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Abstract

Variation in life history contributes to reproductive success in different environments.

Divergence of annual and perennial angiosperm species is an extreme example that

has occurred frequently. Perennials survive for several years and restrict the duration

of reproduction by cycling between vegetative growth and flowering, whereas annuals

live for 1 year and flower once. We used the tribe Arabideae (Brassicaceae) to study

the divergence of seasonal flowering behaviour among annual and perennial species.

In perennial Brassicaceae, orthologues of FLOWERING LOCUS C (FLC), a floral inhibi-

tor in Arabidopsis thaliana, are repressed by winter cold and reactivated in spring con-

ferring seasonal flowering patterns, whereas in annuals, they are stably repressed by

cold. We isolated FLC orthologues from three annual and two perennial Arabis species

and found that the duplicated structure of the A. alpina locus is not required for

perenniality. The expression patterns of the genes differed between annuals and

perennials, as observed among Arabidopsis species, suggesting a broad relevance of

these patterns within the Brassicaceae. Also analysis of plants derived from an inter-

species cross of A. alpina and annual A. montbretiana demonstrated that cis-regulatory
changes in FLC orthologues contribute to their different transcriptional patterns.

Sequence comparisons of FLC orthologues from annuals and perennials in the tribes

Arabideae and Camelineae identified two regulatory regions in the first intron whose

sequence variation correlates with divergence of the annual and perennial expression

patterns. Thus, we propose that related cis-acting changes in FLC orthologues occur

independently in different tribes of the Brassicaceae during life history evolution.
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Introduction

Life history varies greatly among higher organisms and

can diverge rapidly during evolution (Partridge & Har-

vey 1988). Two major life history strategies have been

described, which are represented by semelparous

organisms that reproduce only once in their lifetime

and iteroparous organisms that undergo several

reproductive periods (Silvertown & Charlesworth 2001).

In plants, these life strategies are often referred to as

monocarpic (semelparous) or polycarpic (iteroparous)

and are defined by the rate of reproduction and proba-

bility of survival at each stage of the life cycle. Most

monocarpic plants are annual, completing their life

cycle within 1 year, while polycarpic plants are usually

perennial, surviving for many years and entering the

reproductive phase multiple times. Evolutionary transi-

tions between perenniality and annuality have occurred

often among higher plants. In most cases, annuality
Correspondence: George Coupland, Fax: 0049 221 5062 207;

E-mail: coupland@mpipz.mpg.de

© 2017 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

Molecular Ecology (2017) 26, 3437–3457 doi: 10.1111/mec.14084

http://orcid.org/0000-0002-9126-513X
http://orcid.org/0000-0002-9126-513X
http://orcid.org/0000-0002-9126-513X
http://creativecommons.org/licenses/by/4.0/


seems to be derived from perenniality (Hu et al. 2003;

Grillo et al. 2009), but the reverse has also been

described (Tank & Olmstead 2008).

Variation in life history is associated with adaptation

to different environments. Annuals are usually found in

open, dry habitats prone to seasonal drought but where

seedlings have high survival rates if germination is

appropriately timed. By contrast, perennials are more

commonly found in mesic habitats where seedling mor-

tality is high (Stebbins 1950; Silvertown & Charlesworth

2001). For example, perennial populations of Mimulus

guttatus (Scrophulariaceae) have access to moisture

throughout the year, while annual populations grow in

areas that are arid during the summer months, and

reciprocal transplant experiments indicate that each

type is adapted to its respective environment (Hall &

Willis 2006).

Theoretical models support the proposal that life his-

tory evolves to optimize the number of offspring pro-

duced while minimizing the costs of reproduction

(Stearns 2000; Friedman & Rubin 2015). A deeper

understanding of life history evolution and more specif-

ically of the transition from perennial to annual requires

knowledge of the developmental features that change

during the transition and the associated underlying

genetics. A critical feature is the initiation of reproduc-

tion through the induction of flowering. Perennials

cycle multiple times through vegetative and reproduc-

tive states, which requires repeated decisions on the

fate of individual meristems. These decisions involve, at

least in part, flowering-time genes whose roles are

extended in perennials compared to annuals (Friedman

& Rubin 2015). These mechanisms of flowering control

have been studied in several perennial species and com-

pared to that of the well-established annual model spe-

cies Arabidopsis thaliana (Albani & Coupland 2010;

Wang et al. 2011; Andres & Coupland 2012; Iwata et al.

2012; Koskela et al. 2012; Bergonzi et al. 2013; Zhou et al.

2013).

PERPETUAL FLOWERING 1 (PEP1), the A. alpina

orthologue of A. thaliana FLOWERING LOCUS C (FLC),

has critical roles in the perennial life cycle. FLC is a

MADS box transcription factor that delays flowering

before vernalization (Michaels & Amasino 1999; Shel-

don et al. 1999). PEP1, in addition to preventing flower-

ing before vernalization, restricts flowering to a short

episode after vernalization by causing reversion to veg-

etative growth after flowering (Wang et al. 2009; Cas-

taings et al. 2014). This additional function of PEP1 is

conferred by a distinct pattern of transcriptional regula-

tion compared to FLC. The latter is stably repressed by

vernalization allowing A. thaliana to flower continu-

ously after vernalization. In contrast, PEP1 is only tem-

porarily repressed by vernalization and rises in

expression again when plants are returned to warm.

This cyclical repression of flowering is proposed to con-

tribute to the perennial life cycle by preserving meris-

tems for vegetative growth upon the return to warm

temperatures (Wang et al. 2009). Similar cycling patterns

of expression of FLC orthologues were described in

other perennial Brassicaceae species (Aikawa et al. 2010;

Kemi et al. 2013). Repression of expression of both FLC

and PEP1 during vernalization correlates with accumu-

lation of trimethylation on lysine 27 of histone 3

(H3K27me3) starting from a region referred to as the

nucleation region (Bastow et al. 2004; Wang et al. 2009;

Angel et al. 2011; Yang et al. 2014).

At FLC, this modification remains after vernalization

stably repressing gene expression, whereas in A. alpina,

it disappears after the return of plants to warm, corre-

lating with reactivation of PEP1 (Bastow et al. 2004;

Sung & Amasino 2004; Finnegan & Dennis 2007; Wang

et al. 2009). Repression of FLC is also regulated by non-

coding RNAs expressed in cis during vernalization

(Swiezewski et al. 2009; Heo & Sung 2011; Csorba et al.

2014). COOLAIR is an antisense RNA that is conserved

at PEP1 (Swiezewski et al. 2009; Castaings et al. 2014;

Csorba et al. 2014), whereas COLDAIR is a sense RNA

expressed from the first intron and associated with a

sequence important for repression of FLC transcription

during vernalization called the vernalization response

element (VRE; Sung et al. 2006; Heo & Sung 2011).

PEP1 has a more complex structure than FLC, so that

the first exon is duplicated in tandem along with the

proximal promoter and part of the first intron giving

rise to two overlapping transcripts (Albani et al. 2012).

In perennial Arabidopsis lyrata, the FLC locus is tan-

demly duplicated, while in perennial Arabidopsis arenosa,

it is partially triplicated (Nah & Chen 2010). This indi-

cates that rearrangements at FLC orthologues might

contribute to the rapid evolution of life history in the

Brassicaceae (Alonso-Blanco & M�endez-Vigo 2014).

Understanding trait evolution requires systematic

analysis of closely related species within a well-devel-

oped phylogenetic framework. This approach has pro-

ven effective in, for example, identifying the

mechanisms and direction of evolution of wing pigmen-

tation patterns in the Drosophila genus (Prud’homme

et al. 2006; Arnoult et al. 2013). The Brassicaceae provide

similar advantages for studying the evolution of annual

and perennial life history. Several genera in this family

such as Arabidopsis, Brassica, Draba and Arabis contain

both annual and perennial species. Notably, annual life

history and perennial life history have diverged inde-

pendently several times in the Arabis and Draba genera

of the tribe Arabideae, which is the largest tribe of the

Brassicaceae and comprises ~500 species (Couvreur

et al. 2010; Al-Shehbaz et al. 2011; Karl et al. 2012).
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Typically, perennial species-rich groups are sister to

annual species-poor groups, and it has been suggested

that life history changes are a major driving factor for

diversification in the Arabideae (Karl & Koch 2013).

Comparative analyses of annual and perennial spe-

cies within the Arabideae provide an opportunity to

study the repeated divergence of these traits within

relatively short evolutionary timescales. Arabis alpina

has been used as a model genetic system to study

perennial traits, its genome has been sequenced (Will-

ing et al. 2015), and it exhibits a broad arctic–alpine
distribution range originating from migrations out of

Asia Minor (Koch et al. 2006; Ansell et al. 2011; Karl

et al. 2012).

Here, we perform an intensive phylogenetic analysis

of the main branches of the Arabideae represented by

16 taxa and relate this to the life history of individual

species. These experiments demonstrate that A. montbre-

tiana is an annual sister of perennial A. alpina and that

their sister is the perennial Arabis nordmanniana. Consis-

tent with their respective life histories, the FLC ortho-

logue of A. montbretiana is stably repressed by

vernalization in contrast to PEP1 of A. alpina. The close

phylogenetic relationship of these two species allowed

us to perform interspecies crosses and to demonstrate

that cis-acting variation contributes to the different pat-

terns of expression of the FLC orthologues in these spe-

cies. Detailed sequence comparisons of FLC orthologues

isolated from species across the Arabideae and Came-

lineae tribes identified regions in the first intron that we

propose contribute to the divergence of gene regulation

between annual and perennial Brassicaceae species.

Materials and methods

Plant material

Plant material was obtained from Birol Mutlu, Turkey

(A. montbretiana, BM7968, voucher HEID809801, RK043

in Karl & Koch 2013; Jipei Yue, Kunming, China (Scapi-

arabis setosifolia, RK025 in Karl & Koch 2013), Maarten

Koornneef, MPIPZ Cologne, Germany (Arabis purpurea),

Santiago Martin Bravo (Arabis nova subsp. iberica) and

the Botanical Garden Heidelberg (Arabis alpina, RK001

and A-Kili; Arabis aucheri RK041; Arabis auriculata, Arabis

collina B-2006-0564 and JR045, Arabis hirsuta JR38,

Arabis nordmanniana RK219, Arabis purpurea RK004, Ara-

bis verna RK212, Aubrieta canescens subsp. macrostyla

RK214, Draba aizoides Dra 002, Draba hispanica Dra 0026,

Pseudoturritis turrita RK237 (all numbers referring to

Karl & Koch 2013; Draba nemorosa B-2002-0157). As

comparison, the A. alpina acc. Pajares (Wang et al. 2009)

was used. Accession details are given in Table S1

(Supporting information).

Generation of an Arabis montbretiana 9 Arabis alpina
F1 hybrid

To investigate the flowering behaviour of hybrids

between annuals and perennials, A. montbretiana flowers

were emasculated and cross-pollinated with A. alpina

acc. Pajares pollen. One viable plant was obtained

through embryo rescue (adapted from Sauer & Friml

2008). Details are given in Supplementary Methods

(Supporting information). For verification of the hybrid

identity of the F1 plant, one of the phylogenetic mark-

ers used for the phylogenetic analysis (ITS) was ampli-

fied as described above and Sanger-sequenced using

the forward and reverse PCR primers. Sequences were

analysed for double signals in positions being polymor-

phic in both parents.

Growth and vernalization conditions

Plants were cultivated on soil [Balster, Sinntal-Altengro-

nau, Germany (Type Mini-Tray)] under a photoperiod

of 16 h and a temperature of 20 °C during the day

(minimum 18 °C at night) in three different glasshouse

(GH1, GH2, GH3, Supplementary Methods, Supporting

information). Plants were watered daily and fertilized

regularly with Wuxal Super 8-8-6 and/or Wuxal Top K

21%, or a comparable fertilizer mix (Supplementary

Methods, Supporting information).

For vernalization, two vernalization rooms were used

(Viessmann, Allendorf, Germany, or Fitotron by Weiss

Technik, UK) which all had a constant temperature of

4–5 °C and were run with short photoperiods of 8 h

(light sources in Supplementary Methods V1, V2, Sup-

porting information). During vernalization, plants were

not fertilized and watered only when necessary.

Cultivation of plants used for expression analyses

Seeds of A. montbretiana, A. alpina acc. Pajares, A. auric-

ulata and A. nordmanniana were either stratified on wet

filter paper or sown directly on soil and stratified for 3–
4 days at 4 °C in darkness. Four to six plants were

grown in the glasshouse (GH1, Supplementary Meth-

ods, Supporting information) under the conditions

described above. Vernalization treatment was per-

formed 3 (annuals) or 6 weeks (perennials) after seed

germination for 12 weeks (Viessmann, Allendorf, Ger-

many, V1, Supplementary Methods, Supporting infor-

mation). The ages at which plants were exposed to

vernalization were selected because A. alpina acc.

Pajares has a juvenile phase of 5 weeks during which

flowering cannot be induced. The annuals on the other

hand were found to have a shorter juvenile phase (for

details on A. montbretiana and Arabis auriculata, see the

© 2017 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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Results and Supplementary Results sections, Supporting

information). At the end of the vernalization period,

plants were transferred back to the glasshouse condi-

tions described above. Cuttings from the A. montbre-

tiana 3 A. alpina hybrid were grown in the same way.

For the experiment on the lines containing the intro-

gressed AmFLC region, seeds were stratified for 4 days

at 4 °C in darkness and then germinated on filter paper.

Seedlings were transferred to soil and then cultivated

under glasshouse conditions for 8 weeks (GH3, V2,

Supplementary Methods, Supporting information).

Plants were vernalized for 12 weeks at 5 °C. After ver-

nalization, plants were returned to glasshouse condi-

tions. Vernalization time-courses were run in two

replicates.

Validation of life history

All accessions except Scapiarabis setosifolia, Pseuditurritis

turrita, Draba aizoides, Arabis purpurea RK004 and Arabis

alpina RK001 were cultivated under glasshouse condi-

tions (GH1, Supplementary Methods, Supporting infor-

mation). After flowering, it was determined whether

the plant underwent complete senescence (annual) or

continued to grow vegetatively (perennial). These

results were reproduced in the other two glasshouses

used in this study.

Assessment of vernalization response

After germination, plants were grown either constantly

under glasshouse conditions (GH1, GH2, Supplemen-

tary Methods, Supporting information) or exposed to

vernalization 3 or 6 weeks after germination for

12 weeks (V1, Supplementary Methods, Supporting

information). Flowering was scored as total leaf number

(TLN) on the main shoot under control conditions or

after vernalization. For A. montbretiana and A. auriculata,

also the age at which the plant responds to vernaliza-

tion was determined experimentally. For this experi-

ment, A. montbretiana was grown under long-day

glasshouse conditions. Plants were shifted into vernal-

ization at an age ranging from 1 to 6 weeks or left in

long-day conditions without vernalization. After

12 weeks, plants were returned to warm temperatures

and long-day conditions and TLN at flowering was

scored. In a second experiment, A. montbretiana plants

were grown in a plant growth chamber under 16 h long

days (Grow Bank, CLF Climatic, Wertingen, Germany)

at constant 22 °C and a light intensity of 150 lE. They
were then vernalized for 12 weeks at 1–6 weeks after

germination, as described above. A similar experiment

was run for Arabis auriculata, which was shifted at two

different ages (after 3 and 6 weeks of growth in GH1),

and a control was maintained under long-day glass-

house (GH1) conditions and not exposed to vernaliza-

tion.

DNA extraction

For PCR and sequencing, genomic DNA was extracted

with the DNeasy Plant Mini or Maxi Kit (Qiagen, Ger-

many) following the manufacturer’s protocol. DNA con-

centration and quality were checked by measuring OD

260 and OD 260/280 using a Nanodrop photometer

(Thermo Fisher Scientific, USA). If the DNA concentra-

tion was too low, DNA was concentrated by evapora-

tion using a Concentrator plus apparatus (Eppendorf,

Hamburg, Germany). The quality of the DNA used for

whole-genome sequencing of A. montbretiana and

A. nordmanniana was also checked on an agarose gel

[0.5% agarose in TAE (40 mM Tris, 20 mM acetate, 1 mM

EDTA)].

Amplification and sequencing of phylogenetic marker
sequences, alignment and phylogenetic reconstruction

Four nuclear and two plastidic marker sequences were

amplified and sequenced for use in phylogenetic recon-

struction (for material, see Table S1, Supporting infor-

mation). All of the selected phylogenetic marker

sequences were successfully used for phylogenetic

reconstruction in previous studies (White et al. 1990;

Taberlet et al. 1991; Mummenhoff et al. 1997; Koch et al.

2000; Dobe�s et al. 2004; Duarte et al. 2010). As ortho-

logues of At2g13360 had only been used in a small

study to demonstrate its value as a phylogenetic mar-

ker, its orthologue was identified in the genome assem-

bly of A. alpina acc. Pajares (Willing et al. 2015). Synteny

of the respective genomic regions around At2g13360 of

A. thaliana and its orthologue in A. alpina was analysed

using the program GATA (Nix & Eisen 2005). When syn-

teny was confirmed, primers were designed using the

program PRIMER3 (Rozen & Skaletsky 2000) amplifying

exons 1 to 3 including all introns (product ~1 kb, pri-

mers in Table S2, Supporting information). Primer

sequences, including the ones for the amplification of

ITS (White et al. 1990; Mummenhoff et al. 1997), trnL

(Taberlet et al. 1991), the trnL-F IGS (Taberlet et al. 1991;

Dobe�s et al. 2004), CHS (Koch et al. 2000) and ADH

(Koch et al. 2000), are given in Table S2 (Supporting

information). Phylogenetic marker sequences were

amplified by PCR from each species (see supplement

for method, Supporting information). PCR products

were separated on agarose gels which confirmed that

only one PCR product was present, purified and

sequenced directly or after cloning (see supplement for

method, Supporting information) by Sanger sequencing.
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Electropherograms of the obtained sequences were

controlled for quality using the program SeqMan

(DNASTAR, Lasergene).

Both chloroplast markers and if necessary both parts

of the ADH fragment were combined prior to aligning

and were analysed as a unit. Sequences of the six uti-

lized phylogenetic markers (ITS, trnL, trnL-F, CHS,

ADH and orthologue of At2g13360) were aligned with

CLUSTALX (Thompson et al. 1997) and subsequently

adjusted by hand. For the markers CHS, ADH and

orthologue of At2g13360, only the exons of the

sequences were employed for the analyses (alignment

in Table S3, Supporting information). After model test-

ing (Table S4, Supporting information), Bayesian

MCMC analyses (Yang & Rannala 1997) were per-

formed with the mpi (message parsing interface) ver-

sion of MRBAYES version 3.1.2 (Ronquist & Huelsenbeck

2003). Additionally, a maximum parsimony analysis

was run using both co-orthologues of the nuclear phy-

logenetic markers of A. nordmanniana (alignment in

Table S5, Supporting information). Details are given in

Supplementary Methods (Supporting information).

Contig assembly of A. montbretiana and
A. nordmanniana and identification of FLC
orthologues in five Arabideae taxa

For A. montbretiana and A. nordmanniana, Illumina

libraries with an insert size of 400 bp were constructed,

sequenced by Illumina sequencing (120 bp, paired

ends), and contig assemblies based on 185 (A. montbre-

tiana) and 415 million reads (A. nordmanniana) were

generated using the CLC GENOMICS WORKBENCH version 4.7

or version 8.5, respectively, using standard settings. The

contig assemblies were indexed as BLAST libraries and

searched using PEP1 (Wang et al. 2009) as query. In the

case of A. nordmanniana, the blast search resulted in sev-

eral blast hits to FLC or flanking genes. When the con-

tigs were assembled, two co-orthologues of FLC were

generated. The assembly of the individual contigs was

confirmed by PCR and Sanger sequencing of the PCR

fragments. The genome size of A. nordmanniana was

estimated by kmer-depth. The A. nordmanniana assem-

bly was annotated using the MAKER pipeline (Cantarel

et al. 2008). ORTHOMCL (Li et al. 2003) was used to define

orthologous groups. Details of the settings and methods

used for the A. nordmanniana assembly and annotation

are described in Supplementary Methods and Results

(Supporting information).

Regions containing the FLC orthologues from A. au-

riculata, A. purpurea and A. nova subsp. iberica were each

amplified by PCR (primers in Table S2, Supporting

information) as three overlapping fragments. The first

fragment spanned a region from the adjacent upstream

gene (orthologue of At5g10150) and ended at the begin-

ning of the first intron (amplification of intergenic

region between orthologue of At5g10150 and FLC ortho-

logue), and the second covered the region containing a

part of exon 1, intron 1 and a part of exon 2 (amplifica-

tion exon 1 to exon 2). The third PCR fragment con-

tained a part of exon 2 and ended downstream of exon

7 (amplification exon 2 to exon 7). Various combinations

of primers were used for Sanger sequencing the PCR

products before or after cloning into the pGEM-T vector

(see Supplementary Methods, Supporting information).

Primers were designed manually or using the program

PRIMER3 (Rozen & Skaletsky 2000). To follow the struc-

tural evolution of the FLC orthologues, sequences were

aligned by mVISTA (Mayor et al. 2000; Frazer et al.

2004) and compared to A. thaliana FLC. Alignments

were adjusted manually. Exons (by using cDNA data)

and sequences with homology to known regulatory ele-

ments from FLC were identified and annotated. The

annotations were used as a basis for generating locus

schemes that were used for following the structural

evolution of FLC orthologues. GATA (Nix & Eisen 2005),

MVISTA (Mayor et al. 2000; Frazer et al. 2004), YASS (Noe

& Kucherov 2005) and CLUSTALW (Larkin et al. 2007;

Goujon et al. 2010; McWilliam et al. 2013) were used for

different aspects of sequence analysis (details in Supple-

mentary Methods, Supporting information).

Expression analysis of PEP1, AmFLC, AauFLC and
AnFLC-A and AnFLC-B

Leaf samples of A. alpina acc. Pajares, A. auriculata,

A. montbretiana and A. nordmanniana were taken

between ZT 4 and ZT 7 before (3 or 6 weeks in long-

day conditions depending on the experiment), at the

end (after 12 weeks) and after vernalization (2, 3,

4 weeks in long day after vernalization depending on

the experiment) in two biological replicates grown at

different times (only one replicate was used for

A. alpina because this confirmed data published by

Wang et al. 2009). One young leaf from the main shoot

was harvested at each time point, and samples were

pooled from four to six plants, except for A. nordmanni-

ana where one individual was monitored in each

replicate.

Total RNA was extracted using the RNEASY MINI KIT

(Qiagen, Germany). The obtained RNA was treated

with DNase (Ambion, Thermo Fisher Scientific, USA)

and then transcribed into cDNA using the Superscript

II Reverse Transcription Kit (Invitrogen, Thermo Fisher

Scientific, USA). All kits were used according to the

manufacturer’s protocols.

All qPCRs were performed in a volume of 20 or

15 lL containing 2 lL cDNA, 2/1.5 lL 109 PCR buffer

© 2017 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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(Invitrogen, Thermo Fisher Scientific, USA), 1 lL Eva

green (Biotium, USA), 2.5 mM MgCl2, 0.5 mM dNTPs,

and 0.2 lL My Budget Taq polymerase (Bio-Budget

Technologies GmbH, Krefeld, Germany) or Taq DNA

polymerase (Invitrogen, Thermo Fisher Scientific,

USA). PCRs were run on a Bio-Rad (California USA)

Realtime PCR cycler or Roche iCycler using the pri-

mers published previously for A. alpina (Wang et al.

2009 and Bergonzi et al. 2013; primer names PEP1

(qPCR) and PP2A (qPCR) as reference gene; Table S2,

Supporting information) in triplicates or quadrupli-

cates. If necessary, primer sequences were adjusted to

point mutations present in the priming sites in the dif-

ferent species (cDNA sequences of FLC orthologues in

Fig. S1 (Supporting information); A. nordmanniana pri-

mers AnFLC-A (qPCR), AnFLC-B (qPCR) and AnRAN3

(qPCR) as reference gene; A. montbretiana primers

AmFLC (qPCR) and PP2A (qPCR) as reference gene;

A. auriculata primers AauFLC (qPCR), AauPP2A (qPCR)

as reference gene; primer sequences in Table S2, Sup-

porting information). As there is no mutation in the

priming site for PP2A between A. alpina and A. mont-

bretiana, both AmPP2A and AaPP2A were measured

simultaneously. Data were analysed using the program

EXCEL 2013 (Microsoft Office) by the delta Ct method.

The standard deviation was calculated separately for

triplicates or quadruplicates of reference and target

gene and then combined by error propagation. For

easier display in the figures, the expression at 0 weeks

of vernalization was set to 100% and expression at the

other time point was recalculated relative to this time

point. Efficiency of the PCR was determined by stan-

dard curves.

Genotyping of the A. montbretiana 3 A. alpina F1
and resulting introgression lines

Based on the genomic information available (Willing

et al. 2015; Kiefer et al. in preparation), length polymor-

phism markers distributed across the complete genomes

were designed to distinguish A. alpina and A. montbre-

tiana. To confirm the cross of A. montbre-

tiana 3 A. alpina and initial genotyping of the

subsequent generations, 40 length polymorphism mark-

ers were used (Table S8, Supporting information). For

genotyping the introgression lines further, 84 markers

were employed (Table S8, Supporting information).

Length polymorphism markers were amplified in multi-

plexing PCRs containing two to three primer pairs

(2 lL GoTaq buffer (Promega, Wisconsin, USA), 2 lL
template, 1 lL MgCl2 (25 mM), 0.4 lL dNTPs (10 mM),

0.4 lL of each primer pair (each primer 10 lM), 0.05 lL
GoTaq (Promega, Wisconsin, USA), 3.35 lL water), sep-

arated on 3% agarose gels (TAE) and scored as

heterozygous or homozygous for either parent. Arabis

alpina and A. montbretiana were used as control. All pri-

mers were designed using the program PRIMER3 (Rozen

& Skaletsky 2000). For the introgression lines, genotypes

were plotted using the program FLAPJACK 1.016.03.04

(Milne et al. 2010).

Estimates of evolutionary divergence of the first intron
of FLC orthologues

All calculations on (average) evolutionary divergence of

sequences of the first intron of the FLC orthologue from

A. alpina acc Pajares and A. montbretiana (number of

base substitutions per site) were performed in MEGA5

(Tamura et al. 2011) using the maximum composite like-

lihood model (Tamura et al. 2004). In the analysis refer-

ring to the alignment used for Fig. 4, the alignment was

split at position 10 332 into the ‘5’ part’ (10 332 align-

ment positions; 2755 positions without missing data

and gaps) and the ‘3’ part’ (10 333 to end >4167 align-

ment positions; 4018 positions without gaps).

Analysis of SNP and indel distribution between PEP1
and AmFLC

To define SNP evolutionary patterns among PEP1 and

AmFLC, AlFLC1 and FLC, AmFLC and AuFLC as well as

PEP1 and AnFLC-A SNPs were scored for each align-

ment position in a Microsoft Excel table. Positions

including gaps, missing data, ambiguous data or where

more than two possibilities were present were excluded

from the analysis. SNPs were then analysed by a sliding

window approach. The window size was 100 bp, and

the window was shifted by 20 bp or 1 bp. We used a

binomial test to examine the over- or underrepresenta-

tion of SNPs within each window, comparing the actual

number of observed SNPs with the distribution of

SNPs, given an overall SNP occurrence rate. P-values

were converted into expected false discovery rates

(FDR) to account for multiple testing. An FDR of <20%
was considered significant. Insertions were coded as

one mutation and also scored by a sliding window

approach using the same window size and shift as

above.

Results

Phylogenetic reconstruction based on annual and
perennial representatives of the Arabideae

To study the evolution of life history in the Arabideae,

a phylogenetic tree was constructed using selected

annual and perennial species representing all known

major lineages of the Arabideae (Karl et al. 2012; Karl &
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Koch 2013). The phylogenetic tree based on four nuclear

and two plastidic markers was fully resolved, and all

splits were well supported (Fig. 1).

Results indicate that the species aggregate containing

the perennial model A. alpina is sister to the annuals

A. montbretiana and A. nova subsp. iberica. Moreover,

perennial A. nordmanniana, which represents four to five

perennial polycarpic species (Karl & Koch 2013), is

sister to the clade containing A. alpina and A. montbre-

tiana. Thus, the tree is consistent with previous studies

(Karl et al. 2012; Karl & Koch 2013) but is based on

additional phylogenetic markers and incorporates all

annual and perennial species of interest in one analysis.

In addition, life history was plotted on the phylogeny

for each taxon used in the phylogenetic reconstruction

(Figs 1 and S2, Supporting information).

Fig. 1 Left: Bayesian phylogenetic analysis of 17 representative annual and perennial species of the Arabideae based on a concate-

nated alignment of ITS, trnL, trnLF, CHS, ADH and At2g13360. Names of groups and/or larger genera of which only representatives

were used in the phylogenetic reconstruction are given in boxes. Annuals are indicated by an encircled 1, posterior probability values

are given at all nodes. Arabis alpina and Arabis montbretiana are confirmed to be sister species and together are sisters to the perennial

A. nordmanniana. The reconstructed ancestral state for life history (Karl & Koch 2013) has been overlaid on the tree. Expression was

studied in species indicated by *. Right: Structural evolution of FLC orthologues in the Arabideae. Throughout the branch leading to

A. alpina, the structure of the locus becomes increasingly more complex. However, there is no relation of locus complexity and life

cycle as A. nordmanniana loci orthologous to FLC have similar structures to that found in annual A. montbretiana. Colours are

explained in the legend below the locus schemes. The sequence labelled as COLDAIR RNA encoding was defined by homology to

A. thaliana (Heo & Sung 2011).
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This analysis is consistent with perenniality being the

ancestral state and annuality having evolved indepen-

dently in several lineages due to severe environmental

change, as proposed previously (Karl & Koch 2013), but

does not unequivocally exclude the possibility that

annuality was ancestral in exceptional cases.

Structural evolution of FLC orthologues in the Ara-

bideae. FLC orthologues in perennial Arabidopsis and

Arabis species exhibit more complex gene structures

when compared to annual Arabidopsis thaliana (Wang

et al. 2009; Nah & Chen 2010; Albani et al. 2012; Kemi

et al. 2013). Consistent with this observation, A. alpina

PEP1 has a complex, duplicated gene structure (Wang

et al. 2009; Albani et al. 2012). Therefore, a mechanistic

link might exist between complexity of the FLC/PEP1

gene and life history. To further test this hypothesis,

FLC orthologues were examined in a wider range of

annual and perennial Arabis species. Six Arabis species

(A. alpina, A. purpurea, A. montbretiana, A. nova subsp.

iberica, A. nordmanniana and A. auriculata) were tested

for their vernalization response to determine whether

they are likely to harbour functional FLC alleles. Plants

were exposed to vernalization treatment of 4 °C for

12 weeks at different times after germination and then

returned to 20 °C under long photoperiods until flower-

ing. Control plants were not exposed to vernalization

but maintained under long photoperiods. Except for

A. purpurea, all tested taxa showed either an obligate

(A. alpina, A. nordmanniana) or a facultative (A. auricu-

lata, A. montbretiana, A. nova subsp. iberica; Table S6,

Supporting information) vernalization response and

were therefore assumed to harbour at least one active

FLC orthologue. Furthermore, A. montbretiana and

A. auriculata responded to vernalization from soon after

germination, and therefore did not exhibit a detectable

juvenile phase (Fig. S3, Supporting information). Three

FLC orthologues were sequenced either directly after

PCR amplification or after cloning (A. pur-

purea = ApFLC, A. nova subsp. iberica = AiFLC, A. auric-

ulata = AauFLC). Another two FLC orthologues were

identified in contig assemblies based on Illumina

sequence data (A. montbretiana = AmFLC, A. nordmanni-

ana = AnFLC-A and AnFLC-B; two genes because the

analysed A. nordmanniana accession is tetraploid; for

method and result of assemblies, see Supplementary

Methods and Results, Supporting information). The

structures of the loci were then compared to PEP1 and

plotted on the phylogeny (Fig. 1, right panel). All anal-

ysed orthologues comprised seven exons, except PEP1

in which exon 1 is duplicated (Wang et al. 2009; Albani

et al. 2012). Furthermore, no other duplicated regions

were detected in the FLC orthologues as determined

from the number of obtained PCR fragments or based

on the results of blast searches performed on the contig

assemblies. Therefore, AnFLC-A and AnFLC-B, AauFLC,

AiFLC and AmFLC have simple gene structures, similar

to FLC in A. thaliana, except that on the phylogeny sep-

arating A. auriculata and the other species, a sequence

in the first intron showing homology to A. thaliana COL-

DAIR (Heo and Sung 2011) was duplicated. Therefore,

among the analysed Arabis species, there is no correla-

tion between FLC duplication or complexity and life

history.

Differential expression of FLC orthologues isolated
from four Arabis species correlates with life history

Transcription of PEP1 of A. alpina (Wang et al. 2009) as

well as of the FLC orthologues of perennial Arabidopsis

lyrata (Kemi et al. 2013) and Arabidopsis halleri (Aikawa

et al. 2010) is reactivated after vernalization, while in

A. thaliana, FLC is stably repressed upon return to

warm temperatures (Bastow et al. 2004; Sung & Ama-

sino 2004; Finnegan & Dennis 2007). To evaluate the

extent to which FLC expression pattern is correlated

with life history, we analysed the expression of the FLC

orthologues of A. montbretiana, A. nordmanniana (allele

specific for AnFLC-A and AnFLC-B) and A. auriculata

using PEP1 as a control. In all four species, expression

was detected before vernalization and was strongly

reduced at the end of vernalization (Figs 2 and S4, Sup-

porting information). Upon transfer to warm tempera-

tures after vernalization, however, only the alleles from

perennial species (AnFLC-A and AnFLC-B, PEP1)

increased in expression, although to different extents,

while the alleles from the annual species (AauFLC and

AmFLC) were stably repressed (Figs 2 and S4; Data S1,

Supporting information). These data demonstrate that

the FLC orthologues follow a different expression pat-

tern in annual and perennial Arabis taxa, consistent with

data obtained from perennial and annual Arabidopsis

species (Bastow et al. 2004; Sung & Amasino 2004; Fin-

negan & Dennis 2007; Aikawa et al. 2010; Kemi et al.

2013). Arabidopsis and Arabis belong to two different

evolutionary lineages of the family (Couvreur et al.

2010), and therefore, our data demonstrate that a differ-

ence in repression of FLC orthologues between annual

and perennial taxa after vernalization is found widely

in the Brassicaceae.

Construction of hybrids between A. montbretiana and
A. alpina and analysis of the basis of the divergence in
AmFLC and PEP1 mRNA patterns

To study the regulation of life history as well as the

inheritance of PEP1 and AmFLC expression patterns,

A. alpina acc. Pajares and A. montbretiana were crossed.

The flowers of A. montbretiana were emasculated and
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cross-pollinated with A. alpina acc. Pajares pollen, but

no viable seeds were formed. Therefore, an embryo res-

cue protocol was applied (Sauer & Friml 2008). By this

approach, one plant was successfully grown from

approximately 100 cultured immature seeds and its

hybrid identity was confirmed by sequencing and

length polymorphism markers (Tables S7 and S8, Sup-

porting information). The hybrid was vernalized for

12 weeks to ensure that it flowered. When returned to

warm temperatures and long-day (LD) conditions, the

plant flowered abundantly from all shoots (Fig. 3D–F).
Axillary shoots were produced from all leaf axils gener-

ating a plant that constantly increased in size and flow-

ered perpetually from all branches. Siliques were

formed, but all seeds aborted early in development and

no viable seeds could be obtained. Therefore, the hybrid

could not be reliably scored as annual or perennial

because it did not complete the life cycle by forming

seeds.

The basis of the differential expression patterns of

PEP1 and AmFLC is unknown. The generated hybrid,

however, offers the opportunity to test whether the pat-

terns of AmFLC and PEP1 transcription differed due to

cis-acting variation by analysing their expression after

vernalization in the same genetic background (Wittkopp

et al. 2004). AmFLC and PEP1 mRNA levels were

evaluated in two cuttings before, at the end of and

subsequent to a 12-week-vernalization cycle using gene-

specific primers designed based on polymorphisms

detected between the two genes. Both PEP1 and AmFLC

mRNAs were expressed before vernalization and

repressed during vernalization (Fig. 3G). However,

upon transferring the plants to warm LDs at the end of

vernalization, AmFLC mRNA remained at very low

levels, while abundance of PEP1 mRNA increased

(Fig. 3G). In conclusion, in the interspecies hybrid, each

gene exhibits the expression pattern characteristic of the

parent from which it originated. This result suggests

that cis-acting sequence variation at PEP1 and AmFLC

confers the observed difference in expression pattern in

the hybrid. To verify this hypothesis, AmFLC introgres-

sion lines that were largely homozygous for A. alpina

but retained a genomic segment including AmFLC were

constructed by backcrossing to A. alpina three times and

selecting for inheritance of AmFLC (Fig. S5, Supporting

information). Three plants heterozygous and three

plants homozygous for the AmFLC genomic segment

were exposed to vernalization along with A. montbre-

tiana as a control. AmFLC was stably repressed after

vernalization in the homozygous AmFLC introgression

line (Fig. 3I) and in the heterozygotes was much more

strongly repressed than PEP1 (Fig. 3H). These results

again indicate that both AmFLC and PEP1 responded

differently to vernalization when in the same genetic

background. Taken together, the analyses of the hybrid

and of the introgression lines demonstrate that cis-act-

ing variation contributes to the differential behaviour of

AmFLC and PEP1 after vernalization.

SNPs between PEP1 and AmFLC are distributed
nonrandomly

The different expression patterns of PEP1 and AmFLC

involve variation in cis-acting elements. To identify

polymorphisms that might contribute to the different

expression patterns, the nucleotide sequences of the

genomic loci were compared. Comparison of the

AmFLC genomic DNA sequence with the cDNA

showed that the protein is encoded by a single gene

spanning 7 exons (Fig. S6A, B, Supporting information),

as is FLC in A. thaliana. Furthermore, alignment of the

AmFLC cDNA to that of PEP1 demonstrated that in

A. alpina acc. Pajares, the splice site at the PEP1 intron

2–exon 3 junction is shifted, producing an additional

27 bp in the mRNA and therefore a predicted 9 amino

acid insertion in the protein. In addition, five nonsyn-

onymous substitutions are present within the coding

sequence (Fig. S1, Supporting information).

Fig. 2 Relative expression of FLC orthologues in the perennials

A. alpina (PEP1) and tetraploid A. nordmanniana (AnFLC-A and

AnFLC-B) as well as in the annuals A. montbretiana (AmFLC)

and A. auriculata (AauFLC). All examined orthologues are

expressed before vernalization (0w = 0 weeks vernalization

after growth at warm temperature for 3 or 6 weeks after ger-

mination) and repressed by vernalization (12 wv = 12 weeks

vernalization at 4 °C). However, only in the perennial species

are the FLC orthologues derepressed after vernalization

because in the annual species, they stay stably repressed (12

wv + 2/3w = 12 weeks vernalization followed by 2 or 3 weeks

at warm temperature). Expression values are relative to the

respective orthologues of PP2A or RAN3 (A. nordmanniana) and

relative to 0 weeks (0w) of vernalization. For each sample,

leaves of four to six plants were pooled, error bars represent

standard deviation of three or four technical qPCR replicates

(n = 3–4). A biological replicate is given in the supplement

(Fig. S4, Supporting information).
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In total, 176 SNPs and 57 indels were detected

between AmFLC and PEP1 by comparing the genic

regions spanning ~280 bp upstream of the start codon

(of exon 1A in PEP1; Fig. S6C, D, Supporting informa-

tion) that include sequences homologous to the func-

tional promoter of FLC (Sheldon et al. 2002), all exons

and introns as well as ~400 bp downstream of the stop

codon. This number of SNPs and indels meant that no

simple polymorphism could be identified as impairing

a cis-acting element conferring the differential expres-

sion of AmFLC and PEP1 after vernalization. Therefore,

the distribution of SNPs and indels between AmFLC

and PEP1 was examined by a sliding window approach

to test whether these occurred at higher frequencies in

specific genic regions (Fig. 4A, B, Supporting informa-

tion). Six clusters of SNPs found in this analysis

(A)

(E) (F)

(G)

(H) (I)

(B) (C) (D)

Fig. 3 Arabis montbretiana (A), A. alpina (B) and A. montbretiana 3 A. alpina (C) at 50 days after germination. D–F A. montbre-

tiana 3 A. alpina at (D) the onset of flowering at 99 days after germination, (E) fully flowering but not setting viable seeds after self-

pollination 129 days after germination, (F) perpetually growing and flowering 427 days after germination. (G) Relative expression of

AmFLC and PEP1 through a vernalization cycle in two cuttings obtained from the hybrid in D–F. Both FLC orthologues are expressed

before vernalization (0w = 0 weeks) and repressed by vernalization (12w = 12 weeks vernalization). After vernalization and return to

warm temperatures (12d = 12 days and 19d = 19 days in warm), AmFLC stays stably repressed while PEP1 rises again in expression.

Thus, in the interspecies hybrid, both FLC orthologues follow the expression pattern observed in the parents indicating that the dif-

ferential expression is cis-mediated. Expression is expressed relative to PP2A and relative to 0 weeks of vernalization as percentage.

Error bars represent the propagated error of the standard deviation calculated for two biological replicates with four technical repli-

cates (n = 3–4) each. H-I Relative expression of PEP1 and/or AmFLC through a vernalization cycle in three introgression lines

obtained from back crossing the hybrid in D–F to A. alpina. Expression is relative to PP2A and then expressed as % relative to

expression at 0-w vernalization. Error bars represent the standard deviation derived from three or four technical (n = 3–4) replicates.
Different introgression lines represent biological replicates. H Analysis of three independent heterozygous plants (5034, 5002, 5078).

The orthologues show different behaviours after vernalization and maintain the same or similar expression pattern that they show in

the parental species (Fig. 2). I Analysis of three different AmFLC homozygous plants (5012, 5057, 5006). AmFLC displays the same

stable expression pattern after vernalization as in the A. montbretiana control.
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differed significantly (P ˂ 0.1) from the expected ran-

dom distribution (Fig. S7, Supporting information). Five

of these clusters were located in the 50 part of the first

intron leading to a higher evolutionary distance of this

segment of the intron between A. alpina and A. montbre-

tiana than for the 30 part (0.044 vs. 0.017).

To obtain insight into the possible functional rele-

vance of the clustered polymorphisms, the loci were

annotated by comparison with FLC, in which several

cis-regulatory regions have been identified in intron 1

(Fig. 4, Tables S9, S10, S11, S12 and Figs S8, S9, S10,

S11, Supporting information). A region showing

homology to the nucleation region (Angel et al. 2011;

Yang et al. 2014) (Fig. S11, Supporting information) as

well as duplicated regions showing homology to the

VRE (Sung et al. 2006) (Fig. S10, Supporting informa-

tion) and the sequence encoding COLDAIR RNA (Heo

& Sung 2011) were identified. The duplicated regions

showing homology to the VRE and the COLDAIR

RNA-encoding sequence showed 79% (VRE and COL-

DAIR) identity to each other in A. alpina and 73%

(VRE) and 77% (COLDAIR) in A. montbretiana

(Table S12, Supporting information). The six statisti-

cally significant peaks in SNP frequency detected in

the sliding window analysis coincided with the nucle-

ation region, the region between the nucleation region

and the more 50 located segment showing homology to

the VRE and the COLDAIR RNA-encoding sequence

(COLDAIR-like 1) and the sequence separating COL-

DAIR-like 1 from the second segment showing homol-

ogy to the VRE (Fig. 4A).

Overall, the higher conservation of the 30 part of

intron 1 is consistent with it being required for tran-

scription of FLC (Sheldon et al. 2002). By contrast, the

higher variation in the 50 part of intron 1, which

includes sequences showing homology to the nucleation

region and to the COLDAIR RNA-encoding sequence of

FLC, suggests that divergence within these segments

Fig. 4 Distribution of SNPs (A) and indels (B) among PEP1 and AmFLC analysed by a sliding window approach (window size

100 bp, shift 20 bp). For the analysis of SNP distribution, all indels were excluded, while for the distribution analysis of indels, all

indels were coded as 1 irrespective of their length; exons as well as sequence features homologous to regulatory elements known

from FLC are annotated on top of the graph as a colour-coded scheme. Nucleation region is the sequence homologous to the region

showing elevated H3K27me3 before vernalization in Arabidopsis (Yang et al. 2014); COLDAIR represents the regions homologous to

the COLDAIR RNA-encoding region (Heo & Sung 2011); vernalization response element (VRE) indicates the region homologous to

the VRE of A. thaliana identified in Sung et al. (2006); peak regions with windows containing significantly more SNPs than expected

in a random distribution are marked by *.
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could be responsible for the species-specific expression

patterns of PEP1 and AmFLC.

SNP distribution patterns detected by comparing
annual and perennial species pairs in different tribes of
the Brassicaceae

FLC orthologues are also differentially expressed after

vernalization in other closely related annual and peren-

nial species, so that, for example, FLC is stably

repressed after vernalization in A. thaliana (Sheldon

et al. 2000) while the expression of its orthologue from

A. lyrata (AlFLC1) increases again after vernalization

(Kemi et al. 2013). Therefore, to broaden the analysis of

FLC orthologues, the genomic DNA sequences of FLC,

AlFLC1, AmFLC, PEP1, AnFLC-A and AauFLC were

aligned, gap columns were excluded, and SNP distribu-

tion was scored using a sliding window approach. The

analysis of FLC and AlFLC1 resulted in a SNP distribu-

tion pattern similar to the one described for the com-

parison of AmFLC and PEP1 (Fig. 5A). Several peaks in

SNP frequency containing more SNPs than the expected

random distribution were detected in the comparison of

each species pair (Fig. 5A). Several of these peaks in

SNP frequency are specific to only one of the species

comparisons, but two were detected in the same regions

in both comparisons. One of the common SNP fre-

quency peaks was detected in a region homologous to

the nucleation region (Yang et al. 2014), and the second

was present upstream of the VRE (Sung et al. 2006)

(Figs 5A, S19 and S20, Supporting information).

Sequence differences in these two regions might con-

tribute to the different expression patterns of FLC ortho-

logues detected in annual and perennial species,

because they are highly polymorphic in two indepen-

dent occurrences of divergence of annual and perennial

patterns.

As a further control to test the functional significance

of the two regions described above, we also examined

whether they are highly polymorphic between related

species that do not differ in life history. To this end,

SNP frequencies were analysed in comparisons of the

FLC orthologues of the closely related annual taxa

A. montbretiana and A. auriculata as well as the closely

related perennials A. alpina and A. nordmanniana

(Fig. 5B). The peaks in SNP frequency obtained in these

analyses were also compared to those detected in

Fig. 5A. The region adjacent to the 50 end of the VRE,

which was highly polymorphic in the comparisons of

the annual and perennial species (Fig. 5A), was also

detected as variable in comparisons of FLC orthologues

of the two annual species but not in comparing the two

perennial species (Figs 5B and S20, Supporting informa-

tion). Therefore, this sequence could be functionally

conserved in perennials and diverge independently in

annuals, so that it contains a high frequency of SNPs in

comparisons of annuals and perennials or of annuals.

By contrast, the polymorphic segment detected in the

nucleation region by comparing annuals and perennials

(Fig. 5A) showed fewer SNPs than expected in a ran-

dom distribution when the orthologues of either the

two genes from perennials (AnFLC-A and PEP1) or the

two genes from annuals (AmFLC and AauFLC) were

compared (Figs 5B, S22 and S23, Supporting informa-

tion). Variation in this segment of the nucleation region

at the 50 end of intron 1 could therefore be involved

specifically in the divergence of annual and perennial

patterns of regulation of FLC orthologues. Our sequence

analysis of FLC orthologues from the Arabideae and

Camelineae therefore identifies this region in the nucle-

ation region and another at the 50 end of the VRE as

likely to be involved in the divergence of annual and

perennial patterns of expression of FLC orthologues

(Figs 6, S19 and S20, Supporting information).

Detection of common regulatory elements

The regions harbouring significantly fewer SNPs than

expected might define regions that are important for

FLC regulation in both annuals and perennials. These

regions were therefore examined in all four alignments

shown in Fig. 5A, B. No regions harbouring fewer SNPs

than expected were detected in comparisons of AmFLC

and PEP1, perhaps because many of the sequence win-

dows in this comparison were 100% identical. However,

the analysis of FLC and AlFLC1 identified six regions

harbouring fewer SNPs than expected, and three of

these regions were located in intron 1. The first was

located at the end of the nucleation region, the second

in the region homologous to the COLDAIR RNA-encod-

ing sequence and the third at the very end of the first

intron (Figs 5A and S21, Supporting information). The

comparison of AmFLC and AauFLC also detected the

segment at the end of the nucleation region as harbour-

ing fewer SNPs than expected (Fig. 5B). Interestingly,

comparison of sequences of FLC and AlFLC1 in the seg-

ment homologous to the nucleation region and the

COLDAIR RNA-encoding sequence revealed that each

segment includes the motif GGATTTGT and both of

these motifs are perfectly conserved in all six species

analysed (Fig. S21, Supporting information). Therefore,

this sequence element could have a common function

in FLC regulation across all taxa (Fig. 6).

Discussion

To study the divergence of life history, a phylogeny of

17 annual and perennial species from the tribe
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Arabideae was constructed using a combination of six

different phylogenetic marker systems. This highly

resolved and supported phylogeny was congruent to

one that previously fully resolved the backbone of the

tribe (Karl & Koch 2013), but the phylogeny described

here also included D. nemorosa and A. nova subsp. iber-

ica. These species were grouped together with their pre-

viously described relatives, which are other Draba

species and A. montbretiana, respectively (Jordon-Tha-

den et al. 2010; Karl et al. 2012). The phylogeny of the

Arabideae is therefore robust and provides a frame-

work for studying the evolution of annual and

perennial life history, which have diverged within sev-

eral of the established clades.

Evolution of FLC structure

Remarkable sequence variation at FLC genes occurs

within and between Brassicaceae species, and increasing

complexity of these loci has been suggested to be linked

to perenniality in A. alpina and in Arabidopsis species

(Alonso-Blanco & M�endez-Vigo 2014). Indeed, through

the phylogenetic branch leading from annual A. auricu-

lata to A. alpina, the orthologous FLC loci increased in

Fig. 5 Comparison of SNP distribution in (A) PEP1 vs. AmFLC and AlFLC1 vs. FLC and (B) AmFLC vs. AauFLC and PEP1 vs. AnFLC-

A by a sliding window analysis (window size 100 bp, shift 1 bp). For the analysis of SNP distribution, all indels were excluded;

exons as well as sequence features homologous to regulatory elements known from FLC are annotated on top of the graph as a col-

our-coded scheme. Exclusion of gap columns leads to deletion of elements which are duplicated only in PEP1, AmFLC and AnFLC-A,

and therefore, the schematic overview of the locus is shorter than the locus schemes in Fig. 4. Nucleation region is the sequence

homologous to the region showing elevated H3K27me3 before vernalization in Arabidopsis (Yang et al. 2014); COLDAIR represents

the regions homologous to the COLDAIR RNA-encoding region (Heo & Sung 2011); vernalization response element (VRE) indicates

the region homologous to the VRE of A. thaliana identified in (Sung et al. 2006); dashed lines represent thresholds above or below

which more or fewer SNPs than expected by chance occur: (A) grey dashed line at 14 SNPs threshold for more and at two SNPs for

fewer SNPs than expected by chance in AlFLC1 vs. FLC; line at six SNPs threshold for more SNPs than expected by chance for PEP1

vs. AmFLC; no window with significantly fewer SNPs, (B) blue dashed line significantly more SNPs than expected by chance for

AmFLC vs. AauFLC, orange dashed line significantly more SNPs than expected by chance for PEP1 vs. AnFLC-A, black dashed line

fewer SNPs than expected for both curves. Peak regions with windows containing significantly more SNPs than expected in a ran-

dom distribution are shaded in yellow; regions containing significantly fewer SNPs than expected in a random distribution are

shaded in blue.
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complexity. AauFLC showed a similar simple structure

to FLC of A. thaliana, while PEP1 from perennial

A. alpina acc. Pajares was the most complex locus incor-

porating a partial duplication that includes exon 1 and

generates two overlapping transcripts (Albani et al.

2012). Furthermore, AmFLC and AiFLC from annual

A. montbretiana and A. nova subsp. iberica showed sim-

ple structures similar to A. thaliana FLC, further

strengthening this hypothesis. However, in perennial

tetraploid A. nordmanniana, single-copy AnFLC genes

were found that showed simple exonic structures simi-

lar to FLC, although they contained a duplication of

part of intron 1 related to COLDAIR (Heo and Sung

2011) that was also present in AmFLC and AiFLC.

Therefore, at least in the Arabideae, there does not seem

to be a strict association between gene or exon duplica-

tion at the FLC locus and perenniality.

Correlation between annualism and FLC expression
pattern

In perennials, flowering is strongly repressed at particu-

lar times during the life cycle, ensuring episodes of veg-

etative and reproductive development, whereas annuals

usually flower more rapidly and do not return to vege-

tative development. In the Brassicaceae, the vernaliza-

tion response pathway was proposed to play several

roles in conferring these episodes of vegetative and

reproductive development in the context of the peren-

nial life cycle (Wang et al. 2009; Aikawa et al. 2010;

Kemi et al. 2013). Furthermore, annual and perennial

species in the Brassicaceae also differ in the age at

which they acquire competence to flower in response to

vernalization (Wang et al. 2011; Bergonzi et al. 2013;

Zhou et al. 2013). Consistent with this conclusion,

A. montbretiana and A. auriculata behaved in a similar

way to annual A. thaliana and flowered in response to

vernalization treatments given within 1 week of germi-

nation. Thus, the annuals A. montbretiana, A. auriculata

and A. thaliana show similar flowering responses and

differ from perennial A. alpina in that floral induction

through vernalization is less restrained by age.

In A. thaliana, FLC expression is stably repressed dur-

ing vernalization, so that upon return to warm tempera-

tures, its expression stays low ensuring that the plant is

stably induced to flower (Michaels & Amasino 1999;

Bastow et al. 2004). By contrast, in several perennial

Brassicaceae species, levels of expression of orthologues

of FLC cycle in response to temperature, so that they

fall in cold and rise again in subsequent periods of

warm (Wang et al. 2009; Aikawa et al. 2010; Kemi et al.

2013). Thus, the cycling pattern of FLC expression corre-

lates with episodes of vegetative growth and flowering

in the perennials. The functional significance of these

Fig. 6 Summary of the regulatory regions of FLC and their variation among annual and perennial taxa. Top: Schematic representation

of the FLC locus of A. thaliana including the minimal promoter, exon 1, intron 1 and exon 2 indicating the positions of SNPs, binding

sites and regulatory elements that were identified in other studies as well as regions containing putative regulatory elements identi-

fied in this study. Lower diagrams depict segments of three reporter gene deletions reported by Sheldon et al. (2002) that showed

unstable or stable repression after vernalization. The lowest diagram shows a deletion mutant in which FLC was not stably repressed

after vernalization and defines the VRE (Sung et al. 2006).
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patterns was demonstrated genetically in A. alpina

(Wang et al. 2009; Albani et al. 2012). The FLC ortho-

logues of annuals A. montbretiana and A. auriculata were

also found to be stably repressed after vernalization,

similar to the pattern of expression of FLC found in

A. thaliana and contrasting with the perennial pattern of

PEP1 regulation in A. alpina and A. nordmanniana. In

tetraploid A. nordmanniana, both FLC orthologues were

found to be upregulated to different extents after ver-

nalization, which might be a cis-mediated effect caused

by any of the numerous SNPs that differ between the

two alleles. Thus, consistent with their flowering beha-

viour, annual and perennial species differ in the pat-

terns of expression of FLC orthologues. This stable

repression in response to vernalization must have

evolved independently more than once during the

diversification of the Arabideae and in the Arabidopsis

genus.

Evolution of FLC regulation among annual and
perennial Brassicaceae species

Differences in gene expression arise during evolution

through cis-acting changes in the gene of interest or by

alterations in the activity of trans-acting factors that con-

tribute to the regulation of its expression (Emerson & Li

2010). These possibilities can be distinguished by the

construction of hybrids, in which both orthologues of

the gene of interest are present but the genetic back-

ground encoding trans-acting factors is identical (Wit-

tkopp et al. 2004; de Meaux et al. 2005). If the

orthologues show different expression patterns in the

parental species and these are retained in the hybrid,

then cis-acting changes must contribute to the differen-

tial expression. In the hybrid of A. montbretiana and

A. alpina as well as in introgression lines derived from

the hybrid, PEP1 and AmFLC were expressed in differ-

ent patterns after vernalization, as observed in the par-

ental species. Therefore, the differential expression must

involve cis-acting changes. Scans of SNP frequency were

performed between FLC orthologues to search for puta-

tive regulatory elements that have diverged between

annual and perennial species and to identify conserved

sequences that may have a common function in FLC

regulation in annual and perennial taxa.

Expression of FLC in warm temperatures. Transgenic

approaches based on deletion analysis of a FLC::GUS

transgene demonstrated that 272 bp of promoter as well

as ~200 bp at the 50 end and ~525 bp at the 30 end of

intron 1 are sufficient for transcription of FLC before

vernalization (Sheldon et al. 2002). Our sequence com-

parisons included 295 bp of FLC sequence upstream of

the ATG, and the comparisons of FLC and AlFLC1 or

PEP1 and AnFLC-A identified one region containing sig-

nificantly more SNPs than expected. No known motifs

were present in this region. However, the 272-bp mini-

mal promoter of FLC contained three putative bZIP

recognition motifs (Sheldon et al. 2002) of which only

one is highly conserved in all six taxa included in the

analysis and is therefore likely to be functionally impor-

tant. A later study reported a binding motif that is

involved in recognition of the FLC promoter by SUF4, a

component of the FRIGIDA complex that increases FLC

transcription in A. thaliana (Choi et al. 2011). However,

the binding motif, which is located upstream of the

minimal promoter (Sheldon et al. 2002), was mutated or

absent in A. alpina and entirely absent in A. montbre-

tiana. Therefore, either regulation of FLC by the FRI-

GIDA complex does not occur in the Arabis genus or

the binding site for the SUF4 complex is not conserved.

Repression of FLC by vernalization. The same segments of

intron 1 required for expression of FLC prior to vernal-

ization were also described as being important for its

repression by vernalization (Sheldon et al. 2002). Later

studies demonstrated that the 50 end of intron 1 over-

laps with a region referred to as the nucleation region,

at which H3K27 accumulates most rapidly and to high

levels during vernalization (Yang et al. 2014). The same

region contains two RY elements which act as binding

sites of the transcriptional repressor VAL1 that nucle-

ates silencing at the FLC locus by interacting with the

apoptosis- and splicing-associated protein (ASAP) com-

plex and maybe Polycomb Repressive Complex 1

(PRC1) (Q€uesta et al. 2016; Yuan et al. 2016). One of the

RY elements was perfectly conserved across all six taxa

in our analysis, consistent with a highly conserved

function, while the second one was mutated in

A. alpina, but only in one of the two tandem copies of

the first exon. Sequence variation in the nucleation

region was proposed to cause differences in the kinetics

of vernalization because four SNPs in the A. thaliana

accession Lov-1 were identified in this region, including

two in the 50 end of intron 1, and shown to be associ-

ated with requirement for an extended vernalization

period to cause silencing of FLC after vernalization

(Coustham et al. 2012). The first SNP in intron 1 was

conserved among the Lov-1 accession and all taxa

included in this study, and only the FLC allele of

A. thaliana Columbia was different, suggesting that

among A. thaliana accessions, the Lov-1 SNP is ances-

tral. The second SNP in intron 1 was variable across

taxa. In this position, Lov-1, PEP1 and AmFLC were the

same, while AnFLC-A, AlFLC1, AauFLC and FLC from

A. thaliana Columbia shared the same base in this posi-

tion. No regions with significantly more or fewer SNPs

than expected in a random distribution were found to
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overlap with the two SNPs in intron 1 detected in the

study of the Lov-1 accession (Q€uesta et al. 2016). How-

ever, the more 50 VAL1 binding site was located within

the region harbouring fewer SNPs than expected in

annuals, while the second VAL1 binding site was

located in the overlap of the regions harbouring fewer

SNPs than expected in annuals or perennials (Fig. 6).

The antisense RNA COOLAIR which plays an initial

role in downregulation of FLC in response to cold

(Swiezewski et al. 2009) is conserved in A. alpina (Cas-

taings et al. 2014).

Maintenance of FLC repression after vernalization. Deletion

analysis identified four regions within the first intron of

FLC that are required for stable repression of transcrip-

tion after vernalization (Sheldon et al. 2002). Another

study identified the vernalization response element

(VRE) whose deletion leads to unstable repression of

FLC (Sung et al. 2006). Subsequently, parts of the VRE

were reported to act as the promoter of a noncoding

sense RNA named COLDAIR that interacts with com-

ponents of the PRC2 complex in vitro (Heo and Sung

2011). The COLDAIR RNA-encoding sequence also

included one of the candidate regions for conferring

stable repression of FLC after vernalization identified by

Sheldon et al. (2002). However, there are some contra-

dictions between the reporter construct data (Sheldon

et al. 2002) and the analysis of the VRE mutant (Sung

et al. 2006) that are summarized in Fig. 6. The compar-

ison of AlFLC1 and FLC identified two regions within

the first intron that contained fewer SNPs than expected

in a random distribution. One of the regions was also

found in the comparison of AauFLC and AmFLC,

whereas in PEP1 and AmFLC comparisons, no frag-

ments harbouring fewer SNPs than expected were

found. Identification of the same region in two

sequence comparisons in different evolutionary lin-

eages, Camelineae and Arabideae, indicates that this

region may be of general importance in the regulation

of FLC and its orthologues. Interestingly, both con-

served regions in the A. thaliana comparison with

A. lyrata contained the same perfectly conserved

sequence motif (GGATTTGT), and these were also pre-

sent in all four Arabis species. The deletion analysis of

Sheldon et al. (2002) is consistent with a role for this

highly conserved ‘GGATTTGT’ motif in stable repres-

sion of FLC. In this study, deletion of the region includ-

ing both ‘GGATTTGT’ motifs caused unstable

repression after vernalization, while constructs where

only one copy of the motif was deleted were still stably

repressed after vernalization. Thus, these motifs might

act redundantly in conferring stable repression of FLC

by vernalization. If these motifs do contribute to stable

repression of FLC in annual A. thaliana, then perennial

taxa such as A. alpina must also contain some of the

motifs contributing to stable repression in annuals.

Reactivation of FLC orthologues after vernalization. No cis-

regulatory elements have been described that are

involved in the reactivation of FLC orthologues in

perennials after vernalization. Unstable repression of

FLC occurs upon deletion of the VRE (Sung et al. 2006),

and therefore, a loss of function of the VRE in the

perennial lineages could confer reactivation after vernal-

ization. However, this is apparently in contradiction to

the hypothesis that perenniality is the ancestral state.

Nevertheless, parts of the VRE are indeed deleted in

A. halleri and A. lyrata, and in A. alpina, a 232-bp inser-

tion is found at the 50 end of the VRE. On the other

hand, although expression of AnFLC-A and AnFLC-B

was unstable after vernalization, its VRE sequence con-

tained no insertions or deletions compared to that of

FLC. The SNP scans and statistical tests identified

regions that harbour significantly more or fewer SNPs

than expected by chance. The combination of SNP scans

comparing annual and perennial taxa and SNP scans

within pairs of closely related annual and perennial

taxa identified a segment within intron 1 at the 30 end
of the nucleation region that was particularly divergent

within the annual–perennial pairs but more strongly

conserved among annuals in one segment and among

perennials in another segment. Therefore, this region

might contain at least two regulatory elements that vary

during evolution and one of which could be related to

reactivation of FLC after vernalization (Fig. 6). The iden-

tified region could be tested by transgenic approaches

to directly examine its functional significance.

A possible hypothesis from these studies is that

perennials contain two types of regulatory elements that

confer stable repression or reactivation of FLC ortho-

logues after vernalization. The annual expression pat-

tern could then evolve several times independently by

recurrent deactivation of a perennial element required

for reactivation. Thus, mutation would provide a flexi-

bility in regulation of FLC orthologues that could

rapidly evolve along with shifts from perennial to

annual life history. The phylogenetic framework and

sequence analysis presented here provide a basis for

further testing of this hypothesis.
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Supporting information

Additional supporting information may be found in the online ver-

sion of this article.

Table S1 Details of accessions used in this study stating coun-

try of origin, provider of seeds and sequences used in the phy-

logenetic analysis and their genebank accession numbers; for

the pairs of grey shaded accessions marker sequences were

used in combination to obtain a full set for the phylogenetic

reconstructions.

Table S2 Primers used in this study for amplification of phylo-

genetic marker sequences, qPCR and amplification of the

mRNA of FLC orthologues as well as the genomic loci.

Table S4 Results of Model Testing and Bayesian analyses for

the individual single marker dataset and the combined dataset

Table S6 Vernalization response of selected Arabideae; plants

were grown either in long day for several months or in long

day for 6 weeks, transferred into vernalization for 12 weeks

and then returned to warm temperatures and long day condi-

tions.

Table S7 Polymorphic sites in Arabis alpina Pajares and Arabis

montbretiana and the polymorphisms found in the hybrid indi-

vidual in the ITS confirming the hybrid identity of the plant.

Table S8 Primers used for genotyping the F1 plant and intro-

gression lines carrying a genomic fragment including AmFLC.

Table S9 Number of SNPs and indel polymorphisms detected

in different features of PEP1 versus AmFLC, Am = A. montbre-

tiana, Aa = A. alpina, At = A. thaliana (exons, regulatory

sequences known from FLC (proximal promoter (Sheldon et al.

2002); nucleation region is the sequence homologous to the

region showing elevated H3K27me3 before vernalization in

Arabidopsis (Yang et al. 2014); COLDAIR is the regions homolo-

gous to the COLDAIR RNA encoding region (Heo & Sung

2011); Vernalization Responsive Element (VRE) indicates the

region homologous to the VRE of A. thaliana identified in

(Sung et al. 2006)).
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Table S11 Summary of the comparison of AtFLC, AmFLC,

AlFLC1 and AaPEP1.

Table S12 Comparison of VRE/VRE-like and COLDAIR/COL-

DAIR-like sequences found in the first intron of PEP1 and

AmFLC; intron 1 in A. alpina refers to the sequence homologous

to A. montbretiana intron 1.

Table S13 Associated p-values for the respective SH tests

based on the different single marker datasets.

Fig. S1 Alignment of cDNA sequences of AmFLC, AauFLC and

PEP1 used for designing primers for qPCR.

Fig. S2 Maximum Parsimony (MP) phylogenetic reconstruction

calculated in MEGA5 (Tamura et al. 2011) based on the ortho-

logues of ADH, CHS and At2g13360.

Fig. S3 Vernalization response of (A) A. montbretiana and (B)

A. auriculata measured in leaf number.

Fig. S4 Biological replicates of expression data shown in Fig. 2.

Fig. S5 Genotypes of introgression lines (A. montbretiana in A.

alpina acc. Pajares background) used in the expression analysis of

AmFLC and PEP1 for confirming the results obtained from the two

cuttings of the original F1 plant (A. montbretiana x A. alpina acc.

Pajares).

Fig. S6 (A) Dot plot of the AmFLC genomic region (last exon

upstream gene until the end of the COOLAIR promoter) vs.

AmFLC cDNA; 7 exons can be detected, no exon has been dupli-

cated (B, C, D) Comparison of the PEP1, AmFLC and FLC

sequences by GATA plots.

Fig. S7 Statistical test on the SNP distribution in the alignment of

AmFLC and PEP1.

Fig. S8 Alignment of the proximal promoter region including UTR

of FLC, AmFLC and PEP1; the proximal promoter is defined as the

region homologous to what was described as FLC minimal pro-

moter (Sheldon et al. 2002).

Fig. S9 Alignment of COLDAIR and A. montbretiana and A. alpina

COLDAIR -like 1 and COLDAIR -like 2; yellow positions indicate

ancestral positions maintained in COLDAIR -like 1while pink posi-

tions indicate conservation in COLDAIR -like 2; more ancestral

positions are maintained in COLDAIR -like 1; COLDAIR-likes are

defined as regions showing homology to the Arabidopsis COLDAIR

sequence (Heo & Sung 2011).

Fig. S10 Alignment of VRE and A. montbretiana and A. alpina VRE

-like 1 and VRE -like 2; VRE-like sequences are defined as

sequences showing homology to the Vernalization Response Ele-

ment of FLC in Arabidopsis thaliana (Sung et al. 2006).

Fig. S11 Alignment of the A. montbretiana and A. alpina region

homologous to the nucleation region in A. thaliana defined by the

ChIP primers from (Yang et al. 2014).

Fig. S12 Arabis montbretiana life cycle monitored under greenhouse

conditions.

Fig. S13 Alignment of PEP1 exon 1A and 1B and AmFLC exon 1

along with adjacent intron sequences; the 416 bp used to

differentiated copy 1A and copy 1B are indicated by $ while the

SNPs differentiating the duplicated segment of intron 1 in PEP1

are marked by *

Fig. S14 Kmer abundance distribution.

Fig. S15 Ends of concatenated contigs which were found to show

homology to FLC and which were shown to be part of the same

molecule (AnFLC B) based on PCR and subsequent Sanger

sequencing; All contigs showed overlapping ends.

Fig. S16 Statistical test on the SNP distribution in the alignment of

(A) AmFLC and PEP1 and (B-C) FLC and AlFLC1. The test mea-

sures whether the observed SNP number in a window is different

from a random distribution (A and B more SNPs than expected, C

fewer SNPs than expected); the left panel shows the number of

SNPs per window, the right panel shows the –log10 of the associ-

ated p-values; the dashed line is the threshold above which statisti-

cal significance was reached; values were corrected for FDR.

Fig. S17 Statistical test on the SNP distribution in the alignment of

(A) AnFLC-A and PEP1 and (B) AauFLC and AmFLC.

Fig. S18 Statistical test on the SNP distribution in the alignment of

(A) AnFLC-A and PEP1 and (B) AauFLC and AmFLC.

Fig. S19 Sequence alignment of six Brassicaceae species in the seg-

ment showing more SNPs than expected by chance in the nucle-

ation region from Fig. 5A.

Fig. S20 Sequence alignment of six Brassicaceae species in the seg-

ment showing more SNPs than expected by chance upstream/in

the region homologous to the VRE from Fig. 5A.

Fig. S21 Sequence alignment of six Brassicaceae species in the seg-

ment showing fewer SNPs than expected in a random distribution

in the comparison of AlFLC1 and FLC showing homology to (A)

the end of the nucleation region and (B) COLDAIR from Fig. 5A;

the conserved GGATTTGT-motif is indicated a red square.

Fig. S22 Sequence alignment of six Brassicaceae species in the seg-

ment showing fewer SNPs than expected by chance within the

region showing homology to the nucleation region in the annual

couple (AauFLC-AmFLC) from Fig. 5B.

Fig. S23 Sequence alignment of six Brassicaceae species in the seg-

ment showing fewer SNPs than expected by chance within the

region showing homology to the nucleation region in the perennial

couple (PEP1-AnFLC-A) from Fig. 5B

Table S3 Alignment of marker sequences used for phyloge-

netic analysis; the alignment is given in nexus format and par-

titions are indicated at the end of the file.

Table S5 Alignment of marker sequences (ADH, CHS,

At2g13360) used for the maximum parsimony analysis includ-

ing both co-orthologues of A. nordmanniana for each marker.

Introns were not included in the analysis and therefore

deleted.

Table S10 Alignment of the PEP1, AmFLC, AlFLC1 and FLC

loci comprising a partial sequence of the next upstream gene

or its orthologues from A. thaliana (At5 g10150), all intergenic

sequence between At5 g10150 and its orthologues and FLC and
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orthologues as well as all sequences orthologues/homologous

to exons and introns of FLC (including indels) and approxi-

mately 500 bp of sequence downstream of the stop codon.

Table S14 Alignment of both FLC orthologues from A. nord-

manniana (AnFLC A and B) to PEP1 and AmFLC; a stretch of N

was inserted between the two contigs joined to form AnFLC A.

The alignment includes a partial sequence of the orthologue of

At5 g10150, exons 1 (A and B in A. alpina) to 7 including all

intronic sequences (partial intron 6 in AnFLC A) as well as

~280-bp sequence downstream of the stop codon (includes the

COOLAIR promoter (Castaings et al. 2014; Csorba et al. 2014;

Swiezewski et al. 2009).

Data S1 Ct values and evaluation of qPCR data
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