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Current advances in developmental genetics are increasingly

underpinned by comparative approaches as more powerful

experimental tools become available in non-model organisms.

Cardamine hirsuta is related to the model plant Arabidopsis

thaliana and comparisons between these two experimentally

tractable species have advanced our understanding of

development and diversity. The power of forward genetics to

uncover new biology was evident in the isolation of REDUCED

COMPLEXITY, a gene which is present in C. hirsuta but lost in

A. thaliana, and shapes crucifer leaf diversity. Transferring two

Knotted1-like homeobox genes between C. hirsuta and A.

thaliana revealed a constraint imposed by pleiotropy on the

evolutionary potential of cis regulatory change to modify leaf

shape. FLOWERING LOCUS C was identified as a

heterochronic gene that underlies natural leaf shape variation in

C. hirsuta.
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Introduction
Understanding the genetic basis of phenotypic diversity

is a common goal in many areas of research, from evolu-

tionary biology to plant breeding and human genetics.

The explosion of high throughput sequencing methods

and advances in bioinformatics means that this research is

no longer limited by sequence information, but rather by

efficient ways to causally connect sequence variation to

phenotypic diversity. Comparative genetic studies in the

phylogenetic neighbourhood of model organisms have

emerged as an important way to address this problem

[1]. This approach uses genetic analyses in related taxa to

identify molecular changes that underlie phenotypic dif-

ferences that are of evolutionary significance [2–6]. Key to
www.sciencedirect.com 
the success of this comparative approach is that it allows

causal genetic differences to be identified and studied

within an otherwise broadly comparable genotype to

phenotype landscape. Such studies have particularly

benefited from the use of interspecific gene transfers to

test the evolved functions of sequence variants [7,8].

Other methods that utilize genetic recombination, such

as quantitative trait locus analysis (QTL), also provide

strong evidence for the genetic basis of morphological

diversity and evolutionary change at the species level and

between interfertile species [9,10].

Why Cardamine hirsuta?
In plants, such comparative studies are particularly at-

tractive in the Brassicaceae family, which includes Ara-
bidopsis thaliana — the primary model organism for plant

science. This allows the technical and conceptual frame-

works established in A. thaliana to be exploited in novel

contexts to understand the origin of traits or character

states not present in the model species, and to provide an

evolutionary and ecological perspective [11�,12]. Recent

studies have focused on mating system transitions in

Arabidopsis halleri [13�] and Capsella [14,15], alternative

life histories in Arabis alpina [16] and Cardamine flexuosa
[17], fruit opening in Lepidium campestre [18,19], adapta-

tion to extreme soil conditions in Arabidopsis lyrata [20]

and A. halleri [21,22], and hybridization barriers between

Arabidopsis species [23]. Within this small group of A.
thaliana relatives, Cardamine hirsuta has emerged as a

particularly powerful genetic system for comparative

studies of development with A. thaliana [24,25�]
(Figure 1).

Like A. thaliana, C. hirsuta was selected as a laboratory

subject for its short generation time, small size, inbreed-

ing habit, abundant progeny and ease of large scale

cultivation. Importantly, it is a diploid species with a

small genome and eight chromosomes, which follows

the ancestral genome structure in the Brassicaceae

[25�]. Simple, high frequency genetic transformation is

routine in C. hirsuta, which together with a dense genetic

map and chemically mutagenized populations, provide

the necessary tools to investigate how genetic changes

influence morphogenesis [25�]. The major motivation for

studying and developing resources for the A. thaliana
relative C. hirsuta is to understand the genetic basis for

morphological evolution. Key to this comparative ap-

proach is the abundance of morphological diversity be-

tween these reproductively isolated species [25�]
(Figure 1). In this review, we will discuss recent work

over the past two years that has elucidated how differ-

ences in leaf morphology between A. thaliana and
Current Opinion in Genetics & Development 2016, 39:1–7

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gde.2016.05.005&domain=pdf
mailto:hay@mpipz.mpg.de
mailto:tsiantis@mpipz.mpg.de
http://dx.doi.org/10.1016/j.gde.2016.05.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/0959437X


2 Developmental mechanisms, patterning and evolution

Figure 1
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Cardamine hirsuta: a genetic system for comparative studies with Arabidopsis thaliana. Whole plant and selected parts are compared between A.

thaliana (left) and C. hirsuta (right). Divergent seed morphology, stamen number, trichome branching and leaf shape are shown from top to bottom.

Quantitative image analysis of lateral leaflet growth in C. hirsuta is shown in bottom, centre panels for rco (left) and wild-type (right). Heat maps

show relative surface area increase over 48 h of growth (color bar: percentage increase); scale bars: 30 mm.
C. hirsuta are produced and how these differences

evolved. We will also highlight studies of natural variation

in C. hirsuta leaf shape and petal number that are begin-

ning to show whether the same or different genetic

pathways underlie morphological diversity within and

between species.
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Mutant screen uncovers homeobox gene
shaping leaf diversity
Leaves show enormous variation in shape, both within

and between species, and differ markedly between A.
thaliana and C. 43. A. thaliana leaves are simple with an

entire margin while C. hirsuta leaves are dissected, also
www.sciencedirect.com
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called compound, with the margin separated into indi-

vidual leaflets (Figure 1). Previous work has shown that

the co-option of gene networks active in the shoot apical

meristem make a significant contribution to leaf shape

differences between A. thaliana and C. hirsuta [24,26,27].

However, no gene had been identified that expresses

specifically at developing leaflets and is sufficient to

convert leaf shape from simple to more complex. To

determine whether such a gene exists in C. hirsuta,

mutagenized plants were screened for mutants that con-

vert leaf shape from dissected to simple, resembling A.
thaliana. This forward genetics approach led to the iden-

tification of REDUCED COMPLEXITY (RCO), a HD-

ZIP class I transcription factor that promotes leaflet

formation in C. hirsuta [28��]. RCO arose in the Brassica-

ceae through gene duplication of the floral regulator

LATE-MERISTEM IDENTITY1 (LMI1), which is a con-

served gene in seed plants (Figure 2). The presence of

RCO in related species with dissected or lobed leaves

indicated that this gene was lost from the genome of A.
thaliana, contributing to its simple leaf shape [28��]
Figure 2
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RCO evolution and its consequences for leaf shape diversity in

crucifers. An early divergent crucifer, Aethionema arabicum, contains a

single LMI1-type gene (blue line). RCO-type genes (yellow line) arose

from duplication (black dot) of an LMI1-type gene. Dissected-leafed C.

hirsuta and lobed-leafed Arabidopsis lyrata contain both LMI1-type

and RCO-type genes. RCO was secondarily lost in A. thaliana (red

dot), contributing to the evolution of a simple leaf. Loss of RCO in the

C. hirsuta rco mutant (� rco) causes leaf simplification while gain of

RCO in an A. thaliana transgenic (+ RCO) causes leaf complexity.
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(Figure 2). Moreover, transformation of RCO from

C. hirsuta into A. thaliana was sufficient to reverse this

evolutionary transition and make the A. thaliana leaf more

complex (Figure 2). This result provides a rare example

where the presence or absence of a single gene has a key

role in shaping diversity. Through swapping regulatory

and coding sequences, the authors showed that diversifi-

cation of LMI1 and RCO function arose through the

evolution of a novel RCO expression domain at the base

of developing leaflets [28��]. Thus, regulatory evolution

coupled with gene duplication played a major role in

generating and maintaining the diversity of leaf shapes

found in the Brassicaceae. Comparative genomics can

provide significant resources for future studies of regula-

tory evolution in the Brassicaceae. For example, tens of

thousands of potential regulatory sequences were recent-

ly identified as conserved non-coding sequences across

nine genomes from this family [29].

How genetic differences are translated to different

morphologies through the process of development is a

central question in evolutionary developmental biology,

and this question was specifically addressed for

RCO. Advanced time lapse imaging methods were devel-

oped using the MorphoGraphX platform [30] that allowed

tissue growth to be tracked at cellular level throughout

leaf development. Results from these experiments

showed that RCO acts locally at the base of leaflets to

repress growth, allowing the leaf margin to separate and

grow out as distinct leaflets [28��] (Figure 1). Overexpres-

sion analysis showed that LMI1 also represses growth,

demonstrating that this gene function was ancestral to the

duplication event that gave rise to RCO in the Brassica-

ceae, and was likely to precede the split of eudicots from

other seed plants [28��]. These findings suggest that leaf

shape evolved via the targeted deployment of this

growth-repressing activity to highly specific regions of

the leaf. The simplicity of this model may explain why

independent mutations at the RCO locus were responsi-

ble for repeated evolutionary changes in leaf shape in the

Brassicaceae, including the sister species Capsella rubella
and C. grandiflora [31], and LMI1 orthologs outside the

Brassicaceae [32]. In future studies it will be important to

identify how RCO interacts with other genes to pattern

the growth of C. hirsuta leaves. simple leaf3 is another

C. hirsuta leaf shape mutant, caused by a mutation in

RNase L inhibitor 2; an ATP binding cassette-type

ATPase required for ribosome recycling [33]. This sug-

gests a possible input of translational control in the growth

and development of dissected leaves.

Pleiotropy shapes the evolutionary potential
of two KNOX genes
Evolutionary modification of the leaf margin has occurred

via two main developmental routes, one patterns the

initiation of margin protrusions and the other modulates

growth between these protrusions [34]. RCO acts in the
Current Opinion in Genetics & Development 2016, 39:1–7
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latter process, while transcription factors encoded by class

I Knotted1-like homeobox (KNOX) genes are crucial for the

patterning process that creates auxin activity peaks along

the leaf margin [24,26]. KNOX activity is required to

maintain the shoot apical meristem of most plants and

KNOX presence or absence shows a broad association

with dissected or simple leaf shape respectively [35,36].

Previous work in C. hirsuta had shown that the KNOX
gene SHOOT MERISTEMLESS (STM) was necessary for

leaflet formation, and that cis regulatory divergence at two

KNOX genes, STM and BREVIPEDICELLUS (BP), was

associated with the difference in leaf shape between A.
thaliana and C. hirsuta [24]. However, it was not known

whether these changes in cis to STM and BP were suffi-

cient to change leaf shape, or whether other changes in

trans were additionally required. It was also unclear how

these changes in KNOX gene expression impacted the

gene regulatory network operating in simple versus dis-

sected leaves.

These questions were recently addressed using compar-

ative genetics and cross-species gene transfers between

C. hirsuta and A. thaliana [37��]. These loss and gain-of-

function experiments provided evidence for an inverse

relationship between the pleiotropy of each gene and its

ability to modify leaf form. Specifically, stm mutants are

more pleiotropic than bp mutants, yet the BP genomic

locus from C. hirsuta is sufficient to modify A. thaliana leaf

shape to a much greater extent than the C. hirsuta STM
locus (Figure 3). This relationship was explored further

by uncoupling the coding and regulatory regions of STM,
Figure 3
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Pleiotropy influences the regulatory evolution of KNOX genes. Of two

KNOX genes, BP (blue) and STM (red), the less pleiotropic KNOX

gene, BP, evolved a greater capacity to contribute to leaf shape

divergence between C. hirsuta and A. thaliana. Transfer of C. hirsuta

KNOX genes into A. thaliana changes wild-type (WT) leaf shape either

a little (ChSTM, red arrow) or a lot (ChBP, blue arrow), as shown by

the arrow length along the x-axis. These leaf shape changes occur

with only modest pleiotropic effect, shown on the y-axis. STM is able

to cause increased leaf shape change when driven by the BP

promoter (ChBP::ChSTM, pale red arrow) but only at the expense of

increased pleiotropy.
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and showing that the STM protein can dramatically

modify A. thaliana leaf shape but also causes pleiotropic

effects throughout plant development [37��] (Figure 3).

By contrast to this, the BP protein consistently modified

A. thaliana leaf shape with a lower pleiotropy penalty than

STM [37��]. Therefore, the less pleiotropic gene, BP,

evolved cis regulatory differences between C. hirsuta and

A. thaliana that were sufficient to change leaf shape.

Consistent with this finding, STM evolved in a more

constrained fashion than BP in both coding and noncod-

ing sequences throughout the Brassicaceae [37��]. These

experiments provide empirical evidence for the general

principle that regulatory evolution, constrained by plei-

otropy, can drive morphological diversity [38,39].

The power of forward genetics in C. hirsuta was also used

to identify novel regulators of BP and study the difference

in gene regulatory network (GRN) architecture between

C. hirsuta, where BP is expressed in leaves, and A. thaliana
where it is not [37��]. These experiments showed two

alternative network configurations. In C. hirsuta leaves,

BP expression is negatively regulated by the myb tran-

scription factor ASYMMETRIC LEAVES1 (AS1) [24]

and the regulatory module consisting of microRNA164A

and its NAC transcription factor target CUP-SHAPED

COTYLEDON2 (CUC2) [37��]. This creates cross-talk

between components of the leaf network, MIR164A/
CUC2 and AS1, that does not occur in A. thaliana
[37��]. Thus, cis regulatory changes not only partition

BP activity between the shoot apical meristem and the

leaf of A. thaliana and C. hirsuta, but also result in different

genetic interactions between genes that are common to

the leaf GRN of both species. Therefore, network rewir-

ing via the flexible engagement of weakly pleiotropic

regulators like BP may provide a favourable path for

morphological evolution.

Mining natural variation
Leaf shape variation that is found within and between

species may or may not have a similar genetic basis. A

recent QTL study addressed this question by determin-

ing the genetic architecture of leaf shape variation in

C. hirsuta and cloning the major effect QTL in a recom-

binant inbred line (RIL) population [40��]. Interestingly,

none of the leaf shape QTL that were identified in these

RILs mapped to genes that controlled between-species

variation in leaf shape, such as RCO, MIR164A, CUC or

KNOX genes, suggesting that the causes of morphological

diversity at these two evolutionary scales were divergent

[40��]. Instead, the major leaf shape QTL was caused by

regulatory sequence variation in the floral repressor

FLOWERING LOCUS C (FLC), which encodes a

MADS-box transcription factor [41]. Naturally occurring

FLC alleles showed different levels of gene expression

and affected leaf shape by modulating the pace of acqui-

sition of adult leaf traits [40��]. C. hirsuta, in common with

most plants, shows age-dependent or ‘heterochronic’
www.sciencedirect.com
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Figure 4
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Mining natural variation. (a) C. hirsuta FLC is a major QTL for leaf

shape that acts via influencing age-dependent or ‘heterochronic’

variation. Within a shape space defined by two heterochronic traits:

leaflet number (x-axis) and shape (y-axis), distinct combinations of

these traits can be attributed to specific FLC alleles (FLCOx, red, and

FLCWa, blue, are naturally occurring C. hirsuta FLC alleles in a RIL

population derived from C. hirsuta Ox and Wa accessions). (b) A.

thaliana petal development is buffered within the normal range of

pathway activity to give a robust petal number of four. This robustness

is lost in C. hirsuta such that petal number varies between zero and

four. A polygenic architecture of many small to moderate effect QTL

underlies this petal number variation.
variation in leaf shape such that leaflet number increases

and leaflet shape changes as the plant ages from juvenile

to adult [42] (Figure 4a). Distinct combinations of leaflet

number and shape created leaf shapes that were specific

to each of the natural FLC alleles (Figure 4a), showing

how heterochronic variation can be a major source of leaf

shape variation in C. hirsuta [40��]. Moreover, the authors

propose that regulating leaf shape in this age-dependent

manner allows the plant to adjust leaf growth according to

the timing of reproduction, that is, flowering time. As

evidence for this, early flowering plants that failed to

accelerate their acquisition of adult leaf shape had re-

duced seed weight [40��]. Given that flowering time is

variable between plant populations and highly sensitive

to environmental cues, strong selection for flowering time

could make this mode of leaf shape variation pervasive.

Phenotypic robustness and petal number
variation
Flowers with four petals arranged in the shape of a cross

characterize the Brassicaceae (Figure 4b) and gives this

family its alternative name Cruciferae. This reproducibili-

ty of petal number reflects the robustness of floral organ

patterning to natural genetic or environmental variation

(Figure 4b). For example, diverse A. thaliana accessions

produce the same phenotype of four petals per flower

despite considerable genetic variation. By contrast to this,

petal number varies between zero and four in C. hirsuta
(Figure 4b). Two recent QTL studies that mapped the

natural genetic variation influencing petal number in five

C. hirsuta RIL populations have, therefore, advanced our
www.sciencedirect.com 
knowledge of phenotypic diversity that is not accessible for

study in A. thaliana [43�,44]. The authors identified a

polygenic architecture of many small to moderate effect

QTL that shift petal number in both positive and negative

directions, which likely contributes to maintaining

C. hirsuta petal number within its variable range below

four [43�]. QTL were identified for both average petal

number and its stochastic variation in C. hirsuta RILs,

showing that both aspects of the phenotypic distribution

are under genetic control [44]. The variation in C. hirsuta
petal number is not entirely stochastic but age-dependent,

and shares a common genetic basis with another age-

dependent trait, sepal trichome number, which suggests

that selection on such pleiotropic traits may contribute to

maintaining petal number within its variable range [43�].
These studies suggest that evolutionary change in

C. hirsuta likely allowed cryptic genetic variation to read

out as morphological divergence, and it will be exciting to

understand from future studies what these genes are and

how they influence petal development.

The shape of things to come
The key point to emerge from this review is how com-

parative approaches not only inform us about the genetic

basis for evolutionary change, but also uncover funda-

mental features of development that cannot be compre-

hended by studying a single model species in isolation.

For example, RCO was isolated as an important gene for

leaf development and diversity [28��], KNOX gene regu-

latory changes were found to rewire leaf networks [37��],
natural regulatory variation at FLC highlighted a differ-

ent genetic basis for between and within species leaf

shape variation [40��], and genetic variation that is usu-

ally cryptic for petal number was mapped in C. hirsuta
[43�]. Moreover, an interdisciplinary study that com-

bined biological and modeling approaches, recently

identified the mechanism and origin of explosive seed

dispersal in C. hirsuta — a key life history trait associated

with the invasiveness of this weed [45��]. As the ability to

identify causal variants underlying morphological diver-

sity increases, the sophisticated experimental tools in

C. hirsuta for quantitative 4D image analysis of gene

expression and growth [28��,30] will become increasingly

important to understand the paths from genotype to

phenotype. Placing these comparisons between A. thali-
ana and C. hirsuta in an ecological context [46,47] will also

give an important perspective on the genetic and phe-

notypic diversity in plants.

Acknowledgements

We acknowledge support from Deutsche Forschungsgemeinschaft priority
programme ‘Adaptomics’ grant HA 6316/1-3 to A.H. and M.T. and
Collaborative Research Centre SFB 680 grant to M.T., a core grant of the
Max Planck Society to M.T., Human Frontiers Science Programme young
investigator’s grant RGY0087/2011 to A.H., the Max Planck Society W2
Minerva programme to A.H., and the Cluster of Excellence on Plant
Sciences to M.T.
Current Opinion in Genetics & Development 2016, 39:1–7



6 Developmental mechanisms, patterning and evolution
References and recommended reading
Papers of particular interest, published within the period of review,

have been highlighted as:

� of special interest
�� of outstanding interest

1. Simpson P: Evolution of development in closely related
species of flies and worms. Nat Rev Genet 2002, 3:907-917.

2. Gompel N, Prud’homme B, Wittkopp PJ, Kassner VA, Carroll SB:
Chance caught on the wing: cis-regulatory evolution and the
origin of pigment patterns in Drosophila. Nature 2005, 433:
481-487.

3. Marcellini S, Simpson P: Two or four bristles: functional
evolution of an enhancer of scute in Drosophilidae. Plos Biol
2006, 4:e386.

4. Jeong S, Rebeiz M, Andolfatto P, Werner T, True J, Carroll SB: The
evolution of gene regulation underlies a morphological
difference between two Drosophila sister species. Cell 2008,
132:783-793.

5. Wittkopp PJ, Stewart EE, Arnold LL, Neidert AH, Haerum BK,
Thompson EM, Akhras S, Smith-Winberry G, Shefner L:
Intraspecific polymorphism to interspecific divergence:
genetics of pigmentation in Drosophila. Science 2009, 326:
540-544.

6. Frankel N, Erezyilmaz DF, McGregor AP, Wang S, Payre F,
Stern DL: Morphological evolution caused by many subtle-
effect substitutions in regulatory DNA. Nature 2011, 474:
598-603.

7. Nikolov LA, Tsiantis M: Interspecies gene transfer as a method
for understanding the genetic basis for evolutionary change:
progress, pitfalls, and prospects. Front Plant Sci 2015, 6:1135.

8. Correa R, Baum DA: Evolutionary transgenomics: prospects
and challenges. Front Plant Sci 2015, 6:858.

9. Indjeian VB, Kingman GA, Jones FC, Guenther CA, Grimwood J,
Schmutz J, Myers RM, Kingsley DM: Evolving new skeletal traits
by cis-regulatory changes in bone morphogenetic proteins.
Cell 2016, 164:45-56.

10. Wills DM, Whipple CJ, Takuno S, Kursel LE, Shannon LM,
Ross-Ibarra J, Doebley JF: From many, one: genetic control of
prolificacy during maize domestication. PLoS Genet 2013,
9:e1003604.

11.
�

Koenig D, Weigel D: Beyond the thale: comparative genomics
and genetics of Arabidopsis relatives. Nat Rev Genet 2015,
16:285-298.

An excellent review of experimental systems and approaches currently
used for comparative studies in the Brassicaceae.

12. Kramer U: Planting molecular functions in an ecological
context with Arabidopsis thaliana. Elife 2015:4.

13.
�

Durand E, Meheust R, Soucaze M, Goubet PM, Gallina S, Poux C,
Fobis-Loisy I, Guillon E, Gaude T, Sarazin A et al.: Dominance
hierarchy arising from the evolution of a complex small RNA
regulatory network. Science 2014, 346:1200-1205.

A groundbreaking paper that uncovers the evolution of a small RNA
regulatory network that controls the dominance hierarchy among S-locus
alleles in the self incompatible species Arabidopsis halleri.

14. Sicard A, Kappel C, Josephs EB, Lee YW, Marona C,
Stinchcombe JR, Wright SI, Lenhard M: Divergent sorting of a
balanced ancestral polymorphism underlies the
establishment of gene-flow barriers in Capsella. Nat Commun
2015, 6:7960.

15. Sicard A, Stacey N, Hermann K, Dessoly J, Neuffer B, Baurle I,
Lenhard M: Genetics, evolution, and adaptive significance of
the selfing syndrome in the genus Capsella. Plant Cell 2011,
23:3156-3171.

16. Bergonzi S, Albani MC, Ver Loren van Themaat E, Nordstrom KJ,
Wang R, Schneeberger K, Moerland PD, Coupland G:
Mechanisms of age-dependent response to winter
temperature in perennial flowering of Arabis alpina. Science
2013, 340:1094-1097.
Current Opinion in Genetics & Development 2016, 39:1–7 
17. Zhou CM, Zhang TQ, Wang X, Yu S, Lian H, Tang H, Feng ZY,
Zozomova-Lihova J, Wang JW: Molecular basis of age-
dependent vernalization in Cardamine flexuosa. Science 2013,
340:1097-1100.

18. Lenser T, Theissen G: Conservation of fruit dehiscence
pathways between Lepidium campestre and Arabidopsis
thaliana sheds light on the regulation of INDEHISCENT. Plant J
2013, 76:545-556.

19. Muhlhausen A, Lenser T, Mummenhoff K, Theissen G: Evidence
that an evolutionary transition from dehiscent to indehiscent
fruits in Lepidium (Brassicaceae) was caused by a change in
the control of valve margin identity genes. Plant J 2013, 73:
824-835.

20. Turner TL, Bourne EC, Von Wettberg EJ, Hu TT, Nuzhdin SV:
Population resequencing reveals local adaptation of
Arabidopsis lyrata to serpentine soils. Nat Genet 2010, 42:
260-263.

21. Hanikenne M, Talke IN, Haydon MJ, Lanz C, Nolte A, Motte P,
Kroymann J, Weigel D, Kramer U: Evolution of metal
hyperaccumulation required cis-regulatory changes and
triplication of HMA4. Nature 2008, 453:391-395.

22. Hanikenne M, Kroymann J, Trampczynska A, Bernal M, Motte P,
Clemens S, Kramer U: Hard selective sweep and ectopic gene
conversion in a gene cluster affording environmental
adaptation. PLoS Genet 2013, 9:e1003707.

23. Muller LM, Lindner H, Pires ND, Gagliardini V, Grossniklaus U: A
subunit of the oligosaccharyltransferase complex is required
for interspecific gametophyte recognition in Arabidopsis. Nat
Commun 2016, 7:10826.

24. Hay A, Tsiantis M: The genetic basis for differences in leaf form
between Arabidopsis thaliana and its wild relative Cardamine
hirsuta. Nat Genet 2006, 38:942-947.

25.
�

Hay AS, Pieper B, Cooke E, Mandakova T, Cartolano M,
Tattersall AD, Ioio RD, McGowan SJ, Barkoulas M, Galinha C et al.:
Cardamine hirsuta: a versatile genetic system for comparative
studies. Plant J 2014, 78:1-15.

An important description of morphological and genetic variation in C.
hirsuta and experimental tools available for comparative studies.

26. Barkoulas M, Hay A, Kougioumoutzi E, Tsiantis M: A
developmental framework for dissected leaf formation in the
Arabidopsis relative Cardamine hirsuta. Nat Genet 2008,
40:1136-1141.

27. Blein T, Pulido A, Vialette-Guiraud A, Nikovics K, Morin H, Hay A,
Johansen IE, Tsiantis M, Laufs P: A conserved molecular
framework for compound leaf development. Science 2008,
322:1835-1839.

28.
��

Vlad D, Kierzkowski D, Rast MI, Vuolo F, Dello Ioio R, Galinha C,
Gan X, Hajheidari M, Hay A, Smith RS et al.: Leaf shape evolution
through duplication, regulatory diversification, and loss of a
homeobox gene. Science 2014, 343:780-783.

This paper highlights the importance of regulatory evolution, coupled with
gene duplication and loss in generating leaf shape diversity in the
Brassicaceae.

29. Haudry A, Platts AE, Vello E, Hoen DR, Leclercq M, Williamson RJ,
Forczek E, Joly-Lopez Z, Steffen JG, Hazzouri KM et al.: An atlas
of over 90,000 conserved noncoding sequences provides
insight into crucifer regulatory regions. Nat Genet 2013, 45:
891-898.

30. Barbier de Reuille P, Routier-Kierzkowska AL, Kierzkowski D,
Bassel GW, Schupbach T, Tauriello G, Bajpai N, Strauss S,
Weber A, Kiss A et al.: MorphoGraphX: a platform for
quantifying morphogenesis in 4D. Elife 2015:4.

31. Sicard A, Thamm A, Marona C, Lee YW, Wahl V, Stinchcombe JR,
Wright SI, Kappel C, Lenhard M: Repeated evolutionary changes
of leaf morphology caused by mutations to a homeobox gene.
Curr Biol 2014, 24:1880-1886.

32. Zhu QH, Zhang J, Liu D, Stiller W, Liu D, Zhang Z, Llewellyn D,
Wilson I: Integrated mapping and characterization of the gene
underlying the okra leaf trait in Gossypium hirsutum L. J Exp
Bot 2016, 67:763-774.
www.sciencedirect.com

http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0240
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0240
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0245
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0245
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0245
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0245
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0250
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0250
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0250
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0255
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0255
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0255
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0255
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0260
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0260
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0260
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0260
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0260
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0265
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0265
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0265
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0265
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0270
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0270
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0270
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0275
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0275
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0280
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0280
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0280
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0280
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0285
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0285
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0285
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0285
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0290
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0290
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0290
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0295
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0295
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0300
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0300
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0300
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0300
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0305
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0305
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0305
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0305
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0305
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0310
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0310
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0310
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0310
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0315
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0315
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0315
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0315
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0315
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0320
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0320
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0320
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0320
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0325
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0325
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0325
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0325
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0330
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0330
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0330
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0330
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0330
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0335
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0335
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0335
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0335
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0340
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0340
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0340
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0340
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0345
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0345
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0345
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0345
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0350
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0350
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0350
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0350
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0355
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0355
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0355
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0360
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0360
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0360
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0360
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0365
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0365
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0365
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0365
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0370
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0370
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0370
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0370
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0375
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0375
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0375
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0375
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0380
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0380
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0380
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0380
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0380
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0385
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0385
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0385
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0385
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0390
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0390
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0390
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0390
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0395
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0395
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0395
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0395


Cardamine hirsuta Hay and Tsiantis 7
33. Kougioumoutzi E, Cartolano M, Canales C, Dupre M, Bramsiepe J,
Vlad D, Rast M, Dello Ioio R, Tattersall A, Schnittger A et al.:
SIMPLE LEAF3 encodes a ribosome-associated protein
required for leaflet development in Cardamine hirsuta. Plant J
2013, 73:533-545.

34. Mentink RA, Tsiantis M: From limbs to leaves: common themes
in evolutionary diversification of organ form. Front Genet 2015,
6:284.

35. Bharathan G, Goliber TE, Moore C, Kessler S, Pham T, Sinha NR:
Homologies in leaf form inferred from KNOXI gene expression
during development. Science 2002, 296:1858-1860.

36. Long JA, Moan EI, Medford JI, Barton MK: A member of the
KNOTTED class of homeodomain proteins encoded by the
SHOOTMERISTEMLESS gene of Arabidopsis. Nature 1996,
379:66-69.

37.
��

Rast-Somssich MI, Broholm S, Jenkins H, Canales C, Vlad D,
Kwantes M, Bilsborough G, Dello Ioio R, Ewing RM, Laufs P et al.:
Alternate wiring of a KNOXI genetic network underlies
differences in leaf development of A. thaliana and C. hirsuta.
Genes Dev 2015, 29:2391-2404.

Comparative genetics and interspecific gene transfers are used to assess
the influence of pleiotropy on KNOX gene regulatory evolution and net-
work rewiring.

38. Prud’homme B, Gompel N, Carroll SB: Emerging principles of
regulatory evolution. Proc Natl Acad Sci U S A 2007,
104(Suppl1):8605-8612.

39. Stern DL, Orgogozo V: Is genetic evolution predictable?
Science 2009, 323:746-751.

40.
��

Cartolano M, Pieper B, Lempe J, Tattersall A, Huijser P, Tresch A,
Darrah PR, Hay A, Tsiantis M: Heterochrony underpins natural
variation in Cardamine hirsuta leaf form. Proc Natl Acad Sci
U S A 2015, 112:10539-10544.
www.sciencedirect.com 
By cloning FLC as a major leaf shape QTL, the authors discover that age-
dependent progression of leaf form underlies natural variation in C. hirsuta
leaf shape.

41. Michaels SD, Amasino RM: FLOWERING LOCUS C encodes a
novel MADS domain protein that acts as a repressor of
flowering. Plant Cell 1999, 11:949-956.

42. Rubio-Somoza I, Zhou CM, Confraria A, Martinho C, von Born P,
Baena-Gonzalez E, Wang JW, Weigel D: Temporal control of leaf
complexity by miRNA-regulated licensing of protein
complexes. Curr Biol 2014, 24:2714-2719.

43.
�

Pieper B, Monniaux M, Hay A: The genetic architecture of petal
number in Cardamine hirsuta. New Phytol 2016, 209:395-406.

This paper characterises the genetic architecture of petal number: a trait
that evolved to a non-robust state in C. hirsuta such that formerly cryptic
variation could be mapped.

44. Monniaux M, Pieper B, Hay A: Stochastic variation in Cardamine
hirsuta petal number. Ann Bot 2016, 117:881-887.

45.
��

Hofhuis H, Moulton D, Lessinnes T, Routier-Kierzkowska AL,
Bomphrey RJ, Mosca G, Reinhardt H, Sarchet P, Gan X, Tsiantis M
et al.: Morphomechanical innovation drives explosive seed
dispersal. Cell 2016, 166:1-12.

A combined experimental and theoretical study that explains the
mechanism and origin of explosive seed dispersal in Cardamine hirsuta.

46. Schlaeppi K, Dombrowski N, Oter RG, Ver Loren van Themaat E,
Schulze-Lefert P: Quantitative divergence of the bacterial root
microbiota in Arabidopsis thaliana relatives. Proc Natl Acad Sci
U S A 2014, 111:585-592.

47. Hiruma K, Gerlach N, Sacristan S, Nakano RT, Hacquard S,
Kracher B, Neumann U, Ramirez D, Bucher M, O’Connell RJ et al.:
Root endophyte Colletotrichum tofieldiae confers plant
fitness benefits that are phosphate status dependent. Cell
2016, 165:464-474.
Current Opinion in Genetics & Development 2016, 39:1–7

http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0400
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0400
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0400
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0400
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0400
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0405
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0405
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0405
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0410
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0410
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0410
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0415
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0415
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0415
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0415
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0420
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0420
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0420
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0420
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0420
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0425
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0425
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0425
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0430
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0430
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0435
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0435
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0435
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0435
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0440
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0440
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0440
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0445
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0445
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0445
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0445
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0450
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0450
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0455
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0455
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0460
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0460
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0460
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0460
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0465
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0465
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0465
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0465
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0470
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0470
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0470
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0470
http://refhub.elsevier.com/S0959-437X(16)30044-2/sbref0470

	Cardamine hirsuta: a comparative view
	Introduction
	Why Cardamine hirsuta?
	Mutant screen uncovers homeobox gene shaping leaf diversity
	Pleiotropy shapes the evolutionary potential of two KNOX genes
	Mining natural variation
	Phenotypic robustness and petal number variation
	The shape of things to come
	References and recommended reading
	Acknowledgements


