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 Changing views of fl ower evolution and 

new questions   

    Peter K.   Endress    

   5.1     Flowers in phylogenetic and 

evolutionary studies 

 Th e role of fl owers in evolutionary biology   has changed in the past 20 years, as the 

major foci are constantly changing with new approaches and better understanding 

of evolutionary process  es. Th e revolution of molecular phylogenetics   and molecular 

developmental genetics   produced a trend in fl ower studies away from phylogenet-

ics and towards evolution. In turn, the discovery of many well-preserved Cretaceous   

fossil fl owers led to a new trend in fl ower studies towards phylogenetics, because 

fossil fl owers do not provide DNA. Th e following three current fi elds of fl ower struc-

tural studies may be distinguished:

   (1)      Comparative morphological analysis of fl owers  – Many new major angiosperm 

clades have been recognized by molecular phylogenetic studies since Chase 

et al. ( 1993 ), as surveyed in APG ( 1998 ,  2009 ), Stevens ( 2001  onwards) and Soltis 

et al. ( 2005 ). Th ese new clades need now to be critically studied comparatively 

in their structure and biology as they are largely unknown (e.g. Endress and 

Matthews,  2006 ; Endress,  2010a ).  

  (2)      Morphology for phylogenetic studies  – Flowers were generally used for phylo-

genetic studies in the era before the molecular revolution. In the past 20 years, 



CHANG ING  V IEWS  OF  FLOWER  EVOLUT ION  AND  NEW  QUEST IONS 121

phylogenetics has concentrated on molecular approaches, which yield more 

results in a shorter time than morphology  . However, morphological phylogen-

etic   analyses are still performed and yield interesting results, either alone or in 

combination with molecular analyses (at higher systematic levels, e.g. Nandi 

et al.,  1998 ; Doyle and Endress,  2000 , or lower levels, e.g. Carillo-Reyes et al., 

 2008 ; Sweeney,  2008 ). Th ere has been a pessimistic attitude towards the use 

of morphological features in phylogenetics because of too much homoplasy 

(e.g. Givinish and Sytsma,  1997 ; Patterson and Givnish,  2002 ; Givnish,  2003 ; 

Scotland et al.,  2003 ) and diffi  culties in scoring structural characters (Stevens, 

 2000 ). Th is is true if superfi cial structural features that are easy to spot are used 

(e.g. tepals large and showy versus small and inconspicuous, or fruits capsules 

versus berries, or storage organs rhizomes versus bulbs). However, morphology   

encompasses much more than such features. It can be expected that as our 

knowledge of fl owers increases, there will be a resurgence in morphological 

phylogenetic analyses. In addition, the more fossil fl owers become available, 

the more important morphological phylogenetic   analyses will become (e.g. 

Friis et al.,  2009 ; Doyle and Endress,  2010 ). Th ere are not only many more fossil   

fl owers available than 20 years ago, but there are also new techniques to recon-

struct their morphology: the use of microtome section series (Sch ö nenberger, 

 2005 ) and tomography (Friis et al.,  2009 ). Th e search for and the detection of 

new structural patterns of interest is a continuing challenge. Characters and 

character states ‘cannot be defi ned but need to be discussed,’ as Wagner ( 2005 ) 

put it, meaning that defi nitions need to be constantly evaluated and updated 

to fi t the current knowledge with each change in the phylogenetic framework. 

New knowledge on phylogeny (and evolution) continuously creates a new basis 

for discussion. Of course, if morphological characters   are used for phylogen-

etic studies, this also means the necessity of repeated reciprocal illumination 

(see also Kelly and Stevenson,  2005 ). ‘Tree-thinking’ has been encouraged in 

evolutionary studies (O’Hara,  1988 ; Donoghue and Sanderson,  1992 ). Th is is of 

course also relevant for the focus on structural features, including the construc-

tion of morphological matrices for phylogenetic studies. Th e more detailed a 

tree under reconstruction already is and the more detailed our knowledge 

about the distribution of traits on this tree is, the better we can judge the quality 

of characters and character states to be scored.  

  (3)      Morphology for evolutionary studies  – Th e new phylogenetic results can now 

be used to study the evolution of fl owers on a much more solid basis than was 

possible before. A general result is that many features are more evolutionarily 

fl exible than previously assumed. A number of examples are surveyed in this 

study. Rarely is a character more stable than previously assumed at macro-

systematic level; such an exception are features of ovules (Endress,  2003 , 

 2005a ,  2010 ). However, such fl exibility is not randomly distributed through 
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the larger clades. Given features are more concentrated (but not universal) in 

a certain clade than in another one. Why is this so? Answers can be expected 

from better knowledge of the genetic systems that operate in the development 

of such features (e.g. Borowsky,  2008 ; Melzer et al.,  2008 ). Th us, homoplasy   

in structure is pervasive, much more common than earlier imagined and is a 

fascinating aspect of fl ower   evolution (e.g. Cantino,  1985 ; Endress,  1996 ). For 

more evolutionary aspects of fl ower   morphology, see Endress ( 1994 ,  2003 , 

 2005b ,  2006 ).     

  5.2     Homology 

 Th e terms homology   and homologous were used originally to express that two parts 

that superfi cially look very diff erent are in fact more similar and are evolutionarily 

derived from the same ancestral structure. Later, overapplication of the term in trying 

to fi nd homologies for every little part has led to an infl ation of the term. Th e attempt 

to work with ‘partial homologies’ in trying to determine at which percentage two parts 

are homologous (Sattler,  1992 ) is especially not helpful in understanding the evolution 

of structures. Th at there are continuities in the evolution of organisms in many ways 

is trivial. However, organisms are also characterized by a stratifi ed complexity, and 

evolution   proceeds with more or less hierarchical modules and patterns (e.g. Simon, 

 1962 ; Endress,  2005b ). Th ese patterns are the big issues to tackle in evolutionary biol-

ogy  . Th us a sensible evolutionary question in the detailed comparison of two parts is 

not by what percentage they are homologous, but in which respects they are homolo-

gous. Th us, one would like to know which aspects (submodules or subpatterns) they 

share with each other over their common ancestor. 

 How to proceed in the study of homology? Earlier recipes to assess homologies 

by morphologists such as Remane ( 1956 ), Eckardt ( 1964 ) and Kaplan ( 1984 ) are too 

strict and too restricted from a current perspective. However, this was reasonable at 

the time they were proposed. We are now in a diff erent position. Earlier biologists 

used homologies to fi nd systematic relationships and to understand phylogeny. 

Today it goes the other way around. We use homologies to understand evolution   

(and not phylogeny/relationships). Work with homologies gives a guideline. Th us 

we may proceed in the following way:

   Detailed study of the structure in question, if possible with living material from  ■

entire plants available  

  Study of the development of the structure   ■

  Comparison of the structure with the corresponding structure in the closest rela- ■

tives (which may be less diffi  cult to interpret)  
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  Comparison with other groups with the same ecology (if an extreme ecology is  ■

connected with the special structure, for instance water plants) (e.g. Endress and 

Doyle,  2009 ).    

 In the era of cladistics  , homology has sometimes been equated with synapo-

morphy  . Th is is, however, only one side of the coin and thus of limited use in under-

standing the evolution   of structures. A more diff erentiated view is proposed by 

Wagner ( 1989 ,  2007 ) who distinguishes between biological versus cladistic (phylo-

genetic) homology    . Cladistic homology is used for synapomorphy, whereas bio-

logical homogy is used for morphological structures that have the same underlying 

genetic structure (see also Collin and Miglietta,  2008 ). Th e evolution of the genetic 

structure is an ever more fascinating fi eld to tackle. A number of possible mecha-

nisms for such evolutionary change  s are currently being discussed, such as gene 

duplication and co-option of conserved modules (e.g. Causier et al.,  2005 ; Irish and 

Litt,  2005 ; Rosin and Kramer,  2009 ) or frame-shifts (e.g. Lamb and Irish,  2003 ; Vargas 

and Wagner,  2009 ; Wagner,  2009 ). 

 In the example illustrated in  Fig 5.1 , the genetic machinery for the bold feature of 

clade A has not disappeared in clades B and C, which do not exhibit the feature (the 

feature is repressed or not turned on), and is re-activated or re-instituted so that 

the feature reappears in clade D. Th us the bold feature shared by clades A and D is 

not homologous in a cladistic sense, but is homologous in a biological sense. Both 

aspects, cladistic homology   (synapomorph  y) and biological homology  , are import-

ant in evolutionary biology  .       

  5.3     Alpha- and omega-morphology 

 Morphology of plants has many diff erent applications.  Alpha-morphology    (term 

coined here) is in morphology what alpha-taxonomy (Turrill,  1938 ) is in taxonomy  . 

It is what many non-morphologists understand by morphology  . It focuses on 

 Fig 5.1      Re-appearance or re-institution in clade D of a feature (bold) present in clade A, 

which is missing in clades B and C.  
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simple descriptions of plants as they are used for species descriptions, for fl oras 

or taxonomic revisions, mainly at the infrageneric level, or for the characteriza-

tion of individuals in population biology. It deals with features that can rapidly and 

easily be seen, such as number and size of organs. It is one-dimensional, linear 

and measures simple parameters. In contrast,  omega-morphology    is an attempt 

to understand the structure of plants in evolutionary biology  . It is multidimen-

sional and includes all that can be attempted at a given time (comparative and 

molecular developmental morphology, fl oral biology, of extant and, if possible, 

fossil   plants, evo-devo  , evo-devo-eco) and it can always be improved by incorp-

orating new aspects from various directions as they become available. A general 

goal of omega-morphology is an integrated understanding of form and function, 

and development and evolution. Morphological traits are shaped by history, like-

wise by organizational and ecological constraints, which both need to be consid-

ered to gain a deepened understanding of fl ower   evolution (see also Endress,  2003 ; 

Givnish,  2003 ; Friedman et al.,  2008 ). 

 Alpha-morphology   can also be seen as a starting point for omega-morphology  . 

Morphometrics (Klingenberg,  2009 ) and automated measurements of simple shapes 

and their variation (Lexer et al.,  2009 ) are mostly used at the level of alpha-morph-

ology. Omega-morphology is indispensable for evolutionary studies at higher lev-

els, because changes in the organization of structures or structural complexes can-

not commonly be represented by simple numbers and distances between reference 

points in structural units. Patterns of interest may be complex three-dimensional 

structures (especially the gynoecium) or complex branching systems of infl ores-

cences with specifi c patterns of concatenation of branches, both of which may 

need developmental studies, or evaluation of a sequence of leaves with changing 

morphology   on a shoot and patterns in this sequence, or patterns in the sequence 

of changing lateral branch diff erentiation along a gradient of subtending leaves in 

an infl orescence  .       

 Easy to assemble 

 Interesting for (macro-) 

phylogeny 

 Simple features, 

 Size, number: 

(e.g. distance between two defi ned 

points, number of specifi c organs) 

+ – +

 Complex features, 

 Shape, pattern: 

 (e.g. position of parts in a system, 

developmental sequence of specifi c 

events) 

–
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  5.4     Detailed comparative morphological analysis 

for the elucidation of structural conundra 

 An example of the diff erent focuses in alpha- and omega-morphology     are two publi-

cations on the family Oliniaceae   (Myrtales  ). Th e study by Sebola and Balkwill ( 2009 ) 

deals with alpha-morphology, with the aim of an infrafamilial classifi cation   (low 

systematic level). Th is approach enabled a better understanding of the infrafamilial 

taxonomic diff erentiation. In contrast, the work by Sch ö nenberger and Conti ( 2003 ) 

has a more omega-morphological approach, including developmental studies and 

comparison with the most closely related families Penaeaceae  , Rhynchocalycaceae   

and Alzateaceae  , and aims to understand the morphological and evolutionary rela-

tionships between Oliniaceae and related families. Th is approach enabled an under-

standing of the morphology of the puzzling perianth of Oliniaceae and, because the 

study included a phylogenetic analysis, an evaluation of its evolutionary relation-

ships with the perianth of the other families. 

 Another example that goes beyond the level of alpha-morphology   is the study 

of the morphological structure of cupule  s, which may be complex structures with 

a protective function for fl owers and especially fruits. Th ey are mainly known 

from several subclades of rosids  . It has been shown by comparative developmen-

tal studies that, although they may look similar, not all cupules are homologous. 

In Fagales   (Nothofagaceae  , Fagaceae  ) and Sapindales   (Anacardiaceae  ) they are 

complex, consisting of two or more sterile cymose branching systems, which are 

condensed, forming coenosomes (Fey and Endress,  1983 ; Rozefelds and Drinnan, 

 2002 ; Bachelier and Endress,  2007 ). In contrast, in Malpighiales   (Balanopaceae  ), 

they are simple, consisting of a uniaxial rosette of bract  s (Merino Sutter and 

Endress,  2003 ). 

 A third example is the morphological interpretation of reproductive units in 

Cyperaceae  , in which a distinction between fl owers and spikelet  s sometimes poses 

problems. A comparative developmental study in  Exocarya    (Cyperaceae) paved the 

way for a delimitation of fl owers (Richards et al.,  2006 ).  

  5.5     Morphology of syncarpous gynoecia 

 In fl owers, syncarpous gynoecia   are in general the most complex morphological 

structures. To describe syncarpous gynoecia there are two diff erent classical 

approaches, that by Troll ( 1928 ) and that by Leinfellner ( 1950 ). Troll’s approach 

has been used more often in morphological studies than Leinfellner’s, because 

it is easier to apply. However, in view of developmental biology, Leinfellner’s 

approach is more informative. Troll’s approach with the distinction of (eu)syncarp-

ous versus paracarpous focuses on the architecture in distinguishing septate versus 
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 non-septate ovaries        . Th e weakness of this approach is that it does not consider that 

a septate ovary   can arise by two diff erent developmental processes: the septa can be 

congenitally uniform or they can arise by postgenital fusion  . In contrast, Leinfellner 

focuses on this diff erence between congenital and postgenital organization. He 

recognizes that syncarp  ous gynoecia have two zones: at the base a zone in which 

there is congenital intracarpellary fusion  , and above a zone with postgenital or no 

intracarpellary fusion. Th us, for Leinfellner it is not primarily important whether 

or not the ovary   is septate, but whether intracarpellary fusion is congenital or post-

genital. His focus is primarily on organization, and not architecture. It includes the 

reconstruction of the entire primary morphological surface, i.e. the surface that is 

derived from the fl oral apex  . Th us the information content is greater than in Troll’s 

approach. Concomitantly, Leinfellner’s approach requires a more detailed mor-

phological analysis with transverse microtome section series, and sometimes also 

study of younger developmental stages. 

 In general, if we don’t know what happens with the primary morphological sur-

face, we don’t know a crucial aspect of development. Unfortunately, in many publi-

cations on gynoecium and other fl oral   structures this aspect is not studied. 

 It is also useful to distinguish between morphology  , anatomy   and histology  . 

Morphology is related to the development of the primary morphological surface. 

Histology deals with all the kinds of tissues in the organs. Anatomy is related to the 

patterns of distribution of the tissues in the organs and organ complexes, especially 

the architecture of the vasculature. For the analysis of all three levels, histology, 

anatomy and morphology, anatomical techniques are necessary. 

 In the studies on rosids in my lab, Merran Matthews and Julien Bachelier made 

detailed analyses of the gynoecium structure in larger clades and showed that 

all these aspects just mentioned, the topography of the inner morphological sur-

face, anatomy   and histology  , are of systematic interest (Matthews et al.,  2001 ; 

Matthews and Endress,  2002 ,  2004 ,  2005a , b,  2006 ,  2008 ; Bachelier and Endress, 

 2007 ,  2008 ,  2009 ). For related studies on other angiosperms  , see, e.g. Remizowa 

et al. ( 2006 ).  

  5.6     Concept of sepals and petals 

 Th e concept of sepals and petals in angiosperms has been tackled from diff erent 

perspectives, and new aspects have been discussed, but it is still not convincingly 

resolved how sepals and petals should be distinguished and where in the phylo-

genetic tree   petals originated. It is an example of how diffi  cult it is for the diver-

sity perspective (Endress,  1994 ,  2005a ,  2008a ,  2010 ; Erbar et al., 1998; Ronse De 

Craene,  2007 ,  2008 ; Wanntorp and Ronse De Craene,  2009 ) and the model organism 

 perspective to meet and be reconciled (Kramer and Irish,  1999 ; Davies et al.,  2006 ; 
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Litt,  2007 ; Irish,  2009 ; Rasmussen et al.,  2009 ; Soltis et al.,  2009 ; Warner et al.,  2009 ; 

Kramer and Hodges,  2010 ; Yoo et al.,  2010 ). A critical problem here is that for the 

shaping of organs of a given species, not only organ identity genes  , but also genes 

for further diff erentiation are required. Th is ‘fourth category’ (following meristem 

identity genes  , cadastral genes   and organ identity genes) is not considered in the 

original ABC   model of fl ower development   by Coen and Meyerowitz ( 1991 ) and is 

commonly neglected in discussions. Within the framework of a single species (a 

‘model organism’) this doesn’t pop up as a problem, but if the entire diversity of 

angiosperms is considered, it does.  

  5.7     Initiation of organs 

 Unfortunately the terms initiation and primordium are often used in a sloppy and 

incorrect way in the literature, which may lead to misunderstandings of early devel-

opmental patterns. Organ   initiation takes place within the fl oral apex   and cannot be 

seen from the outside. An organ primordium is the very fi rst developmental stage 

following initiation. It is at fi rst not visible at the surface and then becomes visible as 

a shallow bump. An organ in a later stage is no longer a primordium. If primordial 

and slightly older stages are not distinguished, but lumped together, developmen-

tal patterns may be misinterpreted. Th e initiation     of fl oral organs in the fl oral apex   

commonly proceeds in the centripetal (acropetal) direction. However, in multi-

parted, especially polystemonous, fl owers, there is centrifugal (basipetal) direction 

in some clades (e.g. Leins,  1964 ; Endress,  1997 ; Rudall,  2010 ). Caution is especially 

needed because in some clades with completely centripetal stamen   initiation pat-

terns, the pattern of later development (maturation) becomes reversed, and is thus 

centrifugal. Th is is the case in some Winteraceae   (Tucker,  1959 ; Doust,  2001 ; Doust 

and Drinnan,  2004 ) and some Ranunculaceae   (Anemoneae  ,  Aquilegia   , and prob-

ably  Glaucidium   ) (Tepfer,  1953 ; Ren et al.,  2010 ). A functional aspect of centrifugal 

stamen   initiation is that in polystemonous androecia the development   of stamens 

becomes decoupled from that of the gynoecium, and in extreme cases the last ini-

tiated (outermost) stamens may have a diff erent shape from the older ones. Th is 

pattern is used for heteranthery  , which evolved especially in various pollen fl owers 

(Endress,  2006 ). Th e signifi cance in pollination biology of centrifugal   stamen mat-

uration has, to my knowledge, not been explored. 

 A more subtle problem is whether in highly integrated fl owers with stable organ 

number and syncarpous gynoecium   the gynoecium is initiated slightly before the sta-

mens, or at least whether the prospective gynoecium area is determined earlier than 

the individual stamens, as suggested by molecular development  al genetic studies in 

 Antirrhinum   majus  (Zachgo et al.,  2000 ; Z. Schwarz-Sommer, pers. comm.) and by 

comparative structural studies in  Arabidopsis   thaliana  (Choob and Penin,  2004 ). In 
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 Duparquetia    (Leguminosae  ) the single carpel   appears before the stamens (Prenner 

and Klitgaard,  2008 ). In polystemonous fl owers, such as in  Dillenia    (Dilleniaceae  ) or 

 Couroupita    (Lecythidaceae  ) the carpel  s appear earlier than the individual stamens, 

which are formed on primary ring primordia   (e.g. Endress,  1994 ,  1997 ).  

  5.8     Current perception of evolutionary patterns   

 Th e course and direction of evolution is more fl exible than previously thought. Th is is 

brought clearly to light by the ever more detailed phylogenetic studies on  fl owering 

plants and elsewhere. Previously, for example, evolution of a superior ovary     from an 

inferior one was thought to be so unusual that an obvious example was published 

in  Science  ( Tetraplasandra   , Eyde and Tseng,  1969 ). One of the most cited features of 

fl exible evolution is the multiple and complex evolution of C4 photosynthesis   (e.g. 

Besnard et al.,  2009 ). Th ere are also many examples from fl owers, which are shown 

here. Th us we have to be much more diff erentiated as to what we call apomorph  ies 

or synapomorph  ies. 

  5.8.1     Inferior  ←  →  superior ovary 

 Th e above-mentioned example of  Tetraplasandra    species with secondarily super-

ior ovaries   in Araliaceae has been further corroborated. It has also been shown, 

however, that development begins as for an inferior ovary (Costello and Motley, 

 2001 ,  2004 ,  2007 ). Th us the superior state is both developmentally and evolution-

arily secondary. In addition, species with a ‘superior’ ovary in  Tetraplasandra  

form a single clade (Costello and Motley,  2007 ). Another genus in Araliaceae   with 

a secondarily superior ovary is  Dipanax    (Wen et al.,  2001 ). Also in Rubiaceae   sev-

eral genera were found to have secondarily superior ovaries ( Gaertnera , Igersheim 

et al.,  1994 ;  Mitrasacmopsis ,   Groeninckx et al.,  2007 ; overview, Igersheim et al., 

 1994 ; Endress,  2002 ). Families in rosids with secondarily superior ovaries   are 

Vochysiaceae   (Litt and Stevenson,  2003a ,  b ), and Saxifragales   are especially fl ex-

ible in the transitions between superior and inferior ovaries at various system-

atic levels (e.g. level of family Saxifragaceae  , level of genus  Lithophragma   , Huff ord 

and McMahon,  2003 ; Soltis et al.,  2005 ). Examples of families in monocots   con-

taining clades with secondarily superior ovaries include Hemerocallidaceae 

  and Xanthorrhoeaceae   (Rudall,  2002 ), Haemodoraceae   (Simpson,  1998 ) and 

Bromeliaceae   (Sajo et al.,  2004 ).  

  5.8.2     Decrease  ←  →  increase in fl oral organ number 

 Earlier, evolution was mainly seen in terms of reduction from many to a few parts. 

We now know that this is not the case at many levels. In basal angiosperms evolu-

tion in number of all fl oral parts, including ovule  s, is fl exible (Doyle and Endress, 
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 2000 , this volume; Endress and Doyle,  2009 ). In Rubiaceae   (Psychotrieae   alliance) 

ovule   number per carpel is increased from one to many (Razafi mandimbison et al., 

 2008 ).  

  5.8.3     Whorled  ←→    spiral fl oral phyllotaxis 

 Contrary to earlier beliefs, fl oral phyllotaxis   patterns are very fl exible. Th e direction 

is not only from spiral to whorled, but there was repeated evolution of spiral phyllo-

taxis     from whorled in the perianth   in basal angiosperms   (Endress and Doyle,  2007 , 

 2009 ; Doyle and Endress, 2011) and there is much evolutionary fl exibility of pat-

terns within families, genera or even species (Endress,  1987 ; Staedler and Endress, 

 2009 ).  

  5.8.4     Repeated evolution of a double perianth 

 Th at a double perianth   was reduced during evolution in many groups of eudicots 

has long been known. However, in some clades there was also repeated evolution of 

a double perianth   with sepals and petals from a simple perianth with only one kind 

of organ or a fl uctuation between both traits. An example is Caryophyllales   sensu 

lato (APG,  2009 ), which originally had a simple perianth and a double perianth 

evolved independently in several families (Brockington et al.,  2009 ), with petals at 

least in part derived from the androecium (Ronse De Craene,  2008 ).  

  5.8.5     Floral monosymmetry  ←→    fl oral polysymmetry 

 Th ere are evolutionary trend  s from polysymmetric to monosymmetric   fl owers in 

various angiosperm groups. However, the opposite direction can also be found 

(Endress,  1999 ). Th e best-known pathway is polysymmetry   by pelorization   of mono-

symmetric fl owers (e.g.  Cadia   , Leguminosae  , Citerne et al.,  2006 ). A more complex 

case is the trend from pronounced monosymmetric to more or less polysymmetric 

fl owers in some Lecythidaceae-Lecythidoideae     ( Allantoma  /Cariniana   decandra ) 

(Tsou and Mori,  2007 ).  

  5.8.6     Repeated evolution   of fl oral asymmetry   from monosymmetry   at 

several levels within a larger clade 

 In Fabales both large families, Fabaceae   and Polygalaceae  , have groups with con-

spicuously asymmetric fl owers (e.g. Prenner,  2004 ). At the level of the family 

Fabaceae, asymmetric fl owers evolved in several subclades, especially in Cassiinae   

of caesalpinioids  , and in Phaseoleae   and Vicieae   of papilionoids.   At the level of the 

subtribe Cassiinae, species of  Chamaecrista    and  Senna    have asymmetric fl owers. At 

genus level, in  Senna  fl oral asymmetry evolved independently in several subclades 

(Marazzi et al.,  2006 ; Marazzi and Endress,  2008 ). For distribution of asymmetry in 

angiosperms,   see Endress ( accepted ).  
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  5.8.7     Complex fl owers  ←  →  simple fl owers 

 Th e evolution of complex fl ower  s is based on repeated synorganization   of struc-

tural units (e.g. Endress,  2006 ). However, complexity may also be lost in evolution, 

as shown in Amorpheae   (Leguminosae  ), in which the architecture of complex keel 

fl owers has been lost (McMahon and Huff ord,  2005 ), or in  Besseya    (Plantaginaceae  ), 

in which the corolla tube   disappeared (Huff ord,  1995 ).  

  5.8.8     Shortening and secondary elongation of sepals with 

lost primary function 

 In Th unbergioideae   (Acanthaceae  ), fl ower   evolution went through a conspicuous 

transference of function. Th e two fl oral prophylls   became the protective organs up 

to anthesis, whereas the sepal  s that previously had this function became reduced 

(Sch ö nenberger and Endress,  1998 ; Sch ö nenberger,  1999 ). Th is reduction is expressed 

in shortening and narrowing, and sometimes complete loss of the sepals. Concomitant 

with this reduction, if the sepals are not completely lost, is an increase in number   of 

the small sepals. In some moth-pollinated species with extremely elongate corolla, 

the reduced sepals are secondarily elongated as well, however, without re-gaining the 

lost protective function, and this secondary elongation seems to be merely a passive 

by-product of the elongation of the corolla (Endress,  2008b ). Phylogenetic analysis 

shows that such secondary elongation evolved more than once (Borg et al.,  2008 ).  

  5.8.9     Infl ation of calyx 

 In some Solanaceae  , the synsepalous calyx   becomes infl ated and balloon-like dur-

ing fruit   development. Th is ‘infl ated-calyx syndrome’ evolved several times (or 

became lost several times) within the family (Hu and Saedler,  2007 ).  

  5.8.10     Centripetal versus centrifugal stamen initiation in 

polystemonous androecia 

 Th e subclass Dilleniidae was introduced into angiosperm macrosystematics by 

Takhtajan ( 1964 ) largely infl uenced by the occurrence of centrifugal stamen   initi-

ation in polymerous androecia  , which was supposed to be a fundamentally import-

ant pattern in macrosystematics. However, the subclass was later dismantled, fi rst by 

structural cladistic   studies (Huff ord,  1992 ) and then also by molecular studies   (Chase 

et al.,  1993 ) (see also Endress et al.,  2000 ). From the present perspective, the feature is 

not stable at very high systematic levels, however, often it is still at family level.  

  5.8.11     Rapid evolution and diversifi cation of fl oral traits 

 In some groups with a relatively recent diversifi cation, evolutionary change  s in fl o-

ral size   or fl oral structure are unusually massive. Th e most striking example is per-

haps  Raffl  esia   , which surprisingly is related to Euphorbiaceae   (Davis et al.,  2007 ), a 

generally small-fl owered group, but which has fl owers that reach almost one metre 

in diameter in some species; this gigantism evolved relatively recently, in less than 
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50 my (Barkman et al.,  2008 ; Davis,  2008 ). Another example is the genus  Impatiens ,   

which became very diverse, with currently more than 1000 species, in a short time 

(mostly in less than 5 my) (Janssens et al.,  2009 ). In what ways inner conditions 

 enabled these rapid changes is unknown.  

  5.8.12     Flexibility of pollination   system transitions 

 Flexibility of pollination system transitions has been studied in numerous groups 

of angiosperms. Some conspicuous examples are be mentioned here. Among 

Phyllanthaceae  ,  ‘ in Phyllantheae  , specialization to pollination by  Epicephala    moths 

evolved at least fi ve times, involving more than 500 Phyllantheae species in this 

obligate association’ (Kawakita and Kato,  2009 ). 

 Floral   architecture in  Mitella    (including  Tolmiea   ,  Lithophragma   ,  Heuchera   , 
 Bensoniella   ) (Saxifragaceae  ), many of which are pollinated   by fungus gnats, fl uctu-

ates in evolution, including ‘saucer-shaped’ fl owers, fl owers with ‘pollination organs 

projected’, and fl owers with ‘pollination organs enclosed’ (Okuyama et al.,  2008 ). 

 Fluctuation between bee and hummingbird pollination     has found special atten-

tion (Cronk and Ojeda,  2008 ). Case studies of such fl exibility are those of  Penstemon    
and  Keckiella    (Veronicaceae  ) (Wilson et al.,  2007 ), Sinningieae   (Gesneriaceae  ) (Perret 

et al.,  2007 ) and  Ruellia    (Acanthaceae  ) (Tripp and Manos,  2008 ). Fluctuation between 

diff erent pollination   syndromes occurs in Iochrominae   (Solanaceae  ) (Smith and 

Baum,  2006 ). For  Pedicularis    (Orobanchaceae  ) it has been shown which functional 

fl oral traits are more homoplastic than others and also that fl oral tube   tube length is 

especially plastic (Ree,  2005 ). Renner and Schaefer ( 2010 ) calculated that oil fl ower  s 

in angiosperms   evolved at least 28 times and fl oral oil was lost at least 36–40 times.  

  5.8.13     Stability of patterns 

 However, there are a few features that now appear to be more stable than previously 

thought, especially in ovule   structure, such as nucellus   thickness and number of 

integument  s. New studies have continuously reinforced this picture (Endress et al., 

 2000 ; Endress,  2003 ,  2010 ; Endress and Matthews, 2006). Additional ovule struc-

tural features have also recently been found to be of macrosystematic signifi cance 

(relative thickness of inner and outer integument, Endress and Matthews,  2006 ).   

  5.9     Summary and outlook 

 Th e combination of ever more fi ne-grained phylogenetic analyses and mapping of 

morphological features   in such cladograms has shown that evolutionary transitions 

of all kinds in fl oral   structure are much easier than previously believed. Th ere are 

almost no limitations for evolutionary directions   in fl oral features. Nevertheless, 

certain directions are clearly favoured compared with others. Specifi c trends can 

be found in certain clades, i.e. the concentrated and often several times repeated 

appearance of a feature. Th is suggests ‘biological homology  ’ in the sense of Wagner 
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( 1989 ,  2007 ). It will be important to know in more detail in which clades and at what 

evolutionary level particular features are stable or labile. Th is will have repercus-

sions on the coding of fl oral morphological character  s for phylogenetic analyses. 

 Comparative fl oral morphology   needs to include a developmental component for 

the reconstruction of the primary morphological surface (which is enclosed in the 

gynoecium and potentially in other organ complexes and then does not form the 

topographical surface of the organ or organ complex). Th e primary morphological 

surface is sometimes no longer apparent at anthesis in cases in which postgenital 

fusion   takes place. 

 Patterns in the sequence of origin of fl oral organs are often constant at lower or higher 

phylogenetic levels. Initiation takes place before the organ becomes visible at the sur-

face. Th ere are errors in the literature with regard to centripetal and centrifugal initi-

ation, because the term ‘primordium’ is sometimes used in a sloppy way, and initiation 

and post-initiation development are not correctly distinguished. But when is an organ 

initiated and when is it a ‘primordium’? Th is needs more profound critical study. 

 New conceptional and methodical developments need to be constantly inte-

grated into morphological research. A lot is to be expected from evo-devo   research, 

from the study of the wealth of fl oral fossil  s available, and from the comparative 

study of newly found clades.  
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