenly collected, we did not attempt to fit state-dependent
diversification models, sometimes referred to as *SSE family
models (Maddison et al. 2007). This is very likely to affect key
results. Trait-dependent diversification of the kind recorded else-
wherewith breeding systems violates the basic assumptions of the
widely deployed comparative phylogenetic models (including
those we implement in phyloglm). This family of models assumes
that traits essentially passively evolved into a tree of phylogenetic
relationships (Maddison 2006). Violations of state-independent
diversification, in turn, interact particularly poorly in cases of
asymmetric trait changes (Goldberg and Igić 2008), such as the
strongly biased transitions from SI to SC, the diploid to polyploid
state, woody to herbaceous stem composition, and the perennial
to annual life history. Second, the haphazard reporting of SI and
SC, in particular, and the subsequent replication of reporting
errors in databases can clearly affect all downstream comparative
analyses, as well as any experimental designs that rely on fidelity
in trait reporting. In many ways, the principal value of our article
is the associated database, which attempts to curate the data to
both improve accuracy and provide some idea regarding quality
assessment for individual data points (using QSs). Nevertheless,
we believe the exploratory analyses to be useful, in the sense that
they provide information about the distribution of SI, raw cor-
relations, and summary statistics, each of which can minimally
highlight the value of reporting and accounting for breeding sys-
tem, enabling future assessment of its effect on diversification.
Analyses such as ours are, however, only as good as the data

used to conduct them. Recent computational advances enable
the applicationof increasingly complex large-scalemodels, provid-
ing the potential to tackle fundamental questions related to the in-
terplay between traits and the mechanisms that shape them and
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how this interplay affects the disparity and diversity of organisms.
As computational power increases, so must the quality and avail-
ability of trait data sets. InFabaceae, data onSI are absent formore
than 400 genera and are generally disproportionately concen-
trated in groups with agricultural significance. Our (immediately
available and unrestricted) comprehensive and curated data set of
breeding systems across Fabaceae can be used to address a variety
of linkedbasic questions in ecologyandevolution.Thekeyupshot
forworkon themolecular genetic basis of breeding systems is that
theolder caesalpinioid specieswithdocumentedpollen tube arrest
in the style may be a good starting point for a candidate-based
RNA-Seq approach in any future exploration of SI in legumes
(as inRamanauskas and Igić2021). SIhas extensive andprofound
consequences in the evolutionary history of angiosperms. With-
out the continued difficult work of recording and reporting the
basic phenomenon of SI, as well as examining its molecular com-
ponents, it remains an open question whether SI in Fabaceae rep-
resents a single system with many losses across groups or many
separate independently evolved systems. Meaningful data on SI
and its distribution across flowering plants enable the determina-

tion of the selective pressures influencing both the origin and the
maintenance of SI systems across macroevolutionary timescales
and help determine how these systems influence the diversity
and ecological success of angiosperms. Such data enable agricul-
tural and conservation efforts and provide improved power for
tackling evolutionary problems concerning how reproductive
processes shape organisms and their distributions.
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