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I. Abstract 

The evolution of plant morphology is the result of changes in developmental processes. 
Heterochrony, the evolutionary change in developmental rate or timing, is a major cause of 
ontogenetic modification during evolution. It is responsible for both interspecific and intra- 
specific morphological differences. Other causes include heterotopy, the change of structural 
position, and homeosis, the replacement of a structure by another. This paper discusses and re- 
views the role of heterochrony in plant evolution at the organismal, organ, tissue, cellular, and 
molecular levels, as well as the relationships among heterochrony, heterotopy, and homeosis. 
An attempt has been made to include all published studies through late 1999. It is likely that 
most heterochronic change involves more than one of the six classic pure heterochronic pro- 
cesses. Of these processes, we found neoteny (decreased developmental rate in descendant), 
progenesis (earlier offset), and acceleration (increased rate) to be more commonly reported 
than hypermorphosis (delayed offset) or predisplacement (earlier onset). We found no reports 
of postdisplacement (delayed onset). Therefore, although rate changes are common (both neo- 
teny and acceleration), shifts in timing most commonly involve earlier termination in the de- 
scendant (progenesis). These relative frequencies may change as more kinds of structures are 
analyzed. Phenotypic effects of evolutionary changes in onset or offset timing can be exagger- 
ated, suppressed, or reversed by changes in rate. Because not all developmental changes re- 
sponsible for evolution result from heterochrony, however, we propose that plant evolution be 
studied from a viewpoint that integrates these different developmental mechanisms. 

II. Introduction 

Heterochrony, a change in the relative timing and/or rate of developmental processes in a 
descendant relative to its ancestor, has become one of the most popular developmental and 
evolutionary topics in recent years. The symbol of this trend may be seen in recent book titles, 
such as Heterochrony in Evolution (McKinney, ed., 1988), Heterochrony: The Evolution of 
Ontogeny (McKinney & McNamara, 1991), and Evolutionary Change and Heterochrony 
(McNamara, 1995), and in reviews on heterochrony and development (Carlson, 1991; Con- 
way & Poethig, 1993; Fink, 1988; Gould, 1992; Hall, 1990, 1992, 1998; Hall & Miyake, 
1995; Hill, 1996; Klingenberg, 1996; Raff & Raff, 1987; Raff & Wray, 1989; Richardson, 
1995), heterochrony and evolution (Alberch & Blanco, 1996; Gould, 1988; Hill & Lord, 
1990; Lord & Hill, 1987; McKinney, 1988b; McKinney & McNamara, 1991; Mosbrugger, 
1995; Parichy et al., 1992; Zelditch & Fink, 1996), heterochrony and genetics (Ambros, 1997; 
Atchley, 1987, 1990; Slatkin, 1987; Wiltshire et al., 1994), and some other perspectives on 
heterochrony (Fiorello & German, 1997; Guerrant, 1988; Klingenberg, 1998; Klingenberg & 
Spence, 1994; Reilly, 1997; Rice, 1997; Richardson, 1995). 

Heterochrony, as a term, has been defined and redefined many times since Haeckel (1875, 
1905) first formally used it. After a thorough review and analysis of the history and meaning 
of heterochrony proposed by previous authors, Gould (1977: 2) redefined heterochrony as 
"changes in the relative time of appearance and rate of development for characters already 
present in ancestors." Heterochrony is thus a "phyletic change in the timing of development, 
such that features of ancestors shift to earlier or later stages in the ontogeny of descendants" 
(Gould, 1992). Based on this concept, Alberch et al. (1979) and McKinney (1988a) further 
classified various heterochronic possibilities, which have become widely accepted (see 
Fig. 1). More recently, Reilly (1997) modified the current model of heterochrony, replacing 
some of the terminology with new nomenclature. Despite the recent attempts at clarification 
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neoteny (decreased rate) 

Paedomorphosis < progenesis (earlier offset) 
(paedomorphic ontogeny, 1 = 

ontogenetic deletion) postdisplacement (later onset) 

acceleration (increased rate) 

Peramorphosis 4 hypermorphosis (delayed offset) 
(peramorphic ontogeny, 

ontogenetic addition) predisplacement (earlier onset) 

Fig. 1. Two types of heterochrony and their developmental causes. (After Alberch et al., 1979) 

and consensus, controversy and confusion persist (McKinney, 1999). The debates will proba- 
bly continue as data on more taxa accumulate and as heterochrony is further examined in rela- 
tion to other developmental and evolutionary mechanisms. 

Although predominantly studied in animals, heterochrony has been increasingly studied 
in plants during the past ten years. Here we briefly review some perspectives on heterochrony 
and its role in evolutionary changes of plant morphology. The main focus is on the evidence 
and progress that have been made in the study of heterochrony in plants, especially in the 
flower. We have attempted to include all studies appearing in print through late 1999. Results 
are summarized in Appendix 1, which includes only those studies having adequate phyloge- 
nies and time-based developmental data (as well as some fossils). We will also discuss some 
of the limitations of heterochrony and suggest an integrative approach incorporating hetero- 
chrony, homeosis and heterotopy in plant ontogenetic and phylogenetic studies. 

III. Heterochrony, Evolution, and Development 

Heterochrony has a special significance because it can produce dramatic novelties simply 
by changing the timing of developmental events and/or the rate of developmental processes. 
Heterochrony has both developmental and evolutionary components. Development is often 
studied by quantitative comparisons, which lead to the identification of particular develop- 
mental differences (timing, rate) that result in divergent phenotypes. The evolutionary compo- 
nent can be easily linked to the developmental results if one knows the probable phylogenetic 
relationships of the concerned groups. Thus, it is possible to draw a conclusion about the direc- 
tion and type of developmental change associated with morphological evolution by integrat- 
ing developmental information with phylogenetic hypotheses (Diggle, 1992). 

"Ontogeny" usually refers to the sequence of events or stages occurring during develop- 
ment from a zygote to a sexually mature organism (Gould, 1977; Hall, 1992). In plants, espe- 
cially in perennials, new leaves and flowers are produced on the mature plant body. Therefore, 
the development of a leaf or a flower starts from its primordium insertion on a mature plant to 
a fully expanded mature leaf or a fully opened flower and may be regarded as leaf or flower 
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ontogeny. Ontogeny in any organism can also be the development of tissues or cells from their 
initiation to maturity (Gifford & Foster, 1989: 8). 

IV. Types of Heterochrony 

Heterochronic processes, or heterochronic changes of developmental processes, are the 
direct causes of morphological changes. The changes of development may involve onset 
time, offset time, and rate (Alberch et al., 1979; Fink, 1982, 1988; Reilly, 1997). Based on the 
final effect of such perturbations, two basic heterochronic processes underlying organismal 
development can be identified: paedomorphosis and peramorphosis (Fig. 1). Paedomorphosis 
refers to a truncated developmental process, which can result from a descendant having a 
shorter developmental duration or a lower developmental rate than that of its ancestor. Pera- 
morphosis refers to an extended developmental process, which can result from a longer devel- 
opmental duration or a higher developmental rate (Alberch et al., 1979; Kluge, 1988; 
McKinney, 1988a; McKinney & McNamara, 1991). Paedomorphosis results in the descen- 
dant having an adult size and shape similar to the juvenile condition in the ancestor, whereas 
peramorphosis leads to the descendant having a larger adult size with a shape beyond that in 
the ancestor. The six heterochronic processes proposed by Alberch et al. (1979) were recently 
further illustrated by Wiltshire et al. (1994) in the garden pea, Pisum sativum (Leguminosae), 
using both real (mutant) and imagined developmental changes. Recently, Niklas (1994) pro- 
posed a third type of heterochronic process, akratomorphosis, which results in the descendant 
having an adult shape similar to that of its ancestor but with a difference in size, either larger 
("gigas") or smaller ("dwarfism"). More recently, Reilly (1997) rejected the terms "neoteny" 
and "progenesis" and proposed to use "deceleration" and "hypomorphosis," instead, in an ef- 
fort to reduce confusion about the actual meanings of these terms. For continuity and stan- 
dardization, however, we will use the original terms here. Based on the fact not only that the 
initiation or termination timing of developmental processes can be identical, earlier, or later 
but also that the developmental rate can be identical, faster, or slower in descendants than in 
ancestors, Niklas (1994: 262-274) proposed a 3 x 3 x 3 matrix containing 27 possible hetero- 
chronic processes and suggested that the same descendant phenotype can be achieved through 
different combinations of developmental processes (combinations of different onset timing, 
offset timing, and growth rate). 

Recently, Rice (1997) proposed a narrowed definition of heterochrony and stated that 
heterochrony is "a uniform change in the rate or timing of some ontogenetic process, with no 
change in the nature of the biological interactions going on within that process." In other 
words, heterochrony explains the developmental changes as a simple speedup, slowdown, 
or change of timing. Development, however, is a multidimensional process that is hardly 
uniform over time, and several studies have shown that both paedomorphosis and peramor- 
phosis can be caused by either single or multiple developmental changes (Klingenberg & 
Spence, 1994; Kluge, 1985; Reilly, 1997). For example, the ontogenies of both the calyx and 
the corolla lobes in Veronica chamaedrys (Scrophulariaceae), a species with putatively de- 
rived floral forms, show a slower early growth but an accelerated later development, com- 
pared with Veronicastrum virginicum (Scrophulariaceae), having putatively ancestral floral 
forms (Kampny et al., 1993). In addition, the derivation of a number of cleistogamous 
flower traits from the presumed ancestral chasmogamous flower in Collomia grandiflora 
(Polemoniaceae) results from two types of peramorphosis; namely, acceleration and predis- 
placement (Minter & Lord, 1983). It is probable that most observed morphological changes 
are the joint effect of several types of heterochronic processes (Alberch et al., 1979; McNa- 
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mara, 1993). In addition, some characters may have one kind of heterochrony, but other 
characters on the same organism may have no heterochrony or a different type of hetero- 
chrony. A good example is the derivation of the flowers of hummingbird-pollinated Del- 
phinium nudicaule (Ranunculaceae) from those of bumblebee-pollinated D. decorum by a 
combination of paedomorphic and peramorphic ontogenies (Guerrant, 1982). Paedomor- 
phic development (neoteny) of sepals and petals in D. nudicaule results in the mature flow- 
ers resembling the buds ("juveniles") of D. decorum, whereas peramorphic development 
(both acceleration and hypermorphosis) causes larger nectariferous petals in D. nudicaule 
than in D. decorum. 

The evolution of any one character may sometimes also be the result of both paedomor- 
phosis and peramorphosis. For example, the evolution of both male and female gametophytes 
in angiosperms from those of their gymnosperm ancestors results from both paedomorphosis 
(progenesis) and peramorphosis (acceleration) (Friedman & Carmichael, 1998; Takhtajan, 
1976, 1991). The progenesis and acceleration of gametogenesis in flowering plants resulted 
in the loss of gametangia (antheridia and archegonia) on their gametophytes. The gametan- 
gium, in which the gametes are produced, is part of the sexual reproductive organ in most 
gymnosperms and all lower vascular plants. The loss of gametangia makes the gametophytes 
in flowering plants the most simplified among the higher plants. In general, reductions are re- 
garded as an advanced feature in evolution and probably usually result from paedomorphosis 
(Stebbins, 1992; Takhtajan, 1954, 1976, 1991). Our studies (Li & Johnston, unpubl.) on the 
development of various floral morphs in Amsinckia spectabilis (Boraginaceae) also indicate 
that both paedomorphic and peramorphic ontogenies are involved in the derivation of small 
homostylous flowers from their putative ancestor; namely, populations having large distylous 
flowers (see section IX.B). Another example of both paedomorphosis and peramorphosis 
shaping the evolution of a single character is the derivation of larger sepals of Veronica cha- 
maedrys by a slower development (neoteny) and a delayed offset (hypermorphosis) from the 
smaller sepals of Veronicastrum virginicum (Kampny et al., 1993). 

Heterochrony may also cause intraspecific morphological differences in plants, such as 
variations in leaf morphology among individuals in Begonia dregei (Begoniaceae) (McLel- 
lan, 1990, 1993; McLellan & Dengler, 1995). We too found this in our study (Li & Johnston, 
unpubl.) of the evolution of small homostylous flowers in A. spectabilis in terms of changes in 
floral ontogenies (see section IX.B). Heterochrony is usually responsible for variations in the 
shape and size of organs of the same type on a plant. It occurs in almost all plant organs, but 
especially in leaves. 

Just as different developmental changes can lead to different morphologies, the same or 
similar morphology can also arise from a variety of developmental pathways. There are sev- 
eral examples of similar adult leaf morphology being produced by a variety of developmental 
pattems and processes (Jones, 1988; Kaplan, 1970, 1973b; McLellan, 1990). For example, 
the degree of incision of leaf margins varies among individuals in B. dregei; mature leaves 
from three least-incised varieties are very similar in shape (McLellan, 1990). Development of 
these varieties differs in size and shape of leaf primordium at initiation, in the timing of leaf 
incision, and in growth rate. McLellan (1990) concluded that two different developmental 
pathways are involved in the formation of the similar leaf morphs among the three varieties. 
There are also floral examples. Different developmental pathways have been found to result 
in similar mature carpels in Persoonia falcata and Placospermun coriaceum (Proteaceae, 
Douglas & Tucker, 1996) and, similarly, of long corolla tubes in Pseudolysimachion and Ve- 
ronicastrum (Scrophulariaceae) and of long corolla lobes in Pseudolysimachion and Veron- 
ica (Scrophulariaceae, Kampny et al., 1994). 
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Caution must be taken while analyzing developmental and morphological changes in 
terms of heterochrony. The possible phenotypic effect caused by changes of developmen- 
tal timing may be exaggerated or suppressed by changes of developmental rate, and vice 
versa. In other words, early onset (predisplacement) does not guarantee that the descen- 
dant final size or shape will be larger than or different from that of the ancestor because of 
a possible slower developmental rate (neoteny) and/or earlier offset (progenesis) in the 
descendant, in spite of the fact that it probably does happen at most times. Similarly, de- 
layed onset may not necessarily result in a smaller or different adult size or form. Zygo- 
morphic (bilaterally symmetrical) flowers are believed to be more specialized and 
advanced compared with actinomorphic (radially symmetrical) flowers (Carlquist, 1969; 
Stebbins, 1992). The zygomorphic character in a flower may be initiated at earlier floral 
developmental stages (predisplacement) (Stebbins, 1992; Tucker, 1987). The degree of 
zygomorphy, however, can be exaggerated or suppressed later in development. For exam- 
ple, flowers in Cadia and Gleditsia (Leguminosae) start to show their zygomorphic char- 
acter at the sepal- and petal-initiation stages, but at anthesis they are no longer strongly 
zygomorphic because they were modified during later development by a lack of petal dif- 
ferentiation (Tucker, 1984, 1987), possibly caused by a slower growth rate. A change in 
offset timing can enhance, reduce, or eliminate the effects of a change in early develop- 
mental rate. This interaction between timing and rate is certainly important to morpho- 
genesis, yet it seems often to be ignored in developmental and evolutionary studies, as 
well as in the discussion of the heterochronic models. 

V. Problems and Solutions 

A. ATOMIZING DEVELOPMENT 

The use of heterochronic models such as the one proposed by Alberch et al. (1979) has as a 
shortcoming that the whole developmental process is conceptually divided into discrete 
stages. Sattler (1992, 1994) therefore advocated the use of process morphology, a dynamic 
approach to morphology based on the idea that structure is process. In his view, development 
is the combination of morphogenetic processes, and evolution occurs when these process 
combinations change. Process morphology gives a more integrated and more dynamic picture 
of development and evolution. Because process morphology uses process combinations that 
contain all kinds of parameters, however, it becomes more complicated and possibly difficult 
to use in analyzing developmental changes, compared with the heterochronic model. It may 
be difficult to use this outlook in practice, and it is probably not a very practical analytic tool 
for the study of development and evolution. 

Heterochrony is seen as both a developmental process and an evolutionary pattem, caus- 
ing confusion at times. Because of this, Alberch and Blanco (1996) recently proposed that we 
"reduce the dependence of current thinking about heterochrony on the concept of 'timing' and 
instead focus on the organization of sequences of developmental events in ontogeny." Their 
new perspective on heterochrony searches for regularities in the developmental sequences, 
such as dissociation events (substitution/alteration of events in developmental sequence) and 
the nonterminal conservancy (insertion, addition, or deletion of developmental events in the 
sequence), especially the terminal modification of developmental sequences. Examples of 
this type of study have shown its distinct value in understanding organismal morphological 
evolution (Alberch & Blanco, 1996; O'Grady, 1985). 
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B. HOMOLOGY 

Although heterochrony is considered insufficient as a mechanism responsible for the inte- 
gration of development and evolution (Gilbert et al., 1996; Raff, 1996; Raff & Kaufman, 
1983), studying homology, including homologous genes and homologous developmental 
pathways, can help us understand the mechanisms underlying development and the relation- 
ships between development and evolution. Homology occurs at every level of organismal or- 
ganization, development, and evolution. It is regarded as the hierarchical basis of comparative 
biology and the core concept in interpreting the logical relationships between ontogeny and 
phylogeny (Bolker & Raff, 1996; Goodwin, 1989; Hall, 1994). The role of homology in plant 
development and evolution is far less studied than that in animals (for reviews, see Donoghue 
& Sanderson, 1994; Kaplan, 1984; Sattler, 1994). After reevaluating the relationships among 
homology, developmental genetics, and evolution, Gilbert et al. (1996) recently reproposed 
the morphogenetic field, a discrete unit of embryonic development, as a major developmental 
unit. In such a view, genes and gene products create morphogenetic fields, and changes in 
these fields will modify organismal developmental pathways and thus lead to evolutionary 
changes. 

C. DEVELOPMENTAL REFERENCE POINTS 

The most frequently used developmental termination reference in animals is sexual matur- 
ity. However, one must be cautious about using sexual maturity as an offset reference (Guer- 
rant, 1982), because it is possible that some small changes in earlier developmental events 
may not be detected if sexual maturity occurs very late during development (Niklas, 1994; 
Raff & Wray, 1989). This is especially true in plants with indeterminate development. Differ- 
ent temporal references are often used in plant developmental studies. For example, the most 
frequently used onset and offset points in floral studies are the initiation of primordium, meio- 
sis, tetrad formation, anthesis, and fertilization. 

D. ABSOLUTE VERSUS RELATIVE TIMING 

Consider the timing of two reference points, R, and R2, and that of the developmental 
event in the descendant, Ed. If the R2-RI period changes in the descendant, then heterochro- 
nies interpreted on relative scales can give results different from those on absolute scales. For 
example, if development of an organ commences earlier in the descendant (lower Ed), then 
evolution has occurred by predisplacement. If, however, the total developmental time, R2-R,, 
is also shorter in the descendant, then heterochrony can be predisplacement, none, or postdis- 
placement, according to the proportional change in Ed compared with that in R2-R1. The prob- 
lem of absolute versus relative scales generally does not apply to neoteny or acceleration, 
because these two rate-based heterochronies automatically incorporate the time separating 
the reference points R2-R,. In short, the type of heterochrony can depend on whether absolute 
or relative scales are used when the proportional change in reference points differs from the 
proportional change in event timing (see also Raff & Wray, 1989). 

E. PHYLOGENIES 

Heterochrony is often used in plant developmental and morphological studies even when 
phylogenetic information is absent. It is usually applied to explain the developmental differ- 
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ences between morphologically and/or functionally different organs. For example, the het- 
eromorphic inflorescence in Neptunia pubescens (Leguminosae) produces three types of 
flowers. The perfect, male, and neuter flowers are formed from the upper, middle, and basal 
sections of the inflorescence, respectively. Comparative developmental studies among the 
three types of flowers indicate that the most significant developmental divergence responsi- 
ble for the flower type is the delay of floral organs' initiation in the male and neuter flowers, 
which was interpreted as heterochrony, a change of onset timing during development 
(Tucker, 1988). Because of the lack of phylogenetic information, it is difficult to know the di- 
rection of evolutionary change. Furthermore, strictly speaking, without a known phylogeny 
this is not a heterochrony. Therefore, it is a necessary challenge for biologists interested in 
heterochrony to obtain phylogenetic information or some knowledge of an organ's evolution- 
ary history. 

Ontogeny does not always provide a clear indication of phylogeny, and some organisms, 
such as prokaryotes and single-celled eukaryotes, may even lack ontogeny (Kluge, 1985). 
Therefore, heterochrony may not always be a responsible force in evolution, at least in some 
groups of organisms. In order to understand the phylogenetic relationships and evolution 
among different organisms, researchers will often find it useful to employ other methods, 
such as comparisons with outgroups, multiple-character congruence, and parsimony (Kluge, 
1985). 

VI. Allometry, a Tool Complementary to Heterochronic Study 

Allometric study, "the study of size and its consequences" (Gould, 1966) or "the study of 
the consequences of size for shape" (Bookstein et al., 1985), can provide important develop- 
mental information even when age information is absent (McKinney, 1988a). It can further 
often illuminate the evolutionary adaptations of size or shape changes (Gould, 1966). Allo- 
metry has been extensively used by botanists (Niklas, 1994), for example, in the comparative 
development of floral forms and size (Greyson, 1972; Jones, 1992; Kellogg, 1990; Kirchoff, 
1983, 1988; Lord, 1982; Mayers & Lord, 1983a; Minter & Lord, 1983; Smith-Huerta, 1984). 

During development, size, shape, timing, and rate are functionally interrelated. A change 
in one of these four variables may affect another, and such changes are subject to selection. 
Because a change in size or shape detected by allometry is not a function of time, allometry is 
not heterochrony. Results from allometric study reveal only the growth relationships between 
different parts of the organism or between a part of an organism in relation to the whole organ- 
ism. To qualify as heterochrony, and for one to be able to distinguish the types of develop- 
mental processes and patterns, one must have developmental age information, and 
development must be studied over time. Unfortunately, there often is a practical difficulty 
with the identification of the types of heterochrony when organismal developmental data are 
examined over time instead of size. This is because the developmental rate is often constantly 
changing during organismal development. As Fiorello and German (1997) stated, "nonlinear 
growth data do not vary in simple factors like rate, timing, and starting size." 

However, because allometry has its distinctive function in interpreting the relationships be- 
tween size and shape, it is a useful tool in assisting heterochronic study (Blackstone, 1987a, 
1987b; Fiorello & German, 1997; McKinney, 1988a). Klingenberg (1998) recently commented 
that "there are close connections between heterochrony and changes in allometric growth tra- 
jectories, although there is no one-to-one correspondence." Therefore, a complementary use of 
both size and timescales would give us a better understanding of the relationships between de- 
velopmental process and evolution. To make use of allometry in developmental and evolution- 
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ary study, McKinney (1988a) proposed an allometry-heterochrony scheme, which not only is a 
useful tool for allometric analysis but also distinguishes itself from heterochronic timing and/or 
rate effects. 

VII. Applicability of Heterochrony to Plant Studies 

Heterochrony has been extensively studied as a source of animal variation and evolution. 
There are far fewer studies on the role of heterochrony in plant evolution. Most plant ontoge- 
netic or morphogenetic studies focus on developmental processes, the sequence or descrip- 
tion of the morphological changes in a plant or its organs during its development. Many 
studies lack data on either event timing or growth rate, mainly because of the difficulty in ob- 
taining them, especially during the earliest developmental stages. This means that plant biolo- 
gists are often unable to identify the heterochronic changes underlying plant or plant organ's 
development. Another main cause limiting the application of heterochrony in plant evolution- 
ary study is indeterminate development. This is especially true for embryos and seedlings. 
Some plants or organs even have a period of dormancy during their normal development. The 
lack of distinction between the somatic "juvenile" phase and the sexually mature "adult" 
phase in many plants is certainly one of the reasons why heterochrony has not been well stud- 
ied in this kingdom. 

Some plant organs, such as flowers, fruits, and leaves, are determinate in their develop- 
ment. Their normal development, however, is easily affected by both their internal and exter- 
nal growth environments. For example, the final sizes and shapes of leaves can depend on the 
age of the plant and/or environmental conditions. A good example is heterophylly in aquatic 
plants, such as in Ranunculusflabellaris (Ranunculaceae) (Young et al., 1995). Among or- 
gans with determinate development, the flower shows the least plasticity. For this reason, 
most heterochronic studies in plants focus on flowers. Of course, from the paleobotanic point 
of view, heterochrony was also involved in the evolution of land plants. There have been 
some discussions about heterochrony in relation to the evolution of plant life cycles, telome 
theory, stelar evolution, and other aspects related to the evolution of land plants (Mosbrugger, 
1995; Takhtajan, 1991; Zimmermann, 1959); these will not be discussed here. 

VIII. Heterochrony in Fossil Plants 

Heterochrony must have played an important role in plant evolution, although fossils can- 
not provide direct evidence. For instance, the fossil crown-branched pseudoherb Hizemoden- 
dron is believed to be derived from a possibly crown-branched tree, Lepidodendron, by 
earlier cessation of stem elongation (progenesis) (Bateman, 1994; Bateman & DiMichele, 
1991). These two genera had very similar reproductive characters, but their vegetative archi- 
tectures were very different. Hizemodendron was only about 0.1-0.5 m tall, with simplicity in 
its anatomy, whereas Lepidodendron was about 30 m tall, with relative complexity of anat- 
omy. In another example, it is postulated that the fossil Chaloneria (Isoetales) evolved from 
its putative ancestor Sigillaria (Lepidodendrales) by neoteny and progenesis (Bateman, 
1994). The two genera differed not only in size but also in shape and in time of reproduction. 
Sigillaria was a tree about 15 m tall, with both terminal and cauline lateral branches, and Cha- 
loneria was a small-bodied shrub about 0. 1-2 m tall, with no branches. Bateman (1994) sug- 
gested that a reduced developmental rate caused the smaller size of descendant and that 
terminal and nonterminal deletions during stem development resulted in the loss of all 
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branches. The paedomorphic development also shortened Chaloneria's life history and 
caused earlier reproduction. 

As discussed earlier, a heterochronic approach is valid only when a developmental analy- 
sis is based on a time or age scale. Considering that it is almost impossible to reconstruct the 
timing of development in a fossil plant, the heterochrony-like analysis of putative ancestral 
and descendant fossil plants is meaningful only as a hypothesis. 

IX. Heterochrony in Flowering Plants 

A. HETEROCHRONY AND TIMING OF FLOWERING 

Most heterochronic studies in plants are focused on plant organs, and only a few hetero- 
chronic studies have been conducted at the whole-plant level for the reasons and difficulties 
mentioned above. One such study (Jones, 1992) was conducted on shoot development and 
flowering timing in two subspecies of Cucurbita argyrosperma (Cucurbitaceae), a cultivar 
(C. argyrosperma var. argyrosperma), and its wild progenitor (C. argyrosperma, subsp. so- 
roria). Jones found that the nodal position-that is, the timing-of flower production differed 
significantly in the two subspecies. In C. sororia the earliest fertile male flower was produced 
at node 19, and the first fertile female flower was produced at node 39. In C. argyrosperma, 
however, the earliest fertile male and female flowers were produced at node 12 and node 30, 
respectively. Jones concluded that the shift to earlier flower production in the cultivar was a 
result of paedomorphic development by progenesis. 

The phenomenon of heterochrony is most often seen when the timing of a developmental 
change is related to the onset of organismal sexual maturity or to the time when the vegetative 
phase switches to the reproductive phase. The latter may occur when the shoot meristem or 
axillary bud, instead of producing leaves, starts to differentiate as a flower, a flower- 
producing branch, or an inflorescence. The switch from vegetative to reproductive develop- 
ment is under both genetic and environmental controls. In several species, heterochronic mu- 
tations are known to change the phase length and/or the timing of the switch. For example, the 
Tp2 mutation in maize increases leaf production, thus extending the vegetative phase and de- 
laying the transition from vegetative to reproductive growth (Poethig, 1988). In contrast, the 
leafy calyx mutation in Primula sinensis (Primulaceae) (Anderson & DeWinton, 1985) and 
leafy (Ify) mutation in Arabidopsis thaliana (Brassicaceae) (Schultz & Haughn, 1991, 1993; 
Weigel & Nilsson, 1995; Weigel et al., 1992) can prolong the vegetative phase without delay- 
ing the onset of the reproductive phase. In these mutations the flower (in P. sinensis) or inflo- 
rescence (in A. thaliana) is subtended by leaves, leaflike bracts, or even bractlike or sepal-like 
floral organs (in A. thaliana). 

It is also true that the vegetative growth phase often overlaps the reproductive growth 
phase in plants, which is evidenced by the production of new leaves and even new vegetative 
shoots while the plant is in the flowering phase. In such cases it will be difficult to conclude 
that the precocious flowering is a result of earlier offset of the vegetative growth phase. 

By altering the onset of flowering, heterochrony can cause changes in life history (McKin- 
ney, 1999; Zopfi, 1995). Zopfi (1995) studied patterns of life-history variation, morphology, 
ecology, and phylogeny in seven different habitat types of Rhinanthus glacialis (Scrophu- 
lariaceae). It was found that the onset of vegetative growth is about two weeks earlier in popu- 
lations of subalpine hay meadows, postulated descendants, than in populations of alpine 
grassland, postulated ancestors. In addition, flowering time is about six to ten weeks later in 
populations of subalpine limestone grassland, postulated descendants, than in populations of 
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alpine grassland, postulated ancestors, mainly due to later offset of vegetative growth of the 
main axis in plants. Plants from descendant populations have more internodes, taller stems, 
and more branches. Thus, it was suggested that populations of subalpine hay meadows are the 
peramorphic variants derived from populations of alpine grassland by predisplacement in 
vegetative growth and that populations of subalpine limestone grassland are peramorphic 
variants derived from populations of alpine grassland by hypermorphosis in vegetative 
growth. Similarly, populations from grassland on rocks, the postulated descendants, have a 
later offset of vegetative growth compared with that of populations from dry continental 
meadows, the postulated ancestors; therefore, the former are proposed also to have arisen 
from the latter through hypermorphosis in vegetative growth. In contrast, Zopfi (1995) also 
found that populations in litter meadows, postulated descendants, have earlier offset in vege- 
tative growth than populations from grassland on rocks, postulated ancestors. Plants from the 
postulated descendant populations have fewer internodes and branches, as well as shorter 
stems, than their ancestors. Thus, the populations in litter meadows are suggested to be the 
paedomorphic variants derived through progenesis. 

B. HETEROCHRONY AND FLORAL MORPHOLOGY 

In general, the flower was derived from a primitive reproductive shoot of a seed fern and 
most probably resulted from developmental deletion and subsequent modifications, as well as 
specializations (Takhtajan, 1976). There are many examples demonstrating that not only the 
flower as a whole but also floral organs, such as sepals, petals, stamens, and carpels, were all 
derived by progenesis and modified from some laminar structures (for details, see Takhtajan, 
1976, 1991). Changes in the timing, rate, and/or location of developmental events must have 
played important roles in the diversification and evolution of floral morphology. Kampny and 
Harris (1998) suggested that heterochrony is "the basis of floral shape evolution." Here our 
discussion on heterochrony will be mostly centered on the evolution of mating systems. 

Within angiosperms, the evolution of the cleistogamous (CL) flower from the ancestral 
chasmogamous (CH) flower is generally believed to be the result of heterochrony (Gallardo et 
al., 1993; Lord & Hill, 1987). The mature CL flower looks like the young bud of the CH 
flower. Self-pollination occurs within the CL flower without opening. The mature CH flower 
is a typical open flower, and there is a temporal difference in sexual maturity between stamen 
and pistil, causing some degree of outcrossing. CL flowers occur in many angiosperm spe- 
cies, usually on the same plant and often on the same inflorescence as CH flowers. The CL 
flower is often regarded as a progenetic dwarf derived from the CH flower (Gould, 1988; 
Guerrant, 1988; Lord & Hill, 1987), but various developmental pathways can result in the 
production of CL flowers. For example, in Viola odorata (Violaceae), the smaller size of the 
floral primordium at its inception and the faster floral developmental rate (acceleration) 
caused earlier maturation, producing a CL flower (Mayers & Lord, 1983a, 1983b). The CL 
flower reached its sexual maturity 15 days earlier than did the CH flower (Mayers & Lord, 
1983a). In a study of flower development in Lamium amplexicaule (Labiatae), Lord (1979, 
1982) found that the accelerated floral development after pollen-mother-cell meiosis resulted 
in the precocious maturation of the CL flower (about 10 days earlier than the CH flower). A 
similar developmental pattern was also seen in Astragalus cymbicarpos (Fabaceae) (Gallardo 
et al., 1993). In Collomia grandiflora (Polemoniaceae), accelerated development at early flo- 
ral developmental stages (before pollen-mother-cell meiosis) and the earlier onset of pollen- 
mother-cell meiosis were responsible for the shorter development time of CL flowers (two 
days earlier than CH flowers) (Minter & Lord, 1983). It was also reported that the small CL 
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corolla form in Salpiglossis sinuata (Solanaceae) resulted from the arrest of cell expansion 
(progenesis) (Lee et al., 1979). From the examples above, it is clear that CL flower production 
involves not only progenesis but also the acceleration of sexual maturity and, therefore, an in- 
crease in developmental rate. In other words, CL flowers can evolve not only through paedo- 
morphic development by progenesis but also through peramorphic development by 
acceleration and/or predisplacement. It is probable that more than one type of heterochronic 
process is involved in the origin of cleistogamous flowers in most species. 

Flowers of highly self-fertilizing species are often smaller than those of their outbreeding 
ancestors (Diggle, 1992; Guerrant, 1984, 1988, 1989; Solbrig & Rollons, 1977; Wyatt, 1983). 
Comparative floral developmental studies between Limnanthes floccosa (Limnanthaceae) 
and L. alba by Guerrant (1984, 1988) showed that L. floccosa had its reproductive develop- 
mental stages (microsporocyte meiosis and tetrad formation) and maturity (anthesis) earlier 
than did those in its putative ancestor, L. alba, although the two species had similar size-shape 
growth trajectories. L. floccosa produces small selfing flowers, whereas L. alba produces 
large outcrossing flowers. Early developmental offset (progenesis) was the primary cause of 
the precocious maturity of L.floccosa flower, although an increased floral developmental rate 
(acceleration) may also be involved (Guerrant, 1984, 1988). 

Runions and Geber (1998) recently found that progenetic vegetative growth and acceler- 
ated sexual development lead to the derivation of self-pollinating Clarkia xantiana ssp. parvi- 
flora (Onagraceae) from cross-pollinating C. xantiana ssp. xantiana. The selfers of C. 
xantiana are smaller in plant size, flower earlier, and produce smaller flowers. Runions and 
Geber's studies (1998) showed that the selfers possess shorter leaf and intemode growth dura- 
tion, flower 2.6 nodes earlier than do the crossers, and have faster ovary elongation and ovule 
development rate compared to the crossers. It is reasonable to suggest that progenesis (early 
offset of vegetative growth leading to early flowering) and acceleration (relatively rapid 
maturation of ovaries and ovules) played an important role in the evolution of self-pollinating 
from cross-pollinating in C. xantiana. 

We (Li & Johnston, unpubl.) compared flower ontogenies between distylous and homo- 
stylous species in three separate evolutionary lineages of Amsinckia (Boraginaceae) and 
found that neoteny is primarily responsible for the derivation of highly self-fertilizing species 
from their outcrossing ancestors. The homostylous, small-flowered A. vernicosa evolved 
from distylous, larger-floweredA.furcata, and the tetraploid, smaller-flowered, homostylous 
A. gloriosa evolved from distylous, diploid, larger-flowered A. douglasiana (Ray & Chisaki, 
1 957a, 1 957b; Schoen et al., 1997). Individuals of distylous species bear either pin or thrum 
flowers. In pins, the stigma is exserted above the open corolla, and the anthers are located at 
the lower portion of the corolla tube. In thrums, the stigma is positioned at the lower portion of 
the corolla tube, and the anthers are at the entrance of the open corolla. In homostylous spe- 
cies the stigma and anthers in a flower are positioned almost at the same level. The larger 
distylous flowers are predominantly outcross-pollinated, whereas homostylous flowers are 
smaller and predominantly self-pollinated (Ganders, 1975, 1976, 1979; Johnston & Schoen, 
1996; Schoen et al., 1997). Our study finds that the developmental duration from the initiation 
of floral primordium to flower opening is the same for distylous and homostylous flowers in 
both lineages. The developmental rate for most floral traits, such as floral bud length and 
width, pistil length, stamen filament length, and so forth, in homostylous flower is highly sig- 
nificantly lower than in distylous flowers (neoteny). 

A change in developmental rate is not only responsible for floral evolution differentiating 
species but also plays an important role in the derivation of different floral morphs and mating 
systems within a species. Arenaria uniflora (Caryophyllaceae) shows intraspecific variation 
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in floral size and mating types. Plants in selfing populations produce small flowers, whereas 
those in outcrossing populations produce large flowers. Detailed morphological and growth- 
rate studies of the two types of flowers indicate that the selfing flowers evolved from the out- 
crossing ones by a reduced developmental rate (neoteny) and longer growth duration (Hill et 
al., 1992). A similar result was also seen in our studies of the flower development and evolu- 
tion of homostylous selfing flowers from distylous outcrossing ones within Amsinckia 
spectabilis (Li & Johnston, unpubl.). In this third evolutionary lineage of Amsinckia there are 
three types of population: distylous, large homostylous (sometimes including pins and 
thrums), and small homostylous. Outcrossing rates are approximately 50-70 percent, 25 per- 
cent, and <1 percent, respectively (Johnston & Schoen, 1996; Schoen et al., 1997). The large 
homostylous flower is similar to the distylous flowers in floral developmental duration (18, 
17, and 15 days for pin, thrum, and large homostylous flowers, respectively); the duration for 
the small homostylous flower is much longer (23 days). There is thus a later developmental 
offset (hypermorphosis) in small homostylous flowers. Our study also shows that, compared 
with the two distylous morphs, the small homostylous flower has a significantly lower devel- 
opmental rate (neoteny) and a later onset of pollen-mother-cell meiosis (postdisplacement). 
Therefore, ajoint effect of hypermorphosis, neoteny, and postdisplacement has resulted in the 
evolution of small homostylous flowers in A. spectabilis. 

As discussed in section V.D, different heterochronies can be obtained with relative and ab- 
solute timescales. In all three Amsinckia lineages studied, the timing of pollen-mother-cell 
meiosis shows no heterochrony when measured on a relative rather than absolute scale (Li & 
Johnston, 1999). On such a relative scale, the period of flower development from primordium 
initiation to flower opening represents one unit. Thus the fraction of floral development pre- 
ceding (and following) pollen-mother-cell meiosis has remained invariant during extensive 
floral evolution. 

It seems clear that the developmental processes responsible for the evolution of smaller, 
selfing flowers from larger, outcrossing progenitors vary among and within species. Early an- 
ther differentiation and precocious anther or floral maturation (all examples of progenesis) 
are the major causes of many evolutionary processes; changes in developmental rate (particu- 
larly neoteny) and growth duration are also involved in some cases. 

In addition to organismal and organ levels, heterochrony can also be observed at smaller 
levels, such as floral parts, tissues, and cells. Heterochrony has played a major role in the ori- 
gin of the smaller size of anthers in self-pollinated flowers from the large anthers in outcross- 
pollinated flowers (Hill, 1996; Lord et al., 1989). The size and shape of stamen primordia for 
both types of flowers are almost the same, and the first noticeable difference during their de- 
velopment usually occurs at the archesporial cell stage (Hill & Lord, 1990; Lord, 1982; 
Minter & Lord, 1983). In Collomia grandiflora (Polemoniaceae), an earlier onset of CL an- 
ther differentiation (predisplacement) (Hill & Lord, 1990; Lord et al., 1989), or a slower de- 
velopmental rate (neoteny) and a shorter developmental duration (progenesis) between 
archesporial cell differentiation and microsporocyte meiosis in CL anthers (Lord et al., 1989; 
Minter & Lord, 1983) are responsible in CL flowers for the precocious anther maturation and 
smaller mature anther size (about half the size of CH flowers) with fewer pollen grains (only 
1/ 1 0th the number of CH flowers). A slower developmental rate (neoteny) and earlier anther 
dehiscence (progenesis) may be the causes of small anthers of CL flowers in Bromus unioloi- 
des (Gramineae) (Langer & Wilson, 1965). The archesporial cells in the anthers of selfing 
flowers start to divide while the anthers are still small, compared with the anthers of outcross- 
ing flowers in Arenaria uniflora (Caryophyllaceae). This causes the anthers in selfing flowers 
to reach maturity while they are still small (Hill, 1996; Hill & Lord, 1990) and indicates that 
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the timing of archesporial cell division relative to the size of the developing anther has played 
a role in shaping anther and floral morphologies. Because no time information was available 
in the study of A. uniflora, however, we are unable to detect the type of heterochronic process 
responsible for the morphological changes. A short meiotic duration (progenesis) in CL an- 
thers was reported to be responsible for the precocious maturation of anthers and flowers in 
Bromus carinatus (Gramineae) (Harlan, 1945). 

C. HETEROCHRONY AND LEAF MORPHOLOGY 

Leaves show greater plasticity than do flowers. It is believed that leaves of flowering 
plants were derived from frondlike leaves of primitive fems or seed fems by early offset of de- 
velopment (progenesis) and structural modifications (Asama, 1960; Axelrod, 1960; Takhta- 
jan, 1954, 1976, 1991). For example, the leaves of the primitive flowering plants, such as 
Magnoliales, are simple and entire, with pinnate venation, and they could have evolved from 
primitive gymnosperm leaves, such as those of Lyginopteridopsida, resulting from develop- 
mental arrest at an earlier stage of leaf development (Takhtajan, 1976). Early developmental 
offset was formerly called neoteny (Asama, 1960; Axelrod, 1960; Takhtajan, 1954, 1976), 
based on the idea that neoteny is "the terminal abbreviation of development (the loss of late 
stages) and a premature completion of development of the whole organism (total neoteny) or 
of parts of it (partial neoteny)" (Takhtajan, 1976). However, according to the modem hetero- 
chronic scheme, it should be called progenesis. 

Variation of leaf morphology in angiosperms has been shown to be closely related to leaf 
ontogenetic differences (Gleissberg & Kadereit, 1999). In Hawaiian Lobelioideae (Campanu- 
laceae), Lammers (1990) found that mature leaves in some species were similar to juvenile 
leaves of their ancestral species. It was concluded that paedomorphosis not only was respon- 
sible for the reiteration of ancestral juvenile leaves in descendants but also had occurred sev- 
eral times in Lobelioideae. Timing data, unfortunately, are lacking. 

Leaf shape often differs, even between subspecies, as a result of heterochronic develop- 
ment. Comparative studies of two subspecies of Cucurbita (Cucurbitaceae) indicated that the 
shape of leaves along the main shoot in C. argyrosperma subsp. sororia (wild) changes as the 
shoot grows, from hardly lobed, earlier-produced leaves to more highly lobed, later leaves 
(Jones, 1992). In contrast, leaf shape in C. argyrosperma var. argyrosperma (a cultivar) does 
not change with shoot growth, all leaves being similar to the earlier-produced, less-lobed 
leaves of the wild subspecies. Jones (1992) proposed that the less-lobed leaves of C. argy- 
rosperma var. argyrosperma resulted from paedomorphosis by which the juvenile leaf form 
was retained from its progenitor. Nonetheless, from further developmental studies she no- 
ticed that the formation of the juvenile-looking leaf in C. argyrosperma was not simply the re- 
sult of paedomorphosis but was, instead, a combination of evolutionarily conserved early 
development and later allometric growth (Jones, 1993). 

Although evolutionary changes in leaf morphology have often resulted from paedomor- 
phosis, peramorphosis is also common in leaf evolution. In Viola odorata (Violaceae), both 
leaves and petioles of CL plants are much larger than are those of the ancestral CH plants, 
probably as a result of increased growth rate (acceleration) (Mayers & Lord, 1 983a). Similar 
results have been found in Pseudopanax crassifolius (Araliaceae), a heteroblastic tree, in 
which leaf size and shape differ greatly between juvenile and mature shoots. Leaves from a 
juvenile plant are narrow, linear, sharply toothed, about 25-100 cm long and 0.5-1.5 cm 
wide, whereas leaves from an adult tree are about 10-20 cm long and 1.5-3.0 cm wide (Clear- 
water & Gould, 1993). The adult leaves are regarded as ancestral because they are similar to 
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leaves of homoblastic Pseudopanax species in both form and development (Clearwater & 
Gould, 1993; Philipson, 1971). Comparative leaf developmental studies showed that the two 
leaf types differed soon after their inception and that accelerated (length) development in the 
'juvenile" leaf primordium was probably responsible for its derivation from the "adult" type 
of leaf (Clearwater & Gould, 1993). The differences in relative growth rates of lobes and sinus 
during leaf development and cell size in the mature leaves are possibly responsible for the 
variation in leaf morphology within Tropaeolum (Tropaeolaceae), from acutely lobed, to 
roundly lobed, to orbicular (Whaley & Whaley, 1942). 

The type of leaf architecture, simple versus compound, can also be related to hetero- 
chronic development. Merrill (1979) studied leaf ontogenies in three species of Sorbus (Ro- 
saceae), each with a distinct leaf form. The relative timing of initiation of the primordial 
lamina (leaflet) differed among the three types of leaf. The earliest was in compound-leaved 
S. decora, then in half-compound-leaved S. hybrida, and finally in simple-leaved S. alnifolia. 
Similar results of leaflet-initiation timing were also obtained by Dengler (1984) in three to- 
mato genotypes with compound, half-compound, or simple leaves. According to Cronquist's 
theory, compound-leaved species in general originated from simple-leaved ancestors (Cron- 
quist, 1988). It is reasonable to assume that predisplacement is involved in the derivation of 
the compound leaf types. 

X. Heterochrony at the Cellular and Tissue Levels 

The timing and pattern of cell division and differentiation in plants determine the type of 
organ, tissue, or cell formed (Esau, 1977). For example, the timing, rate, and duration of cell 
division, as well as differentiation during anther development, are believed to have a direct 
impact on the final size of the anther and the amount of pollen produced (Hill, 1996; Minter & 
Lord, 1983). Changes of timing and rate of cell division during leaf development are the ma- 
jor developmental causes that lead to the formation of heteroblastic leaves on the same stem in 
some plants (Dengler, 1992; Kaplan, 1973a, 1980; Richards, 1983). 

Heterochrony also exists in single-celled organisms, such as yeast. Mitosis in yeast is an 
indication of sexual maturity. Compared with normal yeast, the heterochronic mutants of 
yeast undergo mitosis at an unusual time, either earlier (progenesis, mitosis occurs at smaller 
size) or later (hypermorphosis, mitosis occurs when it is oversized) (Lee, 1988). 

Heterochrony is not so well studied at cellular and tissue levels in plants. Nevertheless, 
heterochrony must exist at these levels because of the hierarchical nature of development. For 
example, the type of leaf produced by the shoot apical meristem not only depends on whether 
and when leaflets are formed but also relates to the timing of the offset of cell division or the 
onset of cell enlargement during leaf development (Dengler, 1984; Sinha et al., 1993). Com- 
parative leaf developmental studies among three tomato genotypes showed that cell division 
precociously ceased and cells began to enlarge at a much earlier time in the development of 
simple entire leaf compared with those in half-compound and compound leaves (Dengler, 
1984). Therefore, it can be inferred that the delayed offset of cell division and thus a later on- 
set of cell enlargement during the expansion of leaf lamina were at least partially responsible 
for the formation of a large and/or compound leaf. 

XI. Heterochrony at the Molecular Level 

Morphological evolution can arise not only from structural changes but also from 
development-related gene regulation (Ambros, 1997; Atchley, 1990; Niklas, 1997). The com- 
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position, functional sequence, and timing of the activities of genes responsible for develop- 
ment determine both the duration of the developmental process and the timing of specific 
events. The underlying cause of developmental modification must include changes in tempo- 
ral and/or spatial gene-expression patterns. Any morphological changes we observe, includ- 
ing the underlying changes in both rate and timing of physiological processes, are caused 
mostly by changes of gene combinations and/or their activities. From this point of view, any 
alteration of the temporal patterns of gene expression during development can be regarded as 
a heterochronic change at the molecular level. If we follow Alberch and Blanco's (1996) re- 
cent idea that heterochrony should focus on the changes of sequences of developmental 
events, which is also supported by Raff (1996), then alteration of the gene-expression se- 
quence during development is also a molecular heterochrony. In any case, comparative mo- 
lecular data within and among taxa can provide insights into the variation of development 
and, therefore, into the evolution of development. 

It is clear that even a minor alteration of a plant developmental pathway could cause dra- 
matic changes in phenotype (Wiltshire et al., 1994). A mutation that changed developmental 
rate or the timing of developmental events, such as meiosis, flower opening, or the transition 
from vegetative growth to reproductive growth, is often termed a heterochronic mutant (Wilt- 
shire et al., 1994). Examples include Hairy-sheath-frayedl-O (HsfJ-O) in maize (Bertrand- 
Garcia & Freeling, 1991; Freeling et al., 1992) and early-flowering (elf) in Arabidopsis (Za- 
gotta et al., 1992). In Pisum sativum (Leguminosae) alone, nine heterochronic mutants have 
been found (Wiltshire et al., 1994). These mutants cause dramatic morphological changes by 
different types of heterochronic processes, including neoteny, progenesis, acceleration, and 
hypermorphosis. For example, plants with the recessive mutant allele sn, under short-day con- 
ditions, begin to flower in the axil of first four-leaflet leaf and produce a total of only four 
leaves, all with four leaflets. Growth stops before the adult vegetative phase (no six-leaflet leaf 
is formed). Individuals with dominant allele Sn, on the other hand, begin flowering in the axil of 
first four-leaflet leaf, produce a total of seven four-leaflet leaves, and grow until 17 six-leaflet 
leaves are formed. Thus, the earlier offset of vegetative development, subsequent earlier flow- 
ering, and earlier senescence in sn mutants are examples of progenesis (Wiltshire et al., 1994). 

Recent experimental studies have found that the overexpression of some genes can change 
flowering time. For example, under the control of the CaMV 35S promoter, the overexpres- 
sion of LEAFYcan convert the inflorescence meristem into a flower meristem and cause early 
flowering in A rabidopsis. LEAFY can also induce transformed shoots to flower precociously 
in a hybrid aspen (Populus tremulax X tremuloides, Salicaceae), a plant that normally re- 
quires 8-20 years to flower (Weigel & Nilsson, 1995). It is also found that the overexpression 
of the APETALA 1 (API) gene alone can cause early flowering in Arabidopsis, by converting 
inflorescence shoot meristems into floral meristems and thus dramatically reducing the time 
to flowering (Mandel & Yanofsky, 1995). Early flowering can be caused by additional het- 
erochronic genes. For example, early flowering in A. thaliana can result from those genes 
mentioned above, as well as terminalflower 1 (thll), early-flowering (elj) 1, 2, and 3 (Zagotta 
et al., 1992), embryonicflower (emJ) (Sung et al., 1992), and early short days (esd) (Coupland 
et al., 1993). Mutations of some other genes can cause late flowering (Colasanti & Sundare- 
san, 1996; Koomneefet al., 1991). InArabidopsis examples include mutants of LD, FRI, CO, 
and FCA (Colasanti & Sundaresan, 1996; Coupland, 1995; Lee et al., 1994). 

Although changes in the expression of some genes can cause earlier or later flowering, 
mutations can also affect transitions between developmental stages, often leading to a reten- 
tion of early developmental stages. It has been found that Tpl, Tp2, Cg, and HsfJ-O in maize 
can slow stage transitions during shoot development and can cause some juvenile stages to be 
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prolonged, a result that could also be called paedomorphosis (Bertrand-Garcia & Freeling, 
1991; Freeling et al., 1992). It has also been found that EMBRYONIC FLOWER (EMF), 
EARLY-FLOWERING (ELF), CONSTANS (CO), and some other genes play important roles 
in controlling and regulating the transition time from vegetative to reproductive phase in A. 
thaliana (Haughn et al., 1995; Yang et al., 1995). The activity of the EMF genes gradually de- 
clines as vegetative growth proceeds during normal plant development. When EMF activity 
falls to a critical threshold, the plant or its shoot initiates a transition from vegetative to repro- 
ductive growth. The decline in EMF activity during vegetative growth in turn is regulated by 
ELF and CO genes, which can lead to promoting or delaying the transition time from vegeta- 
tive to reproductive growth, thus changing the offset time of vegetative growth or onset time 
of reproductive growth. 

In addition to flowering time and floral morphology, heterochronic genes may change in- 
florescence architecture. Coen et al. (1990, 1994) found that changes in thefloricaula (fio) 
gene expression timing or site will lead to a change of inflorescence types in Antirrhinum ma- 
jus (Scrophulariaceae). For example, when activation of the flo gene was delayed, a com- 
pound cyme (thyrse) was produced instead of the normal single flower. 

As Stebbins (1992), Purugganan (1996), and Purugganan et al. (1995) all noted, any evo- 
lutionary change has a molecular basis, and in order to understand fully morphological evolu- 
tion it is necessary to know the molecular basis of morphology. Molecular evolution of flower 
development has been the main focus in investigating plant evolution at the molecular level 
during recent years, and it has greatly advanced our knowledge of genetic control of flower 
development. Most results have been from homeotic mutants, the importance of which to flo- 
ral evolution remains unknown. 

XII. Homeosis 

There is no doubt that heterochrony is one of the most important developmental mecha- 
nisms responsible for morphological evolution. Heterochrony, however, is not the only 
mechanism that can account for phenotypic evolution. Other developmental mechanisms in- 
clude homeosis, heterotopy, and homology. 

Homeosis refers to a structure, "A," or part of "A," developing at the site of structure "B" 
(Sattler, 1988, 1994). In terms of "process morphology," homeosis occurs when "a process 
combination or process(es) of that combination are expressed at the site of another process 
combination (of the same organism)" (Sattler, 1992). According to this view, homeosis is the 
replacement of one developmental pathway by another, or of one part by another. A homeotic 
mutant, then, refers to a mutation that alters the normal developmental pattern and leads to or- 
gan "A" developing at the site of "B," and "B" could be partially or wholly replaced by "A." 

Many homeotic mutants have been identified in plants, primarily in the flower (An, 1994; 
Bowman et al., 1989, 1992, 1993; Coen, 1991; Crone & Lord, 1994; Drews et al., 1991; 
Flanagan & Ma, 1994; Jack et al., 1992, 1993; Jordan & Anthony, 1993; Krol & Chua, 1993; 
Lord et al., 1994; Saedler & Huijser, 1993; Veit et al., 1993; Weigel & Meyerowitz, 1994) and 
leaf (Freeling et al., 1992; Marx, 1987; Murfet & Reid, 1993; Schneeberger et al., 1995). The 
best-known example of homeosis in plants is the replacement of one kind of floral organ by 
another. For example, both single- and double-flowered varieties exist in Hibiscus rosa- 
sinensis (Malvaceae). The single flower has about 60-70 stamens inside a pentamerous whorl 
of petals, whereas the double flower has many more modified petals and petalodia but fewer 
stamens. Floral developmental studies indicate that homeosis played a role in the replacement 
of stamens by petals or petalodia in the double flowers (Maclntyre & Lacroix, 1996). 
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A good example of partial homeosis is the development of male flowers on the heteromor- 
phic inflorescences in Neptunia pubescens (Leguminosae). The flower usually produces 
petal-like stamens, called "staminodia" (Tucker, 1987, 1988). Staminodia develop from nor- 
mal stamen primordia, but with altered developmental processes and pattems. Extended cell 
enlargement and large intercellular spaces lead to the formation of staminodial lamina. This is 
also different from the petal developmental process in which large amount of marginal meri- 
stem activities (cell divisions) are the main cause of petal lamina expansion (Tucker, 1987, 
1988). 

Takahashi (1994) proposed the term "serial homeosis" for a homeotic phenomenon occur- 
ring in flowers of Trillium apetalon (Liliaceae). T. apetalon is the only apetalous species in its 
genus. The whorl of three petals was replaced by three stamens, and this replacement trig- 
gered a serial floral-organ replacement in the inner whorls: the inner stamens replaced outer 
ones, and carpels replaced inner stamens. 

Although most studies of homeosis in plants focus on its role in floral morphological evo- 
lutionary changes (e.g., Coen, 1991; Kirchoff, 1991; Lehmann & Sattler, 1996; Posluszny et 
al., 1990), homeosis in other plant organs has also been studied. For example, in a published 
discussion (Posluszny et al., 1990) Gerrath used homeosis to explain the origin of tendrils in 
Vitaceae, Pisum sativum (Leguminosae), and Passiflora guadrangularis (Passifloraceae). 
Some of the pea (P. sativum) leaf mutants, such as afila (a]) and tendrilless (to), have been re- 
garded as examples of homeosis in leaf ontogeny: the afmutant causes leaflets to be replaced 
by tendrils, and tl causes the opposite (Demason & Villani, 1998). Developmental study of 
double mutants and heterozygotes, however, shows that these genes interact to influence 
many aspects of leaf development, including timing, and that the conversion from one organ 
type to the other may actually be an example of heterochrony rather than homeosis (Demason 
& Villani, 1998). 

In many cases, the developmental changes explained with heterochrony can also be inter- 
preted by homeosis (Jordan & Anthony, 1993). The best examples in plants are the changes of 
floral morphogenesis caused by floral homeotic genes. Many homeotic genes have been iden- 
tified and characterized, and most belong to the plant MADS-box regulatory gene family (Pu- 
rugganan et al., 1995). Their expression can cause dramatic changes in flower morphology 
and thus possibly result in the evolution of flower development. For example, both apetala3 
(ap3) in Arabidopsis and deficiens (def) in Antirrhinum can cause homeotic transformations 
from petals to sepals and from stamens to carpels (Bowman et al., 1989; Jack et al., 1992, 
1994; Schwarz-Sommer et al., 1990; Weigel, 1995; Weigel & Meyerowitz, 1993). The devel- 
opmental switch from petal to sepal possibly happens after the petal primordium is initiated 
(Hill & Lord, 1989). The expression of Agamous gene from Arabidopsis in tobacco flowers 
converts sepals to carpels and petals to stamens (Mandel et al., 1992; Martin, 1996). These 
facts demonstrate that a change at the gene level can lead to the production of a totally differ- 
ent morphology, a replacement of parts in an organism. Therefore, homeotic genes may be re- 
sponsible for at least some of morphological divergence during evolution. 

XIII. Heterotopy 

Heterotopy in plants usually refers to the formation of an organ at the "wrong place." A typi- 
cal example might be epiphylly, the formation on angiosperm leaves of inflorescences, shoots, 
buds, or leaves. For instance, flowers or inflorescences may form on the surface of leaf lamina, 
such as in Callopsis volkensii (Araceae) (Dickinson, 1978), Helwingia (Comaceae) (personal 
observations), and Tilia (Tiliaceae) (Dickinson, 1978), or in the sinus of leaf tips, such as in 
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Polycardia phyllanthoides (Celastraceae) (Dickinson, 1978; Perrier de la Bathie, 1946). In the 
genus Begonia (Begoniaceae), some species form inflorescences at the junction of petiole and 
leaf lamina (e.g., B. paleacea and B. prolifera), other species produce shoots/branches on the 
leaf lamina (e.g., B. sinuata), and still others may form leaflike structures on the leaves (e.g., B. 
manicata and B. phyllomaniaca) (Dickinson, 1978). In a well-known example of plant vegeta- 
tive reproduction, the "maternity plant," Kalanchoe daigremontaina (Crassulaceae), produces 
many buds with roots ("plantlets") in the notches along its leaf margins. 

Developmental studies of the epiphyllous inflorescences of Phyllonoma integerrima (Du- 
longiaceae) (Dickinson & Sattler, 1974) and "hooded" barley (Gupta & Stebbins, 1969) have 
indicated that the inflorescence primordia are initiated on the leaf and bract primordia, rather 
than from the shoot apex. Similarly, epiphyllous leaflike structures are initiated from leaf pri- 
mordia or young leaves in Begonia hispida var. cucullifera (Lieu & Sattler, 1976; Maier & 
Sattler, 1977; Sattler & Maier, 1977), and epiphyllous branches/shoots are initiated from leaf 
primordia in Chrysolidocarpus lutescens (Fisher, 1973). The shifting of these developmental 
onset positions from their normal place on the stem constitutes heterotopy. The development 
of these epiphyllous structures may involve other developmental processes as well (for de- 
tails, see Dickinson, 1978). 

Heterotopy also occurs on a smaller scale in plant morphogenesis, as, for instance, in the 
shifting of the onset position of a floral organ's primordia during flower development. The 
position of petal primordium inception is usually on the floral apex, in most species. The pri- 
mordium, however, can also be initiated on the stamen primordia (Duchartre, 1844; Sattler, 
1962), on the calyx tube (Cheung & Sattler, 1967), or on the common petal-stamen primordia 
(Sundberg, 1982). 

In a broad sense, heterotopy is the positional displacement or translocation of an organ or 
structure. Thus, the homeotic replacement or transformation of floral organs, such as from 
petal to sepal, stamen to petal, petal to stamen, sepal to carpel, or stamen to carpel, may also be 
described as a displacement or translocation of an organ's development; that is, as heterotopy. 
Homeosis and heterotopy are therefore overlapping concepts: complete homeosis is simply 
heterotopy. Heterotopy is probably often involved in homeosis by initial changes to the devel- 
opmental patterns. 

Heterochrony changes developmental timing and/or rate, thereby altering only the size 
and/or shape of an ancestral character. Heterotopy, in contrast, creates a character in a novel 
position by altering the ontogenetic trajectory. Therefore, the evolutionary effects of hetero- 
topy are more profound than are those of heterochrony. Hall (1998: 388) stated that "hetero- 
chrony tinkers, but heterotopy creates." In actual morphological evolution, however, 
heterotopy may not be as common as heterochrony, because of the greater extent of develop- 
mental changes with heterotopy (Hall, 1998: 357). On the other hand, heterotopy is little stud- 
ied, especially in plants. In fact, the term "heterotopy" is usually not found in books dealing 
with botany or plant science. There is no doubt that both heterochrony and heterotopy play 
important roles in evolution. As Zelditch and Fink (1996) recently emphasized, "most ontog- 
enies evolve by changes of spatiotemporal pattern." Heterochrony and heterotopy are proba- 
bly the two basic mechanisms underlying development and jointly responsible for evolution. 
It is time for developmental biologists to pay more attention to the role of heterotopy in evolu- 
tion, and it is important to keep in mind that heterotopy has a distinct and complementary role 
to heterochrony in evolution. Heterochrony changes developmental timing and rate without 
changing the developmental trajectory; heterotopy changes the trajectory but not the timing 
or rate. The simple quantitative changes involved in heterochrony may be more readily avail- 
able in evolution than the more qualitative changes involved in heterotopy. 
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XIV. Conclusions 

Heterochrony leads to both interspecific and intraspecific morphological changes in 
plants. Both paedomorphosis and peramorphosis can be caused by either single or multiple 
developmental changes. In fact, it seems likely that most heterochronic change involves more 
than one of the six pure heterochronic processes defined by Alberch et al. (1979), so that an 
observed morphological change is often caused by the joint effect of several types of hetero- 
chronic processes representing paedomorphosis, peramorphosis, or both. Heterochrony oc- 
curs at various organization levels within an organism and varies among organs or characters. 
Just as different developmental changes can lead to divergent morphologies, identical or 
similar morphologies can arise from different developmental pathways. The phenotypic ef- 
fect caused by changes in developmental timing may be exaggerated or suppressed by 
changes in developmental rate, and vice versa. This timing and rate interaction determines fi- 
nal phenotype. To date, most studies simply list one type of heterochrony, probably from the 
lack of information about the complete developmental trajectory rather than from the true 
lack of several types of heterochrony. Whether morphological evolution typically involves 
more than one of the six pure types will be resolved only with more time-based studies of 
complete developmental trajectories. This will often require measuring morphologies from 
the time of primordium initiation. 

Heterochrony appears to be responsible for much morphological evolution, particularly in 
floral morphology. Heterochrony has clearly played an important role in the evolution of plant 
mating systems, where progenesis and neoteny are the major causes of the evolution of small 
selfing flowers from large outcrossing flowers. Heterochrony is also often responsible for 
changes of flowering time and for the extent of vegetative-reproductive developmental overlap. 

Other development-related mechanisms, such as homeosis and heterotopy, are important 
causes of evolutionary morphological change. The importance of heterochrony relative to 
other processes, and the levels at which it most commonly acts, are unresolved. It will be pref- 
erable to study plant evolution from an approach that integrates the different developmental 
mechanisms at various organizational levels. 

Heterochrony has been the subject much more of discussion than of actual quantification. 
The somewhat small number of studies we found in the literature (Appendix 1) is almost cer- 
tainly due to a lack of good phylogenic information at the species level. Of the six pure classic 
heterochronic processes, we found neoteny (decreased developmental rate in descendant), 
progenesis (earlier offset), and acceleration (increased rate) to be more commonly reported 
than hypermorphosis (delayed offset) o; predisplacement (earlier onset). Understanding the 
full importance of heterochrony to plant evolution requires additional studies employing 
sound phylogenies and time-based developmental trajectories. Only then will the true relative 
frequency of each process be known. 
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XVII. Appendix 1: Heterochrony in plants. 
Entries are restricted to cases of reasonably certain phylogeny, plus some fossils. See text for further explanation. 

Paedomorphosisa Peramorphosisb 

Ancestor, descendant Structure or event Derived morphology Neot. Progen. Postdisp. Accel. Hypermor. Predisp. References; notes 

Reproductive traits 

Gymnosperms, Flower generally Flower (from ancestral x Takhtajan, 1976, 1991 
Angiosperms reproductive shoot) 

Gymnosperms, Gametophyte Reduced size, reduced x x Takhtajan, 1976, 1991; 
Angiosperms complexity, loss of Friedman & Carmi- 0 

gametangia chael, 1998 3 

Angiosperms generally Whole flower Zygomorphic (from x Tucker, 1987; Stebbins, 0 
actinomorphic) 1992 z 

Amsinckia douglasiana Whole flower Reduced size x Li & Johnston, 
(distylous), unpubl. 

A. gloriosa (homostylous) r 
Amsinckiafurcata Whole flower Reduced size x Li & Johnston, z 

(distylous), unpubl. 
A. vernicosa (homo- 

stylous) 0 

Amsinckia spectabilis Whole flower Reduced size x x x Li & Johnston, C 
(distylous), unpubl. 

A. s. (homostylous) z 
Arenaria uniflora Whole flower Reduced size x x Hill et al., 1992 

outcrossing flower, 
Selfing flower 

Astragalus cymbicarpos Whole flower Reduced size x x Lord, 1979, 1982 
CH flowers, Acceleration occurred 

CL flowers after PMC meiosis 

Bromus carinatus CH Anther and flower Earlier x Harlan, 1945 
flowers, maturation 

CL flowers 



00 

Paedomorphosisa Peramorphosisb 

Ancestor, descendant Structure or event Derived morphology Neot, Progen. Postdisp. Accel. Hypermor, Predisp. References; notes 

Reproductive traits 

Bromus unioloides CH Anther Reduced size x x Langer & Wilson, 1965 
flowers, 

CL flowers 

Clarkia xantiana ssp. Plant/flowering Smaller/earlier/selfing x x Runions & Geber, 1998 
Xantiana, time/pollination 

C. x. ssp. panriflora type 

Collomia grandiflora CH Anther Reduced size x Lord et al., 1989; Hill & - 

flowers, Lord, 1990; Minter& & 
CL flowers Lord, 1983 

Collomia grandiflora CH Pollen Reduced number x Lord et al., 1989; Hill & 
flowers, Lord, 1990; Minter& > 

CL flowers Lord, 1983 

Collomia grandiflora CH Whole flower Reduced size x Minter& Lord, 1983 > 
flowers, Acceleration occurred 

CL flowers before PMC meiosis 
PMC meiosis earlier 

onset 
Cucurbita argyrosperma Timing (nodal posi- Earlier (lower nodal posi- x Jones, 1992, 1993 

sororia, tion) of first tion) 
C. a. argyrosperma flower 

Delphinium decorunm, Sepals and nonnec- Resemble buds of x Guerrant, 1982 
D. nudicaule tariferous petals ancestral form Applies to whole flower 

externally viewed 

Delphinium decorum, Nectariferous petal Increased size x x Guerrant, 1982 
D. nudicaule 

Ephedra, Female gameto- Earlier x x Friedman & Carmichael, 
Gentunm gnenmon phyte matures 1998 

sexually (fertil- 
ized) 



Lamium amplexicaule CH Whole flower Reduced size x x Gallardo et al., 1993 
flowers, Acceleration occurred 

CL flowers after PMC meiosis 

Limnanthes alba, Whole flower Reduced size x Guerrant, 1984, 1988 
L. floccosa 

Limnanthes alba, Flower maturation Earlier x x Guerrant, 1984, 1988 
L. floccosa 

Salpiglossis sinuata CH Corolla Reduced size x Lee et al., 1979 
flowers, m 

CL flowers 

Sigillaria, Time of reproduc- Earlier x x Bateman, 1994 
Chaloneria (both fossils) tion ? 

Veroniocastrum virgini- Sepals Increased size x x x Kampny et al., 1993 
cum, Neoteny in early stages; 

Veronica chamaedrys acceleration later Z 

Viola odorata CH flowers, Maturation time Earlier x Mayers, 1983a, 1983b 
CL flowers z 

Viola odorata CH flowers, Whole flower Reduced size x Mayers, 1983a, 1983b 
CL flowers CL floral primordium is z 

smaller H 

Vegetative traits 0 
Cucurbita argyrosperma Leaf Reduced lobing ? ? ? Jones, 1992, 1993 H 

sororia, Paedomorphosis plus 0 
C. a. argyrosperma allometric growth Z 

Lepidodendron, Stem Reduced height x Bateman & DiMichele, 
Hizemodendron (both 1991; Bateman, 1994 

fossils) 

Lyginopteridopsida, Leaf Simple, entire x Takhtajan, 1976, 1991 
Magnoliales 

Pseudopanax crassifolius Leaf Increased length, de- x Clearwater & Gould, 
mature leaves, creased width 1993 

Juvenile leaves 00 



00 

Paedomorphosisa Peramorphosisb 00 

Ancestor, descendant Structure or event Derived morphology Neot. Progen. Postdisp. Accel. Hypermor. Predisp. References; notes 

Vegetative traits 

Rhinanthus glacialis Onset of vegeta- Earlier x Zopfi, 1995 
populations from tive growth 
alpine grassland, 

Populations from sub- 
alpine hay meadows 

Rhinanthus glacialis Offset of vegeta- Later x Zopfi, 1995 
populations from tive growth H 

alpine grassland, 
Populations from sub- 

alpine limestone 0 
grassland > z 

Rhinanthis glacialis Offset of vegeta- x Zopf, 1995 
population from tive growth > 
grassland on rocks, 

Population from litter 
meadows 

Sigillaria, Whole plant Shorter, lacking x x Bateman, 1994 
Chaloneria (both fossils) branches 

Viola odorata CH plants, Leaf, petiole Increased size x Mayers, 1983a 
CL plants 

a Neot. = Neoteny; Progen. = Progenesis; Postdisp. = Postdisplacement. 
bAccel. = Acceleration; Hypermor. = Hypermorphosis; Predisp. = Predisplacement. 
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