A 616

OULU 2013

UNIV ER S IT Y OF OULU P. O.  BR[ 00 FI-90014 UNIVERSITY OF OULU FINLAND

U N I V E R S I TAT I S

S E R I E S

SCIENTIAE RERUM NATURALIUM
Professor Esa Hohtola

HUMANIORA
University Lecturer Santeri Palviainen

TECHNICA
Postdoctoral research fellow Sanna Taskila

ACTA

ADAPTATION TO GROWING
SEASON LENGTH IN THE
PERENNIAL ARABIDOPSIS
LYRATA

MEDICA
Professor Olli Vuolteenaho

SCIENTIAE RERUM SOCIALIUM
University Lecturer Hannu Heikkinen

SCRIPTA ACADEMICA
Director Sinikka Eskelinen

OECONOMICA
Professor Jari Juga

EDITOR IN CHIEF
Professor Olli Vuolteenaho
PUBLICATIONS EDITOR
Publications Editor Kirsti Nurkkala
ISBN 978-952-62-0319-5 (Paperback)
ISBN 978-952-62-0320-1 (PDF)
ISSN 0355-3191 (Print)
ISSN 1796-220X (Online)

UN
NIIVVEERRSSIITTAT
ATIISS O
OU
ULLU
UEEN
NSSIISS
U

Ulla Kemi

E D I T O R S

Ulla Kemi

A
B
C
D
E
F
G

O U L U E N S I S

ACTA

A C TA

A 616

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF SCIENCE,
DEPARTMENT OF BIOLOGY

A

SCIENTIAE RERUM
RERUM
SCIENTIAE
NATURALIUM
NATURALIUM

ACTA UNIVERSITATIS OULUENSIS

A Scientiae Rerum Naturalium 616

ULLA KEMI

ADAPTATION TO GROWING
SEASON LENGTH IN THE
PERENNIAL ARABIDOPSIS LYRATA

Academic dissertation to be presented with the assent of
the Doctoral Training Committee of Technology and
Natural Sciences of the University of Oulu for public
defence in Wetteri-sali (Auditorium IT115), Linnanmaa,
on 13 December 2013, at 12 noon

U N I VE R S I T Y O F O U L U , O U L U 2 0 1 3

Copyright © 2013
Acta Univ. Oul. A 616, 2013

Supervised by
Professor Outi Savolainen
Docent Helmi Kuittinen

Reviewed by
Professor Teemu Teeri
Docent Erica Leder

ISBN 978-952-62-0319-5 (Paperback)
ISBN 978-952-62-0320-1 (PDF)
ISSN 0355-3191 (Printed)
ISSN 1796-220X (Online)

Cover Design
Raimo Ahonen

JUVENES PRINT
TAMPERE 2013

Kemi, Ulla, Adaptation to growing season length in the perennial Arabidopsis
lyrata.
University of Oulu Graduate School; University of Oulu, Faculty of Science, Department of
Biology
Acta Univ. Oul. A 616, 2013
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract
Adaptation to local environment is important for all organisms to guarantee survival and to
maximize reproduction. Populations of the same species may live in environments that differ
markedly. Due to differential selection pressures this can lead to population differentiation, which
can be studied both at the phenotypic and at the gene level. The growing season cued by long days
is typically short in the north, whereas southern populations have long growing seasons and are
adapted to short days. Seasonal fluctuations in temperature also differ between northern and
southern environments. Daylength and temperature regulate the timing of flowering in plants.
Environmental regulation of flowering and its genetic basis has been extensively studied in the
annual model species Arabidopsis thaliana. The perennial growth and flowering habit has been
studied especially in trees, but studies on herbaceous plant species have been lacking. In this
thesis, I have studied adaptation to growing season length in a perennial herbaceous model species
Arabidopsis lyrata. Individuals from populations adapted to northern and southern environments
in Europe were grown in same conditions in the growth chambers and in the field. Differentiation
between the populations was studied by observing their flowering phenotypes and by studying the
expression of genes that are candidates for governing the phenotypic differentiation.
The main result in the thesis was that adaptation to short growing season in north can be seen
as long daylength requirement for flowering and as fast developmental rate. Critical daylength for
flowering likely regulates especially the timing of flowering cessation in the end of the growing
season. Flowering time of individuals from northern populations also responded more strongly to
cold treatment (representing winter) than that of the southern population. The cold requirement for
flowering guarantees that the plants only flower after the winter in the spring with suitable
conditions. Expression studies indicated that population differentiation in flowering could be at
least partly governed by the expression variation in a few candidate genes. The results in this thesis
are valuable for instance for understanding perennial species in general, including tree and crop
species, and for predicting how plants response to changing climate.

Keywords: adaptation, Arabidopsis lyrata, critical daylength, flowering, gene
expression, growing season length, photoperiodism, population differentiation,
vernalization

Kemi, Ulla, Kasvukauden pituuteen sopeutuminen monivuotisella Arabidopsis
lyrata -kasvilajilla.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta, Biologian laitos
Acta Univ. Oul. A 616, 2013
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Ympäröiviin oloihin sopeutuminen on tärkeää kaikille organismeille selviytymisen ja jälkeläistuoton kannalta. Saman lajin eri populaatiot saattavat elää ympäristöissä, joiden olosuhteet poikkeavat toisistaan huomattavasti. Tällöin populaatioihin kohdistuvat erilaiset valintapaineet ja
populaatiot erilaistuvat. Erilaistuminen havaitaan tarkastelemalla yksilöiden ilmiasuja ja geenejä. Kasvukauden pituus määrittää eteläisten ja pohjoisten kasvuympäristöjen valintapaineita.
Pohjoisessa kasvukausi on lyhyt ja sen alkamisesta ja loppumisesta kertoo pitkä päivänpituus.
Etelässä on pitkä kasvukausi ja siellä elävät populaatiot ovat sopeutuneet lyhyeen päivänpituuteen. Myös vuodenaikaiset lämpötilavaihtelut eroavat pohjoisten ja eteläisten alueiden välillä.
Muutokset päivänpituudessa ja lämpötilassa säätelevät kasveilla kukkimisen ajankohtaa. Kukkimiseen vaikuttavia ympäristötekijöitä ja kukkimista sääteleviä geenejä on tutkittu paljon yksivuotisella mallilajilla lituruoholla (Arabidopsis thaliana). Monivuotisten kasvien kasvun ja kukkimisen säätelyä on tutkittu etenkin puilla, mutta hyvin vähän ruohovartisilla kasveilla. Tässä
väitöskirjatyössä tutkin kasvukauden pituuteen sopeutumista monivuotisella ruohovartisella
lajilla, idänpitkäpalolla (Arabidopsis lyrata). Pohjoisiin ja eteläisiin ympäristöoloihin sopeutuneiden eurooppalaisten populaatioiden yksilöitä kasvatettiin samanlaisissa olosuhteissa kontrolloiduissa kasvatushuoneissa ja kenttäolosuhteissa. Populaatioiden erilaistumista tarkkailtiin kukkimiseen liittyvissä ominaisuuksissa sekä eroja selittävien kandidaattigeenien ekspressiossa.
Tutkimuksen päätulos oli, että pohjoisen populaation lyhyeen kasvukauteen sopeutuminen
voidaan havaita pitkän päivän vaatimuksena kukkimiselle ja nopeana kehityksenä. Kenttäolosuhteissa päivänpituus sääteli etenkin kukkimisen lopetusta kasvukauden lopussa. Pitkä kylmäkäsittely nopeutti kukkimista etenkin pohjoisessa populaatiossa. Kukkimista edeltävä kylmävaatimus takaa, etteivät kasvit kuki syksyllä epäsuotuisissa olosuhteissa, vaan vasta keväällä talven
jälkeen. Populaatioiden erilaistuminen kukkimisen päivänpituus- ja kylmävaatimuksessa selittyy todennäköisesti ainakin osittain kandidaattigeenien ekspressioeroilla. Tämän väitöskirjatyön
tuloksia voidaan soveltaa monivuotisten viljelykasvien jalostuksessa tai ennustettaessa kasvipopulaatioiden sopeutumista ilmastonmuutokseen.

Asiasanat: Arabidopsis lyrata, fotoperiodismi, geeniekspressio, kasvukauden pituus,
kriittinen päivänpituus, kukkiminen, populaatioiden erilaistuminen, sopeutuminen,
vernalisaatio
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1

Introduction

The diversity of habitats that species have colonized has evoked several questions
in evolutionary biology: What allows species to colonize new habitats? How do
they adapt to the environment? Which phenotypic traits are selected in the
colonization process, and what is the genetic basis? This thesis aims to examine
these questions by studying locally adapted populations of a perennial model
plant species.
1.1

Local adaptation involves population differentiation

Populations of the same species can differ markedly in phenotypic traits (Clausen
et al. 1940, Turesson 1922), as has been described for color pattern in the mouse
Peromyscus polionotus (Hoekstra et al. 2006), for caudal fin color in the cichlid
fish Cyprichromis leptosoma (Takahashi et al. 2013) and for flowering time in the
monkeyflower Mimulus guttatus (Friedman & Willis 2013). Quite often
population differentiation is due to local adaptation: populations adapt to their
respective environments and they become differentiated due to differential
selection pressures (Hedrick 2006). Local adaptation is strictly defined as a
highest fitness of the local population at each site in a reciprocal transplant
experiment (Kawecki & Ebert 2004). Other evolutionary forces, such as genetic
drift and founder effect, can also lead to population differentiation (Wright 1931).
Population differentiation can be studied both at the phenotypic level and at
the genetic level. Common garden experiments are frequently used to study
phenotypic differentiation. Individuals of different populations are grown in the
same environment and if phenotypic differences arise, it indicates that the
populations are genetically different. Genes underlying the variation can be
mapped by quantitative trait locus (QTL) mapping (Tanksley 1993). Genetic
differences can either be structural, when the amino acid content of the protein is
changed, or they can be observed at the regulatory level, when their expression
level is altered, but the structure remains the same (Oleksiak et al. 2002, Wray
2007).
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1.2

Adaptation to growing season length

The length of the growing season largely determines the environmental conditions
to which organisms adapt. The growing season is typically short in north
compared to more southern environments, even though dry periods often interrupt
the season in the south. Changes in temperature and daylength signal the onset
and the end of the growing season (Bradshaw & Holzapfel 2001, Böhlenius et al.
2006). When populations of the same species adapt to different growing season
lengths, they thus adapt to different temperature and daylength profiles. Northern
populations are usually adapted to cold winter temperatures and to long winters
and associated long days during growing season (Böhlenius et al. 2006, Heide &
Sønsteby 2007, Ray & Alexander 1966, Williams & Lee 2008). Further,
adaptation to growing season length can also involve differentiation in
developmental or metabolic rates. For instance, a fast growth rate of northern
populations was shown to be due to adaptation to short growing season in the
Atlantic silverside Menidia menidia (Conover & Present 1990), and a study by
Crawford et al. (1995) suggested that the short growing season is compensated by
high photosynthetic capacity in the northern populations of Saxifraga
oppositifolia.
1.3

Environment regulates flowering through genetic pathways in
Arabidopsis thaliana

Adaptation to local environment often involves differentiation in the timing of
reproduction (Böhlenius et al. 2006, Lumme & Oikarinen 1977, Napp-Zinn 1957,
Olsson & Ågren 2002, Savolainen et al. 2007). In plants, timing flowering with
the favourable season is essential for successful reproduction. The genes involved
in the regulation of flowering are well studied in the weedy model species
Arabidopsis thaliana. A. thaliana is a good model organism, as it has a short life
cycle, small size and small genome (Koornneef et al. 2004, Shindo et al. 2007).
Moreover, it is easy to do gene transformations with Agrobacterium tumefacience,
and because the species is self-pollinated, homozygous lines, recombinant inbred
lines (RIL) and near-isogenic lines (NIL) can be easily generated (Koornneef et
al. 2004). A. thaliana has hence become a model species especially for molecular
biology and genetics (Rédei 1975). It was the first plant species to be sequenced
(Arabidopsis Genome Initiative 2000).
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In A. thaliana, environmental and endogenous signals regulate the timing of
flowering through genetic pathways that converge on a set of genes called floral
pathway integrators (Fig. 1). Photoperiod and vernalization pathways are the best
known pathways at the molecular level (Andres & Coupland 2012, Kim et al.
2009, Simpson & Dean 2002). The photoperiod pathway signals the daylength
change during the year and it promotes flowering in long days in A. thaliana.
Long day plants are able to flower when the daylength exceeds their critical
daylength for flowering. A. thaliana is a facultative long day plant: long days
promote flowering, but it also flowers in short days, but much later than in long
days. In nature, long day plants flower in the spring or in the early summer.
Daylength regulates flowering through the plant circadian clock. Light is
perceived in the leaves (Knott 1934) by photoreceptors, which mediate the signal
to the clock (Somers et al. 1998). The circadian clock then regulates CONSTANS
(CO), which activates the integrator gene FLOWERING LOCUS T (FT). The
expression level of CO oscillates during the day, being low in the morning and
peaking in the evening. The expression peak coincides with dark in short days and
with light in long days. CO protein is stabilized only in light, and thus CO
promotes flowering only in long daylengths (Imaizumi & Kay 2006, Mizoguchi
et al. 2005, Onouchi et al. 2000, Suárez-López et al. 2001, Valverde et al. 2004,
Wigge et al. 2005).
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Fig. 1. Environmental signals affecting transition to flowering are mediated through
genetic pathways in the model species Arabidopsis thaliana. Each pathway consists
of several genes. Floral pathway integrators combine signals from the pathways and
regulate flower meristem development. Genes studied in this thesis are shown in
bold. CO, CONSTANS; FLC, FLOWERING LOCUS C; FRI, FRIGIDA; MAF1, MADS
AFFECTING FLOWERING 1; FT, FLOWERING LOCUS T; SOC1, SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 and LFY, LEAFY. Figure modified from Ausín et
al. (2005), Parcy (2005) and Simpson & Dean (2002).

Flowering responses with respect to daylength vary between A. thaliana lines
collected from different geographical origins (later called accessions; Giakountis
et al. 2010, Stenøien et al. 2002, Stinchcombe et al. 2004), but latitudinal pattern
in responses has not been apparent. A QTL mapping study indicated that the
integrator gene FT might explain some of the observed flowering time variation
between A. thaliana accessions (Schwartz et al. 2009), but several studies,
including QTL mapping experiments, association analyses, mutant studies,
expression measurements and DNA sequence comparisons, have supported the
role of the vernalization pathway genes in governing the variation in flowering
time (Grillo et al. 2013, Koornneef et al. 1991, Michaels & Amasino 1999,
Méndez-Vigo et al. 2011, Méndez-Vigo et al. 2013, Salomé et al. 2011, Shindo et
al. 2005). The vernalization pathway represses flowering in the fall and signals
the passage of winter (Kim et al. 2009). The vernalization requirement ensures
that plants do not flower in the fall when conditions are likely to be unfavorable.
20

The strength of the cold requirement for flowering can vary between species, but
also between populations within the same species (Boudry et al. 2002, Friedman
& Willis 2013, Heide & Sønsteby 2007). For instance, winter annual accessions
of A. thaliana require vernalization prior to flowering and overwinter as rosettes.
In contrast, summer annual accessions do not have a vernalization requirement
and flower rapidly after germination during the same season. The loss of a
vernalization requirement of the summer annual accession is due to mutation in
one of the two vernalization pathway genes, FLOWERING LOCUS C (FLC) and
FRIGIDA (FRI; Napp-Zinn 1987, Scortecci et al. 2003, Shindo et al. 2005). FLC
encodes a MADS box transcription factor that represses flowering mainly by
inhibiting FT expression (Michaels & Amasino 1999, Searle et al. 2006, Sheldon
et al. 1999). Before the experimental cold treatment or winter, FLC is highly
expressed and flowering is repressed, but cold reduces the expression
permanently and the plant obtains the competence to flower (Ausín et al. 2005,
Shindo et al. 2006). FLC is also regulated independently of environment by the
autonomous pathway, which signals the developmental state of the plant
(Simpson & Dean 2002). Another vernalization pathway gene, MADS
AFFECTING FLOWERING 1 (MAF1) also encodes a MADS box transcription
factor and it shows high protein sequence similarity with FLC (Ratcliffe et al.
2001) indicating that these two genes have a role in the same gene pathway.
Deletion in MAF1 was shown to have an effect on the flowering time in A.
thaliana (Werner et al. 2005). However, its role in governing the variation in
flowering time and in vernalization requirement in A. thaliana has not been
studied thoroughly. It has also been suggested that MAF1 responds to photoperiod
(Scortecci et al. 2003, Sung et al. 2006).
When the repressive effect of the vernalization pathway on flowering is
removed by cold temperature and long days promote flowering, the plants gain
the competence to flower. However, there are also other pathways that regulate
the timing of flowering, especially in non-inductive environments (Simpson &
Dean 2002). For instance, the gibberellic acid pathway has the main role in
determining flowering time in short days in A. thaliana (Wilson et al. 1992).
Thus, the transition to flowering is regulated by a complex network of different
pathways, and the significance of a pathway can vary between environments.
Signals of the pathways are combined by FT and two other integrators,
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and LEAFY
(LFY; Simpson & Dean 2002), but the presence of additional integrators was not
21

excluded (Moon et al. 2005, Parcy 2005). Even though all integrators are
important in flowering, they have distinct roles in the process. Mutant studies
suggested that LFY likely has the main role in the regulation of floral meristem
development, whereas SOC1 and FT mainly affect the timing of flowering (Moon
et al. 2005). FT has been intensively studied, as it is the main component of
florigen, a transmissible signal that is induced in the leaves and then transferred to
shoot apex to induce flowering (Chailakhyan 1936, Kardailsky et al. 1999,
Koornneef et al. 1991, Turck et al. 2008).
1.4

Regulation of flowering in other species

Even though A. thaliana is an excellent model species, is it essential to also study
the genetic basis of flowering regulation in other species, especially in species
that differ in life history strategy from that of A. thaliana. For instance, A.
thaliana is monocarpic annual, and genes involved in the regulation of flowering
can be different in polycarpic perennials (e.g. Aikawa et al. 2010, Wang et al.
2009). There are three main aspects in flowering that separate these two species
groups. First, in monocarpic annuals flowering occurs only once before the plant
senesces, but polycarpic perennials flower multiple times during their life.
Second, the regulation of different steps in inflorescence development can differ
between monocarpic annuals and polycarpic perennials. Annual plants flower
usually rapidly after the inductive signals (Griffith et al. 2004, Grillo et al. 2013),
but in perennials different steps in flowering transition are often regulated
separately. For instance, inflorescence buds can be formed already in the end of
previous growing season, which allows rapid shoot elongation and flowering start
in the beginning of the next season (e.g. Heide 1994, Koskela et al. 2012). Third,
annual plants die soon after reproduction and there is no need for correct
regulation of flowering cessation and growth cessation. In contrast, in perennials
correct timing of cessation of flowering and growth in the end of growing season
is important to guarantee successful overwintering and reproduction in the
following seasons (Böhlenius et al. 2006).
Effects of vernalization and photoperiod on flowering and their genetic basis
have started to be studied in other species than A. thaliana as well. For instance,
vernalization has an important role in determining flowering time in the biennials
Beta vulgaris (Boudry et al. 2002) and Brassica oleracea (Lin et al. 2005), and in
the perennials Arabis alpina (Wang et al. 2009) and Arabidopsis halleri (Aikawa
et al. 2010). FLC orthologs have an important role in the vernalization
22

requirement in these species too. However, in the species that differ in the life
history strategy from that of A. thaliana, the orthologs can have additional roles.
For instance, PEP1 (PERPETUAL FLOWERING 1), an FLC ortholog in A.
alpina, was also shown to regulate the duration of flowering and to prevent some
branches from transition to flowering (Wang et al. 2009), both of which are
important in perennial polycarpic flowering habit. In some species, e.g. in B.
rapa, in Arabidopsis arenosa and in Arabidopsis lyrata, there are additional
copies of the FLC orthologs and it has been suggested that they all share similar
function (Nah & Chen 2010, Schranz et al. 2002), although their role in plant
development has not been studied thoroughly.
In perennials, the photoperiod pathway provides information about the
forthcoming growing and flowering season in the spring, but more importantly, it
signals the end of the seasons in the fall. This aspect has been well studied
especially in woody perennials (Savolainen et al. 2007). A clear latitudinal cline
in the timing of growth cessation was found for Betula pendula (Viherä-Aarnio et
al. 2005), for Picea abies (Dormling 1979, Gyllenstrand et al. 2007) and for
Populus tremula (Böhlenius et al. 2006). Populations from higher latitudes ceased
growth in longer days than populations from lower latitudes, and this was shown
to be due to differential expression of FT orthologs in P. abies (Gyllenstrand et al.
2007) and in P. tremula (Böhlenius et al. 2006, Hsu et al. 2011). However, not
much is known about the photoperiodic regulation of flowering and growth
cessation and about its genetic basis in herbaceous perennial species. As many
crop species are perennial herbs, gaining more information about the
environmental regulation of the growing season length, and about the genes that
are involved, is of interest for crop management. Combinations of field studies
and growth chamber experiments with multiple populations, and relating
phenotypic traits with expression pattern of candidate genes, can contribute to
better understanding of this subject.
1.5

Arabidopsis lyrata as a model species for evolutionary studies

Arabidopsis lyrata (L.) O’Kane & Alhehbaz (Brassicaceae) is a close outcrossing
and perennial relative of well-studied species A. thaliana. A. lyrata has become a
model species for ecological and evolutionary genetics for several reasons
(Mitchell-Olds 2001, Savolainen & Kuittinen 2011). Its published whole genome
sequence (Hu et al. 2011) and relatedness with A. thaliana enables researchers to
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use well-optimized molecular methods and the knowledge of genetics in A.
thaliana to study A. lyrata. Populations of A. lyrata are geographically isolated
and several studies have shown that the populations are genetically differentiated
(Clauss & Mitchell-Olds 2006, Gaudeul et al. 2007, Jonsell et al. 1995, Muller et
al. 2008, Pyhäjärvi et al. 2012, Ross-Ibarra et al. 2008) and locally adapted
(Leinonen et al. 2009, Leinonen et al. 2011, Vergeer & Kunin 2013). In common
garden experiments the populations differ in many phenotypic traits, including
leaf morphology, flower number, trichome production, resource allocation,
predominant mating system, flowering propensity and timing of flowering
(Kivimäki et al. 2007, Kuittinen et al. 2008, Mable & Adam 2007, Quilot-Turion
et al. 2013, Remington et al. 2013, Riihimäki & Savolainen 2004, Riihimäki et al.
2005, Sandring et al. 2007, Vergeer & Kunin 2011, Willi & Määttänen 2010).
Population differentiation has led to incipient reproductive isolation within the
species (Aalto et al. 2013, Leppälä et al. 2013).
A. lyrata is divided in two subspecies: ssp. lyrata is mainly distributed in
North America and eastern Russian, ssp. petraea mainly in Europe. The two
subspecies belong to two differentiated evolutionary lineages (Ansell et al. 2010,
Clauss & Koch 2006, Muller et al. 2008, Pyhäjärvi et al. 2012, Savolainen &
Kuittinen 2011). Populations of A. lyrata inhabit variable environments with low
competition level. For instance, at the high-altitude field site in Norway, the
species grows on a sandy riverbank, whereas at the low-altitude field site in
Germany it grows on rocky boulders (Fig. 2).
1.6

Aims of the study

The aim of this study was to examine the adaptation to growing season length in
perennial herbs, using A. lyrata as a model species. I studied population
differentiation in traits related to timing of flowering both in the field and in
growth chambers. Especially, it was important to study the different steps in the
development of the inflorescence, and to relate the results to the expression of
genes that are candidates for governing the variation in flowering related
phenotypes. I examined the following hypotheses (Table 1): 1. Adaptation to
different growing season lengths and associated daylengths can be seen as
differentiation in critical daylength for flowering (Olsson & Ågren 2002,
Savolainen et al. 2007). Critical daylength regulates flowering start in the
beginning of growing season, but more importantly, also flowering cessation in
the end of the season (Böhlenius et al. 2006, Savolainen et al. 2007). I examined
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whether southern populations are more likely to flower in shorter daylength than
northern populations, and whether they cease flowering later in the season, i.e. in
shorter daylength, than the northern populations. Previous studies have indicated
that northern populations of A. lyrata have longer critical daylength for flowering
than the southern populations (Riihimäki & Savolainen 2004, Riihimäki et al.
2005), but the effect of photoperiod on the different steps of flowering has not
been studied earlier in detail. 2. Adaptation to growing season length also
involves differentiation in developmental rates (Conover & Present 1990). I
expected that northern populations have faster developmental rate than southern
populations. 3. Adaptation to differential temperature profiles involves
differentiation in vernalization responses (Heide & Sønsteby 2007). I expected
that northern populations have a stronger vernalization requirement than the
southern populations, and that vernalization affects the timing of flowering more
in northern populations than in southern ones. 4. Adaptation to growing season
length cued by differential seasonal fluctuations in photoperiod and temperature is
based on differentiation in the expression of vernalization pathway genes and of
the integrator gene FT (Böhlenius et al. 2006, Michaels & Amasino 1999,
Schwartz et al. 2009, Shindo et al. 2005, Shindo et al. 2006). As FT is strongly
regulated by photoperiod pathway, I expected that early flowering cessation in
northern populations is due to early downregulation of FT. Moreover, FT was
expected to be expressed in shorter daylength in southern populations than in
northern populations, due to their shorter critical daylength for flowering. Further,
I expected that a strong vernalization requirement and strong responses to
vernalization in northern populations are due to high expression levels of
vernalization pathway genes MAF1, FRI and the two duplicated FLC genes
(FLC1 and FLC2). As the two FLC genes in A. lyrata are not studied thoroughly
earlier, their DNA sequence was also compared in the two populations. Finally,
the genetic basis of differential FLC1 expression was studied by eQTL mapping
and DNA sequence comparison.
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chambers and field).

southern populations. In the field, flowering period starts when
daylength exceeds the critical photoperiod and ends when
daylength is shorter than that. Flowering period is shorter in northern

involves differentiation in critical daylength

for flowering. Photoperiod plays important

role both in the beginning of and in the end

of growing season.

chamber).

than southern populations.

in vernalization responses. Vernalization

Its expression is downregulated earlier in northern A. lyrata
populations than in southern ones, as they cease flowering earlier.
As southern populations have shorter critical photoperiod for
flowering, FT is expressed in shorter daylength in these populations.

temperature profiles, is due to differentiation

in the expression of integrator gene FT and

of genes in the vernalization pathway.

vernalization.

Northern populations have higher expression level before

Vernalization pathway genes FLC1, FLC2, FRI and MAF1:

Integrator gene FT: FT is involved in regulation of flowering period.

(4) Adaptation to different growing season

lengths, and associated photoperiod and

environments than in southern ones.

DNA sequence analysis.

experiment,

QTL mapping

measurements,

Gene expression

experiment (growth

requirement for flowering and they respond more to vernalization

requirement is stronger in northern

Common garden

Northern A. lyrata populations have stronger vernalization

(3) Adaptation to environments with different

temperature profiles involves differentiation

chambers and field).

experiments (growth

than more southern populations.

rate.

Common garden

Northern populations of A. lyrata have faster developmental rate

(2) Adaptation to growing season length

involves differentiation in developmental

I, III, IV

I

II, III, IV

experiments (growth

growing season, they require longer daylength for flowering than

(1) Adaptation to growing season length

populations than in southern ones.

Papers
II, III, IV

Experiments
Common garden

Predictions
As Northern populations of Arabidopsis lyrata are adapted to short

Hypothesis

Table 1. Hypotheses examined in the study and the main predictions.

2

Material and methods

Materials and methods are described here only briefly. More details are included
in the original papers (I–IV).
2.1

Study material

The study focused on European populations of A. lyrata ssp. petraea. Two
populations, Norwegian Spiterstulen and German Plech (Fig. 2; Fig. 1 in II; Table
S1 in IV) were included in all studies. These two populations represented
northern and southern regions of the distribution area of the species in Europe.
Their natural habitats differ in many environmental factors. For instance, the
growing season length is about three months in Spiterstulen and about seven
months in Plech (Fig. 1 in II; Table S1 in IV), and the maximum daylength at the
Norwegian site is more than 19 hours, and about 16 hours at the German site
(Table S1 in IV). Further, these two populations have been widely studied in the
previous experiments (Kuittinen et al. 2008, Leinonen et al. 2009, Pyhäjärvi et al.
2012, Quilot-Turion et al. 2013, Riihimäki & Savolainen 2004, Riihimäki et al.
2005), and thus some information about their phenotypic and genotypic
differences were already available. Additional European populations were
included in paper IV and one Swedish population in paper I. In paper III, two
North American populations of ssp. lyrata were additionally included.
In all experiments, each population was represented by several unrelated
families. Seeds had been produced by crosses in the laboratory. In paper I, loci
affecting FLC1 expression variation in Plech and Spiterstulen populations were
located by eQTL (expression quantitative trait locus) mapping in the F2 progeny
between the parental populations. F2 plants were obtained by making two
independent pairs of plants from parental populations to get two unrelated F1
families. Then, individuals representing both F1 families were crossed to get F2
plants.
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Fig. 2. Locations of the two main study populations of Arabidopsis lyrata. Photos by
Päivi Leinonen and Ulla Kemi.

2.2

Experiments

To test hypotheses 1 and 2 concerning population differentiation in the critical
daylength for flowering and in developmental rate, the flowering in the
populations was studied after vernalization in two [LD (light:dark) 14:10 and
LD20:4; II] or in three photoperiod treatments (LD8:16, LD14:10 and LD20:4;
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III) in common garden experiments. LD8:16 represented short day and LD20:4
long day for all study populations. As environmental signals affecting flowering
in natural conditions can be much more complex than in the controlled growth
chambers (Wilczek et al. 2009), flowering was further studied in a common
garden experiment at the high-latitude field site in Oulu, Finland, for three
growing seasons (IV). To test hypothesis 3 about differentiation in the
requirement for vernalization and in the vernalization responses, flowering was
studied in the populations in nonvernalized and vernalized plants in the growth
chamber experiment (I).
2.3

Phenotypic differentiation

Differentiation in the timing of different steps in inflorescence development (Fig.
3 in III) was studied by scoring the date of visible inflorescence bud emergence
(II–IV), of initial inflorescence shoot elongation (III and IV) and of opening of
the first flower (referred to flowering start; I–IV). From these data, propensities
for inflorescence bud emergence (II–IV), for inflorescence shoot elongation (IV)
and for flowering start (I–IV) was calculated. To study the population
differentiation in developmental rates, the time intervals between visible
inflorescence bud emergence and initial shoot elongation, between shoot
elongation and flowering start (III and IV) and between bud emergence and
flowering start (II–IV) were calculated. In the field experiment in Oulu (IV),
timing of flowering cessation (no open flowers left) and of last inflorescence
shoot elongation in the end of growing season was scored.
2.4

Gene expression measurements

Hypothesis 4 concerning differential expression of FT and of the vernalization
pathway genes was tested by studying the expression levels in the populations in
common garden experiments in the growth chambers (I and III) and in the field
(IV). In paper I, FLC1 expression was studied in the populations before and after
the first and second vernalization treatments. In paper III, expression of FT,
FLC1, FLC2, FRI and MAF1 was studied before, during and after vernalization
treatment. Further, in paper III, FT expression was also studied in the three
photoperiod treatments after the vernalization to find out whether its expression
correlates with variation in flowering propensity and in timing of flowering in the
populations. In paper IV, expression of FT, FLC1, FLC2 and MAF1 was studied
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in the first fall after planting and during the following growing season from
snowmelt to snowfall, i.e. from April to November.
FLC1 expression was further measured in F2 plants of a cross between Plech
and Spiterstulen population to locate the loci that affect the differential FLC1
expression between the populations before vernalization (I).
Either shoot apex (I) or leaves (I, III and IV) were used for RNA extractions.
RNA was extracted with RNeasy® Mini Kit (Qiagen), with RNeasy® 96 Kit
(Qiagen; I) or with phenol-based 96-well extraction method (Box et al. 2011; III
and IV) and cDNA was synthesized using Superscript III RT enzyme (Invitrogen).
Gene expression levels were measured by qPCR reactions which were run either
with the 7000 Sequence Detection System ver. 3.0 (Applied Biosystems; I) or
with LightCycler® 480 (Roche; I, III and IV). ACTIN7 (ACT7) or TUBULIN6
(TUB6) was used as a reference gene. Expression levels were normalized either
by covariate analysis (I) or by subtracting the CT (Threshold Cycle) value of the
target gene from that of the reference gene (III and IV).
2.5

DNA sequence analysis

To find out whether the DNA sequences of FLC1 and FLC2 differ from each
other, the promoter region and the gene sequences in two Plech and Spiterstulen
individuals were sequenced (I). To study the FLC1 sequence in more detail in the
populations, the promoter region and the full gene sequence were also sequenced
in two F2 plants that were homozygotes for parental alleles. These sequence data
indicated that differential FLC1 expression between the parental populations is
caused by sequence differences in the regulatory region in the promoter and in the
first intron. To find out whether these differences are fixed in the populations, this
region was further sequenced in 13 Plech individuals and in 7 Spiterstulen
individuals.
2.6

Statistical methods

2.6.1 Phenotypes
The phenotypic trait data were mainly analysed with linear models or with
generalized linear models. Likelihood ratio tests between the models (lm function
for linear models and glm function for generalized linear models in statistical
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environment R) were used to determine the statistical significance. Modelling
with lm function is possible only with normally distributed data and continuous
traits, but glm function allows other distributions and binary traits as well. In both
cases a best-fitting model, in which the variation in the response variable is
explained by the explanatory variable(s), is fitted to the data. Each explanatory
variable is included in the final model if it has a significant effect on the variation
in the response variable. The significance of each explanatory variable is defined
by comparing a full model with the model from which the explanatory variable is
removed. If removing the variable from the model does not change the fitting of
the model to the data, it does not explain significantly the variation in the
response variable and it can be removed from the model.
For continuous traits that were not normally distributed, log10 or loge
transformations were used. If transformation did not improve the normality,
nonparametric Wilcoxon rank sum test or Kruskall-Wallis test was used.
To find out whether the populations respond differently to vernalization or to
photoperiod, the significance of the interaction term between population and
vernalization (I) or between population and photoperiod (II and III) was analysed.
If the interaction term did not have a significant effect on the studied trait, the
effect of main effects (population and vernalization/photoperiod) was analysed. In
paper IV, only the effect of population or of region within Europe was of interest,
and thus only their main effects were analysed. Block factor (I–IV) and rosette
size (I, III and IV) were included in the model if they had significant effect on the
response variable.
R versions 2.8.1, 2.9.2, 2.11.0 and 2.15.1 (R Development Core Team 2008,
2009, 2010 and 2012) were used for analysing the phenotypic data.
2.6.2 Expression levels
The effect of vernalization and population on FLC1 expression was analysed with
analysis of covariance, where the response variable was the CT value of FLC1
and the explanatory variables CT value of a reference gene TUB6, population and
vernalization (before/after; I). Here R version 2.8.1 (R Development Core Team
2008) was used. In papers III and IV, the expression data were not statistically
analysed.
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2.6.3 QTL mapping
The loci affecting variation in FLC1 expression in a F2 cross between Plech and
Spiterstulen populations were located with a genome-wide interval mapping using
expression level as a phenotypic trait (eQTL; I). In QTL mapping the genomic
loci affecting the trait of interest are defined with association between genetic
markers and the trait. Here 40 markers [microsatellite, CAPS (cleaved amplified
polymorphic sequences) and dCAPS (derived cleaved amplified polymorphic
sequences) markers] and their linkage map constructed with JoinMap v.3.0 (van
Ooijen & Voorrips, 2001) were used. The QTL mapping was performed with
MapQTL® 5 (van Ooijen, 2004). The significance level of 0.05 for LOD score
was defined with 10 000 permutations.
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3

Results and discussion

3.1

Differentiation in critical daylength for flowering and its genetic
basis

Adaptation to growing season length in A. lyrata was studied in this thesis, and as
changing photoperiod largely determines the length of the growing season, it was
expected to play an important role in regulating the timing of flowering start and
of flowering cessation. Further, northern populations adapted to short growing
season were expected to have faster developmental rate than southern
populations. In agreement with previous results (Riihimäki & Savolainen 2004,
Riihimäki et al. 2005), the northern Norwegian population required longer
daylength for flowering than the more southern German population (Fig. 5D in II;
Fig. 4 in III). When the effect of photoperiod on different steps in inflorescence
development was studied, it was found that the photoperiod has an important role
especially in the regulation of inflorescence shoot elongation (Fig. 4 in III). The
first step in inflorescence development in A. lyrata is the emergence of
inflorescence bud, which was formed regardless of daylength in both populations
in growth chambers (Fig. 5A in II; Fig. 4A in III). The inflorescence buds were
likely initiated already during the cold treatment as was reported for A. alpina
(Wang et al. 2009) and for Sinapis alba (D’Aloia et al. 2008). After inflorescence
bud formation, the short daylength prevented shoot elongation and flowering start
in the Norwegian Spiterstulen population (Fig. 5D in II; Fig. 4B in III). The
inhibition was strongest in the shortest daylength treatment (LD8:16), which
prevented shoot elongation also in some plants of the German population (Fig. 4B
in III). In the field, inflorescence buds were formed already during the previous
fall, which allowed rapid flowering after the snowmelt in the spring when critical
daylength was already exceeded (Fig. 4 in II; Figs 3, 5A–C and 6A in IV).
In the field site in Germany, winter temperatures are seldom below freezing
and the plants are not normally covered by the snow. Thus, in addition to higher
temperature, increasing daylength in the beginning of growing season also may
provide valuable information about the forthcoming flowering season for the
plants. In contrast, in the field site in Norway, plants never experience the short
daylengths in the spring because when they occur, the plants are still covered by
snow. After the snowmelt, in the beginning of flowering season, daylength is
already very long. Thus, it was interesting to see such a strong response to
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photoperiod in flowering in the Norwegian population in the growth chambers.
Indeed, the field study in the high-latitude environment showed that instead of
regulating flowering start, the photoperiod is of significance for the regulation of
flowering cessation in nature. Elongation of inflorescence shoots ceased earlier,
i.e. in longer day, in the Norwegian population than in the German population
(Fig. 5G and 6A in IV). On average, the plants from the Norwegian population
elongated the last inflorescence shoot on August 6th (Table S2 in IV), when the
day was 17.8 hours, whereas the last shoot elongation was observed in the
German population on average on August 19th (16.3 hours of light). Further, a
pilot study in the growth chambers supported the expectation that northern
Norwegian populations cease flowering in longer daylength than southern
German population (Ulla Kemi, unpublished results). Whether plants actually
flower depends at each time during the season on whether the inflorescence buds
elongate into shoots that can have open flowers. As long as the daylength is
longer than the critical daylength for flowering, the shoots are elongated. In both
northern and southern environment this is likely of significance in the end of
flowering season, but at the southern environments also in the beginning of it.
Once the decision to flower had been made, and inflorescence shoot started to be
elongated, northern Spiterstulen population opened the first flower earlier than the
southern German population (Fig. 5E in III; Fig. 5E in IV), supporting the
expectation that northern populations have faster development rate than more
southern populations. The observed difference in time interval between initial
shoot elongation and first flower opening are likely to be at least partly due to
differences in shoot length at flowering start, as Spiterstulen plants have shorter
inflorescence shoot at the time of flowering start than Plech plants (Quilot-Turion
et al. 2013).
The timing of last inflorescence shoot elongation and of flowering cessation
was paralleled by downregulation of the expression of the integrator gene FT in
the populations in the field experiment (Fig. 6A,B in IV). Northern Spiterstulen
population ceased flowering (having open flowers) nearly six weeks earlier and
ceased elongation of new inflorescence shoots about two weeks earlier than the
German Plech population (Figs 5G,H and 6a and Table S2 in IV). The pattern was
similar also in other northern and southern populations. In both populations, FT
expression started to decrease at the time when last inflorescence shoot was
elongated (Fig. 6A,B in IV). Even though the results here strongly suggest that FT
regulates the timing of flowering cessation in A. lyrata, it should be verified by
additional experiments, for instance by QTL mapping and sequence analyses.
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Interestingly, in the growth chamber experiment FT expression did not correlate
with flowering propensity in different photoperiods, as in the shortest daylength
no FT expression was detected even though most plants that had formed
inflorescence bud in Plech population also flowered (Figs 4 and 7 in III).
However, FT still likely contributes to the timing of flowering start, as its
expression increased with increasing daylength; note that individuals from both
populations also flowered earlier in longer daylengths (Figs 5C and 7 in III). This
suggests that some other flowering promoting pathway, likely gibberellic acid
pathway, promotes flowering in short daylength. The gibberellic acid pathway
was shown to mainly regulate the integrator gene SOC1 (Moon et al. 2005),
which would allow flowering also in the absence of active FT.
It was previously suggested that the FLC orthologs in A. alpina and in A.
halleri regulate the flowering period (Aikawa et al. 2010, Wang et al. 2009). In A.
lyrata FLC orthologs are not involved in the regulation of differential timing of
flowering cessation in the populations, as the expression of both FLC genes
started to decrease in the field experiment as late as in October in all study
populations, much later than flowering ended (Fig. 6A,D,E in IV). In poplar
(Populus ssp.) one of the two FT orthologs regulates the transition to
reproduction, whereas the other ortholog regulates vegetative growth (Hsu et al.
2011). Further, northern poplar populations set their buds earlier in the fall than
more northern populations, and this variation was shown to be due to differential
FT expression (Böhlenius et al. 2006). However, in that study the two FT genes
were not separated. These results together with the results described here suggest
that FT might be involved in contributing the perennial, polycarpic growth habit
both in woody and herbaceous plant species.
To summarize, the common garden experiments in the growth chamber and
in the field in this thesis showed that northern populations of A. lyrata have
longer critical daylength for flowering and faster developmental rate than more
southern populations. When photoperiod exceeds the critical daylength, the
flowering season starts and plants start to elongate inflorescence shoots. In the
northern environments with short growing seasons, temperature and the timing of
snowmelt likely has more important role in determining the beginning of
flowering season than photoperiod. In the end of growing season photoperiod is
important in all environments in determining the cessation of flowering season.
Expression variation in the integrator gene FT likely plays an important role in
governing the between-population variation in the timing of flowering cessation.
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Further eQTL studies would reveal the loci that contain the causal variants for
variation in FT expression and in the timing of flowering cessation.
3.2

Variation in vernalization responses and its genetic basis

It was hypothesized that the Norwegian Spiterstulen population has a stronger
vernalization requirement for flowering and that it responds more to vernalization
in flowering time than the German Plech population. Surprisingly, vernalization
did not affect the flowering propensity in either of the populations (Fig. 1D in I).
However, vernalization decreased the timing of flowering start more in
Spiterstulen population than in Plech population (Fig. 1A in I). These results
together with previous studies (e.g. Boudry et al. 2002, Heide & Sønsteby 2007)
indicate that vernalization is more important for reducing flowering time in
populations living in the north than populations living in the south. A strong
vernalization requirement in the north is thought to be an adaptation to the short
growing season (Boudry et al. 2002, Shindo et al. 2006). Flowering in the fall
before the fulfillment of the vernalization requirement can lead to reduced
survival of the plant or of the developing seeds, and thus reduce fitness notably.
Vernalization can also have an important role in regulating flowering in the
southern environments. For instance, Stinchcombe et al. (2005) suggested that the
southern populations of A. thaliana are more sensitive to vernalization than more
northern populations, and Méndez-Vigo et al. (2013) showed that flowering in
Spanish populations of A. thaliana is strongly promoted by vernalization.
However, the strong vernalization requirement can also be associated with highaltitude habitats (Méndez-Vigo et al. 2011).
In addition to affecting the propensity and timing of flowering, vernalization
can have additional roles especially in perennial species that experience multiple
growing seasons. Paper I (Fig. 2A) showed that in A. lyrata vernalization is
involved in synchronizing flowering of the individuals of the same population, as
variation in flowering time was greatly reduced after vernalization in all study
populations. For outcrossing insect pollinated plants it is essential to flower when
other plants of the same species are flowering and when suitable pollinators are
available (e.g. Parra-Tabla & Vargas 2007). Synchronous flowering can also have
negative effects, such as limiting the movements of pollinators and thus limiting
the pollen movement (reviewed by Munguía-Rosas et al. 2011).
We found in paper I that in nonvernalized plants, FLC1 is expressed at higher
level in the Norwegian Spiterstulen population than in the German Plech
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population (Figs 5 and 6 in I). However, the expression difference was not that
clear in the other studies (Fig. 6C in III; Fig. 6D in IV). High FLC1 expression in
Spiterstulen population would be concordant with strong vernalization response
in this population (Fig. 1A in I). Vernalization decreased FLC1 expression in both
populations and removed the expression difference, as well as the difference in
flowering time (Figs 1A, 5 and 6 in I). eQTL mapping revealed one QTL locating
at the FLC region in linkage group 6 that explains the variation in FLC1
expression within the F2 plants in a cross between Plech and Spiterstulen
population (Fig. 7 in I). This cis-QTL indicated that the variation in DNA
sequence in this region is causing the expression difference between German and
Norwegian population in this cross. Sequencing of FLC1 gene region showed that
the gene sequence differs between the population in the promoter area and in the
first intron (Fig. 8A in I), where the most important regulatory regions of the gene
are (Sheldon et al. 2002). An accession of A. alpina with an obligatory
vernalization requirement is due to active FLC ortholog, PEP1 (Wang et al.
2009). A mutation in this gene caused extremely early flowering phenotype.
Further, flowering without cold treatment in several natural accessions of A.
alpina was described to be due to independent loss-of-function mutations in
PEP1 (Albani et al. 2012).
Gene duplications are quite common in genome evolution (Alvarez-Buylla et
al. 2000, Conrad & Antonarakis 2007, Hardison 2012, Hsu et al. 2011, Lemons &
McGinnis 2006, Nah & Chen 2010, Vision et al. 2000). After the duplication
event, one of the copies is usually silenced or it may gain a new function. The
copies can also keep the same function, but then their spatial or temporal
expression pattern is likely changed (Lynch 2002). For instance, the two FT genes
in populus have diverged in the protein sequence as well as in the expression
patter (Hsu et al. 2011). The genomic region containing the FLC gene duplicated
in A. lyrata about 5 million years ago (Nah & Chen 2010 and paper I). In this
thesis, I have started to study the role of the two FLC genes in vernalization
responses in A. lyrata. Results here suggest that FLC1 is not functional in all
individuals in the Plech population (III and IV) and FLC2 is not functional in all
individuals in the Spiterstulen population (Fig. 3 in I; III and IV). I did not find
any indication that one of the genes would be nonfunctional in other studied
populations. As the expression profile and the DNA sequence of the two genes are
highly similar (Fig. 3 in I; Fig. 6C,D in III; Fig. 6C,D in IV), it is likely that they
are involved in regulation of the same developmental event. However, FLC2
expression remained low longer than FLC1 expression in Spiterstulen and Plech
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populations when the plants were transferred to warm temperature and long day
after the cold treatment (Fig. 6C,D in III), and after the winter in the field
experiment (Fig. 6D,E in IV). The strong response to vernalization in the northern
population might be due to the combined expression level of FLC1 and FLC2, but
more studies are still needed. Several FLC paralogues have been found also in
other Brassica species. For example, there are four FLC genes in Brassica rapa
(Schranz et al. 2002, Zhao et al. 2010) and it was suggested that the main gene
for flowering time and vernalization response differences is BrFLC2. The
function of the other FLC genes in B. rapa is not known, but based on the
sequence similarity it was proposed that they all have similar functions as FLC in
A. thaliana (Schranz et al. 2002). In A. alpina, the region that includes first exon
of PEP1, and part of the promoter and of the first intron, is duplicated (Albani et
al. 2012). Both regions lead to full-length transcripts, but their expression pattern
differed slightly. It was proposed that the perennial growth habit might be due to
the complexity in PEP1 regulation that arises from the two duplicates.
In addition to FLC, there are also other vernalization responsive genes that
might govern the between population differences in the vernalization responses.
Papers III (Fig. 6B) and IV (Fig. 6B) showed that also MAF1 responses to
vernalization in A. lyrata. Interestingly, MAF1 expression was slightly higher in
the Norwegian population than in the German population before and during
vernalization treatment (Fig. 6B in III) and during the whole snowless season in
the field experiment (Fig. 6B in IV). Thus, in addition to FLC genes, MAF1 might
be involved in governing the natural variation in vernalization responses in A.
lyrata. In A. thaliana, a deletion in MAF1 explained the early flowering in one
accession (Werner et al. 2005). Further, it was suggested that MAF1 is expressed
differentially in different accessions of A. thaliana (Ratcliffe et al. 2003) and that
the expression difference might contribute to the flowering time difference
between the accessions (Werner et al. 2005).
FLC contributes to most of the observed flowering time variation in A.
thaliana together with its regulator FRI (Gazzani et al. 2003, Johanson et al.
2000, Shindo et al. 2005). A deletion of 14 amino acids in FRI was earlier shown
to contribute to early flowering in A. lyrata (Kuittinen et al. 2008). Here we did
not find any indication that variation in FRI expression would be involved in
between population differences in flowering and in vernalization responses (Fig.
3D in III). Further, a pilot study (Anu Pasanen, unpublished results) indicated that
the deletion in FRI does not affect the expression level of FLC. The effect of the
38

deletion on flowering time is hence transmitted through some other mechanism
than by affecting FLC expression.
To conclude this part of the thesis, as expected, northern Norwegian
population of A. lyrata showed stronger response to vernalization than the study
population from Germany. Between-population differences in vernalization
responses might be due to differential expression of the FLC genes or MAF1.
There are additional copies of FLC in many perennial relatives of A. thaliana, and
their complex expression pattern might be involved in regulating the perennial
flowering habit.
3.3

Role of photoperiod and vernalization pathways in governing
flowering time variation in other species

Natural variation in flowering time and its genetic basis has been of interest in A.
thaliana and in other species for several reasons. For instance, knowledge of the
genes governing the flowering time variation can be used in crop breeding.
Results in this thesis demonstrated that the genes of the vernalization and
photoperiodic pathways likely govern the variation in between-population
differences in the duration of flowering. Genes of these pathways also are
involved in governing flowering time variation in many other temperate species,
such as wheat and barley (Turner et al. 2005, Yan et al. 2003, Yan et al. 2006).
However, some commercially valuable species are tropical. These species usually
flower in short days and they do not have a vernalization requirement for
flowering. Studies on rice and maize have shown that variation mainly in
photoperiod pathway genes govern the flowering time variation in tropical short
day species (Alonso-Blanco et al. 2009). For instance, homologs of CO and FT
contribute to the flowering time variation in rice (Doi et al. 2004, Kojima et al.
2002, Yano et al. 2000). Thus, as photoperiod is a highly conserved flowering
pathway in plants (Yanovsky & Kay 2003), it is likely involved in governing
flowering time variation in many species groups, but the significance of the
vernalization pathway genes in governing the variation is likely restricted to
temperate species (Yanovsky & Kay 2003).
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Conclusions

When plant species colonize new habitats, selection favors those individuals that
succeed in timing important life history events with the correct season. Here I
have studied the environmental regulation of flowering start and cessation in
locally adapted populations of A. lyrata. It was shown that the flowering period is
longer in southern population than in northern one, and that this was regulated by
photoperiod. The results suggested that differences in FT expression contribute to
variation found in the length of the flowering period. FT is a highly conserved
flowering promoter in plants. Further, adaptation to different growing season
lengths was also seen in differentiation in vernalization responses in flowering.
The northern population responded more to vernalization than the southern
population. The role of the vernalization pathway genes FLC1, FLC2, FRI and
MAF1 in governing the variation in vernalization responses was studied. The
results supported the involvement of the FLC genes and of MAF1. The orthologs
of FT, FLC and MAF1 in closely related species have also been shown to be
important in governing the variation in photoperiod and vernalization responses.
Further expression studies, eQTL studies and DNA sequence analyses and
observing the life history events in plants of natural populations at their native
environments would solve further questions about the timing of life history events
in different environments and about the loci that are involved in governing the
observed variation between populations. The results here provide a good basis for
those studies. Finding out more about the genetic basis of the environmental
regulation of the flowering season in perennials can be utilized in crop and tree
breeding, as well as in predicting how plant species adapt to changing
environments.
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