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SUMMARY Developmental constraints have been proposed
to interfere with natural selection in limiting the available
set of potential adaptations. Whereas this concept has
long been debated on theoretical grounds, it has been
investigated empirically only in a few studies. In this article,
we evaluate the importance of developmental constraints
during microsporogenesis (male meiosis in plants), with an
emphasis on phylogenetic patterns in Asparagales. Different
developmental constraints were tested by character
reshuffling or by simulated distributions. Among the

different characteristics of microsporogenesis, only cell
wall formation appeared as constrained. We show that
constraints may also result from biases in the correlated
occurrence of developmental steps (e.g., lack of successive
cytokinesis when wall formation is centripetal). We document
such biases and their potential outcomes, notably the
establishment of intermediate stages, which allow
development to bypass such constraints. These insights are
discussed with regard to potential selection on pollen
morphology.

INTRODUCTION

With their critique of the ‘‘adaptationist program,’’ Gould

and Lewontin (1979) triggered a renewed interest in evolu-

tionary explanations of organismal features that may not

entirely or convincingly be caused by natural selection. In

the debates following this famous critique, special attention

was given to constraints that are inherent to development

(Pigliucci and Kaplan 2000), because the impossibility of pro-

ducing complex phenotypes may also be the reason for ob-

served biological features (universal constraints as defined by

Maynard-Smith et al. 1985), and developmental constraints

may be seen as a prime phenotypic filter before natural se-

lection (Arthur 2001, 2002). This debate has been strongly

theoretical (Resnik 1995) and so far little empirical investiga-

tion has been produced in favor of developmental constraints

(e.g., Gould 1989; Vogl and Rienesl 1991; Arthur and Farrow

1999). On the other hand, some studies investigating this

question favored adaptive explanations over historical effects

(Janson 1992; Travisano et al. 1995; Miller et al. 2006). This is

probably due to inherent difficulties in demonstrating that

constraints might prevent the occurrence of a given phenotype

with increased fitness. Moreover, the lack of a clear definition

of the meaning of constraints (Antonovics and van Tienderen

1991) also hindered tests using the concept (Pigliucci and

Kaplan 2000).

Little is known about the way development actually

limits phenotypic variation. This is mainly due to our current

inability to make any prediction about the phenotypic con-

sequences of changes in the developmental pathways and their

relative advantages, despite the growth of evo-devo approach-

es (Brakefield 2006). As a consequence, most empirical

analyses of developmental constraints deal with another

aspect of constraints: the frequency at which the changes

occur in a phylogeny. This aspect of constraints, often given

as an explanation for phylogenetic inertia, that is the idea

that morphological similarity reflects constraints to change,

following Gould (1994), is easier to work out, even if it is

sometimes debated whether constraints can really be inferred

from a rare occurrence of change (Miles and Dunham 1993).

Here, we investigate the existence of developmental

constraints in the evolution of the pollen grain. We focus

on a developmental system whose variation is simple and

the phenotypic consequences of specific changes are known,

namely a model that links pollen grain development to

an important morphological characteristic: aperture type

(Ressayre 2001; Penet et al. 2005; Nadot et al. 2006;

Sannier et al. 2006). Whereas empirical investigations of the
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relative role of constraints versus selection are usually lim-

ited by a lack of detailed knowledge as to how development

affects phenotype and fitness, our study takes advantage of

being able to assign developmental changes to resulting

morphological changes (Ressayre et al. 2002, 2005). Aper-

ture type is defined as the number, shape, and position of

apertures on the pollen grain. Apertures are thinner areas

of the pollen wall that are implicated in several kinds of

interactions between the pollen grain and its environment

(i.e., water exchanges and volume variation at maturity,

pollen–stigma interactions), but they are also the privileged

areas for germination of the pollen tube. Therefore, aper-

tures play a crucial role in fertilization. Furthermore, in

Viola species, differences in aperture types were shown to

result in differences in fitness; and pollen heteromorphism

(production of different morphs within a single individual)

seems to have been selected for, possibly as a consequence

of unpredictable pollination service (Dajoz et al. 1991,

1993; Till-Bottraud et al. 1999).

One of the first and key features involved in the determi-

nation of aperture type is cytokinesis (cytoplasmic division).

Two main ways of achieving the division of pollen mother

cells into tetrads are observed in plants: either cytoplasmic

division takes place after the completion of both meiotic di-

visions (simultaneous cytokinesis; Fig. 1-1 to 1-3), or meiotic

and cytoplasmic divisions co-occur successively (successive

cytokinesis; Fig. 1-4). In the latter case, a transitory dyad

stage is usually observed, which corresponds to the cyto-

plasmic division following the first meiotic division (Fig. 1-4).

Other types of cytokinesis have been described during mi-

crosporogenesis (Sampson 1969). In the present study, such

cases are considered as intermediate between simultaneous

and successive cytokinesis (Fig. 1-5 and 1-6). The ways of

dividing pollen mother cells have major consequences for the

shape of the resulting tetrads, which in turn influence the

aperture type (Ressayre 2001; Ressayre et al. 2005). Simul-

taneous cytokinesis can produce many shapes, and notably

unique three-dimensional arrangements (e.g., tetrahedral and

rhomboidal tetrads, hereafter referred to as tetrahedral-asso-

ciated tetrads). Conversely, successive cytokinesis constrains

the tetrads to a limited array of possible shapes because of the

dyad stage (Penet et al. 2005), tetrads being mostly tetragonal

Fig. 1. Illustration of the different types of cytokinesis (simultaneous 1–3, successive 4, intermediate 5–6) as defined in this study. Scale bars
represent 20mm. Pictures 1 and 4 were obtained with aceto carmine staining, whereas aniline blue staining was used for the others. (1) Pollen
mother cell at the end of meiosis in a species with simultaneous cytokinesis (Aloe globulifera, Asphodelaceae); (2) simultaneous cytokinesis
with centrifugal cell plates (Kniphofia praecox, Asphodelaceae); (3) simultaneous cytokinesis with centripetal cell wall formation (Tritonia
securigera, Iridaceae); (4) second division of meiosis in a species with successive cytokinesis, therefore at the dyad stage (Agapanthus
umbellatus, Agapanthaceae); (5) intermediate cytokinesis with centrifugal cell plates (Dianella tasmanica, Asphodelaceae); (6) intermediate
cytokinesis with centripetal cell wall formation, callose ring stage (Babiana disticha, Iridaceae).
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or decussate (hereafter referred to as tetragonal-associated

tetrads). Successive cytokinesis might thus be taken as a

structural constraint limiting the range of tetrad shapes. Other

features of microsporogenesis are involved in aperture pattern

determination: the way intersporal walls are formed during

cytokinesis (these walls can develop centrifugally or centripe-

tally relative to the center of the mother cell), and the polarity

of apertures within tetrads (polar or grouped). This develop-

mental variation is briefly summarized in Table 1 (for a more

detailed treatment, see Ressayre et al. 2002).

We investigated microsporogenesis in the Asparagales, a

recently revised monophyletic order of the Monocots (Duvall

et al. 1993; Chase et al. 1995; Angiosperm Phylogeny Group

1998). Robust phylogenetic relationships within this clade are

now well established (Angiosperm Phylogeny Group 1998,

2003). The Asparagales produce a diversity of aperture types

representing most of the pollen forms encountered in Mono-

cots (Erdtman 1952). Rudall et al. (1997) identified a ‘‘lower’’

asparagoid grade with mostly simultaneous cytokinesis, and

deeply nested clade characterized by the synapomorphy of

successive cytokinesis, which they called ‘‘higher Asparagales’’

(the authors use ‘‘lower’’ and ‘‘higher’’ in this manuscript to

refer to the groups as defined by the recent body of literature

about Asparagales, aiming to ease clarity and homogeneity

with regard to the citations. These informal groups refer to a

basal grade and a deeply nested clade (including families from

Alliaceae to Convallariaceae in Table 1), respectively). Fur-

ther investigation also revealed the existence of variation in

intersporal wall formation and tetrad shape (Penet et al.

2005). Asparagales are thus an appropriate group to inves-

tigate the role of developmental constraints in the evolution of

microsporogenesis and aperture type.

We were interested in addressing the following general

questions in relation to natural selection acting on pollen

morphology: ‘‘Is the evolution of microsporogenesis con-

strained in the Asparagales? And are phylogenetic and struc-

tural constraints reflected in the evolution of development?’’

This study had three main objectives: (1) to test for the ex-

istence of phylogenetic constraints during early pollen devel-

opment through tests of phylogenetic inertia; (2) to assess the

existence of constraints as deduced from correlations (histor-

ical constraints as a character correlation with phylogeny, and

developmental correlations between character states); and (3)

to reconstruct ancestral developmental pathways, with regard

to the aperture types that were produced. We aimed to in-

vestigate the relevance of constraints during the evolution of

development. Our results illustrate that constraints are an

important component of evolution of development.

MATERIALS AND METHODS

Plant material
Our sampling of species covered the taxonomic diversity of the

Asparagales. This depended primarily upon bud availability at the

time of sampling. Most material came from botanical gardens, and

was chosen absolutely without regard to pollen morphology (there-

fore, our sample should be unbiased with regard to the occurrence

of development or the aperture types). Species from small families

were surveyed whenever possible and speciose families were pros-

pected with an emphasis on maximizing the number of sampled

genera instead of increasing the number of species investigated

within a genus (this is mainly because most variation is found at

higher taxonomic/phylogenetic levels than the genus level; see Penet

et al. 2005). A total of 37 species representing 14 out of the 26

Table 1. Glossary of microsporogenesis events influencing aperture type and their variants investigated in this study

Microsporogenesis

process Variant Definition

Cytokinesis Successive A cell division follows each nucleic division during meiosis, characterized by a dyad stage (Fig. 1-4)

Intermediate The cell division is initiated after the first meiotic division, but stops before a true dyad stage is

achieved (Fig. 1-5 and 1-6)

Simultaneous The cell division takes place after nucleic divisions of meiosis are completed (Fig. 1-1 to 1-3)

Cell wall formation Centrifugal The cell division is mediated by centrifugally growing cell plates (Fig. 1-2 and 1-5)

Centripetal The cell division occurs by centripetal constriction (Fig. 1-3 and 1-6)

Tetrad shape Tetragonal and

associated

Tetrads are mostly tetragonal or decussate

Tetrahedral and

associated

Tetrads are mostly tetrahedral or rhomboidal

Aperture polarity Polar Apertures are located either at the distal or the proximal pole in a tetrad

Grouped Apertures are located along the equator of microspores, next to the apertures of other pollen grains

Aperture type1 Monosulcate Aperture defined as a single furrow, located at the distal pole of the pollen grain

Trichotomosulcate Aperture defined as a three-branched Y-like furrow, located at the distal pole of the pollen grain

1For the sake of clarity, only the two main aperture types are succinctly described here; for more detailed treatment, see Ressayre et al. (2002).
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recognized families of Asparagales (Fig. 2) were sampled (Table 2).

Their microsporogenesis developmental pathway has recently been

described (Penet 2004; Penet et al. 2005; Nadot et al. 2006). Or-

chidaceae were not examined because pollen grains are inaperturate

in most species of this group.

Phylogeny of asparagales
A phylogeny of the Asparagales including only the species repre-

sented in our sampling was reconstructed using rbcL sequences

retrieved from PubMed database. We used the rbcL sequence of a

congeneric species when no sequence was available for the species

of our sampling. Phylogenetic reconstruction was performed with

PAUP 4.0 (Swofford 2002) constraining the tree topology of fam-

ilies to match the consensus tree published by the Angiosperm

Phylogeny Group (2003). Because the backbone of our tree was

constructed according to the consensual published tree (see Duvall

et al. 1993; Chase et al. 1995; Angiosperm Phylogeny Group 1998,

2003), support values are not given. The GZ-gamma method using

a combination of ancestral sequence inference and maximum

Fig. 2. Ancestral character state
reconstruction in Asparagales.
Phylogenetic reconstruction was
performed with PAUP 4.0
(Swofford 2002) using the GZ-
gamma method (using a com-
bination of ancestral sequence
inference and maximum likelihood
estimation to compute the distance
between sequences) and constrain-
ing the tree topology of families to
match the consensus tree pub-
lished by the Angiosperm Phylog-
eny Group (2003). Branch lengths
of the resulting tree were also cal-
culated with PAUP. Ancestral
character states were reconstruct-
ed with either a symmetrical like-
lihood model (both transition and
reversion rate being equal) for
cytokinesis (a), or an asymmetri-
cal likelihood model (transition
and reversion rates allowed to
differ) for cell wall formation (b)
and tetrad shape (c). Examples il-
lustrated here are all reconstructed
under the asymmetrical model. (a)
Successive cytokinesis state is in
white, intermediate is in black, and
simultaneous is in gray; (b) cell
wall formation: centrifugal cell
plate is in white and centripetal
wall formation is in black; (c) tet-
rad shape: ‘‘tetragonal and associ-
ated’’ tetrads are in white and
‘‘tetrahedral and associated’’ are
in black. A, Last Common Ances-
tor (LCA) of Orchidaceae and
other Asparagales; B, LCA of
Hypoxidaceae and other Aspara-
gales; C, LCA of Tecophilaeaceae
and other Asparagales; D, LCA
of Iridaceae and other Aspara-
gales; E, LCA of Iridaceae; F,
LCA of Asphodelaceae, Hem-
erocallidaceae, and the ‘‘suc-
cessive’’ Asparagales; G, LCA
of Asphodelaceae and Hem-
erocallidaceae; and H, LCA of
the ‘‘successive’’ Asparagales.
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Table 2. Summary of sampled taxa within the Asparagales

Family1 Species

Living collection

number

rbcL sequence

used in

phylogeny Cytokinesis

Cell wall

formation

Tetrad

type

Aperture

position

Aperture

type

Commelinaceae2 Wachendorfia thyrsiflora F AF036888 0 0 0 0 1s

Commelinaceae2 Commelina congesta F AF312266 0 0 0 0 1s

Orchidaceae2 Taina hookeri F AF264176 2 0 1 0 ia

Hypoxidaceae Hypoxidia maheensis 810110 (a) Z73702� 0 0 0 0 1s

Tecophilaeaceae Cyanella alba 510/67 (b) Z77312� 2 1 1 0 1s

Iridaceae Babiana disticha 655/74 (b) AJ309673� 1 1 1 0 1s

Chasmanthe floribunda 856/83 (b) AJ309660� 2 1 1 0 1s

Dietes grandiflora 431/35 (b) AJ307080� 2 1 1 0 zs

Ferraria crispa 9810AC12 (c) AJ307081 2 1 1 0 1s

Freesia alba F Z77284 2 1 1 0 1s

Gladiolus italicus 9708cw29 (c) AF206772� 2 1 1 0 1s

Iris pseudoacorus F (e) L05037� 1 1 1 0 1s

Ixia lutea lutea 177/78 (b) Z77288� 1 1 0 0 1s

Libertia chilensis 980085 (a) AJ309687� 2 1 1 0 1s

Moraea bipartita 1002/71 (b) AJ307156� 0 0 0 0 1s

Sisyrinchium striatum F (e) Z77290� 2 1 1 0 1s/Y

Tritonia securigera 9810AC66 (c) AJ309675� 1 1 0 0 1s

Hemerocallidaceae Hemerocallis fulva F L05036 1 0 0 0 1s

Dianella tasmanica (f) M96960� 1 0 0/1 0 1s/Y

Phormium tenax F (d) Z69232 2 0 1 0 Y

Asphodelaceae Aloe globulifera F (d) AJ512319� 2 0 1 0 1s

Asphodeline liburnica AUT-1999-JAR-043 (d) AJ512277� 2 0 1 0 1s

Bulbine alooides 431/35 (b) AJ512323� 2 0 1 0 1s

Bulbinella nutans nutans 1309/84 (b) Z73685� 2 0 1 0 1s

Kniphofia praecox 172/76 (b) AJ512276 2 0 1 0 1s

Trachyandra muricata F Z73692� 2 0 0 0 1s

Alliaceae Allium altaicum Al 233 (e) Z69204 0 0 0 0 1s

Amaryllidaceae Narcissus poeticus PFP-2000-NAT-014 AF116972� 0 0 0 0 1s

Amaryllis belladonna F (c) Z69219 0 0 0 1 2s

Agapanthaceae Agapanthus umbellatus F Z69221� 0 0 0 0 1s

Themidaceae Triteleia ixioides ssp scabra 9510HD1 (c) AJ311068 0 0 0 0 1s

Hyacinthaceae Albuca nelsonnii 9809kb (c) Z69223� 0 0 0 0 1s

Eucomis automnalis 671/83 (b) L05038� 0 0 0 0 1s

Hyacinthus non-scriptus F (e) AF116995� 0 0 0 0 1s

Ornithogalum longibracteatum 528/93 (b) Z69224 0 0 0 0 1s

Agavaceae Yucca agavoides F (e) AB088820� 0 0 0 0 1s

Beschorneria yuccoides 22764 (e) M96959� 0 0 0 0 ia

Herreriaceae Hosta sp F (e) L10253� 0 0 0 0 1s

Anthericaceae Arthropodium cirrhatum (f) Z69233 0 0 0 0 1s

Chlorophytum pauciflorum F Z77257� 0 0 0 0 1s

Convallariaceae Polygonatum multiflorum F (e) Z73695� 0 0 0 0 1s

Convallaria maialis EDB-2000-VIV-0135 D28334 0 0 0 0 1s

The list is arranged following the appearance of families in the phylogeny, rbcL sequences used for the phylogeny and characteristics of micros-
porogenesis. In living collection number, the lower-case letters refer to the origin of the plant used in this study: (a) Jardin Botanique de la ville de Brest
(Fr), (b) Kirstenbosch National Botanical Garden (RSA), (c) company Bulb’Argence (www.bulbargence.com) (Fr), (d) Jardin Botanique de la Ville de
Paris (Fr), (e) Parc Botanique de Launay (Fr), (f) Royal Botanic Gardens Kew. For the rbcL sequence, an asterisk (�) denotes the use of a congeneric
sequence. Cytokinesis: 0, successive; 1, intermediate; 2, simultaneous. Cell wall formation: 0, centrifugal cell plates; 1, centripetal cell plates. Tetrad type: 0,
mainly tetragonal and associated (tetragonal, decussate, T-shaped, etc.); 1, mainly tetrahedral and associated (tetrahedral regular or asymmetrical,
rhomboidal). Aperture position (within tetrads): 0, polar; 1, grouped. Aperture type: 1s, monosulcate pollen grain; 2s, disulcate pollen grains; Y,
trichotomosulcate pollen grains; ia, inaperturate pollen; zs, zonasulcate pollen, some species produce two different morphologies within individuals
(heteromorphism) and have been reported as such.

1Taxa that have traditionally been assigned to the rank of family under rank-based nomenclature; we do not imply that Linnean ranks have an
objective basis.

2Used as an outgroup in the parsimony analysis to produce the phylogeny.
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likelihood estimation to compute distance between sequences (Gu

and Zhang 1997) was used to resolve relationships within families

and to obtain branch lengths; branch lengths of the resulting tree

were calculated with MEGA2 (Kumar et al. 2001).

Comparative analyses: character coding
The following features of microsporogenesis were recorded for the

studied species: cytokinesis type (successive, intermediate, or si-

multaneous), cell wall formation (centrifugal or centripetal), tetrad

shape, and polarity of apertures within tetrads (see Table 1 for

definitions). In all cases in which multiple states were allowed by

the methods (detection of phylogenetic signal, variance partition-

ing), intermediate cytokinesis was considered to be an additional

state (and consequently coded as ‘‘1’’; simultaneous cytokinesis was

then coded ‘‘2’’). In some of our analyses (maximal likelihood test

of character correlation), cytokinesis was coded as either successive

(0) or simultaneous (1) because of software constraints. Cell wall

formation was coded as centrifugal (0) or centripetal (1). Addi-

tional callose deposition was not investigated here although it

has been shown to play a role in aperture pattern determination

in some species (Ressayre et al. 2002, 2005). Tetrad shape is a

highly variable character. The huge diversity of possible shapes

can, however, be divided into two broad categories that were de-

fined based on established correlations between development and

phenotype (Ressayre et al. 2002; Penet et al. 2005): tetragonal-

associated tetrads (coded as 0) that correspond to tetragonal, dec-

ussate, or linear tetrad shapes, and tetrahedral-associated tetrads

(coded as 1) that includes rhomboidal, symmetrical, and asym-

metrical tetrahedral tetrad shapes. The aperture position within

tetrads was scored as polar (0) or grouped (1), following Ressayre

et al. (2002).

Objective 1: test of phylogenetic signal
Phylogenetic signal, that is, the tendency of character states to be

grouped homogeneously within clades, was tested for the charac-

ters listed above. Aperture polarity was excluded because all species

in our sample except one had polar apertures. We tested for signal

with the nonparametric test proposed byMaddison (1995), recently

modified for quantitative traits (Laurin 2004), and for qualitative

traits (Laurin 2005): character states were randomized by re-

shuffling along the tips of the phylogeny usingMesquite (Maddison

and Maddison 2005); and parsimonious transition rates were thus

estimated in 10,000 simulations to obtain a distribution of tran-

sition rates under the null hypothesis of freely (i.e., unconstrained)

evolving characters. We then calculated the observed most-parsi-

monious transition rates in our sample on the original tree (with

unpermuted values) and determined how many randomized rep-

licates implied no more than this number of transitions. This num-

ber of replicates, divided by the total number of replicates (10,000),

directly gives the probability that the observed association between

a character and the phylogeny results from chance alone.

Objective 2: developmental correlations
Comparative analyses are aimed at making interspecific compar-

isons possible, given that they share different levels of common

history and are thus nonindependent observations (Felsenstein

1985). Because of the strong phylogenetic signal displayed by the

developmental characters considered here, such a departure from

independence between species might dramatically alter direct com-

parisons. Consequently, we could not directly test for correlations

among character states.

Partitioning variance using phylogenetic eigenvector

regression (PVR) analysis
We performed a PVR analysis with variance partitioning (Des-

devises et al. 2003; Cubo et al. 2005). This method has the advantage

of quantifying the variance of a dependent character (tetrad type or

cytokinesis type) that is attributable to the phylogeny, to an in-

dependent character (cytokinesis type or cell wall formation mode),

and to the covariation between the independent character and the

phylogeny. As with multiple linear regressions on distance matrices,

this method is sensitive to the branch length settings used. We have

used branch lengths shown in Fig. 2. The phylogenetic distance

matrix for this analysis was exported from Mesquite (Maddison

and Maddison 2005) using the stratigraphic tools for Mesquite

(Josse et al. 2005). Character value vectors (in which the taxa ap-

pear in the same order as in the tree) were exported using the

StratAdd package for Mesquite (Faure et al. 2006). We carried out

a principal coordinate analysis on the phylogenetic distance matrix

in Progiciel R (Casgrain et al. 2004) and selected the significant axes

using a broken-stick model (Diniz-Filho et al. 1998); the first four

axes were significant and comprised 51.9% of the phylogenetic

variance. Otherwise, the partitioning analysis was performed as

outlined by Desdevises et al. (2003). For these analyses, interme-

diate cytokinesis was coded as a separate, intermediate state. Nor-

mality of the data was checked using Progiciel R (Casgrain et al.

2004). Several characters departed strongly from normality. Thus,

the significance of all regressions was tested using permutations in

Permute (Casgrain 2005).

Maximum likelihood test of correlation in transitions
We have also investigated correlated evolution in developmental

pathway using maximum likelihood and the software Discrete

(Pagel 1994). This test involves Monte-Carlo simulations to derive

phylogenetic distributions of character states under both hypoth-

eses of independent or correlated evolution. Furthermore, the

differences of likelihood between the two models are calculated at

each simulation run so as to estimate the distribution of these

differences in likelihood and assess the robustness of model sig-

nificance (likelihood ratios, which serve as the basis for model

testing in Discrete, behave like Chi-square tests; see Pagel 1994).

This method only allows for binary character states; hence, we have

lumped intermediate cytokinesis with either successive or simulta-

neous cytokinesis for this test.

Objective 3: reconstruction of ancestral developmental

pathways
Mesquite was used to estimate the transition rates for each of the

developmental characters considered, as well as to reconstruct the

ancestral states for the last common ancestors leading to the major

families of Asparagales. All three available models (parsimony,

maximum likelihood symmetrical, and asymmetrical estimation

models) were used. The results obtained were combined to infer

consensus ancestral developmental pathways. In case of conflicts in
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character state resolution, the asymmetrical model was preferred

because it can use biological data to assess independently the rates

of character change in both directions (Stireman 2005): there is no

reason to assume equal rates for transitions and reversions. With

cytokinesis, however, the transition rate estimate for the asymmet-

rical model (when this character was treated as binary) was dra-

matically low, whereas the reversion rate estimate was

unrealistically high, and estimations for character state at the root

of the tree contradicted observed evidence about cytokinesis

(Furness and Rudall 1999). This model thus introduced a bias in

ancestral state estimation, and it was not significantly better in

explaining the data. In this particular case, the symmetrical like-

lihood model was therefore preferred, and this allowed the char-

acter to be coded with multiple states (intermediate cytokinesis was

a separate state), which is more satisfying.

RESULTS

Phylogenetic signal

A strong phylogenetic signal was detected for both cytokinesis

type and cell wall formation. Both signals were highly signifi-

cant (Po0.0001, Table 3). The phylogenetic signal for tetrad

shape was less strongly significant (P50.0150, Table 3). These

strongly significant signals reflect the phylogenetic pattern fol-

lowed by the distribution of character states for these charac-

teristics (Fig. 2).

Correlation with variance partitioning

The partitioning of variance in tetrad shape ascribed a

large influence to the phylogeny and the effect of its covari-

ation with the independent characters (here cytokinesis and

cell wall formation; see Table 4). Our tests show that tetrad

shape is significantly correlated with cytokinesis (P50.001),

whereas a large part of the variance is also due to the co-

variation between cytokinesis and the phylogeny (this is

probably mostly due to the fixation of a successive cytokine-

sis in the deeply nested clade). Tetrad shape is also signifi-

cantly correlated with both cell wall formation and phylogeny

(Table 4).

The partitioning analysis showed that variance in cyto-

kinesis type was also mostly accounted for by phylogeny

(P50.001), but also by cell wall formation (P50.001;

Table 4).

Correlation of transitions using maximum
likelihood

When cytokinesis type (successive or simultaneous) and cell

wall formation (centripetal or centrifugal) are combined, four

combinations of character states are possible. In our data,

when the intermediate type was considered as simultaneous,

only one species (Tritonia securigera) fell into the successive/

centripetal combination (Fig. 3). However, this combination

Table 3. Test of phylogenetic signals

Character

Observed most-parsimonious

transitions

(or squared length)

Number of most parsimonious

transitions under the shortest

random tree (out of 10,000)

Mean most parsimonious

transitions under

unconstrained evolution P

Cell wall formation 3 5 10.5122 o 0.0001

Cytokinesis 13 15 26.2073 o 0.0001

Tetrad shape 0.411 0.261 0.6558 0.0150

Distribution of transition rates under character reshuffling (unconstrained evolution) was estimated through 10,000 simulations. For cytokinesis, the
test is conducted with intermediate cytokinesis assigned as a separate state (the character then has three ordered states). Tetrad shape is treated as a
continuous character; hence, squared length is used in that case, rather than the number of steps, as done by Laurin (2004).

Table 4. Partitioning analysis of the influence of an independent character and phylogeny on two dependent char-

acters, cytokinesis, and tetrad shape

Character R2 explained by

Dependent Independent

Independent

character only

Covariation independent/

phylogeny Phylogeny only Unexplained

Tetrad shape Cytokinesis 0.343 (P50.001) 0.407 0.009 (P50.990) 0.234

Cytokinesis Cell wall formation 0.147 (P50.003) 0.113 0.506 (P50.001) 0.195

Tetrad shape Cell wall formation 0.131 (P50.013) 0.026 0.390 (P50.001) 0.452

The variance was partitioned into independent character, phylogeny, covariation between independent character and phylogeny, and an unexplained
fraction (for more details, see ‘‘Materials and methods’’). Covariation between phylogeny and the dependent character is obtained by subtraction and
cannot be tested (Desdevise et al. 2003). Significant correlations are indicated in italics (P values are shown between parentheses).
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was much more frequent when the intermediate type of

cytokinesis was assigned to the successive type (Fig. 3). When

correlated evolution was tested with Discrete, the distribution

of character states in the first interpretation (intermedi-

ate5 simultaneous) was significantly better accounted for

with the correlated model compared with the independent

model (likelihood ratio56.34, P50.02). On the contrary, the

correlated evolution model was not significantly better than

the independent one when intermediate cytokinesis was con-

sidered as successive (likelihood ratio51.59, P50.638). The

conclusion that can be drawn about correlated evolution

between these characters was thus highly dependent on the

interpretation that was made of the intermediate type of

cytokinesis: when intermediate cytokinesis was considered as

simultaneous, cytokinesis and cell wall formation states

appeared to be correlated, whereas this correlation was no

longer significant when the intermediate type was interpreted

as successive.

Ancestral developmental pathways

Character states inferred for the ancestors of the taxa studied

were resolved when likelihood-estimate models were used,

whereas the maximum-parsimony model often resulted in

equivocal character states. Neither the symmetrical nor the

asymmetrical model was significantly better than the other

(i.e., their likelihood difference was never greater than 2).

Ancestral developmental pathways in Asparagales almost al-

ways resulted in the production of monosulcate pollen, prob-

ably along with trichotomosulcate aperture type (Table 5).

The remote early ancestral pathway in Asparagales was

characterized by a successive cytokinesis, cell wall formation

mediated through centrifugal cell plate, and tetrad shapes

that are typically associated with successive cytokinesis

and with polar aperture position (Table 5). Pollen devel-

opment changed throughout the diversification of Aspa-

ragales, before a complete reversion toward the early

ancestral developmental pathway in the deeply nested

Asparagale clade.

DISCUSSION

All the major events in microsporogenesis that have an in-

fluence on aperture type exhibit a strong phylogenetic signal,

indicating developmental constraints in microsporogenesis.

This validates our use of character optimization to infer an-

cestral values, because such a procedure can be expected to

yield reliable results only when a phylogenetic signal is present

(Laurin 2004). Furthermore, correlations exist between char-

acter states during development, according to some of our

analyses and there is an intricate covariation between char-

acter states and phylogeny. On the other hand, the recon-

struction of ancestral developmental pathways revealed

evolutionary viscosity in development, with a reversal to the

ancestral developmental pathways in a large, deeply nested

clade of Asparagales (‘‘higher asparagales’’ in the terminology

of Rudall et al. 1997). The existing developmental diversity

may nevertheless still allow for more morphological diversity,

and a more diverse pattern of aperture type is expected than

what is actually observed (e.g., a more frequent occurrence of

trichotomosulcate relative to monosulcate pollen). The aper-

ture type is not as diverse as it could be in Asparagales. This

suggests that natural selection also played a role in shaping

aperture-type diversity.

Developmental constraints

Among the features of microsporogenesis examined here, two

displayed a strong phylogenetic signal: cell wall formation and

cytokinesis. Tetrad shape presented a weaker phylogenetic

signal, although this feature is dependent on the type of cyto-

kinesis (but it also has a less-homogenous phylogenetic pat-

tern, indicating more flexibility than the previous characters;

see Fig. 2).

The phylogenetic patterns of cytokinesis and cell wall for-

mation strongly suggest constrained evolution, and the char-

acter states segregate into relatively homogenous ‘‘islands’’

along the tips of the phylogeny (Fig. 2). Some authors prefer

not to confuse phylogenetic signal with phylogenetic inertia
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Fig. 3. Distribution of species accord-
ing to their cytokinesis (x-axis) and
cell wall formation types (z-axis). (A)
Intermediate cytokinesis is considered
as simultaneous and (B) intermediate
cytokinesis is considered as successive.
The y-axis represents the number of
species per category.
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because of the remaining possibility for selection to shape the

observed pattern (Blomberg and Garland 2002). However, we

will hereafter surmise that the phylogenetic signals observed in

our developmental characters reflect phylogenetic inertia, be-

cause cell wall formation is not directly involved in a change

of aperture type, therefore offering no phenotypic change for

selection to operate. Indeed, both states still produce mono-

sulcate pollen, even if a centripetal state may be the only

natural way to produce the zonasulcate aperture type when a

change in the way callose is deposited also co-occurs

(Ressayre et al. 2002; Penet et al. 2005).

According to the phylogenetic patterns of both cytokinesis

and cell wall formation, three major groups of developmental

patterns can be identified in the phylogeny: the Iridaceae are

mostly characterized by a simultaneous centripetal mode of

cell partitioning (Last Common Ancestor E in Fig. 2); the

Asphodelaceae and related families are characterized by a si-

multaneous centrifugal mode (Last Common Ancestor G);

and the whole ‘‘higher’’ Asparagales clade is characterized by

a successive centrifugal mode of cell partitioning (Last Com-

mon Ancestor H). The strength of phylogenetic signals is also

reflected by the fact that for cytokinesis and tetrad shape, a

strong effect of the phylogeny was found with regard to

covariation with cell wall formation in variance partitioning

using the PVR method (Table 4).

There has been much debate as to how patterns induced by

phylogenetic inertia can be explained, and what processes are

responsible for shaping these patterns (Miles and Dunham

1993; Blomberg and Garland 2002). Two hypotheses are

classically invoked: emphasis is given either to constraints,

more specifically to developmental constraints (Gould 1994),

or to selection, particularly to stabilizing selection (Derrickson

and Ricklefs 1988; McKitrick 1993). Thus, caution is neces-

sary when inferring constraints only from phylogenetic iner-

tia, and a phylogenetic signal alone is not sufficiently

conclusive, because shared natural selection among closely

related species can also account for the phylogenetic signal.

Definitions of constraints relying in phylogenetic inertia

should distinguish between actual evolutionary constraints

and simple phylogenetic effects (Miles and Dunham 1993).

When a phylogenetic signal is detected in a developmental

character and is due to a low number of transitions on the

phylogeny, the phylogenetic inertia is also a developmental

constraint on evolution (i.e., developmental constraint ex-

pressed in a phylogeny). We have opted for interpreting

phylogenetic inertia in terms of developmental constraints

here in developmental characters that do not affect phenotype

and thus appear not to affect fitness. We therefore define

phylogenetic constraints as being characterized by both

phylogenetic inertia and a limited number of transitions in

the phylogeny, and suggest that they be inferred only in cases

in which selective constraints can be reasonably ruled out.

Following this definition, cell wall formation and cytokinesis

should be considered as phylogenetically constrained charac-

teristics of microsporogenesis. Indeed, these characters pres-

ent a strong phylogenetic inertia and only three and four most

parsimonious transitions, respectively, account for the pattern

inferred in the phylogeny.

Patterns of correlated evolution between cytokinesis and

cell wall formation found here lead to different conclusions

depending on how intermediate cytokinesis was interpreted.

This is indeed interesting, because ‘‘intermediate cytokinesis’’

can be best defined as a cytokinesis in which the cells begin to

divide in a successive way, but end up dividing as simulta-

neously. When only cytokinesis with a true dyad stage is

considered as successive (i.e., excluding intermediate

Table 5. Character states (established through maximum likelihood) of each of the four features of microsporogenesis

for each Last Common Ancestor (LCA) leading to the main clades of Asparagales

LCA (Fig. 3) Cytokinesis Cell wall formation Tetrad shape Aperture position Predicted aperture type

A Successive1(0&2) Centrifugal(�/NS) T-gonal(NS/NS) Polar(�/NS) Monosulcate

B Successive1(0&2) Centrifugal(�/NS) T-gonal(NS/NS) Polar(�/NS) Monosulcate

C Simultaneous(NS) Centripetal1(NS/NS) T-hedral(NS/NS) Polar(�/�) Monosulcate, trichotomosulcate

D Simultaneous(NS) Centripetal1(NS/NS) T-hedral(NS/NS) Polar(�/�) Monosulcate, trichotomosulcate

E Simultaneous(NS) Centripetal(�/�) T-hedral(NS/NS) Polar(�/�) Monosulcate, trichotomosulcate

F Simultaneous(NS) Centrifugal(�/�) T-gonal(NS/NS) Polar(�/�) Monosulcate

G Simultaneous(NS) Centrifugal(�/�) T-hedral(NS/NS) Polar(�/�) Monosulcate, trichotomosulcate

H Successive(0) Centrifugal(�/�) T-gonal(�/�) Polar(�/�) Monosulcate

Tetrad type can be either tetragonal and associated (T-gonal), or tetrahedral and associated (T-hedral). Predicted aperture type was inferred after
Ressayre et al. (2002). We indicate between parentheses the significance of character state reconstruction (symmetrical/asymmetrical models), except for
cytokinesis, where only the symmetrical model can be used because the asymmetrical model works only with binary characters (cytokinesis is coded 0 for
successive; 1 for intermediate; and 2 for simultaneous); in this case, we have indicated which states are significant; NS, not significant; �likelihood ratio42.

1When likelihood models resulted in conflicting character state resolution, the asymmetrical model was preferred over symmetrical transition rates (with
the exception of cytokinesis type; see ‘‘Materials and methods’’).
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cytokinesis situations), a model of correlated evolution with

cell wall formation explains the evolutionary patterns inferred

in the phylogeny (Fig. 2) significantly better than a model of

independent evolution (Table 5). When intermediate cyto-

kinesis is considered as successive, the model of correlated

evolution does not explain the data better than the model of

independent evolution: cell division would then have evolved

independently from the type of cytokinesis. Therefore,

whereas ‘‘true’’ successive cytokinesis (with a dyad stage) ap-

pears constrained by the type of cell division (it is almost

never found in species with centripetal constriction of

pollen mother cell) during microsporogenesis, intermediate

cytokinesis seems to be a way to bypass this constraint.

For example, the production of a callose ring ensures the

formation of tetrad shapes that are similar to those that

would have been obtained with a ‘‘true’’ successive cytokine-

sis, thus further canalizing the pollen morphology (Penet et al.

2005). Moreover, the PVR analysis revealed that the effect

of cell wall formation by itself on cytokinesis was significant

(Table 4), reflecting both the lack of successive cyto-

kinesis when wall formation is centripetal and the further

cofixation of a successive cytokinesis and centrifugal cell

wall formation in the deeply nested clade of ‘‘higher

Asparagales.’’

Fig. 4. Cytokinesis pathways in Asparagales and their consequences on pollen grain morphology. There are two main competing pollen
morphologies in the Asparagales: monosulcate and trichotomosulcate. The major differences accounting for these morphologies are defined
by cytokinesis: from a pollen mother cell (1), a simultaneous cytokinesis (2–4) either leads to a single morphology or a mix of both,
depending on the (not always stable) control exerted on tetrad shape (i.e., regular tetrahedral tetrads produce trichotomosulcate pollen). On
the contrary, a successive cytokinesis (8–10) leads to monosulcate pollen only. Modifications of a simultaneous cytokinesis, like squarely
arranged meiotic nuclei (5) or more frequently intermediate cytokinesis (6, 7), canalize the tetrad shape and allow only the production of
monosulcate pollen. Scale bars are 20mm. Pictures 2, 5, and 8 were obtained with aceto carmine staining; pictures of pollen grains result
from congo red staining; all the others were obtained with aniline blue staining. (1) Pollen mother cell of Allium altaicum (Alliaceae); (2)
pollen mother cell at the end of meiosis in a species with simultaneous cytokinesis (Aloe globulifera, Asphodelaceae); (3) simultaneous
cytokinesis with centrifugal cell plates in Kniphofia praecox (Asphodelaceae); (4) regular tetrahedral tetrads (upper two) and asymmetric
tetrahedral tetrad (lower one) of Cyanella alba (Tecophilaceae); (5) simultaneous cytokinesis with squarely arranged nuclei at the end of
meiosis (Trachyandra muricata, Asphodelaceae); (6) intermediate centripetal cytokinesis with a callose ring in Babiana disticha (Iridaceae);
(7) intermediate cytokinesis with centrifugal cell plates in Dianella tasmanica (Asphodelaceae); (8) dyad stage in a species with successive
cytokinesis (Veltheimia bracteata, Hyacinthaceae); (9) second division of meiosis in a species with successive cytokinesis (Agapanthus
umbellatus, Agapanthaceae); (10) tetragonal tetrad of Veltheimia bracteata (Hyacinthaceae). The monosulcate pollen grain is from Cyanella
alba (Tecophileaceae), and the trichotomosulcate pollen grain is from Phormium tenax (Phormiaceae).

Constraints in microsporogenesis 469Penet et al.



Natural selection and evolution of aperture pattern

Although some features of microsporogenesis are constrained,

therefore limiting the production of certain aperture types, we

expect selection to occur at some level. So far, the adaptive

significance of apertures has only been investigated in eudi-

cots: pollen grains in some species of Viola have been shown

to differ in their survival and growth abilities according to

their aperture number (Dajoz et al. 1991, 1993).

In Asparagales, microsporogenesis is diverse enough to

produce potentially many other aperture types (Penet et al.

2005), but only a few species produce aperture types that

differ from the monosulcate pollen (Table 2; Nadot et al.

2006). In most cases, these species are nested among related

species presenting monosulcate pollen as the ancestral condi-

tion. The preponderance of monosulcate pollen despite the

underlying variation in development is an indication that se-

lection might favor this morphology. Indeed, reconstruction

of ancestral developmental pathways suggested that

trichotomosulcate and monosulcate pollen should have been

produced through the history of the group (Table 5).

We reported previously that trichotomosulcate pollen is

obtained with regular tetrahedral tetrads, whereas monosulc-

ate pollen is associated with tetrads that are not perfectly tet-

rahedral (Penet et al. 2005; Nadot et al. 2006). Simultaneous

cytokinesis is commonly expected to result in tetrahedral tet-

rads in which the four microspores are arranged in a regular

tetrahedron, as is usually the case in the eudicots. However,

irregular tetrahedral tetrads are most often observed in the

Asparagales. When cytokinesis is simultaneous, the produc-

tion of monosulcate pollen can therefore be favored by a slight

shift in tetrad shape, toward the irregular tetrahedral shape. If

this is indeed the case, then situations of intermediate cyto-

kinesis might also be viewed as means to canalize tetrad shape,

resulting in shapes that are usually produced through succes-

sive cytokinesis, thus ensuring an even more stable production

of monosulcate pollen (Fig. 4). This is also consistent with the

fact that despite a relatively strong phylogenetic signal for

cytokinesis, the phylogenetic signal is weaker for tetrad shape

(Table 3). Thus, the observed pattern of microsporogenesis

seems to illustrate natural selection retaining developmental

modifications that lead to the production of monosulcate

pollen instead of trichotomosulcate pollen.

Our results show that there is an interplay between con-

straints and selection during the evolution of development.

Nevertheless, some features may be subject to several kinds of

constraints, such as a successive cytokinesis, which structur-

ally constrains tetrad shape, and is also phylogenetically con-

strained. Given that there is much confusion about the

concept of constraints (Antonovics and van Tienderen 1991),

which may have obscured the debate rather than shed light on

the question, we suggest that the overabundance of definitions

of constraints has been unhelpful. Future work should use

fewer and clearer definitions, distinguish the types of con-

straints, and provide more case studies of particular systems.
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