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The origin and maintenance of nuclear
endosperms: viewing development through a
phylogenetic lens
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The endosperm develops in fertilized ovules of angiosperms following fertilization of the central cell and
nuclei in the female gametophyte. Endosperms differ in whether, and which, nuclear divisions are followed
by cellular divisions; the variants are classi� ed as cellular, nuclear or helobial. Functional correlates of
this variation are little understood. Phylogenetic methods provide a powerful means of exploring taxo-
nomic variation and phylogenetic patterns, to frame questions regarding biological processes. Data on
endosperms across angiosperms were analysed in a phylogenetic context in order to determine homologies
and detect biases in the direction of evolutionary transitions. Analyses con� rm that neither all nuclear
nor all helobial endosperms are homologous, raise the possibility that cellular development is a reversal
in some derived angiosperms (e.g. asterids) and show that a statistically signi� cant bias towards evolution
of nuclear endosperms (and against reversals) prevails in angiosperms as a whole. This bias suggests
strong selective advantages to having nuclear endosperm, developmental constraints to reversals or both.
Homologies suggest that the microtubular cycle and cellularization pattern characteristic of reproductive
cells across land plants may have been independently co-opted during multiple origins of nuclear endo-
sperms, but information on cellular endosperms is essential to investigate further.
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1. INTRODUCTION

The endosperm is a novel feature of developing angio-
sperm seeds. It results from the development of the central
cell nuclei in the female gametophyte following fertiliz-
ation, typically a triple fusion event involving two central
cell nuclei and one sperm nucleus (but see Williams &
Friedman 2002). Subsequent development of the endo-
sperm is variable and falls into one of three classically
de� ned modes: cellular, helobial or nuclear (e.g. Mahesh-
wari 1950, but see Floyd & Friedman 2000). This vari-
ation occurs because cytokinesis may become uncoupled
from the nuclear division cycle. In cellular endosperms,
cell-wall formation follows the � rst division of the primary
endosperm nucleus (PEN). In helobial endosperms, wall
formation follows the � rst PEN division, producing two
chambers, which vary in subsequent cellularization
(Floyd & Friedman 2000). In nuclear endosperms, walls
do not develop between the free nuclei (� gure 1a). The
origin and early evolution of the endosperm are widely
discussed (Brink & Cooper 1940; Westoby & Rice 1982;
Scheiner & Donoghue 1992; Friedman 1995; Williams &
Friedman 2002), but questions regarding the functional
signi� cance and homologies of endosperm developmental
modes remain (Wunderlich 1959).

Are there functional differences between seeds with
cellular versus nuclear endosperms? This question has not
been asked, and the data available to address it are limited.
For example, most studies of embryo–endosperm relations
in developing seeds have been conducted on nuclear endo-
sperms, the type common among crop plants (Larkins &
Vasil 1997; Berger 1999; Chaudhury et al. 2001); very few
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studies have considered cellular endosperms (Mogenesen
1985; Briggs 1996). Did nuclear (and cellular) endo-
sperms arise just once, i.e. are they homologous? If so,
then it is reasonable to use Arabidopsis (a rosid eudicot
with nuclear mode) and tobacco (an asterid dicot with
cellular mode) as representatives of the two modes in
functional studies. Phylogenetic studies suggest that the
ancestral angiosperm was cellular, and that nuclear endo-
sperms arose multiple times from this state with few rever-
sals (Bharathan 1999; Doyle & Endress 2000; Floyd &
Friedman 2000; Albach et al. 2001). Such non-homology
should be considered when sampling for functional stud-
ies. Does the phylogenetic pattern represent a prevalent
bias in the direction of change? If so, it may indicate
evolutionary advantages to nuclear endosperms, develop-
mental constraints that prevent reversals to cellular endo-
sperms or both. In any case, an evolutionary bias would
suggest new approaches to poorly understood develop-
mental variation.

I analyse data from a range of angiosperms to determine
the phylogenetic patterns of transitions in endosperm
development, to infer homologies and to detect biases in
the direction of evolutionary change from one state to the
other. The nuclear endosperms Arabidopsis and maize, for
example, are shown not to be homologous, and hom-
ologies of cellular endosperms may be uncertain. A strong
bias for evolutionary change from cellular to nuclear endo-
sperms within angiosperms is demonstrated. This study
illustrates the power of joining two disparate � elds and the
use of phylogenetic methods to frame questions regarding
biological processes.
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Figure 1. Development and evolution of endosperms. (a) Three modes of development, which vary in the pattern of
cellularization. (b) Directions of change between the states indicated by arrows, along with rates of change (q01, q10 etc). (c)
Summary of maximum-parsimony reconstructions across 100 resolutions of a strict consensus tree of 560 angiosperms (Soltis
et al. 2000). The ancestral angiosperm had cellular endosperm, as did the eudicot ancestor (1) and asterid ancestor (2).
Ancestors 4–6 within the eudicots were equivocally reconstructed under parsimony. If they are assumed to be cellular, then
the cellular endosperm of asterids is homologous to that in ancestral angiosperms, but it is not if one of the ancestors is
assumed to be not cellular. This result is supported by ML analyses of two-state data, but not three-state data. Taxa names in
black, cellular; red, nuclear; blue, helobial (may include nuclear and/or cellular). Ancestral states: black lines and � lled black
circles, cellular; red lines and � lled red circles, nuclear; hatched lines and open black circles, uncertain. Unless the colour of
the subtending branch indicates otherwise, name colour should be taken to indicate that the corresponding state evolved
within the named lineage.
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2. MATERIAL AND METHODS

(a) Data and coding
Genera in recent angiosperm phylogenetic analyses (see § 2b)

were used as sample taxa, assuming that they are monophyletic
and that their inclusion in the phylogenetic studies was not
based on their mode of reproductive development. Data on
endosperm development are from Johri et al. (1992) and sup-
plemented from other sources (see electronic appendix A avail-
able on The Royal Society’s Publications Web site). Terminal
taxa were coded according to the genus if information was avail-
able, otherwise, according to the family. Taxa in polyphyletic
families (e.g. Saxifragaceae sensu lato) were coded only if infor-
mation was available for the genus. Endosperm development
was coded as cellular—0, nuclear—1 or helobial—2. Helobial
endosperm was not scored in Boraginaceae and Solanaceae
where, arguably, it occurs sporadically (Swamy & Parameswaran
1962). Statistical tests of character evolution required modi� -
cation by removing taxa with missing information or polymor-
phisms and/or recoding as a binary trait. Recoding was carried
out in four ways: (i) helobial and nuclear states combined; (ii)
helobial and cellular states combined; (iii) helobial states com-
bined with cellular states for non-monocots and with nuclear
states for monocots, based on observed phylogenetic patterns
(Bharathan 1999); and (iv) the helobial state was excluded.

(b) Phylogenetic trees
A strict consensus tree representing relationships among 560

angiosperm taxa was used (Soltis et al. 2000). The statistical
tests required dichotomous trees, so polytomies in the strict con-
sensus tree were resolved randomly to generate 100 or 1000
trees representing a range of phylogenetic hypotheses consistent
with the strict consensus tree. Branch lengths were obtained
from nucleotide data (18S rDNA, rbcL, atpB data matrix from
multiple sources; Pam Soltis, personal communication) using
maximum parsimony (MP) as implemented in PAUP (Swofford
2002). All analyses were done on these trees.

(c) Patterns and trends in character evolution
Phylogenetic patterns in character state transitions were

assessed by MP and maximum likelihood (ML).
Parsimony reconstructions used unordered characters (Fitch

parsimony: same ‘cost’ of transitions in all directions). Ancestral
states at particular nodes were determined by MP reconstruc-
tions on 100–1000 trees using MacClade (Maddison & Maddi-
son 2000) and ML estimation on � ve topologies using Discrete

and Multi-state (Pagel 1994, 1997). Log-likelihoods (LogL)
of alternative reconstructions were compared; a difference of
greater than two log units represents signi� cant support for the
state with higher likelihood (Pagel 1999; Ree & Donoghue
(1999) following a rule-of-thumb proposed by Edwards (1972)).
Trends in evolution were detected by comparing ‘opportunity
for change’ or frequencies of change as the proportion of the
ancestral nodes with different states (Sanderson 1993). Pro-
portions were calculated using the ‘charting’ option in Mac-
Clade (Maddison & Maddison 2000) (table 1).

The theory that there is a transition bias towards nuclear
endosperms was tested by comparing ML results under models
of character change that assume either equal or variously restric-
ted transition rates given a phylogenetic hypothesis. Two ML
methods were used, which differ in the type of model and the
computation of transition rates: a discrete-time Markov model
using ancestral-state reconstructions (Sanderson 1993), and a
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continuous-time Markov model that includes a parameter, k,
that scales change according to relative branch lengths, using all
possible ancestral reconstructions (Pagel 1994, 1997). San-
derson’s method permits inclusion of polymorphisms and miss-
ing data, and Pagel’s method permits analysis of multi-state
traits. Sanderson’s method was applied using average numbers
of transitions, obtained from MP reconstructions on 1000
topologies from two-state data in 560 taxa using MacClade.
Pagel’s method was applied to � ve topologies and reduced data
(463 taxa, no polymorphisms or missing data) with two- or
three-state coding using Discrete and Multi-state, respect-
ively (Pagel 1994, 1997). Analyses of two-state data compared
likelihoods under the unrestrained model with two rate para-
meters (gain: q01, loss: q10) and the restrained null model with
one rate parameter (� gure 1b). Analyses of three-state data com-
pared likelihoods of the unrestrained model (six rate parameters)
and variously restrained nested null models (viz. all equal rates,
no reversals of nuclear or helobial, gains and losses of nuclear
or helobial equal, and transitions between nuclear and helobial
equal).

3. RESULTS

The distribution of character states was: cellular (139;
25%), nuclear (280; 50%), helobial (44; 8%), polymor-
phic (28; 5%) and missing (69: 12%). Nuclear endo-
sperms dominated the dataset. However, this does not
bias the results, as seen from consistent results in analyses
of subsets of data that excluded monocots and rosids,
which contain most of the nuclear endosperms in the data-
set.

(a) The ancestral endosperm was cellular in
eudicots, asterids and monocots, and nuclear
in rosids

Parsimony reconstructions across 100 topologies with
characters coded in multiple ways (taxa with missing data
and polymorphisms included or not) indicate that the
ancestral angiosperm, eudicot, asterid and monocot had
cellular endosperms, while the ancestral rosid had nuclear
endosperm (� gure 1c). ML estimates supported these MP
reconstructions with differences of more than eight log
points between likelihoods of alternative states. Other
reconstructions had lower levels of support. Nodes 4–6
were equivocally cellular or nuclear under MP (two- and
three-state) and ML (two-state: LogL differences 1.04–
4.11), but cellular under ML analysis of the three-state
data (LogL differences 2.38–5.59). These results suggest
that cellular endosperms in some derived groups (e.g.
asterids) may not be homologous to those in ‘basal’ angio-
sperms. Within monocots, MP and ML reconstructions
suggest multiple transitions from helobial to nuclear endo-
sperms (not shown).

(b) Once nuclear endosperm evolves it tends not
to change

The trend overall is that the state (cellular, nuclear or
helobial) at an internal node is unchanged in descendant
lineages (table 1). Nuclear endosperm is most stable,
remaining unchanged in 97.6%, cellular is next (92.4%)
and helobial is the least stable (87.7%). Gains of nuclear
endosperms (q01) are signi� cantly more frequent than
losses (q10) regardless of topology, coding scheme, model
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Table 1. Frequencies of transitions between endosperm modes in 560 angiosperms. Conservation (bold) is more frequent than
change, nuclear endosperm is the most conserved and transitions to nuclear are the most frequent.
(Average number of changes in ancestral character state reconstructions on 1000 random resolutions of a strict consensus tree
(Soltis et al. 2000). Numbers computed from ancestral-state reconstructions under MP using MacClade (Maddison & Maddison
2000). Numbers in parentheses are proportions of ‘conservation’ (diagonal) or ‘change’ (off-diagonal), calculated as a fraction
of the opportunities for change (row totals) from cellular, nuclear or helobial.)

development
to: cellular (0) nuclear (1) helobial (2)
from:

cellular (0) 377.6 (0.924) 26.7 (0.065) 4.4 (0.011)
nuclear (1) 5.7 (0.009) 586.7 (0.976) 8.8 (0.015)
helobial (2) 0.4 (0.004) 12.9 (0.119) 94.8 (0.877)

Table 2. ‘Gains’ and ‘losses’ of nuclear endosperm in angiosperms and subgroups. Data � t a two-rate model (gains, q01, more
than losses, q10) better than a one-rate model (q01 = q10), as shown by a signi� cant difference between the log-likelihoods (LogL)
under the two models, in angiosperms except asterids analysed alone.
(Endosperm development coded as a two-state trait in modes (i)–(iv) (see § 2a), results of coding (iii) shown, other codings are
generally consistent. (a) ML estimates of rates of gains and losses under a discrete-time Markov model are proportions, calculated
as in table 1 for 100 trees (model I: Sanderson 1993). (b) ML estimates of instantaneous rates of gains and losses shown for one
tree, calculated under a continuous-time Markov model using Discrete (Pagel 1994, 1997). Results from � ve trees were consist-
ent. The statistic G = 22 ´ (LogLmodel1 2 LogLmodel2) follows a x2 distribution, d.f. = 1, the difference in the number of parameters
between the models compared.)

one-rate model two-rate model

q01 = q10 LogL q01 q10 LogL G two-rate model better?

(a) discrete-time Markov model
I. angiosperms

(560 taxa) 0.032 2159.2 0.070 0.009 2143.78 32.29 ¤ ¤ yes (q01 . q10)
II. rosids and

monocots pruned
(296 taxa) 0.058 2130.83 0.069 0.028 2128.75 4.17 ¤ yes (q01 . q10)

III. asterids (148 taxa) 0.057 265.07 0.064 0.031 264.56 1.04 no (q01 = q10)

(b) continuous-time Markov model
I. angiosperms

(463 taxa) 0.043 2297.50 0.108 0.003 2252.31 90.39 ¤ ¤ yes (q01 . q10)
II. rosids and

monocots pruned
(249 taxa) 0.06 2234.37 0.067 0.003 2228.57 11.60 ¤ yes (q01 . q10)

III. asterids (137 taxa) 0.016 2126.74 0.018 0.005 2125.33 2.82 no (q01 = q10)

¤ p , 0.025, ¤ ¤ p , 0.001.

of character evolution or method of analysis. Both ML
tests of two-state data revealed a signi� cant bias towards
the evolution of nuclear endosperms in all groups except
asterids (table 2). The different coding schemes give
generally consistent results; however, in analyses that
excluded rosids and monocots differences in rates were
not signi� cant in some trees using coding (i) (helobial with
nuclear). These results are not surprising because most
helobial–nuclear transitions occur in monocots. Analysis
of three-state data revealed that the different rates are not
equal and that change from cellular and helobial to
nuclear (q01, q21) is greater than the reverse (q10, q12).
The likelihood of all rates being different is not differen-
tiated from that of no reversals from nuclear or helobial
(q10 = 0, q20 = 0) or from that of gains and losses of helo-
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bial being equal (q02 = q20) (table 3). Thus, all analyses
point to a strong bias towards the evolutionary origin and
maintenance of nuclear endosperms.

Comprehensive studies of this type are necessarily lim-
ited by the data and prevailing developmental and phylo-
genetic hypotheses. Taxa were excluded because either
their phylogenetic position or their embryology is
unknown. There are uncertainties in the positions of spe-
ci� c groups (Qiu et al. 1999) and questions about the
typology (Floyd & Friedman 2000). However, the present
results are expected to remain robust in future analyses
because of the overwhelming nature of the bias, the fact
that varying the positions of groups does not affect the
results in preliminary tests using Sanderson’s (1993)
method (not shown), and because changes in the typology
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Table 3. Transition rates of endosperm modes in 463 angiosperms. The unrestrained model gives rates of change as
q01 = 0.0262, q02 = 0.0057, q10 = 0.0000 1, q12 = 0.0000 2, q20 = 0.0015 and q21 = 0.0548. The data best � t models under
which the rate of transition to nuclear endosperms is higher than the reverse. Other restrictions of rates are indistinguishable from
the model under which all rates are different.
(Endosperm development coded as three-state; 1–6 rate parameters and scaling parameter, k, estimated under a continuous-time
Markov model using Multi-state (Pagel 1994, 1997). LogL under model (a), the alternative hypothesis (Ha), was compared,
in turn, with LogL under different restrained models (b–g), the null hypotheses (Ho). ML estimates shown for one tree; results
from � ve trees were consistent.)

model parameters LogL d.f. G p Ho rejected? (a = 0.05)

Ha
(a) all rates differ 6 2190.35

Ho
(b) all rates equal 1 2246.63 5 112.57 , 0.001 yes, rates not equal
(c) q10 = 0 5 2190.23 1 0.235 0.5–0.75 no
(d ) q20 = 0 5 2189.92 1 0.856 0.25–0.50 no
(e) q01 = q10 5 2215.55 1 50.411 , 0.001 yes, gain . loss for

nuclear
( f ) q02 = q20 5 2192.98 1 3.259 0.05–0.10 no
(g) q12 = q21 5 2263.64 1 53.808 , 0.001 yes, gain . loss for

nuclear

will affect classi� cation of cellular and helobial but not
nuclear endosperms.

4. DISCUSSION

Nuclear endosperms evolved multiple times and, there-
fore, are not homologous across angiosperms. The hom-
ologies of cellular endosperms are uncertain. The cellular
endosperm of ancestral angiosperms was retained in
‘basal’ groups and the ancestral eudicot, ranunculid and
monocot. However, some cellular endosperms (e.g.
asterids) may represent retained ancestral states, reversals
or newly evolved modes, although different analyses dis-
agree on this.

There are several implications of these proposals of
homology. Nuclear endosperms in rosids and monocots
have similar microtubule cycles, decoupled from the cell
cycle, with cellularization following radial microtubular
patterning (unlike meristematic cells). These features are
conserved in reproductive cells across angiosperms
(Brown & Lemmon 2001; Olsen 2001), so nuclear endo-
sperms may represent instances of parallel evolution (no
information is available for helobial endosperms). Based
on light microscopy, cellular endosperms could be
expected to have coupled microtubule and cellular cycles
of the meristematic type with no radial microtubular
patterning; surprisingly, this has not been con� rmed for
any cellular endosperm (B. Lemmon, personal
communication). Characterization of these features in
cellular endosperms of ‘basal’ angiosperms and eudicots
would enable the questions emerging here to be
addressed. Are independent origins of nuclear from cellu-
lar endosperms the result of parallel evolution of the same
processes? Do asterids and basal angiosperms have differ-
ent cellular processes, supporting the theory of non-
homology of cellular endosperms? Of broader signi� cance
is the possibility that if the ‘basal’ cellular endosperm has
microtubule cycles with pre-prophase bands (PPBs) and
cellularization typical of meristematic cells (Gunning
1982), then the hypothesis that the endosperm and

Proc. R. Soc. Lond. B (2003)

embryo share a common evolutionary origin would be
supported (Friedman 1995; Floyd & Friedman 2000).
The cytoskeleton features of nuclear endosperms would
represent mechanisms co-opted from reproductive cells.

These results may support previous theories that the
asterid cellular endosperm is not homologous to other
cellular endosperms (Dahlgren 1991). Non-homology
may be re� ected in a set of other ovular and seed features
of asterids, such as micropylar and chalazal endosperm
haustoria, tenuinucellate ovules and integumentary tap-
etum (Kapil & Tiwari 1978; Mikesell 1990; Albach et al.
2001). It is possible that these features result from corre-
lated evolution, perhaps controlled by a common genetic
pathway (Balasubramanian & Schneitz 2000).

Once a nuclear endosperm evolves, it is likely to persist,
whereas cellular and helobial endosperms are likely to
evolve into nuclear endosperms. This evolutionary pattern
is consistent with two not mutually exclusive scenarios: (i)
nuclear endosperms have a strong selective advantage that
prevents reversals; and (ii) developmental constraints pre-
vent reversals once nuclear endosperms evolve. There is
little indication of the nature of any selective advantage,
but two developmental aspects suggest mechanisms that
could present directional constraints on evolution.

First, nuclear development is characterized by non-PPB
microtubule cycles uncoupled from cellularization cycles.
If these cycles were coupled in the ancestral cellular endo-
sperm and evolution of nuclear endosperms entailed a loss
of coupling, it is conceivable that an associated loss of
critical (regulatory?) information poses a barrier to evol-
utionary reversal to cellular endosperm. However, such a
shift is possible, as indicated by some nuclear endosperms
switching to the PPB cycle late in development (Brown &
Lemmon 2001). Second, it has been suggested that endo-
sperms control embryo morphogenesis, particularly at the
globular embryo stage, when changes critical for normal
embryogenesis occur (Krishnamurthy 1988; Lester &
Kang 1998). At this stage, cellular and nuclear endo-
sperms secrete and accumulate polysaccharides and
enzymes that may be important for further development;
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most nuclear endosperms become cellularized, while
cellular endosperms secrete polysaccharides into the space
between endosperm and embryo (Mogenesen 1985;
Briggs 1996; van Hengel et al. 1998; Otegui et al. 1999).
It may be that genetic pathway(s) underlying these tran-
sitions differ across endosperm types or are altered to pre-
vent the evolution of cellular and helobial endosperms
from nuclear endosperms. Little is known about the gen-
etic bases of these differences. This phylogenetic analysis
suggests that comparative investigations of cellular, helo-
bial and nuclear endosperms could yield new insights into
the developmental processes that underlie this variation.

5. CONCLUSIONS

Phylogenetic patterns of variation in endosperm devel-
opment reveal that: (i) nuclear and helobial endosperms
are not homologous across angiosperms, and homologies
of cellular endosperms are uncertain; and (ii) a strong
transition bias favours evolution of nuclear development
across angiosperms. These phylogenetic patterns suggest
new lines of inquiry using genetic and comparative
approaches that could advance our understanding of
endosperm development, embryo–endosperm relations
and evolution.
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Discrete and Multi-state, Rick Ree for the � le formatting
program that made it all possible, Pam Soltis for the three-
gene angiosperm dataset, and Roy Brown, Beatrice Grabowski,
Yaffa Grossman, Betty Lemmon, Manuel Lerdau, Dianna
Padilla, Michael Sanderson and two anonymous reviewers for
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