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SUMMARY

A major goal in biology is to identify the genetic basis for phenotypic diversity. This goal underpins research

in areas as diverse as evolutionary biology, plant breeding and human genetics. A limitation for this research

is no longer the availability of sequence information but the development of functional genetic tools to under-

stand the link between changes in sequence and phenotype. Here we describe Cardamine hirsuta, a close rela-

tive of the reference plant Arabidopsis thaliana, as an experimental system in which genetic and transgenic

approaches can be deployed effectively for comparative studies. We present high-resolution genetic and cyto-

genetic maps for C. hirsuta and show that the genome structure of C. hirsuta closely resembles the eight

chromosomes of the ancestral crucifer karyotype and provides a good reference point for comparative gen-

ome studies across the Brassicaceae. We compared morphological and physiological traits between C. hirsuta

and A. thaliana and analysed natural variation in stamen number in which lateral stamen loss is a species

characteristic of C. hirsuta. We constructed a set of recombinant inbred lines and detected eight quantitative

trait loci that can explain stamen number variation in this population. We found clear phylogeographic struc-

ture to the genetic variation in C. hirsuta, thus providing a context within which to address questions about

evolutionary changes that link genotype with phenotype and the environment.

Keywords: Cardamine hirsuta, Arabidopsis thaliana, Brassicaceae, emerging model organism, comparative

development, genetic map.

INTRODUCTION

The pervasive use of model organisms in biological

research is driven in the large part by the powerful genetic

tools available for these species. However, a key challenge

in biology is to identify the genes that have generated

biological diversity, as model organisms alone allow us to

study only a tiny fraction of this diversity. Sequencing the
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genetic material of both model and non-model species is

becoming increasingly simple with current technologies

and empowers our ability to identify sequences that differ-

entiate one organism from another. Unfortunately, only a

fraction of this sequence diversity contributes to pheno-

typic variation, making it difficult to establish causal rela-

tionships between changes in genotype and changes in

phenotype. Genetic tools are, therefore, essential to test

the evolved functions of DNA sequences but very few

organisms have been developed as good genetic systems.

Parallel genetic studies in closely related species that

span a relatively short evolutionary timescale have proven

to be a powerful strategy to identify genetic changes that

underlie phenotypic differences that are of evolutionary

significance (Gompel et al., 2005; Marcellini and Simpson,

2006; Jeong et al., 2008; Wittkopp et al., 2009; Frankel

et al., 2011). This approach has been successful because it

allows causal genetic differences to be identified within an

otherwise broadly comparable genotype to phenotype

landscape. Cardamine hirsuta has emerged recently as one

such genetic system for comparative studies of develop-

ment with its close relative Arabidopsis thaliana. The dat-

ing of divergence times within the Brassicaceae has been

hindered by limited reliable fossil data, however recent

age estimates place the divergence of the C. hirsuta and

A. thaliana lineages to some time between 13 million years

ago (Mya), when A. thaliana and Arabidopsis lyrata

diverged, and 34–43 Mya when the split between Arabid-

opsis and the Brassica complex has been estimated (Beil-

stein et al., 2008, 2010; Couvreur et al., 2010). Previous

work in C. hirsuta has utilized a suite of experimental tools

to genetically dissect leaf development pathways in these

two species in order to understand the genetic causes of

leaf shape evolution (Hay and Tsiantis, 2006; Barkoulas

et al., 2008; Blein et al., 2008). Cardamine hirsuta shares

many of the desirable traits found in the model species

A. thaliana: it is a diploid and self-compatible annual plant

with an abundant seed set, an 8-week seed-to-seed genera-

tion time and a small rosette growth habit that is amenable

to large-scale cultivation. The C. hirsuta genome is esti-

mated to be 1.5 times that of A. thaliana (Johnston et al.,

2005) and, importantly, C. hirsuta can be efficiently trans-

formed by floral dip using Agrobacterium tumefaciens

(e.g. transformation efficiency: A. thaliana Col-0, 0.3%;

C. hirsuta Ox, 0.1%). This experimental tractability allows

large-scale genetic screens and cross-species tests of gene

function to be performed, in addition to sophisticated

molecular genetic approaches that use the multitude of

transgenic tools available in A. thaliana to manipulate and

visualise gene expression and generate mosaics of gene

function.

Cardamine hirsuta is a cosmopolitan weed, commonly

called hairy bittercress or popping cress for its explosive

seed dispersal. It is considered to be native to Europe and

introduced worldwide; it is easily found on sandy or rocky

soils and as a common weed of gardens, nurseries and

disturbed ground (Rich, 1991; Lihova and Marhold, 2006).

It is characteristically a winter annual but summer annuals

are also common (Rich, 1991). Here, we describe C. hirsuta

as an experimental system with the functional tools to ask

questions about the genetic causes of phenotypic evolu-

tion in an in-depth and unbiased way. We present a

genetic map, genome structure and recombinant inbred

lines (RILs) for C. hirsuta and show that the genetic varia-

tion in C. hirsuta has clear phylogeographic structure. We

demonstrate the utility of these genetic resources by map-

ping eight quantitative trait loci (QTL) that control stamen

number, and use a combination of RNAseq data from the

RIL founder accessions and synteny with the A. thaliana

genome to predict candidate genes in these QTL regions.

Finally, we describe several differences in morphology and

physiology between C. hirsuta and A. thaliana that provide

opportunities for comparative study and propose that the

genetic tools presented here will allow C. hirsuta to be

adopted by a broad range of plant biologists for compara-

tive research.

RESULTS

Genetic map

To facilitate genetic studies in C. hirsuta, we constructed a

linkage map using a RIL population derived from a cross

between the reference accession from Oxford, UK (Ox) and

a polymorphic accession from Washington State, USA

(Wa) (Figure 1). In total, 288 molecular markers were

designed based on 242 SNPs and 46 microsatellites that

were likely to provide genome coverage based on synteny

with the ancestral crucifer karyotype (Schranz et al., 2006).

The entire RIL population, which consists of 195 indepen-

dent lines, was genotyped with these 288 markers and

genotyping information from 183 F8 RILs was used to build

an initial linkage map. Using a logarithm of odds score

threshold of 6.5 or higher, all markers mapped to eight

linkage groups (LG) that represented the eight chromo-

somes of C. hirsuta (Table S1). Single markers were

selected in which multiple markers clustered together and

a stringent selection regime excluded markers for which

the nearest neighbour fit indicated mapping errors. Iso-

lated markers under strong segregation distortion or with

unexpectedly high levels of heterozygosity were also

excluded, as these suggested technical errors. The result-

ing genetic map consisted of 212 markers with a total

length of 886.6 cM (average spacing of 4.6 cM) with 26

markers per LG on average (range: 22 markers for LG2 – 33

markers for LG6) and the largest distance between two

adjacent markers being 19.6 cM (Figure 1 and Table S1).

With the genome size of C. hirsuta estimated at 225-Mbp

by flow cytometry (Johnston et al., 2005), the relationship
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between physical and genetic distance is approximately

250-kb per cM. Chi-squared tests (v2) for observed versus

expected allele frequencies at all 212 marker loci on the

genetic map revealed that 29% were significantly distorted

at the level a = 0.05 (Table S1 and Figure S1). This trans-

mission distortion did not affect the quality of the RILs for

QTL mapping (see Figure 6) and was similar to that

reported in the genetic map of another crucifer species

Boechera stricta (Schranz et al., 2007).

Genome evolution

To investigate the evolution of the C. hirsuta genome and

to inform our genetic map construction, we analysed the

karyotype of C. hirsuta by comparative chromosome paint-

ing (CCP). We used chromosome-specific BAC contigs

from A. thaliana, arranged to represent 24 ancestral geno-

mic blocks (A–X) and eight chromosomes (AK1–AK8) of

the putative ancestral crucifer karyotype (ACK; Schranz

et al., 2006) to paint meiotic chromosomes of the C. hirsu-

ta reference accession Ox (Figure 2). We found complete

colinearity for all ancestral genomic blocks between the

eight chromosomes of C. hirsuta and the ACK, with the

exception of a translocation between chromosomes 6 and

8 that places block V at the top of chromosome 6,

and blocks O and P at the top of chromosome 8 (Figures 2

and S2; Mandakova et al., 2013a). We used this result to

inform our linkage mapping and found that genetic mark-

ers confirmed the presence of a translocation between

ancestral chromosomes 6 and 8. To further investigate this

translocation, we used fluorescence in situ hybridization in

C. hirsuta with 40 chromosome-specific C. hirsuta BAC

clones that corresponded to seven genomic blocks (O, P,

Q, R, V, W, and X) of C. hirsuta chromosomes 6 and 8

(Figure 3). These BAC probes were selected by directly

mapping markers designed from BAC end sequences on

our C. hirsuta linkage map or by prediction of BACs that

belonged to each ancestral genomic block by BLAST analy-

sis using the A. thaliana genome. We found that BACs that

belonged to genomic block V hybridized to the same

chromosome as BACs that belonged to blocks Q and R

(Figure 3). Conversely, BACs that belonged to genomic

blocks O and P hybridized to the same chromosome as

BACs that belonged to blocks W and X (Figure 3). Thus,

both our comparative approach using A. thaliana BACs

and our direct approach using C. hirsuta BACs mapped

the location of a translocation between the top arms of

C. hirsuta chromosomes 6 and 8.

Comparative morphology of Cardamine hirsuta and

Arabidopsis thaliana

To adopt C. hirsuta as a model system, it was important to

gauge if comparative studies with A. thaliana were likely to

provide general insights into phenotypic evolution. A com-

parative survey revealed an abundance of developmental

traits that had diversified between the two species

(Figure 4 and Table 1), and suggested that C. hirsuta

would provide a tractable system in which to study the

genetic basis for morphological diversity. In this survey,

Figure 1. Cardamine hirsuta genetic map.

Eight linkage groups are numbered corresponding to the eight chromosomes in C. hirsuta. Horizontal bars along each chromosome indicate the positions of

212 molecular markers mapped in an Ox 9 Wa F8 recombinant inbred line (RIL) population. Marker positions in cM are shown to the left and the corresponding

marker identifiers to the right of each linkage group.
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we compared the reference accessions A. thaliana Col-0

and C. hirsuta Ox and did not address trait variation within

species. Leaf shape differs dramatically: A. thaliana leaves

are simple with an entire margin while C. hirsuta leaves

are pinnately compound with leaflets arranged on either

side of a central rachis (Figure 4a,b). Previous studies have

started to reveal molecular mechanisms through which

these leaf morphologies evolved and highlighted the

importance of cis-regulatory evolution in this process (Hay

and Tsiantis, 2006; Barkoulas et al., 2008; Blein et al.,

2008). Unicellular trichomes are present on the leaves of

both species and branched in A. thaliana, while C. hirsuta

has unbranched trichomes (Figure 4c,d). In addition, tric-

homes are found on the stem of A. thaliana but not C. hirs-

uta. Shoot architecture differs such that C. hirsuta is more

branched than A. thaliana and this architecture is likely to

be governed by differential activity of axillary meristems

(Figure 4e,f). In our standard growth conditions, more than

twice the number of secondary branches were found on

C. hirsuta branches when compared with A. thaliana;

accessory branches were found in the axils of both rosette

and cauline leaves in C. hirsuta but not A. thaliana (Fig-

ure 4e0,f0 and Table 1), this finding suggested that C. hirsu-

ta has an increased capacity to initiate accessory shoot

meristems. Stamen number is a reliable morphological

character used to distinguish C. hirsuta from its close rela-

tives as it has four medial stamens and lacks the two

lateral stamens present in A. thaliana (Figure 4g,h). Petal

number is also reduced in C. hirsuta compared with the

four petals found in A. thaliana (Figure 4i–j0), and varies

from 0 to 4 between individual flowers on a single plant.

Petal shape differs between the two species, with C. hirsu-

ta petals being more spoon-shaped with a shorter

claw (Figure 4k,l and Table 1), a difference that possibly

contributes to the more upright stance of C. hirsuta petals

in the flower (Figure 4i,j).

Explosive pod shatter allows ballistic dispersal of

C. hirsuta seeds over a distance of several metres while

pod shatter in A. thaliana is non-explosive (Vaughn et al.,

2011). The dehiscent siliques of both species are very
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Figure 2. Comparative genome structure of

Cardamine hirsuta.

(a) Ancestral crucifer karyotype (ACK) with eight

chromosomes (AK1–AK8, colour coded) and 24

genomic blocks (A–X).
(b) Karyotype of C. hirsuta with eight chromo-

somes (CH1–CH8) and 24 genomic blocks (A–
X). Note the origin of CH6 and CH8 via a whole-

arm translocation between ancestral chromo-

somes AK6 and AK8 (chromosomes marked by

arrowheads).

(c) The eight C. hirsuta chromosomes identified

by comparative chromosome painting (CCP)

using Arabidopsis thaliana BAC contigs

arranged according to the 24 genomic blocks

on eight chromosomes of ACK. Individual

pachytene bivalents CH1 to CH8 were pseudo-

coloured according to the C. hirsuta cytogenetic

map (b). Arrowheads indicate centromeric

regions. Scale bar: 10 lm.
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similar, but while A. thaliana valves remain flat at dehis-

cence, C. hirsuta valves curl rapidly, transferring stored

mechanical energy to launch its seeds (Figure 4m,n).

Cardamine hirsuta seeds are more than five times larger

than A. thaliana seeds and are flattened longitudinally to

form a disk shape (Figure 4o,p and Table 1). The seed sur-

face differs between species due to the central columella

of the cells in the outer seed coat that forms raised bumps

in A. thaliana and indented dimples in C. hirsuta (Fig-

ure 4o,p). This surface morphology may reduce drag on

C. hirsuta seeds during ballistic dispersal in the same way

that dimples reduce the aerodynamic drag on a golf ball

(Davies, 1949). Embryo positioning in the seed also differs

between species, with the embryo bent forwards in

C. hirsuta seeds such that the flat surface of its two cotyle-

dons sits parallel to the flat surfaces of the seed (Fig-

ure 4p), while in A. thaliana the embryo bends sideways.

Embryo patterning is very similar between the two species

and the larger size of C. hirsuta seeds compared with

A. thaliana is reflected in larger embryo size throughout

embryogenesis (Figure 4q,r).

The comparison of C. hirsuta and A. thaliana at the

seedling stage highlights a number of morphological dif-

ferences between species. Cardamine hirsuta seedlings are

larger with a longer hypocotyl and adventitious roots that

initiate at the junction of the hypocotyl and primary root

and that are not found in A. thaliana (Figure 4s,t and

Table 1). The primary root of C. hirsuta is thicker than

A. thaliana due, firstly, to an extra cortical cell layer and,

secondly, to additional cell files in each layer such that in

C. hirsuta the cortex and endodermis comprise 12 cell files

while in A. thaliana they comprise eight (Figure 4u,v and

Table 1). The presence of starch granules is used as a mar-

ker for columella cell fate differentiation in the A. thaliana

root because granules are reliably absent from stem cell

initials and the quiescent centre, whereas all of these cell

types accumulated starch granules in the C. hirsuta root

(Figure 4w,x). This result emphasises the potential pitfalls

of relying on characteristics that may be A. thaliana-

specific for comparative development.

We also found differences in the physiological responses

of C. hirsuta and A. thaliana seedlings to environmental
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Figure 3. Whole-arm chromosome transloca-

tion in Cardamine hirsuta.

Differently labelled C. hirsuta BAC clones cover-

ing chromosomes CH6 and CH8 were hybrid-

ized to pachytene complements in C. hirsuta.

BAC clones on CH6 have colinear position to

genomic blocks V, Q and R, whereas BAC

clones on CH8 correspond to blocks O, P, W

and X. Centromeric regions (cen) are indicated

by arrowheads and four BAC clones used in

this experiment hybridized to chromosomes

other than CH6 or CH8 (SOOCN07T *, SO-

OCK29T ■, SOOCP45T ♦, SOOC083T ▼). Scale

bars: 10 lm.
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and hormonal cues. Arabidopsis thaliana seedlings

responded to simulated shade (i.e. white light enriched

with far red) by hypocotyl elongation relative to growth

under white light as reported previously (Figure 5a; Roig-

Villanova et al., 2007), while C. hirsuta hypocotyls were

almost unresponsive to the same treatment (Figure 5a). In

(a)

(b)

(k) (m) (o)

(l) (n) (p)

(q) (s) (u)

(v)(t)

(w)

(x)

(r)

(c) (e)

(e′) (f′)

(f) (g)

(h)

(i)

(j)

(j′)

(d)

Figure 4. Comparative morphology.

Arabidopsis thaliana (a, c, e, e0, g, i, k, m, o, q, s, u, w) and Cardamine hirsuta (b, d, f, f0, h, j, j0, l, n, p, r, t, v, x) differ in leaf shape (a, b), leaf trichome branching

(c, d), shoot branching (e, f), the presence of accessory meristems in the axil between branch and leaf (dissected off) (e0, f0), stamen number (g, h), petal number

(i, j, j0), petal shape (k, l), fruit opening (m, n), seed size and shape (o, p), embryo size: globular, heart and torpedo stage embryos shown (q, r), hypocotyl length

and adventitious root formation at the hypocotyl–root junction, indicated by the red arrow (s, t), number of cortex cell layers and cortical and endodermal cell

files in the root (u, v) and starch granule accumulation in the quiescent centre (blue arrow) and columella stem cells (red arrow) (w, x). ep: epidermis, c: cortex,

e: endodermis. Scale bars: 0.5 cm (a, b), 50 lm (c, d, e0, f0, u, v), 100 lm (g, h), 1 mm (i–j0, m, n), 2 cm (e, f), 250 lm (k, l, o, p), 1 cm (s, t), 25 lm (q, r, w, x).
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contrast, exogenous gibberellin (GA3) stimulated hypocotyl

elongation in both species (Figure 5b), this finding indi-

cated that C. hirsuta responds to some but not all stimuli

that trigger hypocotyl elongation in A. thaliana. We also

compared the growth response of C. hirsuta and A. thali-

ana seedlings to the native auxin, indole-3-acetic acid

(IAA), by assaying root meristem size. Cardamine hirsuta

root growth showed the same bimodal dose response to

increasing concentrations of auxin as reported previously

for A. thaliana: 0.1 nM IAA stimulated growth and higher

concentrations repressed growth (Figure 5c; Evans et al.,

1994). However, this auxin response was enhanced in

C. hirsuta, as 1 nM IAA was sufficient to cause a significant

reduction in C. hirsuta, but not A. thaliana, root meristem

size (Student’s t-test: C. hirsuta P < 0.001; A. thaliana

P = 0.3; Figure 5c). To compare the dynamics of the auxin

response between species, we quantified the stimulation

of root growth in response to 0.1 nM IAA by measuring

root meristem cell number at 9 and 24 h post-treatment. At

9 h post-treatment, cell number had increased 1.2-fold in

C. hirsuta but was unchanged in A. thaliana, while by 24 h,

cell number had increased in both species, this difference

indicated a more rapid auxin response in C. hirsuta (Fig-

ure 5d). To compare the spatial dynamics of auxin

response in the root tip between species, we analysed the

expression of the auxin activity sensor DR5::VENUS in

response to treatment with 10 nM IAA. We observed that

DR5::VENUS accumulated in the stele and lateral root cap

within 40 min of IAA treatment in C. hirsuta but not in

A. thaliana (Figure 5e,f), this difference indicated a more

rapid auxin response in these tissues in C. hirsuta.

QTL analysis of stamen number variation in Cardamine

hirsuta

To investigate morphological variation at the intra-specific

scale we analysed stamen number. The presence of four

stamens is a derived trait in C. hirsuta and a reliable mor-

phological characteristic for species identification, as most

species within Brassicaceae bear six stamens (Rich, 1991).

To understand whether this trait showed variation within

C. hirsuta, we scored average stamen number in a species-

wide survey of 40 C. hirsuta accessions grown under stan-

dard greenhouse conditions (Table S2). We found that

average stamen number ranged from 4.00 to 5.05, and

reflected variation in lateral stamen number (Figure 6a).

The broad-sense heritability (H2) of this trait was 0.85, and

indicated that much of this phenotypic variation can be

attributed to genetic variation.

To investigate the genetic basis of stamen number varia-

tion we used the RIL population, described in this paper,

for QTL analysis. Average stamen numbers in the two

founder accessions of the RIL population were significantly

different (Ox: 4.24 � 0.027 standard error of the mean

(SEM) and Wa: 4.76 � 0.1 SEM, Student’s t-test P < 0.001).

The RIL population had a mean average stamen number of

4.50, and showed transgressive variation with mean

average stamen number per RIL ranging from 4.00 to 5.27

(Figure 6b). Therefore, these RILs captured the full extent

of phenotypic variation found species-wide, despite the

fact that the founder accessions did not represent pheno-

typic extremes. A considerable proportion of this variation

had a genetic basis (H2 = 0.55) and we detected eight QTL,

numbered SN1 through SN8, at which allelic variation

in the RIL population had significant effects on average

Table 1 Morphological diversity between A. thaliana and C.
hirsuta

Morphology
A. thaliana
(Col-0) C. hirsuta (Ox)

Leaf shape Simple Compound
Leaf trichomes Branched Unbranched
Stem trichomes Present Absent
Shoot branchesa

Primary rosette 6.3 � 0.3 10.0 � 1.6
Secondary rosette 2.9 � 0.3f 7.0 � 0.3f

Accessory rosette 0 2
Primary cauline 8.0 � 0.7 8.1 � 0.4
Secondary cauline 1.6 � 0.1 f 4.4 � 0.3 f

Accessory cauline 0 5
Stamen number 6 4
Petal number 4 0–4
Petal width/petal
length ratiob

0.29 � 0.003f 0.40 � 0.006f

Petal claw/petal
length ratiob

0.60 � 0.004f 0.33 � 0.006f

Pod shatter Non-
explosive

Explosive

Seed shape Oblong Disk-shaped
Seed surface Raised

bumps
Indented dimples

Seed weight (mg)c 0.020 � 0.000f 0.146 � 0.005f

Seed area (mm2)d 0.102 � 0.001f 0.531 � 0.009f

Mature embryo
position in seed

Bent
sideways

Bent forwards

Hypocotyl length
(mm)e

1.35 � 0.03f 3.82 � 0.16f

Adventitious roots Absent Present
Primary root

Cortex and
endodermis cell
files

8 12

Cortex cell layers 1 2
Starch granules Columella

cells
Columella cells,
quiescent centre,
columella stem cells

aAverage number of primary and secondary branches per plant,
total number of accessory branches observed (see Fig. S7 for
description).
bN = 35 (A. thaliana), 32 (C. hirsuta).
cN = 16 407 (A. thaliana), 8630 (C. hirsuta).
dN = 56 (A. thaliana), 63 (C. hirsuta).
eN = 30 (A. thaliana), 33 (C. hirsuta); N = 6 (A. thaliana), 7 (C. hirs-
uta).
fStudent’s t-test p-value < 0.001.
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stamen number (Figure 6c and Table 2). A final additive

QTL model with these eight QTL explained 47.8% of the

total phenotypic variance.

The two most significant QTL, SN2 and SN8, with

�log10(P) values of 9.65 and 9.54 respectively, also had

the strongest allelic effects of +0.18 stamen each for homo-

zygous substitutions of Ox alleles with Wa alleles.

Together, these QTL accounted for nearly 40% of the

explained variance. Only for SN5 and SN7 did the Wa

allele reduce stamen number and their combined effects

were much smaller than the sum of the remaining QTL

effects that increased stamen number. Therefore, higher

stamen number in the Wa accession compared with Ox

could be explained in terms of QTL effects that increased

stamen number. The least significant QTL was SN1 with a

�log10(P) value of 3.48 and an allelic effect of 0.11 stamen,

which explained 3% of the total phenotypic variance

(Table 2). However, SN1 was found to be a component of

a significant two-way interaction with SN5 when all pair-

wise combinations of the main effect QTL were tested. A

(a) (b)

(c) (d)

(e) (f)

Figure 5. Comparative physiology.

(a, b) Hypocotyl elongation response of Arabid-

opsis thaliana and C. hirsuta seedlings to simu-

lated shade (a) and gibberellin (GA3) (b). (a)

Hypocotyl length after 3 days (d3) grown in

white light (W) and retained in W (white bars)

or transferred to white/far red (W + FR, grey

bars) until day 7 (d7); *Student’s t-test P < 0.01.

(b) Hypocotyl elongation, shown as percentage

of etiolated hypocotyl length, in response to

GA3 dose (shaded bars refer to GA3 concentra-

tions in upper panel).

(c–f) Auxin sensitivity of A. thaliana and C. hirs-

uta roots. (c) Root meristem size, shown as a

ratio between treated:untreated samples, in

response to indole-3-acetic acid (IAA) dose. (d)

Root meristem size, shown as a ratio between

treated:untreated samples, 9 and 24 h after

0.1 nM IAA. DR5::VENUS expression (green) at

0 and 40 min after 10 nM IAA treatment in

A. thaliana (e) and C. hirsuta (f), arrowheads

indicate expression in the stele and lateral root

cap. Cellular outlines are stained with propidi-

um iodide (red) and all roots are imaged with

the same confocal laser scanning microscope

settings. Scale bars: 25 lm. Error bars indicate

standard error of the mean (SEM).

© 2014 The Authors
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closer inspection of this interaction revealed that the allelic

effects at SN1 were stronger with Wa alleles present at

SN5 and that the allelic effects of SN5 were fully condi-

tional on Wa alleles being present at SN1 (Figure 6d). One

other significant two-way interaction was detected

between SN6 and SN8. At either of these loci the allelic

effects were of a larger magnitude when Wa alleles were

present at the other locus (Figure 6e). A final epistatic

QTL model that included all additive QTL and the two

interactions explained 49.5% of the total phenotypic

variance. Therefore, the genetic basis of stamen number

variation in this population could be attributed almost

entirely to the detected effects of eight QTL.

Prediction of candidate genes in stamen QTL regions

To gain insight into the eight genetic intervals that con-

tained stamen number QTL, we analysed RNAseq data

from the two parental genotypes used in QTL mapping, Ox

and Wa. We isolated RNA from shoot tissue following

floral induction for two biological replicates of each paren-

tal genotype and used Illumina sequencing to generate

6.86-Gbp of sequence per sample. We made two predic-

tions about the allelic differences that candidate genes

may show between parental genotypes: first, genes may

be differentially expressed; and, second, genes may con-

tain non-synonymous nucleotide substitutions. To identify

(c)

(a)

(d) (e)

(b)Figure 6. Quantitative trait loci (QTL) analysis

of stamen number variation in Cardamine hirs-

uta.

(a, b) Phenotypic distribution of mean stamen

number in (a) 40 different C. hirsuta accessions

and (b) Ox 9 Wa RIL population, with accession

and recombinant inbred line (RIL) frequencies

on the y-axes respectively. Arrows and horizon-

tal bars indicate average stamen number and

standard error of the mean (SEM), respectively,

for the founder accessions Ox and Wa.

(c) Genome-wide composite interval mapping

scan for stamen number QTL (SN1–SN8) with

the log transformed P-value (�log10(P)) plotted

against genetic position of each linkage group.

Horizontal line indicates genome-wide signifi-

cance threshold allowing an error rate of 5%.

(d, e) Mean stamen number of the four possible

homozygous genetic classes for the two signifi-

cant two-way interactions that were detected:

(d) SN1 9 SN5, (e) SN6 9 SN8. Bar height

shows the mean stamen number of the allelic

combination of the two components of each

interaction respectively, shown on the x-axis,

and error bars indicate SEM.

© 2014 The Authors
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candidate genes based on these predictions, we mapped

C. hirsuta RNAseq reads to the A. thaliana reference gen-

ome (TAIR10, 27 416 protein coding genes), which gave

21 070 alignments. We found that 874 genes were differen-

tially expressed between C. hirsuta Ox and Wa accessions

with a false discovery rate (FDR) of 5% (Table S3). We also

found 3138 non-synonymous single nucleotide polymor-

phisms (SNP) in expressed genes between these two

C. hirsuta accessions, including 14 SNPs that introduced

STOP codons and three SNPs that removed STOP codons

(Table S4).

To analyse the subset of floral-expressed C. hirsuta

genes located in stamen QTL regions, we identified syn-

tenic regions of the A. thaliana genome that corre-

sponded to 2-LOD intervals for the eight stamen QTL in

C. hirsuta, and found 4339 genes. Of these genes, 126

were significantly up-regulated, 79 down-regulated, and

455 contained non-synonymous SNPs, including five

genes with STOP codon variants (Table 3). These genes

represented candidates for each QTL based on differential

expression or amino acid differences between the par-

ents. To further refine this gene list, we used previously

published genome-wide datasets from A. thaliana (Well-

mer et al., 2004; Alves-Ferreira et al., 2007) to identify 295

putative stamen-expressed genes in our eight stamen

QTL regions. By these criteria we predicted stamen

expression for 22 differentially expressed genes and 31

non-synonymous SNPs that were found in a stamen QTL

region (Tables 3, S5 and S6). These candidates will

inform future fine-mapping experiments aimed at identify-

ing the genes that underlie these stamen number QTL in

C. hirsuta.

Comparative transcriptomics

To investigate evolutionary processes that may have

influenced the C. hirsuta transcriptome, we compared

nucleotide divergence with related mustard species. We

assembled de novo a floral transcriptome from 454

generated sequence reads and used the contigs as a

BLAST query against A. thaliana coding sequences to

produce 12 072 alignments with A. thaliana unigenes.

Over 60% of these C. hirsuta contigs covered the full

length of the corresponding A. thaliana coding sequences

and over 90% were assigned at least one gene ontology

(GO) term (Figures S3 and S4). As such, we assigned

putative identification to a considerable proportion of the

discovered C. hirsuta floral transcripts. Homologous

genes were identified from A. lyrata and Brassica rapa

with a reciprocal best BLAST hit approach; alignments of

transcriptome sequences from A. thaliana, C. hirsuta,

A. lyrata and B. rapa were created with MUSCLE software

(Edgar, 2004) to give a dataset of 5603 homologous

genes. Cardamine hirsuta and A. thaliana shared 96.3%

amino acid sequence identity (Ka = 0.037 � 0.024) and

were less diverged than either species was from B. rapa

(see Ks values in Table 4).

To compare whether selective pressures differed

between these four species we used a phylogeny-based

analysis of Ka/Ks ratios (synonymous to non-synonymous

substitution rates). The species-specific Ka/Ks ratios aver-

aged across all 5603 genes were similar for different

species (Ka/Ks = 0.14). However, we found that 121 genes

showed significantly lower Ka/Ks ratios in C. hirsuta and

A. thaliana (0.0630 � 0.1274 and 0.086 � 0.1414, respec-

tively), when compared with the other two species (likeli-

hood ratio test [LRT]; P < 0.00001), and reflected

differences in the strength and/or type of selection that

acted upon these genes in the two selfing species com-

pared with the two out-crossing species.

We further analysed this dataset of 5603 homologous

genes for the presence of positive selection by comparing

the fit to data of nested likelihood models allowing and not

allowing for adaptive selection (Yang, 2007). A signal of

positive selection was detected in 263 C. hirsuta genes

Table 2 Characteristics of stamen number quantitative trait loci
(QTL)

QTL LG Position (cM) �log10 (P) Effect r2 Explained

SN1 1 124.6 3.5 0.11 3.0
SN2 2 79.9 9.6 0.18 10.3
SN3 4 98.5 4.3 0.11 4.5
SN4 6 36.3 5.9 0.13 6.4
SN5 6 85.0 4.8 �0.15 5.6
SN6 6 116.7 5.0 0.12 5.1
SN7 7 60.4 8.1 �0.16 9.3
SN8 8 100.0 9.5 0.18 11.2

�log10(P): log transformed P-value; Effect: allelic effects of the
QTL for the homozygous substitution of Ox alleles with Wa alleles;
r2 explained: variance explained by each QTL expressed as per-
centage of the total phenotypic variance.

Table 3 Prediction of candidate genes in stamen quantitative trait
loci (QTL) regions

QTL

Differentially expressed
genes Non-synonymous SNPs

Total
Stamen-
expressed

Total
STOP
variants

Stamen-
expressed
genesUp Down Up Down

SN1 7 13 1 0 80 0 2
SN2 23 13 2 2 64 1 5
SN3 18 4 4 0 55 0 7
SN4 25 22 2 3 191 1 10
SN5 8 8 1 2 63 1 3
SN6 13 4 1 1 71 0 3
SN7 12 9 0 0 67 2 1
SN8 20 6 2 1 55 2 0
Total 126 79 13 9 646 7 31
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(LRT, P < 0.05), and after Sidak correction for multiple tests

(Abdi, 2007) four genes remained significant: At2g27810.1,

nucleobase-ascorbate transporter 12; At3g51150.1, ATP

binding microtubule motor family protein; At4 g23640.1,

potassium transporter; At4g32130.1, pollen-specific carbo-

hydrate binding protein. Additional taxa would considerably

enhance the sensitivity of this method to identify positively

selected genes as candidates for functional analyses

(Anisimova et al., 2001; Yang and dos Reis, 2011).

Phylogeography and population structure

To understand if the genetic variation found in C. hirsuta is

structured geographically we analysed the phylogeogra-

phy of C. hirsuta. Overall, 163 accessions from across the

putative native range of C. hirsuta and 15 accessions from

its introduced range were sequenced for the chloroplast

ndhF-rpl32 spacer, to produce an aligned matrix of 662 bp,

with length variable homopolymers excluded from the

alignment. In total, 34 haplotypes were defined and the

relationships between them investigated using statistical

parsimony (Figure 7). Each non-singleton haplotype that

occupied an internal node in the resulting network,

together with its terminal derivatives, was defined as a

haplotype group. Using this approach seven groups were

defined (turquoise, blue, orange, pink, maroon, green and

red; Figure 7a). Each group was restricted to a particular

geographic area, that was broadly centred on an area of

species endemism (Figure 7b).

A major split, supported by 10 mutations, is apparent

between the turquoise haplotype group, which is endemic

to the high mountains of East Africa, and all other haplo-

types. The blue haplotype group has a distribution that is

centred on the Atlantic fringe of Europe, and that extends

into neighbouring areas and the islands of the North Atlan-

tic; the orange haplotype group is restricted to the Atlas

Mountains, Cyprus and the Zagros Mountains. The pink

and maroon haplotype groups are primarily centred on the

western Irano-Turanian floristic sub-region and the Medi-

terranean basin, with a few scattered individuals in East

Africa, Romania, the northern edge of the Alps and the

British Isles. The two most abundant haplotype groups

(green and red) are also the most widespread; occurring all

across Europe and in the case of the ‘green group’ also in

south-west Asia. The 15 accessions from areas where

C. hirsuta is considered introduced (USA, Japan, New

Table 4 Pair-wise synonymous (Ks) and non-synonymous (Ka) divergence between four crucifer species. Ks and Ka are below and above
diagonal, respectively

Ks/Ka

Arabidopsis thaliana Arabidopsis lyrata Cardamine hirsuta Brassica rapa

Mean SD Mean SD Mean SD Mean SD

A. thaliana – – 0.015 0.013 0.037 0.024 0.064 0.034
A. lyrata 0.131 0.043 – – 0.037 0.024 0.064 0.034
C. hirsuta 0.283 0.076 0.275 0.077 – – 0.068 0.036
B. rapa 0.435 0.141 0.425 0.139 0.448 0.140 – –

SD, standard deviation.

(a)

(b)

Figure 7. Phylogeography of Cardamine hirsuta.

(a) Statistical parsimony network of C. hirsuta ndhF-rpl32 haplotypes. Each

circle represents a unique haplotype, with circle size proportional to the

haplotype frequency (given by key in lower right corner). Connecting lines

represent single mutations. Black dots indicate intermediate inferred haplo-

types, either not sampled or extinct. Numbers within each circle indicate

haplotype identity (1–34) and colour indicates haplogroup (seven in total).

(b) Map of accession collection localities in the native range of C. hirsuta in

Eurasia with colours corresponding to those on the haplotype network.

© 2014 The Authors
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Zealand and Australia) have no unique haplotypes and all

have haplotypes that are common in Eurasia (haplotype

numbers 5, 19, 27, 32, 33), a finding that is consistent with

recent introduction.

To assess the distribution of genetic variation and popu-

lation structure at the local scale we conducted nuclear

SNP genotyping in four populations around Oxford (with

eight to 11 individuals genotyped; Table S2). The overall

level of polymorphism was comparable with that in A. tha-

liana populations (Schmid et al., 2006; Kim et al., 2007;

Pico et al., 2008) and inbreeding coefficient was very high

(Fis = 0.92, P < 0.0001) as expected for a predominantly

self-fertilising species. We genotyped 84 SNPs, of which 44

were polymorphic in the entire dataset; in each of the local

populations the number of polymorphic SNPs varied from

two to 28. Analysis of molecular variance (AMOVA; Excoffier

et al., 1992) revealed that 67.4% of variation was between

the four local populations, 30% of variation was between

individuals within the populations, and only 2.6% was

within individuals (heterozygosity). This strong differentia-

tion between closely neighbouring local populations was

highly significant (Fst = 0.67, P < 0.0001). Extending the

geographical scale to include two French populations (with

three and 10 individuals genotyped) supported this pattern,

as population subdivision at the local scale (between popu-

lations) was highly significant (Fst = 0.581, P < 0.0001).

Furthermore, using the same set of 84 SNPs we found that

average gene diversity over loci was only marginally

higher for a global sample of 44 accessions (Table S2)

(0.248 � 0.1226), compared with that in the Oxford sample

(0.197 � 0.0981) (Tajima, 1983). These findings showed

strong differentiation between populations, whether the

scale was local or global; a larger scale experiment, in

terms of markers and sampling, will give a more detailed

view of C. hirsuta population structure.

DISCUSSION

Our understanding of the genetic causes of phenotypic

evolution is hindered by the relative paucity of experimen-

tal platforms in which genetic tools can be utilized to study

unambiguously the evolution of gene function in a gen-

ome-wide and unbiased fashion. Our data highlight the

utility of C. hirsuta as a genetic system for such compara-

tive studies. We showed that genetic diversity in natural

C. hirsuta populations was accessible and structured geo-

graphically. We constructed a RIL population and genetic

map and used these tools to identify eight QTL that

explained the genetic basis of stamen number variation

between RIL founder accessions. We found that there was

considerable diversity in morphology and physiology

between C. hirsuta and A. thaliana despite these species

sharing over 96% amino acid identity. This diversity

extended the potential reach of C. hirsuta beyond previous

studies of leaf shape to allow general insights into

phenotypic evolution (Hay and Tsiantis, 2006; Barkoulas

et al., 2008; Blein et al., 2008).

The genome structure of C. hirsuta, with eight chromo-

somes and 24 conserved genomic blocks, is similar to the

ACK and the extant genomes of A. lyrata and Capsella

rubella (Hu et al., 2011; Slotte et al., 2013). As such, C. hirs-

uta provides a simple reference point for comparative

genome studies across the Brassicaceae in which n = 8 is

the most common and apparently ancestral base chromo-

some number in the family (Lysak et al., 2006). Therefore,

as a genetic system in the Brassicaceae, C. hirsuta offers a

more ancestral counterpart to the five reshuffled chromo-

somes in A. thaliana. The tools presented here to analyse

gene function in C. hirsuta are critical for the understanding

of phenotypic consequences of changes observed in genes

and genomes in the context of whole genome sequence

information currently being generated for species in the

Brassicaceae (e.g. Haudry et al., 2013).

The whole-arm reciprocal translocation between ances-

tral chromosomes AK6 and AK8 that we describe in the ref-

erence Ox accession is characteristic for C. hirsuta as we

found this translocation in six accessions for which we

have constructed linkage maps and it was also reported

recently using CCP (Mandakova et al., 2013a,b). The same

translocation has been found in other Cardamine species

and in Leavenworthia alabamica, placing its origin ances-

tral to the divergence of these closely related genera in the

tribe Cardamineae (Haudry et al., 2013; Mandakova et al.,

2013a,b). The use of C. hirsuta BACs for fluorescence in

situ hybridization in this study is an important validation of

these previous findings from CCP with A. thaliana BAC

probes, and suggests that CCP analysis in a greater sample

of the Cardamineae tribe will clarify the origin of this trans-

location further. At the scale of a single C. hirsuta BAC, we

found high microsynteny with A. thaliana and A. lyrata,

this finding facilitated use of the well annotated A. thaliana

genome as a comparative genomics tool, however

colinearity was slightly disrupted in C. hirsuta compared

with the two Arabidopsis species (Figure S5), and illus-

trated the different scales at which evolutionary remodel-

ling of the C. hirsuta genomic landscape occurred: both

sequence-scale and chromosome-scale rearrangements.

Stamen number is a morphological characteristic that is

commonly used to identify C. hirsuta (Rich, 1991); we

mapped eight QTL in a RIL population that determined

variation in this trait. The RIL founder accessions did not

represent extremes from the species range for this trait but

transgressive segregation in the RILs captured the full

extent of trait variation that we characterized species-wide.

Thus, the eight QTL identified here considerably enhanced

our understanding of the genetic basis of stamen number

variation and indicated that the RILs and genetic map pro-

vide a good resource for natural variation studies. We used

RIL founder transcriptomes to predict 53 candidate genes

© 2014 The Authors
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for C. hirsuta stamen number QTL that included transcrip-

tion factors, hormone and cell wall modifying enzymes

(Tables S5 and S6). This RNAseq method to characterize

QTL regions can be applied to any species in which a clo-

sely related reference sequence is available, and is a useful

guide for subsequent fine-mapping experiments to identify

the causal variants that underlie QTL.

The tools available in C. hirsuta can also be used to

investigate the genetic basis of adaptation to environ-

mental change. An example of environmental control of

stamen number in Cardamine is found in the cleistoga-

mous species Cardamine kokaiensis: chilling induces

cleistogamy, such that flowers obligately self-pollinate,

and these flowers show lateral stamen loss (Morinaga

et al., 2008). We compared the chilling-responsive genes

that were previously reported in C. kokaiensis with candi-

date genes in our stamen QTL regions and found no over-

lap between these datasets. However, the use of C. hirsuta

RILs to study the genetic basis of stamen number variation

in response to the environment may help to understand

genotype by environment interactions for this trait, and

such findings may be relevant to the adaptive mating strat-

egy of C. kokaiensis. Variation in lateral stamen number

has also been reported in several accessions of A. thaliana,

which typically has two lateral stamens (Muller, 1961;

Smyth et al., 1990). The comparison of the genetic archi-

tecture of stamen number variation between A. thaliana

and C. hirsuta would help to understand the extent to

which allelic variation at similar or different loci underlie

intra-specific and inter-specific trait variation. Extension of

this type of genetic analysis of phenotypic variation at mul-

tiple scales (inter-specific and intra-specific variation)

throughout the Brassicaceae will reveal general versus par-

ticular principles of trait evolution at different evolutionary

scales.

Cardamine hirsuta is a common, easily dispersed weed

and yet clear geographic structuring of genetic variation is

apparent in its native range. An understanding of this phy-

logeography provides an important framework for natural

variation studies: it informs accession sampling, highlights

examples of local adaptation and provides a context

within which to understand phenotypic evolution in

C. hirsuta. The phylogeographic patterns that we observed

here are broadly concordant with studies in A. thaliana

(Beck et al., 2008), Arabis alpina (Koch et al., 2006; Ansell

et al., 2011) and Microthlaspi perfoliatum (Koch and Bern-

hardt, 2004) that have been interpreted in the context of

Pleistocene glacial dynamics with repeated glacial cycles

restricting taxa to refugial areas, between which gene flow

was low enough to enable populations to diverge; by drift

and/or local adaptation (Petit et al., 2003; Hewitt, 2004).

The overlap of haplotype groups that we found in C. hirsu-

ta is likely to be due to post-glacial range expansion from

refugial areas, resulting in areas of secondary admixture

(Hofreiter et al., 2004), plus contemporary anthropogenic

dispersal.

Our results have shown that some C. hirsuta haplotype

groups are widespread whilst others are restricted to well

characterized biogeographic regions such as the high

mountains of East Africa and the Atlantic Fringe. This pat-

tern of geographic structuring is not seen in A. thaliana

(compare with Beck et al., 2008), although direct compari-

sons must be cautionary given that the geographic sam-

pling, the number of accessions sampled and the loci used

are different. However, when we expanded the geographic

sampling of A. thaliana by including Atmyb2 and PISTIL-

LATA sequences amplified from herbarium specimens

from Ethiopia and Morocco with those from Beck et al.

(2008), we found only two new haplotypes that differed

from described haplotypes by one and two additional poly-

morphisms (Figure S6). Therefore, this additional geo-

graphic sampling did not alter considerably the previously

described phylogeography of A. thaliana (Beck et al.,

2008). A more detailed understanding of the phylogeogra-

phy of C. hirsuta, using additional accessions and gen-

ome-wide data, will shed light on these differences in the

phylogeographies of C. hirsuta and A. thaliana despite

their apparently similar geographic ranges, ecologies and

mating systems.

The use of comparative studies in C. hirsuta and A. thali-

ana provided opportunities to understand both the evolu-

tionary and ecological context of phenotypic diversity and

may inform us about how the morphological and physio-

logical differences that we identified between these species

(Figures 4 and 5) relate to ecological differences. For exam-

ple, explosive pod shatter, which is found in C. hirsuta but

not A. thaliana, is a seed dispersal strategy that is likely to

contribute to the success of C. hirsuta as a nursery weed

and invasive plant (Yatsu et al., 2003; Fain et al., 2005).

Shade avoidance is another trait that differs between

C. hirsuta and A. thaliana seedlings and can play a major

role in plant community dynamics. Arabidopsis thaliana

seedlings perceive the shade cast by competing plants as a

change in light quality and, like many shade-intolerant

plants, respond by hypocotyl elongation (Martinez-Garcia

et al., 2010). Cardamine hirsuta seedlings, on the other

hand, were unresponsive to shade. Future studies could

investigate the full suite of shade avoidance responses in

C. hirsuta and further address the difference in hypocotyl

response between C. hirsuta and A. thaliana at the level of

community responses, competition and co-existence in

response to a specific environmental cue. In addition, pre-

vious studies have suggested that there is likely to be

diversity in secondary metabolites such as glucosinolates

between C. hirsuta and A. thaliana, which are important

components of plant–microbe, plant–insect and plant–plant

interactions in members of the Brassicaceae (Windsor

et al., 2005). Therefore, future work could address the

© 2014 The Authors
The Plant Journal © 2014 John Wiley & Sons Ltd, The Plant Journal, (2014), 78, 1–15

Genetic resources in Cardamine hirsuta 13



genetic basis of the adaptive morphologies that allow

these species to exploit different ecological niches. Further-

more, Cardamine is a diverse and highly speciose genus,

in which knowledge from the comparison of C. hirsuta and

A. thaliana, coupled with NGS approaches, offer further

opportunities to dissect the genetic basis of phenotypic

diversity. In summary, we have provided a combination of

genetic tools, workflows and reference information that

will allow C. hirsuta to be used as an experimental system

for comparative plant biology.

EXPERIMENTAL PROCEDURES

Short read sequence data from this article can be found in
the NCBI Sequence Read Archive under accession number
SRR882054. Full experimental procedures can be found in
Method S1, which includes methods for plant cultivation, trans-
formation and analysis of physiology and morphology (Figure
S7), BAC library, RIL and genetic map construction, CCP and
BAC fluorescence in situ hybridization (FISH) (Table S7), QTL,
phylogeography and high throughput sequence analysis (Figures
S8–S11).
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