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1. Introduction 

Evolutionary biologists and breeders alike are intrigued by the question how the molecular 

networks of a given organism translate into a defined phenotypic appearance. The former 

because they seek to explain how modifications of these networks could give rise to the 

immense diversity of life that populates the earth. The latter because they wish to manipulate 

these networks in order to improve relevant traits of domesticated species in a concerted 

manner. 

This question can be approached at two different levels. In detailed case studies, researchers 

focus on a particular trait in a very limited number of species to search for mutations or 

alterations in molecular pathways which cause phenotypic differences (see for example 

Bharathan et al., 2002; Yoon and Baum, 2004; Gompel et al., 2005; Fourquin et al., 2013; 

Zhang et al., 2013). A considerable number of such in-depth surveys is a prerequisite for 

higher level approaches which aim at combining such information in order to gain more 

general insights on how phenotypic changes are molecularly achieved (see for example 

Hoekstra and Coyne, 2007; Stern and Orgogozo, 2008; Gompel and Prud'homme, 2009; 

Martin and Orgogozo, 2013).  

In this thesis, character evolution in angiosperm plants is studied at both levels focusing on 

fruit evolution in the plant family of Brassicaceae in detail and surveying data on the 

molecular background of convergent plant domestication. 

 

1.1   The molecular background of phenotypic change 

Understanding the molecular mechanisms of phenotypic change has been a long-standing goal 

in evolutionary biology (King and Wilson, 1975; Jacob, 1977). Topics that have been under 

particular debate in this context include the relative roles of protein-coding versus cis-

regulatory mutations (Hoekstra and Coyne, 2007; Wray, 2007; Stern and Orgogozo, 2008), 

the relative contribution of mutations in single genes of large phenotypic effect versus  

mutations in many genes of small phenotypic effect (Orr, 2005; Theißen, 2009; Pritchard and 

Di Rienzo, 2010), the importance of gene and genome duplications (Flagel and Wendel, 2009; 

Van de Peer et al., 2009; Innan and Kondrashov, 2010; Kaessmann, 2010), and the level of 
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predictability of the molecular changes associated with phenotypic evolution (Stern and 

Orgogozo, 2008; Stern and Orgogozo, 2009; Papp et al., 2011). Obtaining integrative 

scientific opinions concerning these matters has proven to be difficult because individual case 

studies may point in opposite directions. For example, mutations in protein-coding as well as 

in cis-regulatory regions have been demonstrated to play a role during domestication of rice 

(Oryza sativa): a single missense mutation within the sh4 locus causes reduced seed shattering 

in all known rice cultivars (Li et al., 2006), whereas a single nucleotide polymorphism (SNP) 

in a cis-regulatory region of the qSH1 locus has led to the strong non-shattering behavior of 

japonica rice (Konishi et al., 2006). In the same line, hypermuscularity in sheep (Ovis aries) 

was found to rely on a cis-regulatory mutation that creates a microRNA (miRNA) target site 

(Clop et al., 2006), whereas 

changes in coding regions of respective orthologous genes cause similar phenotypic 

alterations in cattle (Bos taurus) and dog (Canis lupus familiaris) (Grobet et al., 1997; Mosher 

et al., 2007).  

During recent years, the amount of case studies identifying molecular changes that drive 

phenotypic evolution has increased rapidly, thus allowing for central evolutionary questions 

to be approached in a more comprehensive way. Systematic surveys of published data have 

led to some popular working hypotheses about the molecular principles of phenotypic change, 

as for example a preferential fixation of mutations with limited pleiotropic effects (Gompel 

and Prud'homme, 2009; Kopp, 2009), or an important role of gene duplications for the 

evolution of phenotypic novelties (Flagel and Wendel, 2009; Kaessmann, 2010). 

Nevertheless, such surveys remain merely descriptive and conclusions may depend to a 

significant amount on personal weighting and interpretation of the available data. For 

instance, when reviewing studies on the number of genetic changes involved in the alteration 

of individual traits, some authors emphasize that adaptive events are highly polygenic 

(Pritchard and Di Rienzo, 2010), while others concentrate more on the importance of single 

mutations with large phenotypic effect (Theißen, 2009; Nadeau and Jiggins, 2010). A by far 

more unbiased way to approach superordinate evolutionary questions is to do the data-

analysis in a strictly quantitative way. In their pioneering work, David Stern and Virginie 

Orgogozo quantitatively analyzed a large dataset of evolutionary relevant mutations and could 

demonstrate that the relative contribution of cis-regulatory versus protein-coding mutations 

strikingly differs between short-term and long-term evolutionary events (Stern and Orgogozo, 

2008). The dataset was later expanded and is publically available for further quantitative 

analysis (Martin and Orgogozo, 2013). 
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Regardless of whether molecular changes of adaptation are analyzed in a surveying or strictly 

quantitative way, certain biases and constraints due to inherent characteristics of the process 

of data collection have to be considered. The preferential investigation of known candidate 

genes might lead to a disproportionally high amount of mutations becoming identified in 

orthologous loci (Stern and Orgogozo, 2008). Also the relative number of coding versus cis-

regulatory mutations underlying phenotypic evolution was proposed to be biased because 

potentially important coding changes, especially nonsense mutations, are easier to identify by 

plain sequence analysis than potentially important changes in cis-regulatory regions (Stern 

and Orgogozo, 2008). Finally, there is also a bias toward the detection of mutations with large 

phenotypic effects, simply because more subtle effects may not be discernible with the 

techniques which are available to date (Rockman, 2012; Martin and Orgogozo, 2013). Some 

authors argue that despite these biases, general and profound hypotheses about the molecular 

mechanisms of phenotypic variation can be obtained by comprehensively analyzing data 

(Martin and Orgogozo, 2013). This point of 

view is supported by a vast body of studies drawing their conclusions based on exactly this 

line of thinking (see for example Hoekstra and Coyne, 2007; Wray, 2007; Stern and 

Orgogozo, 2008; Gompel and Prud'homme, 2009; Stern and Orgogozo, 2009; Nadeau and 

Jiggins, 2010; Conte et al., 2012). Nevertheless, the above mentioned constraints cause other 

researchers to question the informative value of such approaches in general (Rockman, 2012).   

 

1.2   Convergent versus parallel evolution and the role of molecular 

convergence 

One of the hot topics in molecular evolution, its predictability, is often addressed by studying 

and comparing causative mutations underlying cases of repeated and independent evolution of 

the same phenotypic trait, a phenomenon called parallel or convergent evolution (Wood et al., 

2005; Arendt and Reznick, 2008; Gompel and Prud'homme, 2009; Stern and Orgogozo, 2009; 

Manceau et al., 2010; Elmer and Meyer, 2011; Lobkovsky and Koonin, 2012; Martin and 

Orgogozo, 2013).  

In a classical sense, these terms have often been applied to distinguish between cases of 

independent evolution of the same phenotypic trait in closely related (parallelism) or distantly 

related (convergence) species (Arendt and Reznick, 2008; Elmer and Meyer, 2011). This 
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terminology is already rather superficial because it lacks a clear discrimination between what 

is considered closely versus distantly related (Elmer and Meyer, 2011). Nevertheless, matters 

have gotten even worse since some of the genetic loci underlying the respective phenotypic 

alterations have been discovered and authors have started to integrate this additional level of 

molecular information into the same terminology concept (Elmer and Meyer, 2011). From 

this point on, parallel evolution was defined by some as similar phenotypic changes caused by 

similar molecular mechanisms while convergent evolution was considered to be similar 

phenotypic changes caused by distinct molecular mechanisms (Elmer and Meyer, 2011). This 

definition is again ambiguous because molecular mechanisms may be considered as similar 

on the level of genetic pathways, discrete genes, or even individual nucleotide mutations 

(Yoon and Baum, 2004; Elmer and Meyer, 2011). On top of these vague definitions, a 

literature survey reveals that both terms are used in a highly arbitrary way in recent 

publications (Arendt and Reznick, 2008).  

This lack of a consistent terminology stimulated different authors to suggest new concepts on 

how best to describe the phenomenon of repeated phenotypic evolution. Some suggested that 

of phenotypic similarity (Arendt and Reznick, 2008). Others argue that the distinction of 

different evolutionary timescales is essential to acknowledge differences in underlying 

principles and thus, both terms should be kept (Leander, 2008). In both cases, the molecular 

background of phenotypic change is not directly included in the suggested terminology but 

needs to be specified as accessory information. Scotland (2011), on the other hand, combines 

both concepts by restricting the term convergence to describe repeated change of the same 

character at the phenotypic level, and the term parallelism to indicate identical molecular 

changes underlying this phenomenon. Which of these definitions will reach overall 

acceptance within the scientific community remains to be seen. In this thesis, convergence is 

used as the sole term to indicate the synchronous change of phenotypic characteristics during 

evolution, thus basically following Arendt and Reznick (2008). If phenotypic convergence is 

 

Although no consensus on a universal terminology has been reached so far, many recent 

studies report in unison that molecular convergence plays an important role during 

evolutionary processes (see for example Colosimo et al., 2005; Protas et al., 2006; Liu et al., 

2010b; Feldman et al., 2012). This statement has been discussed extensively based on data 

derived from natural adaptation in animal systems (Arendt and Reznick, 2008; Gompel and 
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Prud'homme, 2009; Nadeau and Jiggins, 2010; Elmer and Meyer, 2011), an especially 

prominent example being the repeated involvement of mutations within the melanocortin-1-

receptor coding gene in coat-color changes of species as distantly related as for example 

lizards, mammoths and mice (Majerus and Mundy, 2003; Mundy, 2005; Hoekstra et al., 2006; 

Römpler et al., 2006; Gross et al., 2009; Rosenblum et al., 2010). Results from laboratory-

controlled evolutionary studies likewise back the idea that molecular convergence is a 

common phenomenon during evolution (Lobkovsky and Koonin, 2012). Although some cases 

of molecular convergence are also known from research on plant systems (Yoon and Baum, 

2004; Christin et al., 2007; Kivimäki et al., 2007), the amount of data is still limited and little 

effort has been put into summarizing these data in order to extract possible general trends. 

This thesis contributes to filling this gap by reviewing data on molecular convergence during 

crop domestication and by investigating the molecular background of a specific case of 

phenotypic evolution: the switch from dehiscent to indehiscent fruits in two species of the 

angiosperm plant family of Brassicaceae.  

 

1.3   Fruits as an adaptive trait 

The angiosperms (flowering plants) are named after their possession of fruits, structures that 

develop from mature ovaries after fertilization and  

(Figure 1) (Seymour et al., 2008; Ferrandiz, 2011). Fruits also ensure seed dispersal by very 

different and highly specialized means (Ferrandiz, 2011). Fleshy fruits provide nutritious parts 

in order to attract animals as dispersal agents. Dry fruits may develop floating devices for 

water dispersal, feather or wing-like structures to facilitate dispersal by wind or a sticky 

texture for attaching to animal vectors. Others open in a controlled process called dehiscence 

in order to release their seeds for individual dispersal. Because successful dispersal of seeds is 

an important determinant of plant fitness, fruits are often considered as a key innovation of 

the angiosperm lineage and a major factor determining its evolutionary success (Scutt et al., 

2006; Lorts et al., 2008; Ferrandiz, 2011). 

From an evolutionary perspective, fruit morphology is considered to be an important adaptive 

trait for optimizing seed dispersal strategy in response to different environmental 

conditions and life-history traits (Knapp, 2002; Seymour et al., 2013).  For example closed 

forest habitats were found to be correlated with the occurrence of fleshy fruits while dry fruits 

were found to be more common in open deserts and plains (Bolmgren and Eriksson, 2005; 
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Lorts et al., 2008). In the same line, within the family of Rubiaceae the development of fleshy 

fruits was found to be correlated with a shrubby growth habit in contrast to herbaceous plants 

where dry fruits were more frequently found (Bremer and Eriksson, 1992). In accordance with 

its adaptive value, fruit morphology was reported to be evolutionary highly plastic when 

surveying major angiosperm lineages (Lorts et al., 2008) as well as when concentrating on 

certain plant families in particular (Bremer and Eriksson, 1992; Morgan et al., 1994; Wagstaff 

and Olmstead, 1997; Clausing et al., 2000; Bradford and Barnes, 2001; Davis et al., 2001; 

Hall et al., 2002; Patterson and Givnish, 2002; Zjhra et al., 2004). This high plasticity 

indicates that there are no major phylogenetic constraints acting on fruit evolution in general 

which makes it a good model for studying the molecular background of character evolution 

(Lorts et al., 2008; Seymour et al., 2013). 

Besides their great importance for plant fitness under natural conditions, fruits and their 

products are also an indispensable part of human civilization. We not only consume them in 

huge amounts and feed them to our livestock but also dress in them, apply them to our skin, 

use them in various industrial applications and, recently, let them even fuel our cars. This 

Figure 1: Multifaceted roles of angiosperm fruits. Fruits are considered as a key innovation of the 
angiosperm lineage. They offer protection for the developing seeds (left: Carya laciniosa; right: Malus 
domestica), may allow for the controlled release of seeds (left: Lilium regale; right: Sida rhombifolia) or 
enable seed dispersal by means of wind (left: Acer spec., right: Clematis recta), animal vectors (left: 
chipmunk (Tamias spec.) acting as a dispersal agent, right: Solanum atropurpureum), or water (Nelumbo 
nucifera). Chipmunk picture courtesy of Martina Börner (University of Bielefeld).



Introduction   

9 

versatile and copious usage is only possible due to the development of modern high-

performance crops producing fruits which are specially adapted to human demands by a 

process called domestication (Doebley et al., 2006; Miller, 2007; Purugganan and Fuller, 

2009; Gross and Olsen, 2010; Olsen and Wendel, 2013). Fruit characters that have been 

repeatedly the target of domestication-related changes include size and number (to increase 

yield), shape, color, taste, and fragrance (to meet human preferences), and dehiscence 

behavior (to reduce seed-loss). Therefore, fruits have been extensively modified due to natural 

adaptation as well as artificial selection processes, thus offering the chance to compare the 

molecular changes imposed by both processes lic circuits.  

 

1.4   Fruits of the Brassicaceae 

In this thesis, two manuscripts focus in particular on fruits of the Brassicaceae. This plant 

family comprises approximately 3500 species of mostly perennial herbs that typically form 

two-valved capsular fruits which are called siliques (if they are more than three times as long 

as broad) or silicles (if they are less than three times as long as broad) and open longitudinally 

upon maturity (Al-Shehbaz, 2001). However, aberrations from this typical form are common 

and the resulting diversity in fruit morphology has traditionally been used to assign 

phylogenetic relationships within the family (Al-Shehbaz, 2001). Only recently, extensive 

molecular studies have revealed that many fruit characters have been subject to substantial 

convergence and are thus not phylogenetically meaningful (Al-Shehbaz, 2001; Bailey et al., 

2006; Beilstein et al., 2006; Franzke et al., 2011). One of these characters is the formation of 

indehiscent (non-opening) fruits which can be observed in more than 50 Brassicaceae genera 

distributed over the whole phylogeny (Appel and Al-Shehbaz, 2003; Franzke et al., 2011). 

From an ecological point of view, the significance of indehiscent fruits is not yet clear 

although it has been speculated that specialized morphological structures of the fruit may 

assist certain forms of seed dispersal or that the gradual release of seeds through slow 

decomposition of fruit valves may increase dormancy and thus allow the formation of seed 

banks (Imbert, 2002; Mühlhausen et al., 2008). A few of the evolutionary switches from 

dehiscent to indehiscent fruits happened within the genus of Lepidium, one of the largest 

genera of the Brassicaceae consisting of approximately 250 species typically forming two-

seeded silicles (Al-Shehbaz, 2001; Mummenhoff et al., 2001; Mummenhoff et al., 2009; Al-

Shehbaz and Mummenhoff, 2011). 
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Although the developmental pathway 

leading to fruit dehiscence has been 

studied extensively in Arabidopsis 

thaliana - the major plant model system 

and a member of the Brassicaceae family 

- the conservation of this pathway within 

the family was largely unknown at the 

onset of my work (for reviews on fruit 

development in Arabidopsis see for 

example Dinneny and Yanofsky, 2005; 

Girin et al., 2009; Ostergaard, 2009; 

Grieneisen et al., 2013; Seymour et al., 

2013). Likewise, nothing was known 

about the molecular changes that had 

caused the switch from dehiscent to 

indehiscent fruits within any species of 

Brassicaceae, thus making it impossible 

to assess the relative role of molecular 

convergence in this special case of convergent character evolution. The two closely related 

species Lepidium campestre (field pepperweed; dehiscent fruits) and Lepidium appelianum 

(globe-podded hoary cress; indehiscent fruits) were chosen in this work as study systems to 

address these questions further (Figure 2). Both plants are diploid (2n = 2x = 16), which 

makes them well accessible for genetic analyses, and closely related to A. thaliana, which 

may facilitate the adaptation of molecular techniques (Figure 3). 

 

Figure 2: Brassicaceae model species of this 
thesis. Typical inflorescences of L. appelianum 
(A, B) and L. campestre (C). Both species produce 
silicles (D, L. appelianum; E, L. campestre), 
which are less than three times as long as broad. 
A. thaliana, on the other hand, produces typical 
siliques (F), which are more than three times as 
long as broad. A cross section of an A. thaliana 
fruit (G) depicts typical elements of a dehiscent 
Brassicaceae fruit. Lignified cells are stained in 
red while non-lignified cells are counterstained in 
blue. enb = endocarp layer b. 
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1.5   Aims of this work 

As stated above, assessing the relative role of molecular convergence during evolution and 

characterizing the factors promoting this phenomenon is one aspect on the way to 

understanding the molecular mechanisms of character evolution, which is one of the central 

goals in evolutionary developmental biology. Because these questions have not been 

extensively examined with respect to plant adaptation, this thesis is centered on the molecular 

background of convergent plant evolution in both, natural and domestic environments. 

As an example for convergence in natural adaptation, the repeated switch from dehiscent to 

indehiscent fruits within the Brassicaceae was chosen as a study system. As a prerequisite for 

finding molecular differences causing changes in dehiscence behavior, it was first essential to 

answer the question how well the developmental pathway leading to fruit dehiscence is 

Figure 3: Phylogenetic relationship of Brassicaceae model species. Shown is a simplified phylogeny of 
Brassicaceae including the three major lineages (I, II, and III). Colors are used to distinguish between species 
with dehiscent (green) and indehiscent (violet) fruits. A checked pattern of both colors is applied if both, 
dehiscent and indehiscent fruits, can be found. The three main model species used in this thesis (marked in bold) 
all belong to lineage I. For relevant species, the ploidy level is given. 
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generally conserved within the Brassicaceae. I approached this first aim by establishing a 

transformation system for the dehiscent plant L. campestre and using it to manipulate the 

expression of genes orthologous to known fruit developmental genes of A. thaliana. By 

phenotypic analyses of fruits and gene expression studies, gene functions and pathway 

connectivity could be compared between L. campestre and A. thaliana (manuscript I). 

The subsequent aim was to elucidate the molecular changes responsible for one of the 

adaptive changes from dehiscent to indehiscent fruits within the Brassicaceae. Thus, gene 

expression data were compared between dehiscent L. campestre and indehiscent 

L. appelianum, and resulting candidate genes were further analyzed via sequence analysis and 

heterologous transformation (manuscript II). Assessing the role of molecular convergence 

during Brassicaceae fruit evolution was another aim addressed by comparing and combining 

my own molecular data with that of other studies. 

Transfer of knowledge on molecular principles from evolution to domestication research 

holds great potential for future crop improvement. Thus, the final aim was to estimate the role 

of molecular convergence for crop domestication on the basis of preexisting data and to 

evaluate the question whether the same determining factors known from research on natural 

adaptation also act on adaptation in domestic environments (manuscript III). 
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2. Manuscripts 

2.1   Overview of the manuscripts 

I.  Teresa Lenser and Günter Theißen (2013) Conservation of fruit dehiscence 

pathways between Lepidium campestre and Arabidopsis thaliana sheds light on the regulation 

of INDEHISCENT. The Plant Journal, 76, 545-556. 

Here we compare the molecular fruit developmental pathways between Arabidopsis thaliana 

and Lepidium campestre. We report high conservation of gene function and pathway 

connectivity between both species and identify ALCATRAZ and SPATULA as repressors of 

INDEHISCENT expression. 

All reported experiments were performed by me. I wrote the first draft and prepared the 

figures of the manuscript. Günter Theißen designed and supervised the project and corrected 

and improved the whole manuscript.  

Overall own contribution: 90% 

 

I hereby certify the accuracy of the statements on the contributions of the authors. 

 

Günter Theißen 
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III.  Teresa Lenser and Günter Theißen (2013) Molecular mechanisms involved in 

convergent crop domestication. Trends in Plant Science, DOI: 10.1016/j.tplants.2013.08.007, 

in press 

We review genes determining key traits of crop domestication highlighting the relative 

importance of molecular convergence. We further discuss factors that increase the probability 

for molecular convergence to occur and suggest that a transfer of knowledge from 

evolutionary biology to domestication research might assist developing crop improvement 

strategies. 

I wrote the first draft of the manuscript and prepared the figures. Günter Theißen provided the 

From evolution back to domestication  on the origin of new 

crop species roved the whole manuscript. 

Overall own contribution: 80% 

 

I hereby certify the accuracy of the statements on the contributions of the authors. 

 

Günter Theißen 
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2.2   Manuscript I 

Teresa Lenser and Günter Theißen (2013) Conservation of fruit dehiscence pathways 

between Lepidium campestre and Arabidopsis thaliana sheds light on the regulation of 

INDEHISCENT. The Plant Journal, 76, 545-556 

 

Am Ende fehlende Referenzen: (Darwin, 1859; Van Larebeke.N et al., 1974; Hoekema et al., 1983; Koncz and Schell, 1986; Lazo et al., 
1991; Paterson et al., 1995; De Block et al., 1997; Morgan et al., 1998; Pnueli et al., 1998; Alvarez and Smyth, 1999; Srivastava et al., 1999; 
Bechtold et al., 2000; Desfeux et al., 2000; Ito and Meyerowitz, 2000; Mao et al., 2000; Muskens et al., 2000; Qing et al., 2000; Trieu et al., 
2000; Wang and Waterhouse, 2000; Curtis and Nam, 2001; De Buck et al., 2001; Lease et al., 2001; Bruce et al., 2002; Hedges, 2002; Noda 
et al., 2002; Foucher et al., 2003; Heim et al., 2003; Toledo-Ortiz et al., 2003; Trevaskis et al., 2003; Wang et al., 2003; De Buck et al., 
2004; Itoh et al., 2004; Martinez-Trujillo et al., 2004; Narita et al., 2004; Payne et al., 2004; Schubert et al., 2004; Wen et al., 2004; Kawase 
et al., 2005; Murakami et al., 2005; Salome and McClung, 2005; Turner et al., 2005; Bowman, 2006; Hall et al., 2006; Li and Gill, 2006; 
Zhang et al., 2006a; Asano et al., 2007; Azhaguvel and Komatsuda, 2007; Beales et al., 2007; Furukawa et al., 2007; Lin et al., 2007; Salvi 
et al., 2007; Carroll, 2008; Fan et al., 2008; Jones et al., 2008; Lu and Kang, 2008; Muth et al., 2008; Onate-Sanchez and Vicente-Carbajosa, 
2008; Xue et al., 2008; Alonso-Blanco et al., 2009; De Paepe et al., 2009; Jung and Muller, 2009; Kovach et al., 2009; Salas Fernandez et 
al., 2009; Sang, 2009; Sood et al., 2009; Wilhelm et al., 2009; Zhang et al., 2009; Christin et al., 2010; Cockram et al., 2010; Dubois et al., 
2010; Higgins et al., 2010; Jeon et al., 2010; Li et al., 2010a; Li et al., 2010b; Liu et al., 2010a; Suzuki et al., 2010; Tang et al., 2010; Tian et 
al., 2010; Akita et al., 2011; Asano et al., 2011; Asp et al., 2011; Gillman et al., 2011; Juwattanasomran et al., 2011; Li et al., 2011; Murphy 
et al., 2011; Petroni and Tonelli, 2011; Ramsay et al., 2011; Remigereau et al., 2011; Salvi et al., 2011; Streisfeld and Rausher, 2011; Studer 
et al., 2011; Tsiantis, 2011; Zhao et al., 2011; Zhu et al., 2011; Butelli et al., 2012; Comadran et al., 2012; Diaz et al., 2012; Faure et al., 
2012; Galimba et al., 2012; Koskela et al., 2012; Kwak et al., 2012; Li et al., 2012; Lin et al., 2012; Marsch-Martinez et al., 2012; 
Matsubara et al., 2012; Park et al., 2012; Pin and Nilsson, 2012; Repinski et al., 2012; Weller et al., 2012; Xia et al., 2012; Yang et al., 
2012; Zakhrabekova et al., 2012; Zhang et al., 2012; Bennett et al., 2013; Hunt et al., 2013; Ishii et al., 2013; Kawahigashi et al., 2013; Liu 
et al., 2013; Maron et al., 2013; Schroeder et al., 2013)
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SUMMARY

The mode of fruit opening is an important agronomic and evolutionary trait that has been studied intensively

in the major plant model system Arabidopsis thaliana. Because fruit morphology is highly variable between

species, and is also often the target of artificial selection during breeding, it is interesting to investigate

whether a change in fruit morphology may alter the developmental pathway leading to fruit opening. Here

we have studied fruit development in Lepidium campestre, a Brassicaceae species that forms silicles instead

of siliques. Transgenic L. campestre plants with altered expression levels of orthologs of A. thaliana fruit

developmental genes (ALCATRAZ, FRUITFULL, INDEHISCENT and SHATTERPROOF1,2) were found to be

defective in fruit dehiscence, and anatomical sections revealed similar changes in tissue patterning as found

in respective A. thaliana mutants. Gene expression analyses demonstrated a high degree of conservation in

gene regulatory circuits, indicating that, despite great differences in fruit morphology, the process of fruit

opening remains basically unchanged between species. Interestingly, our data identify ALCATRAZ as a nega-

tive regulator of INDEHISCENT in L. campestre. By mutant analysis, we found the same regulatory relation-

ship in A. thaliana also, thereby shedding new light on how ALCATRAZ drives separation layer formation.

Keywords: fruit opening, dehiscence, fruit development, regulatory network evolution, Lepidium campestre,

Arabidopsis thaliana.

INTRODUCTION

Fruit opening in thale cress (Arabidopsis thaliana) mainly

depends on correct formation of certain tissues within the

fruit. Primarily important are two layers of cells that form

directly at the valve/replum border and together constitute

the dehiscence zone. The separation layer faces the replum

and consists of small isodiametrically shaped parenchyma

cells (Rajani and Sundaresan, 2001). Prior to fruit opening,

these cells secrete cell wall-degrading enzymes to mediate

breakdown of the middle lamella, resulting in cell separa-

tion (Meakin and Roberts, 1990; Petersen et al., 1996;

Ogawa et al., 2009). The lignified layer faces the valve, and

is connected to the lignified endocarp layer b, which is

located on the inside of the fruit valves (Spence et al.,

1996). These lignified stripes of cells form a rigid scaffold

that builds up tension upon ripening, when the fruit dries

and shrinks, forcing the valves apart from the replum at the

weakest point, i.e. the separating cells of the separation layer.

The molecular basis of dehiscence zone formation is the

expression of transcription factor-encoding ‘dehiscence

zone identity genes’ specifically at the valve/replum border

(Rajani and Sundaresan, 2001; Liljegren et al., 2004). These

genes comprise the redundant MADS box genes SHAT-

TERPROOF1 (SHP1) and SHP2, and the basic helix-loop-

helix (bHLH) genes INDEHISCENT (IND) and ALCATRAZ

(ALC), which are positively regulated by the SHP genes

(Liljegren et al., 2004). A functional IND gene appears to be

important for formation of both the separation layer and

the lignified layer, while ALC contributes to separation

layer formation only (Rajani and Sundaresan, 2001; Lilje-

gren et al., 2004). Another MADS box gene, FRUITFULL

(FUL), and the homeobox gene REPLUMLESS (RPL) act as

negative regulators in the fruit valves or the replum,

respectively, to restrict expression of dehiscence zone

identity genes to the thin stripe of the dehiscence zone
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(Ferrandiz et al., 2000; Roeder et al., 2003; Liljegren et al.,

2004). By regulating several downstream targets, IND acts

to establish an auxin minimum as well as a cytokinin and

gibberellic acid maximum at the valve/replum border;

these local hormone distributions are crucial for correct

dehiscence zone formation and pod shatter (Sorefan et al.,

2009; Arnaud et al., 2010; Marsch-Martinez et al., 2012).

One downstream effect of the presence of active gibberel-

lic acid at the dehiscence zone is activation of ALC by deg-

radation of DELLA repressor proteins, which makes IND an

indirect activator of ALC (Arnaud et al., 2010). IND addi-

tionally induces the expression of SPATULA (SPT), another

bHLH gene that contributes to separation layer formation

partially redundantly with ALC and interacts with IND to

establish the auxin minimum at the dehiscence zone (Girin

et al., 2011; Groszmann et al., 2011).

Arabidopsis thaliana is a member of the Brassicaceae

family, which includes plants with a great variety of fruit

shape and size (Al-Shehbaz, 2001; Bowman, 2006). As most

members produce dehiscent fruits, an interesting question

is whether the fruit developmental pathway leading to fruit

dehiscence in A. thaliana is conserved in other Brassica-

ceae species despite great morphological differences. Only

a few studies provide limited insights into the molecular

basis of fruit development of Brassicaceae species other

than A. thaliana (Petersen et al., 1996; Chauvaux et al.,

1997; Ostergaard et al., 2006; Ogawa et al., 2009; Sorefan

et al., 2009; Girin et al., 2010; Avino et al., 2012; M€uhlhau-

sen et al., 2013). They all suggest a high degree of conser-

vation in the fruit developmental pathway of various

Brassicaceae species with dehiscent fruits. However, no

comprehensive study analyzing the function and regula-

tory relationships of several members of the pathway in

one species has been reported so far.

Therefore, we have studied fruit development in field

pepperweed (Lepidium campestre), another diploid mem-

ber of the Brassicaceae family. Fruits of L. campestre are

very distinct from fruits of A. thaliana in overall appear-

ance. They are shorter but much wider (and in Brassica-

ceae nomenclature, are therefore called silicles rather than

siliques), and only produce two seeds. Nevertheless, it was

shown that the tissue patterning at the valve/replum bor-

der is very similar between the two species, with all com-

ponents considered to be important for proper dehiscence

in A. thaliana also present in L. campestre (Mummenhoff

et al., 2009). This may qualify L. campestre as a good com-

plementary model system to study fruit development and

fruit opening.

For functional analyses using reverse genetic

approaches, the ability to generate transgenic organisms is

a crucial requirement. The most widely used technique to

transform A. thaliana is the floral-dip method (Clough and

Bent, 1998; Bechtold et al., 2000; Desfeux et al., 2000). Suc-

cess with this protocol (with slight variations) has also

been demonstrated for several other Brassicaceae species

(Qing et al., 2000; Curtis and Nam, 2001; Tague, 2001;

Wang et al., 2003; Bartholmes et al., 2008; Lu and Kang,

2008). Nevertheless, a previous attempt to transform

L. campestre via floral dip proved unsuccessful (Eriksson,

2009).

In this study, we establish a floral dip-based transforma-

tion system for L. campestre and use it to generate trans-

genic plants with abnormal expression levels of genes

orthologous to known A. thaliana fruit developmental

genes. The effect on L. campestre fruit morphology and on

the expression of other members within the pathway was

determined, and compared to known phenotypes of

respective A. thaliana mutant plants. Our data reveal a

high degree of conservation between the fruit develop-

mental pathways in both species. This conservation also

applies to the role of ALC as a repressor of IND expression,

a regulatory connection that was detected in L. campestre

and was later on also found in A. thaliana.

RESULTS

Lepidium campestre may be transformed via floral dip

As it has been reported that Agrobacterium strains vary

strongly in their ability to transform various plant spe-

cies and even different ecotypes (Clough and Bent, 1998;

Trieu et al., 2000; Tague, 2001; Bartholmes et al., 2008),

we initially tested three different strains (GV3101,

LBA4404 and AGL1) for their ability to infect and trans-

form L. campestre. Selection of T1 seeds using Basta

solution resulted in six and three surviving offspring for

plants treated with the GV3101 and LBA4404 strains,

respectively, and no surviving offspring for AGL1-treated

plants (Table 1). This corresponds to transformation effi-

Table 1 Transformation efficiency dependent on Agrobacterium strain

Agrobacterium strain Number of treated plants Absolute number of seeds Number of transformants

Mean transformation

efficiency (%)

LBA4404 9 3851 3 0.1

AGL1 9 4418 0 0

GV3101 9 3384 6 0.19

Using three different Agrobacterium tumefaciens strains for floral-dip transformation of L. campestre, the transformation efficiency was

determined as the number of positive transformants per number of seeds.
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ciencies of 0.19% (GV3101), 0.1% (LBA4404) and 0%

(AGL1). For further optimization, we concentrated on the

GV3101 strain, because it produced the highest number

of Basta-resistant plants.

Two further parameters – age of Agrobacterium culture

and the exposure time of plants to the infiltration medium –

were tested for their influence on transformation efficiency.

The results are presented in Table S1 and Figure 1. They

indicate that the age of the Agrobacterium culture does not

influence transformation efficiency, but immersing inflores-

cences for only 5 sec compared to 1 min significantly

increases it. Consequentially, the standard protocol used

for further floral-dip transformation of L. campestre

included use of the GV3101 Agrobacterium strain grown for

24 h with a dipping time of 5 sec, resulting in an approxi-

mate transformation efficiency of 0.4%.

To test whether the bar gene stably integrates into the

L. campestre genome and is inherited into the next genera-

tion, T2 seeds were tested for their Basta resistance. Based

on the rules of Mendelian inheritance, we expected approxi-

mately 75% of seedlings to be resistant if one transgene

integrated into the genome of the T1 plant (3:1 segregation),

approximately 93% resistant seedlings for independent

integration of two transgenes (15:1 segregation), and more

than 98% surviving offspring if three or more independent

transgene integrations took place. Offspring seedlings from

29 randomly chosen primary transformants were selected

using Basta solution, and the results were analyzed by a

chi-square test to show whether they fit one of the expected

distributions (see Figure 2a and Table S2). For 22 plants,

the proportion of Basta-resistant offspring seedlings was

above 65%, thereby matching at least one of the expected

distributions, but for seven plants, the ratio was below 50%,

suggesting the action of gene-silencing mechanisms. In line

with this, Southern blot hybridization on genomic DNA of

T1 plants revealed that low levels of Basta-resistant off-

spring correlate with increasing numbers of transgene

integrations (Figure 2b,c). These results indicate that

transgenes stably integrate into the L. campestre genome

and are inherited to the next generation, but are subject to

transgene silencing as a consequence of multiple transgene

integrations, a finding comparable to what is known for

other plant species (Muskens et al., 2000; Wang and Water-

house, 2000; De Buck et al., 2001).

Altering fruit developmental gene expression in

L. campestre changes fruit dehiscence capability

To analyze to what extent the fruit developmental gene

pathway known to exist in A. thaliana siliques is conserved

in L. campestre silicles, the expression level of fruit devel-

opmental gene orthologs of L. campestre (henceforth

referred to as e.g. LcIND versus AtIND) was manipulated.

RNAi hairpin constructs targeting LcIND, LcALC and LcSHP

and a cDNA fragment of the complete LcFUL coding region

were placed under the control of the CaMV 35S promoter

and transformed into L. campestre. In theory, this should

lead to a reduction of the expression levels of LcIND,

LcALC and LcSHP1/2, and to ectopic over-expression of

LcFUL. Fruits of positively transformed plants were sub-

jected to the random impact test to quantify their suscepti-

bility to dehiscence. No difference in dehiscence behavior

was detected between wild-type plants and those that were

transformed with an empty vector construct (Figure 3).

However, transformation with the RNAi constructs resulted

in fruits with reduced dehiscence capability in five of 10

transformants (LcIND), one of 10 transformants (LcSHP1)

and 14 of 17 transformants (LcALC; Figure 3). Of 10 plants

carrying the 35S:LcFUL construct, three produced

fruits with reduced dehiscence capability, while the

fruits on one plant shattered more readily than wild-type

fruits (Figure 3).

Overall gene expression levels of LcIND, LcALC, LcFUL,

LcSHP1 and LcSHP2 were compared between dehiscent

fruits of control plants and fruits of L. campestre transfor-

mants with alterations in dehiscence behavior via quantita-

tive RT-PCR. Those genes that were targeted by RNAi all

showed an approximately 10-fold decrease in expression

level compared to control fruits (Figure 4a). In 35S:LcFUL

plants, fruits with reduced dehiscence capability expressed

LcFUL at least 20 times more strongly than control fruits,

while fruits with increased dehiscence susceptibility

showed a reduction of overall LcFUL expression level

(Figure 4a). In addition to these changes, which were the

direct result of the transformed constructs, secondary

changes in other genes were noted that must be due to reg-

ulatory connections of these genes with the primary targeted

**

Figure 1. Transformation efficiency as a function of dipping time and age

of the Agrobacterium culture.

The transformation efficiency resulting from floral dipping was determined

for plants that were immersed for 5 sec or 1 min in infiltration solution con-

taining Agrobacteria grown for 24 or 48 h. Values are the mean transforma-

tion efficiency and standard deviation for 19 plants per treatment. Dipping

for 1 min compared to 5 sec results in significantly lower efficiency

(**P ≤ 0.01).
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genes. In RNAi-LcIND fruits, the expression level of all other

tested genes remained unchanged except for LcSHP1,

which showed a slight but significant increase in expression

(Figure 4a). Fruits over-expressing LcFUL showed a decrease

in LcIND expression level, while LcSHP2 expression was up-

regulated (Figure 4a). RNAi-LcALC fruits expressed LcSHP2

at a slightly higher level than control fruits, and showed an

approximately sixfold increase in LcIND expression (Fig-

ure 4a). For both the RNAi-LcSHP plant and the 35S:LcFUL

plant with decreased LcFUL expression, no statistical analy-

sis of the gene expression data could be performed,

because only one transformant was available in each case.

However, analysis of individual plants indicated an overall

decrease in expression level for LcALC, LcIND and LcSHP2

in RNAi-LcSHP fruits, and an overall increase in expression

level for all genes under study in fruits in which LcFUL was

down-regulated (Figure 4a).

Exploring the regulation of IND in A. thaliana

ALC is not known to act as a negative regulator of IND dur-

ing fruit development of A. thaliana. Therefore, the strong

increase of LcIND expression in RNAi-LcALC fruits was

unexpected. To investigate whether this regulatory connec-

tion is restricted to L. campestre or also applies to A. thali-

ana, relative expression levels of IND were compared

between A. thaliana plants with reduced ALC expression

(alc and RNAi-ALC plants) and respective controls (wild-

type and empty vector control plants). In both cases, the

decrease in ALC expression in the transgenic lines was

accompanied by a two- to fourfold increase in IND expres-

sion in flowers as well as in fruits (Figure 4b). These data

suggest that ALC works as a repressor of IND expression

in both A. thaliana and L. campestre. Because constitutive

SPT expression was shown to rescue the indehiscent alc

fruit phenotype (Groszmann et al., 2011), relative expres-

sion levels of IND were also investigated in flowers of two

A. thaliana spt lines (spt-1 and spt-2). An approximate two-

fold increase in IND expression compared to wild-type

suggests that, like ALC, SPT represses IND in A. thaliana

flowers, although probably to a lesser extent (Figure 4b).

In a previous study, a 400 bp region in the promoters of

A. thaliana and Brassica rapa IND genes was found to be

highly conserved and sufficient for valve margin expres-

sion (Girin et al., 2010). An alignment of homologous

regions from several species of Brassicaceae reveals the

presence of a conserved E-box motive in addition to the

conserved CArG box identified previously (Figure S1; Girin

et al., 2010), thus identifying a potential binding site for

ALC and SPT in the IND promoter.

Correlation between levels of fruit dehiscence and gene

expression levels

By transforming two RNAi-LcALC constructs into L. cam-

pestre, a number of independent transformants were
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Figure 2. Transgene integration and inheri-

tance.

(a) Percentage of Basta-resistant T2 seeds of 29

primary-transformed L. campestre plants.

(b) Southern blot hybridization using a bar

gene-specific probe on linearized pGPTV-Bar

plasmid (+) and on genomic DNA from wild-

type (wt) and primary-transformed L. campes-

tre. Plant numbers are consistent with those

shown in (a).

(c) For 10 primary-transformed L. campestre

plants, the percentage of Basta-resistant T2

seeds was plotted against the number of bar-

specific bands on a Southern blot.
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obtained that differed strongly in their fruit dehiscence

capability from fully dehiscent via tardily dehiscent to

completely indehiscent (Figure 3). To analyze whether the

level of fruit dehiscence correlated with gene expression

level, dehiscence half-life was plotted against the relative

expression level of LcALC, and, because of the newly dis-

covered regulatory connection to LcIND, also against the

relative expression level of LcIND (Figure 4c). This analysis

demonstrates that an increase in dehiscence half-life corre-

lates well with decreasing LcALC and increasing LcIND

mRNA levels.

Mis-expression of fruit developmental genes changes fruit

morphology in L. campestre

Fruit morphology was compared between control plants

transformed with an empty vector and those transformants

that showed altered dehiscence behavior in the random

impact test. When directly inspecting mature fruits under

high magnification, some fruits of RNAi-LcIND plants

showed a complanate replum that almost merged with the

surrounding valve tissue, while, in control fruits, the replum

was always bulgingly raised (Figures 5a,b and S2a,b). Fruits

of the 35S:LcFUL plant that shattered more readily com-

pared to wild-type fruits were much smaller than control

fruits and had papery thin valves and smaller seeds (Fig-

ures 5c and S2c). By analyzing lignin-stained cross-sections

of fruits, it was found that all L. campestre plants with alter-

ations in fruit dehiscence behavior also showed changes in

tissue patterning at the valve/replum border. However, the

exact nature of these changes was specific for every gene

under study. RNAi-LcIND plants produced fruits that lacked

a separation layer and showed a continuous degree of

fusion between endocarp layer b (enb) and the lignified

vascular bundle that is connected to the replum (Figure 5g–

i). A lignified layer could not be distinguished, but it is not

clear whether this was due to its complete fusion with the

lignified replum tissue or because it was not formed at all.

In some fruits, the replum was severely flattened compared

to the control (Figure 5f,g). Fruits of RNAi-LcALC plants

lacked a separation layer, and the connection between the

replum and the vascular bundle was narrower, while the lig-

nified layer was wider than in control fruits (Figure 5f,j). The

fruits of the single RNAi-LcSHP plant with reduced fruit

dehiscence showed reduced lignification of the lignified

layer, while the separation layer appeared to be intact (Fig-

ure 5k). In the case of 35S:LcFUL plants, the fruits with

reduced dehiscence lacked a discernable separation layer

and lignified layer, and showed fusion of the enb with the

replum (Figure 5l), thereby greatly resembling RNAi-LcIND

fruits. The only difference to these fruits is that the enb

fusion is restricted to the replum and does not include the

vascular bundle, as it does in RNAi-LcIND fruits (Figure 5g,

h,l). The single 35S:LcFUL plant with increased shattering

susceptibility developed fruits that completely lacked a lig-

nified layer, a separation layer and an enb. Additionally, the

mesocarp was greatly reduced, and only the replum with its

attached vascular bundle was morphologically comparable

to control fruits (Figure 5e,m).

DISCUSSION

Floral-dip transformation of L. campestre

The development of new model species is an important

issue in the field of evolutionary biology (Abzhanov et al.,

2008). Here we describe a floral dip-based transformation

protocol for L. campestre, with a transformation efficiency

of approximately 0.4%. This may facilitate future studies

on gene function in a Brassicaceae species of biological

and agronomic interest (Eriksson, 2009). In a prior study by

another group, it was reported that L. campestre could not
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Figure 3. Dehiscence capability of various L. campestre transformants.

The half-life of dehiscence as determined by the random impact test is shown for L. campestre wild-type plants (wt) and plants that were transformed with an

empty pFGC5941 vector (EVC), a 35S:LcFUL construct or various RNAi constructs targeting LcIND, LcSHP and LcALC, respectively. RNAi constructs contain
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be transformed by simple floral dipping (Eriksson, 2009).

This discrepancy may be due to the fact that different

Agrobacterium strains were used in both studies. Addition-

ally, only a few seeds were screened for transgene integra-

tion by Eriksson (2009), and therefore transformation

events occurring with low efficiency may have been

missed.

The analysis of transgene integration following floral dip

of L. campestre showed that the majority of transformed

plants carried more than one T-DNA insertion (Figure 2b),

a phenomenon that is also observed for floral-dip transfor-

mation of A. thaliana (De Buck et al., 2004). Multiple

T-DNA integrations are generally undesirable because an

observed phenotype may not be transferred to the next

generation if it is influenced by several loci that segregate

independently. Furthermore, the presence of multiple

T-DNA copies has been associated with transgene expres-

sion variability and induction of transgene silencing

(Muskens et al., 2000; Wang and Waterhouse, 2000; De

Buck et al., 2001), while expression of single-copy transg-

enes is mostly uniform and stable (De Buck et al., 2004;

Schubert et al., 2004). This is in line with our findings that

the number of Basta-resistant T2 offspring plants

decreased with increasing T-DNA copy number, with first
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Figure 4. Expression analysis of fruit developmental genes.

(a) Relative expression levels of fruit developmental genes were determined by quantitative RT-PCR in fruits (stage 17) of transgenic L. campestre plants.

Expression quantities are presented relative to expression level in the empty vector control (EVC), which was set to 1 for each gene. Error bars represent stan-

dard deviations and are given if at least three individual plants were tested. Columns without error bars were obtained by analyzing a single plant in each case.

35S:LcFUL* represents the plant that produced small fruits with increased dehiscence susceptibility unlike the normally shaped fruits with normal or reduced

dehiscence susceptibility of all other 35S:LcFUL transformants. Significant differences compared with control plants are indicated by asterisks (*P ≤ 0.05,

**P ≤ 0.01).

(b) Relative AtALC and AtIND expression was analyzed in A. thaliana flowers (stage 13/14) and fruits (stage 17). Values shown are relative changes of expression

compared to the EVC (in the case of RNAi-AtALC) or to A. thaliana wild-type (in the case of alc, spt-1 and spt-2).

(c) Dehiscence half-lives as obtained by the random impact test of individual RNAi-LcALC transformants were plotted against the relative expression levels of

LcALC and LcIND, respectively.
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signs of transgene silencing showing in plants with three

copies (Figure 2c). Therefore, as in A. thaliana, for certain

applications, it will be necessary to select L. campestre

single-copy transformants by screening a pool of transfor-

mants or specifically enriching them, for example by using

Cre-mediated site-specific recombination techniques

(Srivastava et al., 1999; De Paepe et al., 2009) or treatment

with niacinamide (De Block et al., 1997). Keeping these

obstacles in mind, the floral-dip transformation technique

introduced here may be successfully applied in L. campes-

tre, thereby facilitating its use as a model system in evolu-

tionary and developmental biology.

High level of conservation between the fruit

developmental pathways of A. thaliana and L. campestre

In A. thaliana, several mutant lines are known that produce

indehiscent fruits. In this study, the phenotypes of some of

these mutants (35S:FUL, shp1/2, ind and alc) were mim-

icked by RNAi and ectopic gene expression in L. campes-

tre. The alteration in gene expression for all five

L. campestre genes under study resulted in formation of

indehiscent fruits, thereby indicating that their overall func-

tion in fruit development is conserved between both Brass-

icaceae species. Looking more closely at the particular

morphological changes and alterations in gene expression

within the fruits of transformed L. campestre plants, the

high level of conservation was confirmed, although certain

differences were detected as well. For example, the 35S:

LcFUL fruits closely resembled the corresponding A. thali-

ana transgenic plants in lacking both layers of the dehis-

cence zone (Ferrandiz et al., 2000). Interestingly, the one

plant with reduced levels of LcFUL expression (most prob-

ably due to transgene silencing) strongly resembles an

A. thaliana ful mutant with a reduction in fruit and seed

size, where only the replum develops normally (Gu et al.,

1998). However, the fruits did not show ectopic lignifica-

tion throughout the valves as reported for A. thaliana ful

mutants (Ferrandiz et al., 2000) but instead completely

lacked the enb and had greatly reduced mesocarp tissue.

These findings suggest that the function of FUL orthologs

in valve tissue development is more substantial in L. cam-

pestre than in A. thaliana, where it is mainly responsible

for suppressing the expansion of expression of valve-mar-

gin identity genes (Liljegren et al., 2004). Nevertheless, this

conclusion should be treated with caution as only fruits of

one plant were analyzed, and the unintended transgene

silencing may have had side-effects on expression of other

MADS box genes due to high sequence similarities within

(a)

(d)

(i) (j) (k) (l) (m)

(e) (f) (g) (h)

(b) (c)

Figure 5. Fruit phenotypes of L. campestre transformants mis-expressing fruit developmental genes.

Scanning electron microscopy images of whole fruits of stage 19 with magnification of the valve/replum border (a–c) and 8 lm cross-sections of fruits with lig-

nified cell-walls stained in red and non-lignified cell-walls stained in blue (d–m) are shown. Fruits of the empty vector control (a, d, f) show tissue patterning sim-

ilar to fruits of A. thaliana, including fruit valves (v), replum (r), lignified layer (ll), separation layer (sl), endocarp layer b (enb) and the vascular bundle (vb).

RNAi-LcIND (b, g–i), RNAi-LcALC (j), RNAi-LcSHP (k) and 35S:LcFUL (l) fruits show various degrees of loss of dehiscence zone tissue. Reduction of LcFUL expres-

sion level leads to the formation of small fruits without dehiscence zone, enb and mesocarp tissue (c, e, m). Scale bars = 100 lm, unless indicated otherwise.
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the DNA-binding domain. The regulatory function of FUL

as a repressor of SHP1/2, IND and ALC appears to be con-

served in the Lepidium ortholog because the expression

levels of these downstream targets mostly change accord-

ingly in response to LcFUL up- or down-regulation

(Figure 4; Ferrandiz et al., 2000; Liljegren et al., 2004). The

finding that LcSHP1/2 does not show a decrease in overall

expression level in LcFUL over-expressing fruits may be

due to FUL-independent high transcript abundance in

developing seeds (Ferrandiz et al., 2000; Ostergaard et al.,

2006; M€uhlhausen et al., 2013).

SHP1/2 are activators of IND and ALC in both A. thaliana

and L. campestre, as indicated by a reduction in the

expression level of both targets in RNAi-LcSHP fruits

(Figure 4; Liljegren et al., 2000, 2004). As in A. thaliana,

down-regulation of SHP1/2 led to reduced lignification

within the dehiscence zone, but in contrast to Atshp1/2

fruits, fruits of the RNAi-LcSHP plant formed an intact

sepration layer (Figure 5k; Ferrandiz et al., 2000). This is

probably due to the fact that there was still considerable

LcSHP2 expression present, so the phenotype is not as

strong as that of a complete shp1/2 knockout.

Like its orthologs in A. thaliana and B. rapa (Liljegren

et al., 2004; Girin et al., 2010), LcIND contributes to forma-

tion of both the separation layer and the lignified layer, as a

reduction in expression level leads to elimination of both

tissues (Figure 5g–i). Its involvement in replum formation

also seems to be conserved, although, instead of an expan-

sion of replum tissue as in Arabidopsis and Brassica (Girin

et al., 2010), RNAi-LcIND fruits showed a more complanate

replum (Figures 5b,g and S2b). Whether this suggests

opposing functions of the different IND orthologs in replum

formation or merely represents morphological variability in

character formation needs to be further analyzed. As

expected from A. thaliana, LcIND does not severely influ-

ence the expression level of LcFUL, LcSHP1/2 or LcALC.

In A. thaliana, AtALC is thought to contribute exclusively

to separation layer formation, as alc mutant fruits possess a

well-defined lignified layer but lack separation layer tissue

(Rajani and Sundaresan, 2001). The same is true for RNAi-

LcALC fruits, where no separation layer cells may be distin-

guished at the valve margin, but the lignified layer is wider

compared to wild-type (Figure 5j). This corresponds well

with reports from alc fruits in which ectopically lignified

cells form a bridge between lignified layer and replum,

thereby preventing regular pod dehiscence (Rajani and Sun-

daresan, 2001; Groszmann et al., 2011). In addition to these

effects, RNAi-LcALC fruits showed a strong reduction of tis-

sue connecting replum and vascular bundle (Figure 5j), indi-

cating that LcALC may contribute to lower replum

formation. Surprisingly, expression analysis showed a

sixfold increase in the overall LcIND expression level in

RNAi-LcALC fruits compared to the empty vector control

(Figure 4), implying that LcALC is a repressor of LcIND.

ALC and SPT act as repressors of IND

Based on our L. campestre data suggesting that LcALC may

have a negative regulatory effect on LcIND expression, the

same regulatory connection was demonstrated for the

respective A. thaliana orthologs in a subsequent experi-

ment (Figure 4b). Thus we hypothesize it to be a common

feature of the Brassicaceae fruit developmental pathway.

Further expression analyses indicated that SPT, the closest

paralog of ALC (Toledo-Ortiz et al., 2003), also has repress-

ing activity on IND. This functional redundancy between

ALC and SPT probably explains why constitutive SPT

expression rescues the alc mutant phenotype (Groszmann

et al., 2011). Our findings add further information to the

understanding of Brassicaceae fruit dehiscence zone forma-

tion (Figure 6). As known previously, the directly adjacent

formation of the lignified layer and the separation layer are

crucial for correct fruit dehiscence to occur. IND contributes

to lignification of the lignified layer and enb layer tissue

(Liljegren et al., 2004), and additionally acts in separation

layer formation by mediating the release of ALC and SPT

from DELLA repressor proteins (Arnaud et al., 2010). Our

data suggest that, following activation, a major function of

ALC and SPT is down-regulation of the IND expression level

within the separation layer, thus preventing IND-induced

lignification of separation layer cells. This is also supported

by the fact that reduced ALC expression leads to ectopic

ReplumValve

enb

Lignified layer

Separation layer

FUL RPL

SPTALC

SHP1,2

IND

ALC SPT

DELLA DELLA

Figure 6. Model for ALCATRAZ (ALC) and SPATULA (SPT) function in fruit

dehiscence zone formation.

Regulatory pathway leading to fruit dehiscence zone formation as recently

described (Dinneny and Yanofsky, 2005; Arnaud et al., 2010; Girin et al.,

2011; Groszmann et al., 2011). The upstream regulators FRUITFULL (FUL)

and REPLUMLESS (RPL) repress dehiscence zone formation, while SHAT-

TERPROOF1 (SHP1) and SHP2 activate dehiscence zone formation, by regu-

lating INDEHISCENT (IND), ALC and SPT. Only IND contributes to formation

of the lignified layer, while IND, ALC and SPT promote separation layer for-

mation. It is unclear whether IND solely acts through release of ALC and

SPT from DELLA repressor proteins, or whether it has additional direct roles

in separation layer formation. Our findings suggest a regulatory feedback

loop between IND and ALC/SPT (highlighted in red) that may help to estab-

lish the separation layer by decreasing overall IND concentrations in this

area. enb, endocarp layer b.
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lignification of those cells that normally form the separation

layer (Rajani and Sundaresan, 2001; Groszmann et al., 2011;

this study), probably due to unusually high IND activity. Due

to their opposing reciprocal regulation, ALC and SPT appear

to be connected with IND in a feedback loop that ensures

particularly stable levels of the active protein products

within the separation layer (Figure 6).

Recently, it has been found that, in addition to their func-

tion in dehiscence zone formation, ALC, SPT and IND are

also involved in various aspects of gynoecium development

and may play a role during pollen tube development and

anther dehiscence (Cai and Lashbrook, 2008; Groszmann

et al., 2011; Kay et al., 2013). It will be interesting to study

how the IND-repressing activity of ALC and SPT contributes

to these pathways. Another interesting aspect will be to test

whether IND is a direct or indirect target of ALC and SPT

repressor activity. As bHLH domain transcription factors,

both proteins bind to DNA as homo- or heterodimers (Heim

et al., 2003), with possible interaction candidates from yeast

two-hybrid analyses being IND, or SPT and ALC themselves

(Liljegren et al., 2004; Girin et al., 2011; Groszmann et al.,

2011). An E-box within a 400 bp region of the IND promoter

that is sufficient for valve margin expression (Girin et al.,

2010) was identified as a good candidate site for direct bind-

ing of ALC and SPT proteins, and the complete conserva-

tion of this sequence motif in all investigated sequences

from various Brassicaceae species strongly suggests its

functional importance (Figure S1). Nevertheless, further

evidence is required to clarify this aspect.

Connecting genes with fruit morphology

Our systematic approach to study the fruit developmental

pathway in L. campestre reveals a high degree of conserva-

tion of gene function and pathway connectivity compared

to A. thaliana, even though both fruit size and form are very

different in the two species. Only minor differences in

expression pattern or gene function were detected, and the

functional relevance of these remains to be determined.

These data confirm insights obtained in other Brassicaceae

with dehiscent fruits (Ostergaard et al., 2006; Girin et al.,

2010; Avino et al., 2012). On the other hand, it was shown in

two independent studies that the same pathway is severely

disturbed in fruits of indehiscent Brassicaceae species (Avi-

no et al., 2012; M€uhlhausen et al., 2013), indicating that fruit

dehiscence versus overall fruit size and form are controlled

by independently operating modules of the overall genetic

network patterning a Brassicaceae fruit. It will be interesting

to study (i) whether changes within the fruit developmental

pathway are involved in evolution of other fruit characteris-

tics other than fruit dehiscence, and (ii) which genes are

involved in the evolution of fruit characteristics such as size

and shape. Some species within the Brassicaceae develop

fruits with an additional abscission zone, the so-called joint,

and involvement of genes from the fruit developmental

pathway in joint formation has been discussed but not dem-

onstrated so far (Hall et al., 2006; Avino et al., 2012). Genes

known to influence fruit size or shape in A. thaliana include

ROTUNDIFOLIA4 (Narita et al., 2004), DEVIL genes (Wen

et al., 2004), the cytochrome P450 gene CYP78A9 (Ito and

Meyerowitz, 2000), the genes encoding A. thaliana heterotri-

meric G protein b and c subunits (Lease et al., 2001; Li et al.,

2012), and KNUCKLES (Payne et al., 2004). These genes

may serve as candidates for future evolutionary studies.

An important issue in Brassicaceae fruit developmental

research is the hope of transferring knowledge from well-

studied model species to agriculturally important crop

plants. An often cited desire is to genetically design fruits

with reduced dehiscence capability to increase seed yield

(Spence et al., 1996; Ostergaard et al., 2006). The high level

of conservation within the fruit developmental pathway of

all dehiscent Brassicaceae species tested so far suggests

that this strategy is indeed promising. We found that the

severity of the indehiscence phenotype correlates well with

the expression level of certain genes from the fruit devel-

opmental pathway, a fact that was also observed for the

SHATTERING ABORTION1 gene in rice (Zhou et al., 2012).

This indicates that fine-tuning gene expression levels may

allow plant breeders to obtain fruits with optimal dehis-

cence capability for various climatic or harvest conditions.

EXPERIMENTAL PROCEDURES

Plant material and growth

Plants were grown in a greenhouse on seedling substrate (Klas-

mann-Deilmann GmbH, Geeste, Germany, http://www.klasmann-

deilmann.com/), vermiculite (Klasmann-Deilmann GmbH) and

sand (8:1:1), supplemented with 1 g L�1 Osmocote mini (The

Scotts Miracle-Gro Company, Marysville, OH, USA, http://

www.scotts.com) and 1 g L�1 Triabon (COMPO Expert GmbH,

Münster, Germany, http://www.compo-expert.com) with a 16 h

photoperiod at 20°C and 8 h without illumination at 15°C. Six

weeks after germination, Lepidium campestre plants were vernal-

ized at 4°C with 8 h illumination per day for 8 weeks, then moved

back to the greenhouse to induce flowering. In the case of Arabid-

opsis thaliana, ecotype Columbia-0 was used for transformation

with RNAi constructs, while the alc, spt-1 and spt-2 mutations

were in the Landsberg erecta background (Alvarez and Smyth,

1999; Rajani and Sundaresan, 2001). Flower and fruit stages were

assigned as described by Smyth et al. (1990).

Floral-dip transformation

Several protocols for floral-dip transformation of various Brassic-

aceae species (Clough and Bent, 1998; Curtis and Nam, 2001;

Tague, 2001; Martinez-Trujillo et al., 2004; Bartholmes et al., 2008)

were used as a guideline to optimize this technique for L. cam-

pestre. The Agrobacterium tumefaciens strains GV3101/pMP90

(Van Larebeke et al., 1974; Koncz and Schell, 1986), LBA4404

(Hoekema et al., 1983) and AGL1 (Lazo et al., 1991) containing

binary plasmids pGPTV-Bar (http://biotech.unl.edu/pgptv-bar) or

pFGC5941 (http://www.chromdb.org/rnai/pFGC5941.html) were

grown at 28°C on YEB medium (5 g/l of each, beef extract, peptone,

and sucrose, 1 g/l yeast extract, 0.5 g/l MgSO4) complemented with
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50 lg ml�1 kanamycin and 50 lg ml�1 rifampicin (all strains) and

additionally with 25 lg ml�1 gentamycin (GV3101). Overnight cul-

tures (5 ml) were used to inoculate 500 ml of YEB medium, and

Agrobacterium cultures were subsequently grown for 24 or 48 h

under constant rotation at 200 rpm. Cells were pelleted by centri-

fugation at 16°C and 5500 g for 15 min, resuspended in infiltra-

tion medium (5% sucrose, 0.02% Silwet L-77, LEHLE SEEDS,

Round Rock, TX, USA, http://www.arabidopsis.com) to a final

OD600 of 2.0, and kept at room temperature in the dark for

approximately 2 h. Dipping of plants started before the first

flower buds had opened, and was repeated weekly until no new

flowers were produced, usually resulting in 3–5 runs of dipping.

Infiltration medium was constantly agitated using a magnetic stir-

rer, and plant inflorescences were completely immersed for 5 sec

or 1 min, aiming for complete wetting of all bud surfaces. Very

dense inflorescences were gently spread apart prior to dipping.

Afterwards, plants were covered in plastic bags to retain humidity

and kept without direct illumination for 24 h. When dipping was

completed, plants were cultivated until all fruits were dry and

seeds could be collected. To select for positively transformed off-

spring, seeds were germinated and seedlings were repeatedly

sprayed with 0.01% Basta solution (Aventis CropScience

Deutschland GmbH, Hattersheim, Germany, www.sanofi.de) at 3–

4 day intervals until all Basta-sensitive seedlings had died. Trans-

formation efficiency was calculated for each plant as the number

of surviving offspring divided by the approximate number of

seeds, which was estimated by weighing. To analyze the segrega-

tion of Basta resistance in the next generation, approximately 100

T2 seeds were sown, resulting seedlings were counted and

selected via spraying with Basta solution. When selection was

complete, the number of Basta-resistant offspring plants relative

to the number of seedlings was determined. Frequency distribu-

tion was analyzed using the chi-square test implemented in SPSS

software (IBM Corporation, Armonk, NY, USA, www.ibm.com).

A. thaliana plants were transformed using standard procedures

(Zhang et al., 2006).

Southern hybridization

In order to analyze the number of transgene copies in the genome

of L. campestre, total DNA was isolated from leaf material using a

DNeasy plant maxi kit (Qiagen N.V., Hilden, Germany, www.qia

gen.com). Approximately 10 lg of DNA were digested with EcoRI

(ThermoFisher Scientific Corporation, Waltham, MA, USA, http://

www.thermoscientificbio.com/fermentas/) overnight, separated on

1% w/v agarose gels, blotted onto positively charged nylon mem-

branes (Roti-Nylon plus; Carl Roth GmbH + Co. KG, Karlsruhe,

Germany, www.carlroth.de), and hybridized with digoxigenin-

labeled probes at 68°C. Probes were prepared by PCR onto

pGPTV-Bar plasmid using DIG DNA labeling mix (Roche Applied

Science, Penzberg, Germany, http://www.roche-applied-science.

com) with primers 5′-CTGAAGTCCAGCTGCCAG-3′ and 5′-GAGA-

CAAGCACGGTCAA CT-3′. PCR amplification involved 30 cycles of

95°C (45 sec), 62°C (45 sec) and 72°C (30 sec) in an Eppendorf

Mastercycler (Eppendorf AG, Hamburg, Deutschland, www.eppen

dorf.de). Probes were bound using anti-digoxigenin-AP, Fab frag-

ments (Roche Applied Science), and signal detection was

performed using CSPD (Disodium 3-(4-methoxyspiro {1,2-dioxe-

tane-3,2′-(5′-chloro)tricyclo [3.3.1.1 3,7]decan}-4-yl) phenyl phos-

phate) (Roche Applied Science).

Cloning of RNAi and 35S constructs

To manipulate the expression level of specific fruit developmental

genes in L. campestre, fragments of these genes were PCR-ampli-

fied from plasmid clones and inserted into multiple cloning sites

of the pFGC5941 binary vector (http://www.chromdb.org/rnai/

pFGC5941.html). All primers used contained restriction sites for

site-directed cloning, and are listed in Table S3. In case of the

RNAi constructs, two constructs were designed for each of the

three transcription factor coding genes (LcIND, LcALC and

LcSHP1) based on cDNA fragments located either upstream (con-

struct a) or downstream (construct b) of the DNA sequence coding

the conserved DNA-binding domain. These cDNA fragements,

ranging in size from 188 bp (LcINDb) to 457 bp (LcSHPb), were

inserted in reverse complementary orientation into the multiple

cloning sites on both sites of the CHSA (petunia CHALCONE

SYNTHASE A) intron that is part of the pFGC5941 plasmid, thus

forming a hairpin RNA when transcribed. For the 35S construct, a

cDNA fragment containing the whole coding region of LcFUL was

inserted into the NcoI–SmaI restriction sites of pFGC5941, thereby

removing the CHSA intron from the plasmid.

Lignin staining and microscopic analysis

Fruits of stage 19 were fixed in FAA (2% formaldehyde, 5% glacial

acetic acid, 60% EtOH, 0.1% Tween-20) for 24 h, embedded in

Paraplast (Carl Roth GmbH + Co. KG) and sectioned. For lignin

analysis, sections were de-waxed and stained for 2 min with safra-

nin/astra blue (Sigma Aldrich Corporation, St. Louis, MO, USA,

http://www.sigmaaldrich.com) (Gerlach, 1984), resulting in red

staining of lignified cell-walls and blue staining of non-lignified

cell-walls, followed by microscopic analysis using a Leica

DM5500 B microscope (Leica Microsystems GmbH, Wetzlar, Ger-

many, http://www.leica-microsystems.com). For scanning electron

microscopy, dry fruits were coated with gold using an Emitech

K500 sputter coater (Quorum Technologies Ltd., Laughton, UK,

www.quorumtech.com), and examined using an FEI XL30 ESEM

microscope (FEI, Hillsboro, OR, USA, www.fei.com).

Gene expression analysis via quantitative RT-PCR

Total RNA from L. campestre fruits was extracted using an

RNeasy plant mini kit (Qiagen N.V.). Total RNA from A. thaliana

was extracted using QIAzol lysis reagent (Qiagen N.V.) for flowers

and the protocol described by Onate-Sanchez and Vicente-Carbaj-

osa (2008) for fruits. cDNA synthesis and quantitative RT-PCR

were essentially performed as described previously (M€uhlhausen

et al., 2013). Primers are listed in Table S4. For normalization, rela-

tive quantities of expression were divided by a normalization fac-

tor, the geometric mean of the relative quantities of expression of

the normalizer genes LcGAPDH, LcRAN2, LcUBQ10 and LcTIP41-

like in the case of L. campestre, and by the relative quantities of

expression of AtTUB2 in the case of A. thaliana.

Quantifying dehiscence using the random impact test

To be able to compare the susceptibility of fruits from different

plants to dehiscence, previously described protocols for the ran-

dom impact test (Morgan et al., 1998; Bruce et al., 2002; Arnaud

et al., 2010) were adapted for L. campestre fruits. Silicles of

stage 19 (Smyth et al., 1990) were harvested randomly from wild-

type and transgenic plants and kept under constant environmental

conditions at 25°C and 50% relative humidity for at least 3 days to

achieve a consistent moisture content. Twenty silicles were placed

together with six 5 mm steel balls in the grinding jar of an MM 400

mixer mill (Retsch GmbH, Haan, Germany, www.retsch.com) and

agitated at 9 Hz for cumulative times of 5, 10, 20, 40, 80 and 160 sec

or until all fruits had opened. After each interval, the number of

open silicles was recorded. Fruits were counted as open when one

or both valves were completely detached. Using the method
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described by Bruce et al. (2002), the time variable was linearized by

a log transformation, and the logit function was applied to the per-

centage of open fruits at each time point. Thus, the data were trans-

formed into a near-linear relationship, for which the slope and

intercept were derived by linear fitting. From this, the dehiscence

half-life, i.e. the estimated point in time when half of the fruits had

opened, was calculated. To increase reliability, the mean half-life of

three replicate samples was determined per plant.
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SUMMARY

In the Brassicaceae, indehiscent fruits evolved from dehiscent fruits several times independently. Here we

use closely related wild species of the genus Lepidium as a model system to analyse the underlying devel-

opmental genetic mechanisms in a candidate gene approach. ALCATRAZ (ALC), INDEHISCENT (IND), SHAT-

TERPROOF1 (SHP1) and SHATTERPROOF2 (SHP2) are known fruit developmental genes of Arabidopsis

thaliana that are expressed in the fruit valve margin governing dehiscence zone formation. Comparative

expression analysis by quantitative RT-PCR, Northern blot and in situ hybridization show that their ortho-

logues from Lepidium campestre (dehiscent fruits) are similarly expressed at valve margins. In sharp con-

trast, expression of the respective orthologues is abolished in the corresponding tissue of indehiscent

Lepidium appelianum fruits, indicating that changes in the genetic pathway identified in A. thaliana caused

the transition from dehiscent to indehiscent fruits in the investigated species. As parallel mutations in differ-

ent genes are quite unlikely, we conclude that the changes in gene expression patterns are probably caused

by changes in upstream regulators of ALC, IND and SHP1/2, possible candidates from A. thaliana being

FRUITFULL (FUL), REPLUMLESS (RPL) and APETALA2 (AP2). However, neither expression analyses nor func-

tional tests in transgenic plants provided any evidence that the FUL or RPL orthologues of Lepidium were

involved in evolution of fruit indehiscence in Lepidium. In contrast, stronger expression of AP2 in indehis-

cent compared to dehiscent fruits identifies AP2 as a candidate gene that deserves further investigation.

Keywords: fruit dehiscence, valve margin, evolutionary developmental biology, character evolution, Brassic-

aceae, Lepidium campestre, Lepidium appelianum.

INTRODUCTION

In the Brassicaceae, a family of angiosperms with 338 gen-

era and 3700 species (Warwick et al., 2010) that includes

the major flowering plant model system Arabidopsis thali-

ana, molecular analyses have demonstrated that many

morphological characteristics on which traditional system-

atic relationships are based are homoplasious rather than

homologous. Fruit structures in particular have proven to

be highly labile during evolution, and all molecular phylo-

genetic data consistently indicate that many species with

similar fruits may be only distantly related, whereas spe-

cies with dramatically different fruits may be very closely

related (Mummenhoff et al., 2005, 2009; Franzke et al.,

2011). This implies that developmental processes control-

ling fruit shape and structure are extremely plastic in

evolution. The typical Brassicaceae fruit is dehiscent, and

is considered to represent the ancestral fruit type in the

family (Hall et al., 2002). Nevertheless, species with various

indehiscent fruits are found in 20 tribes distributed over

the whole Brassicaceae phylogeny (Figure 1) (Appel and Al

–Shehbaz, 2003), indicating that this character evolved

many times independently. Here we investigate the evolu-

tionary shift from dehiscent to indehiscent fruits by

comparing two closely related Brassicaceae species,

i.e. Lepidium campestre (L.) W.T. Aiton and Lepidium app-

elianum Al–Shehbaz.

With about 250 species, the genus Lepidium is one of

the major genera of the Brassicaceae (Al–Shehbaz and

Mummenhoff, 2011). Typically, Lepidium species produce

© 2012 The Authors
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two-seeded dehiscent fruits, but the genus also comprises

species with indehiscent fruits, such as L. appelianum, pre-

viously considered as a member of the genus Cardaria

(Cardaria pubescens) (Mummenhoff et al., 2001, 2009;

Al–Shehbaz et al., 2002). The two chosen species L. cam-

pestre (dehiscent fruits) and L. appelianum (indehiscent

fruits) (Figure 1) are especially suited as models for our

purpose because their close relatedness ensures that

the shift of fruit type only happened quite recently during

evolution. Additionally, both species are diploid

(2n = 2x = 16), which simplifies genetic analyses, and their

close relationship to Arabidopsis facilitates the adaptation

of molecular techniques.

As has been demonstrated before (Mummenhoff et al.,

2009), the anatomy of L. campestre wild-type fruits

resembles A. thaliana wild-type fruits, in that they form a

well-defined dehiscence zone (DZ) at the valve margin

(Figure 2), resulting in a similar fruit opening mechanism.

In contrast, L. appelianum fruits fail to open, only releasing

the seeds during decomposition of the fruit valves.

Anatomical studies show that they do not form a DZ but

are surrounded by a continuous ring of lignified cells

(Figure 2) comparable to indehiscent fruits of certain

A. thaliana mutants, such as 35S::FUL, ful or ind ful

(Ferrandiz et al., 2000b; Liljegren et al., 2004). However,

because the fruits of all these mutants lack a DZ, it is not

possible to unequivocally relate the fruits of L. appelianum

to one of them in particular.

Arabidopsis thaliana exhibits the typical Brassicaceae

fruit, termed a silique, in which the process of fruit open-

ing is quite well understood. At a morphological level,

accurate patterning of relevant tissues within the fruit is

crucial to allow fruit dehiscence (Figure 2). The dominant

structures of the fruit are the two fruit valves that enclose

the developing seeds. They are connected to the replum

by the DZ (or valve margin), which consists of a stripe of

lignified cells, the lignified layer, and an adjacent region of

small thin-walled cells, the separation layer (Spence et al.,

1996; Rajani and Sundaresan, 2001). The cells of the ligni-

fied layer are connected to the lignified endocarp layer

b located on the inside of the valves. During fruit ripening,

the whole fruit dries and shrinks, and only the lignified

structures stay rigid, thereby creating a spring-like tension

within the fruit. At the same time, the middle lamellae of

the separation layer cells degenerate, acting as a pre-

determined breaking zone at which the pressure tears the

valves apart from the replum, resulting in fruit opening

(Meakin and Roberts, 1990, 1991; Spence et al., 1996).

At the molecular level, fruit dehiscence is controlled by

several genes encoding transcription factors that are

required for proper establishment of the DZ (Figure 2a).

Two redundant MADS box genes, SHATTERPROOF1

(SHP1) and SHATTERPROOF2 (SHP2) are expressed in the

DZ, where they activate the basic helix-loop-helix protein-

encoding genes INDEHISCENT (IND) and ALCATRAZ (ALC).

Additionally, SHP1 and SHP2 contribute to valve margin

development autonomously (Liljegren et al., 2000, 2004).

IND contributes to formation of both the lignified layer and

the separation layer, especially mediating lignification of

the valve margin cells, whereas ALC is essential for separa-

tion layer formation (Rajani and Sundaresan, 2001; Sorefan

Figure 1. Distribution of indehiscent fruits within Brassicaceae.

The phylogeny including the three major lineages of Brassicaceae (I, II, and

III) is based on a multi-gene analysis (Couvreur et al., 2010; Franzke et al.,

2011), and illustrates that indehiscent fruit types evolved independently in

20 tribes (bold). The occurrence of indehiscence (number of genera per

tribe) is shown in parentheses. The relationships of L. campestre, L. app-

elianum and their closest relatives are shown in detail. Sample images of

dehiscent fruits (green margin) and indehiscent fruits (blue margin) are

shown to demonstrate fruit diversity within the family. Scale bars = 2 mm,

except for Aethionema carneum indehiscent fruits (1 mm). Cleome (Cleom-

aceae) as representative of the outgroup was used to root the phylogeny.

© 2012 The Authors
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et al., 2009). It is crucial for correct fruit patterning that the

expression of these four ‘valve margin identity genes’ is

restricted to the DZ, a process that is mediated by negative

regulators. One of these proteins is encoded by the MADS

box gene FRUITFULL (FUL), which is expressed in the fruit

valves and mainly contributes to valve cell differentiation

and expansion (Gu et al., 1998; Ferrandiz et al., 2000b).

Another such protein is encoded by the BEL1-like homeo-

box gene REPLUMLESS (RPL), which is expressed in the

replum, but is not necessary for replum development per

se (Gu et al., 1998; Ferrandiz et al., 2000b; Rajani and Sun-

daresan, 2001; Roeder et al., 2003). Note that the RPL gene

is also known as PENNYWISE (Smith and Hake, 2003),

BELLRINGER (Byrne et al., 2003), VAAMANA (Bhatt et al.,

2004), LARSON (Bao et al., 2004) and BLH9 (Cole et al.,

2006). Recently, the floral homeotic gene APETALA2 (AP2)

(Bowman et al., 1989) has been identified as a negative

regulator of RPL and the SHP genes (Ripoll et al., 2011).

In A. thaliana, mutants for all seven genes described

above have been characterized that show impaired dehis-

cence. Single mutants of ind or alc and shp1/2 double

mutants are all defective in DZ formation, leading to

inability of the valves to detach from the replum (Liljegren

et al., 2000, 2004; Rajani and Sundaresan, 2001; Wu et al.,

2006). In rpl mutants, ectopic SHP1/2, IND and ALC

expression induces the conversion of replum cells into

valve margin-like cells, leading to partial indehiscence

(Roeder et al., 2003; Sorefan et al., 2009). Moreover, both

the ful knockout mutation as well as 35S::FUL over-

expression induce indehiscence in A. thaliana. In ful

plants, valve cells are transformed into valve margin cells

due to ectopic expression of valve margin identity genes

(SHP1/2, IND and ALC), but in addition the overall archi-

tecture of the fruit is highly disturbed because the fruit

valves fail to elongate (Gu et al., 1998; Ferrandiz et al.,

2000b). On the other hand, fruits of 35S::FUL mutants look

normal except for the lack of a DZ caused by the suppres-

sion of valve margin identity genes by ectopic FUL

expression (Ferrandiz et al., 2000b; Ostergaard et al.,

2006). In ap2 knockout plants, increased expression of

RPL, SHP2 and IND causes a delay in fruit opening due to

expansion of the replum and the lignified layer (Ripoll

et al., 2011). Thus, it is tempting to speculate that such

simple changes in gene expression are involved in inde-

pendent evolution of indehiscent from dehiscent fruits

within the Brassicaceae.

In the current study, we compare the expression pat-

terns of L. appelianum and L. campestre orthologues of

the A. thaliana genes (henceforce referred to as AtALC,

AtFUL, AtIND, AtRPL, AtSHP1, AtSHP2, and AtAP2 for clear

discrimination from the Lepidium orthologues). Whereas

the expression patterns in dehiscent L. campestre closely

resemble those found in A. thaliana, we observed an

absence of expression of valve margin identity genes

(LaALC, LaIND and LaSHP1/2) in the valve/replum border in

indehiscent L. appelianum fruits. We conclude that, at least

in some wild Lepidium species, the switch from dehiscent

to indehiscent fruits is indeed accompanied by changes

within the regulatory pathway predicted from the A. thali-

ana mutant system, and that the causal genetic change has

probably affected an upstream regulator of LaSHP1 and

LaSHP2. Therefore, our study exemplarily clarifies the

molecular genetic basis of fruit dehiscence between two

closely related wild species.

(a)

(b) (c) (d)

Figure 2. Comparison of fruit anatomy

between A. thaliana, L. campestre and L. app-

elianum.

(a) Schematic cross-section of wild-type fruits

of A. thaliana (left), L. campestre (middle) and

L. appelianum (right), including the gene regu-

latory pathway responsible for tissue patterning

in A. thaliana fruits.

(b–d) Lignin-stained (red) cross-sections of

stage 19 wild-type fruits of A. thaliana (b),

L. campestre (c) and L. appelianum (d). In

dehiscent fruits of A. thaliana and L. campestre,

a dehiscence zone (DZ) consisting of a separa-

tion layer (sl) and a lignified layer (ll) separates

valves (v) and replum (r), while in indehiscent

fruits of L. appelianum, the endocarp layer b

(enb) is fused to the lignified vascular bundle

(vb), and thus no DZ is visible.
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RESULTS

Sequence analysis of fruit developmental genes

One goal of our work was to uncover differences in DNA

sequence and expression patterns of putative fruit devel-

opmental genes to identify candidate genes that may have

contributed to the shift from dehiscent to indehiscent fruits

in Lepidium. Based on the close relationship between Ara-

bidopsis and Lepidium, we designed primers derived from

A. thaliana fruit developmental gene sequences to isolate

the respective orthologues from L. campestre and L. app-

elianum. We isolated cDNAs of ALC, FUL, IND, RPL, SHP1

and SHP2 from both Lepidium species, and initial BLAST

(National Center for Biotechnology Information, Bethesda,

MD, USA) searches revealed high degrees of DNA

sequence similarity to the respective fruit developmental

genes from A. thaliana. Phylogenetic analyses of the

respective gene families were performed, indicating that

all genes under study are putative orthologues of the cor-

responding A. thaliana fruit developmental genes (Figure

S1). To exclude the existence of additional closely related

paralogues, we performed Southern blot hybridization on

genomic DNA from L. campestre and L. appelianum using

various restriction enzymes. For LcSHP1 and LaSHP2, we

found two bands, most likely due to cross-hybridization (as

revealed by the sizes of the obtained bands). In all other

cases, only one band per lane was observed, suggesting

that all genes tested are single-copy genes (Figure S2).

The amino acid sequences of all orthologues were infered

from cDNA sequences to facilitate the search for structural

differences between genes from indehiscent L. appelianum

and dehiscent Brassicaceae species, including L. campes-

tre. The amino acid sequence identity between the putative

orthologues of A. thaliana and Lepidium ranges from 73.5%

(AtALC versus LaALC) to 95.5% (AtFUL versus LaFUL).

Amino acid sequence identities between orthologous Lepi-

dium proteins are always higher than 93%. Amino acid

alignments (Figure S3), also including sequences of other

dehiscent Brassicaceae species, were performed in order to

search for amino acid substitutions that appear only in

proteins of the indehiscent L. appelianum. These are con-

sidered as candidate changes that may have contributed to

the shift from dehiscent to indehiscent fruits during the evo-

lution towards extant L. appelianum. We detected a total of

20 amino acid positions (marked by arrows in Figure S3) at

which the sequence of L. appelianum differs from all other

Brassicaceae species under study.

Expression of valve margin identity genes is absent from

the valve/replum border of L. appelianum fruits

In order to compare the expression patterns of putative

fruit valve margin identity genes (i.e. ALC, IND and SHP1/

2) between L. appelianum and L. campestre, their overall

expression level was analysed in six tissues (root, stem,

leaf, flower, fruit stage 15/16, and fruit stage 17) by quan-

titative RT-PCR and Northern blot hybridization (Figure 3a

–d and Figure S4). Furthermore, in situ hybridization was

performed on sections of flowers and fruits (stages

10–15, according to Smyth et al., 1990) for a more

detailed insight into the spatial expression patterns (Fig-

ure 4a–h). It was found that, in both species, all four

valve margin identity genes are mainly expressed in

flowers and fruits and only at lower levels, if at all, in

roots, stems and leaves. The only exceptions are LaALC

in roots and LaSHP2 in stems, which show expression

levels comparable to those in flowers and fruits. For ALC,

the overall expression level in fruits of L. appelianum

was significantly higher than in fruits of L. campestre

(Figure 3d), accompanied by a clear change in spatial dis-

tribution. In L. campestre, ALC is strongly expressed in the

DZ (Figure 4e), but was exclusively detected in the ovule

in L. appelianum (Figure 4a). IND is expressed at the valve/

replum border in L. campestre fruits, but is not detectable

in fruits of L. appelianum (Figure 4b,f), consistent with a

2.5–7-fold decrease in the overall expression level in

L. appelianum flowers and fruits compared to L. campestre

(Figure 3a). SHP1 and SHP2 are both expressed in the DZ

and ovules in L. campestre (Figure 4g,h) but only in ovules

in L. appelianum (Figure 4c,d). Regarding the overall

expression level, LcSHP1 is significantly more highly

expressed than LaSHP1 in flowers and fruits (stage 15/16),

while LcSHP2 is significantly more highly expressed than

LaSHP2 in flowers whereas expression is significantly

lower in fruits (stage 17) (Figure 3b,c). In summary, we

show that, in L. campestre dehiscent fruits, all four valve

margin identity genes are expressed in the DZ, but that

such expression patterns at the valve/replum border are

absent from L. appelianum indehiscent fruits.

The spatio-temporal expression patterns of FUL

and RPL in the two Lepidium species are similar

As AtFUL and AtRPL are known to be upstream regulators

of valve margin identity genes in A. thaliana (Ferrandiz

et al., 2000b; Roeder et al., 2003; Liljegren et al., 2004), their

expression patterns were also analysed and compared

between the two Lepidium species. FUL was found to be

expressed in all analysed tissues except for roots, and the

overall expression level was significantly higher in L. cam-

pestre stems and fruits of stage 15/16 compared to L. app-

elianum (Figure 3e,f). In both species, in situ hybridization

shows mRNA accumulation in the fruit valves, but not in

the replum (Figure 4i–n). Therefore, the expression patterns

look superficially similar between L. appelianum and

L. campestre, but small differences at the valve/replum bor-

der cannot be excluded, because especially in this region

fruit anatomy differs significantly between the two species.

RPL is expressed in all tissues analysed, with significantly

higher expression levels for LcRPL in leaves and flowers
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and for LaRPL in fruits of stage 17 (Figure 3f) when compar-

ing the two Lepidium orthologues. Unfortunately, spatial

expression patterns for RPL were only detected via in situ

hybridization at the tip of the inflorescence meristem, and

in all whorls of the developing flower (Figure 4k,n). Detec-

tion by in situ hybridization was not possible in mature

flowers or fruits (Figure 4j,m) although the quantitative

RT-PCR results clearly show such expression.

LaAP2 is up-regulated in indehiscent L. appelianum

During preparation of this paper, the floral homeotic

gene AtAP2 was identified as a negative regulator of

genes controlling valve margin identity in A. thaliana

(Ripoll et al., 2011). As an initial step to investigate this

new candidate gene, we isolated orthologous partial

cDNAs from both Lepidium species (LaAP2 and LcAP2)

and analysed their expression by quantitative RT-PCR.

We found a significant increase in LaAP2 expression

compared to LcAP2 expression in all tissues except

roots (Figure 3g).

Ectopic expression of FUL and RPL orthologues from both

Lepidium species does not reveal functional changes in

coding regions

As no major difference in expression pattern were

detected in Lepidium between the two orthologues of

FUL and, likewise, between the two orthologues of RPL,

we wished to analyse whether the amino acid differ-

ences found during our sequence analysis cause a

change in protein function. Therefore, cDNAs of the cod-

ing regions were cloned into a binary plasmid under the

control of a CaMV 35S promoter, and transformed into

A. thaliana (RPL orthologues) or L. campestre (FUL

orthologues). For the RPL orthologues, the most obvious

effect for all constructs was formation of multiple cau-

line leaves at the base of second-order inflorescence

shoots (Figure 5a–d). Furthermore, in some transfor-

mants of each construct, an alteration in phyllotaxy and

irregular elongation of internodes was observed (Figure

S5). These phenotypic changes are consistent with those

(a) (b) (c)

(d)

(g)

(e) (f)

Figure 3. Gene expression analysis via quanti-

tative RT-PCR.

Relative expression levels of IND (a), SHP1 (b),

SHP2 (c), ALC (d), FUL (e), RPL (f) and AP2 (g)

in various tissues as indicated below the col-

umns. Significant differences between L. app-

elianum and L. campestre are indicated by

asterisks (*P � 0.05, **P � 0.01).
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previously reported for AtRPL over-expressing mutants

(Cole et al., 2006), except that no early flowering was

detected in our case. Ectopic expression of the Lepidium

FUL orthologues frequently caused the formation of

fruits that were more difficult or impossible to open

manually (Figure 5e,f). When the half-life of dehiscence

of such transformants was estimated using a random

impact test, a significant increase was detected for both

constructs expressing FUL orthologues compared to an

empty vector control (Figure 5g). Therefore, over-expres-

sion of FUL cDNAs of both Lepidium species induces

fruit indehiscence, as is also the case for AtFUL (Ferran-

diz et al., 2000b).

DISCUSSION

Loss-of-function mutations in the coding region of

classical fruit developmental genes are probably not

responsible for indehiscence in L. appelianum

We isolated orthologues of six fruit developmental genes

(AtALC, AtFUL, AtIND, AtRPL, AtSHP1 and AtSHP2), which

are known to be essential for pod shatter in A. thaliana,

from L. campestre and L. appelianum. If mutations in these

genes were involved in the evolution of indehiscence in

L. appelianum, these may have led to changes in either the

function of the encoded proteins or in gene expression pat-

terns. However, the fact that, in addition to their roles in

(a)

(e)

(b) (c) (d)

(f) (g)

(i)

(l) (m)

(j) (k)

(n)

(h)

Figure 4. Gene expression analysis via in situ hybridization.

Comparison between valve margin identity genes ALC (a, e), IND (b, f), SHP1 (c, g) and SHP2 (d, h) and between upstream regulators FUL (i, l) and RPL (j, k, m,

n) of L. appelianum (a–d, i–k) and L. campestre (e–h, l–n). Sections were prepared from flowers and fruits of stages 10-11 (a, c, e, g, i, l), 11–12 (b, j, m), 13–14 (f,

h) or 15 (d), and from young inflorescences (k, n). Enlargements of valve/replum borders are shown in boxes. Expression of ALC, IND, SHP1 and SHP2 in the

valve margins was exclusively found in sections of L. campestre, but expression patterns of FUL and RPL are not distinguishable between the two species. Scale

bars = 200 lm. Abbreviations: ov, ovule; r, replum; v, valve; vm, valve margin.
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fruit dehiscence, all candidate proteins are also involved in

other developmental functions in A. thaliana (Ferrandiz

et al., 2000a; Byrne et al., 2003; Favaro et al., 2003; Pagnus-

sat et al., 2005; Cai and Lashbrook, 2008) makes it unlikely,

however, that dramatic changes in protein function (includ-

ing total loss-of-function) contribute to evolution under

conditions of natural selection due to pleiotropic effects.

We found that amino acid sequences of all orthologous pro-

teins are highly conserved between the Lepidium species

and other members of the Brassicaceae (Figure S3). There

is no evidence for dramatic changes in conceptual protein

structure exclusively within L. appelianum that may explain

the origin of fruit indehiscence. However, there are a num-

ber of small differences in amino acid sequences between

analysed proteins of different Brassicaceae species, includ-

ing a total of 20 amino acid changes that were exclusively

detected in proteins of L. appelianum (Figure S3). We can-

not completely rule out the possibility that any of these

mutations is responsible for the switch from dehiscence to

indehiscence in Lepidium, as it is well known that single

amino acid substitutions may alter protein function dramat-

ically. An example that is of interest in the broader context

of our study is a single amino acid substitution in a pre-

dicted Myb3 transcription factor termed SH4 that caused

reduced seed shattering during rice domestication (Li et al.,

2006). Nevertheless, a change in the expression pattern of a

gene appears a more likely scenario. Due to the modularity

of many promoter and enhancer regions, alterations in

gene expression in one location without affecting the func-

tion in others are quite frequent processes during evolution,

e.g. during sub-functionalization events (Force et al., 1999).

Absence of valve margin identity gene expression

may cause indehiscence in L. appelianum

By analysing the expression patterns of the four valve mar-

gin identity gene orthologues from L. appelianum and

L. campestre, we found that dehiscent fruits of L. campes-

tre exhibit patterns very similar to those found in dehiscent

A. thaliana fruits. In both fruit types, the valve margin iden-

tity genes are expressed within a thin stripe of cells at the

valve/replum border, and, in addition, ALC and SHP1/2

mRNA accumulation is found within ovules (Ma et al.,

1991; Savidge et al., 1995; Flanagan et al., 1996; Rajani and

Sundaresan, 2001; Liljegren et al., 2004). This conservation

in spatial expression patterns suggests that gene functions

may also be conserved between these two species. In

A. thaliana, all four genes are important for establishing

DZ tissue, which is an additional indication, together with

the anatomical similarities, that fruit opening in L. campes-

tre operates according to the same mechanisms as in

A. thaliana (Liljegren et al., 2000, 2004; Rajani and Sundar-

esan, 2001; Mummenhoff et al., 2009). The function of

AtALC in A. thaliana ovules is not yet known, but the

AtSHP genes contribute redundantly to the floral organ

identity ‘D function’ in A. thaliana together with SEED-

STICK, AGAMOUS and BELL1 (Western and Haughn, 1999;

Pinyopich et al., 2003).

In indehiscent fruits of L. appelianum, LaALC, LaIND,

LaSHP1 and LaSHP2 mRNAs were undetectable in the

valve/replum border. It is already known that the lack of

expression of either AtALC or AtIND or both AtSHP1 and

AtSHP2 in A. thaliana knockout plants induces indehis-

cence (Liljegren et al., 2000, 2004; Rajani and Sundaresan,

2001). These findings strongly suggest that the combined

absence of the four valve margin identity genes is suffi-

cient to cause the indehiscent fruit phenotype in L. appelia-

num. On the other hand, expression of LaALC and LaSHP1/

2 is retained in L. appelianum ovules, suggesting that it is

not a complete gene knockout that causes the down-

regulation at the valve/replum border, but that more

sophisticated genetic changes are involved. This ovule-

specific expression also indicates that the function in ovule

(a)

(e) (f)

(b) (c)

(g)

(d) Figure 5. Over-expression phenotypes of FUL

and RPL orthologues.

(a–d) Constitutive expression of AtRPL (b),

LaRPL (c) or LcRPL (d) in A. thaliana results in

formation of additional cauline leaves com-

pared to the wild-type (a).

(e–g) Constitutive expression of LcFUL (f, g) or

LaFUL (g) in L. campestre leads to formation of

indehiscent fruits compared to dehiscent wild-

type fruits (e). Three representative transfor-

mants per construct were analysed by the ran-

dom impact test. Their half-life of fruit

dehiscence was significantly higher than empty

vector control plants (EVC). For (a), brightness

and contrast were adjusted using PowerPoint

2007 (Microsoft Corporation, Redmond, WA,

USA).
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development of these genes is not only conserved

between A. thaliana and L. campestre but also in L. app-

elianum, although the significant increase in overall

expression level for LaALC in L. appelianum fruits and for

LaSHP2 in L. appelianum flowers may indicate functional

changes requiring an increased transcript abundance.

Genetic cause of indehiscence in L. appelianum:

evaluating various candidates

After having established that combined absence of expres-

sion of four valve margin identity genes from the valve/re-

plum border is probably involved in the development of

indehiscence in L. appelianum, the question arises as to

which genetic changes cause this simultaneous down-reg-

ulation. From studies of A. thaliana mutants, several muta-

tions are known to induce formation of indehiscent fruits,

but only a few of these fit the expression pattern found in

L. appelianum fruits.

Valve margin identity genes. The first scenario involves

mutations directly within the valve margin identity genes

themselves. This requires at least two independent muta-

tions within the loci of the LaSHP genes resulting in

exclusion from the valve/replum border and subsequent

non-activation of the downstream targets LaIND and

LaALC, assuming that the regulatory network known

from A. thaliana (Liljegren et al., 2004) is conserved in

Lepidium. We consider this possibility unlikely because

of the requirement for two independent mutations that

do not involve simple gene knockouts but specific

removal of expression from a certain region (the DZ)

while remaining present at another region (the ovules).

However, we cannot exclude at present that changes in

the regulation of SHP gene expression may have

occurred during evolution of Lepidium.

FUL and RPL. A scenario that appears more likely to us

involves mutations in one of the upstream regulators

LaFUL or LaRPL. These genes are known to restrict valve

margin identity gene activity to a thin stripe at the valve/

replum border (Ferrandiz et al., 2000b; Liljegren et al.,

2000; Roeder et al., 2003; Dinneny and Yanofsky, 2005).

Down-regulation of either of these genes induces inde-

hiscent fruits in A. thaliana mutants, caused by expan-

sion of valve margin identity gene expression into the

valve or replum, respectively (Gu et al., 1998; Ferrandiz

et al., 2000b; Roeder et al., 2003; Liljegren et al., 2004),

thereby not matching the expression patterns found in

L. appelianum fruits. On the other hand, ectopic expres-

sion of FUL throughout the whole fruit in 35S::FUL trans-

genic A. thaliana or Brassica juncea plants causes

indehiscent fruit phenotypes by eliminating expression of

valve margin identity genes from the valve/replum bor-

der while leaving SHP1 and SHP2 expression in ovules

unaffected (Ferrandiz et al., 2000b; Ostergaard et al.,

2006), a phenotype that is strikingly similar to that found

in L. appelianum. Theoretically, for plants ectopically

expressing RPL, a similar indehiscent fruit phenotype is

expected, because as a down-regulator of valve margin

identity genes ectopic expression should equally lead to

elimination of DZ formation. However, transgenic A. tha-

liana plants in which AtRPL expression is controlled by a

CaMV 35S promoter dd not show altered fruit develop-

ment (Harley Smith, University of California, Riverside,

CA, USA, personal communication). Additionally, over-

expression of BREVIPEDICELLUS, an activator of AtRPL,

leads to ectopic expression of AtRPL in valves and valve

margins, resulting in plants with enlarged repla and a

reduction in valve width but no changes in valve margin

and lignification patterns (Alonso-Cantabrana et al.,

2007). This may indicate that ectopic expression of AtRPL

alone is not sufficient to eliminate the expression of

valve margin identity genes from the valve/replum bor-

der, at least in A. thaliana.

In this study, the expression patterns of FUL and RPL

were analysed in L. appelianum and L. campestre but did

not provide a clear indication of their involvement in the

evolution of fruit indehiscence. FUL expression was

located in fruit valves in both Lepidium species and did not

show any major expansion to other regions of the L. app-

elianum fruit, so a global up-regulation as in the 35S::FUL

A. thaliana plants may be excluded. Nevertheless, expan-

sion of the LaFUL expression domain by only a few cell

layers towards the replum may already be sufficient to

suppress valve margin identity gene expression and

thereby to prevent DZ formation and induce indehiscence.

Such a small expansion may not have been recognized in

our data, because the fruit anatomy of the Lepidium spe-

cies differs, especially at the valve/replum border, and

therefore the FUL expression domains cannot be directly

compared. One might even argue that such a subtle

change in FUL expression is more likely to occur under

natural evolutionary conditions compared to the global

expansion seen in the 35S::FUL transgenic line, because it

may avoid pleiotropic effects due to interference with other

FUL functions. In addition to its function in fruit develop-

ment, AtFUL is also known to act as a flowering time and

meristem identity gene and to contribute to cauline leaf

morphology (Gu et al., 1998; Ferrandiz et al., 2000a). 35S::

AtFUL A. thaliana plants show a dramatically reduced time

to flowering and form terminal flowers with increased seed

weight in addition to their indehiscence phenotype (Ferran-

diz et al., 2000a,b). For RPL expression, dramatic differ-

ences in transcript level may be excluded on the basis of

our quantitative RT-PCR results, but spatial patterns could

not be compared because RPL could not be detected via in situ

hybridization. This is consistent with findings in A. thaliana,

where AtRPL detection via in situ hybridization was also
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very difficult in floral stages older than stage 8, and there-

fore GUS reporter systems had to be used to investigate

AtRPL expression (Roeder et al., 2003). Future experiments

may include RPL expression studies in Lepidium with GUS

reporter constructs as performed in A. thaliana, once an

efficient transformation system for both species has been

established.

Recently, the RPL gene has attracted quite some atten-

tion (Gasser and Simon, 2011; Wagner and Mitchell-Olds,

2011), because a nucleotide substitution at the same posi-

tion within a conserved regulatory element (Shattering ele-

ment-like, Shl) that causes loss of seed shattering in

certain rice cultivars (Konishi et al., 2006) was also found

to have an effect on replum form in various Brassicaceae

species (Arnaud et al., 2011). Even though no evidence has

been published so far showing that this substitution really

affects fruit dehiscence in Brassicaceae (Arnaud et al.,

2011; Wagner and Mitchell-Olds, 2011), we investigated

this regulatory element from L. appelianum. We found that

the relevant nucleotide in L. appelianum is the same as in

dehiscent L. campestre and A. thaliana, and thereby we

can exclude its involvement in the evolution of indehis-

cence in our case (Figure S6).

During the analysis of conceptual amino acid

sequences, one and seven amino acid changes were

found exclusively in the L. appelianum LaFUL and LaRPL

orthologues, respectively (Figure S3). As no alteration in

expression pattern was detected for these genes, we anal-

ysed the possible effects of these amino acid changes on

protein function by assessing their over-expression phe-

notypes. For both genes, these were found to be very

similar for sequences of L. campestre and L. appelianum,

and additionally correspond to over-expression pheno-

types reported for the A. thaliana orthologues (Figure 5)

(Ferrandiz et al., 2000b; Cole et al., 2006). Such similar

phenotypic effects suggest a global conservation of pro-

tein function between both Lepidium species and A. thali-

ana, thereby indicating that a change in protein function

is most probably not responsible for the evolution of

indehiscence of L. appelianum fruits. Nevertheless, this

possibility cannot be ruled out completely because (i)

protein function was evaluated in a heterologous system

and may differ in its natural environment, and (ii) RPL

over-expression only causes changes in plant architecture

but not in fruits. Therefore, any of the amino acid

changes may compromise protein function exclusively in

fruits.

AP2 as a novel candidate gene. During preparation of this

paper, AtAP2 was identified as an additional member of the

fruit patterning pathway in A. thaliana (Ripoll et al., 2011).

As a negative regulator of AtSHP1, AtSHP2 and AtRPL, it

normally prevents over-expression of these genes in the

replum and valve margin. Thus, if the regulatory network

as proposed for A. thaliana by (Ripoll et al., 2011) also

holds in Lepidium, a simple increase in the LaAP2 expres-

sion level may cause the observed elimination of expres-

sion of L. appelianum valve margin identity genes from the

valve/replum border. We found a significant increase in

LaAP2 expression levels compared to LcAP2 in all tissues

except for roots (Figure 3g). Nevertheless, in A. thaliana,

AtAP2 is known to be regulated by miRNA172 at the trans-

lational level (Chen, 2004), implying that an increased

mRNA level does not necessarily lead to an increased pro-

tein level. Due to the activity of miRNA172, 35S::AtAP2

mutant plants have normal flowers or show only mild floral

defects (Chen, 2004), but whether they exhibit changes in

fruit dehiscence has, to the best of our knowledge, not been

reported. Therefore, a thorough investigation of the effect

of AP2 over-expression on fruit opening in A. thaliana as

well as in Lepidium, including a study of the L. appelianum

miRNA172 pathway, is necessary in order to address

whether the increased levels of LaAP2 expression are

responsible for the indehiscent fruit phenotype.

Further candidate genes. Other candidates that may

cause the indehiscent fruit phenotype in L. appelianum

(based on the fact that mutant alleles can induce indehis-

cent fruits in A. thaliana) are FILAMENTOUS FLOWER

(FIL), JAGGED (JAG) and YABBY3 (YAB3). These genes act

redundantly in promoting valve and valve margin forma-

tion by activating AtFUL and AtSHP1/2 (Sawa et al., 1999;

Siegfried et al., 1999; Dinneny et al., 2004, 2005; Ohno

et al., 2004). Because of their redundant function, each of

the three A. thaliana single knockout mutants shows nor-

mal fruit opening, but fil yab3 and fil jag yab3 mutants

show major defects in fruit dehiscence (Dinneny et al.,

2005). In these mutants, indehiscence is caused by a loss

of AtSHP expression (and, as a consequence, probably also

ALC and IND expression) in the valve margins, and an

additional loss of AtFUL expression in valves (Dinneny

et al., 2005), which only partially resembles the situation

found in L. appelianum fruits. Additionally, in fil jag yab3

mutants, sepals, petals and stamens are replaced by fila-

mentous structures with few floral characteristics (Dinneny

et al., 2005). Consequently, as described for LaSHP1 and

LaSHP2, complete loss-of-function mutations within these

genes most likely do not cause indehiscence in L. appelia-

num, but slight shifts of expression domains may be

involved. A retreat of LaFIL and LaYAB3 expression from

the valve margin may abolish LaSHP expression while

leaving LaFUL expression unchanged.

Outlook

The absence of valve margin identity gene expression from

the valve/replum border revealed by our data provides

insights into the molecular cause of indehiscence in

L. appelianum. However, it provides little direct indication
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as to which genetic change led to the evolution of indehis-

cent fruits in this species. Several candidate genes were

identified based on the fruit patterning pathway of

A. thaliana, but the expression data do not favour one of

these candidates in particular. Future studies should focus

on isolating the genomic loci of all potential candidates

and analysing their influence on fruit development by

means of transformation into A. thaliana and L. campestre.

EXPERIMENTAL PROCEDURES

Plant material

Plants were grown in the greenhouse on loam/sand/pumice/com-

post (1:2:2:5) or seedling substrate (Kammlott, Kammlott GmbH,

Erfurt, Germany)/sand/vermiculite (1–3 mm) (8:1:1), supplemented

with 1 g L�1 each of Osmocote mini (http://www.scotts.com,The

Scotts Miracle-Gro Company, Marysville, OH, USA) and Triabon

(http://www.compo-expert.com, COMPO Expert GmbH, Münster,

Germany) under a photoperiod of 16 h at 20°C and 8 h without

illumination at 15°C. Flowering was induced by at least 6 weeks

(L. campestre) or 13 weeks (L. appelianum) at 4°C with illu-

mination for 8 h day�1. For morphological analysis, thin sections

were prepared from paraplast-embedded fruits (http://www.

leica-microsystems.com/, Leica Microsystems GmbH, Wetzlar,

Germany) and stained with safranin-astra blue (http://www.sig

maaldrich.com, Sigma Aldrich Corporation, St. Louis, MO, USA).

Cloning of candidate genes

RNA was isolated using RNAiso-G+ (segenetic, (www.segenetic.

de, segenetic, Borken, Germany)). cDNA was prepared using

RevertAid™ Premium reverse transcriptase (Fermentas, http://

www.thermoscientificbio.com/fermentas/, ThermoFisher Scientific

Corporation, Waltham, MA, USA). Primer details are given in Table

S2. Isolation of candidate genes was performed by 3′ and 5′ RACE

(Frohman et al., 1988) or by specific PCR with primers binding to

conserved regions of the A. thaliana sequences using PhusionTM

high-fidelity DNA polymerase (Finnzymes, www.thermoscientificbio.

com/finnzymes/, ThermoFisher Scientific Corporation, Waltham, MA,

USA) and Taq DNA polymerase (Segenetic). For 5′ RACE, SP1 prim-

ers were used for gene-specific cDNA synthesis, followed by poly-

adenylation using terminal deoxynucleotidyl transferase

(Fermentas) or terminal transferase (Roche, http://www.roche-

applied-science.com Roche Applied Science, Penzberg, Germany).

For nested PCR, oligo(dT) and SP2 primers (first step) and anchor

primer with SP3 primer (second step) were used. Finally, full-length

clones were PCR-amplified and ligated into pGEM-T vectors (Pro-

mega, www.promgega.com, Promega, Fitchburg, WI, USA).

In situ hybridization

In situ hybridization was performed essentially as described by

Zachgo (2002) using flower and fruit tissues at developmental

stages 10–15 (according to Smyth et al., 1990). Tissues were fixed

in paraformaldehyde and embedded in paraplast. Probe templates

were produced by linearizing the vector pGEM-T containing full-

length clones of respective cDNAs in the correct orientation using

XbaI. Antisense RNA probes were synthesized using T7 or SP6

RNA polymerases. Images were created using a stereomicroscope

(Leica, DM5000B, http://www.leica-microsystems.com/, Leica

Microsystems GmbH, Wetzlar, Germany) with an integrated digital

camera (Leica, DCF 490); scale bars were generated using Leica

Application Suite.

QUANTITATIVE RT-PCR

Total RNA was extracted using Total RNA Isolation Reagent

(Biomol, http://www.biomol.de/, Biomol GmbH, Hamburg,

Germany), QIAzol lysis reagent (Qiagen, www.qiagen.com, Qia-

gen N.V., Hilden, Germany) or the RNeasy plant mini kit (Qiagen).

RNA concentration and integrity were analysed before and after

DNase I digestion using a NanoVue spectrophotometer (GE

Healthcare, www.gelifesciences.com, GE Healthcare, Chalfont St

Giles, UK) and by gel electrophoresis. Extracts containing up to

20 lg total RNA were digested using recombinant DNase I

(Roche) and subsequently extracted with phenol/chloroform.

Absence of genomic DNA was tested by PCR using primers

(Table S3) designed to amplify the SHP2 gene. cDNA synthesis

was performed on 500 ng of DNase I-digested RNA using Tran-

scriptor reverse transcriptase (Roche) and oligo(dT)20 primers.

Quantitative RT-PCR reactions were performed in triplicate in an

Mx 3005P cycler (Stratagene, www.stratagene.com, Agilent Tech-

nologies, Santa Clara, CA, USA) using Maximae SYBR Green/Rox

qPCR Master Mix (29) (Fermentas) with 1 ll cDNA (1:5 diluted)

as template and 0.3 lM of forward and reverse primers (Table

S3). The following thermal profile was used: 95°C for 10 min, 40

cycles of 95°C for 15 sec, 62–64°C for 30 sec and 72°C for 30 sec.

Raw data were analysed using LinRegPCR (Ramakers et al., 2003;

Ruijter et al., 2009) to obtain sample CT values and PCR efficien-

cies (E) for each primer pair. CT values for triplicate reactions

were averaged, and relative quantities of expression for each

gene were calculated as (1þ E)(cTCal�cTSOI), where Cal is the sample

with the lowest CT value, i.e. the highest expression level and

SOI is the sample of interest [Correction added on 8 February

2013 after original online publication on 18 January 2013: (1+E)

(CTCal – CTSOI) was changed to (1þ E)(cTCal�cTSOI)]. For normaliza-

tion, relative quantities of expression were divided by a normali-

zation factor, the geometric mean of the relative quantities of

expression of the normalization genes glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH), ras-related gtp-binding nuclear

protein 2 (RAN2), polyubiquitin 10 (UBQ10) and arabidopsis thali-

ana tip41-like protein (TIP41)-like. Inter-run calibration was per-

formed by dividing normalized expression values by the

geometric mean of the normalized expression values of three

inter-run calibrator samples present on all plates to be compared.

Ectopic expression of FUL and RPL orthologues

cDNA of FUL and RPL orthologues was PCR-amplified from

plasmid clones using primers listed in Table S2, and placed under

the control of the CaMV 35S promoter in pFGC5941 (www.

chromdb.org) using restriction enzymes SmaI and NcoI. Plasmids

were transformed into Agrobacterium tumefaciens strain GV3101,

and used for plant transformation via floral dip (Bartholmes et al.,

2008). Agrobacteria were resuspended in infiltration medium (5%

sucrose; 0.02% Silwet L-77, http://www.arabidopsis.com/, LEHLE

SEEDS, Round Rock, TX, USA) to an OD600 of 2.0, and dipping

was repeated three times at 1 week intervals. Ripe seeds were col-

lected, and positively transformed T0 offspring plants were

selected by spraying seedlings with 0.1% (A. thaliana) or 0.01%

(L. campestre) Basta solution (Aventis CropScience Deutschlang

GmbH, Hattersheim, Germany). Ten surviving plants were pheno-

typically analysed per construct. In case of 35S:FUL, indehiscence

was further quantified for three plants per construct applying a

random impact test following the protocol described by Arnaud

et al. (2010), with modifications. Shaking was performed in the

grinding jar of an MM 400 mixer mill (Retsch, Retsch GmbH Ger-

many, Haan, Germany) using six 5 mm steel balls (approximately

0.5 g each). Fruits were agitated at a frequency of 9 Hz for cumula-
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tive times of 5, 10, 20, 40, 80 and 160 sec. After each interval, fruits

for which at least one valve had completely detached were

removed and counted as dehisced.
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Figure S1 - Phylogenetic relationships of Lepidium and Arabidopsis fruit developmental genes based on 
Bayesian analysis: Lepidium genes (highlighted in grey) are sister to those of other Brassicaceae and thus seem 
to represent orthologs of Arabidopsis genes. (a) MADS-box genes including SHATTERPROOF1,2 and 
FRUITFULL, (b) BELL homeobox genes including REPLUMLESS, and (c) bHLH genes including 
INDEHISCENT and ALCATRAZ. Thick branches indicate posterior probability (PP) values > 0.95, PP values < 
0.80 are indicated by dashed lines. 
Nucleotide sequences were conceptionally translated into amino acids sequences, aligned using the ClustalW 
software (Larkin et al., 2007) and edited manually. Subsequently, the alignment was translated back to 
nucleotide sequences. Nucleotide sequence similarities (p-distances) and amino acid similarities and identities 
were calculated in PAUP* 4.0 b 10 (Swofford 2003) and MatGAT 2.01 (Campanella et al., 2003), respectively. 
Best substitution models were established using Mrmodeltest2 (Nyylander 2004). Datasets were implemented in 
MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003). Bayesian analyses were run 
for 1.000.000 generations at a sample frequency of 100. The 50% majority rule consensus trees were established 
after a burn in of 250.000 generations. Ratios of non-synonymous to synonymous substitution rates (Ka/Ks, ) 
were determined using the KaKs-Calculator (Zhang et al., 2006). 
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Figure S2 - Southern blot hybridisation to analyse gene copy number of Lepidium fruit developmental 
gene orthologs: DNA gel blot analysis was generally conducted as described by Southern (1975) but employing 
the non-radioactive DIG-labelling system and using Biodyne B membranes (Pall, USA). A few analyses were 
performed using 32P labelled probes and Zeta Probe nylon membranes (BioRad, Germany). Probes were labelled 
using the PCR-DIG-labelling mix (Roche, Germany) and the NEBlot-Kit (NEB, England) using Klenow 
fragments for radiolabelling of probes. Probe templates were produced using primers given in the supplementary 
data (Table S2). Hybridisation signals of gene-specific probes on digested genomic DNA of L. appelianum and 
L. campestre are indicated by black dots. Fragment sizes of the molecular ladder (DNA Molecular Weight 
Marker VII, Roche) are indicated. Abbreviations: La, Lepidium appelianum; Lc, Lepidium campestre. All genes 
seem to be single copy genes. 
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Figure S3 - Amino acid alignments of genes under study including sequences of further Brassicaceae 
species with dehiscent fruits: In total, 20 amino acids changes were detected solely in genes of indehiscent 
L. appelianum and they are marked by arrows. 
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Figure S4 - Gene expression analysis of Lepidium fruit developmental genes in different tissues via 
Northern blot hybridisation: RNA was isolated using RNAiso-G+ (Segenetic, Germany). 15 μg of total RNA 
were separated on a 0.8% (w/v) agarose gel and transferred under denaturing conditions to Zeta Probe nylon 
membranes (BioRad, Germany) via a vacuum blotter. Probes were radiolabelled with a NEBlot-Kit (NEB, 
England) using Klenow fragments. Primer information is given in the supplementary data (Table S2). 

membrane (BioRad, Germany). An 18S rRNA specific probe has been used as a positive control. Northern 
hybridisation on distinct plant tissues of L. campestre and L. appelianum using radiolabelled ( 32P-(d)CTP) 
DNA-probes. (a) positive control using an 18S gene specific probe. (b-g) gene expression of putative fruit 
developmental genes in total RNA of distinct tissues. No hybridisation results could be obtained for LcALC, 
LcIND, and LcSHP2. Abbreviations: R, Root; S, Stem; L, Leaf; B, buds; 13-14, Flower stage 13-14; 15, Flower 
stage 15. 
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Figure S5 - Overexpression phenotypes of RPL orthologs. Constitutive expression of AtRPL (b), LaRPL (c), 
or LcRPL (d) in A. thaliana results in alterations in phyllotaxy and irregular elongation of internodes in some 
transformants compared to the wild-type (a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6 - Shl sequences of dehiscent Brassicaceae species (green) and indehiscent Lepidium appelianum 
(blue): The boxed nucleotide, responsible for replum differentiation in Brassica and Sinapis, seems not to have 
any effect on the evolution of indehiscence in Lepidium appelianum. All sequences except that of L. appelianum 
are from (Arnaud et al., 2011). 
Amplification of the Shl region was performed using PhusionTM DNA polymerase. Specific primers with an 
optimised annealing temperature of 52°C were designed basing on sequence information from Arabidopsis 
lyrata, A. thaliana and Capsella rubella (accessions given in Table S1). PCR products of about 600 bp were gel 
eluted using NucleoSpin® Gel and PCR Clean-up (Macherey & Nagel) and directly sequenced. 
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Molecular mechanisms involved in
convergent crop domestication
Teresa Lenser and Günter Theißen

Department of Genetics, Friedrich Schiller University Jena, Philosophenweg 12, D-07743 Jena, Germany

Domestication has helped to understand evolution. We

argue that, vice versa, novel insights into evolutionary

principles could provide deeper insights into domestica-

tion. Molecular analyses have demonstrated that

convergent phenotypic evolution is often based on mo-

lecular changes in orthologous genes or pathways.

Recent studies have revealed that during plant domesti-

cation the causal mutations for convergent changes in

key traits are likely to be located in particular genes.

These insights may contribute to defining candidate

genes for genetic improvement during the domestica-

tion of new plant species. Such efforts may help to

increase the range of arable crops available, thus increas-

ing crop biodiversity and food security to help meet the

predicted demands of the continually growing global

population under rapidly changing environmental

conditions.

Crop domestication – a genetic perspective

During the process of crop domestication (see Glossary) and

improvement, many morphological and physiological traits

underwent dramatic modifications to meet the fastidious

needs of humans (for recent reviews, see [1–5]). Some of

these modifications, such as an increase in fruit number and

size or a reduction of fruit abscission, were necessary to

enable efficient cultivation by humans, whereas other

changes were brought about merely to satisfy culinary or

esthetic preferences, for example, alterations in fruit color,

taste, or texture. Similar human demands led to similar

adaptations of many domestication traits over a wide range

of plant species (Figure 1), thereby providing numerous

examples of convergent phenotypic evolution {for simplicity

we use the term ‘convergence’ so as to include ‘parallelism’

following [6], even though the issue of how to define and

determine convergent and parallel evolution is still actively

discussed in the literature (see, e.g., [7])}. In this context, a

key question is which genetic changes underlie this pheno-

typic convergence and, more precisely, whether it is mainly

mutations at orthologous or distinct genomic loci that are

involved. The term ‘molecular convergence’ is often used in

this context if changes at orthologous loci underlie pheno-

typic convergence and we use it accordingly; however, care

must be taken because in other studies the same term

sometimes happens to be restricted to identical mutations

within the same locus or expanded to include mutations

within the same regulatory pathway [8,9]. For natural

adaptation in animal systems it is already accepted that

convergent phenotypic changes rely strikingly often on

mutations at orthologous loci [6,9–11], and recently an

elaborate meta-analysis gathering genetic loci of repeated

evolution also found this to be the case in plant systems [12].

There has been some lively discussion regarding which

factors favor the emergence of these so-called genetic hot-

spots [13–17]. By contrast, in crop domestication research,

the importance of molecular convergence is still a contro-

versial topic [18]. Although an often cited early study at-

tached great importance to the role of molecular

convergence [19], subsequent analyses have often dismissed

or diminished its relevance because they have revealed

some examples of non-orthologous loci at the basis of con-

vergent phenotypic changes [4,20–22].

Review
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Glossary

Abscission: controlled shedding of plant organs (e.g., leaves, flowers, fruits) by

means of cell–cell separation processes in specialized tissue layers (abscission

zones).

Cis-regulatory mutation: mutation within a non-protein coding part of a gene

influencing its level of expression.

Convergence: independent emergence of the same phenotypic trait in distinct

lineages.

Determinate growth: naturally self-limited growth, for example, by the

formation of a terminal flower at a predetermined developmental stage.

Domestication: process of genetic adaptation of wild species to human needs,

typically including changes in appearance and lifestyle.

Fruit dehiscence: concerted process of fruit opening by cell–cell separation to

enable seed dispersal.

Homology: similarity owing to common ancestry.

Indeterminate growth: plant growth continues indefinitely.

Molecular convergence: phenotypic convergence caused by changes at

orthologous genetic loci.

Orthologs: genes that arose from a common ancestor sequence via speciation.

Parallelism: independent emergence of the same phenotypic trait from the

same original phenotypic state in distinct lineages.

Paralogs: genes that arose from a common ancestor sequence via duplication.

Pleiotropic effects: phenomenon in which a single gene influences more than

one phenotypic trait.

Polygenic: a phenotypic trait is controlled by more than one gene.

Quantitative trait locus (QTL): genomic region containing one or more genes

contributing to phenotypic variation of a quantitative trait.

Standing genetic variation: a genomic locus has more than one allelic version

within a population.

Stochastic process: non-deterministic, chance-dependent process whereby

progression can only be predicted in terms of probability.

Vernalization: induction of flowering through exposure to low temperatures

for a certain period of time.
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In recent years, our knowledge about the genes involved

in crop domestication has increased dramatically, en-

abling more in-depth questions to be asked regarding

the molecular basis of domestication in a wide variety of

species. In this review, we try to incorporate such recent

molecular insights into the framework of genes that are

already known to control domestication traits in plants.

Unlike previous review articles [1,4,5], we do not distin-

guish between domestication and improvement genes

because classification can be ambiguous. Instead, we

equally consider all loci that have been artificially selected

to discriminate crops from their wild ancestors as deter-

mining factors of domestication. We discuss recent find-

ings that suggest that convergent molecular evolution

played an important role in plant domestication and the

suggestion that, as postulated for adaptive evolution,

certain genes are particularly likely to become the target

of domestication-relevant mutations. An understanding of

the factors influencing this susceptibility in evolutionary

biology might enable the likely course of molecular domes-

tication to be predicted and, thus, might have great poten-

tial in the facilitation of future crop domestication and

breeding procedures.

How molecular convergence contributed to crop

domestication

Our knowledge of the genetic loci controlling diverse do-

mestication phenotypes in crops is increasing. However,

the picture is still far from complete, and the possibility of

bias owing to the preferential investigation of candidate

genes has to be taken into account when trying to evaluate

the importance of molecular convergence in this context

[13]. In this section, we concentrate on examining a few

selected traits that have been characterized at the molec-

ular level particularly well in several species in order to

present a picture of the extent to which molecular conver-

gence might contribute to shaping crop plants.

Plant growth

Controlling plant growth is an important aspect of domes-

tication. Under the influence of systematic nitrogen fertili-

zation, most wild species would grow excessively tall,

making them more prone to damage by wind and rain.

Moreover, the development of mechanized harvesting

methods required the cultivation of plants of defined

height and stature. Thus, many crop species were conver-

gently selected for a determinate and ‘dwarfing’ growth

Increased

seed 

 number
Color

varia�on

Reduced 

dormancy

Reduced 

height

Reduced 

seed

sha�ering

More and 

bigger fruits

        Loss of

    vernaliza�on

requirement

Loss of

daylength

dependence

  Determinate 

growth

No fruit

abscission

TRENDS in Plant Science 

Figure 1. Convergent domestication. Convergent phenotypic changes are frequently observed in many different crops because systematic human cultivation often brings

about similar demands. Attempts to maximize yield cause selective pressure for an increase in size and number of edible plant parts on the one hand and for a decrease in

natural seed and fruit dispersal mechanisms to reduce yield loss on the other hand. Shifts in cultivation area often require changes in day length dependence or in the

vernalization requirement and a reduction in seed dormancy is needed for synchronous germination. Small plants with a determinate growth habit are often selected

because they are more robust, have a better yield to overall biomass ratio, and are better suited to mechanical harvesting methods. Finally, satisfying esthetic preferences

often drives convergent adaptations, a prominent example being changes in color. Stylized examples of the major angiosperm plant lineages from which current crops

originated are shown (eudicot, left; monocot, right) featuring traits of typical wild species. Characters that convergently evolved in various domesticated crops are depicted

in circles.
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habit that increases yield at the expense of overall biomass.

Although the number of effector loci as detected by quan-

titative trait locus (QTL) studies might differ greatly be-

tween species, plant height is a polygenic trait [23]. Some

genes, such as Ghd7 in rice (Oryza sativa) or Q in wheat

(Triticum aestivum), have been reported to affect plant

height in a certain species but to date have not been

reported to influence growth habit in any other crop

[4,24]. Despite this seeming plurality in domestication

targets, two strategies have been repeatedly applied to

cause dwarfing habit in different species: interference with

hormone metabolism or signaling [25] and alteration of

meristem identity causing determinate growth [26].

Loss-of-function mutations in two distinct genes of the

gibberellic acid (GA) metabolic pathway cause dwarfism in

rice. A change within the ent-kaurene oxidase gene OsKO2

has been exclusively detected in a single Japanese cultivar

[27], whereas at least nine distinct alleles of the OsGA20

oxidase-2 (OsGA20ox-2) gene of varying severity were used

for breeding semi-dwarfing varieties during both early

domestication and the ‘green revolution’ in the 1960s

[28,29]. The orthologous HvGA20ox-2 gene from barley

(Hordeum vulgare) has also been identified as an impor-

tant semi-dwarfing gene in many barley varieties [30].

Contrasting this repeated occurrence of loss-of-function

mutations disrupting GA biosynthesis in rice and barley,

dwarfism in wheat is caused by independent gain-of-func-

tion mutations at two paralogous Reduced height-B1/D1

loci coding GA-regulated growth repressors [1]. The mu-

tant loci both produce proteins that lack an important GA

signaling domain that normally directs GA-dependent

degradation, thus becoming constitutively active growth

repressors [25]. In addition to modulation of GA signaling,

interference with brassinosteroid signal transduction and

with polar auxin transport was shown to cause semi-

dwarfing growth habit in agronomically important varie-

ties of barley or sorghum (Sorghum bicolor) and pearl

millet (Pennisetum glaucum), respectively [31–33].

To date, all the alleles that have been associated with

the domestication-related switch from indeterminate to

determinate growth habit are characterized by loss-of-

function mutations in genes orthologous to the Arabidopsis

(Arabidopsis thaliana) meristem identity gene TERMI-

NAL FLOWER 1 (TFL1) [34–36]. Furthermore, in soybean

(Glycine max) and common bean (Phaseolus vulgaris), four

and eight recessive alleles, respectively, were apparently

selected independently [37,38], presenting an intriguing

example of how orthologous genes can be repeatedly in-

volved in convergent domestication of a given trait.

Flowering time

TFL1 orthologs are not only involved in defining the

growth habit of a plant but have also been reported to

induce early flowering in species as varied as barley, pea

(Pisum sativum), and strawberry (Fragaria vesca) [39–41].

In the case of TFL1, this simultaneous influence on flower-

ing time and plant height is probably due to its dual

function in controlling the length of both the vegetative

and floral phase [40]. Flowering time and plant height are

also not independent of each other per se, because early

flowering automatically reduces the time for vegetative

growth, thus leading to smaller plants, whereas late flow-

ering increases it resulting in bigger plants. This is

reflected by several domestication loci that likewise influ-

ence both traits, such as Q (wheat), Ghd7 (rice), and

possibly Vgt1 in maize (Zea mays) [4,24,42,43]. Neverthe-

less, the size reduction resulting from early flowering

clearly has to be distinguished from that of plants with

dwarfing or determinate growth habit because it does not

increase overall yield and has thus to be considered a mere

side effect of the adaptation of flowering time.

Adaptation of flowering time is especially important for

the global success of a particular crop species because

expansion of the geographic range often also means a shift

in climatic conditions and in the length of the photoperiod.

A common effect observed in domesticated plants is that

the onset of flowering becomes less dependent on environ-

mental stimuli such as day length or vernalization, result-

ing in shorter growth cycles [39,44–46].

The molecular network controlling floral induction is

rather complex and the comparative studies performed to

date suggest that an ancient core pathway is conserved

between distantly related plant lineages but has been modi-

fied by the recruitment of family-specific genes or pathways

(see [47–49] and references therein). As a consequence of

this limited conservation it has been noted that during

adaptation of flowering time, molecular convergence occurs

more often between closely related species (Figure 2) [49]. In

the monocot lineage, for example, the AP1-like transcription

factor (TF) and vernalization regulator gene VRN1 was

repeatedly found to induce a spring growth habit owing to

dominant mutations disrupting potential repressor binding

sites [49–51]. A possible candidate for the respective repres-

sor is the zinc finger–CCT domain TF coding gene VRN2;

loss-of-function mutations within this locus also cause a

spring growth habit exclusively in monocots [49]. A member

of the pseudo-response regulator (PRR) gene family in Ara-

bidopsis, PRR7, is known to function in the circadian clock

pathway [52]. Nevertheless, domestication-relevant alleles

in closely related paralogs have only been reported in crops

which are distantly related to Arabidopsis; in the closely

related cereals rice [53], barley [54,55], wheat [56–58], and

sorghum [45], mutations in PRR37 orthologs influence

flowering time by altering the photoperiod response, where-

as in sugar beet (Beta vulgaris ssp. vulgaris) a paralogous

PRR gene has been involved in the switch from annual to

biennial growth habit [59]. By contrast, domestication-re-

lated flowering time variation by means of mutations in

orthologs of FLOWERING LOCUS C (FLC) or its upstream

regulator FRIGIDA (FRI) is typical for members of the

Brassicaceae lineage [44,60–62].

Adaptation of flowering time in distantly related species

has been reported to rely on mutations in genes that are

non-homologous but that occupy analogous network posi-

tions within the floral induction pathway: for example,

FLC and VRN2, which are both repressors of flowering

and become downregulated by vernalization [49]. A similar

non-homologous pair is Ghd7 (rice) and E1 (soybean),

which are both photoperiod-dependent repressors of

FLOWERING LOCUS T (FT) orthologs whose loss-of-func-

tion alleles induce early flowering [24,63]. However, some

key genes also exist that convergently alter flowering time
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in a more distantly related set of species. Besides the

above-mentioned TFL1 orthologs, loss-of-function muta-

tions in orthologs of the Arabidopsis circadian clock regu-

lator gene EARLY FLOWERING 3 (ELF3) have been

repeatedly involved in generating photoperiod-insensitive

cultivars in grasses and legumes [46,64–66], and orthologs

of the highly conserved floral inducer gene FT exhibit

allelic variants that change flowering time across great

phylogenetic distances [67–69].

Fruit and seed dispersal

Given that the evolutionary success of wild plant species

relies heavily on their ability to spread their offspring,

most of them possess elaborate mechanisms to separate

from their fruits and seeds. From an agronomic perspec-

tive, this is a highly undesirable trait that hampers harvest

and causes considerable yield loss. As a result, there has

been a convergent emergence of crop species with reduced

seed dispersal capability. Fruit abscission or dehiscence is

implemented by cell–cell separation at different anatomi-

cal structures, including the base of the spikelet in wheat

and barley, the juncture between lemma and pedicel in

rice, and the pod valve margins in soybean and Brassica

species [22,70–72]. Thus, separation happens mostly at

non-homologous structures, which appears to be associat-

ed with a high level of molecular variability.
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Figure 2. Phylogenetic relationship of major crop plants. The topology of the tree is mainly based on data from [110] supplemented with the results of some additional

recent studies. Family affiliation is indicated by colors. Branch lengths are not drawn to scale. The ‘�’ represents a hybridization event that happened between Brassica

oleracea and turnip (Brassica rapa) giving rise to rapeseed (Brassica napus).
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Two tightly linked loci (Btr1 and Btr2) controlling the

brittle rachis phenotype have been identified in cultivated

barley to date, and recessive mutations in either of these

loci represent the independent emergence of shatter-resis-

tant barley on two occasions [22,73]. In domesticated

wheat species, three loci (Br1–3) bear recessive mutations

conferring a loss of spikelet disarticulation [21,22]. None of

these genes has been molecularly cloned yet and whether

wheat and barley loci carry homologous genes is the subject

of debate [21,22]. However, some data suggest that they

are not orthologous to shattering loci identified in other

grasses [22]. Equally unrelated to each other are the genes

that suppress pedicel abscission in tomato (Solanum lyco-

persicum) (jointless [74]), pod dehiscence in soybean

(qPDH1 [70]), and the major non-shattering locus sh4,

which is fixed in all rice cultivars [72,75]. Recently, a

new shattering resistance locus was identified upstream

of the rice gene LIGULELESS mediating the formation of

closed panicles [76].

To date, only two instances of molecular convergence

possibly underlying the domestication of shattering behav-

ior have been reported. Three independent loss-of-function

mutations within the YABBY-like TF gene Sh1 were found

to be responsible for a disruption in abscission layer for-

mation and loss of seed shattering in domesticated sor-

ghum; orthologous genes in rice and maize carry mutations

that are similarly associated with shattering reduction

[77]. Remarkably, single nucleotide substitutions at the

same position in an upstream regulatory sequence of genes

orthologous to the Arabidopsis gene REPLUMLESS,

which are known to disrupt abscission layer formation

in japonica rice were also found to alter fruit morphology

in dehiscence-relevant tissues in different Brassicaceae

species [78,79].

Why molecular domestication repeats itself

The question of whether or not crop plants develop similar

phenotypic traits via changes at orthologous loci has been

the subject of debate since investigators started to identify

the genetic loci of domestication [4,18–22]. Research over

the past few years has added a wealth of new genes to our

list, thereby providing a solid base for further evaluation of

this question. Surveying these data indicates that there is

no clear-cut answer because convergent domestication at

all phylogenetic levels might occur via mutations at ortho-

logous or non-orthologous loci (Table 1). There are many

examples that show that molecular convergence plays an

important role during domestication (Table 1) [12]; howev-

er, why are certain genes more likely to become involved in

domestication than others? To define factors that promote

convergent molecular crop domestication (Figure 3), it is

worth having a more in-depth look at convergent evolution

because this topic has already been examined to some

extent in the context of natural adaptation in animal

systems [10,12,14–16].

Nodal positioning

Nodal positioning of a TF protein within a certain regula-

tory network has been reported to increase the probability

of it becoming involved in natural adaptation [13–15]. Such

evolutionary hotspot genes typically collect regulatory

input from several upstream regulators and control a

whole set of target genes necessary to guide the formation

of an entire developmental module, such as a floral organ.

Mutations in upstream regulators or downstream targets

often alter only specific aspects within the developmental

module, thus making the nodal gene particularly predes-

tined for changes concerning the entire module. In addi-

tion, changes in upstream regulators might result in

pleiotropic effects that might be deleterious for the organ-

ism (see section on ‘minimal pleiotropic effects’ below).

Orthologs of the floral homeotic C-class gene AGAMOUS

(AG) occupy such a nodal position in terms of controlling

the formation of stamens, carpels, and determinate flowers

across all angiosperms [80] (Figure 3). Changes in AG

expression are involved in all cases of domesticated plants

with double flowers that have been molecularly character-

ized to date, although the causative mutations have only

been identified in two of these studies as loss-of-function

mutations within the AG locus: in the ornamental ‘Double

White’ cultivar of Rue anemone (Thalictrum thalictroides)

and the Japanese cherry (Prunus lannesiana) variant ‘Albo

rosea’ [80–83]. Double flower phenotypes have been con-

vergently selected in various ornamental plants because

the numerous extra petals increase their attractiveness for

humans. As a link between upstream sensory modules and

floral induction, FT orthologs likewise take up a nodal

position in the gene regulatory network leading to flower-

ing, which might explain their repeated involvement in

flowering time variation [67–69,84]. However, given that

FT genes are not the only mutational hotspots for flowering

time manipulation, other factors have to be considered

when evaluating predisposition for convergent molecular

domestication, such as pathway size and complexity.

Simple pathways

Simple pathways involving only a few gene products offer

limited targets for domestication-relevant mutations un-

like complex pathways with a multitude of players, such as

the flowering time pathway. This is likely to reflect back on

the probability of orthologous genes becoming involved in

the repeated occurrence of a certain phenotype [16]. Gluti-

nous cereal varieties whose seeds develop a sticky texture

when cooked were domesticated repeatedly in certain

areas because of cultural culinary preferences. The gluti-

nous character derives from seed endosperms with a re-

duced content of amylose, a starch molecule that is

produced from a glucose precursor by a single catalytic

process mediated by a granule-bound starch synthase

encoded by the Waxy locus (Figure 3) [85]. In all studies

reported to date, the glutinous character of cereal varieties

has been brought about by mutations in Waxy orthologs

[85–90]. Likewise, the loss of betaine aldehyde dehydroge-

nase (BADH2) enzyme activity in a metabolic pathway

leading to the aroma compound 2-acetyl-1-pyrroline has

repeatedly caused the occurrence of fragrant varieties in

rice and soybean [91,92].

Minimal pleiotropic effects

Minimal pleiotropic effects of adaptive mutations have

been reported to raise their chances of becoming evolution-

arily fixed [10,12–15]. Not only might this requirement be
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Table 1. Examples of molecular convergence underlying domestication-related phenotypic changesa

Crop species Phylogenetic

distributionc

Orthologous gene(s) Class of gene

product

Phenotypic ef-

fect

Causative

changesd
Refs

Riceb, barley Species/family OsGA20ox-2 (GA20 oxidase-2),

HvGA20ox-2

Metabolic enzyme Dwarfism Coding [28–30]

Wheatb Species Rht-1 (reduced height-1) SH2-TF Dwarfism Coding [1]e

Sorghum, pearl millet Family dw3 (dwarfing3), d2 Transporter

protein

Dwarfism Coding [32,33]

Tomato, soybeanb,

common beanb

Family/above

family

SP (SELF-PRUNING), Dt1

(determinate stem locus 1),

PvTFL1y (TERMINAL FLOWER 1)

Signaling protein Determinate

growth

Coding [1]e, [35–38]

Barley, pea, strawberry Above family HvCEN (CENTRORADIALIS),

PsTFL1c, FvTFL1

Signaling protein Variation in

flowering time

Mixed [39–41]

Barley, wheatb, ryegrass

(Lolium perenne)

Species/family VRN1 (BM5, TmAP1, WAP1,

LpVRN1)

MADS domain TF Variation in

flowering time

Non-coding [51]e

Barley, wheatb Species/family VRN2 (ZCCT1) Zinc finger–CCT

domain TF

Variation in

flowering time

Mixed [49]e

Rice, barley, wheat,

sorghumb, sugar beet

Species/family/

above family

OsPRR37 ( pseudoresponse

regulator protein 37), Ppd-H1,

Ppd1, SbPRR37, BvBTC1

Regulator of the

circadian clock

pathway

Variation in

flowering time

Mixed [53–58]

Turnip, Brassica oleracea Family BrFLC2 (FLOWERING LOCUS C),

BoFLC2

MADS domain TF Variation in

flowering time

Mixed [44,60,62]

Rice, barley, pea, lentil Family/above

family

Hd17 (Heading date 17), EAM8

(EARLY MATURITY 8)/Mat-a

(Praematurum-a), HR (HIGH

RESPONSE TO PHOTOPERIOD),

LcELF3 (EARLY FLOWERING 3)

Regulator of the

circadian clock

pathway

Variation in

flowering time

Coding [46,64–66]

Rice, wheat, sunflower,

barley

Family/above

family

Hd3a (Heading date 3a), VRN3/

TaFT (FLOWERING LOCUS T),

HaFT1, HvFT

Signaling protein Variation in

flowering time

Mixed [67–69]

Riceb Species Hd1 (Heading date 1) Zinc finger TF Variation in

flowering time

Coding [12]e

Sorghum, rice, corn Family Sh1 (Shattering 1), OsSh1,

ZmSh1

YABBY-like TF Shatter

resistance

Mixed [77]

Rice, wheatb, cornb,

foxtail milletb, barleyb,

amaranth, sorghumb,

broomcorn millet

Species/family/

above family

GBSSI (granule-bound starch

synthase I)/Waxy

Metabolic enzyme Glutinous seeds Mixed [85]e, [86–90]

Riceb, soybean Species/family BADH2 (betaine aldehyde

dehydrogenase gene 2),

GmBADH2

Metabolic enzyme Fragrance Coding [91,92]

Riceb, potato Species/above

family

Rd/DFR (dihydroflavonol-4-

reductase), DFR

Metabolic enzyme Coloration Coding [111,112]

Blood orangeb Species Ruby MYB-TF Coloration Non-coding [97]

Riceb Species Bh4 (Black hull4) Transporter

protein

Coloration Coding [113]

Soybeanb Species R MYB-TF Coloration Coding [96]

Peab, potato Above family F3050H ( flavonoid 30,50-

hydroxylase)

Metabolic enzyme Coloration Mixed [12]e

Riceb Species Rc bHLH-TF Coloration Coding [12]e

Grapevineb Species VvMYBA1-3 MYB-TF Coloration Mixed [12]e

Corn, pearl millet,

barley

Family tb1 (teosinte branched 1), Pgtb1,

INT-C (INTERMEDIUM-C)

TCP-TF Plant

architecture

Mixed [101,114,115]

Barleyb Species VRS1 (six-rowed spike 1) Homeodomain-TF Plant

architecture

Coding [12]e

Rice, corn Family GS3 (QTL for grain size and

length on chromosome 3),

ZmGS3

Putative

transmembrane

protein

Grain size Mixed [4]e, [116]

Riceb Species GS5 (QTL for grain size and

length on chromosome 5)

Metabolic enzyme Grain size Non-coding [117]

Rice, corn, wheat Family GW2 (QTL for grain weight on

chromosome 2), ZmGW2-CHR4/

5, TaGW2

Metabolic enzyme Grain size Mixed [4]e, [118,119]

Riceb, wheat Species/family Gn1a (QTL for grain number on

chromosome 1, a)/OsCKX2

(cytokinin oxidase/

dehydrogenase), TaCKX6-D1

Metabolic enzyme Grain number Mixed [4]e, [120]

Cornb Species Opaque2 bZIP-TF Grain quality Mixed [12]e
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fulfilled by the preferential occurrence of cis-regulatory

mutations [13,14,93] but also by the preferential usage

of mutational target genes of limited functionality [94]. The

flavonoid biosynthetic pathway produces anthocyanins,

thereby giving rise to blue, purple, and red coloration of

plant organs among angiosperms [94,95]. Three types of

TFs coordinate the activity of this pathway and it has been

argued that owing to their high copy number and often

tissue-specific function, evolutionary changes in members

of the R2R3-MYB (MYB) TF family are likely to have fewer

pleiotropic effects compared with basic helix–loop–helix

(bHLH) or WD40 repeat family members, which function

more broadly (Figure 3) [94,95]. Indeed, a preference for

mutations in MYB-TF genes has been observed in studies

dealing with the natural adaptation of floral pigment

intensity [94]. During plant domestication, changes in

Table 1 (Continued )

Crop species Phylogenetic

distributionc

Orthologous gene(s) Class of gene

product

Phenotypic ef-

fect

Causative

changesd
Refs

Riceb Species GW8 (QTL for grain weight on

chromosome 8)/OsSPL16

(squamosa promoter-binding

protein-like 16)

SBP-TF Grain size and

shape

Non-coding [12]e

Wheat, rye (Secale

cereale)

Family TaALMT1 (Al-activated malate

transporter 1), ScALMT1

Transporter

protein

Metal tolerance Mixed [12]e

Sorghum, corn Family SbMATE1 (multidrug and toxic

compound extrusion 1),

ZmMATE1

Transporter

protein

Metal tolerance Mixed [12]e, [121]

aThis list is not intended to be exhaustive.

bMultiple independent alleles present in this species.

cSpecies: molecular convergence within the same species, Family: molecular convergence between plants of one plant family, Above family: molecular convergence

between species of different plant families.

dDiscrimination between mutations detected exclusively in coding regions (coding), non-coding regions (non-coding) or both (mixed).

eReview containing original references.

Amylopec�n

Cytosol

Amyloplast

AGPase

Glc-1-P

Amylose
WDR-TF

SH4
SH4

SH4

SH4

SH4

SH4

sh4

sh4

sh4

sh4
sh4

sh4

sh4

sh4

sh4

bHLH-TFs
Wild popula�on

Domes�ca�on

MYB-TFs

Waxy

AG

ADP-Glc

DBE
SBE
SS-III
SS-II
SS-I

‘Flower induc�on’ pathway genes

(A) (B) (C) (D)Nodal posi�oning Simple pathways Selec�on on standing

gene�c varia�on

Minimal pleiotropic

effects

Floral iden�ty genes and

meristem maintenance pathway ‘Tissue specific’ func�ons

TRENDS in Plant Science 

Figure 3. Factors promoting convergent molecular domestication. Convergent phenotypic changes in the course of plant domestication are often caused by mutations

within orthologous genes. There are several factors explaining why mutations in such hotspot genes are more likely to become fixed in a population than mutations in other

genes. (A) Genes occupying nodal positions within a given regulatory pathway incorporate inputs of several upstream regulators and in turn regulate several downstream

genes, thereby often controlling self-contained developmental units. Mutations within such an input–output gene might alter a parameter value in a way that could

otherwise only be achieved by concerted mutations within several upstream or downstream genes simultaneously. Mutations involving the nodal gene AGAMOUS (AG)

were found at the basis of all molecularly characterized cases of domesticated plants with double flowers. (B) Simple metabolic pathways might also favor convergent

molecular changes because only a minimal set of genes serves as a potential mutational target to change a given trait. Low amylose content because of mutations within

Waxy gene orthologs is responsible for the domestication of glutinous seeds in many cereal variants. (C) Changes in fruit or seed color are often caused by mutations within

MYB transcription factors because within the anthocyanin pathway they mostly have tissue-specific functions, thereby minimizing pleiotropic effects. (D) Finally, if

domestication-related alleles are already present at low frequency within a wild population, as is the case for the non-shattering allele sh4 in rice, independent selection on

this standing genetic variation is likely to drive the same allele towards fixation repeatedly. Abbreviations: bHLH, basic helix–loop–helix; DBE, starch debranching enzyme;

Glc, glucose; SBE, starch branching enzyme; SS, starch synthase; TF, transcription factor; WDR, WD40 repeat.
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plant coloration, particularly of edible parts, also play an

important role and molecular data likewise point towards

mutations in MYB-TF genes as the overrepresented cause,

probably to avoid unwanted pleiotropic effects [95–98]. In

the same vein, the superior qualities and domestication-

related success of OsGA20ox-2 compared with OsKO2

mutations to induce a semi-dwarfing growth habit in rice

has been attributed to a difference between the pleiotropic

effects of both genes [27,28]. Consequences of a defective

OsGA20ox-2 gene are restricted to stem tissue because in

all other plant parts redundancy with other genes com-

pensates for the impaired gene function, whereas in the

case of OsKO2 expression of the redundant OsKO1 is

restricted to flower organs, thus resulting in pleiotropic

effects in the rest of the plant [27]. Furthermore, difficul-

ties in breeding rape (Brassica napus) varieties that were

resistant to pod shatter have been hypothesized to derive

from fruit developmental genes acting pleiotropically in

anther development [99].

Selection on standing genetic variation

Selection on the standing genetic variation might cause the

repeated involvement of the same locus in independent

domestication events because the selection of favorable

alleles that are already present in a wild population usu-

ally proceeds faster than new mutations can arise

(Figure 3) [9–12,15,100]. Naturally, this only applies in

some cases because domestication-related alleles might

have strong deleterious effects on wild plants; however,

various domestication-related alleles with a moderate neg-

ative effect on plant fitness are known to be present in wild

populations at low frequency [39,55,72,101]. Additionally,

introgression of wild alleles of adaptive value into already

established crop species was recently discussed as another

mechanism for the evolution of adaptive changes during

domestication [102]. Thus, the potential to form viable

alleles with altered functionality in a wild plant population

might be viewed as an additional factor designating certain

genes as likely domestication targets.

Having shed light on some factors that promote molec-

ular convergence, another important variable acting in

addition with these factors seems to be phylogenetic dis-

tance between species. It was already noted elsewhere that

mutations at orthologous loci cause convergent evolution

more frequently within the same or between closely related

species compared with distantly related ones [6,11,16,49].

Concentrating on data about plant domestication (dataset

described in [12] and Table 1 from this study), we observe

the same trend counting less than ten cases of molecular

convergence involving species from different plant fami-

lies, whereas more than 50 cases were reported for species

belonging to the same family. This higher frequency of

molecular convergence is probably because of higher levels

of similarity on average between close relatives, both at a

molecular and morphological level, thus providing more

possible targets for convergent mutations affecting domes-

tication traits. With regard to morphology, non-homolo-

gous structures at the base of a domestication trait (as for

seed dispersal in soybean and rice [70,72]) should diminish

(although not remove) the probability of orthologous genes

controlling this trait. However, the more evolutionary

distance there is separating the respective species the

more likely it is that even homologous traits are governed

by a divergent set of genes (as seen for control of flowering

time) [11,47–49,103]. In extreme cases, orthologs of a

domestication-related gene in one species may even be

absent in other species, making molecular convergence

impossible. However, in most cases that we have compiled

(Table 1) where different genes underlie the same domes-

tication trait in distinct plants orthologous genes are nev-

ertheless present in all species considered, suggesting that

absence of orthologs is usually not the reason for non-

convergent molecular evolution. In any case, the phenom-

enon of molecular convergence decreases with increasing

phylogenetic distance, although this can only be considered

as a probability statement given that domestication, like

evolution, proceeds largely as a stochastic process.

From evolution back to domestication – on the origin of

new crop species

Domestication has inspired evolutionary biologists: fa-

mous examples of domestication are outlined in Charles

Darwin’s seminal book On the Origin of Species by Means of

Natural Selection, or the Preservation of Favoured Races in

the Struggle for Life [104]. One of the most intriguing

phenomena studied by evolutionary biology is convergent

evolution, which is often based on mutations in closely

related genes. In this review, we have compiled recent

evidence showing that convergent evolution also applies

to plant domestication and is governed by similar factors.

Thus, knowledge about evolution has led to a better un-

derstanding of domestication.

However, not only can our improved understanding of

domestication at the molecular level be used to improve

existing crops but it can also be used to facilitate the

domestication of new crops. Although several thousand

plant species have been cultivated for consumption during

the course of human history, at present 95% of human food

energy is derived from only approximately 30 crop species

(http://www.fao.org/biodiversity/components/plants/en/).

Relying on this small basis of crop biodiversity seems risky

and we may need more or better adapted crops to meet the

challenges posed by plant pests, global warming, and the

growing human population. Classical domestication and

breeding is a slow process and may be too slow to meet the

predicted demands of the global population. Therefore, it is

good news that domestication is based on genetic hotspots

and, thus, is predictable to a certain degree. Rather than

starting domestication of wild plant species in a naı̈ve way

from scratch, promising hotspot genes (e.g., TFL1 ortho-

logs for determinate growth, ELF3 orthologs for early

flowering) might be targeted via marker-assisted breeding

or transgenic technology to generate desired phenotypic

changes. In principle, this rationale has already been used

for crop improvement in some straightforward cases. For

example, downregulating the expression of Waxy orthologs

has been used to artificially generate potato (Solanum

tuberosum), sweet potato (Ipomoea batatas), and cassava

(Manihot esculenta) lines containing optimized starches for

culinary and industrial applications [105–107]. Other de-

sirable traits appear to be more complex or labile. For

example, although salt tolerance has evolved more than
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70 times in a wide range of grass species, few commercially

viable salt tolerant crops have been released [108].

However, there is evidence that genes encoding membrane

transporters of the HKT family (transporting sodium and

potassium) can be used to generate salt tolerant cereal

grasses (reviewed in [109]). Knowing why certain genes are

repeatedly successfully involved in domestication might

help to predict the most promising mutational targets from

such newly discovered genes or pathways.

In conclusion, domestication has been a tremendous

help in understanding evolution. However, now the time

is ripe to use the knowledge gleaned from evolutionary

biology to adapt domesticated plants to our changing

environment.
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3. Discussion 

Up to now, the results of my thesis have been presented and discussed in three self-contained 

manuscripts. In the following discussion, I will illuminate several superordinate aspects 

arising from the combined consideration of all my data. I start with an evaluation to what 

extent the two Lepidium species studied in this thesis are suitable as scientific model 

organisms. The high conservation of the gene regulatory network guiding fruit development 

in the Brassicaceae is a major finding of this thesis, and I proceed by discussing whether this 

conservation may also apply to plants of more distant phylogenetic levels. Another major 

topic is the relative role of molecular convergence during convergent evolution, and I evaluate 

how the individual manuscripts contribute new insights to this topic. Finally, I point out the 

agronomic value of my data and conclude by presenting possible future issues, including the 

ecological significance of indehiscent fruits in natural environments and the search for 

alternative approaches to study the genetic background of fruit evolution in the Brassicaceae. 

 

3.1   Lepidium species as models for fruit evolution  the ups and 

downs 

The importance of new model species for biological research has been emphasized before 

(Mandoli and Olmstead, 2000; Milinkovitch and Tzika, 2007; Abzhanov et al., 2008). One 

argument for the use of alternative models is that specific traits may not be accessible in the 

preexisting models. For example, studying photoperiodic responses in metabolism and 

behavior will not reflect genuine patterns if it is performed in the laboratory mouse (Mus 

musculus), a classical animal model which is, due to human selection, by now well adapted to 

year-round breeding under laboratory conditions (Rissman, 2004). Likewise, the classical 

plant model A. thaliana is not well suited to study traits such as perennial life cycle or self-

incompatibility (Clauss and Koch, 2006). Another argument for more model species is 

specific to evo-devo research, where a clear picture of evolution will only emerge as more 

taxa are studied in comparison (Abzhanov et al., 2008). Species which are placed at key 

branches of the tree of life have to be studied in order to give representative information about 

the millions of species on earth, and suitable models have to be selected individually to study 

the evolutionary transition of specific characters (Abzhanov et al., 2008). 
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In this thesis, L. campestre and L. appelianum have been chosen as model systems to study 

fruit evolution with special focus on changes in the molecular pathway leading to fruit 

dehiscence (manuscript I, II). They have been selected because of a recent switch from 

dehiscent to indehiscent fruits in the lineage leading to L. appelianum and because their 

diploid genomes and close relatedness with A. thaliana have been promising aspects 

concerning the establishment of molecular techniques (Mummenhoff et al., 2009). Efforts to 

make these species accessible to this purpose included the determination of suitable controlled 

growth conditions, the cloning of putative fruit developmental genes, the establishment of an 

effective protocol for in situ hybridization and the determination of adequate genes for 

normalization during qRT-PCR analyses. Additionally, for L. campestre a floral dip based 

transformation system has been established as a reverse genetic tool, making this plant species 

accessible for functional analyses (manuscript I). 

Compared to common protocols for floral-dip transformation in A. thaliana, the generation of 

transgenic L. campestre plants as described in manuscript I takes longer because the life cycle 

of this typically biennial species includes a long vernalization period. But flowering time and 

vernalization requirement are known to vary in natural populations of many plant species 

including other members of the Brassicaceae family (Michaels and Amasino, 2000; Okazaki 

et al., 2007; Slotte et al., 2007; Kuittinen et al., 2008; Wang et al., 2011; Coustham et al., 

2012). Since L. campestre is distributed over a wide range of different habitats, it might be 

possible to isolate accessions from temperate or subtropical regions with reduced flowering 

time or vernalization requirement, thereby significantly shortening the process of 

transformation. Two additional factors that might be investigated in order to further improve 

the transformation protocol of L. campestre are the actual requirement of repeated dipping 

and the use of vacuum to increase transformation efficiency. In case of repeated dipping it 

was only assumed but not systematically tested that it might increase transformation 

efficiency as it does in A. thaliana (Clough and Bent, 1998). However, considerable effort 

could be spared if fewer repeats were comparably effective. On the other hand vacuum is 

often used in order to enhance the infectivity of Agrobacteria (see de Oliveira et al., 2009 and 

references therein) and was shown to improve efficiency during floral-dip transformation of 

A. lasiocarpa (Tague, 2001). 
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In summary of my experience with both Lepidium species and as a result of this work, 

L. campestre can now be used as a plant model organism which is easy to cultivate, 

transformable and accessible by various molecular techniques. For L. appelianum, the same 

molecular techniques can be applied, and its value as a research model becomes obvious 

because the molecular background of indehiscent fruits has been successfully studied in this 

species (manuscript II). Nevertheless, I would also like to point out some pitfalls of working 

with L. appelianum, because it was explicitly criticized that the practice of not reporting 

negative results may slow down the emergence of new model systems (Mandoli and 

Olmstead, 2000). Despite of extensive trials, induction of flowering in L. appelianum under 

laboratory conditions proved to be very unreliable and asynchronous in my hands. On top of 

that, the amount of emerging flowers was very low compared to L. campestre or A. thaliana 

and the amount of viable seeds was negligible (probably due to self-incompatibility). Thus, 

L. appelianum is not susceptible to floral-dip transformation, this lack of a reverse genetic 

tool being a major disadvantage when studying gene functions. Transformation via tissue 

culture based methods, as also applied for other Brassicaceae species including L. campestre 

(Barfield and Pua, 1991; Li et al., 2010c; Chhikara et al., 2012; Ivarson et al., 2013), might be 

a promising way to solve this problem but was not further explored in the frame of this thesis. 

Switching to one of the other two species with indehiscent fruits that are phylogenetically 

close to L. campestre (Figure 3) does not seem promising, because these species are also 

reported to be self-incompatible and, additionally, harbor polyploid genomes (Gaskin et al., 

2005). 

 

3.2   Conservation of fruit development  Brassicaceae and beyond 

In this thesis, I present evidence from functional and gene expression analyses of fruit 

developmental genes in L. campestre that, upon comparison with data from A. thaliana, point 

towards a high conservation of gene functions and pathway connectivity during Brassicaceae 

fruit development, per se (manuscript I, II). This statement is also supported by some sporadic 

insights into the molecular basis of fruit development in other Brassicaceae species. In 

Brassica juncea, BjSHATTERPROOF1 (BjSHP1), which is normally expressed at the 

valve/replum border in a similar pattern as its A. thaliana ortholog, was shown to be 

downregulated by heterologous over-expression of FRUITFULL (FUL) (Ostergaard et al., 

2006). The INDEHISCENT (IND) orthologs of Brassica rapa and Brassica oleracea are 

responsible for dehiscence zone formation since downregulation leads to loss of both 
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separation layer and lignified layer (Girin et al., 2010). It is further known that orthologous 

enzymes are involved in cell separation in the separation layer of A. thaliana and Brassica 

napus (Petersen et al., 1996; Ogawa et al., 2009) and that in both plants dehiscence goes 

along with a decrease in auxin level (Chauvaux et al., 1997; Sorefan et al., 2009). In addition, 

gene expression studies reveal conserved expression patterns of different dehiscence zone 

identity gene and FUL orthologs in dehiscent fruits of Erucaria erucarioides as compared to 

A. thaliana (Avino et al., 2012).  

Although high conservation of developmental pathways between closely related species might 

seem natural, it can by far not be taken for granted. Functional studies in the Ranunculales 

have revealed that while two paralogous FUL-like genes play key roles in fruit development 

of Papaver somniferum and Eschscholzia californica, the respective orthologous pair is not 

involved in fruit development of Aquilegia coerulea (Pabon-Mora et al., 2012; Pabon-Mora et 

al., 2013). These studies not only highlight that gene functions and corresponding 

developmental pathways might change dramatically within one phylogenetic order but also 

point out a strikingly conserved role of FUL-like genes in fruit development of Brassicaceae 

and Papaveraceae, an early-diverging family of basal eudicots separated from the core 

eudicots by approximately 125 million years of evolution (Fawcett et al., 2009). Could this 

conserved role of FUL-like genes be part of an ancestral fruit developmental pathway that 

might predate the split between core eudicots and basal eudicots or even trace back to the 

evolution of fruits as a novel character at the base of the angiosperm lineage? 

Some genes that guide Brassicaceae fruit development cannot be part of such a hypothetical 

ancient pathway because they are Brassicaceae specific. Recent duplication events at the base 

of the Brassicaceae lineage gave rise to the paralogous gene pairs SHP1 and SHP2, 

ALCATRAZ (ALC) and SPATULA (SPT), and IND and HECATE3, respectively (Kramer et 

al., 2004; Groszmann et al., 2008; Kay et al., 2013). However, co-orthologs of SHP1/2 and 

ALC/SPT have been implicated in fruit development in a variety of species (Figure 4) (Tani et 

al., 2007; Vrebalov et al., 2009; Tisza et al., 2010; Tani et al., 2011; Fourquin and Ferrandiz, 

2012; Araujo et al., 2013; Daminato et al., 2013). Also orthologs (or co-orthologs) of FUL 

and APETALA2 (AP2) have been found to participate in fruit development in various eudicot 

species (Müller et al., 2001; Smykal et al., 2007; Tani et al., 2007; Xu et al., 2008; Cevik et 

al., 2010; Chung et al., 2010; Jaakola et al., 2010; Karlova et al., 2011; Bemer et al., 2012; 

Pabon-Mora et al., 2012; Araujo et al., 2013; Pabon-Mora et al., 2013; Shima et al., 2013) 

and there are even two reported parallels between fruit developmental genes of Arabidopsis 
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and rice, a monocotyledonous species (Figure 4) (Konishi et al., 2006; Arnaud et al., 2011; 

Zhou et al., 2012). In some of these cases, the genes participate in the formation of fruit 

tissues that are necessary for dehiscence-like processes similar as in Arabidopsis (Müller et 

al., 2001; Konishi et al., 2006; Smykal et al., 2007; Pabon-Mora et al., 2012; Zhou et al., 

2012). However, they are also associated with developmental processes of fleshy fruits, 

especially with fruit ripening (Tani et al., 2007; Vrebalov et al., 2009; Cevik et al., 2010; 

Chung et al., 2010; Jaakola et al., 2010; Tisza et al., 2010; Karlova et al., 2011; Bemer et al., 

2012; Daminato et al., 2013; Shima et al., 2013). Notably, orthologous genes are even 

reported to guide similar developmental processes in anatomically non-homologous structures 

like ripening in fleshy fruits of tomato and in false fruits of strawberry (Vrebalov et al., 2009; 

Daminato et al., 2013) or fruit dehiscence in Arabidopsis and seed shattering in rice (Roeder 

et al., 2003; Konishi et al., 2006; Ripoll et al., 2011; Zhou et al., 2012).  

Figure 4: Orthologs of A. thaliana fruit developmental genes function in fruit development over large 
phylogenetic distances. A species phylogeny is shown including angiosperm species where orthologs of 
FRUITFULL (FUL), APETALA2 (AP2), SPATULA (SPT), SHATTERPROOF (SHP), or REPLUMLESS (RPL) 
have been reported to play a role in fruit development . They all control fruit development 
in quite distantly related species, thus indicating that ancestral versions of these genes may have been part of a 
basal gene regulatory network driving fruit development early during angiosperm evolution.
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All these data support the idea that a basal gene regulatory network involving ancestral 

versions of FUL, SHP, SPT, and AP2 was already present very early during angiosperm 

evolution and forms the basis of fruit development in the immense diversity of fruit forms we 

observe today. It even seems to underlie very distinct developmental programs, like those 

involved in fruit dehiscence of dry or ripening of fleshy fruits (Fourquin and Ferrandiz, 2012). 

Nevertheless, it remains largely unknown how exactly this basal network diverged or got 

recruited to different fruit structures during evolution. By analyzing and comparing the fruit 

developmental pathways of Brassicaceae species with fruits of different shape (manuscript I) 

and of different dehiscence behavior (manuscript II), this thesis contributes towards the 

general goal of understanding molecular fruit evolution at a shallow phylogenetic level. 

However, for a deeper understanding more studies like this are needed ideally covering 

various phylogenetic levels and changes in diverse fruit characters.  

 

3.3   The role of molecular convergence during plant evolution 

Assessing the role of molecular convergence during plant evolution from different angles was 

a central goal of this thesis. On the background of convergent evolution of indehiscence in the 

Brassicaceae family, comparative gene expression analyses between dehiscent fruits of 

L. campestre and indehiscent fruits of L. appelianum revealed that the loss of expression of 

SHP1/2, ALC, and IND orthologs at the valve-replum border of L. appelianum fruits is the 

likely cause underlying this particular case of character evolution (manuscript II). A similar 

case study analyzing the evolutionary origin of indehiscent fruits in Cakile lanceolata, another 

member of the Brassicaceae family, reports similar changes in expression patterns of 

orthologs of the same fruit developmental genes (Avino et al., 2012). Thus, the emergence of 

indehiscent fruits is molecularly caused by a loss of dehiscence zone identity gene expression 

at the valve-replum border in both indehiscent Brassicaceae species that have been analyzed 

to date. These data give a striking example of how the same molecular changes may underlie 

convergent character evolution and provide a basis to speculate that this particular change in 

gene expression pattern may represent a common mechanism for the evolution of indehiscent 

fruits in the Brassicaceae, in general. However, based on the strict definition provided in the 

introductory part of this thesis, evolution of indehiscence within the Brassicaceae can to date 

not be considered as an example of molecular convergence, because the genetic changes 

leading to the observed alterations in gene expression have not been elucidated in any of the 
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two cases. This lack of genetic evidence also prevents these studies from contributing to the 

debate on other important questions in evolutionary biology, like the relative importance of 

cis-regulatory versus protein-coding mutations or the relative contribution of mutations in few 

genes with large phenotypic effect versus mutations in many genes of small phenotypic effect. 

Thus, future efforts should concentrate on identifying the genetic changes that cause 

L. appelianum and C. lanceolata to produce indehiscent fruits. Additionally, also more 

Brassicaceae species with indehiscent fruits representing independent adaptive events have to 

be studied in order to make a strong statement about the relative contribution of molecular 

convergence to this particular example of convergent character evolution. 

Even though determining the exact role of molecular convergence during the convergent 

evolution of indehiscence in the Brassicaceae family remains a future challenge, reviewing 

data on genes involved in convergent crop domestication clearly demonstrates that this 

phenomenon represents an important principle in the evolution of plants under artificial 

selection (manuscript III). Besides its general importance during crop domestication, I also 

point out that molecular convergence often involves genes and their respective protein 

products fulfilling certain criteria with regard to their genetic background or position within a 

molecular pathway, similar to what has been reported for natural adaptation in animal 

systems. Thus the genetic changes underlying crop domestication seem to be somewhat 

predictable, at least in terms of an estimation of probabilities. However, cases of molecular 

convergence in plant systems are by far not restricted to domestic backgrounds and in future 

studies, more effort should be put into combining genetic data on artificial and natural 

adaptation of plants. Some genes are implicated in convergent changes in both, crop and wild 

species, as for example reported for the variation in flowering time caused by mutations in 

FLC (turnip, B. oleracea, A. thaliana, Capsella rubella) (Gazzani et al., 2003; Michaels et al., 

2003; Okazaki et al., 2007; Yuan et al., 2009; Guo et al., 2012; Wu et al., 2012), or FT (rice, 

wheat, barley, sunflower, A. thaliana, Lolium perenne, Boechera stricta) (Yan et al., 2006; 

Schwartz et al., 2009; Takahashi et al., 2009; Blackman et al., 2010; Anderson et al., 2011; 

Skot et al., 2011). Mutations in other genes are repeatedly involved in convergent changes 

occurring specifically in wild plant species, as for LEAFY orthologs in the convergent 

evolution of rosette flowering (Yoon and Baum, 2004), for GLABROUS1 orthologs in the 

convergent evolution of reduced resistance to insect herbivores (Kivimäki et al., 2007), for 

RESISTANCE TO PSEUDOMONAS SYRINGAE PV. MACULICOLA 1 in the convergent loss 

of resistance to bacterial infections (Rose et al., 2012), or for ANTHOCYANIN2 in convergent 
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shifts in flower color and associated pollinator attraction (Hoballah et al., 2007). In some 

spectacular cases, the convergent evolution of new traits was even shown to depend on 

convergent recruitment of genes or whole pathways into a new molecular context. The C4 

photosynthetic pathway evolved independently more than 45 times in various angiosperm 

families (Sage, 2004) and key enzymes of this pathway have been shown to have originated 

convergently several times from the same progenitor genes (Christin et al., 2007; Christin et 

al., 2008; Besnard et al., 2009). During the independent evolution of leaves, apparently the 

same developmental pathway involving KNOX (knotted1-like homeobox) and ARP genes 

(MYB orthologs of ASYMMETRIC LEAVES, ROUGH SHEATH2, and PHANTASTICA) has 

been repeatedly recruited in different plant lineages (Harrison et al., 2005), and convergent 

recruitment of CYCLOIDEA homologs has been implicated in independent evolutionary 

transitions to zygomorphy in distantly related core eudicot lineages (Preston and Hileman, 

2009). These examples only represent the tip of an iceberg of excellent studies on the 

molecular background of convergent plant adaptation in natural environments. Summarizing 

these multifaceted data with the objective of comparing them with molecular data on crop 

domestication and animal evolution promises to make a valuable contribution towards an 

overall understanding of molecular evolutionary principles. 

 

3.4   Beyond the ivory tower  practical contributions of this thesis 

The results presented in this thesis are not only of relevance from an evolutionary point of 

view but may also be of considerable agronomic importance. L. campestre is currently 

developed into an oilseed crop for industrial applications (Eriksson, 2009). It has useful seed 

oil qualities and excellent winter hardiness which may allow an expansion of planting regions 

of oil crops to more northern latitudes (Andersson et al., 1999; Ivarson et al., 2013). In 

addition, it has the potential to serve as a biennial catch crop to reduce leaching of nutrients 

into ground and surface water during autumn and winter periods (Eriksson, 2009). Towards 

the adaption of L. campestre as a highly productive crop, the efficient and reliable 

transformation system described in this thesis (manuscript I) will be of great benefit in order 

to improve certain agronomic traits as for example seed oil content and composition. 

Reduction of seed shattering in order to reduce yield loss is another challenge of the 

domestication process that will profit from knowledge gained in this thesis. Insights into the 

L. campestre molecular pathway leading to fruit dehiscence will facilitate choosing targets for 
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genetic improvement of this particular trait and the correlation detected between gene 

expression level of LcALC and LcIND and the level of fruit dehiscence may further allow 

fine-tuning dehiscence capability (manuscript I+II).  

The high conservation of the fruit developmental pathway that is demonstrated within the 

Brassicaceae family may also allow the transfer of knowledge from model species like 

A. thaliana and L. campestre, that are well studied in terms of fruit development, to other 

species of this family. Reducing pod dehiscence is an important issue for all those 

Brassicaceae that are (or may in the future be) grown for their seeds. This topic is most 

prominently discussed for oil-seed rape (B. napus), where under unfavorable climatic 

conditions up to 50% of seeds are lost due to premature pod shattering (MacLeod, 1981; Price 

et al., 1996). Another problem is the growth of volunteer plants that derive from the seeds of 

shattered pods and contaminate future crops (Spence et al., 1996; Ostergaard et al., 2006). 

Unlike many other domesticated plant species that have been successfully selected for 

reduced seed dispersal (e.g. rice, wheat, sorghum, pea, or soybean) no shatter resistant rape 

varieties could be established so far, probably due to pleiotropic effects of certain genes in 

cell separation of both, fruit and anther dehiscence (Jarvis et al., 2003). Thus, deeper insights 

into the developmental processes leading to fruit dehiscence in Brassicaceae are essential for 

developing improved strategies to overcome such problems using genetic technology 

(Liljegren et al., 2004; Ostergaard et al., 2006; Girin et al., 2010). Other established 

Brassicaceae crops could benefit in their productivity from a reduction of seed dispersal. 

Indian mustard (B. juncea) is the oilseed crop of choice in India and Australia due to its high 

heat and drought tolerance (Ostergaard et al., 2006). Like B. napus, cultivation of this species 

also suffers from high yield loss due to premature pod shattering. Further examples of 

Brassicaceae species producing seeds of agronomic importance include white mustard 

(Sinapis alba) , black mustard (Brassica nigra), different subspecies of B. rapa, Ethiopian 

mustard (Brassica carinata), gold-of-pleasure (Camelina sativa), Crambe abyssinica, and 

arugula (Eruca vesicaria) (Warwick et al., 2006; Warwick, 2011). Besides, many family 

members are, like L. campestre, currently examined regarding their potential as new oilseed 

crops for various applications, including pennycress (Thlaspi arvense), honesty (Lunaria 

annua), hoary stock (Matthiola incana), Lesquerella fendleri), or 

garden cress (Lepidium sativum) (Mathews et al., 1993; Yaniv et al., 1997; Marvin et al., 

2000; Mastebroek and Marvin, 2000; Dierig et al., 2004; Gokavi et al., 2004; Salywon et al., 

2005; Warwick, 2011; Dorn et al., 2013). This orientation towards the development of 
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alternative crops is very commendable because it eases human dependency on only a few 

agriculturally highly used species, a situation that may become problematic in light of newly 

emerging plant pests  and changing climatic 

conditions (Conway and Toenniessen, 1999; Gressel, 2008; de Ribou et al., 2013). 

Knowledge that speeds up the domestication of new plant species, for example by reducing 

fruit dehiscence, may considerably contribute to shaping a modern diversity-oriented farming 

system. 

However, knowledge about the molecular background of a given trait is only one aspect when 

it comes to changing its parameter value in a concerted way. Other aspects are (i) the 

technical capability to screen for or introduce desired genetic alterations and (ii) a general 

understanding of the molecular principles that may designate certain genes as more promising 

targets for the introduction of domestication relevant mutations than others. The former aspect 

has to be approached in a species-specific manner, as for example by the development of a 

transformation system for L. campestre like is has been presented in this thesis (manuscript I). 

Concerning the latter aspect, it is proposed in manuscript III that genetically studying natural 

adaptation and previous domestication events may identify molecular characteristics of 

established (and thus successful) target genes of adaptive evolution. Such characteristics may 

guide the choice of target genes for the deliberate domestication of new species, resulting for 

example in the preferred employment of genes which occupy nodal positions within their 

molecular pathways or which exhibit little pleiotropic effects. 

To sum up, the results presented in this thesis may be of agronomic importance on several 

levels: they may facilitate the domestication process of the new oilseed crop L. campestre by 

providing an easy and reliable transformation protocol; they may contribute to developing 

shatter-resistant Brassicaceae crops through various insights into the molecular background 

and conservation of fruit development in this family; and they may facilitate the genetic 

improvement of new and preexisting crop plants in general by identifying preferable 

characteristics of domestication target genes. 

 

3.5   A fruity taste of things to come 

In the frame of this thesis, the evolution of indehiscent fruits has been discussed with respect 

to its molecular and genetic background and its relevance for crop domestication. However, 
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the ecological significance of fruit indehiscence in contrast to dehiscence in natural habitats 

remains elusive. From research on heterocarpic species that form both, dehiscent and 

indehiscent fruits, within the same inflorescence, it has been shown that the seeds of these two 

fruit types may differ in ecologically important traits like seed size, dispersal capability, 

dormancy, or viability (Takeno and Yamaguchi, 1991; Venable et al., 1995; Mandak and 

Pysek, 2001; Lu et al., 2010). Because the phenomenon of heterocarpy has mainly been found 

in annual species adapted to unpredictable environments such as frequently disturbed habitats 

and arid and semi-arid regions, it is considered as a strategy to reduce the risk of extinction by 

escaping from unfavorable conditions either in space (differential seed dispersal) or in time 

(fractional germination) (Venable and Levin, 1985; Venable et al., 1995; Imbert, 2002; Lu et 

al., 2010). However, possible advantages of the exclusive production of indehiscent fruits 

have not been investigated to date, although the repeated emergence of this character in the 

Brassicaceae suggests it to provide a selective advantage under certain environmental 

conditions. Comparative evolutionary studies (Harvey and Pagel, 1991; Martins, 2000) may 

be one way to approach this question, either by searching for correlated changes between fruit 

dehiscence capability and other phenotypic or environmental traits in an unbiased way or by 

directly testing certain hypotheses, as for example a correlation between indehiscence and arid 

environments as it was proposed previously (Mühlhausen et al., 2008). Other studies 

employing this kind of strategy for example found a correlation between cordate leaf shape 

and a climbing growth habit (Goodwillie et al., 2004), evaluated the correlation of 

morphological evolution with habitat shifts in the Amblystegiaceae (Vanderpoorten et al., 

2002), or analyzed factors that may determine the length of non-coding organelle DNA 

spacers in plants (Duminil et al., 2008). Because comparative studies rely strongly on the 

inclusion of reliable phylogenetic information (Felsenstein, 1985; Huelsenbeck et al., 2000), 

existing Brassicaceae-phylogenies that do not include many indehiscent members (Beilstein et 

al., 2010; Couvreur et al., 2010; Warwick et al., 2010) should be expanded or combined in 

order to comprise as many indehiscent species as possible. 

Although the work presented in this thesis elucidates the loss of dehiscence zone identity gene 

expression at the valve-replum border of L. appelianum as the molecular mechanism that 

determines the development of indehiscent fruits in this plant, a future challenge will be to 

identify the exact genetic mutations underlying this adaptive change. So far, only candidate 

loci, which have been predicted from the fruit developmental pathway of A. thaliana, have 

been included in the search for such causative mutations. The upstream regulators of the 
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LaSHP genes, LaFUL, LaREPLUMLESS 

(LaRPL), and LaAP2, have been 

experimentally analyzed concerning their 

sequence conservation, gene expression 

patterns and protein function and a 

possible involvement of the L. appelianum 

orthologs of JAGGED (JAG), YABBY3 

(YAB3), and FILAMENTOUS FLOWER 

(FIL) in the development of the 

indehiscence phenotype has been discussed 

(manuscript II). However, new candidate 

genes are continuously discovered 

(Figure 5). The class I KNOX gene 

BREVIPEDICELLUS (BP) as well as the 

MYB transcription factor-encoding gene 

ASYMMETRIC LEAVES1 (AS1) have 

previously been shown to participate in 

determining strength and position of the 

valve margin related SHP expression 

domain in fruits of A. thaliana (Gonzalez-

Reig et al., 2012). Besides, WUSCHEL-LIKE HOMEOBOX13 (WOX13), a member of the 

plant-specific WOX family of transcription factor coding genes, has been identified as a 

negative regulator of valve margin identity genes with the ability to increase dehiscence 

capability (wox13 mutants) or to cause indehiscence (35S::WOX13 plants) (Romera-Branchat 

et al., 2013). Similarly, NO TRANSMITTING TRACT (NTT) has been identified as yet another 

replum factor suppressing the expression of valve margin identity genes and inducing the 

formation of indehiscent fruits when ectopically expressed in 35S::NTT transgenic plants 

(Chung et al., 2013). This increased number of candidate genes significantly reduces the 

chance of success of this approach and complementary or alternative strategies should be 

taken into account.  

One major obstacle is the lack of sequence information from the two Lepidium species under 

study. In the course of this work, all genomic regions that were to be compared between L. 

campestre and L. appelianum had to be cloned and sequenced from scratch, a constraint that 

Figure 5: Regulatory pathway controlling fruit 
dehiscence in A. thaliana. The regulatory connections 
have been compiled based on several studies (Dinneny 
et al., 2005; Dinneny and Yanofsky, 2005; Alonso-
Cantabrana et al., 2007; Girin et al., 2011; Groszmann 
et al., 2011; Ripoll et al., 2011; Gonzalez-Reig et al., 
2012; Chung et al., 2013; Romera-Branchat et al., 
2013). Candidate genes, whose orthologs may harbor 
mutations that lead to the elimination of LaSHP 
expression at the valve-replum border of L. appelianum 
fruits, are highlighted in red. 
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has restricted the search for genetic differences to a very limited number of candidate sites. 

New sequencing technologies may provide new possibilities for this project (Schuster, 2008). 

A transcriptome analysis of L. campestre is currently under way (http://www.mistra.org/ 

download/18.3ca3f3b513cd5907aea793/1378682217696/MistraBiotech_AR2012_Webb.pdf) 

and doing the same for L. appelianum may be a future option gaining lots of useful sequence 

information with relatively low effort. With rapidly decreasing costs for sequencing services, 

even gaining whole genome information for both species may become possible in the near 

future. 

Hybridizing L. campestre and L. appelianum could form the basis for alternative approaches 

which are independent of previously identified candidate genes. Analyzing the patterns of 

inheritance of the indehiscent fruit phenotype in respective hybrid plants may be used to 

identify the number of loci that are involved in this phenotypic difference between both 

species. Furthermore, hybrid offspring populations may be created in order to fine-map the 

genomic location of causative mutations, resulting in the identification of candidate genes via 

conserved synteny with other Brassicaceae or of candidate sequence polymorphisms via 

positional cloning. Hybridization, both naturally occurring and artificially induced, is very 

common within the Brassicaceae, having resulted for example in the emergence of B. napus 

as an interspecific hybrid between B. rapa and B. oleracea (U, 1935; FitzJohn et al., 2007; 

Allender and King, 2010). Preliminary attempts to hybridize L. campestre and L. appelianum 

have been unsuccessful (Andreas Mühlhausen, personal communication). However, embryo 

rescue (Sharma et al., 1996; Reed, 2004; Cisneros and Tel-Zur, 2010) or protoplast fusion 

(Navrátilová, 2004) are techniques that have been repeatedly used to facilitate crosses 

between Brassicaceae species that do not readily hybridize (see for example Toriyama et al., 

1987; Hansen and Earle, 1995; Brown et al., 1997; Bang et al., 2003; Bang et al., 2007). 

As discussed above, one future desire may be to expand studying the genetic origin of 

indehiscent fruits from L. appelianum to additional non-shattering species in order to address 

more far-reaching questions concerning, for example, the relative contribution of molecular 

convergence to this adaptive event. Especially in this case, a classical candidate gene 

approach may prove too labor-intensive in light of the rising number of possible candidates 

and exploiting alternative strategies should be considered. 
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4. Summary 

Identifying and understanding the molecular changes that accompany phenotypic adaptation 

are central goals in evolutionary biology. This thesis contributes to these goals by presenting 

two detailed case studies comparing the molecular network leading to fruit dehiscence in three 

Brassicaceae species that differ in prominent fruit traits and by featuring a higher level 

approach summarizing data on the molecular background of convergent crop domestication.  

Fruits of Lepidium campestre and Arabidopsis thaliana share a common mechanism of 

dehiscence but differ dramatically in overall morphology. Data presented in this thesis 

highlight that despite this morphological variability the molecular pathway leading to fruit 

dehiscence is highly conserved between both species. My results further contribute to a better 

understanding of Brassicaceae fruit development in general by identifying the transcription 

factors ALCATRAZ and SPATULA to be repressors of INDEHISCENT gene expression. 

Lepidium appelianum is a close relative of L. campestre and, in this thesis, serves as a 

representative of the many species within the Brassicaceae that have evolved indehiscent 

fruits. The molecular change causing this phenotypic adaptation is identified to be a loss of 

expression of dehiscence zone identity genes at the valve-replum border of L. appelianum 

fruits. 

Plant domestication is often accompanied by dramatic phenotypic changes, presenting an 

excellent model to study molecular principles of adaptation. A survey of genes known to carry 

causative mutations responsible for domestication-related changes reveals that convergent 

plant domestication is often based on mutations at orthologous loci. Furthermore, factors are 

identified that influence the probability of a certain gene to serve as a target for mutations 

driving phenotypic adaptation. 

Taken together, this thesis combines studies targeting the molecular background of 

phenotypic conservation as well as phenotypic change and searches for general patterns that 

may allow explaining or even predicting the likely course of molecular evolution. The results 

presented are of relevance for basic evolutionary biology and future agronomic applications, 

alike. 
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Zusammenfassung 

Zusammenhänge zwischen molekularen Veränderungen und phänotypischer Adaption zu 

erkennen und zu verstehen ist ein zentrales Ziel der Evolutionsbiologie. Die vorliegende 

Arbeit trägt zum Erreichen dieses Ziels bei, indem sie in zwei detaillierten Fallstudien die für 

die Fruchtöffnung wichtigen molekularen Netzwerke drei verschiedener Arten der Gattung 

Brassicaceae miteinander vergleicht und außerdem Ergebnisse über den molekularen 

Hintergrund konvergenter Domestikation von Nutzpflanzen überblickshaft darstellt.  

Früchte der Arten Lepidium campestre und Arabidopsis thaliana haben zwar den gleichen 

Öffnungsmechanismus, unterscheiden sich aber stark in ihrem äußeren Erscheinungsbild. Die 

hier präsentierten Daten zeigen, dass die molekulare Regulation des Fruchtöffnungsprozesses 

trotz dieser morphologischen Variabilität zwischen beiden Spezies stark konserviert ist. 

Darüber hinaus tragen die Ergebnisse zu einem besseren allgemeinen Verständnis der 

Fruchtentwicklung in Brassicaceen bei, indem sie die Transkriptionsfaktoren ALCATRAZ 

und SPATULA als Repressoren des INDEHISCENT Gens identifizieren. 

Lepidium appelianum ist nahe verwandt mit L. campestre und steht in dieser Arbeit 

stellvertretend für all die Brassicaceen, die im Laufe ihrer Evolution aus Öffnungsfrüchten 

Schließfrüchte entwickelt haben. Es wird gezeigt, dass in L. appelianum die molekulare 

Ursache dieser Merkmalsänderung ein Expressionsverlust von Genen ist, deren Orthologe in 

Arten mit Öffnungsfrüchten die Entwicklung der Dehiszenzzone steuern.  

Domestikation von Pflanzen geht oft mit dramatischen phänotypischen Änderungen einher 

und ist daher ein hervorragendes Modell, um molekulare Grundsätze von Adaption zu 

erforschen. Die Analyse von Genen, die bekanntermaßen Mutationen als Ursache 

domestikationsbedingter Merkmalsänderungen tragen, zeigt, dass Konvergenz während 

pflanzlicher Domestikation oft durch Mutationen in orthologen Loci verursacht wird. 

Weiterhin werden Faktoren identifiziert, die die Wahrscheinlichkeit beeinflussen, mit der 

Änderungen in einem bestimmten Gen phänotypischer Adaption zugrunde liegen. 

Das verbindende Element dieser Arbeit ist die Suche nach den molekularen Hintergründen 

phänotypischer Ausprägung sowie nach möglichen Gesetzmäßigkeiten, anhand derer der 

Verlauf molekularer Evolution erklärt oder sogar vorhergesagt werden könnte. Die Ergebnisse 

sind sowohl aus evolutionsbiologischer als auch aus agronomischer Sicht relevant. 
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