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Abstract

Cold acclimation is a process which increases teezing tolerance of an
organism, after exposure to low, non-freezing terajpees. The acclimation
ensures that cold tolerant species can endure hérgkr conditions, by

preparing them to sub-zero temperatures. Cold-Bemglants such as oat
and rice have limited abilities to cold acclimatedaare therefore easily
damaged during winter time.

The development of more tolerant varieties by udigiechnological
methods is desirable, since the yields are expeiteidhprove due to a
prolonged vegetation period. However, in order ppla such methods,
more knowledge about the underlying mechanisms latgg the cold
tolerance and acclimation is required. One stepigdirection is to analyze
gene expression data generated from cold stresse@art 1) and rice
plants Part I).

The focus of this thesis is, consequently, analysexpression profiling
data, which was generated using the EST sequencid@DNA microarray
technologies. The results show that both oat arel are cold responsive,
with many of the previously identified cold regddt genes having a
counterpart in these species. In rice, howevery¢lponse is less dynamic
than in the model organisrabidopsis thalianaand this may explain its
inability to fully cold acclimate.

Additionally, the work in this thesis focuses orakating if small-scale
EST sets can be used for ‘digital-Northern’, inertb identify genes that
are involved in the regulation of the cold stressponse. The results show
that small-scaled EST sets are not optimal for sarchanalysis, since the
method detected only a portion of cold responsemeeg represented in the
sets. This has to due with the inherent propedidsST data and limitations
in the analysis steps of the sequences.

The work also concerns the identification @$-elements coupled to
transcription factors prominent in the regulatidrthee response. Since cold
acclimation is a quantitative trait the responseé ggulation of cold stress
is under combinatorial control of several trandaip factors and the results
show that this should be taken into account whentitying binding sites.






“Imagine for a moment that your feet are anchored to
the ground and you are standing in St. Paul, Alto Rio
Senguerr, Torino or Sapporo and it is summer. You are
outside and can’t go inside. Now imagine having to
remain in that place for the entire year; all of your life.

This is the life of a tree.”
Guy, Charles (1999) Molecular Responses of Plants to Cold

Shock and Cold acclimation. Journal Molecular Microbiology
Biotechnology, 1: 231-242.






List of papers

This thesis is based on the following papers, whidh be referred to by
Roman numerals

Brautigam, M., Lindl6f, A., Zakhrabetkova, S., Ghhhetri,
G., Olsson, B. and Olsson, O. (2005) Generationaavadysis of
9792 EST sequences from cold acclimated oat, Asatwa.
BMC Plant Biology5:18.

Lindl6f, A., Brautigam, M., Chawade, A., Olsson,dhd Olsson,
0. (2007) Identification of Cold-Induced Genes iar€al Crops
and Arabidopsis through Comparative Analysis of tihlé EST
sets. In: Hochreiter, S. and Wagner, R. (edBipinformatics
Research and Development — First International €werice,
BIRD '07, LNBI 4414: 48-65. Springer-Verlag.

Lindlof A., Brautigam M., Chawade A., Olsson O. adisson B.
(2008) Evaluation of combining several statisticathods with
a flexible cut-off for identifying differentially xpressed genes in
pairwise comparison of EST setBiology and Bioinformatics
Insights2: 215-237.

Brautigam, M., Lindlof, A., Chawade, A., Gharti-G#h, G.,
Olsson, B. and Olsson, O. (2008) Transcriptionalfifimg of
cold stress response in rice and comparative &aralis
Arabidopsis thaliana(manuscript).

Lindl6f A., Brautigam, M., Chawade, A., Gharti-Chhge G.,
Olsson, B. and Olsson, O. (2008) silico analysis of promoter
regions from cold-induce€BFs in rice Oryza sativalL.) and
Arabidopsis thalianareveals the importance of combinatorial
control (manuscript).



10



Table of contents

ADSETACE .« e S
List Of PAPETS cuiniiiiii e 9
Table of contents ......cocoeuiiiiiii i 11
Introduction to cold StressS......coeviiiiiiiiiiiiiiiiiieea 13
Tropical vs. temperate plants.......cccoeveviiiiiiiiiinininn.. 13
Cold stress and crop yields......coovviiiiiiinininiiiiiiiiiiiinee 14
Cold acclimation ProCESS ... ..ccuviuiiiiiiiiiiiiiiii i eieneaeneen. 16
Perception of low temperatures..........cccoeevvviiiiiiiiiiininenn.n. 18
Cold acclimation and darkness...........ccceeveiiiiiiiinininenennn.. 20
Cold acclimation regulatory pathways ......c.c.ccocoieieneinnne. 22
Scientific QImS . ovuiiii i 27
Bioinformatic and statistical analysis .......c..c..coceeviiiiiiiinit. 29
Biological data.........ccoooiiiiiiiiiiiiii 29
Data ANalySiS..ueuiiieiiiiiiiie e 30
Part L. 37
Cold response in 0at.......ccoeuiiiiriiiiniiiiiiiiiii e 39
Oat as a cold hardy plant ..........cooeiiiiiiiniiiiiiiiine 39
EST gene expression analysiS......cccoeoviiiiiiiiiiiiienenenennan.. 39
Comparative analysis of multiple EST sets ..........c.c...c.e..0. 43
Evaluation of ‘digital-Northern’...............c.coiiiiiiiiiinnne. 46
Part Il .o e 51
Cold TE€SPONSE 11N TICE ceuvuvirinininiietitieeeeeierert e e eieenaeaaanaas 53
Rice — a chilling-susceptible species........c.cceeiiviiiiininnenn.n. 53
Microarray gene expression analysSiS.......cocovevviveniiieninnennen. 53
The importance of combinatorial control........................... 58
Concluding remarks ........ociuiiiiiiiiiii e 63
Acknowledgements ... ....coeuiuiiiiiiiiii 65
RefEreNCeS . ..uiiiiinii e 67
P2\ 0] 015) 0 L6 1 b U PP 79

11



12



Introduction to cold stress

Tropical vs. temperate plants

The Earth can be divided into five regions withethrmajor climates, the
tropical, subtropical and temperate latitudes (Fégt) [1]. The tropical

region is centered as a band around the equatdr thig subtropics
extending from it towards both north and south. Tdraperate regions are
located even further north and south of the subtsopowards the polar
circles.

The climate in the tropical region can be dividetbithe dry and wet season,
where rain is excessive during the wet season. r@ibe the weather is
commonly hot and humid, and the day temperatuedydalls below 25°C.
In the subtropical and temperate regions the weasheverall cooler and
the summer season gradually transfers into wintbe summers in the
subtropical regions are warmer than in the tempeaggions and the winters
are commonly mild with the temperature only in gxt@mal cases falling
below 0°C. In contrast, in the temperate regiomsweather in winter time
can be very unpredictable, with swift changes ftemperatures above zero
to freezing.

Plants can be broadly classified according to tivgim habitat, i.e. tropical,
subtropical or temperate species. Tropical plamés generally unable to
tolerate and survive even mildly cold weather. Hegve localities at high
altitudes in this region can exhibit a temperabmate and plants growing at
such altitudes must be able to cope with low tewruoees. Subtropical
plants are more tolerant to cold temperatures amdsarvive short periods

Figure 1. The Earth can be broadly divided into three maggians, the tempera
subtropical and tropical zones. Reproduced by pesion from Dave Pape.
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of light frost. Plants that can endure the harshtevs in the temperate
regions are able to cope with freezing temperatUres degree of tolerance,
however, is highly variable among the species gngwithere and,
additionally, can greatly vary among varietiesh® same species.

Plants are forced to adapt to the prevailing emvitent surrounding them,
since they, in contrast to many other speciespyaable to migrate to more
favorable localities. The survival rate in cold wesa is determined by both
the level as well as the duration of unfavorableperatures and differs
extensively among plant species. According to thiity to endure low
temperatures, plants can be broadly classified fim® major groups [2].
Rice is mainly a tropical plant and belongs tofire type. These plants are
chilling sensitive and show injuries already at pematures between 0°C
and +12°C. Oat is a subtropical plant and can bhadan the second group,
which contains plants that are chilling-insensitesed can cope with low
non-freezing temperatures. However, these plangs damaged by the
slightest frost. More cold tolerant crops, suctwagat and barley, belong to
the fourth group. These plants can survive tempezatas low as -30°C.

The survival ability at sub-zero temperatures thaine species exhibit
requires that the plant can first acclimate to uofable temperatures. The
exposure to mild cold (temperatures slightly ab0%€) prepares the plants
for more severe conditions. This process is knowe@d acclimation and

this topic is covered in more detail in the secti©ald acclimation process’

in this chapter.

Cold stress and crop yields

The productivity, growth and geographical distribot of important

agricultural crops, such as rice, maize and oatsawerely limited by cold
stress. Cold stress, which includes chilling (0€&Rand/or freezing (<0°C)
temperatures, adversely affect crop yields by causestraints on sowing
time, extensive tissue damages and stunted gr@jth [

At chilling temperatures the first structural symmpis arise, such as swelling
and disorganization of chloroplasts and mitochandréeduced starch and
accumulation of lipid droplets inside the cells.[@n the metabolic level,
the photosynthesis and transpiration are reduced].[3Vhen the air
temperature drops below zero, ice crystals begfortm in the intracellular
spaces, which can cause physical injuries. For plgmice in the
membranes results in disintegration of the lipidy®r, since the crystals do
not exert the same hydrophobic forces as liquidewétat is needed to
maintain it [3, 8]. In addition, the formation okteacellular ice leads to a
loss of water from the cells by osmosis, due toltiger water potential in

! Climates and Biomes: http://plantphys.info/Plaribl@yy/climate.html
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the intercellular spaces, which causes dehydrdBpnConsequently, the
plants also suffer from drought, which will addthe physical damages.

Oat is an important commercial crop in Northern dpa;, Scandinavia,
Canada and the US (Figure 2). Oat yields in thea@oavian countries are
limited since only varieties planted in early sgrican be used. The crop is
unable to cope with freezing temperatures, in @sttto its close relatives
wheat and rye, with the consequence that it carsaotive the winters in
the outer regions of the temperate zones [9]. HeweW¥ seeds could be
planted in the autumn, the yields are expectednfwave due to the longer
vegetation period.

Rice is the most important staple food in the wowih more than half of
the world’s population depending on it as the maitrition source (Figure
3). The species originates from tropical regionsl & therefore easily
damaged by low temperatures [10, 11]. The plargseapecially vulnerable
after sowing, during the establishment stage, whewetemperature causes
poor surfacing rate of seeds, but also during #peaductive stages, where
low temperature can cause grain sterility. Aboutel6f all the localities
where rice is today cultivated are subjected to temperatures [12]. Cold
stress is, together with drought and salt strassng the major factors that
constrain rice yields.

Figur 2. Oat (Avena sativ) field in Skan, Swede (June, 200" Reproduced by
permission from Olof Olsson.
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Figur 3. . Rice (Oryza sativ) field in Kathmandu Valle, Nepa (August, 2006
Reproduced by permission from Olof Olsson.

Cold acclimation process

Plants growing in temperate regions have evolvadquantraits that make it

possible for them to cope and survive freezing tajires. In response to
mild cold stress, at approximately 4-6°C, a casazdgenetic reactions are
triggered that greatly enhance the tolerance tr,lahore severe sub-zero
temperatures. The tolerance to cold, as most abstriesses, is not a static
condition but commonly varies seasonally and rgpit#iteriorates at warm

non-acclimating temperatures.

Cold acclimation is a set of biological processekibging to the group of
abiotic stress and stimulus associated responsese ®ntology [13]
provides the following definition and classificatioscheme of the
phenomenon (Figure 4):

“Cold acclimation

Processes that increase freezing tolerance of an organism in response to
low, nonfreezing temperatures.”

2 Gene Ontolog: http://www.geneontology.org/
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GO:.0009631
Cold acclimation

G0O:0009409

GO:0009409
Response to

G0O:0008150
~ Biological process

Figure 4. Gene Ontology classification scheof cold acclimatio processe.

The acclimation involves numerous physiological andlecular changes,
such as alterations in the hormone balance, inerebssmolytes e.g. sugar,
proline and betaine, membrane modifications andemmed levels of
antioxidants, as well as alterations in gene exgwasby a number of cold
responsive geneCORs) [14-17]. The main tasks of these changes are to
protect the cells against freezing injuries andnfrthe damaging effects
resulting from dehydration.

Freezing temperatures result in ice crystals bdorghed in inter- and
intracellular spaces, which may cause membraneigtisn. One role of
cold acclimation is to stabilize the membranesgasuch damages [18-23].
This is achieved by changing the membrane lipid masition, through
increased levels of free sterols and glycolipigsluction of cerebrosides as
well as increased fatty acid desaturation in memdahospholipids.
Moreover, carbohydrate metabolism is an importaetdr involved in the
protection of the tissues against freezing damtides been shown that the
levels of sucrose, glucose and fructose increasaesponse to low
temperatures and that these sugars have a roley@zra@ectants [24-26].
Fructose is also involved in antioxidative protentand exhibits scavenging
capacities of superoxide [26]. Superoxide is atrea©xygen species (ROS)
that is toxic in high levels and there is incregsavidence that cold stress
causes elevated levels of ROS [27-31]. Howeverntpldhave evolved
antioxidant systems as protection against damagfferts of ROS. Cold
acclimation has been shown to increase the tolerem&OS by increasing
the level of antioxidant enzymes [32-35].
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The cold acclimation process in plants is primaréggulated through the
signal transduction pathways that lead to the iidnand enhancement of
expression o€CORand homologs of EA (Late_enbryonic_dundant) genes,
commonly grouped together and referred tdcCag/Lea genes [14, 17, 19,
36]. Several of these genes are also responsikehgdration and to the
phyto-hormone abscisic aqidBA) [37]. These genes are relatively diverse
in sequence and form distinct groups regardinglaiity in their amino acid
sequence. However, many of them share common piegesuch as being
extremely hydrophilic, resistant to heat denatoratatnd composed largely
of repeated amino acid sequence motifs. These giepeare thought to
enable them to protect the cells against freezipgies by stabilizing both
proteins and membranes during cold stress.

During cold acclimation, there is also a reductionthe capacity for

photosynthesis, which is known as photoinhibitid8-g0]. The biochemical

reactions coupled to photosynthesis are inhibitgdldw temperatures,

which cause an excess of energy that leads to amadation of electrons

in the cells. Freezing tolerant species, such asatvand rye, have been
shown to better cope with photoinhibition than legderant plants and this
resistance is an important factor in the acclinmaftj.

Perception of low temperatures

The perception point of a decrease in temperatarth® metabolic level is
currently relatively uncharacterized. However, expental studies have
shown that there are three important factors irlin the initiation of the
cold acclimation pathways [41-43]. Plant cells sanse cold stress through
changes in the cell membrane fluidity (Figure 5)décrease in temperature
can reduce the fluidity, which causes a rigidificatof the membrane. This
effect is thought to activate temperature sensocatéd in the plasma
membrane. Moreover, the acclimation is triggerecal&” influx into the
cytosol, which is a requirement for the induction@OR genes [44-48].
Orvar et al. showed that the Tanflux is dependent on the re-organization
of the cytoskeleton [41]. Additionally, this re-amgzation was thought to
serve as a link between the membrane rigidificaiod the C#& influx.
Consequently, the cold acclimation pathways aggéted by a change in
membrane fluidity, re-organization of the cytoskete and the influx of
calcium ions.

Calcium as a signal for cold stress
Calcium (C&") is the most common signal transduction elemettiiéncells

and acts as a secondary messenger [49, 50]. Thatiele of the cytosolic
C&"* concentration is characteristic for the respomsearious abiotic and
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biotic stimuli. The same messenger regulates @iffieresponses by fine-
tuning the frequency, duration, amplitude and/aratmn of the increase,
which thereby creates a €aignature specific for each stress [51, 52]. The
physical alterations that occur as a consequena®ldf stress are closely
followed by an influx of calcium ions. This influs recognized by different
calcium sensors, such as calmodulin, calcium-degr@ngrotein kinases
(CPKs) and calcium-sensitive phosphatases, whighstluce the calcium
signal into a cold acclimation signaling cascady.[5

Since prolonged elevated levels of cytosoli¢‘Care toxic and may cause
cell injuries, such as metabolic dysfunction amdctiral damage, processes
that control internal G4 homeostasis following the stimulus are needed
[54]. This can be achieved by an activé'Gsansport system, through, e.g.,
C&" pumps located on cellular membranes. Moreoven dtaal. made an
important observation regarding the concentratiohsytosolic C4" in a
cold tolerant winter wheat and a chilling sensitivaize variety [55]. In
chilled winter wheat seedlings the Céevels initially increased, but it was
restored to base levels at normal temperature mitiree days. In contrast,
maize was unable to achieve the same restoratidarprolonged chilling
and subsequently exhibited cellular damages. Tésslr shows that cold
hardy plants are able to quickly restore loweringsC&" levels, whereas
cold sensitive plants are unable to do so [55].tifeur this observation
indicates that CA homeostasis is an important contributing factortha
ability to tolerate low temperature levels, a factbhat seems to be
dysfunctional in cold sensitive plants [55].

I. Activated receptor

I1I. Cytoskeletal re-organization
III. Ca?" influx

IV. Ca?" sensors 1

V. Cold signaling pathways o

Low temperature |

\ernbrane rigidiﬁ;,ét'&;n- :

b
Cell membrane

i =\

Figure 5. A drop in temperature rigidifies the cell membracausing a I-
organization of cytoskeleton that leads to &'daflux. The influx activate
sensors that transduce the calcium signature intddsacclimation signal.
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Secondary messengers and phosphorylation as aldmmneold stress

There is also evidence that other secondary meseemgn induce Gh
signatures that impact cold stress signaling, sischeactive oxygen species
(ROS), e.g. superoxide and hydrogen peroxide, awabitol (1,4,5,)-
triphosphate (1) [31, 52, 56]. Additionally, in a generic signaipathway
the secondary messengers modulate intracelluld; @haich often results in
the initiation of a protein phosphorylation cascatlee cascade commonly
in turn activates other signal molecules, besitiessecondary messengers,
which can initiate another round of signaling egeior example, the plant
hormones abscicic acid (ABA) and gibberillic acidA) act as signaling
molecules and have been shown to have an impamldriolerance [57-61].
Moreover, the mitogen-activated protein kinases &), which are
phosphorylated and activated by MAPK kinase (MAPKHKave also been
shown to be important in various stress signaliathways, including cold
stress [62, 63].

Cold acclimation and darkness

The main trigger of cold acclimation is the low Aibeezing temperatures,
but other factors such as the length of the ddigtpperiod influence the
induction of cold response. Light and temperatuhanges in natural
environments often occur simultaneously, wherddthest temperatures are
reached during night-time in winter. Moreover, sifow temperatures recur
annually the acclimation must begin before thedentce of the first frost
event. A favorable trait for plants living in termpee regions is therefore the
possibility of sensing an imminent cold period awogtimizing the
production of protective proteins during the nigbtrs.

The shortening of the daily photoperiod is a stroalijicator of the transition
from summer to winter season, since the hours ofligld decreases
continuously before the upcoming winter. Light retlon has been shown
to have an impact on acquired cold tolerance anmjleenecessity for plants
to cold acclimate, and consequently, there is grammt coupling between
light and cold acclimation signaling pathways [68]-6

The circadian rhythm/clock is a mechanism usedlagtp to determine the
time of day [67]. Circadian signaling networks gexte rhythms that
maintain a period close to 24 h. This rhythm isdubg plants to optimize
their relationship with the environment by moduigti a range of
physiological and biochemical events, e.g., flowgrand photosynthesis,
and is known as gating. Harmer et al. showed #natral hundreds of genes
exhibit circadian changes in expression at warnperatures, among those
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genes that are also regulated by cold [68]. Fomgtea, the transcription
factor CBF3 which is prominent in the regulation of cold ae@tion inA.
thaliana was shown to peak at Zeitgeber time (ZT; houter afawn) 4 and
be expressed at its minimum at ZT16. CBF-targetateg showed a cycle
that was delayed by ~8 h from that ©®BF3 Furthermore, Fowler et al.
demonstrated that th€EBF1-3 genes, which are involved in acclimation
pathways inA. thaliang are gated by the circadian clock and promoter
analysis ofCBF2 indicated that the gating is regulated on thesicaptional
level [69].

Cao et al. showed that tha. thaliana GIGANTEA (Gl) gene which
regulates the circadian clock, amongst other psssss induced by cold,
but not by salt, mannitol or abscisic acid, and thatantgi-3 plants exhibit
decreased cold tolerance and impaired acclimatimlitya[70]. However,
there was no significant difference in transcrgxdls of theCBF genes and
their target genes in wild-type agaé3 mutants, indicating th&l mediates
cold response via a CBF-independent pathway.

As previously described, €aparticipates in the signaling events which lead
to a development in cold acclimation. Dodd et amdnstrated that the
circadian clock can gate cold-induced*Caignals, indicating a coupling
between C# signaling and photoperiod [71]. In their studytasplic C&"
levels exhibited a 24-hour rhythm that was persistiiring constant light,
which was considered to be a result of circadiagulegion. Low
temperature induced [é*alcyt in guard cells was measured at ZT1.5, ZT6.5
and ZT11, and a peak in calcium levels was foundTd.5, after which
there was a trough in concentration levels. Therani obvious coupling to
the circadian regulation of tH@BF genes, since they exhibit a peak at ZT4-
6 and thereafter a trough to basal levels [68, 69].

During the twilight zone, there is a decrease il ) and Far-Red (FR)
wavelength ratio, i.e., a decrease of R and areas& of FR. Franklin and
Whitelam demonstrated that plants treated withva R/FR ratio had a
much higher survival rate when transferred direttdl§reezing temperatures
than plants treated with a high R/FR [72]. Theypasmonstrated that a low
R/FR ratio increase@BF gene expression iA. thalianaand their target
genes and that the induction of 8BF genes by a low R/FR ratio is gated
by the circadian rhythm.

In chilling-sensitive plants, such as tomato anducober, several cold-
induced genes display a circadian rhythm duringmabriong-day (16h

light/8h dark) and warm temperature (>20°C) cood#i, and is under the
control of the circadian clock [73-76]. Howeverithg a cold treatment the
circadian expression of mMRNA levels is disruptedhwthe expression levels
no longer oscillating in rhythms. The clock resurapsn rewarming, albeit,
with an altered and out of phase clock, which causenistiming of the
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activation of proteins and thereby a disruptiopltosynthetic and cellular
metabolism. This mistiming is thought to contributethe intolerance in
chilling-susceptible plants.

Cold acclimation regulatory pathways

Arabidopsis thalianawas the first plant model species with a sequenced
genome and the annotation resulting from the gengmgect in
combination with the whole-genome microarray ofeby Affymetrix® has
boosted the research on this species. Consequéntiyyaliana has been
extensively studied during various conditions, ugthg cold stress and
acclimation, and clues to genetic regulatory pagswveesulting in cold
tolerance mainly emerge from studies on this sgecie

A general picture of the cold responsefinthalianacan be outlined as in
Figure 6. As described previously, a drop in terapge causes a
rigidification of the membrane and re-organizatadrthe cytoskeleton [41-
43]. These two physiological changes result inrdhux of cytosolic C&",
which is recognized by different calcium sensoet thansduce the calcium
signal into a cold acclimation signaling cascadd-48]. The influx
presumably activates multiple signaling pathwaysy bausing a
phosphorylation of several transcription factorattare expressed in the
cells during normal conditions [53, 77, 78]. Theésmscription factors in
turn activate other transcription factors that coiné number of regulons
directly involved in the response [77, 79]. Thesgulons consist of
transcription factors, other secondary messengaysal molecules and a
number of cold-responsiv€€OR genes [14]. The transcription factors that
are part of these regulons in their turn presumablytrol different sub-
regulons, which also activate differe@OR genes [80]. Some of the
activated signaling pathways are also overlappwbjch adds to the
complexity of the genetic regulatory network [8Q].8

Since prolonged elevated levels of cytosoli¢’Gand secondary messengers
are toxic, processes that control internal homesastdollowing the
activation are needed, i.e. negative regulatiothefsignaling pathways is as
important as the activation in order to endure dhsen stress [54]. This
regulation can be achieved at different levels,, eog the transcriptional
level by the direct suppression of transcriptiorctdes, on the post-
transcriptional level through, e.g., gene silendonygmiRNAs, and on the
post-translational level by, e.g., ubiquitinatiohgenes. Consequently, the
negative regulation is as intricate as the actwatiwhich makes the
regulatory network even more complex.

3 Affymetrix: www.affymetrix.com
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The following two sub-chapters summarize some effthdings regarding
cold acclimation and responseAnthaliana The first sub-chapter concerns
the activation of cold acclimation signaling patlysiawhereas the second
chapter concerns negative regulation at the trgotsonal level.

Activation of cold acclimation pathways

Early studieof cold acclimation irA. thalianaresulted in the identification
of a number of genes induced by cold str&3OKs) in this species [14].
More thorough studies of these genes revealedateabset of them contain
the dehydration-responsive/C-repeat element (CREDRotif) in their
promoter regions. These two motifs are defined 'a§@GCCGAGC3’and
5-TACCGACAT3, respectively, with the shared motif of EEGAG3'.

Physiological
changes

Activation

Transcriptional
negative reg.

Supression
(—4
—

Time

Figure 6. Schematic outline of the cold acclimation as kndvam studies orA.
thaliana The top part of the figure illustrates the phijical changes that occ
in response to cold, which causes an influx of'CBhe influx activates a numt
of signalng pathways, which results in an increased coldramce. The midd
part illustrates how the signaling pathways arst factivated by kinases, wh
phosphorylate transcription factors present in ta#l. These factors there
become activated and in their turn activate sevesgiilons, which subsequer
activate subregulons. Simultaneously many cold letgd COR genes ai
activated, which accounfor the increased cold tolerance. The bottom
illustrates the transcriptiml negative control that follows the response atd.
Blue circles illustrate transcription factors, ththers only thaCORs with differen
function are activated.
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Moreover, transcription factors that are capabldiafling to and activate
these genes have been identified An thaliana and are called the
dehydration-responsive element binding factorl/@a binding factors
(DREB1/CBFs) [82].

Gene expression studies have revealed that threders of theCBF gene
family (CBF1-3 are rapidly and transiently induced by cold sresA.
thaliana[79, 83]. They exhibit a peak in expression leweithin four hours
after cold treatment and thereafter a trough toalbdsvels at normal
temperatures. Profound experimental studies hawsvrshthat the CBF
regulon has a prominent role in the cold acclinmatio A. thaliana and,
moreover, homologs to theBF genes have been identified in many other
species, e.g., rice, wheat, barley and maize.

Through map-based cloning of thA. thaliana icel mutation the
transcription factor Inducer of CBF Expression @KL) was identified and
shown to regulate the expression of @&F3 gene, but not any of the other
cold-inducedCBF genes inA. thaliana[77]. ICELl is a MYC-like bHLH
protein that potentially binds to the consensu®gaition site for bHLH
proteins,CANNTG which is present in the promoter ©BF3 Chinnusamy
et al. also demonstrated that ICE1 is expressdatiarcells during normal
conditions and that phosphorylation of the TF guis=d for the binding to
and activation ofCBF3 [77]. Furthermore, Miura et al. showed that
sumoylation is also critical for the activationIGfE1 [84].

The molecular analysis of th€BF2 gene promoter showed that the
sequenceCACATG which is a possible match BGANNTG could be a
potential binding site of ICE1 [77]. However, astetd previously, ICE1
does not regulate the expression @BF2 and, hence, the transcription
factor(s) that activat€ BF1andCBF2remain to be identified.

Microarray gene expression studies have revealadntultiple regulatory
pathways are activated in addition to the CBF regub9, 80, 81, 85].
ZAT12andRAV1are two transcription factors that are induceghanallel
with the CBF genes, but are thought to activate distinct, aigio
overlapping, pathways from the CBF pathway [6B]V1 follows the
expression pattern of the CBF genes, showing a peakZT4 after cold
treatment, whereadAT12peaks at ~ZT16 after cold treatment.

Ectopic expression o€BF genes activates the expression of other cold-
responsive transcription factors, such as RAP2dLRAP2.6 [81].RAP2.1
contains two copies of the core sequence of the/BDRE elements and do
not increase in expression until 4-8 h after lomperature treatment, which
suggests it might be a target of t&®8F genes. These two transcription
factors are thought to control subregulons of tB& @egulon.
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Transcriptional negative regulation of cold acclitiwa pathways

The experimental studies conducted by Novillo etshbwed that ircbf2
mutants theCBF1 and CBF3 genes had higher expression levels than in
wild-type plants, which indicates that CBF2 is gatéve regulator o€CBF1
and CBF3 [86]. The study also indicated that CBF3 plausibbgatively
regulatesCBF2 expression, since in theel mutant the transcript level was
reduced folCBF3(ICE1 regulate€BF3), but enhanced faCBF2

Apart from the MYC recognition site in tH@BF3 promoter, to which the
ICE1 transcription factor can bind, there are aisany MYB recognition
sites, (C/T)AACN(A/G) present in theCBF1-3 genes. This indicates that
MYB-like transcription factors can bind to and cahtthe expression of
CBF genes. Agarwal and colleagues identified the tnapison factor
MYB15, which binds to the promoters @BF1-3 genes and physically
interacts with ICE1 [87]. MYB15 was shown to negaly regulate the
expression of the€CBF1-3 genes. The expression levels MiYB15 were
accumulated at 6-12 h after cold treatment, whghslightly after the
induction of theCBFs.

As previously describedZAT12is a transcription factor that is induced in
parallel withCBF1-3and control a separate, however overlapping, pathw
from the CBF regulon [80]. In addition, ZAT12 wdsosvn to be involved in
negative regulation of the CBF cold response payhwace constitutive
expression oZAT12dampened the induction GBF1-3genes in response
to low temperature.

There are also transcription factors that themsetre not cold responsive,
but negatively regulate the cold response. For @kanthe two transcription
factors HOS9 and HOS10, a homeodomain and a MYii&s¢rgtion factor,
respectively, presumably negatively regulate thé=C&julon, without any
apparent change in transcript levels in responsmla [88, 89]. There are
also other proteins, which are not cold responBitenegatively regulate the
response, such as the ESK1 protein that encodesvel megulator of
unknown function [90, 91]. Mutations in tHeSK1gene result in stronger
freezing tolerance, but the genes affected by th&atons differ from those
of the CBF regulon.
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Scientific aims

Overall aim

The overall aim of this thesis was to increase uhderstanding of cold
response and acclimation in general, but also itiqoudar to investigate the
response in oatAfena sativp and rice Qryza sativy, by analyzing
experimental data from these two species when expimscold stress.

Specific aims

The specific aims were to:

Survey genes that are expressed in a winter oatyaturing cold

stress and investigate if these genes could be lesbuip the

regulation of the response, by analyzing EST setpgen(ESTS)
collected from a cDNA library that was based ompdastressed by
cold (Paper ).

Identify a limited set of genes preferentially eegsed during cold
stress in different crop species, by utilizing ES€Xs as a means of
gene expression profiling (also referred to asitdigNorthern’ when
EST counts are used to estimate expression valBepgr ).

Investigate in more detail if ‘digital-Northern’ epplicable to small
EST sets (~2,000-10,000 ESTs) and if a combinatiostatistical
tests would increase the reliability of the resultken deriving
preferentially expressed genes from such s&pér 11I).

Investigate the transcriptional dynamics of thepoese to cold stress
in a sensitive species and compare it to the dycsnm a more
tolerant one. In this case, we chose riGeyga sativg as a cold-
sensitive species and made a comparis@n thaliana(Paper 1\j.

Identify over-represented motifs in rice awd thaliang which

plausibly relate to transcription factors that @reminent in cold
acclimation pathway$P@per V.
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Bioinformatic and statistical analysis

Biological data

Gene expression profiling makes it possible to cahdarge-scale analysis
of gene expression levels in an organism or tissyeneasuring the activity
of thousands of genes simultaneously [92]. In #léscmRNA is produced
from only a fraction of the genes that are pregerthe genome. When the
gene is required for a specific purpose, mRNA mdpced from that gene
and the level of expression is increased. The afgeffect of the level is
observed when the gene is not needed and thersmeressed. Multiple
factors determine when the gene is activated goresged, such as the time
of day, its local environment and chemical sigmaffecting environmental
stimuli both from inside and outside the cell.

In this work two different technologies have besedito identify genes that
are expressed during cold stress — the EST sequeranid the DNA

microarray technology. The following two sub-chaptgive an outline of

these two techniques.

EST sequencing

In the genomic era that we are now facing, sequgnaihole genomes is
becoming more common, providing us with the fulpedoire of genes
present in an organism. However, although completeome sequencing
has become possible, it is still not an option fweiny organisms. Plants
commonly have a large and complex genome, congimany repeated
regions and transposable elements, which make vgerleme sequencing
both expensive and complicated. Consequently thereelatively few plant
nuclear gene sequence entries in the public databas

A cost efficient and rapid alternative to whole-gere sequencing, is to
randomly sequence expressed genes from a cDNAYiI®3-95]. Applying
this technology results in a collection of expressequence tags (ESTs),
which can be utilized for the identification of cheterized as well as
completely novel genes. The trade-off is, howetlaat it does not result in
the full collection of all genes present in the gme. On the other hand, the
ESTs reflect genes that are expressed during thlegcal process under
study, which is a very valuable information sourEkis technique was used
in Paper |, for surveying genes expressed durithg) €toess in oat, in Paper
Il for comparing with publicly available EST setstracted from related
plants during cold stress and in Paper Il for eatibn of ‘digital-Northern’.
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DNA microarray gene expression

The microarray technology has opened up tremendmupertunities for
understanding cell function by making it possibe $tudy how the
expression levels of genes are affected by enviemtah stimuli [96].
Physiological changes inside or outside of an asgaror cell will cause
alterations in the expression patterns of some gyeagethe organism or cell
adjusts to the arisen change by activating or sgsmg genes. These
changes in expression patterns can be measured nitttoarrays. This
techniqgue was used in Paper IV, for monitoring éx@ression levels of
genes activated or suppressed during cold stregsein

The underlying technique of microarrays is thatahstitutes a large array
(or chip) of short immobilized target sequencesdied to the surface,
where each target represents a gene [96]. The epraynonly represents all
or the majority of genes present in the genomealT®RNA is sampled from

different cells and labeled with fluorescent dyed éhe sample is thereafter
allowed to hybridize with the target sequences len drray. The mRNAs

will bind to the complementary target sequences thnceafter the amount
of fluorescence can be measured, which makes gildesto calculate the

relative abundance of mRNAs for each gene on tteyar

The technology has made it possible to simultarlgounseasure the

expression level of thousands of genes in a biokdgample, which is its

main advantage [96]. Additionally, the productioi such data can

nowadays be done relatively quickly and cost effitly. Another advantage
is that the gene expression patterns in one sacaplde compared to those
in another sample under relatively controlled awodhgarable conditions,

which increases the reliability of the results.

Although the technology has many advantages, @ atsmes with some
drawbacks [96, 97]. For example, there are manyarpaters in the
microarray data analysis which can give differeggults, depending on the
chosen settings. The technique also have problemglistinguishing

transcripts of very low abundance and are limitedohly measure the
expression level of known genes that are attachélet chip, in contrast to
EST sequencing that does not have such requirement.

Data Analysis

Gene expression profiling generates large amoudéata, which needs to be
properly analyzed in order to identify genes plalysiinvolved in the
biological process under study. The two technokgi®. EST sequencing
and microarrays, require different approaches aethaus/algorithms for
this task. In this chapter, an outline is givernh&f methods and software that
has been used in our analyses.
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EST analysis

In order to identify which genes the ESTs originfaten an analysis of the
sequences is conducted (Figurégdre). The EST analysis includes 1) pre-
processing, where non-nuclear DNA is removed, 8¥tefing, where the
ESTs are grouped by sequence similarity, and 3gnalsly, where a
consensus sequence is derived for each clusteo$ [93]. In Paper I-]I
algorithms and software developed for EST analygse used, such as the
Paracel Transcript Assembler (Paracel, Pasadend,a@é& EGassembler
[98].

The generated contigs and singletons from the Efilysis can be further
characterized by similarity searches to previowssygyuenced genes, either
from the species in consideration or from relatpdcges (Figure 7). The
ESTs are commonly annotated by inheriting the atiost from the most

I ESTs i

= Clustering

rtholog group

Statistical testing

| “digital-Northern’ |

Figure 7. Outline of the analysis and characterization std@sS¥ sequences |
well as the use of ESTs for performing ‘digital-@rn’. Each step involves a
number of sub-steps, such as EST analysis compgsiseprocessing, clustering
and assembly of the sequences, resulting in contégsl singletons,
characterization comprise similarity searches agapreviously characterized
sequences in order to elucidate the function as gexle family membership of
the sequences, and ‘digital Northern’ , which cas®grouping of the sequences
into orthologs and performing statistical testsonder to identify preferentially
expressed genes in one EST set compared to asether
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similar sequence. In Paper I-1ll, BLAST searche3] [@gainst characterized
genes and proteins from related species were usedh& functional

classification of the ESTs as well as in the idestion of gene origin for

each EST.

In addition, methods for mapping ESTs into tengtertholog groups
(TOGs) were developed in Paper I-ll, with the aifnstreamlining the
annotation of the ESTs as well as the identificatib cold regulated genes
(Figure 7). This approach made it possible to complae expression value
of each TOG in one EST set to the value in anos®r In this way,
preferentially expressed genes during cold stresddcbe identified, by
comparing the expression value in the cold strestoghat in a control set.

The approach of using the cognate frequencies né deanscripts from
unbiased cDNA libraries (e.g., ESTs or SAGE tagsdraestimation of gene
expression level is commonly referred to as ‘digiarthern’ [100-102].
The identification of differentially expressed genesing ‘digital-Northern’
is commonly done by applying statistical significartests on the data. In
Paper lll, several tests were applied and evalya&ep, Fisher's exact test
and they” test, in order to optimize the identification @id regulated genes.

Microarray gene expression analysis

There are some issues that need to be consideffede bemaking any
sophisticated analysis of the results from mic@aexperiments. First, the
expression levels have a high degree of variabfligm experiment to
experiment, due to the random and systematic enmmsrent in the
microarray analysis process. Second, the numbsamples is usually very
small relatively to the large number of variableghich means that
traditional statistical techniques cannot be used karge extent. In order to
handle these problems several pre-processing sfeffee data have been
developed and there is now a more or less starmaravay of preparing the
data for further analysis [96]. These steps inclndamalization to remove
external influences, e.g. background intensity aeldtive fluorescence
intensities, quality control of e.g. spots, micragr images and RNA
samples, and filtering to reduce the number of gelweanalyse, such as
removal of uninformative genes (Figure 8). In Papér the software
GeneSpring version 7-8vas used for pre-processing the data as wellras fo
deriving differentially expressed genes.

After deriving a set of differentially expressednge the work begins with
analyzing these in more detail. In Paper IV, thenidied genes were first
classified into functional groups, by utilizing fttional annotation provided
by MIPS. The categorization gave an overview of functiceguired in the

* Agilent Technologies, www.agilent.com/
® MIPS, http://mips.gsf.de/projects/funcat
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response to cold stress and made it possible t@ maloverall comparison
of functions in a cold-sensitive and a tolerantcspe

In Paper IV, we further classified the genes irdmifies by utilizing the
annotation in the GreenPhyl database [103]. Thitbdese contains a
clustering of the full repertoire of protein seqoes from rice Qryza sativa
cv. Japonicd andA. thaliana The identified differentially expressed genes
were mapped to either a gene in riceforthaliang based on sequence
similarity, and inherited the classification of thest match. This gave us the
opportunity, in a relatively efficient way, to id#ly genes that are highly
interesting regarding the regulation of the colgpmnse, e.g. transcription
factors and plant hormones.

Further, clustering of gene expression profiles @sak possible to identify
co-expressed groups, which plausibly are also gala¢ed by the same
transcription factor(s) [104]. It also makes it pibde to identify typical

temporal or spatial expression patterns duringipemonditions. In Paper

' Probes and
kpression valus

Quality control

Fold change
Differentially '
expressed 3 o

~ Clustering _

High-level
analysis

' Classification

Figure 8. Qutlines the steps in the analysis of microarraypdaach steinvolves ¢
number of sub-steps, such that preeessing comprises, amongst ott
background correction, normalization and qualitgtool of the expression signe
Thereafter comes the identification of differeryiaxpressed genes, by calcula
the fold change as well as applying different statal tests on the data, and high-
level analysis, by clustering the differentiallypegssed genes based on expre:
values and characterization of those genes by fgniy classification. The sub-
steps may include other aspects as well.
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IV, clustering was used to derive an overall pietof the dynamics in the
cold-sensitive species rice in response to coleksstand compare it to the
dynamics in the more tolerant specksthaliana The clustering of gene
expression profiles was conducted by using the @3tering algorithm
available in the GeneSpring softwére

Phylogenetic analysis

Phylogenetics relates to the study of the evolatipnmelationships among a
group of species [105]. Closely related organisemgitto be highly similar

in their protein and gene sequences, whereas tistatated organisms are
more dissimilar. With the aid of sequence datashibuld therefore be
possible to derive the relatedness between theespec

Several algorithms have been developed in orddetive the phylogeny for
a group of species. The algorithms are based aghtkli different
assumptions, but all aim at deriving a phylogente that represents the
evolutionary relationship based on a set of seqeefit05]. In Paper |, IV
and V, phylogenetic trees were derived using eithemMNeighbor-Joining or
Maximum-likelihood methods implemented in the Macke 7.2.2 and
PHYLIP (the PHYLogeny Inference Package) softamespectively.

Over-represented transcription factor binding sites

The regulation of gene expression in eukaryoteactsomplished by the

binding of transcription factors to shars-elements, located in the promoter
region of the gene. One approach to identify suements is to derive over-

represented motifs among a set of plausibly coledegd genes when

compared to a background [106]. In Paper V we @erigver-represented

motifs among a cluster of cold-responsive genesclwhad been grouped

together based on similarity in their expressianfifgs.

The number of genes in a cluster that a motif muging in as well as the
number of genes in the remaining genome can ehsilgounted. These
numbers can be put in a contingency table, to whtakistical tests can be
applied with the purpose of testing whether thera significant difference
in the proportions (Figure 9). In Paper V, Fisher@ct one-sided test [107]
was used for deriving significantly over-represemeotifs in a cluster when
compared to the remaining genome. In this casenuhger of occurrences
T of each motif was also considered, so that a mu#fy not be over-
represented if it occurred at least one tiffrel(, but when regarding at least
two times {[=2) it became over-represented.

® MacVector: http://www.macvector.com/
" PHYLIP: http://evolution.genetics.washington.edwfip.html
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2x2 contigency table

Motif m
R Fisher's exact
one-sided test

Figure 9. Representation of the number of motif occuces in a 2x:
contingency tablem,, the motif in considerationg; andy; the number of genes
in a cluster and the remaining genome, respectivibving at leastT
occurrences of the motik, andy,the number of genes in a cluster and the
remaining genome, respectively, having less thancurrences of the motif.
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Cold response in oat

Oat as a cold hardy plant

Winter oat varieties (i.e. varieties sown in theéuawn) have a better ability
to withstand low temperatures than spring varigiies varieties sown in the
spring), although their overall cold tolerance & as extensive as that of
more tolerant crops [108]. Regarding freezing eoee (temperatures <0°C)
rye is the most tolerant crop and oat is the l¢algrant one [109]. In
southern and mid-Europe winter oat varieties carsdaen in the autumn,
due to the rather mild winter seasons in thosesareasuch locations the
plants overwinter and can thereafter be harvestasl next spring.
Overwintering crops provide higher yields and dreréfore sought after by
the farmers.

Moreover, oat is a commercially interesting crope do its high-energy
grain, comparatively low demand of insecticides)digides and fertilizer,
since it has an overall high tolerance to diseasesa low requirement for
nourishment. It is also an interesting crop regaydhe functional food area,
since it has many qualities which positively afféise health [110-112].
However, in Northern Europe the possibility of sogviwinter oat in the
autumn is highly limited due to a harsher climatehis area. Consequently,
the development of a winter oat that is suitable tfos area is of high
priority. Since cold acclimation and hardening isoaplex quantitative trait
with cross-talk to other abiotic stresses, tradaigplant breeding programs
with the aim of improving cold tolerance have solfaen of limited success
[14, 113, 114]. Therefore, the application of babtieology methods appears
to be a promising alternative.

In order to apply biotechnological methods in thevelopment of a cold

tolerant oat variety, more knowledge is requiredwbthe mechanisms
regulating the tolerance in oat as well as the tifleation of candidate

genes possessing a function that presumably wifawve the tolerance. One
step in this direction is to analyze gene expresdmta generated from cold
stressed oat plants and compare this data with gla@duced from non-

stressed plants as well as related crops.

EST gene expression analysis

Since oat is a cold-sensitive plant, the questi@s whether the species
contains genes that can be coupled to the regualaficthe stress response.
Previous studies on cold stress have shown thaksmisitive plants do
contain cold-regulated genes in their genomes. &prently, the first aim
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was to survey genes that are expressed in a woatevariety during cold
stress and investigate if these genes could bdedtp the regulation of the
stress response (Paper I).

Gene expression analysis

In paper I, we sequenced 9,792 transcripts fromlc stressed (4°C) winter
variety (Gerald) incubated in the dark (for furtldetails of the experimental
protocol, see Paper I). The sequencing result&j508 high-quality ESTS,
which were assembled using the Paracel Transcrgsembler (Paracel,
Pasadena) into 1,100 contigs and 2,616 singletafter removing ESTs
originating from non-nuclear genes as well as redanh sequences, we
arrived at a candidate gene set containing 2,88@gsband singletons. This
final set was denoted as the AsClUniGeldweha stiva Cold Induced
UniGeng set.

Since very few sequences are currently availaldenfioat, this largely

leaved out the option of similarity searches agamas itself. Our annotation
of the ESTs therefore relied on characterized geareb proteins from

related species such as thaliang rice, wheat and barley, using BLAST
searches [99] against the sequences.

Functional classification

In order to establish whether any genes in the Bs{@ene set could be
coupled to the regulation of cold stress, we fitassified each gene into a
functional group (see Figure 3 and Table 3 in Pdpeihe functional
classification was based on homology, using theentdd registered
functional class in the Nhich Information Centre for Protein Sequences
(MIPS) Arabidopsis halianadatatase (MAtDBY [115] of the best BLASTx
similarity hit against the full collection oA. thalianaproteins. A total of
91.3% AsCIlUniGene sequences could be annotatedhism way. The
annotation revealed that four classes of functiomsre particularly
prominent in the candidate gene set and relatezbltb acclimation: “Cell
Rescue, Defence and Virulence", "Cellular CommuivcéSignal
Transduction Mechanism", "Metabolism" and "Transiton". In total 931
(~33%) genes had been classified into one of tgeseps, which gave an
indication of the presence of stress related gesitbsthese types of function.

To increase the resolution of the functional clésstion and to improve the
identification of putative cold-regulated genes eomstructed a database of
proteins previously characterized as related tal &ttess. The database
consisted of 545 entries and 398 (14.2%) of theegan AtClUniGene
showed significant similarity (BLASTx search usiag E-value cutoff of
10" to a protein in the database.

8 MIPS: http://mips.gsf.de
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Gene classification

We also developed a method for classifying each B&Y an orthologous
group, by means of the KOG (Clusters of Buyotic Othologous @oup of
Proteins) database [116], annotation from MAtDBH[L4r the annotation of
the best homolog matclE£10"% from a BLASTx search against the non-
redundant (nr) protein database at NCBI. The aim twanap each EST to a
KOG, using BLASTx searches against the full coltatof proteins fronA.
thaliana However, not all proteins fro. thalianawere represented in the
database, which meant that not all ESTs could bepew Therefore, the
classification of the ESTs had to be complementedding the annotation
of A. thalianaproteins in MAtDB. Moreover, there were also SOE®TS
that did not receive a significant BLASTx match iaga anA. thaliana
protein and these were further classified usingaheotation of the best
homolog match in the nr-database.

As a comparison to the cold stress set, 2,189 Egliences from a non-
induced oat leaf library were downloaded from dbE&Td the sequences
were analyzed in the same way. We thereafter exaimthe 20 most
frequent ESTs in the cold stress set and compamddxpression values to
the values in the non-induced leaf library. Thaulsscan be viewed in table
2 in Paper I. Several of the genes in the cold eadulibrary were more
abundant than in comparison to the control librégr example, the cold-
induced COR410 (Wcor410) is a dehydrin [117], whilexpressed during
water-deficiency and cold stress, and the coldaespe LEA/RAB-related
COR protein (Wrab17), which belongs to group-3 d@AkLproteins, has
previously been established as induced by cold][1¥8re interestingly,
these genes were not expressed in the library gumaer normal conditions.

Oat CBF genes

Among the genes in AsCIUniGene, four of them cobéd identified as
AtCBF homologs. As described in the section ‘Cold acation regulatory
pathways’ in the introductory chapter of the thetiie AtCBF1-3 TFs are
prominent in the regulation of cold acclimation lpady(s) inA. thaliang
and, in addition, the genes are rapidly and tramisienduced by cold stress
in this species [17, 83]. Sequence analysis ofdgreved protein sequences
of the AsCBFsrevealed that they contain an AP2 DNA-binding donfaee
Figure 5 in Paper ), which is a characteristiC&F proteins [119].

CBF genes have also been identified in other spesigsh as rice, barley
and wheat. A phylogenetic study of the four ideatif AsSCBFs as well as
the AtCBFs and CBFs from rice (Os), wheat (Ta)ldyafHv), tobacco (Nt)
and rye (Sc) revealed that monocot and dicot CBEssaparated into two
different branches (Figure 10). The AsCBFs areapaut in the monocot

° NCBI, Expressed Sequence Tags Database: http:/fmstivnim.nih.gov/dbEST
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branch, but three of the ASCBFs are most similaCBd~s in barley, which

is a somewhat unexpected result since barley isngnibe most cold
tolerant crops.

Conclusions

Methods and algorithms for pre-processing, clusteend assembling EST
sequences have been developed during a long tinde itartherefore

nowadays exists an accepted procedure for perfgrthiese steps, which is
commonly termed as ‘EST analysis’. However, thetrs#ep of annotating
the sequences, in order to streamline the ideatifin of key genes involved
in the process under study, has been less studi@di@veloped. In this
paper we utilized functional and gene family clfisation in order to do so.
We worked with slightly different strategies duririge work, such as
inheriting the classification of a previously cheteized gene/protein and
the mapping to an orthologous group. However, ey all based on the
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Figure 10.Phylogenetic tree of CBF factors in oat (As), bafelv), wheat (Ta), rye
(Sc), tobacco (Nt), Tomato (Le), thaliana(At) and rice (Os). The figure shows a
Neighbou-joining tree based on the AP2-domain in the CBfdis. This is an
excerpt from figure 5 in Paper I.
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same underlying strategy, using the annotation hef best sequence
similarity hit against a gene/protein in a morerelterized species. In this
caseA. thalianawas used as a reference species, since it isfahe major
model species among plants and currently the mbatacterized plant
species. This strategy led to the identificatiorth&f fourCBF genes in oat.
However, the work also showed that this approach ribt result in a
classification of all sequences from oat. A devalept of the approach that
includes other related species should therefosohght after.

Finally, based on the presence of cold-regulatetege@andCBF genes in

particular in the EST set, we conclude that thetevimat variety Gerald
contains genes in its genome that can be couplemblth stress and the
regulation of the response.

Comparative analysis of multiple EST sets

Several of the closely related species to oat arehnmore cold tolerant,
such as wheat, barley and rye. In Paper Il, wenebeg the comparison
study made in Paper |, by comparing the ESTs denmePaper | to other
publicly available EST sets from related speciesvali as to sets from
unstressed and etiolated plants. The comparatiny stimed at identifying
genes induced by cold in the related species ds wel

Cold stress EST sets from ric®ryza sativy, wheat Triticum aestivun
and barley lordeum vulgareandA. thaliang were compared to sets from
drought stressed, non-stressed and/or etiolatedspl&he identification of
cold-regulated genes was based on deriving prefalignexpressed genes
in a cold stress EST set when compared to the aasdts. In this study, we
wanted to investigate whether the genes identifaed preferentially
expressed differ among the different species tindfe is a limited number
of cold-regulated genes that are common to alktispecies.

Tentative ortholog groups

The mapping to an ortholog group was previouslydufee analyzing the
most abundant ESTs in the oat cold stress EST Papef |). Besides
streamlining the annotation of plausible expresgedes, using ortholog
groups made it possible to compare gene expressioes across multiple
libraries. The ESTs in each set were mapped tmapgand an expression
value could subsequently be inferred by countirggritbmber of ESTs per
group. Moreover, this expression value could thitzede compared across
sets derived from different species. However, ipdPd, many of the ESTs
did not receive a significant match againstfarthalianagene with a KOG
annotation and the classification had to be comefeged with annotation
from MAtDB and the best match in the nr databadee &im of this study
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was therefore also to improve and develop the &mbroof using
orthologous groups for classifying the ESTSs.

The Institute of Genome Research (TIGR) have c@tecESTs from
various research projects and clustered sequencesath species into so
called tentative consensus (TC) sequences, presymapresenting
expressed genes [120]. The TIGR database contdiss fiom a large
number of plant species, which makes it attractoresimilarity searches.
All sequences have also been clustered into orghglmups, which are
stored in the EGO_(likaryotic_Gene_Othologs) database [121], where each
cluster contains orthologous genes (or actually)TTse same advantages
as with using KOG would be gained here, but preslynaith an increased
coverage of classified ESTs. However, the clusterSGO are redundant,
and consequently a TC is commonly a member of rtitae one ortholog
group. This complicates the derivation of exprassialues, since the ESTs
will match against several groups, thus resultimgnisleading expression
values.

In order to take advantage of using ortholog growgsle at the same time
avoiding the redundancy in EGO, we downloaded Ti@Gmfa number of

selected plant species included in the EGO datalsaseTable 2 in Paper 1)
and clustered them into a set of non-redundangtieet ortholog groups

(TOGSs) using the algorithm OrthoMCL [122]. The ded TOGs were

thereafter used for the identification of expresgedes in the different EST
sets, as well as for deriving expression valueg&mh ortholog group. Each
EST in the different sets was mapped against a B0 the expression
value for each TOG in each set was compared tesxtpeession value in the
other sets.

‘Digital-Northern’ for detecting preferentially expssed genes

Gene expression levels in unbiased cDNA librarias be estimated by
using the cognate frequencies of ESTs. The vanatio the relative
frequency of ESTs sampled from different cDNA liiies have, for
example, been used for detecting genes differgntiekpressed in a
biological sample or identifying genes with simikaxpression patterns in
multiple cDNA libraries [100-102]. This approachdasmmonly referred to
as ‘digital-Northern’.

During the last years, various test statistics H@aen proposed for detecting
differentially expressed genes in multiple EST .s8tsch approaches have
frequently been used to identify genes that differexpression levels
between different tissues [101, 123-128]. Somehef dtatistics have been
developed more recently, taking into account tharatteristics of the EST
data, such as the distributions typically founcERT data [123, 127]. Four
different test statistics were used in this stutlg; Audic and Claverie (AC)
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test, they” 2x2 test (Chi), the R statistic (Rstat) and theegaly’test over
multiple data sets (MultChi) [123, 127]. The webIttDEG6' was used to
infer differentially expressed TOGs [129].

Identifying preferentially expressed TOGs

In total, seven cold stress EST sets and elevetrat@ets for the selected
species were included in the comparative study {sd®e 1 in Paper II).

The sets were downloaded from dbESaxcept forA. sativawhere we used
our in-house derived library (Paper 1). The compeea study was

performed species by species, i.e. each cold stetssvas compared to
control sets from the same species.

Each EST set was separately clustered and assenmtedontigs and
singletons (see Table 4 in Paper Il). Thereaftehezontig and singleton
from each EST set was mapped to a TOG accordintgeanost similar
TC’s TOG number, as identified by a BLASTn simitgrsearch using aB-
value threshold of I#. The stringent threshold was set in an attempt to
assure that each sequence would be matched te artholog.

In order to derive preferentially expressed TO@Gs,relative EST frequency
was calculated for each detected TOG in each seétmaarked as up-
regulated if the frequency was higher in the cdigtss set than in the
control set. TOGs were considered as preferentedfyressed if they were:
1) detected as differentially expressed by any s&sistic used and 2) up-
regulated in comparison to all control sets. Wep asldressed uniquely
expressed TOGs, i.e. those that had an expresaloa n the cold stress set
but not in any of the control sets. In this case,amly included TOGs with
>n EST members, whene depended on the size of the EST set (for more
details see Paper 1), as an attempt to keep thdauof false positives at a
low level.

Comparison of identified cold induced genes

Analysis of the results revealed that the iderdifpgeferentially expressed
TOGs differed considerably between the sets, asp#reentage in the
intersection of TOGs among pairs of sets was gépdoav (1.0-11.5%; see
table 5 in Paper Il). Additionally, comparing taracroarray study on cold-
stressedA. thaliana plants showed a low overlap in identified cold-
responsive genes (see Paper Il for more detaiteeresults).

At first sight, these results could indicate that tmethod had problems in
deriving cold induced genes, but when further examgi the annotation of
the TOGs we found that many of them could be rdlatecold or other

stresses (see Apendix A). For example, one of thst rexpressed TOGs

19 IDEGS: http://telethon.bio.unipd.it/bioinfo/IDEG&rm/
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corresponds to At1g54410, a gene that belongs eéod#hydrin family.
Members of this family are known to be induced batev stress [130].
Moreover, there are also different heat shock prstevhich are known to
respond to stress [131] as well as the cold actiomgroteins WCOR410b
and WCORG615 [19].

Many of the derived TOGs correspond to genes pusiyoshown to be

induced during a longer period of stress. This hagplausible natural
explanation. For the oat, rice aAd thalianasets RNA was extracted from
pooled tissues collected at multiples time poirtsd for the barley and
wheat sets the RNA was collected after two dayscalfl treatment.

Consequently, these sets foremost represent gdradsate long-term

expressed or expressed after some time of stress.

Conclusions

Several of the derived TOGs could be related td emid/or other stresses,
although the results showed unexpectedly largerepsrncies among the
different species. This result can be explained mpmber of factors, such
as differences in the experimental conditions wbenstructing the cDNA
libraries and the sequencing of ESTs. Another ingmbrfactor is that the
species differ both physiologically and in theivéé of cold tolerance. For
example, oat is a monocot cold-sensitive speciégreasA. thalianais a
cold-tolerant dicot. It is therefore also plausitilat the sets of preferentially
genes differ between the species. This has also bbserved in other
studies, such as the comparative study by Gulich. dtetween a winter and
spring wheat variety in response to cold [132].

Additionally, the approach of using TOGs exhibisamine limitations which
can explain the differences in the results. Fomgda, the mapping of oat
contigs and singletons was still not complete, esimbout 34% of the
sequences could not be mapped to a TOG (accomliting tselected BLAST
E-value threshold). In addition, we can see that Jome TOGs the
OrthoMCL algorithm has clustered together too mai®s. For example,
the largest TOG consists of 188 TCs with ratheedig annotations and this
TOG should preferably be split up into smaller greuThe consequence is
that it will generate an overestimated and miskegdixpression value. The
method therefore needs further development in otderincrease the
reliability of the results.

Evaluation of ‘digital-Northern’

Since the study in Paper Il produced large discreipa in the results, we
wanted to investigate in more detail what the reasmuld be. There were
some plausible explanations available; for exantple method for mapping
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ESTs to TOGs proved to have some flaws and it washd that
improvements are needed in order to increase tiabity of the results.
Another possibility, which other studies have gisbnted at, is that EST
sequencing and microarrays generate very differesuilts, which makes a
direct comparison limited and most probably misiegd A thorough
comparison of the results from EST sequencing amcloarrays from
several experiments would give a more general @at@ithis issue.

There was also a possibility that the statistieatd used in Paper Il were not
optimal for performing ‘digital-Northern’, due tdvé¢ characteristics of the
data, e.g., some genes are highly abundant, bun#jerity is represented
by only a few ESTs. A thorough evaluation of thst tgtatistics used in the
comparative study would give more insight into thiatter. Consequently,
in Paper lll, we made a thorough evaluation of #pplicability of the
statistical tests. In addition, we wanted to iniggge whether the combined
outcome from several tests would improve the oVeeslits.

Several different tests have been proposed forwtimd) ‘digital-Northern’
and some of them have also been evaluated preyi@l@2, 123]. In this
study we chose a somewhat different focus comparedevious studies. In
Paper Ill we used relatively small EST sets (2,000 ESTSs), pairwise
comparisons of sets, and sets where the total nuafEeSTs might differ.
In addition, we were interested in up-regulatecefgnentially expressed)
genes in a treatment set (here cold stress treathdh compared to a
control set.

Statistical methods and simulated data

We tested five statistical methods, tifetest %), Fisher's exact one-sided
and two-sided test (Fone and Ftwo, respectivehg, Audic and Claverie
(AC) test and a method consisting of calculating thifference in relative
frequency (Diff) [100, 107, 123, 133, 134].

The comparison of the statistical methods was fiestormed on simulated
data, as this provides a controlled environmentre/tibe methods can be
properly tested. Therefore, we created pseudo clibraries following a
Log normal, Gamma or Possion probability distribnfi since these
resembled most closely the distributions of traps@bundance in the EST
data. The pseudo libraries contained about 1,00086nes relating to
20,000 genes. Of these genes, 4,000 (20%) werdateduas up-regulated
with a fold change that was randomly selected fram underlying
probability distribution (see Paper Il for moretaiés).

Thereafter, a random number of clones, represerifgs, were picked

from a pseudo library with simulated up-regulateshes, i.e., the treated
condition, and another random number of clones faotontrol library. The
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tests were subsequently applied to the data, whikee genes with a test
value @-value or difference in relative frequency) lesartha specified
cutoff were considered as up-regulated.

We also introduced the use of a flexible cut@ffwhich takes into account
the size of the EST sets, and can be used asesinaive to static cutoffs. In
this case, the percentage number of genes witst &dbie below a specified
cutoff was first calculated. The level 6fthereafter determined which test
value cutoff would be used, and this would be tldue that has been
derived for €% of the genes (for more details on how to defeeftexible
cutoff, see Paper IlI).

The methods were evaluated by producing ROC cumasulating the

percentage derived true positives and the sertgiisee methods section in
Paper 1l for how this was done). The results réaeahat all methods
performed on a comparable level, exceptyfothat was slightly worse than
the other methods, and that the tests produceditigliglifferent results.

Based on these observations, we applied a rangalexf which combined

the outcome from the different tests. The resuitsared that a combination
of the AC, Fone, Ftwo and Diff methods with a flaei cutoff should be

preferred, as it increased the number of detectpdegulated genes
compared to when each test was applied in isolation

Experimentally derived data

The combination of the AC, Fone, Ftwo and Diff noeth together with a
flexible cutoff was also tested on experimentaiyegrated data. In this case
we used two EST sets originating from cold stregsdtialianaplants and a
control set from non-stressed plants. We chose dk wiith A. thaliana
since this is a prominent model species for plami$ most of the current
knowledge about cold stress has been derived fine1species.

The concatenated EST sets were first clusteredaasembled into contigs
and singletons, using the EGassembler on-line't¢®8], and thereafter
each contig and singleton was matched to a genA. ithaliana by a
tBLASTx search E<10°). For each gene with a match we calculated the
number of ESTs in each matching contig, as welllasiatching singletons,
thereby deriving an expression value for the gereach EST set.

In the simulation studies we recorded whether segeas up-regulated or
not and thereby we could identify which genes wewe positives among
the detected ones. In order to have the same t@mpleen testing on the
experimental data, we used a collection of 4,03[d ecesponsive genes
compiled by Hannah et al. as gold standard [13%]e Denes in this

1 EGassembler, http://egassembler.hgc.jp/
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collection had been reported to be differentiatkpressed in at least two
independent microarray studies.

We made some interesting observations when conpatie genes
represented in the sets and with the collectiortadfl responsive genes.
There was some overlap between the cold-stressasetxpected, but also
with the control set. Moreover, some of the gemeghe control set were
also represented in the collection of cold respangenes. This means that
some of the genes participating in the cold respom® also expressed
during normal conditions. Finally, the number ofdccesponsive genes was
relatively low in the cold stress sets, 28% and 2d¥%pectively, of the total
number of represented genes in the sets. In thieot@et 24% of the genes
related to cold responsive genes.

After applying the tests, the results showed thatlevel of true positives
was relatively low, ~25% for both sets, irrespesiyvof the level ofC. On
the other hand, the sensitivity increased dramiftiedhen C was increased;
however, this also produced a high number of fatsatives.

Conclusions

Based on the simulation studies, we conclude tmatevvaluated statistical
methods are comparable regarding the percentagerifed true positives,
but they produce slightly different results. Thenglation studies also
showed that the number of detected true positimeseased when the AC,
Fone, Ftwo and Diff methods were combined and tatintroduction of a
flexible cutoff made the inference less sensitovéhe size of the EST sets.

On the other hand, based on the results from tpécation of the tests to
experimentally derived EST sets, the tests apmeanty be able to detect a
portion of the cold responsive genes representédersets. This can relate
to a number of factors, such as the inherent ptigggeof EST data, but also
to limitations in the analysis steps. For examph®st of the genes were
represented by a few ESTs, which will restrict gtatistical inference.
Further, each EST has to be matched to its true geigin, in order to
derive a correct expression value for each genis. Sthp is not trivial, since
the ESTs commonly have poor sequence quality, artapgenes and may
be polymorphic, which makes the matching complidaliethe ESTs are not
correctly matched, this will lead to an over- odanestimated expression
value, which will have consequences for the dataatif up-regulated genes.
Moreover, when using smaller EST sets this steporines even more
important, since the mis-matching of a few EST4 aalve a large impact on
the results.

Consequently, based on this study, we concludethieatest statistics are of
limited use when applied to small EST sets. Toemily infer preferentially
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expressed genes puts large requirements on thei@atdhe production of
high-quality sequences. Furthermore, the EST ss#d in Paper Il and Il
come from cDNA libraries pooled from several timeirpgs. The ESTs
should preferably come from un-pooled librariesicsi the pooling of the
data will result in the detection of mostly genegressed during all or
several of the time points included in the pool{fggure 11). Therefore
genes that are differentially expressed duringatehtime window might
be missed.

Expression level

/\ Expression values:

Orange: 100+60+55+40 = 255
I~ Blue: 75480477460 = 292

\ Purple: 20+50+50+20 = 140
Red: 35+40+40+35 = 150

1h 3h 6 h 9h Time

Figure 11. This figure illustrates the result in number ofnseripts collected from
pooled samples. Genes that are expressed at a lewadr but during a longer
period will be represented approximately equallynumber of ESTs to genes
strongly expressed during a shorter time. The grags represent sampling points
in the pooled data and the colored lines the espesprofiles of four different
genes. The calculated numbers refer to the totaben of MRNAs extracted from
the different samples (theoretical example).
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Cold response in rice

Rice — a chilling-susceptible species

Rice is originally a tropical and subtropical sgsciand is therefore severely
affected when the temperature drops below 10°C ][1B@wever, the
expansion of growing rice into colder regions hed o a wide contrast in
terms of sensitivity to chilling among rice cultrgaThe higher sensitivity in
some cultivars has been shown to be correlateddeceeased capacity of
antioxidative system, a re-establishment of theewhtlance as well as an
inability to produce cryoprotectants [137-139].

Since rice is an important crop and severely adfédty cold stress, there is
a demand for more tolerant varieties. In similarity oat, due to the
complexity of the cold acclimation signaling pattysathere has been
limited success of improving the tolerance by tiadal breeding.

Consequently, in order to utilize biotechnologicathods, more knowledge
about the underlying regulatory mechanisms is requi

Cheng et al. made a semi-global survey of the tiaascriptome during
10°C chilling stress [136]. However, the pathwagd genes involved in the
response at this temperature differ to those iredhn the lower 4°C
responses. A whole-genome transcription profilinghe response to cold
stress in rice at 4°C have, as far as we knowpretiously been reported in
the literature. Consequently, the first step ircielating the response to cold
stress is to conduct and analyze the data from swstidy.

Microarray gene expression analysis

Previous studies have indicated that daponica exhibits molecular
response mechanisms similar to those found in-toddgtant plants, and,
additionally, that prominent cold-responsive sigmal pathways are
conserved in rice [136, 140-142]. Conversely, nadgthas previously
established which mechanisms might differ in rinegomparison with cold-
hardy species, that could explain its inabilityutly acclimate.

In Paper IV, the rice cundica v. Jumla Marshiwas used in the microarray
experiment. Regardingndica genotypes, they are in general more
susceptible to chilling thadaponicagenotypes. Howevedumla Marshiis

a high mountainous cold resistant paddy thatstilstoday prevailing in the
harsh temperate climatic condition of around 2,60@ltitudes in the Jumla
area in Nepal. The genetic base of this rice immank but believed to be
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different from that of present-day rice varietiasat is not clear if the
variety actually originates frommdica or Japonica

Gene expression analysis

For the microarray experiments we utilized the Afgtrix GeneChif§ Rice
Genome Array, which represents approximately 51,6@0scripts from
mostly Japonicagenes and a few thousands originating fioadtica genes.
Rice seedlings were exposed to cold stress at 4fi@gl30 min, 2 h, 4 h, 8

h and 24 h of stress treatment (for more experiatelgtails, see Paper V).
In addition, the results were compared to a simebgperiment of ~24,000
genes conducted oh. thaliana This data set is publicly available and was
downloaded from the AtGenExpress database

The pre-processing of the data from both experimasais done in the same
way, by using the GeneSpring softwdrdor more details on this part, see
Paper IV). Probe sets were classified as diffeaiptexpressed if they had

at least a 3-fold change in at least one time pdmtotal 1,617 and 1,967

probe sets were differentially expressed in ricgAnthaliang respectively.

The differentially expressed probe sets in riceeveratched talaponica
loci, through BLAST searches against the full adilen of Japonicagenes
(for more details on the mapping, see Paper IMic&lumla Marshiis
more tolerant to cold thamdica genotypes in general, we argued that it
might be more similar tdaponicaon the genetic level and therefore we
utilized the rich annotation that is available tbe completely sequenced
genome oflJaponica For the probe sets ia. thaliang their respective loci
were downloaded from the Affymetfikhome site (see Paper IV for more
details on this). The differentially expressed gaets are hereafter termed
the cold-responsive genes.

Most abundant gene families

In order to gain more insight on which genes that expressed in rice
during cold stress we examined the most abundarg fgmilies among the
cold-responsive genes, and in order to derive tmeber of cold-responsive
genes per family we utilized the annotation in BreenPhyl database [103].
Since the cold-responsive genes had previously lmeapped to loci in
Japonica these loci were used for extracting family mershgr for each
gene from the database. In total 1,299 (89.9% eftdal) cold-responsive
genes had a family classification, which is a higlrerage and, hence, this
approach turned out to be successful.

12 AtGenExpress, http://www.arabidopsis.org/info/egsion/ATGenExpress.jsp
13 Agilent Technologies, www.agilent.com/
14 Affymetrix, http://www.affymetrix.com

54



The most abundant gene families can be viewedyurdi5 in Paper IV. The
results revealed that protein kinases and thioredoxhave a high
representation. Kinases are important in a larggeeaof abiotic stresses,
including cold stress, since calcium-dependent gmmotkinases act as
calcium sensors and consequently are importanthe ttiggering of
signaling pathways [62, 63]. Thioredoxins, on théheo hand, act as
antioxidants and such proteins have been shownet@rbminent in the
protection of the cells against ROS [143], whictr@ases during cold stress.

There are also a number of transcription factorilfamrepresented among
the most abundant gene families that are impoitatite response to cold,
such as the AP2/EREBP, WRKY and MYB families. ThHBFCfactors that
have been shown to be prominent in cold acclimadignaling pathways in
A. thalianabelong to the AP2/EREBP family (see section ‘Caddlimation
regulatory pathways’ in ‘Introduction’ chapter fomore details). WRKY
transcription factors are involved in a range obldygical processes,
including different abiotic stresses such as c@#¥]. Moreover, they have
an important role in the control of ROS that ineean response to stress
[145]. MYB transcription factors are important irany hormone and stress
responses [146]. For example, the MYB15 factor bagn shown to
negatively regulate CBF3 iA. thalianaand, consequently, is a suppressor
of the CBF regulon (see section ‘Cold acclimatiegulatory pathways’ for
more details) [87].

The most abundant gene families clearly showedribats cold-responsive,
since many of the affected genes could be couptediifferent stress
responses in general as well as to cold stres#ispéy.

Comparison to the cold response in A. thaliana

Although the analysis of the cold-responsive geineécated that rice is

reacting against the arisen stress, the questimained why this species is
unable to fully acclimate. Therefore, we made a mamson to cold-

responsive genes f. thaliana

When studying the expression profiles of the gendbke two species there
is a clear difference in the overall dynamics (f$gere 7 and 8 in Paper IV).
In rice, the genes are mainly activated or suppressy cold stress and
thereafter remain on an elevated or reduced ldwalughout the entire
response. IrA. thaliang on the other hand, the majority of the genes are
transiently expressed, by making a peak or dipXpression levels and
thereafter returning to base levels at normal teatpees. This transient
behavior during cold stress has recently been eoupd the circadian
rhythm in A. thaliana(see section ‘Cold acclimation and darkness’ i th
‘Introduction’ chapter). In chilling-sensitive plem on the other hand, cold
stress experiments have been shown to disruptitb@d@n expression of
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MRNA levels. Moreover, after rewarming the clockaisered and out of
phase, which causes a mistiming of photosynthettt @ellular metabolic

reactions. This mistiming is thought to contribute the sensitivity in

chilling-susceptible plants and, consequently, istrang candidate to the
susceptibility in rice.

Cold-responsive transcription factors

We also extracted the transcription factors remtesk among the cold-
responsive genes in both rice ahdthaliang as an attempt to derive more
clues about differences in the transcriptional lapn (see Paper IV on
how this was conducted). The results can be viewédure 6 in Paper IV.

The family of C2C2-CO-like factors is interestingince the relative
frequency of the number of expressed genes infémly is higher inA.
thaliana than in rice. Members of this family control thiewering by
photoperiod and, hence, are plausibly importanttia timing of the
acclimation processes. There are also UATZ factors expressed iA.
thaliana but none in rice. In peas, a factor from this ifgrwas shown to
bind to A/T-rich promoter sequences and act apeessor of transcription
[147]. A potential role could be negative regulatmf acclimation processes
in A. thaliang which seems to be lacking in rice. There are dtao
members of the ARF family expressed An thaliang but none in rice.
These are auxin-responsive factors, which act #eerenctivators and or
repressors of transcription [148]. Two of thesetdes; Atlg77850and
At1g30330Qare located on chromosome 1Anthaliang for which there are
no orthologs in rice. These genes have been showa tmportant in ovule
and anther development [149].

Rice CBF genes

The mining of all transcription factors in rice neadt easy to extract
homologs to theCBFs in A. thaliana Among the cold-responsive genes in
rice, six up-regulated genes were found tAAbEBF homologs (see figure 8
in Paper 1V). InA. thaliang theCBFs are rapidly and transiently induced by
cold stress [17, 83]. However, in rice the gendiedothe overall dynamics
previously identified, by only exhibiting an incsmain expression levels.
The trough that can be seenAnthalianais not apparent for th©@sCBFs
(see figure 9 in Paper IV).

In rice, two of theCBFs, Os09g35010and Os09g35030 exhibit a rapid

increase within a few hours after the response aedtherefore strong
candidates to be orthologs tAtCBF13. However, according to the
phylogenetic tree of the protein sequences (seedfig in Paper 1V), these
genes are not the most closely related toAti@BFs. On the other hand, the
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gene most closely relate®@s01g73770is only relatively weakly expressed
and may therefore be more related to the droughteedAtCBF4

When including identifiedCBF genes from related species, i.e., wheat
(Triticum aestivuryy barley Hordeum vulgarg oat @Avena sativy rapeseed
(Brassica napusand tomatol{ycopersicon esculentymn the phylogenetic
analysis, we can see th@s01g73770s located on a separate branch from
the remainindCBFs (Figure 12), which further indicates that thisgés not

an ortholog toAtCBF13. Moreover, the monocot and dic@BFs are
clearly separated on different branches and the-responsiveDsCBFs are
spread out on the monocot branch.

Conclusions

Clustering genes into families using the full répee of genes/proteins in a
number of related species in combination with ssijdated algorithms has
streamlined the classification of the genes. Addily, it is a valuable
information source when characterizing genes redipgnto a specific
stimulus, such as in this case where it was usedafalyzing genes
responding to cold stress. However, the autométistering is not entirely
flawless and some clusters need to be manuallytesiré&or example, the
algorithms tend to cluster together genes fromediffit families that have a

AtCBF1-3 OsCBF1-2

CBFs

Figure 12. Phylogenetic tree of CBF genes in related cropdor€d gene ID:
indicate species: rice (blued,. thaliana(red), barley (yellow), wheat (green), oat
(turquoise), rapeseed (purple), and tomato (brown).
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conserved domain in common. Consequently, the nseds to be aware of
potential problems and critically evaluate the hasg family classification,
and possibly make corrections of the clusters.

There are also numerous databases that store miormabout a specific
family or genes with a common function, e.g., taimion factors. Such
databases are often more reliable, since the ifiom commonly is
manually curated; the amount of data is less aerktbre easier to manage.
This type of information source was also utilizadhis work for extracting
transcription factors among the cold-responsiveegeand reduced the
amount of time for identifying all factors repregeshin the data.

Although clustering and classification of genes dohson sequence
information streamlines the analysis of genes nedipg to some stimulus,
it can still be difficult to distinguish true ortlugs in different species. For
example, we identified a number of CBF factorsiae,rwhich seem to be
orthologs to CBFs irA. thaliana However, the fact that rice is a monocot
andA. thalianaa dicot, the extended phylogenetic analysis, wincluded
CBFs from a range of related species, resultedseparation of the factors
onto different branches. Additionally, the expreasprofiles of theCBFs in
rice andA. thalianadiffered considerably, and, consequently, whether
OsCBFs are true orthologs to AtCBFs is still anrogeestion.

The importance of combinatorial control

As described previously, the activation and supgioes of a gene is
achieved, amongst others, by the binding of trapson factors tocis-
elements in the promoter regions of the affecteteg@hese elements are
commonly short (6-20 bp), tolerate some degeneeauy there are few
established mechanisms on how they emerge.

Computationally, the identification afis-elements coupled to transcription
factors that are plausibly important in the regolatof a certain biological
process is commonly performed by searching for fsiothat are
significantly over-represented in a set of genesia common properties,
such as genes having highly similar expressionilpeofluring the process or
having the same biological function [106].

On the other hand, the regulation of gene expressidighly complex in
eukaryotes and is commonly accomplished by the divared action of
multiple transcription factors [150]. Since theme anany more biological
processes than transcription factors in the cdlis trequires a gene
regulation that is not one-to-one. The regulat®achieved, instead, by the
use of combinatorial control, where specific conaliions of transcription
factors accounts for different cell responses. Aglei motif can,
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consequently, be enriched in many processes anthghe sprocess is
enriched in multiple motifs.

Since cold acclimation is a complex trait, involyithousands of genes
interacting in an intricate underlying regulatorgtwork, we wanted to

investigate whether combinatorial control is impattin the regulation of

cold responsive genes in rice aAdthaliana(Paper V). Furthermore, we
chose to focus on the CBF factors in these twoigpeand genes having a
similar expression profile to these genes, sinee@BFs are prominent in
the regulation of cold responsesAnthaliana

Extracting over-represented motif combinations

In our previous analyses of gene expression data fice andA. thaliana
we identified a number of differentially expresggdbes (Paper V). In this
study, we proceeded by extracting the promoter oregof genes
corresponding to these probes, by first matchingh gaobe sequence to a
JaponicaandA. thalianalocus, respectively, and thereafter downloadirgg th
1K upstream region of genes corresponding to thmse(see Paper V for
more details).

In order to derive motif combinations, we first s#eed for over-represented
single motifs in each cluster of genes. The clgsteere derived by
identifying genes having highly similar expressimmofiles to each of the
CBFs, including only those having a Pearson corratatiRC) 0f>0.95 with
a CBF. This procedure generated five clusters, one &mhe&BF. The
clusters are somewhat overlapping (Figure 13) si@teCBFs in each
species have highly similar expression profilee (Bgure 9 in Paper V).
One of the clusters in rice has very few membesspared to the other
clusters, and this is due to that the expressioal lef Os09g3503Glightly
increases at time point 24 h, while ©809g3501Qhere is instead a small
decrease.

We thereafter derived over-represented single satifa cluster by using
Fisher's exact one-sided test [107]. In this case&latabase of previously
characterized motifs was used; where the motifsevoailected from the
plantCARE database [151], the PLACE database [@aBd]motifs extracted
from the literature. The over-represented motifsentnereafter used for
building motif combinations and deriving over-reggated combinations in
a cluster, by again using Fisher’'s exact one-sidetl For more details on
this step, see Paper V.
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Figure 13. The figure on the left shows the gene memberdeftihree clusters
derived forA. thalianaand the figure on the right shows the memberseftivo
clusters for rice.

Results and analysis

When studying single over-represented motifs, wderthe observation that
if a motif was common among genes in a clustavag also common in the
remaining genome and vice versa (see figure 2 pelP¥). For example,
the relative fold-change (FC) (see paper V on h@nd-calculated) for the
W-box motif YTGACY was ~1.3, i.e. this motif was lgn-1.3 times more
common among genes in a cluster than among gendseimemaining
genome. On the other hand, regarding motif comizinat we saw an
opposite trend, i.e., a specific motif combinaticould be present in the
majority of the genes in a cluster, but totallyesitsn the remaining genome.

Moreover, we could also see a decreasg-walues with an increased
complexity in the motif combinations, i.e., tipevalues were in general
much lower among four-combinations than among taemzinations (see
figure 3 in Paper V). This also meant that the neimbf occurring four-

combinations among the genes in a cluster decretms@d much greater
extent in the remaining genome.

We also examined the most significant non-overlagpnon-redundant
motif (MSNM) combinations in more detail, to inviggtte whether these
could be related to cold and/or other stressektbey were entirely novel in
this context. Among the clusters An thaliang we conclude that an ABRE-
related motif, which has been identified among gemesponsive to
cytosolic C&", the binding site of the transcription factor GTwhich has
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been shown to stabilize the TFIIA-TBP-DNA complexd the binding site
of WRKY transcription factors, which are commonlgduced against
various abiotic stresses including cold, are imgratrin the regulation of the
AtCBFs. Moreover, in one of the clusters the binding @it heat shock

transcription factors were in the MSNM combinatidrese transcription

factors are commonly coupled to heat stress, thastrecently been shown
that there is an overlap with non-heat signalinthways including cold

responses [153].

The ABRE-related and the binding site of GT-1 ds® among the most
SNM combination in theds09g3501Ccluster, but not the WRKY motif.
However, this does not mean that the motif is mes@nt among the genes
in this cluster. On the contrary, this motif is hligoccurring in rice, leading
to that it is not detected as over-representechen duster. The MSNM
combinations detected in tf@s09g3503Ccluster distinguishes most from
the other SNM combinations, by including a low temgiure responsive
element (LTRE), a motif coupled to sugar starvatiod the binding site of
a MADS transcription factor, although the ABRE-teth motif as well as
the WRKY-motif are present in th@s09g3503@ene.

Conclusions

This study clearly showed that tedFs and other cold responsive genes are
under combinatorial control, which should be acklealged when detecting
motifs. Some of the motifs are highly interestisgch as the motifs that
correspond to WRKY and HSF binding sites, sinces¢héactors have
recently been directly coupled to cold stress.

We also made some other interesting observatian) as that a motif
relating to the binding site of MYC transcriptioacfors is only over-
represented in th&tCBF2cluster, although it is known that a MYC factor is
prominent in the activation tCBF3[77]. Additionally, that, e.g., WRKY
binding sites is not detected in the rice clustaithough they are commonly
occurring among the genes in the clusters. Thigdae with the detection
of over-represented single motifs from a clustehiah' motifs that will be
derived depends on the composition of genes irclider and this in turn
highly depends on the approach/algorithm for imfgyrclusters. There are
many options regarding this step and these willrafort a somewhat
different composition, which will together with threhosen statistical test
have an impact on which motifs will be considereduger-represented and,
consequently, which combinations are possible. Thia limitation in the
method, since a motif may be over-represented mbaaation with some
other motif, but not in isolation. Consequentlymiight be better to focus on
motif combinations from the beginning of the stwahd, hence, detect over-
represented combinations in a cluster insteadngiesimotifs.
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Concluding remarks

The size of crop yields is negatively dependenttlmn damage of plants
exposed to low temperatures. This in turn depemda aumber of factors,
e.g., time of planting and the time of day the csiiess occurs, but most
importantly the ability to cold acclimate. The cdddclimation signaling
pathways are complex and involve an intricate netwab genes. Moreover,
there is a coupling of cold stress with other siessuch as wounding and
drought, signifying that there is a cross-talk begw these responses and
their respective signaling pathways.

During the course of this work, data from gene egpion profiling studies
have been analyzed, with the aim of gaining morewkedge about
mechanisms regulating responses to cold stressainand rice. Two
different technologies were used, since the aviiilalof gene sequences
from the two species differed, which consequerglyuired different types
of analyses.

More specifically, based on this work, the follogiimonclusions can be
made:

(biological)

¢ The winter oat variety Gerald is cold responsivel @ontains genes
homologous to previously characterized cold-regdaienes in related
species.

¢ The oat genome contains a numberGBF genes, which have been
shown to be prominent in acclimation pathways latesl species.

¢ The winter rice variety Jumla Marshii is cold respiwe and contain a
significant amount of genes coupled to cold-regoitaand acclimation
pathways.

¢ The cold response in rice differs from the responséhe more cold
tolerant Arabidopsis thaliana The negative repression of acclimation
pathways is apparently dysfunctional in rice, whgthusibly explains
its inability to survive low temperatures.

¢ The CBF genes in rice andrabidopsis thalianaand other genes with

similar expression profiles, are under combinatarantrol of multiple
transcription factors.
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(data analysis)

¢

There is an accepted procedure for analyzing ESjueseing and
microarray data, up to the point of identifyingfdrentially expressed
genes. However, much work is still needed in order further

characterize these genes and assembled procedumdsirig so are less
developed.

In order to streamline the annotation of sequenoekjding both ESTs

and probes, the use of mapping to orthologous granmene families

should be considered, since this will facilitate #mnotation to a large
extent as well as the identification of biologigateresting genes among
vast amounts of data.

The combined results from several test statistidgerw performing
‘digital-Northern’ should be considered, since thember of detected
true positives increases.

The interpretation of the results from the appimatof ‘digital-
Northern’ to small EST sets should be made withiocausince the sets
may not hold enough information for statisticalrsiigance.

Instead of deriving over-represented single matifisong a group of
related genes, one should consider over-represemdéfl combinations
since many complex traits are under the combirgtocontrol of
multiple transcription factors. Moreover, a spexiftombination of
transcription factors may be more important thee fresence of
specific single transcription factors.
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Appendix

Appendix A.

Most expressed TOGs among the preferentially derive

Set Putative function Stress Ref
AtCI | Ribulose-1,5-bisphosphate Cold, light (Zhang et al., 2001,
carboxylase/oxygenase small subunit Gulick et al., 2005)
Translation elongation factor 1 Cold (Berberitlale,
1995)
Cyclophilin Cold (Savitch et al., 2005)

Translationally controlled tumor -
protein homolog

Glyceraldehyde-3-phosphate Cold (Jeong et al., 2000,

dehydrogenase Hurry et al., 2000)

Glycine-rich RNA-binding protein Cold (Kwak et 22005,
Shinozuka et al.,
2006)

Wali3 protein Alu, wound  (Snowden and

Gardner, 1993,
Snowden et al., 1995)

Chlorophyll a/b-binding protein Light (Yang et al., 2000)

CP29

Rieske Fe-S protein -

Carbonic anhydrase Cold, salt (Yamada et al.8,199
Gulick et al., 2005)

Phosphoglycerate kinase Cold, heat (Piper e1 286,

Hurry et al., 2000)
60S ribosomal protein L35 -

60S ribosomal protein L10 -

At1g54410, Dehydrin Water TAIR locus
60S ribosomal protein L10 -

AtCl I Heat shock protein cognate 70 Cold (Li et 899)
Translation elongation factor 1 Cold (Berberitlale,

1995)

Ribulose-1,5-bisphosphate Cold, light (Zhang et al., 2001,
carboxylase/oxygenase small subunit Gulick et al., 2005)
Thiazole biosynthetic enzyme, Heat, (Choi et al., 1990)
mitochondrial precursor (Stress- copper, etc.

inducible protein sti35)
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Adenosylhomocysteinase (S- Cold
adenosyl-L-homocysteine hydrolase)

(Jung et al., 2003)

Glyceraldehyde-3-phosphate Cold (Jeong et al., 2000,
dehydrogenase A Hurry et al., 2000)
Transketolase Cold (Hurry et al., 2000)
Glycine hydroxymethyltransferase -
Glyceraldehyde-3-phosphate Cold (Jeong et al., 2000,
dehydrogenase B Hurry et al., 2000)
Glyceraldehyde-3-phosphate Cold (Jeong et al., 2000,
dehydrogenase, cytosolic 1 Hurry et al., 2000)
Ribulose bisphosphate Heat (Law and Crafts-
carboxylase/oxygenase activase Brandner, 2001)
Phosphoglycerate kinase Cold (Hurry et al., 2000)
Carbonic anhydrase Cold, salt (Yamada et al.8,199
Gulick et al., 2005)

Fructose 1,6-bisphosphate aldolase Cold (Huray.e2000)
Beta-glucosidase -

AtCI Il Ribulose-1,5-bisphosphate Cold, light (Zhang et al., 2001,

carboxylase/oxygenase small subunit

Glycine-rich RNA-binding protein Cold
GSK3/Shaggy-related protein kinase  Osmotic
Cinnamyl-alcohol dehydrogenase -
Mitochondrial 60S ribosomal -

protein L6

Glutaredoxin protein Cold

Atlg60710/F8A5_23

rity, light
GSK3/Shaggy-related protein kinase  Osmotic
Ubiquitin-conjugating enzyme -
OsUBCb5a
Tonneau 1 -
At5g12470 Unknown
60S acidic ribosomal protein PO -
Voltage dependent anion channel -
Heat shock protein 80/82/90 Cold

40S ribosomal protein SA (p40) -

Gulick et al., 2005)

(Nomataadt, 2004,
Stephen et al., 2003,
Zchut et al., 2003)

(JamakHirt,
2002, Richard et al.,
2005)

(Gidekel et al., 2003)

Hypoosmola(Rook et al., 1998,

Satoh et al., 2004)
(J@makHirt,
2002, Richard et al.,

2005)

TAIR locus detail

(Rinehart and
Denlinger, 2000,
Freitag et al., 1997)

80



AsCI Ribulose-1,5-bisphosphate Cold, light (Zhang et al., 2001,
carboxylase/oxygenase small subunit Gulick et al., 2005)
Chlorophyll a/b-binding protein Light (Yang et al., 2000)
WCAB precursor
Ribulose bisphosphate Heat (Law and Crafts-
carboxylase/oxygenase activase Brandner, 2001)
Fructose 1,6-bisphosphate aldolase Cold (Hurgy.e2000)
Cold acclimation protein Cold (Gulick et al., 2005)
WCOR410b
Chlorophyll a/b-binding protein -

CP29

Glyceraldehyde-3-phosphate Cold (Jeong et al., 2000,

dehydrogenase Hurry et al., 2000)

Chlorophyll a/b-binding protein Light (Yang et,&000)

Oxygen-evolving enhancer protein 2 Salt (Abbasi a
Komatsu, 2004,
Sugihara et al., 2000)

Oxygen-evolving enhancer protein 1 Salt (Abbasi a
Komatsu, 2004,
Sugihara et al., 2000)

Photosystem Il 10 kDa -

polypeptide/40S ribosomal protein

S10-1

Ferredoxin-NADP(H) -

oxidoreductase

Ferredoxin -

Chlorophyll A-B binding protein of  Light (Yang et al., 2000)

LHCII type IlI

Chlorophyll a-b binding protein 4 Light (Yangadt, 2000)

Photosystem | reaction center subunltight (Toyama et al., 1996)

Xl, chloroplast precursor (PSI-L)

(PSI subunit V)

HvCl Chlorophyll a/b-binding protein Light (Yang et al., 2000)

WCAB precursor

Nonspecific lipid-transfer protein 4.1 -
precursor (LTP 4.1) (CW21)

Chlorophyll a-b binding protein of  Light
LHCII type 11, chloroplast precursor
(CAB)

Unknown -

Ribulose-1,5-bisphosphate Light
carboxylase/oxygenase small subunit

Glutathione-S-transferase Cold

(Yang et al., 2000)

(Zhang et al., 2001)

(Seppanen et al.,
2000, Jung et al.,
2003)
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Alcohol dehydrogenase Cold

Chlorophyll a-b binding protein Light
CP26

Glutathione-S-transferase Cold
Photosystem Il subunit PsbS Light
Glyceraldehyde-3-phosphate Cold
dehydrogenase

Photosystem | reaction center subunltight
XI, chloroplast precursor (PSI-L)
(PSI subunit V)

Selenium binding protein Cold

Cold acclimation protein WCOR615 Cold
ES2A protein GA3

(Christie et al., 1991
Jarillo et al., 1993)

(Yang et al., 2000)

(Seppanen et al.,
2000, Jung et al.,
2003)

(Toyama et18196)

(Jeong et al., 2000,
Hurry et al., 2000)

(Toyama et al., 1996)

(Machuka et al.,
1999)

(Speulman and
Salamini, 1995)

TaCl

Low temperature-responsive RNA- Cold
binding protein

Translation elongation factor EF-G -

Photosystem Il protein W-like -
protein

Weakly similar to UP|Q8VYV1 -
(Q8VYV1) AT5g08050

Glycine rich protein, RNA binding -
protein

(S)-2-hydroxy-acid oxidase -
50S ribosomal protein L6 Cold

G5bf -

Mitochondrial aspartate-glutamate -
carrier

Cold acclimation protein WCOR615  Cold

Xyloglucan endo-1,4-beta-D- -
glucanase

Weakly similar to UP|Q6YZD3 -
(Q6YZD3) Lipid transfer protein

Pyruvate/2-oxoglutarate -
dehydrogenase/ Fibrillarin
Coproporphyrinogen Il oxidase -

Embryonic abundant protein-like -
(At5g10830)

(Bosl and Bock,
1981)
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OsCl

Translation elongation factor 1 Cold
Glyceraldehyde-3-phosphate Cold
dehydrogenase

26S ribosomal RNA -
Unknown -
Metallothionein-like protein type 3 Abiotic
Heat shock protein 80/82/90 Cold

Progesterone-binding -

60S ribosomal protein L10 -

Alcohol dehydrogenase Cold
Fructose 1,6-bisphosphate aldolase Cold
Enolase 1 Salt
NADP-specific isocitrate Salt
dehydrogenase

Glucose-6-phosphate isomerase -
14-3-3-like protein GF14 -

Triosephosphate isomerase Cold

(Berberithal.,
1995)
(Jeong et al., 2000)

(Rinehart and
Denlinger, 2000,
Freitag et al., 1997)

(Christie et al., 1991
Jarillo et al., 1993)

(Hurgy.e2000)
(Yan et al., 2005)
(Popova et al., 2002)

(Graumann et al.,
1996)
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