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Placentation refers to the mode of ovule attachment on the wall of the ovary. In
multiovulate ovaries, placentation influences interactions among developing seeds with
varying degrees of kinships. Placentation is a taxonomically informative character in
flowering plants, yet little has been written about the origin and evolutionary trends of
various placentation types in flowering plants since Puri’s and Stebbins’ work, over six
decades and almost four decades ago, respectively. More recently, some authors have
written about the evolution of placentation in certain groups, but an overall perspective
for angiosperms is lacking. For 421 families of angiosperms, we collected data on
placentation types and ovule number, and analyzed the data in the phylogenetic context
using recent comprehensive phylogeny of angiosperms to test the hypotheses on
the evolution of various placentation types and their association with ovule number.
The distribution of placentation types across flowering plants suggests that axile
placentation, followed by parietal and basal placentation, occurs more frequently than
laminar and free central placentation that are very rare. Our results are more consistent
with evolutionary trends proposed by Puri than by Stebbins and suggest that marginal
placentation is the ancestral and most primitive placentation type, while axile is the
most advanced. Placentation types show strong association with ovule number. Finally,
our results on ovule number and placentation types indicate that most angiosperms
may fall into two categories: one with one or few ovule(s) and basal placentation, and
another with many ovules and parietal and axile placentation. Kin selection within ovaries
may play a role in explaining the observed patterns. Overall, our results provide new
insights into the evolution of placentation, particularly into the drivers underlying the
diversification of various placentation types.

Keywords: placentation, evolutionary trend, angiosperms, ancestral state, phylogenetic signal, synapomorphy,
kin selection

INTRODUCTION

Placentation refers to the mode of ovule attachment on the ovary wall. The ovary in most flowering
plants is a compound structure formed by the union of two or more carpels. The number of
ovules found within the ovary, the number of carpels fusing to form the compound ovary, and
the position of ovules within the ovary following the union of carpels have generated several types
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of placentation in flowering plants. Little has been written about
the evolution of placentation since Puri’s (1952) classic paper
nearly 65 years ago. The last comprehensive account was by
Stebbins (1974), almost 40 years ago. Recently, evolution of
placentation has been studied in a few angiosperm orders such as
Malpighiales (Endress et al., 2013) and Vitales (Ickert-Bond et al.,
2014), but an overall perspective across angiosperms, considering
evolutionary relationships of taxa, is lacking.

Flowers in most of the early branching/early diverging lineages
of angiosperms have one to many free carpels, each carpel
with one or few ovules along the margins sealed by secretion
(Figure 1Ba; Puri, 1952; Stebbins, 1974; Endress and Igersheim,
2000). Early in the evolution of angiosperms, the carpels fused
to form a compound ovary (Figures 1Bb,h). The fusion of the
carpels led to a bi- or plurilocular ovary, with the number of
locules being defined by the number of carpels fusing with each
other. In this bi- or plurilocular ovary, the ovules develop along
the axis of the central column (Figure 1Bb), on fused margins
of their own carpels. Both Puri (1952) and Stebbins (1974)
traced the evolution of various types of placentation from this
axile placentation (Figures 1Ab,Bb) and considered marginal
placentation as the simplest and most primitive type (Figure 1).
Puri (1952) suggested that evolution of placentation in flowering
plants is complex, progressing in several directions along at least
five divergent pathways (Figure 1A), whereas Stebbins (1974)
argued that placentation evolution in angiosperms is uniform,
proceeding in a single direction along three parallel pathways
(Figure 1B). In the first pathway, there has been a reduction in the
number of ovules to one in each chamber and subsequently to a
unilocular ovary with a few or one ovule with basal placentation
(Figures 1Ad,Bd). The unilocular ovary with basal placentation
evolved further into an ovary with free central placentation,
a trend accompanied by an increase in the number of ovules
(Figure 1Be). In the second pathway, the initial stages were the
same as in the first. There was a decrease in the number of ovules
to one in each chamber, but the ovules were pendulous rather
than basal (Figure 1Bf). This was followed by the evolution of
a unilocular ovary with one pendulous ovule (Figure 1Bg). The
third pathway also led to a unilocular ovary, with ovules borne
along the ridges or all along the ovary wall. This is known as
parietal placentation (Figures 1Ae,Be). The number of ovules,
and presumably seeds as well, are generally large.

Both Puri (1952) and Stebbins (1974) examined drivers of
evolution in placentation in terms of morphology, anatomy,
and resource utilization. In species with multiovulate flowers,
developing seeds compete for finite resources. The position and
the degree of isolation among ovules may have an impact on
competitive outcomes. Recently, we argued that competition may
also be influenced by kin selection that may increase cooperation
among developing seeds and reduce deleterious effects of
competition (Bawa, 2016; Bawa et al., 2019). Genetic relatedness
of developing seeds within an ovary may be influenced by
specialized pollinators capable of delivering many pollen grains
from a single pollen parent to a flower. Here we suggest that the
correlated evolution of placentation, ovule position, and ovule
number can also be explained in the context of sibship and kin
selection within an ovary.

The evolutionary trends proposed by Puri (1952), and
Stebbins (1974) considered the prevalent phylogeny of
angiosperms at that time, which differed considerably from
contemporary phylogenetic approaches based on comparative
phylogenetic methods (PCMs) that have recently emerged as
powerful tools to gain insights into morphological, physiological,
and anatomical trait evolution across angiosperms (Willis
et al., 2014; Chomicki et al., 2017; Bawa et al., 2019; Carta
et al., 2020). Thus, we first map placentation types and ovule
number/locule across the comprehensive angiosperm phylogeny
and conduct comparative phylogenetic analyses to address
the following questions: 1. What is the frequency of various
types of placentation in angiosperms? 2. How consistent are
the evolutionary trends proposed by Puri (1952; Figure 1A)
and Stebbins (1974; Figure 1B), considering the evolutionary
relationships of taxa across flowering plants? 3. What is the
association between placentation types and other reproductive
traits such as ovule position, ovule number/locule, degree of
separation among developing seeds, and kinship relationships
among seeds? Such associations, we argue, can provide new
insights into the evolution of placentation in flowering plants.

MATERIALS AND METHODS

Placentation and Associated Trait Data
Collection
To understand the evolutionary trends and diversity of
placentation types across angiosperms, we attempted to infer
placentation evolution in a phylogenetic framework, thus we
needed to code different placentation types as different character
states. By referring to published literature on placentation (Puri,
1952, 1961; Rohweder, 1967; Takhtajan, 1991; Endress, 1994,
2011a,b, 2015; Igersheim and Endress, 1998; Carlsward et al.,
2011; Endress and Doyle, 2009; Supplementary Data 1), we
recognize two placentation types in apocarpous gynoecia: (1)
marginal (sub marginal by other authors, e.g., Takhtajan, 2009;
Figures 1Aa,Ba), when ovules borne on the fused margin of the
same carpel in unicarpellate gynoecia, and postgenital fusion of
the involute margins at the point of contact, result in a syncarpous
gynoecium; and (2) laminar (often referred to as laminar-diffuse
placentae), describing ovules being scattered over the inner carpel
surface rather than the central column; and five placentation
types in syncarpous gynoecia: (1) axile (Figures 1Ab,Bb), the
most common placentation type, where ovules are found at the
curved inward margins of the carpels or central column of ovary
where septa meet; (2) apical (Figures 1Bf,Bg), modification of
axile placentation, where the gynoecium is unilocular and a single
or few ovules is/are inserted at the apex of the gynoecium in
longitudinal section; (3) basal (Figures 1Ad,Bd), modification
of axile placentation, where the single ovule is inserted at the
base of the ovary; (4) free central (Figures 1Ae,Be), also modified
from axile placentation, except that the gynoecium is unilocular
and septa are absent and often swollen placenta are formed
at the base of the ovary (Primulaceae) or septa disintegrate
during later development stages and the central column
of the ovary remains (Caryophyllaceae) (Rohweder, 1967;
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FIGURE 1 | The hypothetical schematic diagram of the evolutionary trend and relationship of various placentation types in the angiosperm flower as proposed by
Puri (1952) (A) and Stebbins (1974) (B). Transverse section of ovary with different placentation types is also shown in the figure: (A-a) marginal placentation, (b) axile
placentation, (c) parietal placentation, (d) basal placentation, and (e) free central placentation; (B-a) apocarpous gynoecium, (b) axile placentation, (c,d) basal
placentation, (e) free central placentation, (f,g) pendulous placentation, and (h) parietal placentation. The different pathways within author’s proposed scheme are
given in roman numbers (I, II, III, IV, and V). Dotted arrows indicate possibilities of evolution, but these have yet to be proved.

Rohweder and König, 1971; Rohweder and Urmi-König, 1975);
and (5) parietal (Figures 1Ac,Bh), when ovules and their
associated placenta are borne on the periphery where adjoining
carpels meet and septa do not extend to the center in the
unilocular gynoecium. These seven recognized placentation
types encompass the full range of placentation diversity in
flowering plants.

The placentation data for each flowering plant family (the
family delimitation is based on APG IV) (Chase et al., 2016) were
aggregated from data collected for 771 taxa, of which 367 families
had 722 entries at the genus level and the other 49 at the family
level. These data were compiled from hundreds of published
records and online databases (Supplementary Data 1). Of the
722 genus level entries spread across 367 families, 232 families
had placentation data available for single genus, 98 families had
data available for two to three genera, and only 37 families had
available data from four, five or >5 genera. Of the 416 families,
340 families (82%) were represented by a single placentation
type, 62 families (15%) were represented by two placentation
types, and 14 families (3%) were represented by three to four
placentation types. Considering the variability of placentation
across flowering plants, and the computational challenge in
estimating evolutionary parameters for an unordered discrete
character with multiple polymorphic states of placentation,
inclusion of families with more than one placentation type

will create computational challenge. Therefore to overcome this
computation challenge, in case of families with more than two
types of placentation, we referred to the literature to find out
which placentation types is ancestral or derived in that family.
For example, in Xyridaceae the axile is the ancestral placentation
whereas basal, free central, and parietal are derived types (Nardi
et al., 2021). Thus, we used axile as the primary placentation type
for Xyridaceae in our analysis. By following this procedure, we
also included families with more than one placentation types in
the analysis. In total, we compiled placentation and associated
trait data for all 416 angiosperm families recognized by the APG
IV classification (Chase et al., 2016; Supplementary Data 1).

Generation of Family Level Dated
Phylogenetic Hypothesis
Taxonomic information on the 421 angiosperm families used
in the present study was standardized against the Plant List
Database1 and Angiosperm Phylogeny Website.2 Of the 421
families, 403 were recognized in the APG IV classification
system (Chase et al., 2016). Remaining families were synonyms.
Furthermore, a comprehensive family level dated phylogeny
of flowering plants was reconstructed using the following

1http://www.theplantlist.org/
2http://www.mobot.org/MOBOT/research/APweb/
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procedure. First, we randomly retained a single species for each
of the 421 angiosperm families in the Zanne et al. (2014a,b)
species (31,749 species) level phylogeny of flowering plants
using drop.tip function in PHYTOOLS (Revell, 2012). Then, we
replaced the species names with the respective family names to
develop family-level dated phylogenetic hypotheses for flowering
plants.

To account for phylogenetic uncertainty because of limited
phylogenetic resolution and branch length variation, we further
generated 100 dated phylogenetic topologies from the 100-
bootstrap set of species level time-scaled MLE trees deposited
by Zanne et al. (2014b) in the Dryad database3 by following a
procedure similar to that outlined above. All subsequent analyses
were run and averaged across all 101 trees, which includes one
maximum clade credibility tree and the 100-bootstrap set of
time-scaled MLE trees.

Comparative Phylogenetic Analysis
First, to test whether the evolution of placentation and other
associated traits (ovule number) in flowering plants was
constrained by their phylogenetic relatedness, we performed
the phylogenetic signal test using two alternative methods:
Blomberg’s K (Blomberg et al., 2003) and Pagel’s lambda (λ)
(Pagel, 1999). The λ value varies between 0 and 1, while K varies
from 0 to ∞. The Pagel’s λ and Blomberg’s K are expected to be
equal to 1 and >1, respectively, if there is a strong phylogenetic
dependence of traits. However, λ > 0 or K < 1 correspond
to some degree of trait lability. Alternatively, λ or K values of
0 imply that there is no phylogenetic dependence. We tested
for significance in the phylogenetic signal assessed by Pagel’s
λ and Blomberg’s K (null hypothesis of λ and K = 0) by
1,000 randomizations of species names in phylogeny under the
ARD (variable transition rate) transition model (Supplementary
Table 1). The significance of λ and K was assessed with a
likelihood ratio test (Pagel, 1999). The likelihood ratio test
compares the likelihood of λ, and K calculated from the true tree
to the likelihood of 0. The function of these methods is available
in the R package phytools (Revell, 2012).

We also estimated character retention rate, which refers to the
degree of synapomorphy in a given character (here, placentation
type) using the retention index (RI) measure in Mesquite v. 2.75
(Maddison and Maddison, 2011). RI values range between 0 and
1, the value of 1 indicates maximum synapomorphy, meaning
that the character (here, placentation type) originated just once
in the common ancestor of all the extant taxa that exhibit it, or
the character is derived from that common ancestor. In contrast,
an RI value of 0 indicates maximum homoplasy, such that every
appearance of the character on the tree is a result of a new,
independent event.

To examine the evolutionary trend of placentation in
flowering plants, we mapped different placentation types
onto the dated phylogenetic tree of flowering plants using
four different types of ancestral state reconstruction methods:
maximum parsimony in Mesquite v. 2.75 (Maddison and
Maddison, 2011), maximum likelihood (ML) and reversible jump

3http://datadryad.org/resource/doi:10.5061/dryad.63q27.2/3.1

Markov chain Monte Carlo (RJMCMC) in BayesTraits v. 2.0
(Pagel and Meade, 20064), and stochastic character mapping
(SIMMAP; Bollback, 2006) using the package “phytools”
(Revell, 2012) implemented in R (R Development Core Team,
2013). Stochastic character mapping methods overcome the
inherent limitations of parsimony-based ancestral reconstruction
(Huelsenbeck et al., 2003; Bollback, 2006). In this method,
character change is assumed to follow a “continuous-time
Markov process” and implements stochastic substitution models
for both molecular and non-molecular characters to simulate the
character histories (Nielsen, 2002; Bollback, 2006). We assumed
transition rates to be variable for placentation type (discrete
character) [ARD, supported as best model (Supplementary
Table 1)] in all analyses, and for minimum and maximum
ovule number (continuous character), we assumed early burst
(EB) model (Supplementary Table 1). We ran a ML analysis
for 10,000 iterations, and RJMCMC analysis for 5,050,000
iterations with a burn-in of 50,000 iterations, and the chain was
sampled every 100th iteration, creating a posterior distribution
of 50,000 sample points assuming reversible-jump hyperprior.
For SIMMAP analyses, we ran 1,000 simulations. The ancestral
state reconstruction results are sensitive to root state and can
potentially bias the results depending on root state. To account
for this bias and to test whether changing the root state can
potentially influence the ancestral state reconstruction results,
we tested alternative hypotheses with ML and RJMCMC models
by fixing the root state of placentation to the following states:
marginal, laminar, basal, apical, free central, axile, and parietal.
We then compared harmonic mean log-likelihood scores across
the constrained models to determine which constrained model
better explained the ancestral state of placentation in extant
flowering plants, and the best model was chosen using Akaike
information criterion (AIC) statistics. We further estimated
transition numbers based on parsimony and SIMMAP analysis of
ancestral state reconstruction. For parsimony analyses, transition
numbers were estimated using the “minCharChange” function
in paleotree (Bapst, 2012). For SIMMAP analyses, transition
numbers were obtained from the “describe.simmap” function
in the package “phytools” (Revell, 2012). We also counted the
number of character changes between states and summed the
time spent in each state along all tree edges.

We also tested whether abundance or occurrence frequency
of different placentation types bias the estimates of transition
rate shift between different placentation types and thus influence
the results of different placentation types to act as either a net
source or sink for transitions. For example, we observed a greater
number of shifts from axile to other placentation types than vice
versa (Figure 3A). We therefore repeated this test, correcting
for the potential correlation between the number of transitions
and the frequency of each placentation type in the dataset. The
number of transitions to or from individual placentation types
was multiplied by one minus the fraction of families with that
placentation type and rescaled to the total number of transitions.

We used the phyloANOVA function in phytools (Revell,
2012) to run the simulation-based phylogenetic analysis of

4http://www.evolution.reading.ac.uk/BayesTraitsV4.0.0/BayesTraitsV4.0.0.html
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variance (Garland et al., 1993) to test for differences in
ovule number/locule among angiosperm families with different
placentation types. All analyses were run across 100 bootstrapped
MLE trees, and results were averaged across all 100 trees.

RESULTS

Distribution and Abundance Pattern of
Various Placentation Types in Flowering
Plants
The observed distribution of different placentation types in
flowering plants indicates that placentation types restricted
to both apocarpous (marginal) and syncarpous (basal/apical)
gynoecium were already present in early flowering plants such
as the early branching/early diverging lineages of angiosperms
and magnoliids (Figure 2 and Supplementary Figure 1).
However, the frequency of different placentation types indicates
that placentation types restricted to unilocular gynoecium
(marginal, basal, apical, and parietal) were more abundant than
placentation types restricted to multilocular gynoecium (axile)
in early flowering plants. We note that the rapid radiation of
axile placentation (confined to multilocular gynoecium) mostly
coincided with the divergence of monocots from early flowering
plants (Figure 2 and Supplementary Figure 1). Moreover,
the free central placentation most frequently occurred, and
became abundant, in recently evolved angiosperms such as
eudicots. Overall, axile, apical, basal, and parietal placentation
were more abundant, whereas marginal, laminar, and free
central placentation were less common or rare (Figure 2 and
Supplementary Figure 1).

Phylogenetic Signal and Evolutionary
Lability of Placentation
Our analysis revealed significant phylogenetic signal for
placentation, indicating closely related flowering plants tend to
evolve similar placentation type; in other words, placentation
evolution is constrained by the phylogenetic relationships of
taxa (Table 1). The conservative evolution of placentation is
also evident in the observed distribution of placentation types
across flowering plants: the occurrence of different placentation
types is non-random across flowering plants, so that certain
placentation types occur more frequently in certain lineages.
For example, marginal placentation occurs disproportionately
in early branching/early diverging lineages of angiosperms,
magnoliids, and early lineage of eudicots, while free central
and apical placentation are mostly restricted to superasterids
(Figure 2 and Supplementary Figure 1).

The test for significant homoplasy or synapomorphy further
indicated large degree of synapomorphy (i.e., conservative
evolution) in placentation types across flowering plants. The
observed RI value of 0.421 was significantly higher than
null expectations indicating significant synapomorphy in
placentation trait (Table 1). The high number of bi-directional
transition rate shifts observed only in few placentation

types also suggest a high degree of synapomorphy in this
character (Figure 3A).

Ancestral State and Evolutionary Trend
of Placentation
Placentation types restricted to both unilocular-apocarpous
gynoecium (Hydatellaceae, Cabombaceae, Nymphaeaceae,
Amborellaceae, Austrobaileyaceae, and Schisandraceae)
and unilocular-syncarpous gynoecium (Aponogetonaceae,
Acoraceae, Chloranthaceae, Ceratophyllaceae, and
Trimeniaceae) are present in early branching/early diverging
lineages of angiosperms (Figure 2 and Supplementary Figure 1).
Nevertheless, based on all ancestral state estimates (Table 2 and
Figure 2), marginal placentation (restricted to unilocular-
apocarpous gynoecium) is the most probable ancestral
placentation in flowering plants. Moreover, our ancestral
state estimation result was not sensitive to placentation state
(marginal) at the root. The comparison of MCMC and ML
models with different types of placentation fixed as the root state,
consistently supported the model with marginal placentation as
the best fit model of ancestral state (Supplementary Table 2).

The laminar, apical, and free central placentation types
were distributed less frequently across tips of phylogeny as
compared to other placentation types, suggesting that these
placentation types are prone to evolutionary loss, while the
reverse is true for axile, parietal, marginal, and basal placentation
(Figure 2). In the early diverging flowering plants, there were
probably no major shifts from marginal to other placentation
types (Figure 2). The first major shift from marginal to
other placentation restricted to syncarpous gynoecia (axile,
apical, and basal) was apparently associated with the origin
of monocots, and the second major shift was associated with
the origin of superrosids. Finally, there was a single shift
each from axile to basal and axile to free central associated
with superasterids (Figure 2 and Supplementary Figure 3).
The parietal placentation was distributed more frequently at
phylogenetic tips than at nodes, whereas the reverse was true
for marginal and laminar placentation. In contrast, free central,
basal, apical, and axile placentation were distributed across both
phylogenetic nodes and tips (Figure 2).

The distribution pattern of placentation types at phylogenetic
nodes and tips indicates their evolutionary history. The
distribution of parietal placentation at tips rather than nodes
suggests they are highly derived placentation types. The
distribution of marginal and laminar placentation at nodes rather
than tips suggests their primitive character, while the distribution
of axile, basal, apical, and free central placentation across nodes
and tips suggest that they are more advanced in flowering
plants (Figure 2). In comparison to other placentation types,
parietal placentation seems to have a high transition rate from
axile placentation (Figure 3A and Supplementary Figure 2).
Furthermore, axile, parietal, basal, and marginal placentation
have been more persistent and prevalent in angiosperms than
other placentation types (Figure 3B). These results further
support the conservative evolution of these placentation types in
flowering plants.
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FIGURE 2 | The phylogeny of extant angiosperms, showing plausible hypothesis of placentation evolution based on stochastic character mapping ancestral-state
reconstructions of various placentation types for nodes of each family. Pie charts at nodes represent the posterior probabilities of each placentation type, averaged
across 100 trees. Pie charts at the tips of the tree represent the proportion of placentation type within each family (see also Supplementary Data 1). Pie charts
above the color strip represent the proportion of placentation classes (by family) within each 12 delineated major classes of angiosperms. The pie circle size is
proportional to the number of extant families in the group. The groups indicated by black color strip represent major classes of angiosperm in their order of
evolutionary origin according to the APG IV classification of flowering plant (Chase et al., 2016). The groups are, from top to bottom: basal angiosperms, magnoliids,
monocots, eudicots, superrosids, malvids, fabids, core eudicots, superasterids, asterids, campanulids, and lamiids. The color legend indicates the specific
placentation type. The arrows represent origin and major shift to different placentation types and orders where major shifts occurred are shown with asterisks.

We observed both uni-directional and bi-directional
evolution for different placentation types (Figures 1A, 3A).
Thus, we noted bi-directional transition rate shifts between
seven pairs of placentation types: from marginal to axile and
vice-versa, marginal to parietal and vice-versa, from marginal to

apical, basal, and vice-versa, axile to basal, apical, and vice-versa,
and axile to parietal and vice-versa. We observed uni-directional
transition rate shifts between nine pairs of placentation types:
marginal to laminar, free central to basal and apical, axile to free
central, parietal to apical, laminar to basal, apical to basal, and
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TABLE 1 | Evolutionary lability and phylogenetic signal test for placentation.

Test

Evolutionary
lability

Median
observed RI

Median null
RI

95% CI
lower null RI

95% CI upper
null RI

0.421 0.042 0.038 0.046

Phylogenetic
signal

Pagel’s lambda P-value

0.671 <0.001

For Pagel’s lambda, λ value of 1 indicates that the trait gradually accumulates
changes over time in a Brownian motion process and a λ value of 0 indicates
that no phylogenetic signal is present, and traits evolved in response to selective
processes. Retention index (RI) measures the relative proportion of observed
parsimony steps to the maximum number of steps and ranges from 0 (maximum
homoplasy) to 1 (maximum synapomorphy). An observed RI less or greater than the
95% confidence interval (CI) of the null distribution indicates a significant pattern.
Here, the median observed RI was calculated across 100 trees, as were the null
distribution statistics.

basal to parietal. However, we did not find transitions to laminar
and free central placentation from other placentation types
except from marginal and axile, respectively. Furthermore, with
respect to transition rates, we observed a disproportionately high
rate of transitions from axile to other placentation types followed
by basal placentation. There were also disproportionately high
uni-directional transition rates from apical to basal, basal to
parietal, and parietal to apical placentation (Figure 3A and
Supplementary Figure 2).

Our analysis of directional transition rate shifts revealed
that axile placentation is acted as an “evolutionary hub” to
which and from which the other placentation types evolved
(Table 3 and Figure 3A). Moreover, considering the significant
binomial test for the source-sink relationship, axile placentation
followed by marginal was the only significant evolutionary
“source” (i.e., the number of transitions from axile and

marginal placentation to other types was significantly greater
than the number of transitions to axile and marginal) as
revealed from both parsimony and stochastic character mapping
analyses (Table 3 and Figure 3A). Alternatively, our analysis
consistently supported basal, apical, and parietal placentation as
an evolutionary “sink” (i.e., the number of transitions from basal,
apical, and parietal placentation to other types was significantly
less than the number of transitions to basal, apical, and parietal),
indicating that basal, apical, and parietal placentation are mostly
evolved from other placentation types (Table 3 and Figure 2).
Furthermore, correcting for transition bias due to the occurrence
frequency of different placentation types did not change the
overall pattern (Table 3).

The ancestral reconstruction analysis for ovule number
revealed that both the common ancestor and early flowering
plants had single or few ovules per locule (Supplementary
Figure 3). As in placentation, the evolution of ovule number
appears to be constrained by phylogenetic history, as indicated
by high values of K and λ (Supplementary Figure 3).

Association of Placentation With Ovule
Number and Other Traits
We found strong associations between placentation type and
ovule number (Figure 4 and Supplementary Figure 1). Basal
and apical placentation types were mostly associated with a
single ovule or very rarely few or many ovules, whereas marginal
placentation was associated with both single and high ovule
number. Free central placentation was frequently associated
with few ovules, rarely with many ovules. Laminar and axile
placentation were associated with both low and high ovule
number. Parietal placentation was most frequently associated
with high ovule number and rarely with few ovules (Figure 4 and
Supplementary Figure 1). Among placentation types, parietal

FIGURE 3 | Schematic reorientation of number of evolutionary transitions and persistence time between each placentation class for extant families of angiosperms.
(A) Evolutionary transitions between various placentation types (see also Supplementary Figure 3), and (B) Histogram of persistence time of the individual
placentation type. The evolutionary transition and median persistence time for each placentation class was calculated for 1,000 separate character maps. Arrows
indicate the direction and relative proportion (given by line thickness) of transitions between placentation types. The circle size is proportional to the number of extant
families with the given type of placentation (also included inside the circle). Transition numbers and persistence time are based on stochastic mapping.
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TABLE 2 | Ancestral state estimates for placentation evolution in angiosperms
using four different methods: parsimony, maximum likelihood (ML), reversible jump
Markov chain Monte Carlo (RJMCMC), stochastic mapping (SIMMAP).

Trait States Parsimony Maximum
likelihood

MCMC SIMMAP

Placentation Probabilities for ancestral state

Marginal 1.0 0.8 0.85 1.0

Laminar 0 0.2 0.1 0

Apical 0 0 0 0

Basal 0 0 0 0

Free central 0 0 0 0

Axile 0 0 0.05 0

Parietal 0 0 0 0

TABLE 3 | Analysis of transition number bias between placentation types.

Placentation type Source Sink Total P-value

Uncorrected

Marginal 28.61 22.26 50.87 0.0712

Basal 38.5 53.79 92.29 0.0031

Apical 21.3 42.9 64.2 0.0021

Free central 7 5.65 12.65 0.721

Axile 121.1 33.1 154.2 0.0000

Parietal 13.2 69.97 83.17 0.0000

Laminar 6.5 8 14.5 0.371

Corrected by the frequency of each placentation type

Marginal 25.61 19.92 45.53 0.0521

Basal 32.08 44.83 76.91 0.0421

Apical 18.72 37.71 56.43 0.0051

Free central 6.60 5.33 11.93 0.321

Axile 56.96 15.57 72.52 0.0000

Parietal 10.43 55.27 65.70 0.0000

Laminar 6.34 7.80 14.14 0.824

Sink, the mean total number of transitions to a given placentation type; source, the
mean total number of transitions from a given placentation type. Transition numbers
are based on SIMMAP analysis and were averaged across 100 trees. P-values
were calculated based on the binomial expectation of equal rates of transitions to
and from a given placentation type. Significant deviations from equal transitions
rates, either toward being an evolutionary sink or source, are in shown bold.

placentation had the highest ovule number/locule, followed by
laminar, axile and, marginal placentation, whereas basal, apical,
and free central placentation had a low ovule number/locule
(Figure 4 and Supplementary Figure 1). Early branching/early
diverging lineages of angiosperms and magnoliids were most
frequently associated with one or few ovules and with basal,
apical, and marginal placentation, and rarely associated with high
ovule number/locule with laminar and parietal placentation. In
contrast, monocots, and the more recently evolved angiosperms
such as eudicots (Asterids, Campanulids, Lamiids, etc.) were
mostly associated with high ovule number and with axile and
parietal placentation (Supplementary Figure 1).

We analyzed the association between ovule number/locule
and placentation type while accounting for the phylogenetic
relationship of taxa to determine whether the observed variation
of ovule number with placentation type is constrained by
evolutionary history (Figures 4B,D). The phylogenetic residuals

of ovule number against placentation type indicate that
accounting for phylogenetic relationships weakens associations
(Figures 4B,D). However, associations remain significant
(F = 49.48, P < 0.001). Thus, phyloANOVA results suggest that
the strong association of ovule number with placentation type is
not independent of phylogenetic relationship of taxa (λ = 0.544).

DISCUSSION

Despite its recognition as a taxonomically informative character
in the classification of flowering plants (Lindley, 1830), we
have a limited understanding of the origin and evolutionary
history of placentation diversity in flowering plants (Puri, 1952;
Stebbins, 1974; Ickert-Bond et al., 2014). Many authors believe
that different placentation types evolved conservatively and used
placentation as a taxonomically informative character (Lindley,
1830; Troll, 1928; Gundersen, 1939; Endress and Matthews,
2012). On the other hand, based on the repeated evolution of
various placentation types across distantly related lineages of
flowering plants, others have argued that placentation evolution
is a more labile trait, with limited utility as a taxonomic character
(Endress, 1994; Ronse De Craene, 2010).

Our results demonstrate that the distribution of placentation
types across the seed plants is non-random and evolves
conservatively. Certain placentation types occur more frequently
in certain lineages (e.g., marginal/laminar placentation occurs
disproportionately in early branching/early diverging lineages of
angiosperms, magnoliids and basal eudicots, while free central
placentation is mostly restricted to Santalales and Ericales).
Therefore, placentation is a systematically informative character
to resolve generic and family level relationship in angiosperms
(Endress et al., 2013; Ickert-Bond et al., 2014; Mori et al., 2015).

Evolutionary Trends in Placentation
Numerous attempts have been made to show that one type of
placentation is more primitive than the other, and many authors
have independently claimed that marginal, axile, or parietal
placentation could be the most primitive and ancestral (Engler,
1909; Hagerup, 1938, 1939; Takhtajan, 1942, 1948, 1959, 1964;
Joshi, 1947; Puri, 1952; Stebbins, 1974). However, considering
the evolutionary history of lineages, and mapping various
placentation types onto the recent comprehensive phylogenetic
hypothesis of flowering plants, we note that the most likely
ancestral placentation type in angiosperms is marginal, in line
with the notion that an apocarpous gynoecium was present
in the earliest flowering plants (Sauquet et al., 2017). The
recently reported angiosperm fossils from the Jurassic named
as Nanjinganthus (Fu et al., 2018; Taylor and Li, 2018) and
basal angiosperm fossils from Cretaceous showing affinity with
Nymphaeaceae such as Monetianthus mirus (Friis et al., 2009) and
Pluricarpellatia (Mohr et al., 2008) and fossils of Archaefructus
(Wang and Zheng, 2012) are all reported to have either marginal
or laminar placentation, which further supports the primitive
nature of placentation types restricted to apocarpous gynoecium
in flowering plants. The marginal placentation subsequently
evolved into other types. Indeed, Puri (1952) treated marginal
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FIGURE 4 | Variation in ovule number in relation to placentation types in flowering plants. (A,C) Phylogenetically not corrected (without accounting for phylogenetic
relationship of taxa), and (B,D) phylogenetically corrected (after accounting for phylogenetic relationship of taxa). Box and whisker plots show the variation in ovule
number among the different placentation types (see also Supplementary Figure 3), as calculated from both not corrected and phylogenetically corrected residuals.
For each placentation category, the “box” represents the second quartile and the error bars (“whiskers”) are the first and third quartiles. The horizontal bar in each
box represents the median.

placentation as the most primitive (Figure 1A). Bailey and
his associates, based on the carpel structure of Ranunculales
families, provided considerable evidence for holding marginal
placentation as the simplest and most primitive (Bailey and
Swamy, 1951; Eames, 1961). A recent study also concluded
that marginal placentation is the most primitive and ancestral
in flowering plants (Ickert-Bond et al., 2014). Xingxueanthus
a plant fossil from the Jurassic is reported to have a free
central placentation (Wang, 2018). However, the taxonomic
position of Xingxueanthus is still debated, being either an
early Angiosperm, a new class of Gymnosperm, or a poorly
preserved conipherophyte cone. If future studies confirm the
Xingxueanthus affinity with angiosperms, the occurrence of free
central placentation in Jurassic angiosperms would contradict the
notion that most primitive angiosperms had conduplicate carpels
and marginal placentation, and free central placentation is always
derived (Puri, 1952; Friis et al., 2009; Wang, 2018).

Both Puri (1952) and Stebbins (1974) traced the evolution of
various types of placentation from axile placentation assuming
it is primitive and other placentation types are derived from it.
However, our comparative phylogenetic analysis of placentation
types indicates that axile is the most widespread placentation

type. Further, our results support the derived evolution of
parietal placentation from axile placentation as reported by
others (Lindsey, 1940; Wilkinson, 1944, 1949; Gauthier, 1950).
However, independent evolution of parietal placentation from
marginal placentation is also plausible. The disproportionately
high uni-directional transition rate observed between axile and
parietal placentation in our study supports the strong possibility
that parietal placentation is derived from axile. Although parietal
placentation appears to be derived from axile placentation in
most cases (by retraction of the septa), the opposite should also
be considered, such as intruding parietal placentae becoming
axile. For example, in many families the septa do not fuse
completely in the center of ovary and the term “incompletely
septate with centre-angled (axile) placentation” is used (Leins
and Erbar, 2010). Others have termed this condition parietal
(in the upper part of the ovary) to axile (in the lower
part) with intruded parietal placentae, i.e., in Gesneriaceae
(Weber, 1971). This type of placentation condition (upper
parietal, lower axile with intruded parietal placentae) is found
to occur in taxa within 30 different families (Achariaceae,
Passifloraceae, Lacistemataceae, etc.) (Soltis et al., 2011). Thus,
it is believed that in taxa within many families axile is derived
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from parietal placentation. Parietal placentation may also be
a non-homologous state, derived from apocarpous gynoecia
(parasyncarpous ovaries) or from syncarpous axile ovaries
(possibly in Annonaceae and Berberidopsidaceae). Further, our
findings suggest that the origin and high radiation of axile
placentation mostly coincides with the evolution of monocots.
In dicots, axile placentation represents an independent evolution
from apocarpous ancestors (Remizowa et al., 2010). The absence
of axile placentation in early branching/early diverging lineages
of angiosperms, but its prevalence associated with the spread
and radiation of flowering plants, also supports the view
that axile placentation is the most advanced (Figure 2 and
Supplementary Figure 1).

The basal and apical placentation can also develop in different
ways which are not necessarily homologous. Apical placentation
is confusing and difficult to delimit from axile placentation or
from laminar placentation, and it can be the result of a shift
of ovules to the top of the ovary by the growth of a central
column but can also be the result of a partial reduction in
the number of ovules. Furthermore, basal placentation linked
with an apocarpous ovary is not derived in the same way as
basal placentation linked with a syncarpous ovary. Because of
these limitations it is difficult to accurately infer the evolutionary
trends of different placentation types in flowering plants. Further,
the shift from axile, parietal, basal, and apical placentation
to marginal can be explained by multiple derived origin of
apocarpous gynoecium from either syncarpous gynoecia or
basally connate carpels in many families of monocots (Doyle and
Endress, 2000; Chen et al., 2004; Remizowa et al., 2010; Rudall
et al., 2011; Sokoloff et al., 2013) and core eudicots (Endress et al.,
1983). The general evolutionary trend of the angiosperms from
apocarpy toward syncarpy is reversed at least in these groups
(Endress et al., 1983; Doyle and Endress, 2000; Chen et al.,
2004; Remizowa et al., 2010; Rudall et al., 2011). For example, in
Coryphoid palms apocarpy has arisen independently four times
from syncarpy (Rudall et al., 2011). In Alismatidae apocarpy has
evolved either from basally connate carpels or from syncarpy
(Chen et al., 2004). Therefore, it is possible that the shift from
placentation types associated with syncarpous gynoecia (axile,
parietal, basal, and apical) to marginal placentation is linked to
changes from syncarpy to apocarpy (Endress et al., 1983; Sokoloff
et al., 2013).

The most interesting aspect of our results is that phylogenetic
analyses provide general validation of the evolutionary trends
proposed by Puri (1952) and Stebbins (1974). Puri (1952)
suggested that evolution of placentation in flowering plants
is complex and progressed in several directions. In contrast,
Stebbins (1974) argued that placentation evolution is uniform
and has proceeded in a single direction. Our results indicate
that placentation evolution in flowering plants is neither uniform
nor unidirectional as suggested by Stebbins (1974). Rather,
as suggested by Puri (1952), placentation evolution seems to
have progressed along several lines. Although our estimated
directional transition rate shift between different placentation
types supported the trends proposed by both Puri (1952;
Figure 1A) and Stebbins (1974; Figure 1B), our results are more
in agreement with Puri (1952) than with Stebbins (1974).

Our results provide strong evidence that axile placentation
acted as the evolutionary source from which various other
placentation types restricted to syncarpous gynoecium have
evolved. Puri (1952) also suggested that apical, basal, parietal,
and free central placentation are mostly derived from axile
placentation, and he speculated on the possible evolution of basal
and apical placentation also from marginal placentation.

Placentation Association With Ovule
Number and Other Traits
Our phyloANOVA results revealed that, despite strong
evolutionary constraints on ovule number, there is a strong
association between placentation type and ovule number/locule
(Figure 4) across flowering plant species. In an elegant recent
study, Ronse de Craene (2021) has also shown relationship
between ovule number and placentation type in Caryophyllales.
We observed that parietal placentation was always associated
with high ovule number (multi-ovulate ovaries), followed
by axile, laminar, and marginal placentation. In contrast,
basal, apical, and free central placentation was associated with
one or few ovules.

Unilocular ovaries with single ovule show basal or apical
placentation. The increase in ovule number among angiosperms
with parietal placentation is concomitant with an evolutionary
pathway leading to paracarpous gynoecia (characterized by
carpels fused into a unilocular ovary with parietal placentas) via
eusyncarpous forms (characterized by carpels fused at the center
of the gynoecium and usually forming a plurilocular ovary with
axile placentas) (Endress, 1994). The evolutionary transition
to high ovule number is evident among many closely related
families with constant carpel number such as Scrophulariaceae to
Orobanchaceae; Scrophulariaceae to Gesneriaceae; Ericaceae to
Pyrolaceae/Monotropaceae; Cypripediaceae/Apostasiaceae
to Orchidaceae. All these families have constant carpel
number and transition occurs from axile/apical to parietal
placentation with increase in ovule number per locule. Thus, the
evolution of placentation is associated with increase or decrease
of ovule number.

Kress (1981) suggested that the evolution of uniovulate and
multiovulate ovaries in angiosperms may be understood in terms
of competitive interactions among the ovules or developing seeds.
Bawa (2016) postulated that plants may reduce competition
among developing seeds either by reducing the number of ovules
to one or by increasing the genetic relatedness of seeds within
a multiovulate ovary via the evolution of specialized pollination
mechanisms that deliver many pollen grains from a single pollen
parent. Thus, various placentation types can be viewed as a
means to reduce competition among ovules. Both Puri (1952) and
Stebbins (1974) also invoked resource allocation and, implicitly,
competition within the ovary as the selective force in the
diversification of placentation types. Axile placentation prevalent
in angiosperms isolates ovules in a multilocular ovary, thereby
reducing deleterious effects of competition. Similarly, septa often
isolate developing seeds in ovaries with marginal placentation.
Indeed, septa can also reduce the spread of pathogens and
parasites from one part of the ovary to another.
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What then explains the evolution of parietal and free central
placentation offering no possibility for isolation? Our analysis,
as also noted by Puri (1952) and Stebbins (1974), shows that
free central placentation is rare, usually has few ovules and
only occasionally many ovules (as in some Primulaceae and
Lentibulariaceae). Deleterious effects of competition in parietal
placentation may be reduced by kin selection, as for example
in orchid flowers in which all the ovules are sired by a single
pollinium. Thus, all the developing seeds within a flower are full
sibs, paving the way for kin selection and reducing the negative
consequences of sibling competition.

Kin cooperation should depend on communication among
developing ovules within the ovary. There is growing evidence
that even unrelated plants can communicate to confer benefits
to the group of individuals cooperating with each other (Karban,
2021). Communication is implicit in studies demonstrating
recognition of kin in competition studies dealing with seedlings
from full and half sib families (Dudley and File, 2007; Biedrzycki
et al., 2010; File et al., 2012; Anten and Chen, 2021). Signaling
pathways involving gibberellins that can modulate ovule number
exist in ovaries (Gomez et al., 2018) and there is a whole body
of literature on how even with a developing ovule, different
combinations of paternal and maternal genomes may determine
the outcome of competitive interactions (Haig, 2013). A negative
effect of kin selection within the ovary could be a reduction in the
genetic variance of progeny within an ovary due to the full sibship
of hundreds or thousands of seeds. However, genetic variation
within the progeny of a single plant occurs not only at the level
of flowers but also among flowers, and in the case of large plants,
probably among different branches.

Apart from fertilization of flowers by a single pollen donor,
self-pollination can also increase sibship. Short development time
between fertilization and seed maturation could also minimize
competitive interactions by reducing the time available for
competition. It should be interesting to determine if there
is a disproportionate representation of species with parietal
placentation characterized by either specialized pollination
modes, selfing, or short development time between fertilization
and seed maturation.

Interestingly, we observed that basal, parietal, and axile
placentation are more persistent placentation types in
angiosperms, thus providing evidence for bimodal distribution
pattern of both placentation and ovule number across flowering
plants. Ganeshaiah and Shaanker (1992) also showed that
seed number per fruit in the British flora shows a bimodal
distribution, grouping species with one or a few seeds per
fruit and species with many seeds per fruit. Bawa et al. (2019)
showed the same trend in monocotyledons. Our results on
ovule number and placentation types further confirm the trends
for angiosperms as a whole. Together, these findings provide
growing evidence for flowering plants falling into two categories
based on two alternative sets of associated traits, starting from
ovule number to placentation to pollination mechanisms and
possibly to sexual systems – all explained in the context of kin
selection (Bawa, 2016).

The type of data and the analyses and the number of taxa
used considerably influence the results and interpretation of our

as well as other studies. In the present study, analyses were
done at family level mostly using placentation data of single
taxa per family. Therefore, incomplete sampling of placentation
data may influence inferred results and interpretation of
placentation evolution in angiosperms in the present study.
It should also be noted that the results and interpretation
of the present study also strongly depend on number of
distinct placentation types recognized and the placentation
classification scheme used. However, we believe our results
are as robust, if not more, than the earlier studies (Puri,
1952; Ickert-Bond et al., 2014). The development of various
placentation types is strongly influenced by reproductive traits
such as ovule number, position, shape, gynoecium structural
type, carpel fusion, postgenital fusion pattern, etc. Therefore,
future work should focus on analyzing these traits along with
placentation in comparative phylogenetic framework to gain
deeper understanding of placentation evolution in flowering
plants. Finally, the comparative phylogenetic analysis framework
used here can also be used to study the evolution of other
reproductive and morphological traits in seed plants and can
provide useful insights about their origin and evolutionary trends
across flowering plants.
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