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USED:

APETALA2-domain
amino acid sequence thought to function as DNA-binding domain.
Chlorophyll a/b binding factor
transcription factor encoding the light-harvesting chlorophyll a/b-binding
proteins of photosystem II and is involved in the diurnal and circadian
rhythm of plants. CAB levels peak in the late morning.
Cold-circadian rhythm-RNA binding factor
transcription factor involved in the circadian rhythm of plants. CCR levels
accumulate in the early evening.
C-repeat (CRT) dehydration responsive element (DRE)
a DNA regulatory element with a conserved core sequence of CCGAC that
imparts responsiveness to low temperature and dehydration.
C-repeat binding factor
transcription factor that binds to the CRT/DRE element and is involved in
the early cold response of plants.
Cold responsive genes
genes containing the CRT/DRE element, which are regulated by CBF and
confer freezing tolerance.
High expression of osmotically responsive genes
a constitutively expressed transcription factor, that through mediating ICE
expression negatively regulates the expression of CBF.
Inducer of CBF expression
a constitutively expressed transcription factor critical for the activation of
CBF expression, but which is inactive under non-stress conditions.
Nuclear localization signal
amino acid sequence used to target the protein to the cell nucleus.
Salt tolerance zinc finger
transcription factor induced by dehydration, high-salt, abscisic acid and cold
stress.
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General introduction

CHAPTER 1

E

xposure to cold temperatures is a common environmental stress for plants. Plants have
developed an array of responses on physiological, cellular and molecular level that
allow them to cope with cold stress. Understanding the mechanisms that provide plants with
the ability to survive cold will provide us with tools to explain evolution of species as a
result of different climatic conditions. From an economical perspective this knowledge can
help improve cold tolerance of agriculturally important crops (Thomashow, 2001).
Knowledge of the natural variation in non-crop species could help to gain insight into the
cold response of plants, which could then be utilized to enhance cold tolerance in crop
species. In this thesis we have chosen Draba as a model plant species to study the responses to cold. It is a genus with a wide geographical distribution and species can be found in
temperate, arctic-alpine and tropical-alpine habitats. Draba species, thus, provide a wide
range of potential adaptations to different seasonal patterns of exposure to cold and freezing
temperatures.
D raba
Draba L. is a cosmopolitan genus, comprising over 360 species (Warwick and Al-Shehbaz,
2006) distributed in the arctic, subarctic, alpine, and most mountainous regions of the world.
Draba is in fact the largest genus of the Brassicaceae family (Koch and Al-Shehbaz, 2002)
and belongs to the tribe Arabidae (Al-Shehbaz et al., 2006; FIGURE 1). It is one of the genera that is distributed throughout northern temperate latitudes and at high elevations in

FIGURE 1. Position of Draba within the tribal classification of the Brassicaceae (modified from
Al-Shehbaz et al., 2006).
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Central and South America (Pfitsch, 1994). A potential force driving speciation in Draba
could be polyploidization which is very common in this genus (Brochmann and Elven,
1992). Molecular evidence has confirmed that many arctic taxa are allopolyploid, often
formed after recurrent polyploidization events (Abbott and Brochmann, 2003). Accordingly,
Jordon-Thaden and Koch (2008) hypothesized that the genus’ ability to speciate frequently
via polyploidy resulted in high species richness, which was promoted through adaptation to
a wide range of extreme ecosystems and environmental fluctuations during glacial cycles.
Pfitsch (1994) had suggested earlier that the differences in growing season occurring across
the geographical range of Draba have contributed to the radiation into life forms that are
unique to the genus.
Recent phylogenetic studies estimated the genus Draba to have diverged from its closest
existent relatives around 5mya (I. Jordon-Thaden, pers. comm.). In addition, a phylogenetic classification of Draba covering the entire geographical range of the genus demonstrated
the presence of three major groups of true Draba species, together referred to as ‘Core’
Draba (Jordon-Thaden et al., 2010). With the exception of one species, all South American
tropical-alpine species belong to the Core Draba. The South-American Draba species are
thought to have originated from several ancestral species; an Asian connection through the
Bering Bridge and repeated north-south migrations and subsequent hybridization is plausible (Koch and Al-Shehbaz, 2002). Such migrations from North-America to the Andes by
temperate plant genera, such as Draba, are postulated to have occurred after uplift of the
northern Andes (Smith and Cleef, 1988; Hughes and Eastwood, 2006). Today, around 65-70
Draba species grow in the Andes region, from Colombia and Venezuela to Patagonia (AlShehbaz, 1991). The Andean Cordillera is the largest extension of low temperature areas
within the tropics (Sarmiento, 1986 as cited by Jørgensen and Ulloa Ulloa, 1994). Ecuador
constitutes an important part of this habitat in the Andes, with in total 17 Draba species, 11
of which are considered endemic to Ecuador (Jørgensen and Léon-Yanez, 1999).
The Draba species investigated in this thesis are species from three geographical
regions; arctic-alpine D. nivalis, tropical-alpine D. hookeri, D. alyssoides, D. aretioides, D.
splendens, and D. steyermarkii, and temperate D. muralis and D. verna. D. nivalis and all
five tropical-alpine species are part of the Core Draba (Jordon-Thaden, in prep.), while D.
verna is one of the early diverged Draba species found basal to the Core species (JordonThaden et al., 2010). D. verna was formerly known as Erophila verna and its exact phylogenetic position within the genus remains uncertain. From sequence data of 169 different
Draba species, Jordon-Thaden et al. (2010) concluded that D. muralis was basal to all the
other species and quite distinct. The authors, therefore, proposed to place this species outside the genus Draba, in the genus Drabella. Further analyses to strengthen this hypothesis are ongoing and in this study we will refer to this species as Draba muralis. The phylogenetic relationship between the Draba species discussed in this thesis is illustrated in
FIGURE 2.
In general, Draba plants have small flowers and seeds without any morphological adaptations for long-distance dispersal (Skrede et al., 2008). The genus is morphologically
diverse and shares numerous physical features with other members of the Brassicaceae family (Beilstein and Windham, 2003). Draba plants carry a variety of trichomes, presenting an
important mode of identification of many species. D. nivalis, D. hookeri, D. muralis, and D.
verna are all compact rosette plants with white flowers. Of the tropical-alpine species, the
majority of experiments were conducted with D. hookeri, because this species has a rapid
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life cycle and is mostly selfing. We will not discuss the other tropical-alpine species here,
but refer to Chapter 5 for a description of their growth forms. D. nivalis and D. hookeri are
perennial species, while D. muralis and D. verna are winter annuals. As winter annuals, the
latter two species are sometimes classified as therophytes, passing the dry season (i.e., summer) as seeds and overwintering as a rosette. All four species are mainly self-pollinating,
with occasional outcrossing having been demonstrated for D. nivalis and D. verna
(Turesson, 1929 and Winge, 1933 as cited by Andel et al., 1986; Brochmann, 1993; Ekman,
1932 as cited by Grundt et al., 2006).
As already mentioned, Draba is a polyploidy-rich genus (Al-Shehbaz, 1987 as cited by
Skrede et al., 2008) consisting of species with various ploidy levels. D. nivalis is the only
diploid species in this study (Brochmann et al., 1993). It is a circumpolar species, which
probably originated within the last one million years (Grundt et al., 2004; 2006; FIGURE 3).
All five tropical-alpine Draba species investigated are tetraploid (TABLE 1). From these
species D. hookeri, D. aretioides, D. splendens, and D. steyermarkii are endemic to Ecuador,
while D. alyssoides occurs in the high Andes from Venezuela to Peru (Tropicos.org, 2010;
FIGURE 3). Because all four endemic species are threatened by habitat loss they are listed on
the IUCN Red List as either endangered, vulnerable, or near threatened species (LeónYánez and Pitman, 2003). The temperate Draba muralis, also a tetraploid, occurs in southern and central Europe, northwestern Africa, Turkey, and Caucasus (Ratcliffe, 1960; Jalas et
al., 1996 as cited by Jordon-Thaden et al., 2010; FIGURE 3). D. verna has been identified as
a species with highly variable chromosome counts (2n = 14, 28, 30, 32, 36, 38, 39, 52, 58,
and 64; Warwick and Al-Shehbaz, 2006; Jordon-Thaden and Koch, 2008), but the population used in this thesis is tetraploid (TABLE 1). Additional research would be needed to discover if the highly variable chromosome counts in D. verna have functional consequences.
D. verna is originally a Eurasian species which has expanded to a weedy, cosmopolitan
species of the temperate region (Weeda et al., 2003; FIGURE 3). It is the only Draba species
that occurs worldwide, and Jordon-Thaden et al. (2010) suggest that its weediness could
have contributed to its relatively inconclusive genetic inheritance and multiple ploidy level
reports. On the other hand, Arabidopsis thaliana, also a weed with a broad distribution, is
known to be diploid across its entire range.

FIGURE 2. Phylogenetic relationships between the studied Draba species and Arabidopsis thaliana. Maximum-likelihood phylogenetic tree analysis of the combined trnL-F and ITS nucleotide
sequences based on the best-fit GTR+γ substitution model, as adapted from Chapter 2, FIGURE 3.
Only bootstrap values >60% (based on 1000 replicates) are indicated above the branch points.
Branch lengths indicate genetic distance.
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TABLE 1. Overview of the different species studied and their ploidy levels. Ploidy levels were
inferred from flow cytometry data of DAPI-stained nuclei from leaf tissue, using the diploid D.
nivalis (2n = 16; Brochmann et al., 1993) as a reference.

INTRODUCTION

Since the completion of the sequencing of its genome in 2000, A. thaliana has been the
model organism for genetic as well as molecular and cell biological studies of flowering
plants. Therefore, research on the cold response pathway of Arabidopsis has become the blueprint for investigating cold induced responses of other (crop) species. Although Draba is not
part of the same phylogenetic lineage as Arabidopsis (see FIGURE 1), the relatedness between
both genera allows for genomic comparisons. For example, a pairwise cpDNA sequence
comparison showed that ITS sequences of Draba and Arabidopsis are 85% identical.

FIGURE 3. Global distribution map of D. nivalis, D. muralis, D. verna, D. alyssoides, D. aretioides, D. hookeri, D. splendens, and D. steyermarkii, as could be inferred from existing reports. D.
nivalis has a circumpolar, D. muralis a central European and Mediterranean and D. verna a cosmopolitan temperate distribution, although the latter species is not native to North America. D. alyssoides is distributed throughout the northern Andes from Venezuela to Peru. D. aretioides, D. hookeri,
D. splendens, and D. steyermarkii are all endemic to Ecuador. Distribution data for D. nivalis are
adapted from Grundt et al., 2006, for D. muralis and D. verna from the Virtual Flora of the Swedish
Museum of Natural History (http://linnaeus.nrm.se/flora/di/brassica/), and for the tropical-alpine
Draba from Tropicos.org, Missouri Botanical Garden (www.tropicos.org).
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Plan ts in a cold climate
Plants face many environmental stresses amongst which exposure to low temperatures is
very common in many habitats. A plant’s ability to withstand and respond to such low temperatures is crucial to its survival. Various physiological mechanisms to enhance cold tolerance have evolved. This tolerance can be enhanced by a process known as cold acclimation.
It is instigated by low, but non-freezing temperatures that enhance the plants tolerance to
sub-zero temperatures (Smallwood and Bowles, 2002). Research has shown that when a
plant is exposed to low temperatures, a signaling cascade is triggered which results in an
increased ability of the plants to withstand frost (Gilmour et al., 1998; Medina et al., 1999;
Shinozaki and Yamaguchi-Shinozaki, 2000; Fowler and Thomashow, 2002; Xiong et al.,
2002; Zarka et al., 2003). This whole process is generally referred to as the cold response
pathway of plants (Jaglo et al., 2001; Thomashow, 2001; Fowler and Thomashow, 2002).
Which adaptations are required for survival will depend on whether frost occurs all year
round, periodically in the course of seasons, or on a daily basis. The year-round growing
season of the tropical-alpine region differs considerably from the seasonal temperate and
arctic-alpine regions and therefore one can predict that the patterns of cold tolerance differ
among those regions (FIGURE 4). In temperate climatic zones, plants prepare for freezing
temperatures in winter by ceasing their growth in autumn as the temperature gradually drops
and day length decreases (Larcher, 2003). Through this process the plants acclimate and prepare for the oncoming frost, reaching maximum cold acclimation in winter (Ruelland et al.,
2009). Especially in the autumn and spring a difference is expected between the tolerance
during the day and at night (FIGURE 4A). Arctic-alpine regions are generally characterized
by long, cold winters where even during summer months the possibility exists that temperatures drop below zero. Plants occurring in these regions have to be better prepared for frost
than those growing in temperate regions, where periods of frost only occur periodically during winter and early spring. Thus, they are expected to reach high tolerance levels in the arctic winter (although snow cover may alleviate the need for extreme tolerance), but also have
to be able to deal with cold spells during the growing season (FIGURE 4B). In contrast, in
equatorial high altitudinal (i.e., tropical-alpine) mountains the climate is characterized by
extreme diurnal variation in temperatures, from freezing at night to 25-30°C in the afternoon. Such temperature fluctuations result in a daily freeze-and-thaw cycle that has been

FIGURE 4. Hypothetical patterns of frost tolerance throughout the year in temperate, arcticalpine, or tropical-alpine plant species. The year-round frost tolerance is portrayed per season;
autumn (au), winter (wi), spring (sp), and summer (su). Solid lines represent the frost tolerance during the day, dotted lines at night. The seasons depicted in the tropical-alpine region are for comparison only, given the absence of seasonality in this region.
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referred to as ‘summer every day and winter every night’ (Hedberg, 1964 as cited by Luteyn,
1999). Night frost can occur at all times of the year, usually lasting for a few hours only.
Tropical-alpine plants will need to react rapidly to these regular temperature fluctuations,
irrespective of the time of year (FIGURE 4C). One could hypothesize that it can be advantageous to have certain key components of the cold response pathway already present in the
plant’s cells. In temperate regions where temperature changes in general occur more gradually and are overall less frequent and more predictable, it can, however, be too costly for
plants to have components constitutively present in the cell without a direct use or necessity for them. The cost of constitutively producing osmoprotectants, for instance, might be a
reduction of growth, since both processes involve the same carbon source. For example,
overexpression of Arabidopsis CBF (C-repeat binding factor, a cold response regulating
transcription factor) caused ‘stunted’ growth, a decrease in seed yield and a delay in flowering (Liu et al., 1998; Gilmour et al., 2000). Natural selection will result in adaptation to
local circumstances, by outweighing the costs versus the benefits of constitutive cold tolerance. Plants have, therefore, finely tuned temperature responses shaped by evolution, to suit
the specific environment in which they occur, and in order to achieve a high fitness (Wang
and Hua, 2009). We, therefore, predict that the cold response pathway of temperate plants
differs from that of their arctic and tropical-alpine relatives. By removing plants from their
natural environment and placing them in a ‘common’ and controlled environment, it can be
established whether differences are determined at a genetic and/or physiological level. If
tropical-alpine, arctic-alpine and temperate species have different cold responses under controlled conditions this would point to adaptation at the genetic level. However, in the case
that no differences in the cold response of these species is found when placed under controlled conditions, this would be indicative of a common physiological adaptation.
Cold stress and acclimation
Cold and especially frost impairs the metabolic activity, growth, and viability of plants and
thus sets limits to the distribution of species (Larcher, 2003). In addition, the occurrence of
species in cold climates is determined by their survival as seedlings. Seedlings of many
species are less tolerant to extreme environmental conditions compared to adults
(Lambrecht et al., 2007). The degree of cold tolerance during the seedling stage can determine successful establishment and thereby limit species distributions to certain microsites
and contribute to the geographic range of a species, as well as speciation.
In order to survive in less hospitable environments a variety of physiological mechanisms
and morphological adaptations to enhance cold tolerance have evolved. Morphological
adaptations can contribute to a better insulation and/or thermal buffering. For instance, hairiness and a more compact growth form may result in a large difference between ambient and
leaf temperatures at night and reduce radiative cooling. Typical frost-adapted species are of
short stature, have a small leaf area and a high root/shoot ratio (Janska et al., 2010).
Cold acclimation involves changes in cell physiology and biochemistry, including extensive alterations in lipid, protein and metabolome composition, many of which are brought
about by changes in gene expression (Thomashow, 1999; Chinnusamy et al., 2007). Membrane fluidity is an important determining factor for cell adaptation to low temperature stress
(Levitt, 1980 as cited by Lee et al., 2002). The membrane systems constitute that part of the
cell that is first exposed to low temperatures, and is also a primary site of freeze-induced
injury (Ouellet, 2007). This injury results largely from the severe dehydration associated
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with freezing (Steponkus, 1984). Freezing temperatures create a situation for plants that is
similar to drought. As temperatures drop below zero, ice formation is first initiated in the
intercellular spaces due to the extracellular fluid having a higher freezing point (lower solute
concentration) then the intracellular fluid (Thomashow, 1999). As a result, the intercellular
osmolyte concentrations increase as water is withdrawn from the cell due to formation of
extracellular ice. In non-acclimatized cells, membrane contraction occurs as a response to
the water loss, which later makes the cells susceptible to ‘expansion induced lysis’ at the
onset of a thawing period. The accumulation of ice in the intercellular spaces can also potentially result in the physical disruption of cells and tissues caused in part by the formation of
adhesions between the intercellular ice and the cell walls and membranes (Levitt, 1980 as
cited by Thomashow, 1998).
Multiple mechanisms are involved to protect cells from potentially irreversible freezinginduced damage. Some of these mechanisms include changes in lipid composition and the
accumulation of compatible solutes with cryoprotective properties such as proline and soluble sugars including sucrose, glucose, raffinose and fructose (Thomashow, 1999). These
cryoprotective substances may also act as molecular chaperones to maintain membrane
integrity and function. By the expression of a specific set of genes and induction of the
biosynthesis of such osmoprotectants, plants can prevent the occurrence of freezing-induced
injury.
CBF cold pathway and the CBF regulon
Much insight has been obtained in recent years about how plants sense low temperatures and
channel this information to bring about changes in gene expression, protein synthesis and
biosynthesis of osmoprotectants that increase freezing tolerance. Cellular membranes are
fluid structures, and cold temperatures can reduce their fluidity, resulting in increased rigidity (Chinnusamy et al., 2007). Phospholipids are the main constituents of cell membranes
and, it is here where early cold response signals are thought to occur (Smallwood and
Bowles, 2002). Chinnusamy et al. (2007) propose membrane rigidification and/or other cellular changes, which could induce a calcium signature and activate protein kinases, to be
involved in the low temperature perception of plants.
In the model species, Arabidopsis thaliana, the C-repeat Binding Factor (CBF) cold
response pathway plays a central role in cold tolerance. It is characterized by rapid induction of a cluster of genes encoding the CBF1-3 transcription factors, which themselves
induce the CBF regulon. Within 15 minutes after transferring plants to cold temperatures the
CBF genes are induced (Gilmour et al., 1998; Liu et al., 1998). Low temperature induction
of CBF1-3 is transient and quickly followed by expression of Cold responsive (COR)15a/b
genes, 2-4h after the onset of the cold treatment (Gilmour et al., 1998). As part of its cryoprotective properties, the COR15a encoded protein stabilizes membranes against freezing
injury and forms oligomers in the chloroplast stroma (Artus et al., 1996; Steponkus et al.,
1998; Nakayama et al., 2007). COR15 together with other COR genes comprise the CBF
regulon; i.e., CBF-targeted cold-induced genes (Fowler et al., 2005), and the expression of
this CBF regulon confers cold tolerance in plants. Vogel et al. (2005) identified a zinc finger transcription factor, ZAT10, that is induced within 1h upon cold treatment and appears
to be regulated in parallel to the CBF-pathway in response to cold. Lee et al (2002) propose
that the presence of two zinc finger specific binding sites in the COR15a promoter indicate
a possible interaction between ZAT10 and COR15a.
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Upstream of the CBF genes, two genes, Inducer of CBF expression (ICE) and High
expression of osmotically responsive genes (HOS) have been identified as potential cold signal transduction components. Chinnusamy et al. (2003) found ICE1 to be a constitutively
expressed transcription factor that becomes sumoylated (i.e., post-translationally modified
by Small Ubiquitin-related Modifier or SUMO proteins) by cold stress, which is critical for
its activation of CBF transcription. At warm temperatures ICE1 is in an ‘inactive’ state,
while upon exposure to cold it is modified and thereby becoming activated. HOS1, that is
also constitutively expressed, negatively regulates the expression of cold responsive genes
by ubiquitination and proteosomal degradation of ICE1 and possibly other regulators (Lee
et al., 2001; Dong et al., 2006). FIGURE 5 gives a simplified, schematic overview of the
known cold-responsive transcriptional network in Arabidopsis. This network is much more
complex, but in order to discuss the results of our research we limit ourselves to those components portrayed in FIGURE 5. In fact, it should be noted that plant cold tolerance and acclimation are multigenic, quantitative traits and gene expression profiling with whole genome
arrays in A. thaliana indicates that it involves changes in the expression levels of several
hundred genes (Hannah et al., 2005; Vogel et al., 2005; Hannah et al., 2006; Kaplan et al.,
2007). In addition, several CBF-independent regulons that affect cold acclimation have also
been identified (Zhu et al., 2004; Xin et al., 2007). This illustrates that the CBF-regulon is
an important, but not exclusive pathway involved in the cold response in plants.
Outline of this thesis
The original title of my thesis project, funded by NWO-WOTRO was ‘Biodiversity and
adaptation in the genus Draba in the Páramo of the Ecuadorian Andes’. Through a combination of ecological, evolutionary and developmental genetic approaches we aimed to
unravel how tropical-alpine Draba species, occurring along different altitudinal gradients,
cope with their extreme habitat conditions. In mountainous regions the diurnal variation in
temperature increases with increasing elevation. Ecuadorian Draba species were reported to
occur over a wide altitudinal range (Jørgensen and Ulloa Ulloa, 1994; Jørgensen and LéonYanez, 1999; Luteyn, 1999), thus making an interesting model to investigate differences in
cold adaptation mechanisms. A first field visit to the high Andes of Ecuador in 2005, however, revealed that the encountered Draba species did not occupy such a wide altitudinal
range. Temperature differences of more than 2-4°C between the lower (3850m) and upper
(4318m) populations in, for example, Cotopaxi National Park were not encountered in the
field. This, in addition to several administrative problems that complicated our ability to
conduct research in Ecuador, resulted in a shift in focus of the project. Instead of restricting
the research to tropical-alpine species only, the research was broadened to also include arctic-alpine and temperate Draba species.
Due to the wide geographical range covered by the genus Draba, it presents an ideal tool
to compare the cold response of species originating from different geographical regions.
This thesis will, therefore, focus on variation in the cold response pathway in Draba species
from the tropical-alpine, the arctic-alpine and the temperate region. The project is unique in
its approach of studying cold adaptation across various geographical regions by the combination of different disciplines and assessing the plant’s cold responses under tropical-alpine
field conditions. In addition, to date the cold response of plants has mainly been studied
under standard growth conditions of a constant 21°C temperature regime and a long day
photoperiod, i.e., lab conditions optimal for Arabidopsis thaliana. In this thesis we chose to
imitate the natural temperature and light regimes encountered by D. hookeri in the
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Ecuadorian Andes and conducted our experiments under a 12h photoperiod and a 21/4°C
(day/night) temperature regime. In temperate and arctic-alpine regions such temperature and
light conditions are encountered in spring and fall. Throughout the thesis, with the exception of the field experiments conducted in Ecuador, A. thaliana ecotype Columbia wild type
(Col-wt) was included as a frame of reference.

FIGURE 5. Simplified representation of the hypothetical low temperature-responsive transcriptional network leading to freezing tolerance in A. thaliana. Low temperature is thought to be first
perceived by the cellular membrane. Via membrane rigdification and/or other cellular changes the
cold signal might induce phospholipid signaling, leading to a calcium signature and activating protein kinases. This early cold response might lead to a) induction of the CBF-response pathway, b)
induction of a CBF-independent pathway via ZAT10, or c) induction of an independent cold response pathway yet to be identified. In the CBF-pathway constitutively induced ICE1 is activated
through sumoylation and phosphorylation. This allows ICE1 to bind to the promoter of CBF and
induce CBF1-3. They, in turn, bind to the COR promoter leading to the expression of COR15a/b and
ultimately to acquired freezing tolerance. HOS1 mediates the ubiquitination of ICE1, thereby regulating CBF expression. As an CBF-independent pathway, ZAT10 is thought to regulate freezing tolerance by binding to the promoter of the COR genes. Rectangles represent genes, ovals proteins, and
question marks uncertain elements of the network. Abbreviations: HOS1, high expression of osmotically responsive genes 1; ICE1, inducer of CBF expression 1; CBF, C-repeat binding factor; ZAT10
(=STZ), salt tolerance zinc finger; COR, cold responsive genes; P, phosphorylation; S, SUMO
(small ubiquitin-related modifier); U, ubiquitin. The diagram is adapted from that of Chinnusamy et
al., 2007.
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Chapter 2 describes the variation in the genetic components of the cold response pathway
detected in Draba by means of a candidate gene approach. As we are dealing with a nonmodel genus, but a relative to Arabidopsis, the molecular tools available from this species
presented a starting point. Via RT-qPCR, molecular cloning and sequencing we identified the
possible CBF- and COR15-like genes from different Draba species. The findings provided us
with the molecular tools to investigate the induction of the CBF-regulon in response to cold.
In Chapter 3 a comparison between the expression patterns of members of the ICE1HOS1-CBF-COR15a transcriptional cascade of arctic-alpine, tropical-alpine and temperate
Draba species is made. We conducted our experiments on juvenile plants grown under a 12h
photoperiod and a 21-4°C (day-night) temperature regime. The aim is to investigate whether
gene expression profiles in temperate Draba species differs from their tropical- and arcticalpine relatives in response to cold. In addition, we investigate if there are differences at
metabolite level. Soluble sugar content and proline levels are measured.

FIGURE 6. Geographical map of Ecuador including the three research locations. From north to
south the country is divided into two parallel mountain ranges, the Western and Eastern Cordillera,
separated by the high altitude inter-Andean valley with the capital Quito. Both mountain ranges are
dominated by volcanoes, some still active, and reaching altitudes above 4500m. The image was
adapted from www.language.iastate.edu/sp304/2004/ecuador/terrain_map_mc.gif, 2004.
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Next, in Chapter 4, we investigate the species’ cold response at a physiological level. Do
differences exist in the ability of Draba species to withstand freezing temperatures and to
cold acclimate? This question is answered by means of both a juvenile survival and an electrolyte leakage experiment. The interesting aspect of the juvenile survival experiment is that
no matter whether a species is a perennial or a winter annual, if a juvenile does not survive
its first winter it will never reach maturity and be able to flower and set seed. Juvenile survival will thus be an important component of the fitness of all species.
Since all experiments described in Chapter 3 and 4 are conducted under controlled conditions in the lab, the question arises as to what happens under natural conditions in the field.
Chapter 5 describes the findings of a field study conducted in the high Andes of Ecuador.
Three research sites were selected, each harboring two different tropical-alpine Draba
species. The three locations are the Rucu and Guagua Pichincha volcanoes, Cotopaxi
National Park and Cajas National Park (FIGURE 6) and the species studied: D. alyssoides, D.
aretioides, D. hookeri, D. splendens, and D. steyermarkii. Leaf samples were collected
locally and used for gene expression analyzes.
Finally, Chapter 6 discusses the results presented in this thesis and summarizes our findings on the cold response in Draba. Moreover, some suggestions are made for potential
routes forward to increase our knowledge.
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CHAPTER 2

Plants have evolved a wide array of responses to deal with cold temperatures. At the
molecular level it is known from Arabidopsis thaliana that CBF (C-repeat binding factor) transcription factors play an important role in the cold response pathway and are
involved in the activation of Cold Responsive (COR) genes. Here we report the molecular cloning and identification of CBF- and COR15-like cDNAs from the genus
Draba. Draba, like Arabidopsis, belongs to the family of Brassicaceae. It is a genus
with a worldwide distribution, and contains temperate, tropical-, and arctic-alpine
species. Draba, therefore, allows us to study the evolution of cold related genes from
closely related species adapted to very different habitats. This study includes two arctic-alpine species: D. lactea and D. nivalis, two temperate species: D. muralis and D.
verna, and four tropical-alpine species: D. alyssoides, D. aretioides, D. hookeri, and
D. steyermarkii.
We have identified three putative CBF homologs from Draba; CBFa, CBFb, and
CBFc. CBFa and CBFb were isolated from the tropical-alpine species D. hookeri and
D. alyssoides, CBFc from the temperate D. verna and D. muralis, whereas the arcticalpine D. nivalis contained both CBFa and CBFc homologs. The Draba CBF genes
have the typical structure found in Arabidopsis CBF genes; the nuclear localization
signal (NLS), the AP2-binding domain, and the acidic region. Most of the variation in
the cDNA nucleotide sequences between Arabidopsis and Draba occurred within the
acidic region. Variation ‘hotspots’ within the acidic region differed between both genera and therefore do not appear to reflect a common functional effect.
We isolated one CBF-target gene from Draba with a high similarity (>81%) to A.
thaliana COR15b, and labeled this gene Draba COR15a. In addition, one new
COR15-like gene unique to Draba was identified. This new COR15c gene was characterized by a 76 amino acid insert. Both Draba COR15 genes were found to contain
a potential chloroplast cleavage site and several irregularly repeated 13-amino acid
sequence motifs. Thus, similar to Arabidopsis COR15a/b, COR15a/c identified in
Draba are presumably targeted to the chloroplast.
This study showed that CBF-like proteins together with their CBF-targeted COR15
genes are conserved within different members of the genus Draba. With these molecular tools at hand we can start investigating the role of CBF and COR15 in the cold
response in Draba.

C

old is a very common stress for plants growing in arctic or alpine regions. Plants have
developed an array of responses at physiological, cellular and molecular levels that
allow them to cope with cold stress. Additionally, many plants in temperate regions acquire
an enhanced freezing tolerance via a process known as cold acclimation when exposed to
low but non-freezing temperatures (Guy, 1990; Thomashow, 1998; Xin and Browse, 2000).
Studies of Arabidopsis have shown that cold acclimation involves rapid cold-induced
expression of the C-repeat binding factor (CBF) transcriptional activators followed by
expression of CBF-target genes that increase freezing tolerance (Stockinger et al., 1997;
Gilmour et al., 1998; Medina et al., 1999). In Arabidopsis CBF comprises a small family of
three genes; CBF1-3, tandem repeated (CBF1 -> CBF3 -> CBF2) on chromosome 4, and all
involved in cold tolerance (Gilmour et al., 1998; Haake et al., 2002). CBF proteins are characterized by the presence of a potential nuclear localization sequence, followed by an AP2
(APETALA2) domain, and an acidic region (Medina et al., 1999). The AP2 domain is
thought to function as DNA binding domain, while the acidic region might act as activator
domain (Stockinger et al., 1997). The DNA binding domain of the CBF transcription factors
recognizes the cold- and dehydration responsive DNA regulatory element designated the Crepeat/dehydration responsive element (CRT/DRE; Baker et al., 1994; YamaguchiShinozaki and Shinozaki, 1994). CRT/DRE elements are typical for the promoter regions of
many cold-responsive (COR) genes of Arabidopsis (Thomashow, 1999). In transgenic
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Plan t material and cold treatm ent
Draba species included in this study originate from the arctic-alpine regions of Norway,
temperate Europe and the tropical-alpine region of the Ecuadorian Andes. Arctic-alpine
Draba included are D. lactea and D. nivalis (provided by Prof. Christian Brockmann,
National Centre for Biosystematics, Norway), temperate D. muralis and D. verna (collected in the field by Dr. J.G.B. Oostermeijer and A.C. Ellis-Adam of the Universiteit van
Amsterdam), and finally tropical-alpine D. alyssoides, D. aretioides, D. hookeri, and D.
steyermarkii (collected in the field in Ecuador by N. von Meijenfeldt). All Draba species
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Arabidopsis plants constitutive CBF expression results in the induction of COR genes and
enhances freezing tolerance (Gilmour et al., 1998; Jaglo-Ottosen et al., 1998; Kasuga et al.,
1999). COR15 is thought to be involved in the freezing tolerance of plants as it has been
identified as acting as a cryoprotectant in cold acclimated plants (Lin and Thomashow,
1992; Baker et al., 1994; Artus et al., 1996; Steponkus et al., 1998; Nakayama et al., 2007).
This illustrates the importance of CBF and its target genes in the cold tolerance of plants.
Both CBF and COR genes have been increasingly studied in species other than
Arabidopsis. With the aim of reducing yield losses due to freezing, various studies have
been conducted into the cold tolerance of crops such as Brassica napus, tomato, rice, barley, grape, ryegrass, and Eucalyptus (Jaglo et al., 2001; Choi et al., 2002; Gao et al., 2002;
Zhang et al., 2004; Ito et al., 2006; Xiao et al., 2006; Xiong and Fei, 2006). Studies to better understand the freezing tolerance mechanism of plants have also been conducted.
Natural genetic variation of freezing tolerance has been studied intensively in accessions of
Arabidopsis (Hannah et al., 2006) as well as the natural abilities of close relatives of
Arabidopsis, such as Thlaspi, Capsella, and Thellungiella, to withstand freezing temperatures (Wang et al., 2004; Griffith et al., 2007; Zhou et al., 2007).
Draba, like Arabidopsis, belongs to the family of Brassicaceae. It is the largest genus
within the family comprising more than 360 species. The genus Draba has a worldwide distribution, characterized by temperate, tropical-alpine, and arctic-alpine species. This study
includes two arctic-alpine species: D. lactea and D. nivalis, two temperate species: D.
muralis and D. verna, and four tropical-alpine species: D. alyssoides, D. aretioides, D. hookeri, and D. steyermarkii. The arctic- and tropical-alpine Draba species are perennials while
both temperate species are winter annuals. All studied species, thus, experience winter freezing and must have evolved ways to cope with cold. This allows us to study the evolution and
expression of cold related genes within a single clade. The first step is to identify CBF- and
COR-like genes in Draba, using the existing sequence data from Arabidopsis. The expression of the genes can then be studied in plant material collected during laboratory or field
experiments. Since no genomic sequences or ESTs were available from Draba we set out to
investigate the cold tolerance using a CBF and COR15 candidate gene approach. Here we
report the molecular cloning and identification of CBF- and COR15-like cDNAs from cold
treated plants of the genus Draba.
We first cloned and sequenced putative CBF and COR genes from cold treated plant
material of the different Draba species studied. Then, based on the obtained sequence information, we constructed gene trees to investigate the relationship between the different identified CBF and COR genes. This was done first for the Draba sequences, before expanding
the analysis to a wider context of the Brassicaceae family later.
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included are tetraploid (flow cytometry measurements; see Chapter 1) except D. nivalis that
is diploid, and D. lactea that is either tetra- or hexaploid (Grundt et al., 2005).
Draba nivalis seeds were scarified with very fine sandpaper prior to vapor-phase sterilization according to the method described by Clough and Brent (http://www.arabidopsis.org/
portals/education/vapor.jsp). Seeds of all other Draba species were surface sterilized by
washing them for 30sec with 70% EtOH prior to an additional washing of 15min with 4x
diluted bleach and a drop of Tween 20. Subsequently the seeds were washed with 10mM
HCl for 10min before rinsing 3x with miliQ. After scarification and sterilization all Draba
seeds were imbibed on moist filter paper for 24-48h in a climate room with standard growing conditions of a 21/10°C or 21/15°C (day/night) temperature regime and a 12h photoperiod. Illumination was set at 150μEinstein. The seeds were subsequently vernalized at 4°C
in the dark for two weeks prior to being transferred back to the climate room. After germination the seedlings were transferred to autoclaved sowing soil. At three to four weeks of
age plants were transferred to a cold room set to 3-4°C with continuous light and leaves
were harvested after 0, 1, 2, 6, 12, and 24h of cold treatment. Leaves were quickly frozen in
liquid nitrogen after harvest and stored at –80°C until further analysis.
R N A extraction and gDNA is ol at i on
Leaf material of cold treated plants of D. alyssoides, D. hookeri, D. lactea, D. muralis, D.
nivalis, and D. verna was finely ground in liquid nitrogen with use of mortar and pestle. To
maximize the presence of CBF or COR expression in Draba, plant material of the 1, 2, and
6h cold treated samples were pooled together. The same applied for the material from the 12
and 24h samples. Total RNA was extracted from 150mg plant material by using the hot phenol method adapted and optimized from Slater (1984). Extraction buffer (1% SDS; 10mM
EDTA; 0.2M NaAc pH5) and hot, pure phenol were mixed in a 2:1 ratio and heated to 65°C
to form a final extraction buffer. 5ml/g of this mixture was added to the finely ground leaf
material and extracted for 10min in a 65°C water bath with two periods of vortexing. The
aqueous phase was separated by centrifugation at 13.000rpm and 4°C for 20min. After an
additional extraction with an equal volume of buffer-saturated phenol, the aqueous phase
was again separated by centrifugation. Subsequently, half a volume of phenol:chloroform
(1:1) was added and the centrifugation step repeated. The remaining phenol was washed
away by addition of half a volume of chloroform followed by centrifugation at 4°C and
13.000rpm for 10min. RNA was precipitated overnight at 4°C with 1/3 volume 8M LiCl.
After centrifugation at max rpm and 4°C for 30min, the RNA pellets were washed twice
with 70% EtOH, before being disolved in TE buffer (10mM Tris-CL, 1mM EDTA, ph 7.5).
cDNA was synthesized with an Oligo d(T)-adapter primer (APPENDIX 1, primer 28) from
5μg RNA using SuperscriptII (Invitrogen) in 25μl reaction volume. Prior to diluting the
cDNA to 50μl, RNAse was added to a final concentration of 50μg/ml and the solution was
heated at 37°C for 30min to remove RNA. To verify the cDNA quality a test PCR was performed (APPENDIX 1, primers 33-36). Aliquots of 1μl cDNA were used in PCR experiments.
Total genomic DNA was isolated from non-cold treated D. alyssoides, D. aretioides, D.
hookeri, D. muralis, D. nivalis, D. steyermarkii, D. verna, and A. thaliana Col-wt leaves.
Prior to gDNA extraction leaf material was ground as described above for RNA isolation.
gDNA was extracted by using the CTAB extraction method (200mg/ml 2% CTAB extraction buffer; 100mM Tris-HCl pH8, 20mM EDTA pH8, 1.42M NaCl, 2% PVP-40, 2% CTAB
and 0.2% B-mercaptoethanol) with minor modifications from Doyle and Doyle (1987).
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Isolation of CB F and COR genes f rom Dr aba
We started our search for CBF and COR homologs in Draba from cDNA of D. alyssoides
and D. lactea, and later expanded this to the other species. Primers were designed based on
alignments of CBF and COR sequences available on NCBI Genbank (http://www.ncbi.
nlm.nih.gov/sites/entrez?db=nucleotide) from Arabidopsis thaliana, Brassica napus,
Brassica rapa, Capsella bursa-pastoris, and Thellungiella salsuginea. PCR amplification of
cDNA was performed with degenerate primers for the CBF genes and non-degenerate
primers for the COR genes. Where required the products of this first PCR were re-amplified
with nested PCR (APPENDIX 1, primers 1-7 and 18-21). PCR conditions were optimized for
each template-primer system. PCR products were cleaned up from agarose gel with the
QIAquick Gel Extraction kit (Qiagen, the Netherlands) or the Invisorb® Spin DNA
Extraction Kit (Invitek, Germany). The different CBF and COR PCR fragments were cloned
into pGEMT-easy (Promega, the Netherlands) and multiple clones were sequenced with use
of M13 forward and reverse primers (APPENDIX 1, primers 44-45). Amplification from D.
lactea did not yield clear PCR products, so after identification of two COR copies it was
decided to exclude this species from further studies. Specific primers were then designed for
rapid amplification of cDNA 5’ end (5’ RACE) according to the sequence information of the
partial D. alyssoides cDNA fragment only, in order to obtain full length sequences of the
genes. For CBF three antisense gene-specific primers (GSP1 CBF, GSP2-1 CBF and GSP22 CBF; APPENDIX 1, primers 37-39) were designed and for COR two (GSP1 COR and GSP2
COR; APPENDIX 1, primers 40-41). The RACE reactions were performed according to the
manufacturer’s protocol (Fermentas, Germany). CBF and COR RACE products were
cloned, sequenced and a single full-length cDNA sequence for both genes was obtained by
combining the 5’-RACE fragment with the cDNA fragment. Once full-length sequences
were obtained for D. alyssoides CBF and COR and Blast search (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) revealed our products had a high similarity to other Brassicaceae CBF
and COR genes, we focused on the other Draba species.
New alignments were made based on the identified D. alyssoides CBF and COR genes
and the Brassicaceae CBF and COR genes from NCBI Genbank used previously. Based on
these alignments new degenerate primers were designed. PCR amplification of CBF and
COR from gDNA and cDNA was performed with different combinations of degenerate and
non-degenerate primers using high-fidelity polymerase (Phusion™ High-Fidelity
Polymerase; Finnzymes) to ensure high quality sequences. PCR products were purified from
agarose gel and cloned as described above. To identify potentially different clones, inserts
of ten to twenty-four blue/white bacterial colonies were amplified (APPENDIX 1, primers 4647) and used in a restriction analysis with Alu I en Dde I (Fermentas/NEB) according to the
manufacture’s protocol. After screening the restrictions patterns clones with a unique pattern were cleaned and sequenced (BigDye® Terminator v1.1Cycle Sequencing Kit, Applied
Biosystems; APPENDIX 1, primers 46-47).
In an attempt to obtain full-length coding sequences the 3’-UTR region was amplified.
New cDNA was synthesized according to the procedure described under ‘RNA extraction
and gDNA isolation’ but this time with use of an anchored polyT-adapter (APPENDIX 1,
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DNA was dissolved in 200ul TE. Subsequently, DNA stock solutions were diluted with
miliQ water to a working solution of 5ng/ul. This was used as template for PCR further
analysis.
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primers 30-31). PCR amplification was performed with species-specific forward primers in
combination with the anchored polyT-adapter specific primer (APPENDIX 1, primers 8-10,
16-17, 22-26 and 32). For D. hookeri and D. nivalis nested primers had to be developed in
order to amplify the 3’-UTR region (APPENDIX 1, primers 11-15, and 32). Subsequently, the
procedure of purifying and cloning the PCR products and selecting and sequencing the
clones was repeated.
All resulting sequence fragments were aligned per species in BioEdit (version 7.0.5,
http://www.mbio.ncsu.edu/BioEdit/bioedit.html) using default parameters. By comparing
and aligning all the partial coding, 3’-UTR, and gDNA sequences full length CBF and COR
sequences were compiled.
Southern blot analysis
Genomic DNA (7-11μg) from D. hookeri, D. muralis, D. nivalis, D. verna, and A. thaliana
was digested with restriction enzymes: HindIII, XmiI, and Eco88I. The resulting fragments
were separated by electrophoresis on 0.8% agarose 1xTAE gel. gDNA was transferred to
Hybond-XL nitrocellulose membrane (Amersham Biosciences, UK) by capillary transfer in
0.5M NaOH, 1.5M NaCl for at least 12 hours and cross-linked by UV illumination. The
DalyssCBFb-specific probe consisting of a 580bp fragment was PCR-amplified from cDNA
using a degenerate forward primer and the cDNA adapter-reverse primer (APPENDIX 1,
primers 2 and 29). The AtCBF2-specific probe was PCR-amplified from gDNA with an
AtCBF2 specific forward and reverse primer (APPENDIX 1, primers 42-43). The resulting
fragment was 635bp long and covered the entire coding region except for 10bp. All DNA
fragments to be used as probes were isolated from a 1.5% w/v agarose gel and purified with
a Invisorb® Spin DNA Extraction kit (Invitek). DNA probes were labelled with [α32P]dATP using the DecaLabel kit (Fermentas) and purified with Sephadex-G50 columns.
Prehybridization (30min) and hybridization (overnight) were performed in BLOTTO
(0.14M NaH2PO4, 0.3M Na2HPO4, 10mM EDTA, 7% SDS, 1% BSA) at 62°C. After
hybridization, membranes were washed at 62°C for 5min with 5x SSC, 0.1% SDS and
30min twice with 2x SSC, 0.1% SDS. Hybridization signals were visualized by autoradiology using phosphoimaging (Molecular Dynamics). After autoradiography the membranes
were stripped by boiling for 10min in 0.1% SDS solution before briefly being rinsed in 2x
SSC. The membranes were subsequently autoradiographed for three days to ensure they
were no longer radioactive before allowing hybridization with a new probe.
Sequence and phylogenetic anal ys es
Sequence similarity searches and comparisons were performed using the basic local alignment search tool (BLAST) of the NCBI server. Once confirmed, all Draba CBF and COR
sequences were visualized and aligned using the BioEdit program (version 7.0.5,
http://www.mbio.ncsu.edu/BioEdit/bioedit.html with default settings). CBF and COR
sequences of other Brassicaceae present in the NCBI GenBank database (APPENDIX 2) were
added to the Draba sequences and also aligned. CBF1-3 sequences of Arabidopsis lyrata
were obtained by blasting AtCBF2 against the Arabidopsis lyrata v 1.0 assembly scaffolds
database of JGI online (genome.jgi-psf.org). Multiple sequence alignments were generated
with the online MUltiple Sequence Comparison by Log-Expectation method (Labarga et al.,
2007). Alignments were made at the nucleotide as well as the inferred amino acid level.
Nucleotide alignments were subsequently analyzed with FindModel (www.hiv.lanl.gov) to
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C omp lexity of the C BF gene f am i l y i n Dr aba
To investigate the variation in CBF copies in the Draba genome, DNA from four different
species was digested with HindIII and Eco88I, and separated by gelelectrophoresis. After
blotting, the membrane was hybridized consecutively with a 635bp Arabidopsis thaliana
CBF2 DNA fragment and a 490bp Draba alyssoides CBFb DNA fragment (FIGURE 1A and
B). Hybridization of the AtCBF2 probe with Arabidopsis DNA showed the expected pattern
based on the restriction map of the CBF region in Arabidopsis chromosome 4 (FIGURE 1D).
The HindIII digestion rendered three bands as expected (FIGURE 1D): two short (parts of
AtCBF2) and one long (AtCBF3+AtCBF1) fragment, while Eco88I rendered three fragments: a 3599bp band (containing parts of AtCBF1+AtCBF3) a 2866bp band
(AtCBF3+AtCBF2), and a 1986bp band (AtCBF2). Weak bands were visible in the DNA of
all Draba.
Hybridization with the DalCBFb probe showed that multiple CBF genes were present in
Draba (FIGURE 1B). Although the exact number cannot be identified from these results, the
number of CBF copies in Draba appears comparable to that in Arabidopsis. The hybridization patterns of HindIII and Eco88I are not identical yet they are consistent for all species.
In D. hookeri, D. muralis and D. verna more than one CBF containing fragment was detected, while in D. nivalis hybridization resulted in a single band. Still, the longer bands may
contain several CBF genes in tandem, similar to Arabidopsis. The hybridization patterns
suggest the presence of several CBF copies in all Draba species. Arabidopsis CBF1 and
CBF3 containing bands cross-hybridized with the DalCBFb probe. Pairwise DNA sequence
comparison showed that the DalCBFb probe shared a 62% identity with the coding region
of AtCBF1, 59% identity with AtCBF2, and 61% identity with AtCBF3 (APPENDIX 3A).
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test which substitution model best described our sequence data. The resulting model was
used for tree building. Maximum likelihood trees for both the nucleotide and the amino acid
data were generated using PHYML online (Guindon and Gascuel, 2003). Bootstrap analyses were performed with 1000 replicates.
DNA polymorphisms and ratios of synonymous to nonsynonymous substitutions in the
AP2-domain and acidic region of the CBF genes from Draba, Arabidopsis thaliana, and A.
lyrata were estimated and compared with use of DNAsp version 5 (Librado and Rozas,
2009).
To obtain a reference of the evolutionary relationships between the Draba species studied, trnL introns, trnL-F intergenic spacer, and ITS sequences from Draba were collected
from the NCBI Genbank database (APPENDIX 2). Not all Draba species contained both trnL
introns and trnL-F intergenic spacer sequences, so alignments of all trn sequences present
were made with MAFFT version 6 (Katoh and Toh, 2008). Based on these alignments the
overlapping region was selected and combined with the ITS sequences to form one compiled
trn-ITS sequence per species. These sequences were further analyzed in a similar manner as
described above for the CBF and COR sequences.

Th ree classes of CB F genes exi s t ; CBFa , CBFb , and CBFc
With degenerate primers and RT-PCR a total of ten genes were cloned from cDNA and
gDNA from the different Draba species. The cDNA was obtained from cold treated plants,
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FIGURE 1. CBF genes in the Arabidopsis and Draba genome. DNA-gelblot hybridization of A.
thaliana (At), D. hookeri (Dh), D. muralis (Dm), D. nivalis (Dn), and D. verna (Dv) genomic DNA
(7-11µg) digested with HindIII and Eco88I. The probes used were the α32P-labelled 635bp A. thaliana CBF2 DNA probe (A) and the 490bp D. alyssoides CBFb DNA probe (B). Both probes correspond to almost the entire coding region of the genes involved. DNA loading was visualized by
means of ethidium bromide staining (C). (D) Schematic drawing of the A. thaliana chromosome 4
region containing the three CBF copies in tandem repeat. Horizontal arrows show the orientation of
the genes. Digestion sites of restriction enzymes HindIII and Eco88I are depicted (vertical arrows)
together with their resulting fragment lengths.
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the gDNA from control plants. We started out with a total of 143 clones of which those with
differing restriction patterns were sequenced in order to pick up as many putative CBF
genes as possible. In the end sequences of 114 clones rendered the 10 different CBF copies
as identified from the seven Draba species studied here. Fragments of which only a single
copy was found were excluded from further analysis. We are, therefore, most likely dealing
with an incomplete set of possible CBF genes in Draba. The different CBF copies isolated
from different Draba species were labeled CBFa, CBFb, and CBFc, based on their clustering into three groups.
As different primer combinations were used to isolate the possible CBF homologs in
Draba, sequences were not all of equal length. Therefore, we used the full length sequence
from D. alyssoides, DalCBFa, as a prototype. This cDNA contained a 612bp open reading
frame (ORF) encoding a 204aa protein. The other sequences of all Draba species were then
aligned using DalCBFa and AtCBF3 as reference (FIGURE 2). With the exception of
DalCBFa none of the other CBF fragments contained the start codon. The degenerate primer
designed to start amplification at the startcodon did not work and new primers were developed further downstream (FIGURE 2).
All Draba CBFs showed the typical regions also found in Arabidopsis. These regions are
the nuclear localization signal (NLS; 37-49aa), the AP2-binding domain (52-111aa), and the
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FIGURE 2. Alignment of the inferred amino acid sequences of Draba CBFs with Arabidopsis
CBF3. Alignment of Draba sequences D. alyssoides (Dal) CBFa-b, D. hookeri (Dh) CBFa-b, D.
aretioides (Dar) CBFa, D. steyermarkii (Ds) CBFa, D. nivalis (Dn) CBFa/c, D. muralis (Dm) CBFc,
D. verna (Dv) CBFc, and Arabidopsis thaliana CBF3 (accession no. NM_118680). Black boxes
above the alignment indicate the potential nuclear localization signal (NLS; 37-49aa), the AP2-binding domain (52-111aa), and the acidic region (122-223aa) which serves as the transcriptional activation domain. Black stars () mark the conserved Val-14 and Glu-19 amino acids. Black shading
indicates identical amino acids; grey shading similar amino acids; dashes represent gaps inserted to
optimize alignment. Sequences were aligned using MUSCLE v3.7.
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acidic region (122-223aa). The potential nuclear localization signal as well as the entire
DNA binding domain was conserved between the Draba CBF genes identified. All Draba
CBF genes had the Val-14 and Glu-19 amino acids in the AP2-binding domain (FIGURE 2),
crucial for the binding specificity of the DREB proteins, as shown by Sakuma et al. (2002).
Pairwise DNA sequence comparison showed that the Draba AP2-binding domain shared an
average sequence identity of 85.6%, 86.4%, and 86.6% with the same binding domain conserved in all three AtCBF genes (APPENDIX 3B). In contrast, pairwise DNA sequence comparison of the acidic region showed that Draba CBFs shared an average sequence identity
of 68.7%, 66.7%, and 70% with that of AtCBF1,- 2 and -3, respectively (APPENDIX 3C). The
acidic region, thus, was the region with the highest level of variation. Similar to Arabidopsis
none of the Draba CBF genes had introns interrupting their ORFs. All Draba species produced CBF transcripts that are polyadenylated at different positions (data not shown).
The differences between the various Draba CBF fragments were mainly due to amino
acid substitutions in the acidic region that started at amino acid position 122. However, three
CBF sequences; D. alyssoides CBFa, D. nivalis CBFc, and D. muralis CBFc showed additional differences. The full length DalCBFa sequence was characterized by a unique 12
amino acid indel at position 177-188. In the region between amino acid positions 150-153
DnCBFc, in turn, was characterized by a one amino acid indel and three amino acid substitutions compared to DalCBFa. In the same region DmCBFc had a two amino acid indel followed by two amino acid mutations. Both CBFc fragments further contained a unique five
amino acid insert (DnCBFc) and a three amino acid insert (DmCBFc) between position 208
and 212.
Analysis of the Draba CB F g ene s equences s ugges t cl ade- s peci f i c
duplication events
A gene tree based on the acidic region was made to visualize the relatedness of the various
CBF genes from Draba. As more sequence diversity is present at the nucleotide than amino
acid level, the phylogenetic relationship within the acidic region is shown at nucleotide level
only (FIGURE 3A). The results revealed three major CBF groups within the genus Draba.
Bootstrap values higher than 70% supported the branch points of the different groups.
Within the tropical-alpine Draba species studied CBFa formed a distinct group from CBFb.
From the two D. nivalis CBF genes detected CBFa, showed a high homology to the tropical-alpine CBFa gene. The long branch length, however, indicated a high divergence
between the tropical CBFa’s and the arctic DnCBFa. The third group CBFc comprised a
rather heterogeneous group of D. nivalis, D. muralis, and D. verna CBFc. Here again, long
branch lengths indicated the substantial evolutionary changes between the CBF genes that
were isolated from these species.
To investigate if the above CBF gene tree maps onto the phylogeny and geographical origin of the different Draba species a phylogenetic analysis of the combined trnL-F and ITS
sequences available from Genbank was conducted. This analysis placed the three tropicalalpine Draba species as sister to the arctic-alpine D. nivalis, the closest temperate species
being D. verna and D. muralis. The latter is the most basal species included in the analysis
(FIGURE 3B). The CBF gene tree and the Draba species tree were not congruent. Arcticalpine D. nivalis shared both a CBF gene with the tropical-alpine Draba clade (CBFa), as a
CBF gene with the temperate Draba clade (CBFc). D. nivalis, therefore, appeared to represent an intermediate between the temperate and the tropical-alpine CBF genes. In the trop-
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ical-alpine Draba species an independent gene duplication appeared to have occurred resulting in the presence of CBFb. Whether independent gene duplications have also occurred
within the temperate Draba species remains unresolved. The rooted phylogenetic tree of the
Draba CBF genes also reflects this pattern (FIGURE 4). In addition, DmCBFc was now
grouped separate (bootstrap value of 61%) from all other Draba CBF genes, reflecting its
more distant relationship to the other Draba species.
The maximum likelihood tree of the acidic region of the CBF proteins reflects the basic
evolutionary relationship in a wider Brassicaceae context (FIGURE 4; Schranz et al., 2007).
In this broader phylogenetic comparison of the Brassicaceae family all CBF genes from
Draba are placed in the Arabidae tribe, separate from the other two tribes. Thus, the various Draba CBF genes identified cannot be said to be homologous to a particular CBF gene
known from one of the other tribes, since the homologies between CBF genes within the different species are higher than those between the clades. The main conclusion is that the CBF
family has undergone independent duplication events in the different tribes.
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FIGURE 3. Three CBF clusters are present within Draba. Maximum-likelihood phylogenetic tree
analysis of the nucleotide sequence of the CBF acidic region (A) and the combined trnL-F and ITS
sequences (B) of the studied Draba species. The nucleotide tree (A) was constructed based on the
best-fit TN93 substitution model, and the combined trnL-F and ITS tree (B) on the best-fit GTR+γ
substitution model. Tree A is unrooted, tree B is rooted with Arabis alpina as an outgroup. Only
bootstrap values >60% (based on 1000 replicates) are indicated above the branch points. Branch
lengths indicate genetic distance. Presence of the genes CBFa, b, or c in the various Draba species
is marked as a, b, or c in FIGURE B. Dar = D. aretioides, Ds = D. steyermarkii, Dh = D. hookeri, Dal
= D. alyssoides, Dn = D. nivalis, Dm = D. muralis, and Dv = D. verna.
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D ivergence in the acidic region of t he CBF gene
After the phylogenetic relationship between the Draba and Arabidopsis CBF genes had
been clarified we set out to investigate the conserved and diverged regions within the CBF
genes of Draba and Arabidopsis in more detail. Alignments of the Draba CBF amino acid
sequences with Arabidopsis CBF genes demonstrated high similarities in the AP2-binding
domain and the acidic region (APPENDIX 4). These similarities were investigated in more
detail with use of a sliding window analysis (DNAsp v 5; Librado and Rozas, 2009). CBF
genes of both A. thaliana and A. lyrata were included as a reference for the amount of variation present between these genes in the genus Arabidopsis.
The average nucleotide diversity in the acidic region of Draba and Arabidopsis CBF
genes was higher (Pi = 0.21910; FIGURE 5A) than in the AP2-binding domain (Pi = 0.10389;
APPENDIX 5A). The DNA binding domain is highly conserved in both Draba and
Arabidopsis, precluding further analyses. In the acidic region more divergence between the
different genes occurred. When comparing the two genera, the average diversity in the
acidic region among the ten Draba CBF genes is somewhat lower than that between the six
Arabidopsis CBFs (PiDraba = 0.11764 versus PiArabidopsis = 0.14438; data not shown). The
ratio of non-synonymous to synonymous substitutions is higher in this region when compared to the AP2 domain (Pi(a)/Pi(s)acidic region= 0.230 versus Pi(a)/Pi(s)AP2 domain= 0.045;
FIGURE 5B and APPENDIX 5B). This increase in non-synonymous sites, as found in all 16
CBF genes, suggested that the acidic region is under less selective pressure than the AP2binding domain.
Does selection, however, act on the same area within the acidic region in Draba and
Arabidopsis? Draba CBF cDNA nucleotide sequences differ from Arabidopsis mainly in the
middle N-terminal part of the acidic region of the CBF gene. The peak in non-synonymous
differences (FIGURE 5B), identifying a ‘hotspot’ in the acidic region of Draba and
Arabidopsis, is solely due to Draba CBF genes (FIGURE 5C). All ten CBF genes from Draba

FIGURE 4. Draba CBF genes within a family-wide context. Maximum-likelihood phylogenetic tree
analysis of the nucleotide sequence of the CBF acidic region within the Brassicaceae. The unrooted
tree was constructed based on the best-fit K80 substitution model. Only bootstrap values >60% are
shown above the branch points. Branch lengths indicate genetic distance. Draba species as in
FIGURE 3. Al = Arabidopsis lyrata, At = A. thaliana, Bj = Brassica juncea, Bn = B. napus, Br = B.
rapa, Cbp = Capsella bursa pastoris, Ta = Thlaspi arvense, and Ts = Thellungiella salsuginea.
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Tw o classes of the C BF–target gene COR15 are i dent i f i ed i n Dr aba
Homologs of the CBF-target gene COR15 were amplified in Draba using degenerate and
non-degenerate primers and RT-PCR. In total 19 genes were cloned from cDNA and gDNA
of eight different Draba species.
Similar to CBF, the cDNA was obtained from cold treated plants, the gDNA from control plants. The majority of the sequences were isolated with a non-degenerate forward
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had a unique indel between nucleotide positions 111-114 (aa position 37 with the acidic
region, APPENDIX 4), which was absent in all six Arabidopsis CBF genes. The peak in nonsynonymous differences in FIGURE 5B is thus due to this difference. The analysis of the
acidic region in Draba is based on 10 CBF sequences versus two times three sequences for
A. thaliana and A. lyrata, making it less likely to detect a signal of selection in Arabidopsis.
In Arabidopsis the most divergent sites differed between the two species A. thaliana and
A. lyrata. In A. thaliana the region of 60 to 90 base pairs (20-30aa; FIGURE 5D) contains the
highest number of substitutions, while in A. lyrata this region is located between 145-160bp
(48-54aa; FIGURE 5E). In Draba this region is located between 120-147bp (40-49aa; FIGURE
5C). Thus there appear to be distinct locations in the acidic regions where substitutions
occur. However, these regions are not overlapping in the different species. It is therefore not
clear whether these differences present in the N-terminal part of the acidic region within
Arabidopsis and Draba concerned functional differences that are under selection.
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FIGURE 5. Divergence between Arabidopsis and Draba CBF genes occurs within the acidic
region. Sliding window comparison of nucleotide diversity (A) and non-synonymous to synonymous substitution ratios (B) in the acidic region of Draba and Arabidopsis CBF genes. Pi(a)/Pi(s)
ratios of Draba (C), A. thaliana (D) and A. lyrata (E) are represented independently. The sequences
were aligned in correspondence to the coding region. All 10 Draba CBF genes (DalCBFa-b,
DarCBFa, DhCBFa-b, DmCBFc, DnCBFa/c, DsCBFa, and DvCBFc) together with AtCBF1-3, and
AlCBF1-3 were analyzed. The sequences were 172bp long, corresponding to the first 57aa of the
acidic region. The analysis was done with use of DnaSP v5 software, with a window length of 10
sites and a step size of 5 sites.
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primer including the start codon, responsible for the absence of variation at the start of the
sequences. Most of the sequences are not full length but only miss the last six or seven
amino acids before the stop codon as inferred from the Arabidopsis COR15a sequence
(FIGURE 6).
Pairwise DNA sequence comparisons of Draba COR15 with AtCOR15a and AtCOR15b
showed that the COR15 genes from Draba had the highest similarity to AtCOR15b

FIGURE 6. Alignment of the inferred amino acid sequences of Draba COR15 with Arabidopsis
COR15a/b. Alignment of Draba sequences D. alyssoides (Dal) COR15a1/a2/c, D. hookeri (Dh)
COR15a/c1/c2, D. aretioides (Dar) COR15a/c1/c2, D. steyermarkii (Ds) COR15a/c, D. nivalis (Dn)
COR15a, D. muralis (Dm) COR15a1/a2, D. verna (Dv) COR15a1/a2/c, D. lactea (Dl) COR15a/c,
and Arabidopsis thaliana (At) COR15a (accession no. NM_129815) and AtCOR15b (accession no.
NM_129814). Black shading indicates identical amino acids; grey shading similar amino acids;
dashes represent gaps inserted to optimize alignment. The black arrow (↓) marks the position of the
intron, the double-black line the consensus cleavage site sequence for chloroplast transit peptides
and the dotted lines the repetitive 13-amino acid motif. Sequences were aligned using MUSCLE
v3.7.
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(APPENDIX 3D). D. nivalis COR15a was most similar to the Arabidopsis genes: 84% identity with AtCOR15b and 80% identity with AtCOR15a.
All inferred protein sequences of the various COR15 genes were aligned using D. verna
COR15c as reference (FIGURE 6). A. thaliana COR15a and b are included for reference. If a
species had two very similar copies of one of both COR15 genes they were labeled COR15a1
and a2, or COR15c1 and c2. Similar to Arabidopsis, all cloned Draba sequences contained
one intron, between amino acid positions 65 and 66, which varied in length between the different species (data not shown). Based on these alignments the sequences could clearly be
divided into two groups: COR15a and COR15c. Representatives of both groups were isolated from all Draba species except D. muralis and D. nivalis (only COR15a).
The Draba COR15c genes distinguished themselves by the presence of a large insertion
that did not contain an intron and in which no defining splice sites or branch points were
detected. All but one had a 228 bp/76 amino acid insert in the region 120-196aa, resulting
in an open reading frame of 217 amino acids, compared to 140 amino acids of the Draba
COR15a. COR15c picked up from the arctic-alpine D. lactea had a shorter insert of 108
bp/36 amino acids. Apart from the insert numerous non-synonymous substitutions are present in COR15c when compared to COR15a. Nonetheless, all COR15a/c copies in Draba
contained the consensus cleavage site sequence for chloroplast transit peptides (Val/Ile)-X(Ala/Cys)↓ Ala in the 49-52aa region. Only the final amino acid, neighboring the cleavage
site, differed between Draba COR15a and COR15c. In Draba COR15c, identical to
AtCOR15b, the last alanine was replaced by a valine. All Draba COR15a, in contrast, had a
threonine in this position. Despite these differences, ChloroP analysis (ChloroP 1.1 server;
www.cbs.dtu.dk/services/ChloroP) showed that Draba COR15a and COR15c both have
putative chloroplast targeting signals.
Further analysis of all Draba COR15 genes revealed the presence of several imperfect
repeats of about 13 amino acids in length (consensus: KA(K/S)D(Y/F)(V/I)(V/T)EK(T/G)
KEA). These repetitive motifs were distributed irregularly throughout the coding region,
occurring from positions 68-80, 86-98, 108-120, and 199-211 in Draba COR15a. In
COR15c they occurred three additional times in positions 126-138, 148-160, and 166-178.
With exception of D.verna COR15c where, due to its shorter insert, the motif was only
repeated once more.
The gene tree of the Draba COR15a cDNA sequences with AtCOR15b as an outgroup
reflected the underlying geographical origin of the species (FIGURE 7). The four tropicalalpine Draba species are placed sister to both arctic-alpine species, with the closest temperate species being D. verna while temperate D. muralis is basal to all other species. COR15a
genes of tropical-, arctic-alpine or temperate origin all grouped together in a separate
branch. This clustering was also found in a broader comparison with more Brassicaceae
COR15 sequences, obtained from Genbank. In order to prevent differences in sequence
length from affecting the analysis, all sequences were truncated to include only amino acids
13-210. The two COR15a and COR15c copies found in the eight Draba species studied
remained distinct clusters within the larger phylogenetic COR15 context of the Brassicaceae
family (FIGURE 8). Both clusters were supported by high bootstrap values of 94 and 100%.
All Draba COR15a genes clustered together with the COR15a genes of D. alpina and D.
draboides, as identified by Zhou et al. (2009). Members of the COR15b cluster identified
by the same authors were not detected in our study. Pairwise DNA sequence analysis of D.
alpina and D. draboides COR15a-b with AtCOR15a-b revealed that for both Draba species
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their COR15a gene shared a higher similarity to AtCOR15b (84%; APPENDIX 3D) than to
AtCOR15a (81%; APPENDIX 3D). All analyzed COR15c genes grouped together in their own
cluster, without any known close relatives.
In summary, we have identified two COR15 homologs in Draba: COR15a, closely related to D. alpina and D. draboides COR15a, but distantly related to AtCOR15b and COR15c,
unique to Draba.

DISCUSSION
The main goal of this study was to identify candidate genes involved in the cold tolerance
pathway in Draba species originating from arctic-alpine, tropical-alpine and temperate
regions. This step was essential for the later studies of gene expression, as discussed in
Chapter 3. During the process a lot of sequence information was generated on the selected
genes, and in this Chapter we summarize these findings. While we realize that our search
was not exhaustive, important conclusions can already be drawn from the variation within
the Draba genus, and differences to other species in the Brassicaceae family.
Id entifying CB F genes and th ei r rel at i ons hi ps i n Dr aba
Making use of degenerate primers followed by the design of more specific primers for
Draba resulted in the amplification of two distinct CBF cDNAs from D. alyssoides, D.
hookeri, and D. nivalis. From the other species studied, i.e., D. aretioides, D. muralis, D.
nivalis, D. steyermarkii, and D. verna only one CBF copy has been isolated. Sequence and
phylogenetic analysis of all copies revealed two distinct clusters within the tropical-alpine
Draba species, labeled CBFa and CBFb. The cDNAs from temperate D. muralis and D.
verna, CBFc, clustered together, albeit in a rather diverse group. The arctic-alpine D. nivalis
had a CBFa ortholog in common with the tropical-alpine Draba species (76% bootstrap
value, FIGURE 4) and a CBFc ortholog in common with the temperate Draba species. CBFb

FIGURE 7. COR15a gene tree reflects the geographical origin of the Draba species. Rooted maximum-likelihood phylogenetic tree of the nucleotide sequence of the Draba COR15a sequences with
AtCOR15b as outgroup. The rooted tree was constructed based on the best-fit GTR+γ substitution
model, as described in FIGURE 3.
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was unique to the tropical-alpine Draba species, suggesting an independent CBF gene
duplication within the tropical-alpine lineage. The divergence between the three CBFc genes
is large, indicating that substantial evolutionary change has occurred in the CBFc genes of
these different species. It is as yet not clear whether the divergence within the genus Draba
is associated with the spread into new habitats, or is simply a signal due to a common phylogenic background.
Based on the DNA gelblot analysis, it cannot be excluded that the temperate D. verna and
D. muralis have more than the CBFc copy we cloned, whereas the tropical-alpine D. aretioides and D. steyermarkii may also have a CBFb gene. A DNA gelblot analysis cannot elucidate how many CBF copies exist exactly in the different Draba species. A single band may
contain fragments from several gene copies and two bands fragments of a single gene, as
shown for the three tandemly-repeated CBFs in Arabidopsis. Results did suggest, however,
that it is unlikely that Draba species contain many more gene copies than Arabidopsis.
Initially, CBF fragments that were found only once were excluded from further analysis, but
later checks showed that the single fragments of D. verna did not resemble CBFa or CBFb,
confirming the general pattern. One D. verna fragment resembled another single fragment
of D. nivalis, both in the CBFc cluster, which may indicate the presence of additional CBFc
like copies in these two species.
As all cDNAs were isolated from RNA of cold treated plants, we are dealing with a
biased sample and some family members may not have been isolated.
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FIGURE 8. Draba COR15 genes within a family-wide context. Maximum-likelihood phylogenetic
tree of the nucleotide sequence of the COR15-like sequences within the Brassicaceae. The unrooted
tree was constructed based on the best-fit LG+γ substitution model, as described in FIGURE 3. Dalp =
Draba alpina, Dd = D. draboides, Dl = D. lactea, At = Arabidopsis thaliana, Bn = Brassica napus,
Bo = B. oleracea, Br = B. rapa, Cbp = Capsella bursa pastoris, and Ts = Thellungiella salsuginea.
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CBF in a family-wide contex t
The Arabidopsis CBF-family consists of six homologues, three of which; i.e. CBF1, CBF2,
and CBF3 are cold-related and organized in a tandem repeat on chromosome 4 (Gilmour et
al., 1998; Shinwari et al., 1998; Medina et al., 1999; Sakuma et al., 2002). It is proposed that
CBF1-3 in Arabidopsis share a common origin and that they arose via two consecutive
duplications of the ancestral gene followed by divergence through mutations (Medina et al.,
1999; Gilmour et al., 2004). Zhou et al. (2007) investigated the colinear region of the
Thlaspi arvense genome and found that there only one single CBF copy was present. They
hypothesize that the duplication event in the ancestral CBF gene took place long before the
different lineages within the Brassicaceae family arose. Subsequently, the common ancestor
of T. arvense and A. thaliana would have had three CBF copies. In T. arvense two of these
genes have since been lost, but were maintained in A. thaliana. The Brassicaceae-wide phylogenetic analysis of all known CBF genes showed that the CBF genes cloned from Draba
did not group together with any of the other CBF genes. Within each cluster various copies
of CBF genes were found per species, implying that the CBF family is characterized by relatively frequent and independent gene duplication events. With the increase in genome projects within the Brassicaceae family the evolutionary relationship of the CBF and other gene
families may become more apparent.
The phylogenetic tree analysis of Brassicaceae CBF genes reflected a complex gene family structure. Similar patterns and dynamics of variation in genes arising from duplication
and deletion events have also been found in disease-resistance (R) (Michelmore and
Meyers, 1998) and methylthioalkylmalate synthase (MAM) genes (Benderoth et al., 2006).
More detailed research would have to elucidate whether common evolutionary processes
apply to these gene families. In all three cases the genes involved are tandemly arrayed
genes which according to Rizzon et al. (2006) represent a powerful evolutionary force for
plant adaptation. New genes arising from duplication events may diverge in function and
therefore provide a new source for adaptation.
Draba CB F genes contain all i m port ant f unct i onal dom ai ns
Analysis of the structural organization of the Draba CBF encoded proteins showed that they
all contained the characteristic nuclear localization signal (NLS), AP2-DNA-binding
domain and acidic transcriptional activation domain. Comparative protein sequence alignment of Draba, Arabidopsis thaliana and Arabidopsis lyrata revealed the presence of conserved sequence blocks throughout the CBF coding region. The nuclear localization signal,
which forms part of the CBF ‘signature signal’ PKK/RPAGRxKFxETRHP and DSAWR
designated by Jaglo et al. (2001) is conserved among all species. Sliding window analyses
showed that, despite some substitutions in Arabidopsis, the AP2-domain was highly conserved, while the acidic region showed the most variation. Within Draba, the entire AP2binding domain was conserved. The fact that both the NLS and AP2 domains have been evolutionary conserved in various members of the Brassicaceae family confirms the important
functional role in DNA targeting (Stockinger et al., 1997; Jaglo et al., 2001; Lin et al., 2008).
Furthermore, all Draba CBF genes have the Val-14 and Glu-19 amino acids in the AP2binding domain crucial for the binding specificity of DREB proteins, as shown by Sakuma
et al. (2002). Selective pressures on the acidic activation domain appear to be less stringent,
as most divergent regions were found within this domain. When comparing the divergence
within the acidic domain of Draba, A. thaliana, and A. lyrata, no common hotspots of vari-
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Both COR15 proteins contain a put at i ve chl oropl as t t arget i ng s i gnal
From Arabidopsis studies it has been shown that the mature COR15a polypeptide is located in chloroplasts as it contains features typical of a chloroplast transit peptide (Lin and
Thomashow, 1992; Steponkus et al., 1998; Nakayama et al., 2007). Some of these features
were also found within the Draba COR15 genes. For example, the loosely defined chloroplast cleavage site consensus sequence (Val/Ile)-X-(Ala/Cys)-Ala (Gavel and von Heijne,
1990) was partly conserved within Draba COR15a/c. All Draba COR15a peptides contained a threonine adjacent to the cleavage site rather than an alanine. Draba COR15c
resembled AtCOR15b in that it had a valine bordering the cleavage site. In addition, the arginine residue present eight amino acids prior to the putative cleavage site was conserved
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CBF -target COR15 is also pres ent i n Dr aba
We have isolated two types of COR15-like cDNAs from the Draba species studied.
Sequence and phylogenetic analyses of all copies showed the presence of two distinct
COR15 types; COR15a and COR15c. From D. muralis and D. nivalis we cloned only the
COR15a type. The gene tree of the COR15a cluster reflected the geographic origin of the
different Draba species. The tropical-alpine Draba species are sister to the arctic-alpine
Draba species, which in turn are sister to the temperate D. verna. D. muralis, also a temperate species, is the most basal species. This is in concordance with the phylogenetic relationship of these species found by Jordon-Thaden et al. (2010). DNA sequence comparison of
the identified COR15a sequences from Draba with COR15a/b from Arabidopsis revealed
that the full length Draba sequences were more than 80% identical to AtCOR15b and more
than 75% identical to AtCOR15a. Draba COR15c shared a 48-50% identity with AtCOR15a
and a than 50-53% identity with AtCOR15b. Both Draba COR15 genes are characterized by
the presence of a single intron that occurs at the same position in the gene as that in
AtCOR15a/b. COR15c has a characteristic 76 amino acid insert (36 in D. lactea) in its
deduced amino acid sequence that is unique to Draba. Blastn results in the nucleotide collection (http://blast.ncbi.nlm.nih.gov/Blast.cgi) rendered no other known COR15-like, or
any other genes with a similar insert.
Zhou et al. (2009) isolated two functional COR15-like sequences from five Draba
species that were not used in this study. From two of these species COR15 sequences were
available via Genbank and our analyses show that one of these genes, COR15a, shared a
high similarity with our Draba COR15a genes (>87%). Surprisingly we did not detect any
of the COR15b sequences identified by Zhou et al. (2009) in our Draba species. As our
focus was on cDNA from cold treated plant material, while Zhou et al. looked at gDNA only,
one explanation could be that this COR15b gene is not present or not expressed in our Draba
species in response to cold. This could be checked by conducting a cold experiment with D.
alpina and D. draboides.
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ation were found. This suggests that within the two different genera selection acts upon different sites within the acidic transcriptional activation domain. A possible explanation could
be that mutations in this domain do not necessarily result in less active activators (Wang et
al., 2005). In addition, Lin et al. (2008) found nucleotide diversity in the promoter regions
of the Arabidopsis CBF genes to be greater than those in the transcriptional activation
domain. Nonetheless, all Draba CBF genes possess all the amino acids critical for the binding to their target genes (FIGURE 2).
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between Draba and Arabidopsis. Draba COR15a/c proteins are presumably imported into
the chloroplast as was determined via ChloroP analysis. Further sequence analysis showed
that both COR15 proteins in Draba contain an irregularly repeated 13-amino acid motif
(consensus: KA(K/S)D(Y/F)(V/I)(V/T)EK(T/G)KEA) throughout the coding region. In
Draba COR15a, similar to A. thaliana COR15a/b (Wilhelm and Thomashow, 1993) and
Capsella bursa-pastoris CORb (Liu et al., 2004) this motif is repeated four times. In Draba
COR15c the motif is repeated an additional three times within its 76 amino acid insert. D.
lactea has a shorter insert of 36 amino acids in which the motif is repeated once. Repeating
amino acid sequences are not uncommon and are thought to occur in 14% of all proteins as
a result of recombination and gene conversion (Marcotte et al., 1999). According to Dure et
al. (1989), and cited by Wilhelm and Thomashow (1993), a variable repetition of an amino
acid motif within a polypeptide is a characteristic of many late embryogenesis abundant
(LEA) proteins. LEA proteins are involved in the drought response of plants and most COR
genes have been shown to be responsive to drought (Hajela et al., 1990; Baker et al., 1994).
Implications of these sequence similarities in terms of function and evolutionary significance remain to be determined.
With the isolation and identification of CBF and COR15 genes we have shown that these
components of the cold response pathway are conserved in Draba. In addition, our results
indicate that the CBF and COR15 genes isolated from Draba contain the necessary functional components known from other related species.
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APPENDIX 1. List of primers used for PCR amplification, cDNA synthesis, and sequencing.
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APPENDIX 2. Overview of accession numbers of the different genes used.
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APPENDIX 3. Identity matrices of Arabidopsis and Draba CBF and COR15 genes.
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APPENDIX 4. Alignment of the deduced amino acid sequences of Draba CBFs with the protein
sequences of Arabidopsis thaliana CBF1-3 and Arabidopsis lyrata CBF1-3. Alignment of Draba
sequences; as described in FIGURE 1, with Arabidopsis thaliana (At) CBF1-3, and A. lyrata (Al)
CBF1-3. Legend as in FIGURE 2.
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APPENDIX 5. Sliding windows along the AP2 binding domain of Draba and Arabidopsis CBF
genes. Sliding window of the nucleotide diversity within the genus Draba (A) and Arabidopsis (B).
Nonsynonymous to synonymous substitution ratios of A. thaliana (C) and A. lyrata (D). The
nucleotide position was placed in correspondence to the coding region. The sequences were 174bp
long, corresponding to 58aa. For Draba eight different sequences (DalCBFa-b, DarCBFa, DhCBFa,
DmCBFc, DnCBFa, DsCBFa, and DvCBFc) were analyzed. For Arabidopsis seven sequences: A.
thaliana CBF1-3, and A. lyrata CBF2A-C and CBF3. The analysis was done with use of DnaSP v5
software, with a window length of 10 sites and a step size of 5 sites.
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Cold-induced activation of the
CBF regulon in Draba species

N. von Meijenfeldt, P. Kuperus, P.H. van Tienderen & M.A. Haring

CHAPTER 3

We studied the cold-induced expression of key genes in the C-repeat binding factors
(CBF) cold-tolerance signal transduction pathway and accumulation of several
metabolites (sugars and proline) in four Draba species of temperate, arctic-alpine, and
tropical-alpine origin, as well as in Arabidopsis thaliana. In a climate chamber experiment we mimicked a typical tropical-alpine day: A mild day/night regime (12/12h
L/D, 21/15°C) was followed by two cold nights of 4°C.
The establishment of a diurnal rhythm within our experimental set-up was confirmed
by the expression patterns of CAB2 and CCR2 in Arabidopsis. In all four Draba
species CBF and COR15 were induced in response to cold and no diurnal rhythm was
detected. The kinetics of the CBF gene induction differed between the species. The
most abundant CBF in the temperate D. muralis and D. verna (CBFc) showed a faster
induction than the CBF in the arctic-alpine D. nivalis and tropical-alpine D. hookeri
(CBFa). The CBFc gene expression in response to cold was similar to the CBF1/CBF3
response of Arabidopsis, whereas the CBFa gene expression was similar to the
Arabidopsis’ CBF2 expression in response to cold. This difference in induction of both
CBF genes did not translate into a different timing of COR15a induction among the
Draba species. As a result, the lag between the CBF and COR expression peaks was
not constant across species. The species-specific responses in COR15a expression levels were less pronounced in magnitude than in CBF. D. verna showed a faster COR15a
induction compared to the other three species and resembled the A. thaliana
COR15a/b expression pattern in response to cold. ZAT10 expression showed a diurnal
rhythm and a longer sustained expression during the night in response to cold in all
species. A. thaliana had higher CBF, COR15, and ZAT10 transcription levels than D.
hookeri. A comparison with the expression levels of other Draba species could not be
made.
Soluble sugar content significantly increased during the first cold night in all species.
Raffinose levels increased the day after the first cold night and the second cold night
in A. thaliana and D. muralis only. In contrast to Arabidopsis, proline did not accumulate in any of the Draba species in response to cold. D. muralis contained high levels
of proline throughout the experiment.

C

old is an important factor determining the distribution of many plants, and the actual
impact of cold differs greatly in different geographical areas. In temperate regions, seasonality dictates the growth period of plants, and the gradual decrease in temperature and
day length in autumn ‘warns’ plants for the oncoming winter. This has enabled temperate
plants to evolve mechanisms by which they can increase their ability to withstand freezing
temperatures in winter in response to a period of low but non-freezing temperatures (Levitt
1980, as cited by Xin and Browse, 2000). At the start of the next growing season, days
become warmer but night frost may still irregularly occur. The arctic is characterized by
long, dark and cold winters, where the growing period for plants is restricted to late spring
and summer, while warm days may still be followed by occasional cold nights. In tropicalalpine regions, temperature fluctuations do not occur annually on a seasonal basis. Instead,
both frost and frost-free conditions may occur on a daily basis. This means that plants in
tropical-alpine regions have to cope with low temperatures during growth and reproduction,
and have to be adapted accordingly.
In the model species Arabidopsis thaliana the C-repeat-binding factor (CBF) genes have
been identified as important components of the cold tolerance pathway. Expression of three
CBF genes is induced by cold. Within 15 minutes after transferring plants to low temperatures CBF transcript levels increase, quickly followed by expression of a set of COld
Responsive (COR) genes, in particular COR15a/b, 2-4h after the onset of the cold treatment
(Gilmour et al., 1998; Shinwari et al., 1998; Fowler and Thomashow, 2002). Overexpression
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of CBF3 in Arabidopsis resulted in the accumulation of COR proteins, the accumulation of
proline, and the accumulation of soluble sugars such as sucrose, raffinose, fructose and glucose (Gilmour et al., 2000). Expression of the CBF ‘regulon’ confers cold tolerance in
plants, as demonstrated by electrolyte leakage and whole plant survival tests performed by
Jaglo-Otosen et al. (1998). In addition, Vogel et al. (2005) identified a zinc finger transcription factor gene, ZAT10 that is induced within 1h upon cold treatment and appears to be regulated independently of CBF2 in response to cold.
Upstream of the CBF regulon two genes, Inducer of CBF expression (ICE) and High
expression of osmotically responsive genes (HOS) have been identified as upstream cold signal transduction components. When looking at the mode of regulation of these genes CBF13, ZAT10, and COR15 are all regulated at the transcriptional level, while HOS and ICE are
both post-translationally regulated (Chinnusamy et al., 2007).
Species with a broad geographic range often exhibit considerable intraspecific variation
in morphology, physiology and development (Zhen and Ungerer, 2008). This variation is
mainly driven by selection on local adaptation to climatic conditions. For example, in the
Arabidopsis ‘Versailles core collection’ McKhann et al. (2008) demonstrated the presence
of significant variation with respect to freezing tolerance at the level of phenotype, polymorphism in the CBF genes and CBF and COR gene expression. Similar results were obtained
by Zhen and Ungerer (2008), who found variation in freezing tolerance among natural
accessions of Arabidopsis to be partially explained by relaxed purifying selection on the
CBF transcriptional activators.
In this study we are comparing the cold response pathway of Draba species from three
different geographical regions with that of Arabidopsis. Draba is a widely distributed genus,
from the Brassicaceae family, with species in temperate, tropical-alpine and arctic-alpine
regions. Although the genus is widespread, the species often have a restricted occurrence,
most notably in tropical-alpine regions where several endemic species are found. We investigated the arctic-alpine species D. nivalis, the tropical-alpine species D. hookeri native to
Ecuador and two temperate species, D. muralis and D. verna. D. nivalis and D. hookeri are
both perennial species while D. muralis and D. verna are overwintering annuals (Ratcliffe,
1960; Beilstein and Windham, 2003; Weeda et al., 2003). We investigated whether these
species differed from Arabidopsis or each other with regard to HOS1, ICE1, CBF, COR15,
and ZAT10 expression in response to cold. We predicted D. muralis and D. verna to have
similar expression patterns as Arabidopsis since all three species are annual, temperate
species. D. nivalis and D. hookeri were predicted to display different expression patterns. In
addition, we investigated whether metabolic changes i.e. soluble sugars and proline content
would occur in Draba in response to cold. Soluble sugars protect plant cells from cold stress
related damage in a variety of ways including serving as osmoprotectants as well as interacting with membrane lipid bilayers (Yuanyuan et al., 2009).
To date, most studies have used a long day photoperiod for growing plants, and cold treatments have been applied under such conditions or under continuous light. In our laboratory
experiment we aimed to imitate the natural temperature and light conditions that D. hookeri
encounters in the Ecuadorian Andes: a 12h photoperiod and temperatures ranging from 21
to 4°C. This temperature has been shown to induce cold tolerance in several species (Ristic
and Ashworth, 1993; Griffith et al., 2007; Sharma et al., 2007). For the arctic-alpine and
temperate Draba species a similar light and temperature regime may occur in spring and
fall.
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Here we report differences in gene expression of cold regulated genes and metabolite
content between the different species and we will discuss possible associations with the ecological conditions in their native habitat.

M AT E R I A L S

AND METHODS
Plan t material and growth condi t i ons
The sources of the seeds of the Draba species and the Col-wt accession of A. thaliana of
this study have been described in Chapter 2. Seeds of Draba and A. thaliana were surface
sterilized and sown as described in that chapter. In order to synchronize germination
imbibed seeds were vernalized for two weeks at 4°C in the dark. After this period the petridishes with seeds were transferred to a climate chamber with standard growth conditions of
a 21/15°C (day/night) temperature regime and a 12h photoperiod. Once germinated, the
seedlings were transferred to autoclaved soil and placed in a Microclima climate cabinet
(Snijders Microclima 1000; Snijders Scientific, Tilburg, The Netherlands). The climate
chamber was programmed in the following manner: dawn was imitated by gradually
increasing light intensity during a period of 1h, switching from darkness to 50μEinstein, and
then increasing gradually to 180-210μEinstein. Light levels remained at this intensity for
10h during the day before dimming during 1h at dusk to 50μEinstein and subsequent darkness by turning all lights off. The temperature was programmed to increase from 15°C during the night over a period of 2h with ΔT set at 1°C per 20min to 21°C during the day and
vice versa. Temperature transitions were programmed to start simultaneously with dusk and
dawn. Relative humidity was maintained at approximately 70% throughout the growth period. When the plants were 2.5weeks old (counting from the transfer to pots) 30 plants per
species were transferred to two separate trays filled with autoclaved soil; each tray contained
15 plants per species in a randomized block design.
Cold treatment and harvestin g of l eaf m at eri al
At five weeks of age the plants were subjected to the cold treatment. The program of the climate cabinet was modified from a temperature regime of 21/15°C to 21/4°C (day/night).
Temperature transitions now occurred with ΔT set at ~2°C/15min over a 2h period. Light
and relative humidity conditions remained as described above.
Aboveground plant biomass was harvested at regular intervals starting at the beginning
of the last 15°C night, lasting three nights and two days, resulting in a total of 15 harvesting points. Plants were harvested 15min prior to the temperature transition (points 3, 6, 9,
12, and 15), or 2.45h and 8.15h after the transition (points 1, 4, 7, 10, 13 and points 2, 5, 8,
11, 14, respectively) (see FIGURE 1A). The last harvest point prior to the first temperature
decline from 21 to 4°C was labeled t=0. Per harvest leaves from two individuals; one from
each tray, were collected per species. Once collected all samples were immediately frozen
in liquid nitrogen and transferred to a –80°C freezer for long-term storage. The entire experiment was independently replicated. The temperature trajectory of the climate cabinet was
monitored using a data logger (Onset HOBO Pro H08-032-08, Onset Computer
Corporation, MA, USA).
Molecular analysis and Actin 2, HOS1 , I CE1 and ZAT10 gene cl oni ng
Prior to further analyses all collected plant material was finely ground with a mortar and
pestle while continuously maintained cold to prevent RNA degradation. Total RNA isolation
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was performed as described in Chapter 2. DNA was subsequently removed with DNAse
(TURBO DNA-freeTM, Ambion, TX, USA). To ensure no DNA remained a control PCR
was performed with Actin primers (Chapter 2 APPENDIX 1, primers 33-36). cDNA was synthesized with an Oligo d(T) primer (Chapter 2 APPENDIX 1, primer 27) from 4μg RNA using
M-MuLV (Fermentas, Germany) in 25.5μl reaction volume. Prior to diluting the cDNA to
50μl, RNAse was added to a final concentration of 50μg/ml and the solution was heated at
37°C for 30min to remove RNA. To verify the cDNA quality a test PCR was performed
(Chapter 2 APPENDIX 1, primers 33-36).
Homologs of Arabidopsis Actin2, HOS1, ICE1, and ZAT10 were cloned from Draba by a
similar procedure as that described for CBF and COR15 in Chapter 2. For a list of the primers
used we refer to TABLE 1A. The identity of all sequenced fragments was verified via BLAST
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FIGURE 1. Experimental set-up of controlled cold treatment. A) Arabidopsis thaliana ecotype
Col-wt and Draba plants were grown for ± five weeks at 12h light (21°C): 12h dark (15°C) before
being subjected to a 21-4°C temperature regime. The dotted line represents the standard growing
conditions, grey shading the 12h nights. Red, downward arrows (↓) indicate plant harvesting points,
which are also numbered 1-15 above the arrows. The black, upward arrow (↑) indicates t = 0; the
start of the first temperature decline from 21 to 4°C. ΔT was programmed to be ~2°C/15min. B)
Close-up of temperature slope as measured in the Microclima climate cabinet. The numbered red
arrows represent the last harvest point prior to the first cold night (t=0; harvest point 6) and the first
harvest point during the cold night (harvest point 7) respectively. Grey shading indicates the night.
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TABLE 1A. List of PCR primer sequences used for isolation of Actin2 (Act2), HOS1, ICE1, and
ZAT10 in Draba.

1B. Primers used for quantitative RT-PCR.

Abbreviations: At = A. thaliana, Dh = D. hookeri, Dm = D. muralis, Dn = D. nivalis, Dv = D.
verna, Dal = D. alyssoides, and Dtrop = tropical-alpine Draba from Ecuador, i.e., D. alyssoides, D.
aretioides, D. hookeri, and D. steyermarkii.

or alignment and similarity calculations with their Arabidopsis homolog. Draba cDNA fragments for ICE1 with a length of 705-720bp showed 89.5-93% similarity with AtICE1. HOS1
fragments of the four Draba species had a 90-93% similarity to AtHOS1. Finally, 75-79%
sequence similarity existed between AtZAT10 and the 598-604bp Draba ZAT10 cDNA fragments. Once the sequence identity was confirmed, quantitative RT-PCR primers were
designed. All primer sequences used for RT-qPCR were designed with the web-based
Primer3Plus program (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).
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Statistical analysis
All RT-qPCR, soluble sugar and proline data were analyzed by general linear univariate
analysis of variance (uniANOVA) with type-III sum of squares using SPSS v 16.0 (SPSS
Inc., Chicago IL, USA). Since we were interested in investigating the effect of the cold treatment on gene expression on the one hand and on sugar and proline levels on the other, a contrast analysis was included in the uniANOVA. In this analysis data from the last 15°C night
was compared with data from the first 4°C night that followed, data from the first warm day
compared with that from the second, and finally a comparison was made between the first
and second cold night was made. For the expression data the contrast analysis was performed per gene per species. Due to the fast and transient induction of the investigated
genes, every harvest point within a given night or day was contrasted with its equivalent
point in the subsequent night or day. The contrast analysis for the carbohydrate and proline
data per species was done by comparing the average metabolite content measured during the
day or night with the average of the following day or night.

A C T I VAT I O N O F T H E

Solu ble carbohydrate and prol i ne m eas urem ent s
After RNA extraction sufficient (>90mg fresh weight) finely ground plant material for additional analyses remained from Arabidopsis, D. hookeri, D. muralis, and D. verna. All material from D. nivalis had to be used for RNA isolation and soluble sugars and proline were
not measured for this species. From D. hookeri 16 of the 30 samples of the 2nd experiment
had insufficient material for metabolite analyses. All samples were analyzed at the
Molecular Plant Physiology department of the Max Planck institute in Potsdam, Germany
for soluble carbohydrate and proline content. For the applied methods we refer to Zuther et
al. (2004). The total sugar content was calculated per harvest point and per replicate as the
sum over all sugars measured.

COLD-INDUCED

Q u antitative Real-time PCR anal ys i s of col d i nduced Ar abi dops i s and
Draba
RNA was isolated from frozen leaf samples as described in Chapter 2. First strand cDNA
synthesized from 4μg of total RNA (MuLV RTase in 25μl reaction volume diluted to 50μl
prior to PCR analysis) was used for real-time qPCR. 1μl cDNA template was amplified
using the Platinum SYBR Green qPCR supermix-UDG (Invitrogen, the Netherlands) in a
20 μl qPCR reaction according to the manufacturer’s protocol. The samples were amplified
using an ABI 7500 Real-time PCR System (Applied Biosystems, Foster City, USA). The
cycling program was set to 2min 50°C, 5min 95°C, 45cycles of 15sec at 95°C, followed by
1min 60°C, and finally a melting curve analysis. Primer pairs (see TABLE 1B) were tested
for specificity and linearity with a standard cDNA dilution curve. In all experiments a standard cDNA dilution series (10x – 100x – 1000x) of A. thaliana with AtActin2 primers was
included as a control for the amplification efficiencies between PCR plates. Gene expression levels were normalized using AtActin2 for Arabidopsis and DrabaActin2 for Draba. All
RT-qPCR runs were repeated twice as technical replicates.

R E S U LT S
Validation of the experimental s ys t em us i ng Ar abi dops i s
The experiment was designed to investigate plant responses in a period starting with a mild
night followed by two cold nights. The first night was included to assess whether the cold
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response genes followed a nocturnal rhythm. The two consecutive days allowed us to establish diurnal rhythms in the expression of the genes investigated. The first day served as a reference for the expression levels after a cold night. In the first 4°C night the plants encountered cold for the first time in their life and measurements during this night inform us about
the species’ initial cold response, whereas the responses in the second cold night would indicate whether plants changed their response given that they already experienced cold in the
previous night. The slope of the temperature decline, as measured within the climate cabinet,
confirmed that the growth cabinet followed the programmed ΔT of ~2°C/15min over a 2h
period accurately (FIGURE 1B). It took 2 to 2.15h for the temperature to drop from 21 to 4°C.
In order to verify whether a diurnal rhythm was established in our experimental set-up
the expression of two circadian-regulated genes; Chlorophyll A/B binding 2 (CAB2) and
Cold circadian rhythm 2 (CCR2) was first investigated in Arabidopsis. CAB2 expression
levels increased at the onset of day, reaching maximum levels halfway during the day before
declining again to low levels during the night (FIGURE 2A). CAB2 expression showed the
expected daily rhythm (Millar and Kay, 1991; Millar and Kay, 1996). CCR2 displayed a
diurnal rhythm, but here gene expression was induced at the end of the day and the beginning of the night (FIGURE 2B). In addition, CCR2 expression appeared to be affected by cold.
At the start of the first cold night expression levels were significantly higher than at the start
of the warm or second cold night (for statistics see APPENDIX 1). During this second cold
night the expression of CCR2 remained at a basal level.
Neither the day-night rhythm, nor the cold treatment induced HOS1 and ICE1 expression
(FIGURE 2C-D). Both genes were constitutively expressed, as expected (Lee et al., 2001;
Chinnusamy et al., 2003) Expression of all three C-repeat binding factors (CBF1-3) was
upregulated in response to the first 4°C night, shut off immediately at the beginning of the
21°C day, and induced again in the second 4°C night (FIGURE 2E-G). There was a difference
in the kinetics of the cold response between the three CBF genes. CBF1 and CBF3 showed
a faster response to the cold treatment than CBF2. Highest expression levels for CBF1/3
were observed at t=7 and 8, i.e. 3 to 8.5hours after t=0 which represents the onset of the temperature ramp from 21 to 4°C. Expression levels for CBF2 were highest at t=9; i.e. 14hours
after t=0. CBF1 and CBF2 showed no initial diurnal rhythm, and were not induced during
the first 15°C night or during the days. CBF3 expression was elevated during both days, suggesting a diurnal rhythm for the expression of this gene.
Expression of ZAT10 followed a diurnal rhythm with high expression levels at the start
of every night, independently of the temperature treatment (FIGURE 2H). However, during
both cold nights expression was sustained longer than during the warm night: at harvest
points 2 and 3 ZAT10 expression was significantly lower than at harvest points 8, 9, 14, and
15 (APPENDIX 1). Cold, therefore, appeared to enhance the period of ZAT10 expression in
Arabidopsis plants.
Both COR15a and COR15b showed a clear response to the cold treatment (FIGURE 2I-J).
For both genes maximum expression levels were reached at harvest point 10, i.e. 17hours
after t=0. COR15 gene induction was several hours later than the CBF gene expression.
Neither COR15a nor COR15b were expressed during the 1st night and day of the experiment.
The onset of the cold response of COR15a/b appeared to be similar in the 2nd cold night.
These Arabidopsis results validated the experimental set-up with regard to the cold
response pathways and will be used as a reference for the results with the different Draba
species.
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FIGURE 2. Visualization of the diurnal rhythm and cold regulated gene expression in cold treated Arabidopsis thaliana ecotype Col-wt. Values represent normalized average gene expression levels relative to At-Actin2, obtained from two biological and two technical replicates. Gene expression
was analyzed for two circadian regulated control genes: A) Chlorophyll a/b binding protein 2
(CAB2) and B) Cold circadian rhythm and RNA binding protein 2 (CCR2), two transcription factors
upstream of CBF: C) High expression of osmotically responsive gene 1 (HOS1) and D) Inducer of
CBF expression 1 (ICE1), and finally five cold regulated genes: E-G) C-repeat binding factor 1, 2,
and 3 (CBF1-3), H) ZAT10, and I-J) Cold regulated 15a and 15b (COR15a and COR15b). Grey
shading represents the 12h nights. The black arrow (↑) indicates t=0; the last plant collection point
prior to the first gradual decline in temperature from 21 to 4°C. The temperature regime is indicated
at the bottom of graph I and J. Standard error of mean is indicated.
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FIGURE 3. Relative transcript abundance of members of the cold response pathway in Draba.
Each value is the normalized average gene expression level relative to Draba-Actin obtained from
two biological and two technical replicates. Draba species investigated are D. hookeri (Dh), D.
muralis (Dm), D. nivalis (Dn), and D. verna (Dv). Gene expression was analyzed for two transcription factors upstream of CBF: A-D) High expression of osmotically responsive gene 1 (HOS1) and
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E-H) Inducer of CBF expression 1 (ICE1), and finally three cold regulated genes: I-L) C-repeat binding factor a or c (CBFa/c), M-P) Cold regulated 15a (COR15a), and Q-T) ZAT10-like. Grey shading represents the 12h nights. The black arrow (↑) indicates t=0; the last plant collection point prior
to the first gradual decline in temperature from 21 to 4°C. The temperature regime is indicated at the
bottom of graphs Q-T. Standard error of mean is indicated.
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Expressi on of the Draba C BF regul on
The cold response of four Draba species from different geographical regions was investigated with use of quantitative RT-PCR. Data presented are from two independent biological
replicates with two technical replicates each. Similar to Arabidopsis, both HOS1 and ICE1
were constitutively expressed in all four Draba species (FIGURE 3A-H).
None of the Draba species studied showed CBF expression within the first 15°C night,
but all demonstrated a clear induction of CBF expression in response to cold (FIGURE 3I-L).
In Chapter 2 we reported the identification of three CBF othologs in Draba. We restricted
our analysis to the most abundantly expressed CBF gene from each species; i.e. CBFa in D.
hookeri and D. nivalis and CBFc in D. muralis and D. verna.
After the first cold night, at time point 10 (i.e. 17h after t=0) expression of all CBF genes
returned to basal level immediately. The kinetics of CBF expression varied between the different Draba species. Induction of CBFc in the temperate species was faster than that of
CBFa in the arctic-alpine and tropical-alpine species. CBF induction kinetics appeared to be
similar in both cold nights. CBFa level of expression was highest at harvest point 8 (8.5h
after the onset of the cold treatment) in D. nivalis (FIGURE 3J) and at point 9 (14h after t=0)
in D. hookeri (FIGURE 3I). The kinetics of CBFa expression resembled that of Arabidopsis
CBF2. In both cases expression levels did not increase until 8.5h after the onset of the cold.
With a set of qPCR primers that fitted the CBF genes from both Arabidopsis and D. hookeri we confirmed this resemblance in expression profile (FIGURE 4A and B). In D. muralis
maximum expression levels of CBFc were observed at harvest point 7 (3h after t=0; FIGURE
3K). Similarly, in D. verna expression of CBFc was induced early (time point 7; 3h after
t=0), but it was sustained longer (FIGURE 3L). Sequencing of the CBFc RT-PCR products
from D. verna of these time points confirmed that only one CBFc gene was expressed. The
fast induction of CBFc expression resembled that of Arabidopsis CBF1/CBF3: these genes
were induced 3h after the start of the cold treatment.
The difference in timing of CBF expression between different Draba species was not
reflected in the COR15a expression patterns. Draba COR15a was induced in response to
cold (FIGURE 3M-P), although the induction in response to this cold stimulus was not as pronounced as for CBFa/c. Expression levels of COR15a increased fastest in D. verna, reaching maximum expression at harvest point 10 (17h after t=0; FIGURE 3P) and declining at the
end of the light period. This early COR15a response to cold in D. verna most resembled that
of Arabidopsis COR15a/b. All three other Draba species did not reach maximum expression levels until harvest point 11 or 12 (20.5 to 24h after t=0; FIGURE 3M-O). In addition to
this difference in kinetics of the primary response, COR15a expression levels remained elevated in these Draba toward the onset of the second cold night. This was clearly visible
when COR15 expression was compared between Arabidopsis and D. hookeri using qPCR
primers that amplified both transcripts (FIGURE 4C and D).
ZAT10 expression patterns in the different Draba species showed a rather variable, diurnal pattern (FIGURE 3Q-T). In D. hookeri, D. nivalis and D. verna cold significantly
enhanced expression of ZAT10 (for statistics see APPENDIX 1). ZAT10 expression in D.
muralis was induced in all three nights. The same diurnal rhythm was observed in all nights,
but the 4°C treatment did result in a sustained expression in cold. In all other Draba species,
both during the first as the second cold night ZAT10 expression levels decreased more gradually than during the warm night. This pattern was similar to that seen in Arabidopsis.
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CBF, COR15 , and ZAT10 expres s i on l evel s i n A. t hal i ana and D. hook eri differ
Although the normalized responses in Draba and Arabidopsis were similar we could not
compare absolute levels because different primer sets had to be used in the experiments.
Based on the sequence information described in Chapter 2, it was not possible to design
common RT-qPCR primers for Arabidopsis and all other Draba species. However, for D.
hookeri and A. thaliana, absolute and relative expression levels of CBF, COR15, and ZAT10
could be compared because we were able to design primers that amplified the genes from
both species. In both A. thaliana and D. hookeri the normalized induction reached the same
level of CBF expression (3-4) in response to cold at harvest points 7 and 8 (FIGURE 4A-B).
However, the absolute expression levels differed (compare right axes of FIGURE 4A and B).
In Arabidopsis, CBF peak expression was on average 20 times higher than CBF expression
in D. hookeri. A similar situation was recorded for COR15. Normalized expression levels
for COR15 in Arabidopsis reached similar levels in response to cold treatment as D. hookeri COR15 (FIGURE 4C-D). However, when comparing the absolute expression levels
between both species peak expression of COR15 in A. thaliana was 10 times higher than in
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FIGURE 4. Comparison of CBF and COR15 expression levels between Arabidopsis and Draba.
Normalized (left axis) and absolute (right axis) average gene expression levels as measured with RTqPCR in A. thaliana ecotype Col-wt (A, C, and E) and D. hookeri (B, D, and F). All expression
levels are relative to At-Actin2 and Draba-Actin. Averages, black arrow, shading, temperatures
shown below graphs E, and F, and standard error are as described in FIGURE 3.

57

CHAPTER 3

D. hookeri (compare right axes of FIGURE 5C-D). ZAT10 expression patterns were similar
for A. thaliana and D. hookeri, but absolute expression levels were higher in Arabidopsis
than in D. hookeri. ZAT10 peak expression levels were 5 times higher in A. thaliana (FIGURE
5E-F and APPENDIX 2). Because CBF expression levels have been shown to correlate with
enhanced tolerance against low temperatures (Hannah et al., 2006) we set out to investigate
whether the detected transcriptional responses also translated into metabolic changes.
C omp arison of soluble sugar and prol i ne accum ul at i on i n Dr aba and
Arabidopsis in response to col d
Several studies (Guy et al., 1992; Wanner and Junttila, 1999; Gilmour et al., 2000; Klotke
et al., 2004) showed that metabolites such as soluble sugars and proline accumulate in
response to cold in Arabidopsis. Although raffinose was identified as an important component of the cold response in Arabidopsis (Rohde et al., 2004), it has be found not to be essential for basic freezing tolerance or cold acclimation (Zuther et al., 2004).
In Arabidopsis, the levels of total soluble sugars, raffinose, and proline increased the day
after the first cold night, illustrating a clear metabolic response to the cold treatment (FIGURE
5 A-C). The increase in soluble sugar content in Arabidopsis after the first cold night was
largely due to an accumulation of glucose. The response in the three Draba species differed
significantly. D. hookeri and D. verna showed a lower increase in sugar levels after cold
treatment in comparison to Arabidopsis and D. muralis (FIGURE 5D, G, and J). Despite the
low values and the high experimental noise in the D. verna data, a positive trend in raffinose
accumulation appeared to exist for both D. verna and D. muralis (FIGURE 5H and K).
Raffinose levels in D. hookeri were below detection limits (FIGURE 5E). Proline did not
accumulate in response to cold in any of the Draba species (FIGURE 5F, I, and L). Compared
to the other two species D. muralis continuously displayed high proline levels throughout
the experiment. Given the significant time effects and time by species interactions (TABLE
2) a contrast analysis was performed to study the differences caused by the treatment in
more detail. Those parts of the time course where differences in metabolite accumulation
were expected, are compared. In Arabidopsis as well as in all Draba species the average
sum of all sugars in the first cold night was significantly higher than in the preceding 15°C
night (Difference (Δ): ΔAt = +3.042 *, ΔDh = +2.086 *, ΔDm = +5.437 *, and ΔDv = +2.530
**, all units are μmol/mg fresh weight; statistical data in TABLE 3). Several sugar compounds increased differently in response to cold in the five species studied. No significant
increases in raffinose and proline levels were detected in any species between these two
nights.
Sugar levels during the day after the first cold night were higher than in the preceding day
for all species except D. muralis (Difference (Δ): ΔAt = +8.532 ***, ΔDh = +3.033 **, ΔDm
= +3.815 n.s, and ΔDv = +2.497 **; all units are μmol/mg fresh weight; statistical data in
TABLE 3). Average fructose and glucose significantly accumulated in all species the day after
cold, while sucrose levels only showed a significant increase in Arabidopsis (Difference (Δ):
ΔAt = +2.266 ***; all units are μmol/mg fresh weight; statistical data in TABLE 3). For D.
muralis and A. thaliana the average raffinose concentration in the second day was significantly higher than in the first (Difference (Δ): ΔAt = +0.110 ***, and ΔDm = +0.245 *; all
units are μmol/mg fresh weight; statistical data in TABLE 3). Only in A. thaliana proline levels were significantly higher in the second day than in the first day (Difference (Δ): ΔAt =
+2.658 *** nmol/mg fresh weight; statistical data in TABLE 3). Comparing the second cold
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TABLE 2. Univariate ANOVA results for the 15 samples per species as harvested during the
temperature trajectory. Four species were investigated: A. thaliana, D. hookeri, D. muralis, and D.
verna. The experiment was replicated twice. Presented are the F-values for the different metabolites
measured; fructose, glucose, sucrose, and raffinose which are combined in the sum of sugars (Σ sugars) and proline. MS, mean square; df, degrees of freedom. P < 0.05 *, P < 0.01 **, P < 0.001 ***,
n.s = non significant.
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FIGURE 5. Soluble sugars and proline levels as measured in Draba and Arabidopsis. Sugar content is the sum of the average measured glucose, fructose, sucrose, and raffinose levels (A, D, G, and
J). The bars represent from top to bottom; light grey: raffinose, white: sucrose, dark grey: fructose,
and black: glucose. Raffinose (B, E, H, and K) and proline (C, F, I, and L) levels are portrayed separately. All units are μmol/mg fresh weight. Averages are obtained from two independent plants from
two biological replicates. Black arrow, shading and temperatures shown below graphs J, K, and L
are as described in FIGURE 3.
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TABLE 3. Univariate ANOVA with contrast for the species by time interaction for all measured
metabolites. Contrast analyses were performed for the average soluble sugars (fructose, glucose,
sucrose, raffinose, and the sum of these sugars) and proline levels as measured during the warm
night with those of the first cold night (average of points 1-3 v 7-9), the day prior to with the day
after the 1st cold night (average of points 4-6 v 10-12), and the 1st cold night with the 2nd cold
night (average of points 7-9 v 13-15). Data presented are the estimated differences for each contrast.
All units are μmol/mg fresh weight, except for proline which units are nmol/mg fresh weight. The
investigated species were A. thaliana (At), D. hookeri (Dh), D. muralis (Dm), and D. verna (Dv). Pvalues are as explained in TABLE 2.

night to the first cold night revealed that average sugar and raffinose levels increased significantly in D. muralis and A. thaliana (Difference (Δ): ΔAt = +3.361 ** and ΔDm = +5.033
* μmol/mg fresh weight; statistical data in TABLE 3), but not in D. hookeri and D. verna. In
D. verna, none of the measured metabolites significantly changed between the two cold
nights. Only in Arabidopsis average proline levels were higher in the second compared to
the first cold night (Difference (Δ): ΔAt = +1.918 *** nmol/mg fresh weight; statistical data
in TABLE 3).

DISCUSSION
D iurnal regulation and gene expres s i on i n Ar abi dops i s
In our experimental set up five weeks old Arabidopsis plantlets exhibited a diurnal expression of both the CAB2 and the CCR2 gene. CAB2 expression was induced early and transiently in response to light, in agreement with the findings by Millar and Kay (1991; 1996).
Expression levels of CAB2 were not influenced by cold. CCR2 was expressed at the onset
of night as previously described by Carpenter et al. (1994). During the first cold night CCR2
expression levels were enhanced, but not during the second cold night. Different to the
results described by Kreps and Simon (1997) no sustained expression of CCR2 was detected in our experiments. An initial reduction in CAB expression in response to cold as found
by the same authors was not detected in our results although induction of expression was
delayed by four hours. Bieniawska et al. (2008) reported in their study a complete absence
of any cycle in both CAB2 and CCR2, after a short initial response, following cold treatment. All three experiments were conducted with Arabidopsis thaliana Col-wt under lightdark cycles. The main difference between the three experiments is that the previously described experiments were conducted under continuous cold. This may also explain why we
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Th e CBF regulon in Draba is act i vat ed by col d
The early response pathway upstream of CBF appeared to be conserved in Draba. All four
species showed a constitutive expression pattern in HOS and ICE similar to the pattern we
found in Arabidopsis. The expression patterns of CBF in Draba were found to be similar to
those of Arabidopsis CBF1-3 and CBFs in other Brassicaceae family members (Gilmour et
al., 1992; Stockinger et al., 1997; Liu et al., 1998; Medina et al., 1999; Gao et al., 2002;
Wang et al., 2004; Sharma et al., 2007). In Draba low-temperature regulation of the CBF
genes was transient and transcript levels dropped fast once the cold stimulus stopped. This
is a common characteristic of CBF transcripts that are known to have a short half-life at
warm temperatures (Zarka et al., 2003). None of the CBF genes in any of the Draba species
were induced in the 15°C night preceding cold treatment. The kinetics of CBF expression
differed between the four Draba species. The two temperate species responded 5.5hours
earlier to a cold treatment than the arctic- and tropical-alpine species analyzed. This difference could be explained by the fact that we are comparing CBF orthologs with a different
chronology, CBFa versus CBFc. Still, these were the most abundantly expressed CBF genes
in these species upon cold treatment (see Chapter 2). To settle this argument we would need
to clone CBFa and CBFc orthologs from both species and profile their expression accordingly.
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did not detect a dampening effect on the cycling of CAB2 and CCR2 expression levels during the 12h cold period.
Arabidopsis CBF1/2 and the CBF target genes COR15a/b did not show an initial diurnal
rhythm in their expression, and during the 15°C night none of these genes were induced.
Some diurnal differences were observed for CBF3. Circadian-regulated cycling of transcript
levels for CBF3 under warm temperatures has previously been described by Harmer et al.
(2000). In our experiments timing of ZAT10 expression was not affected by cold, but expression levels were sustained longer during both cold nights. Previously, ZAT10 was found to
be rapidly and transiently upregulated by cold in seedlings grown in constant light (Vogel et
al., 2005), but a possible diurnal control was not discussed nor could it be inferred from their
data. ZAT12, another cold-responsive member of the zinc finger gene family, is known to be
gated by the circadian clock (Fowler et al., 2005). Both genes have been proposed as being
induced in parallel to CBF1-3 in response to cold (Fowler and Thomashow, 2002; Vogel et
al., 2005). In addition, overexpression of CBF3 in Arabidopsis has been shown to enhance
ZAT10 induction (Maruyama et al., 2004), so an interaction between both pathways may
exist.
Our data on CBF gene expression in Arabidopsis showed that all CBF genes were transiently induced by cold. The response rate between the three CBF genes, however, differed.
CBF1 and 3 were induced within 8.5hours, while CBF2 did not reach maximum expression
until 14hours after the onset of cold. Similar results have been found by Novillo et al. (2004)
who demonstrated the negative regulation of CBF1/3 by CBF2 via loss-of-function analysis.
Given this regulatory function of CBF2 it is not surprising that induction of CBF1/3 preceded that of CBF2 in response to cold. Induction of CBF targets COR15a and COR15b trailed
CBF1-3 expression by at least 3hours. Although COR15a has been found to be more responsive to drought rather than cold (Wilhelm and Thomashow, 1993) we detected no differences
in the expression patterns between either genes in response to cold. In our experimental setup the CBF response pathway in Arabidopsis was, therefore, activated as expected.
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Different Arabidopsis accessions have been found to show different expression patterns
for their CBF1, CBF2, and CBF3 genes. In their study of the natural variation in CBF gene
expression in the Versailles core collection of A. thaliana McKhann et al. (2008) reported
different patterns of CBF1-3 expression between different accessions. They coupled these
differences to indels and polymorphisms in the promoter regions of the three CBF genes.
As, to date, no CBF promoter regions have yet been characterized from Draba so such a
comparison cannot be made. Similar to the CBFc expression pattern in D. verna, McKhann
et al. (2008) also found multiple peaks in CBF expression for Arabidopsis accessions. In
addition, tomato has a CBF locus comprising three CBF genes of which only one, LeCBF1,
is induced in response to low temperature (Zhang et al., 2004).
Differences in the timing of CBF expression pattern in the four Draba species were not
correlated with the timing of the expression levels of COR15a. In general, D. verna was
most similar to Arabidopsis in CBF and COR15 expression patterns. COR15a genes were
differently regulated in Draba in comparison to Arabidopsis. In Arabidopsis COR15a/b levels decline rapidly after peak expression. COR15a expression levels in Draba displayed a
slower decline followed by sustained expression. The temperate species D. verna displayed
a quicker COR15a response to cold in comparison to the other Draba species. The lag
between the peak of expression in CBF and COR15a varied between Draba species. This
holds true for the species with the CBFa genes: the interval between CBFa and COR15a
peak expression is shorter in D. hookeri than in D. nivalis. Additional studies would be
needed to test whether Draba CBF genes would be able to enhance COR15a/b expression
in transgenic Arabidopsis plants in response to cold.
Several COR genes are co-expressed with COR15a/b in response to low temperature in
Arabidopsis (Hajela et al., 1990), which suggests that COR15a/b might act in concert with
other COR genes to enhance tolerance to freezing in plants. It is thus possible that the CBF
genes in Draba regulate a different part of the CBF regulon in comparison to Arabidopsis.
In their study, Hannah et al. (2006), found 5-15% of the transcript changes they identified
to be under the control of CBF. This raises the possibility that there may be differences in
the regulation of the CBF response pathway between Draba and Arabidopsis. In
Arabidopsis feedback regulation of the transcription of the CBF and their target genes exists
(Novillo et al., 2004; Novillo et al., 2007), which may be different in Draba.
Arabidopsis has higher transcri pt l evel s t han D. hooker i i n res pons e
to cold
The most striking difference between Arabidopsis and Draba was the level of CBF,
COR15, and ZAT10 expression in response to cold. Quantitative rt-PCR using a common A.
thaliana and D. hookeri primer for CBF, COR15, and ZAT10, revealed that transcript levels in these species differed substantially. Although the average Actin levels were 20% higher in D. hookeri than in A. thaliana (statistically significant F1,178 = 5.706* see APPENDIX
3), this can not explain the difference in absolute expression levels of the cold regulated
genes. Cold-induced expression levels for CBF were 20 times, for COR15 10 times, and for
ZAT10 5 times higher in A. thaliana than in D. hookeri. RNA gelblot analysis had confirmed this difference and indicated that CBF expression levels in all Draba species investigated were similarly low. CBF is known to be a weakly expressed transcriptional activator gene (El Kayal et al., 2006), but these differences with Arabidopsis were unexpected..
McKhann et al (2008) reported lower CBF expression levels in Arabidopsis accession Cvi-0.
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D raba species do not accumul at e prol i ne i n res pons e t o col d
Transgenic Arabidopsis plants overexpressing CBF3 have been reported to accumulate
osmoprotectants such as proline and soluble sugars as glucose, fructose, sucrose and raffinose (Gilmour et al., 2000). In our study, no correlation between CBF and COR15
expression patterns and accumulation of cryoprotectants such as sugars and/or proline was
detected in the different Draba species. Contrast analysis of the early cold response; i.e.
the warm night versus the first cold night, revealed no significant differences among the
different species in raffinose and proline. In both Draba and Arabidopsis levels of total
soluble sugars increased during the first cold night. In a study of Arabidopsis ecotype Col0 Wanner and Junttila (1999) found that changes in sugar concentrations (primarily
sucrose, glucose, and fructose) occurred within a few hours after plants were transferred
to 1°C.
Average fructose and glucose levels increased in all species in the day after the first cold
night. Sucrose levels increased significantly in Arabidopsis only, while raffinose levels had
increased only in A. thaliana and D. muralis. Comparison of the first and second cold night
also showed a significant increase in raffinose and total soluble sugar levels in A. thaliana
and D. muralis. In A. thaliana, the accumulation of the total soluble sugar was mainly
caused by an increase in glucose levels. This is in agreement with the findings of Zuther et
al (2004) who found the accumulation of sugars during cold accumulation to be mainly
attributed to an increase in glucose content.
Most surprisingly, proline levels did not increase in response to cold in any of the Draba
species investigated, whereas Arabidopsis showed a pronounced response. The proline content in D. muralis was constitutively high; free proline increases in plants in response to
many stresses and its role in stress tolerance is well established (Xin and Browse, 1998).
Constitutively maintained high proline levels were also found in Arabidopsis esk1 mutant
plants, resulting in enhanced freezing tolerance (Xin and Browse, 1998).
From the above it has become clear that Draba species not only have lower levels of
expression of the CBF regulon, but also differ from Arabidopsis with regard to the accumulation of cold-protective metabolites. Given that several Arabidopsis studies (Wanner and
Junttila, 1999; Gilmour et al., 2000; Klotke et al., 2004; Zuther et al., 2004) have demon-
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Via qPCR they found CBF2 to be induced in Cvi-0 by cold, although at low levels, whereas the Northern blot analyses of CBF2 reported by Alonso-Blanco (2005) did not reveal any
signal in this accession. McKhann et al. (2008) attributed the noted difference in transcriptional levels with other accessions to a deletion in a large part of the CBF2 promoter in Cvi0. Whether differences in the promoter of our Draba CBF genes are responsible for the
found transcriptional differences remains to be investigated. These findings do stress the
need for sensitive detection methods to investigate expression profiles of weakly expressed
genes.
Several recent studies have shown differences in freezing tolerance between different
Arabidopsis accessions to be correlated with differences in expression of CBF1-3 together
with their target genes (Cook et al., 2004; Hannah et al., 2006; McKhann et al., 2008). In all
three studies lower expression of CBF1-3 and the CBF regulon was found in accessions that
had a lower acclimated cold tolerance. Whether a lower magnitude in CBF and COR expression in Draba leads to a decreased ability of the species to cope with cold conditions could
be reflected in metabolic responses.
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strated that soluble sugar and proline accumulation correlate with freezing tolerance, it is
interesting to see if accumulation of cryoprotectants in Draba correlates with differences in
freezing tolerance; this will be investigated in the next chapter.
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APPENDIX 1. Univariate ANOVA with contrast of normalized CAB2, CBF, CCR2, COR15, HOS1, ICE1, and ZAT10 expression levels based on
species’ specific primers. Species investigated are A. thaliana ecotype Col-wt (At), D. hookeri (Dh), D. nivalis (Dn), D. muralis (Dm), and D. verna (Dv).
The contrast matrix was based on a comparison of the harvest points of the first warm night with the those of the first cold night (1 v 7, 2 v 8, and 3 v 9),
the first cold night with the second cold night (7 v 13, 8 v 14, and 9 v 15) and finally the first warm day with the second warm day (4 v 10, 5 v 11, and 6 v
12). P < 0.05 *, P < 0.01 **, P < 0.001 ***, n.s = non significant.
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APPENDIX 3. Descriptive statistics of A. thaliana and Draba Actin levels as measured with RT-qPCR.

APPENDIX 2. Univariate ANOVA with contrast of normalized CBF and COR15 expression levels based on a joint A. thaliana and D. hookeri primer.
Species investigated are Draba hookeri (Dh) and Arabidopsis thaliana ecotype Col-wt (At). The contrast matrix was based on a comparison of the independent harvest points of the first warm night with those of the first cold night (point 1 v 7, 2 v 8, and 3 v 9), the first cold night with the second cold night
(point 7 v 13, 8 v 14, and 9 v 15), and finally the first warm day with the second warm day (point 4 v 10, 5 v 11, and 6 v 12). P-values are as explained in
APPENDIX 1.
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Freezing tolerance in Draba;
acclimation responses in species
from different geographic regions

N. von Meijenfeldt, P.H. van Tienderen & M.A. Haring

CHAPTER 4

In this chapter we investigated the freezing tolerance of Draba species from different
geographical regions and compared it to that of A. thaliana. Freezing tolerance was
measured via juvenile survival and electrolyte leakage experiments. In addition, we
determined the acclimation response of species to a cold pretreatment before testing
freezing tolerance. Our results showed that seedlings of species from differing geographical regions vary in their basal tolerance to freezing. D. hookeri from the high
Andes of Ecuador was most sensitive to freezing. The electrolyte leakage experiments
revealed the same trend. The cold acclimation response was strongest in seedlings of
temperate species A. thaliana, D. muralis and D. verna. Arctic-alpine D. nivalis displayed a less pronounced acclimation response, while D. hookeri displayed the weakest response. Electrolyte leakage experiments confirmed this trend in acclimation
response. When the seedlings were exposed to a 21/4°C cycle for one week as acclimation treatment, the response was weaker than after a continuous cold period of 4°C.
Finally, a positive correlation between freezing tolerance and glucose content was
observed among all species. In addition, Draba species displayed a positive correlation between frost tolerance and total sugar as well as proline content.

O

ne important constraint on the growth and distribution of plants are freezing temperatures. Especially the frequency with which frost occurs; that is all-year round, seasonally, or episodically, is of influence. In equatorial uplands and mountains, plants may frequently encounter nocturnal frost throughout the entire year (Larcher, 2003). Plants growing in this
environment must maintain freezing tolerance mechanisms different from those of overwintering plants occurring in temperate regions, which encounter freezing on a seasonal basis.
Arctic-alpine regions, in turn, are characterized by long winters and a short and cold growing season (Billings, 1974). Plants living in these different environments can be expected to
have different survival strategies. Both temperate species D. muralis and D. verna are winter annuals, while the arctic-alpine D. nivalis and the tropical-alpine D. hookeri are perennial species. This difference in life strategy between the species is indicative for specific adaptations to their natural habitat. As these Draba species occur in different geographical regions
it can be expected that the various species have developed different mechanisms to cope with
frost. We hypothesized that tropical-alpine D. hookeri that encounters subzero temperatures
on a daily basis will have a different response compared to the temperate Draba species that
encounter subzero temperatures on a seasonal scale, whereas, given its circumpolar distribution, we expected D. nivalis to be most freezing tolerant (see Chapter 1, FIGURE 4).
A particular characteristic of tolerance to freezing, is the phenomenon of acquired tolerance (John et al., 2009). Many temperate species acquire an increased freezing tolerance
when they are first exposed to low but non-freezing temperatures; a process known as cold
acclimation (Thomashow, 1999). In the temperate climate zone, cold acclimation in plants
is initiated by the gradual decrease in temperature and photoperiod that occurs in autumn.
Through cold acclimation the necessary mechanisms are triggered to acquire freezing tolerance, which determines the capacity of plants to survive the winter. Low temperatures initiate signaling pathways that control the expression of genes encoding determinants that are
necessary for freezing tolerance (Knight et al., 1999; Thomashow, 1999; YamaguchiShinozaki and Shinozaki, 2006; Chinnusamy et al., 2007). In Arabidopsis, overexpression
of each of the three CBF genes induces the CBF regulon and enhances plant freezing tolerance by increasing the levels of cryoprotectants such as proline and sucrose in the cells
(Gilmour et al., 2000; Strand et al., 2003; Gilmour et al., 2004; Reyes-Diaz et al., 2006). In
addition, a major QTL for freezing tolerance has been mapped to the genomic region containing the CBF genes in Arabidopsis (Alonso-Blanco et al., 2005). Besides Arabidopsis,
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cold-acclimation has been shown to improve the freezing tolerance of other Brassicaceae,
such as Thellungiella salsuginea (Griffith et al., 2007), Thlaspi arvense (Sharma et al.,
2007), and Brassica napus (Jaglo et al., 2001). In addition, Hannah et al. (2006) and Zhen
& Ungerer (2008) demonstrated that freezing tolerance in natural Arabidopsis accessions
correlates positively with habitat winter temperatures.
When temperatures drop below zero, ice crystals form in the intercellular spaces and cell
walls of plant tissues. As a result, cytoplasmic water from inside the cell is drawn to the
growing mass of extracellular ice. Freezing injury is, therefore, mainly an injury caused by
cellular dehydration, which has a damaging effect on membrane structure and cellular functions (Uemura et al., 1995; Xin and Browse, 2000). The primary manifestation of freezing
injury in plants is observed in the membrane systems (Steponkus, 1984). This highlights the
importance of cryoprotective agents. Their accumulation lowers the water potential and
increases the cryostability of the plasma membrane, making it less sensitive to freezeinduced destabilization (Uemura et al., 1995).
In Chapter 3 we studied the transcriptional response to cold in four different Draba
species. For all investigated species we found that a low temperature (4°C) transiently
induced expression of CBF and one of its target genes; COR15. However, in Draba the level
of expression of these cold-responsive genes was 10-20x lower than in Arabidopsis. In addition, levels of proline and soluble sugars such as sucrose, glucose, fructose and raffinose
were measured. In all Draba species sugar content increased upon cold treatment. In D.
muralis raffinose levels increased upon cold treatment, while in D. hookeri and D. nivalis a
constitutively low level was detected. Proline levels did not change in Draba species upon
cold treatment, D. muralis had constitutively high levels. To investigate the possible relation
between CBF and COR15 gene expression and changes in metabolites we determined the
freezing tolerance and the acclimation capacity of Arabidopsis and Draba species. To this
end we performed juvenile survival and electrolyte leakage experiments.
Because seedlings of many species are less tolerant of extreme environmental conditions
compared to adults, the degree of freezing tolerance can determine successful establishment
and thereby limit species distributions (Loik and Redar, 2003). Thinner tissues of young
plants coupled with a higher sensitivity to freezing can result in damaged membranes and
tissues, reduced physiological function and even death (Sakai and Larcher, 1987 as cited by
Lambrecht et al., 2007).

M AT E R I A L S

AND METHODS
Plan t growth conditions
The Draba and Arabidopsis species used in this study are the same as described in Chapter
3. All seeds were surface sterilized as described in Chapter 2 and subsequently sown on 0.5
MS, 1% (w/v) Daishin agar plates (Duchefa Biochemie, Haarlem, The Netherlands). For the
juvenile survival experiments the plates were divided into five equal parts in which ten seeds
per species were sown in random combinations next to each other. Seeds were vernalized as
described in Chapter 3 with slight modifications in the length of vernalization. For the juvenile survival experiment all species were vernalized for two weeks prior to transfer to the
growth chamber. For the electrolyte leakage experiment different vernalization treatments
were applied to different species. This was to ensure that all species had large enough leaves
to conduct the electrolyte leakage experiment, while simultaneously ensuring good germination rates. D. hookeri, D. nivalis and D. verna were vernalized for two weeks after which
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they were transferred to a growth chamber. In the mean time D. muralis and A. thaliana
were vernalized for an additional week. One week after transfer to the growth chamber all
seedlings for the electrolyte leakage experiment were transferred to sterilized sowing soil.
The standard growth conditions in the growth chamber were the same as described in
Chapter 3: a 12L/12D photoperiod with a 21/15°C temperature regime. Illumination was set
at 150µEinstein/m2.
Plant freezing survival
Survival was measured as percentage survival of plants after freezing at different temperatures. Half of the 3week old plants of D. hookeri, D. muralis, D. nivalis, D. verna, and A.
thaliana were cold-acclimated at 4°C for 48hours under the standard 12h photoperiod while
the other half remained in the standard growth conditions. After acclimation and four hours
into the night all plants were transferred to a Microclima climate cabinet (Snijders
Microclima 1000; Snijders Scientific, Tilburg, The Netherlands) programmed to decline
from 21 to –1°C at a rate of 1°C/h. The non-acclimated plants were transferred to the
Microclima at 15°C, the cold acclimated plants when the temperature had dropped to 4°C,
to avoid sudden changes. All plates were placed in a complete randomized design in the
Microclima. Once at –1°C, the temperature was maintained there for six hours. After one
hour equilibration at –1°C, ice chips were applied to all agar plates in order to ensure ice
nucleation. Temperature in the Microclima was then programmed to gradually decline from
–1 to –15°C at a rate of 1°C/h. The temperature trajectory of the Microclima was monitored
using a datalogger (Onset HOBO Pro H08-032-08, Onset Computer Corporation, MA,
USA). Plates were removed at 2°C intervals over a temperature range of –5 to –13°C for
non-acclimated plants and –7 to –15°C for cold acclimated plants so that survival curves
could be fitted. Per acclimation treatment (non- versus cold acclimation) three agar plates
containing ten plants/species were removed per time point. The experiments were replicated independently.
Once removed, the plants were thawed for 12hrs in the dark at 4°C and then placed back
into a growth chamber set at the standard temperature and light conditions. Photographs of
the plants were taken prior to cold-acclimation, one day prior, one day after, one week after,
and two weeks after the freezing treatment. Survival was visually scored by monitoring the
fate of the frozen leaves over the next two weeks. Plants that still contained one or more
green leaves after two weeks were counted as survivors. The percentage freezing survival
per species was calculated as: (number of survivors / total number of plants) * 100. Data
presented are mean values of three independent agar plates from the two experimental replicates.
Based on the results, response curves were fitted for each survival experiment according
to the equation: NT = N0 / (1+e μ+βT), where N0 is the initial number of plants, NT the number of survivors at temperature T, and μ and β are parameters estimated with Excel’s Solvertool by minimizing the squared differences between the observed and fitted number of dead
plants. Lethal temperature for 50% death (LT50) was estimated from the fitted response
curves by setting NT = 0.5 N0 and solving for T, resulting in LT50 = μ/β.
ΔLT50 was calculated as the difference between the LT50’s of the cold-acclimated and
non-acclimated plants.
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D etermination of freezing tol erance of l eaves
Injured cells are unable to maintain the chemical composition of their contents and therefore
release electrolytes through damaged membranes. When injured leaves, or other plant parts,
are placed in water the electrolytes present within the cell will leak into the water. The conductivity of the resultant solution can then be measured, which provides a means for quantifying the amount of cell damage caused by freezing. This method is commonly referred to
as the electrolyte leakage (EL) method (Murray et al., 1989) and with this method freezinginduced leaf injury was determined. To investigate the possible role of cold-acclimation on
enhancing freezing tolerance two different acclimation treatments were applied to the plants
during two independent experiments. First, 5.5week old D. hookeri, D. nivalis, and D. verna
and 4.5week old D. muralis and A. thaliana plants were acclimated for 48h at 4°C as described in the paragraph above. Alternatively, plants of these ages were acclimated for one
week at a 21/4°C (day/night) temperature regime and 12h photoperiod, while non-acclimated plants were kept at the standard light and temperature conditions. Thus, in the 48h 4°C
acclimation experiment plants were 4.5 or 5.5weeks old when EL was measured, while in
the one week 21/4°C acclimation experiments plants were 5.5 or 6.5weeks old.
Three uniform leaf disks per plant per species were cut (Ø 0.5mm) from non-acclimated
or cold-acclimated plants with use of a leaf disc borer and placed into test tubes containing
100μl de-ionized water. Test tubes were subsequently placed in a completely randomized
design in a –1°C waterbath (Lauda Ecoline RE 312, Lauda Germany) for 1h after which ice
crystals were added to nucleate freezing. After an additional 2h of equilibration at –1°C the
samples were gradually cooled in increments of –1°C/h. Two samples per species and per
acclimation treatment were removed every two hours starting at –3°C until the last samples
were removed at –13°C. The temperature trajectory of the waterbath was monitored with the
same datalogger as described above. Once removed the samples were stored on ice until all
samples had been collected and left to thaw overnight in the cold room at 4°C. After thawing, all samples, including the unfrozen controls kept at 4°C (ELunfrozen), were incubated in
1ml de-ionized water with gentle shaking (125motions/min) at room temperature for 2h.
Electrolyte leakage from the leaves was measured using a Radiometer CDM80 (Radiometer
Copenhagen, Denmark) conductivity meter with a Radiometer CDC114-type conductivity
cell. The samples were then placed for 1h in a –80°C freezer, thawed for 30min in a 57°C
stove, and shaken gently for an additional 2h before the conductivity of the resulting solution was measured to obtain a value for 100% electrolyte leakage (EL100). As a calibration
reference for the conductivity meter a 10x dilution series ranging from 0.1mM to 1M NaCl
was always included at the start of all conductivity measurements.
The percentage of electrolyte leakage from frozen leaves was calculated according to the
equation as described by Webb et al. (1994):
%EL = (ELfrozen–ELunfrozen) / (EL100–ELunfrozen) * 100.
The 48h at 4°C acclimation experiment was replicated three times, the one week at
21/4°C experiment two times.
Response curves were fitted for each electrolyte leakage experiment based on a modified
κT
Richards’ function as described by Anisko and Lindstrom (1995): %ELT = α*eβ∗e , where
%ELT is the percentage leakage at temperature T, α is the upper asymptote for T → –∞
(100% leakage expected), and β and κ are parameters determining the form of the curve. α,
β and κ were estimated with Excel’s Solver-tool by minimizing the sum of squared difference between observed and fitted %EL values. The temperature at which 50% cell damage
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occurred (LT50) was estimated from the fitted models by setting %ELT = 50 and solving for
T, resulting in: LT50 = (1/κ) * ln[(1/β) ln(50/α)]. LT50 was, thus, derived from the estimated temperature at which 50% of the leakage occurred according to the fitted curve. ΔLT50
was calculated as the difference between the LT50’s of the cold-acclimated and non-acclimated plants.
Growth measurements
Growth was evaluated by sampling twenty-eight 4 to 4.5week old plants per species randomly picked in the growth chamber of which fresh weight, dry weight, projected leaf area
and total leaf area were recorded. As all investigated species are rosette plants their leaves
grow in such a way that they partially overlap. In order to get an idea of this degree in overlap the projected and total leaf area of all plants was measured separately. The projected leaf
area was measured on a digital picture of intact plants, the total leaf area on a digital scan
of all the individual leaves detached from a rosette. Projected and total leaf area were calculated using image analysis software (Image J; Rasband, W.S., U. S. National Institutes of
Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/, 1997-2009). A standard size object
was included in each picture for calibration. Fresh weight was determined by harvesting and
weighing the whole aboveground biomass. After weighing, the plant rosettes were placed
for 48h in a 70°C stove, after which the dry weight was measured. Based on these measurements the leaf area per unit leaf mass or Specific Leaf Area (SLA; the quotient of total leaf
area to leaf dry weight; mm2/mg) and the Leaf Dry Matter Content (LDMC; the quotient of
dry weight to fresh weight) were calculated. To obtain a measure for the initial size of the
plants, the projected leaf area of all plants was measured at the start of the week. Then, 14
of the 28 plants per species were harvested to determine the total leaf area, fresh weight and
dry weight. Half of the remaining 14 plants were transferred to a 21/4°C temperature while
the other half were kept under the standard 21/15°C temperature conditions. A 12h photoperiod was maintained in both temperature treatments. After one week, fresh weight, dry
weight and total leaf area was determined for these 14 individuals per species.
Statistical analysis
Univariate analyses of variance (ANOVA) with type-III sum of squares were performed for
the LT50 values derived from survival and electrolyte leakage data, using SPSS v 16.0
(SPSS Inc., Chicago IL). A t-test was performed to analyze the average LT50 values between
the two different electrolyte leakage experiments, separately for all species.
Post hoc tests were analyzed with LSD, FREGW, and QREGW comparisons.
Assumptions of normality and homogeneity of variance were examined with visual plots.
Prior to analysis of the growth data, variables Leaf area and Projected leaf area were normalized via log-transformation. The original Leaf area of the plants grown for one week at
21/4°C was predicted from the projection images via a Weighted least squares Linear
Regression analysis forced through the origin (Pin 0.05 and Pout 0.10). These values will be
referred to as Predicted Leaf area. The corresponding data was analyzed via a univariate
ANOVA with species, time, and treatment as fixed factors. For all analyses, α = 0.05 level
of significance was used.
Based on the soluble sugar and proline data from Chapter 3, a polynomial species contrast analysis was performed between the metabolites and the maximum freezing tolerance
as measured by electrolyte leakage in the plants acclimated at 4°C for 48h. The null-hypoth-
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D raba species are freezing tol erant but react di f f erent l y t o col d accl imation
In a seedling-freezing assay, 3week old seedlings grown on agar plates were exposed to a
freezing trajectory of –1°C/h with a minimum temperature of –15°C. Plants were removed
at 2°C intervals over a temperature range of –5 to –15°C. Plant survival was scored after two
weeks of growth under standard conditions and representative results are shown in FIGURE
1. By quantifying the mortality, the freezing tolerance of the different species could be visualized and the temperature at which 50% of the juveniles survived (LT50) was calculated.
With a decrease in temperature an increase in seedling mortality was observed (FIGURE 2).
When grown under standard conditions (21/15°C day/night, 12h photoperiod), levels of
freezing tolerance did not significantly differ between 3week old Draba and Arabidopsis
seedlings (TABLE 1, F4,5 = 1.935 n.s.). The temperature at which 50% survival occurred was
determined to lie between –5 and –6°C (FIGURE 2 and TABLE 1).

FREEZING

esis was that across species a linear relationship existed between the acclimated LT50 and
the average accumulated metabolite within a 95% confidence interval.

FIGURE 1. Juvenile survival of non-acclimated and acclimated Arabidopsis and Draba seedlings
prior to and after treatment with subzero temperatures. Images taken at the start of treatment
(A) and two weeks after freezing treatment of –5 (B), –7 (C), or –9°C (D) for non-acclimated individuals. Images of acclimated individuals were taken at the start of acclimation treatment (E) and two
weeks after freezing treatment of –7 (F), –11 (G), or –15°C (H). Ten juveniles per species were
grown on agar plates at 21/15°C under 12h light and 12h dark. During the freezing treatment temperature was lowered by 1°C/h and once removed plates were left at 4°C overnight to defrost before
being returned to standard growth conditions. Plants were cold acclimated by exposing half of the
plates with juveniles to 4°C for 48h prior to freezing under the standard light regime.
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Cold acclimation by growing the seedlings 48h at 4°C resulted in an increase in freezing
tolerance of both Draba and Arabidopsis seedlings (see FIGURE 1 and 2), and species-specific differences in freezing tolerance became more apparent. Cold acclimation caused a
shift in the survival curve, resulting in lower LT50 values, i.e., cold-acclimation had a significant overall effect on the LT50 in all species (F1,18=63.027***) resulting in enhanced
freezing tolerance. However, the degree to which the freezing tolerance increased differed
significantly between species (FIGURE 1 and 2, TABLE 1, F4,5 = 32.518**). The LT50 after

FIGURE 2. Cold acclimation enhances the freezing tolerance of juvenile Draba species. Average
juvenile survival obtained from three independent agar plates containing ten individuals per species
of two biological replicates. Survival of four Draba species (A-D) and Arabidopsis (E) was scored
two weeks after freezing treatment. Plants were cold acclimated by exposure for 48h to 4°C under
standard light/dark cycles. Dashed lines represent non-acclimated individuals, solid lines acclimated
individuals.
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TABLE 1. Overview of species specific responses to cold acclimation at the whole plant level in
Draba. Average lethal temperatures from two independent experiments in which 50% of non-acclimated (non-acc) or acclimated (acc) juveniles survived (LT50) in response to freezing treatment.
ΔLT50 is the calculated difference between the LT50’s of acclimated and non-acclimated samples.
Univariate ANOVA; P < 0.05 *, P < 0.01 **, P < 0.001 ***, n.s. = non significant.
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acclimation, ranged from –7.5°C for D. hookeri to –12.3°C for A. thaliana. Thus, Draba
species differed from each other and from Arabidopsis in their ability to cold acclimate, as
apparent from the difference between the LT50 of cold acclimated and non-acclimated plants
(the ΔLT50; TABLE 1, F4,5 = 12.613** for all species, F3,4 = 18.540** for Draba only).
Temperate A. thaliana, and D. verna appeared to benefit the most from cold acclimation
with ΔLT50s of –6.2 and –6.3°C, respectively. Temperate D. muralis and arctic-alpine D.
nivalis had intermediate ΔLT50s of –5.1 and –4.1°C respectively, while tropical-alpine D.
hookeri showed the smallest ΔLT50; i.e., –2.5°C.
Cold acclimation decreases freezi ng i nduced el ect rol yt e l eakage i n
Draba
For comparison with the whole plant survival, freezing induced damage at the tissue level
was measured via an electrolyte leakage experiment. This method is used as a measure for
plasma membrane disruption, thought to be the primary site of injury during freezing
(Sharma et al., 2007). The electrolyte leakage values (as % of the maximal electrolyte leakage in leaf discs) were plotted against the temperature (FIGURE 3). The lower the temperature, the higher the amount of electrolyte leakage measured. In control plants the temperature at which 50% of maximum leakage occurred, varied between –3 and –4°C (FIGURE 3
and TABLE 2). Significant differences in electrolyte leakage were detected among the five
species (TABLE 2, F4,10 = 5.808*). Cold pretreatment had a significant effect on LT50 (F1,27
= 15.512**). Similar to the juvenile survival experiment, 48h acclimation at 4°C shifted the
electrolyte leakage curves to the right and lowered the temperature at which freezing damage occurred (FIGURE 3). In three of the five species; i.e., A. thaliana, D. muralis, and D.
nivalis, cold acclimation significantly decreased the temperature at which 50% of maximal
electrolyte leakage occurred (TABLE 2). The effect was strongest in A. thaliana, ΔLT50 =
–3.2°C. As in the survival experiment, D. hookeri showed the weakest cold acclimation
response of all species. Univariate ANOVA analysis of all ΔLT50 values confirmed that
cold acclimation responses at the tissue level differed between species (TABLE 2, F4,9 =
9.813**).
As the same acclimation treatment was used in the juvenile survival and electrolyte leakage experiments, ΔLT50 values can be compared between these two assays to quantify acclimation responses in freezing tolerance. The effect of assay method was evident in this analysis, i.e, the effect of acclimation was more pronounced for survival than for leakage (F1,14
= 174.052***). At the species level a significant difference in ΔLT50 was found (F4,14 =
18.495***). This implied that, averaged over the two experimental methods, species bene-

75

CHAPTER 4

fitted differently from acclimation. D. verna displayed the strongest effect of experimental
method on its calculated ΔLT50 resulting in a relatively small but significant interaction
between species and experimental method (F4,14 = 4.427*).
Because the tropical-alpine species, D. hookeri rarely encounters long periods of cold we
also investigated whether an alternative cold acclimation period, an exposure for 1week to
a 21/4°C day/night temperature regime with a 12h photoperiod, would enhance its freezing
tolerance in the electrolyte leakage experiment. The results obtained from two biological
replicates showed that this treatment did not increase the cold tolerance of D. hookeri
(TABLE 2 and APPENDIX 1). The LT50 of the cold acclimated D. hookeri plants did not differ

FIGURE 3. Cold acclimation reduces the amount of cell damage due to freezing in Draba species. Average electrolyte leakage obtained from two independent samples from three biological
replicates of four Draba species (A-D) and Arabidopsis (E). Cold acclimation treatment and representation of data as described in FIGURE 2.
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TABLE 2. Overview of species specific responses to cold acclimation at the cellular level in
Draba. Average lethal temperatures at which 50% cell damage (LT50) occurred in leaf disks of nonacclimated (non-acc) or acclimated (acc) plants in response to freezing treatment. LT50 values presented are averages of three experimental replicates for the 48h at 4°C acclimation and two experimental replicates for the 1week at 21/4°C acclimation treatment. ΔLT50 calculation and representation of significance levels as described in TABLE 1.
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significantly from the LT50 of the non-acclimated plants (TABLE 2). In this experimental setting no significant differences in ΔLT50 were detected between species (TABLE 2, F4,5 =
3.887 n.s.).
When comparing the acclimation treatment of 48h at 4°C to a one week period at 21/4°C
a significant difference in ΔLT50s was found between species (F4,14 = 8.443**). Species,
thus, responded differently to the applied acclimation treatment. In addition, the interaction
between species and acclimation treatment was significant (F4,14 = 4.124*). Acclimation at
a constant 4°C temperature for 48h resulted in a significantly stronger effect on the freezing
tolerance of A. thaliana (F1,3 = 16.396*). Despite a suggestive difference in ΔLT50 between
the 48h at 4°C and one week at 21:4°C acclimation treatments, these did not prove to be statistically significant for the Draba species.
Both in juvenile survival (F4,9 = 8.603**) and in electrolyte leakage of leaves (48h at
4°C F4,17 = 8.894***, or one week at 21:4°C F4,9 = 5.956*) species reacted differently to
the cold pretreatment. Independent of the acclimation treatment, for all species the temperature at which electrolyte leakage occurs is higher than the temperature that causes seedling
mortality. Because the different Draba species were different in size and the smallest
species D. hookeri proved to be the most freezing sensitive, we investigated how a one
week exposure to a 21/4°C (day/night) temperature regime influenced growth parameters
in all species.
Draba and A rabidopsis plants have s i m i l ar growt h charact eri s t i cs
when exposed to cold nights
To investigate whether the observed differences in cold acclimation between the different
species could be related to differences in plant size, we monitored plant growth of plants
exposed to a 21/4°C day/night regime with a 12h photoperiod during one week. We measured total leaf area (TLA), projected leaf area (PLA), dry weight (DW) and fresh weight
(FW) of the five investigated plant species. From these measurements the Specific Leaf
Area (SLA; TLA/ DW) and the Leaf Dry Matter Content (LDMC; DW/FW) were calculat-
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ed. All investigated species had a rosette growth form, which meant that their leaves all
showed some degree of overlap. By comparing the total leaf area as measured by adding up
all the measurements of each individual leaf, with the projected leaf area; i.e. the area occupied by the entire rosette, an estimate of the leaf overlap could be made.
All species displayed a diminished increase in total leaf area when grown for one week
at 21/4°C compared to 21/15°C (TABLE 3). Leaf area and projected leaf area were positively correlated in all species; as total leaf area increased so did projected leaf area (two-tailed
Pearson’s correlation: P< 0.01 for all species; APPENDIX 2A, D, G, J and M). Our results
demonstrated that irrespective of the temperature treatment an increase in total leaf area was
obtained mostly through elongation of the leaves rather than by leaves becoming wider. This
would have resulted in increased overlap of leaves and a smaller projected leaf area. Plants
grown under a 21/4°C day-night regime had a smaller increase in both the total leaf area and
projected leaf area compared to plants grown under 21/15°C conditions (APPENDIX 2A, D,
G, J and M); 4°C nights appeared to reduce, but not prevent growth.
When exposed to cold nights all species showed increased leaf dry matter content compared to plants grown under warm nights (TABLE 3). This increase in LDMC signifies that
dry weight increased more than fresh weight, for instance through a reduced cell expansion
and water uptake in cold nights (TABLE 3). In addition, while plants grown under a 21/4°C
temperature regime had increased leaf dry matter content, their specific leaf area decreased
(APPENDIX 2B, E, H, K and N). SLA, calculated as the leaf area per unit leaf weight, gives
an indication of leaf structural strength and thickness, and is usually negatively correlated
with LDMC (Roche et al., 2004). In all species, exposure to 4°C nights, thus, resulted in
more compact but stronger leaves containing less water. Despite being the smallest species,

TABLE 3. Effects of cold nights on growth of Arabidopsis and Draba. Average Total Leaf Area
(TLA), Leaf Dry Matter Content (LDMC; DW/FW) and Dry Weight (DW) were measured at the
start of the temperature treatment, after one week at standard growth conditions (21/15°C) and after
one week with cold nights (21/4°C).

TABLE 4. Output from the univariate analysis of variance (ANOVA) for the log-transformed
Predicted Leaf Area (PLA). Analysis was performed with a type-III sum of squares in SPSS with
species, time, and treatment as factors. An α = 0.05 level of significance was applied.
Representation of significance levels as described in TABLE 1.
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D. hookeri showed a similar increase in leaf dry matter during the cold nights as the bigger D. verna. Overall, A. thaliana and D. muralis were the largest species.
Since a destructive method was used to obtain measurements for TLA this parameter
could not be measured at the start of the experiment for the plants that were to be exposed
to the two different temperature regimes. Total Leaf Area was, therefore, predicted for these
individuals. When the predicted leaf area of the species at the start and the end of the oneweek temperature treatment were compared an increase in leaf area was noted (APPENDIX
2C, F, I, L and O). Size differences among species, as measured by PLA, were highly significant (TABLE 4, F4,190 = 230.598***). Statistical analysis also confirmed that all plants
displayed significant growth after the one week period (TABLE 4, F1,190 = 361.385***), with
Arabidosis being the fastest grower. The plants also all had a reduced growth due to cold
(TABLE 4, F1,190 = 21.658***), whereas the interaction of species, time, and treatment was
not significant (TABLE 4, F4,190 = 0.098 n.s.), indicating that all species experienced a similar reduction of growth due to the cold nights.
In summary, during a one-week period individuals of all investigated species increased
their predicted leaf area whether they were exposed to a 21/4°C or a 21/15°C day/night temperature treatment. Under standard growth conditions, the slopes of the growth curves are
similar among the different Draba species. All species have grown at a similar rate. This pattern is maintained when plants are grown under a 21/4°C temperature regime. Over an
equivalent period and under identical growth conditions; i.e. standard or cold, A. thaliana
showed a faster growth rate in this single experiment than Draba.
Freezing tolerance of Draba i s correl at ed wi t h s ol ubl e s ugar and pro line con tent
To determine whether differences in freezing tolerance at the level of electrolyte leakage and
juvenile survival could be attributed to the metabolite levels as measured in Chapter 3, we
investigated whether a relationship existed with acclimated LT50 values. When all species
are considered we only found evidence for a significant relationship for both LT50’s with
glucose content (TABLE 5). This was less clear for total sugar content: only when we considered the LT50 values of Draba species in the electrolyte leakage experiment a correlation
was found with total sugar content. Although the results presented in Chapter 3 showed that
proline levels did not increase in response to cold treatment in any of the Draba species,
there was a trend among Draba species, in that – similar to Arabidopsis – the species with

TABLE 5. Contrast analysis of the maximum freezing tolerance and the average metabolite content of Arabidopsis and Draba. The measured levels of the soluble sugars: fructose, glucose, sucrose and raffinose were added up and analyzed separately as the sum of all measured sugars (Σ
sugars). Values represent average sugar and proline levels as measured starting from time point 8 of
the time course as described in Chapter 3. A polynomial contrast analysis was performed with the
hypothesis that a linear relationship exists between the EL LT50 of acclimated plants and the average
metabolite content. Representation of significance levels as described in TABLE 1.
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a high proline level (D. muralis) also had low LT50 values in the electrolyte leakage experiments, whereas the two low-proline species (D. verna, D, hookeri) had a high LT50 and
were more frost sensitive. In non-acclimated species a positive correlation was detected
between raffinose content and both LT50 values. Raffinose proved to be a good indicator for
low freezing tolerance.

DISCUSSION
Many plant species have a broad geographic distribution, where selection pressure for freezing tolerance is expected to be diverse (Zhen and Ungerer, 2008). In Arabidopsis, for example, Hannah et al. (2006) demonstrated that the freezing tolerance of natural accessions was
correlated with the habitat winter temperatures. In this chapter, the freezing tolerance of four
Draba species from three different geographical regions was examined and compared to that
of A. thaliana.
The basal level of freezing tolerance in the juvenile survival experiment did not differ
between the species investigated. Upon cold acclimation A. thaliana proved to be the most
frost tolerant species. That acclimation could increase survival of A. thaliana ecotype Col0 to temperatures of about –12°C had been reported previously by Xin and Browse (1998).
Of the Draba species, temperate D. verna and D. muralis survived the coldest temperatures,
followed by arctic-alpine D. nivalis. Tropical-alpine D. hookeri was most sensitive to freezing. Using electrolyte leakage as an assay, variation in tolerance to sub-zero temperatures
occurred between both cold and non-cold acclimated plants from all species. Independent of
the experimental procedure A. thaliana ecotype Col-wt remained the most tolerant species.
The freezing tolerance based on electrolyte leakage results reported here for Arabidopsis is
in agreement with previous studies, despite differences in methodology (Rohde et al., 2004;
Hannah et al., 2006; McKhann et al., 2008). In the Draba species, the responses of D. verna
disrupted a clean cut correspondence between the LT50 values in the juvenile survival experiment and the electrolyte leakage experiment. D. muralis (from a temperate climate zone)
displayed the lowest LT50 temperature of all Draba species, followed by D. nivalis (from an
arctic-alpine climate zone) and D. verna (from a temperate climate zone). D. hookeri (from
a tropical-alpine climate zone) was the species most sensitive to freezing.
Draba h ookeri has a weak co l d accl i m at i on res pons e
Our results demonstrate that all investigated Draba species can enhance their freezing tolerance via pre-exposure to cold but non-freezing temperatures, albeit to a different extent. The
juvenile survival experiment indicated that all species did benefit from acclimation, with D.
hookeri benefitting the least. A similar trend was seen in the electrolyte leakage experiment.
A significant species x acclimation treatment interaction term among the two electrolyte leakage experiments indicated that all investigated species differed in their cold acclimation abilities. For A. thaliana the method of acclimation applied had a significantly different effect on
its ability to withstand freezing. Uemura et al. (1995) showed that maximum freezing in
Arabidopsis was achieved after exposing 14day-old plants to 2°C for one week. Apparently,
the week growth in a 21/4°C regime did not enhance the freezing tolerance as effective as the
48h treatment at 4°C. According to Xin and Browse (2000), depending on the plant species,
it may take a few days to several weeks to reach maximum levels of freezing tolerance. This
demonstrates the influence that the duration of cold acclimation has on a species’ ability to
enhance its freezing tolerance. Considering the importance of cold acclimation to a plant’s
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Th e role of microclimate on f reezi ng t ol erance
Overall, of the five species studied Arabidopsis benefits most from acclimation, whereas
tropical-alpine D. hookeri exhibited a weak acclimation response in the juvenile survival
experiment only. One possible explanation could be that acclimation plays little or no role
in the tropical-alpine Andean environment where extreme fluctuations in temperature occur
on a daily basis. During any given day of the year, rain, ice, snow, and fog may alternate
abruptly with clear sunny skies and elevated temperatures (Luteyn, 1999). In addition, temperatures below –10°C may never occur in D. hookeri’s natural habitat, or at least not for
extensive periods of time. According to Larcher (2003), occasional night frosts as low as
–10 to –12°C may occur at all times of the year in equatorial mountains. During our own
fieldwork the lowest subzero temperature we recorded in Cotopaxi national park, where D.
hookeri occurs, was –4.7°C (see TABLE 1, Chapter 5). This measurement took place during
a night when temperatures fluctuated between zero and –4.7°C for more than 10h. This is
clearly within the range we have determined in the laboratory experiments (TABLE 1).
Not all tropical-alpine species are as freezing sensitive as D. hookeri. The LT50 of mature
Draba chionophila plants, a small rosette species growing in the desert páramo of Piedras
Blancas, Venezuela, has been estimated between –10 and –15°C (Azocar et al., 1988). In
contrast, the only D. chionophila seedlings Pfitsch (1994) found during his study in this area
were buried in the soil. How long the seedlings stayed buried underground or if this strategy is applied by other Draba species remains unknown. Squeo et al. (1996), in turn, demonstrated that freezing injury occurred at differing subzero temperatures between –5 and
–20°C in 16 high desert Andean plants originating from the Cordillera de Doña Ana, Chile.
The lowest recorded temperature in Piedras Blancas was –10°C, while the coldest month in
the Cordillera de Doña Ana was July with an average temperature of –1.8°C. Unfortunately
neither articles state anything about the duration of exposure to these temperatures by local
plants. However, these examples do illustrate the influence of the microclimate in which
tropical-alpine species occur on the species’ freezing tolerance. Local climate is known to
be of influence in alpine environments where daytime maxima are lower on windswept
ridges and nighttime minima are lower in cirques and alpine valleys due to cold air drainage
(Billings, 1974). In arctic-alpine regions plants growing on windward slopes or ridges usu-
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ability to survive an extensive winter period, this is not surprising. In Arabidopsis acclimated freezing tolerance has been show to be correlated with minimum habitat temperatures
(Hannah et al., 2006; Zhen and Ungerer, 2008). For D. muralis, D. nivalis, and D. verna the
48h 4°C or one week 21/4°C cold acclimation treatments did not result in big differences in
ΔLT50 values (TABLE 2). At most a 1°C difference was obtained between both treatments. We
do not expect a 1°C difference in cold tolerance to play a role in plant speciation.
The difference in freezing tolerance between the acclimated D. muralis and D. hookeri
ranged from 2.2°C in the electrolyte leakage to 3.8°C in the juvenile survival experiment.
D. hookeri showed no significant effect of acclimation on electrolyte leakage ΔLT50. The
low acclimation capacity found for D. verna plants acclimated for 48h at 4°C was probably
due to the high variability found in the results for this species, and more experimental replicates are probably needed to characterize this species accurately. Electrolyte leakage results
for D. verna under a different acclimation treatment (i.e. one week at 21/4°C; APPENDIX 1)
suggest that the observed variation could be due to the methodology rather than a speciesspecific response.
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ally remain snow-free in comparison to plants occurring beneath a long-lasting snow bank.
The former will be more exposed to freezing temperatures than the latter, for which the
snow cover functions as an insulation buffer. By thermal insulation snow dampens temperature oscillations; relatively warm temperatures below winter snow cover reduce the need
for plants to invest in cryoprotective measures (Körner, 2003). D. nivalis was less freezing
tolerant than expected based on the geographical region in which it occurs. These results are
consistent for both the juvenile survival and the two electrolyte leakage experiments. As a
circumpolar species we would have expected D. nivalis to be more freezing tolerant as temperatures can drop to below the –15°C tested here.
The D. nivalis population used in this study originates from Mount Healy, Alaska and is
covered by snow throughout the entire winter (Hanne Hegre Grundt, University of Oslo;
personal communication). The presence of snow during the arctic-alpine winters may, thus,
explain the lower freezing tolerance of arctic-alpine D. nivalis in comparison to both temperate Draba species.
D oes pla nt size matter for fros t t ol erance?
Under natural conditions, D. hookeri and D. nivalis are both small plants with compact
rosettes of leaves that occur on gravel substrates, preferably in the vicinity of rocks.
Compact growth forms profit from delayed night time cooling due to the heat capacity of
either the moisture stored within the rosettes or in the underlying soil or rocks (Körner,
2003). Although the bigger D. muralis plants did have the highest and the smaller D. hookeri plants the lowest freezing tolerance, the ratio of specific leaf area to leaf dry matter of
D. hookeri was similar to that of the bigger and more freezing tolerant D. verna. The differences in freezing tolerance are, therefore, presumably not size-related. In addition, all Draba
species showed similar growth rates when grown under a 21/4°C (day/night) temperature
regime. In response to cold all species showed reduced growth and formed smaller leaves;
a common feature displayed by plants under cold stress (Sharma et al., 2007). In fact, smaller leaves can be more advantageous in cold as the surface area from which heat loss can
occur is smaller in comparison to large leaves.
Results of this chapter suggest that there might be a link between average metabolic contents; i.e. soluble sugars and proline, and freezing tolerance. Glucose proved to be a good
indicator for freezing tolerance in acclimated species, while raffinose best explained low
freezing tolerance in non-acclimated species. Across all Draba species, the most freezing
tolerant D. muralis had the highest average metabolite levels, while the most freezing sensitive D. hookeri had the lowest levels. Hannah et al. (2006) found that high metabolite levels in different natural Arabidopsis accessions were insufficient for improved freezing tolerance and more research will be needed to investigate the differences in freezing tolerance
between D. hookeri and D. muralis further.
In the next chapter we will investigate the CBF response of D. hookeri and four other
tropical-alpine Draba species under natural temperature conditions as encountered in the
high-Andean region of Ecuador.
Ackn owledgements
We gratefully acknowledge S. Arisz for designing and optimizing the methodology of the
juvenile survival experiment. We thank J. van Arkel for helping with the photography and
scanning of the plant material.

82

FREEZING

Appendix 1. Acclimation treatment affects freezing tolerance of Draba and Arabidopsis.
Average electrolyte leakage obtained from two independent samples from three (A, C, E, G, and I)
and two (B, D, F, H, and J) biological replicates. Plants were cold acclimated by being exposed for
48h to 4°C (A, C, E, G, and I) or for 1week to 21/4°C (B, D, F, H, and J). During both cold acclimation regimes the light regime remained 12L:12D. Representation of data as described in FIGURE 2.
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Appendix 2. Effects of cold nights on growth of Draba and Arabidopsis. Correlation between leaf
area and projected leaf area (A, D, G, J, and M) and between Specific Leaf Area (SLA) and Leaf
Dry Matter Content (LDMC; B, E, H, K, and N) at the start of the temperature treatment (t=0), after
one week at standard growth conditions (21/15°C, t=1; normal) and after one week with cold nights
(21/4°C, t=1; cold). Correlation of the estimated marginal means of the predicted leaf area at the
start ( t=0) or end (t=1) of the temperature treatment (C, F, I, L, and O). Values for leaf area, projected leaf area and predicted leaf area were all Log-transformed.
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CHAPTER 5

This study is the first to investigate the CBF cold response pathway in five tropicalalpine Draba species under the natural climatic conditions in Ecuador. We described
the habitat and plant characteristics of the Draba species as found in the field and subsequently analyzed their cold response. Three of the investigated species were upright
branching dwarf-shrubs, while the remaining two were a prostrate dwarf-shrub and a
branched rosette species. All life forms occurred together at the different research locations. The majority of individuals of all species were found in sheltered and moderate
microclimates, as found in the vicinity of rock outcrops or amongst other vegetation.
To date, expression analyses of CBF and its regulon have been restricted to experiments
with plants from temperate and boreal zones. Here, we showed that CBF is induced in
tropical-alpine Draba species on site. The amplitude and pattern of expression differed
between species. The average CBF expression level measured in adults under natural
conditions was higher than that of juveniles analyzed under laboratory conditions. In
addition, our results revealed CBF induction at dawn, when temperatures were still low
but plants already started to photosynthesize. Expression patterns of COR15 and ZAT10
could not be related to the ambient temperature measured in the field.

T

ropical high mountain habitats experience very special climatic conditions with low
daily temperatures and the possibility of subzero temperatures occurring any night
throughout the year (Azocar et al., 1988). This applies especially to the páramo, i.e., the vegetation type between the upper tree line and the permanent snowline, for example in the high
Andes of Ecuador. According to Cuatrecasas (as cited by Luteyn, 1999) three vegetation
zones can be distinguished within the páramo: superpáramo (4000-5000m), grass páramo
(3500-4100m), and subpáramo (2800-3500m). The Ecuadorian páramo is dominated by tussock grasses, but as the environment becomes harsher their densities decrease and they are
replaced by decumbent growth forms such as cushion and rosette plants. With increasing
altitude, the mountain climate becomes less hospitable and the vegetation cover decreases
as plants are more and more restricted to favorable microsites (Sklenar and Ramsay, 2001).
Due to its topography, the Andes mountain range exhibits major local differences in climatic conditions. During any day of the year, rain, ice, snow, and fog may alternate abruptly with clear sunny skies and elevated temperatures (Luteyn, 1999). Cold nights with air
temperatures of –5°C and radiational cooling under clear skies may be followed by a day
with air temperatures of 20-25°C and high irradiances that further increase leaf temperatures. Cloud cover is an important determinant buffering temperature fluctuations in the
páramo. Additionally, temperature gradients exist along soil and air profiles which vary
throughout the day (Squeo et al., 1991). Such micro-environmental differences related to the
geo-morphological features of the páramo contribute to its ecological diversity (Pfitsch,
1994), and plants occurring in such tropical-alpine environments have to be adapted to the
varying environmental circumstances.
In the northern Andes, species of the genus Draba (Brassicaceae) occur in continuous
páramo vegetation and are typical of rocky habitats and discontinuous vegetation from
3500m up to 4800m elevation (Cuatrecasas & Cleef 1978 as cited by Pfitsch, 1994).
Members of the genus have been successful in evolving a diversity of growth forms allowing them to survive the environmental limitations of its habitat. Typical growth forms found
in different tropical-alpine Draba species are: upright shrub/dwarf-shrub, prostrate
shrub/dwarf-shrub, large-leaved herb, cushion plant, and rosette (Pfitsch, 1994; Ramsay and
Oxley, 1997). At a morphological level, adaptations such as pubescence and steeply inclined
leaves provide plants with nighttime insulation and daytime protection against high irradiance (Pfitsch, 1994).
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Existing records of (herbarium) observations placed Draba species in Ecuador in both the
grass and super-páramo, suggesting a wide range in species distributions and altitudes
(Jørgensen and Ulloa Ulloa, 1994; Jørgensen and Léon-Yanez, 1999; Luteyn, 1999). We
investigated the habitat characteristics and the differences in morphology or growth form
among different Draba species. Our first visit to the páramo of the Pichincha volcanoes and
the Cotopaxi and Cajas National Parks in 2005 revealed that altitudinal ranges of Draba
species of more than 500m did not exist at these locations. This suggests errors in the georeferences of previous records, or occasional establishment of species at lower altitudes (for
instance along road sides). In addition, temperature differences we recorded across this
500m range proved to be small and night frost occurred at all investigated research sites. In
2006, a second field visit took place during which three research locations were selected.
Two predominant Draba species were studied at each location.
In this Chapter we will address two issues. First, we describe the habitat characteristics
and growth form of the Draba species present at the locations that were visited, as such
records are lacking in literature. Second, we investigate the transcriptional cold response of
different Draba species under natural conditions in the field. Leaf material of adult individuals of five different perennial Draba species with differing growth forms was collected
during a 24h period. This material was harvested with the aim to investigate the expression
of the cold-regulated CBF-regulon. Since there are no periods of suspended (winter) growth
in the tropical-alpine regions, plants must be resistant to frost on the one hand, but maintain
growth on the other (Beck et al., 1982). In temperate species, freezing tolerance is not a constant property but can increase in response to various environmental cues preceding frost,
such as a period of low temperatures and decrease in day length in the fall (Welling and
Palva, 2008). However, such acclimation responses in a non-seasonal, tropical environment
are not necessarily functionally relevant.
As genetic markers for the cold response we used the expression of cold-regulated CBF
genes, and some of the genes known to be part of the CBF regulon. CBF has been identified as an important contributor to the cold response, both in short-lived species like
Arabidopis thaliana (Gilmour et al., 1998) and Brassica napus (Jaglo et al., 2001), as well
as in long-lived woody species such as Betula pendula (Welling and Palva, 2008), Populus
spp. (Benedict et al., 2006), and Eucalyptus (El Kayal et al., 2006; Navarro et al., 2009).
Based on their findings in Eucalyptus, El Kayal et al. (2006) suggested that due to the permanent subjection to positive and negative regulation in the field, CBF can be quickly
induced in response to a temperature decrease. To test this hypothesis for tropical-alpine
Draba species, we investigated whether CBF and the CBF-regulon are induced in a highAndean páramo environment. In this environment temperature fluctuations are extreme and
frost can occur any night, but not necessarily every night of the year. So far, expression
analyses of CBF and its CBF-regulon have been restricted to experiments with plants from
temperate and boreal zones. This study is the first to investigate the CBF cold response pathway in five tropical-alpine Draba species under the natural climatic conditions encountered
during a 24h period in the field in Ecuador.

M AT E R I A L S

AND METHODS
In June-August 2005 a first three month research trip was made to Ecuador to locate and
identify different Draba species in the field and to select suitable research sites with sufficiently large Draba populations (APPENDIX 1). During this period, preliminary field experi-
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ments were conducted, microclimate data were collected and Draba specimens were photographed, collected and dried for herbarium documentation. To verify species identification, herbarium specimens were sent to Dr. I.A. Al-Shehbaz of the Missouri Botanical
Garden.
Microclimate data; i.e., temperature and relative humidity, were measured in the field with
use of HOBO® data loggers for outdoor use. The loggers were mounted in specially designed
shelters (i.e., mesh plastic baskets) protecting the instruments from direct solar radiation and
rain, but simultaneously allowing airflow. The loggers were placed at 15-20cm elevation
from the soil surface. Depending on the duration of the measurements the loggers were programmed to record data every minute (24h, 1week, or 10day measurements) or every 15minutes (3month measurements). The geographical position of the Draba locations was determined using a hand-held GPS positioning system (Garmin Geko 301, Garmin, KS, USA).
R esearch locations
The 2005 field work was conducted in the páramo of the Pichincha volcano at 3885-4611m
elevation, in Cotopaxi National Park at 3850-4301m, and in Cajas National Park at 39204257m). Pichincha and Cajas are part of the western Andean Cordillera, Cotopaxi of the
eastern. The páramos of all three locations have developed on volcanic bedrocks. The
Pichincha volcano, located west of Ecuador’s capital Quito, has two peaks; Guagua and
Rucu. Guagua is still an active volcano while Rucu is extinct. 45km south of Quito is the
Cotopaxi National Park which includes the still active and glaciated Cotopaxi volcano.
Numerous plateau-like valleys, which were formed by lahars (i.e., mud flows) during past
eruptions, surround the base of the volcano. On the far side of one of these valleys to the
west of Cotopaxi lies the extinct and partially eroded Rumiñahui volcano. Cajas National
Park is located more than 300km south of Quito and 30km west of Cuenca, the capital of
the southern province Azuay. Situated in the southern Ecuadorian Andes, Cajas is part of the
region where volcanic activity ceased during the Tertiary (Hall, 1977 as cited by Sklenár and
Balslev, 2005). Although the Cajas peaks are lower than the volcanoes of northern Ecuador,
the Draba species were found at similar elevations.
From the information obtained in 2005, three locations were selected for an additional
field work period of 6-weeks in February-March 2006. The locations were Guagua
Pichincha (S00°10’37.5’ W078°35’41.7’ at 4502m and S00°10’38.7’ W078°35’42.6’ at
4507m), Cotopaxi (S00°38’237.2’ W078°26’20.0’ at 4212m and S00°38’27.9’
W078°26’17.9’ at 4230m, and Cajas (S02°46’36.9’ W079°13’53.9’ at 4000m and
S02°46’31.8’ W079°14’18.0’ at 4110m).
S pecies
The Draba species investigated during the 2006 study were D. aretioides, D. alyssoides, D.
hookeri, D. splendens, and D. steyermarkii. D. hookeri, D. aretioides, D.splendens, and D.
steyermarkii are endemic to Ecuador and are currently on the IUCN list of either endangered, vulnerable, or near-threatened species (León-Yánez and Pitman, 2003, www.iucnredlist.org, as downloaded on 15 January 2010). According to the IUCN list, only six populations of D. hookeri, four populations of D. splendens and fourteen populations of D. aretioides occur in Ecuador. D. steyermarkii is endemic to Cajas National Park (Ulloa Ulloa et
al., 2004). The main cause of threat to these species is habitat destruction. All investigated
species are perennials.
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S ampling method
To investigate the expression of cold regulated genes under natural circumstances, leaf
material was harvested in 2006 from the two predominant Draba species present per location. D. aretioides and D. alyssoides were sampled in Guagua, D. hookeri and D. splendens
in Cotopaxi, and D. alyssoides and D. steyermarkii in Cajas. Per location one population
was sampled. All leaves that were harvested during the different time points were young
leaves close to or surrounding the apical meristem. None of the leaves that were harvested
showed any signs of senescence or damage.
Per location several leaves (5-10) were harvested from different Draba individuals every
2h during a 24h sampling period with as exception the period around dusk and dawn. During
this period leaf harvesting took place every hour starting from the hour prior to until the hour
after both dusk and dawn. Per time point, leaf material was harvested in duplicate; i.e. from
two separate adult individuals. These samples were subsequently treated as ‘biological’
replicates throughout the further analysis. Because of the small plant size of D. hookeri,
samples from two or more individuals had to be bulked to obtain sufficient plant material.
In total 30-32 individual plants per species were sampled at the different locations, with the
exception of D. hookeri, for which at least the double amount of individuals was sampled.
Once collected, the leaf material was immediately cut into narrow strips and placed into 2ml
test tubes containing 1ml RNAlater® buffer (Sigma, Sigma-Aldrich, MO, USA). In the
field, samples were stored in an ice-box to assure that they stayed cold during the 24h collection period and subsequent transport. In Ecuador the samples were stored in a –20°C
freezer, while for long term storage in the laboratory in Amsterdam they were placed in a
–80°C freezer.
Prior to further analysis the RNAlater® buffer was removed by spinning the samples for
1min at 6.500rpm in a benchtop centrifuge (MSE Mistral 2000). Once the buffer was
removed the leaf material was swiftly transferred to new test tubes and placed in liquid
nitrogen to prevent RNA degradation. Subsequent RNA extraction, cDNA synthesis and
quantitative gene expression analysis using real-time qPCR were performed as described in
Chapter 3. RNA quality was determined by loading the samples on gel and running test
PCRs with Actin primers on synthesized cDNA (APPENDIX 2).
Primer pairs used for CBF, COR15 or ZAT10 expression analysis were the same as used
for D. hookeri in Chapter 3. For all three genes two different primer pairs were used to determine the expression patterns; one with primers developed for Draba species (primer pair
‘p1’), the other with general primer pairs designed to amplify CBF, COR15, or ZAT10 in
both Arabidopsis and Draba (primer pair ‘p2’. Chapter 3, FIGURE 4). For D. alyssoides a
specific forward primer had to be developed, because an indel was found in DalCBFa exactly at the location of the D. hookeri-derived forward primer (Chapter 2, FIGURE 2).

R E S U LT S
D raba species
The Draba species studied can be divided into three growth forms: upright-branching
dwarf-shrubs (D. alyssoides, D. splendens, and D. steyermarkii), prostrate dwarf-shrubs
with a large part of their woody branches buried in the soil, leaving only the herbaceous
parts exposed (D. aretioides), and decumbent, branched rosette plants (D. hookeri; FIGURE
1A-C). All five species have imbricate leaves that are densely packed at the end of the
branches, probably as protection for the terminal buds. The leaves are covered in coarse
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hairs but only D. aretioides has a dense pubescent cover giving it a blue-grayish appearance.
All species are polycarpic, have terminal inflorescences and branch after reproduction.
During both field work periods (June-August 2005 and February-March 2006) flowering
and fruiting individuals of all five species were encountered. D. hookeri and D. aretioides had
the smallest leaf rosettes (0.5-1cm in diameter), but as a single D. aretioides individual consists of many herbaceous branches clumped together it can reach a diameter of 10-20cm in
width. Individuals of D. hookeri with a total diameter of >10cm were rare in the field; the
majority had a maximum diameter of 2-4cm and an average height of 2cm, including the
infructescence. D. alyssoides, D. splendens, and D. steyermarkii are 25-35cm tall and have
steeply inclined, narrow leaves. Plants grew in small groups or as scattered individuals at all
locations. Dense populations were not encountered. This made it challenging to find sufficient individuals growing together for the 24h sampling period. More densely vegetated areas
were the more protected and sheltered areas near rock outcrops and boulders. All Draba
species studied occurred on open or disturbed areas such as along roadsides and landslides,
on or around exposed rock outcrops, on gravel underground, or in between other vegetation.
R esearch sites
G u agua Pichincha
With increasing elevation along the southeastern to eastern slopes of the Guagua Pichincha
volcano the páramo vegetation changed from predominantly grass páramo with tussocks of
grass and scattered shrubs to more open and patchier vegetation dominated by small herbs,
cushion plants and sclerophyllous dwarf shrubs. The highest slope leading to the top of the
crater of the volcano (4785m) was increasingly steep and composed of loose gravel with few
plant species scattered across the slope (FIGURE 1A). At the lower elevations of 4340m the
study species D. alyssoides was found along the roadside, in between grass tussocks and
other shrubs, or in the vicinity of rock outcrops (FIGURE 1A). One D. alyssoides individual
was found to benefit from growing between grass tussocks and shrubs to such an extent that
it was able to reach a height of 90cm. On the higher slopes of the Guagua Pichincha volcano
D. alyssoides and D. aretioides occurred mainly on and around scree (loose rock debris)
slopes and landslides, around rock outcrops and boulders, on open soil or gravel, and in
between other vegetation (FIGURE 1A). D. aretioides appeared to be restricted to the superpáramo; the vegetation zone between the lower grass páramo and the permanent snowline.
The minimum and maximum air temperatures for this location were –4.2°C and 30.4°C,
recorded in the period 17-27 August ’05 (TABLE 1). The average daily temperature between
4344 and 4611m elevation was 4.0°C with an average relative humidity >80%. A threemonth temperature record as measured on the neighboring Rucu Pichincha volcano at an
elevation of 3968m illustrates the fluctuations in temperature that occurred in this location
(APPENDIX 4B). At this elevation, frost did not occur on a regular basis during the nights we
recorded.
The D. aretioides population selected for the 24h leaf sampling experiment occurred at
an elevation of 4502m (S00°10’37.5’ W078°35’41.7’) in semi-open vegetation consisting of
low grasses, mosses, and sub-shrubs growing on soil or fine gravel next to a landslide. D.
alyssoides grew a little higher up from the D. aretioides population at 4507m (S00°10’38.7’
W078°35’42.6’) along the same landslide and in between or in the vicinity of other shrubs
and vegetation.
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Cotopaxi National P ark
The vegetation of the plateau-like valley at the bottom of the Cotopaxi volcano is very open
and scattered. It is composed of grasses, low shrubs and rosette plants growing in between
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FIGURE 1. Photographic representation of the research locations and Draba species as encountered in the páramo of Ecuador. Different images of the various Draba species are shown to
illustrate the variety of habitat in which they were found to grow. (A) Images of highest slope and
the lower research area on the eastern flank of the Guagua Pichincha volcano together with the two
species D. alyssoides and D. aretioides growing there. The numbers between brackets represent the
minimum and maximum elevations at which the various Draba species were found within the investigated locations.
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the gravel-like soil. Grazing by free-roaming cattle and semi-wild horses occurs on the
plateau and the lower surrounding slopes. The slopes leading away from the valley and higher up the volcano are characterized by a heterogeneous vegetation structure (FIGURE 1B).
Typical big grass tussocks are alternated by open patches of very low growing shrubs, grass,
mosses, cushions, rosette plants, and open areas of coarse gravel and fine rocks. Similar to
Guagua Pichincha, on the highest slopes only coarse gravel, rocks or stones remained with
few species sparsely scattered until they disappear as well and the snowline is reached. D.
splendens occurred on the more open patches in the vicinity of other shrubs, close to rock
outcrops or growing scattered in between grass tussocks (FIGURE 1B). D. hookeri was, ini-

FIGURE 1 - continued. Photographic representation of the research locations and Draba species
as encountered in the páramo of Ecuador. (B) Vegetation growing on the higher slopes of the
western flank of the Cotopaxi volcano looking toward the summit and view looking down from the
slopes of Cotopaxi into the valley below. D. hookeri and D. splendens were found in this area.
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tially, hard to find due to its small plant size but occurred along the road embankment and
scattered across the open patches of low vegetation (FIGURE 1B). In the Cotopaxi National
Park population we encountered tens of thousands of D. hookeri individuals.
Short-term microclimate measurements recorded in August 2005 indicate a minimum temperature of –4.7°C and a maximum temperature of 27.8°C (TABLE 1). The average daily temperature, measured over all the periods and between 3974 and 4230m elevation, was 5.2°C. The average relative humidity for this altitudinal range was 77% in August ’05 and 98% in March ’06. A
somewhat higher variability in humidity relative to the other sites was observed at this location.
Leaf material was collected from a D. hookeri population growing alongside the road
leading up the western slope of the Cotopaxi volcano at 4212m elevation (S00°38’27.2’
W078°26’20.0’). The plants were growing in between low grass, mosses, and cushion
plants. At 4230m elevation (S00°38’27.9’ W078°26’17.9’) a D. splendens population was
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FIGURE 1 - continued. Photographic representation of the research locations and Draba species
as encountered in the páramo of Ecuador. (C) Overview of the mountains and lakes of Cajas
National Park together with a representation of typical Draba habitat within this location where D.
steyermarkii and D. alyssoides occured.

93

CHAPTER 5

TABLE 1. Temperature and relative humidity as measured at various locations in the field in
Ecuador. Data was gathered with use of HOBO® data loggers programmed to take measurements
every minute for the 24hrs, 1week, and 10day sampling period or every 15min for the three month
sampling period. Different locations were: Cajas National Park, Cotopaxi National Park, and the
Guagua and Rucu Pichincha volcanoes. Elevation, latitude and longitude of each recording site are
included.

sampled growing scattered among other shrubs, grass tussocks and low growing páramo
vegetation near a rock outcrop.
Cajas National Park
The high altitudinal landscape of Cajas National Park is best described as a mixture of
jagged and rolling mountains with many small glacial lakes and tributaries (FIGURE 1C). The
predominant grass páramo is interchanged with big and small rock outcrops and in wet,
swampy areas vast mats of cushion plants can be found. As the mountain peaks in Cajas are
not as high as the volcanoes discussed above, no superpáramo vegetation is present. D. steyermarkii occurred growing on top of, against, or in the close proximity of rocks or in rock
crevices (FIGURE 1C). When found growing on bare rocks their roots were often buried in a
thin layer of moss and humus. This species apparently is completely adapted to these environments and is endemic to this specific region. D. alyssoides was encountered in low and
open vegetation in between grass tussocks and other shrubs, but also in similar microhabitats as D. steyermarkii on bare rocks (FIGURE 1C).
The microclimate as measured during a three-month period in ’06 in this area at an altitude of 3996m showed a minimum temperature of –6.3°C and a maximum of 25.2°C (TABLE
1). APPENDIX 4A illustrates fluctuations in daily temperature that were recorded during this
period. Cloud cover is of great influence on temperature in this area. Cloudy days are characterized by small variations between day- and nighttime temperatures. In contrast, during
cloudless days a night with minimum temperatures of –6°C can be followed by a day with
maximum temperatures of 23°C. The average daily temperature between 3996-4233m
across all periods of microclimate recordings was calculated to be 5.1°C with an average relative humidity of >87%.
Populations of D. steyermarkii and D. alyssoides from which leaf material was collected
were located at 4110m (S02°46’31.8’ W079°14’18.0’) and 4000m (S02°46’36.9’
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TABLE 2. Absolute expression levels of CBF, COR15, and ZAT10 in D. hookeri as measured in
the field and the controlled experiment. Average, standard error, minimum, and maximum expression is shown. Expression levels are relative to Draba-Actin.

DRABA

Draba h ookeri CB F is induced under nat ural f i el d condi t i ons
We investigated whether CBF expression was induced in a D. hookeri population in the field
and whether any correlation could be detected between gene expression and daily temperature fluctuations. During our 24h sampling in Cotopaxi at an elevation of 4212m, the temperature never reached levels above 12°C during the day while during the night the temperature gradually declined from 5 to 2.5°C. After dawn it remained 2.5°C for an additional
hour before the temperature started to increase (FIGURE 2G). Under these temperature conditions, CBF mRNA levels increased twice (FIGURE 2A and B). Firstly during the night, 5h
after the temperature had dropped below 4°C and secondly, 1h after dawn during a period
when the temperature had remained at 2.5°C but plants were in the light. In both situations
it involved a transient response with expression levels being reduced again in plants of subsequent time points. This CBF induction pattern was found both with a CBFa-specific
primer pair (CBF-p1), as well as with a general CBF primer pair (CBF-p2) designed and
used in Chapter 3 to amplify CBF genes in both Arabidopsis and Draba (FIGURE 2A and B).
Both primer pairs produced comparable CBF expression patterns. The average CBF expression level (relative to Actin) in the field was 0.07 (see TABLE 2).
The average expression level of the D. hookeri COR15 gene appeared to be higher than
that of CBF (1.03, see TABLE 2). Expression levels of COR15 were lowest in the middle of

COLD RESPONSE OF TROPICAL

CBF-regulon expression anal ys i s
Once different Draba populations were identified and localized we set out to investigate
whether the cold response of these plants was activated at the transcriptional level in the
field. Results presented here are the expression levels of CBF, COR15, and ZAT10 as measured with real-time qPCR for the five Draba species present at the different locations described above. With the exception of D. hookeri, for none of the species an obvious expression pattern in COR15a or ZAT10 levels could be detected in response to the environmental
temperature (APPENDIX 3). Thus, we concentrate here on a comparison of CBF expression
in all pairs of species at the same location and expression of the three cold related genes for
D. hookeri only.

CBF

W079°13’53.9’) respectively. The D. steyermarkii population was growing on and besides
rocks. All sampled individuals of this species were flowering. Individuals of D. alyssoides
were growing among other shrubs, prostrate herbs, cushion plants and other low vegetation
on a road embankment. Of this species several but not all sampled individuals were flowering.
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FIGURE 2. CBF, COR15, and ZAT10 expression levels in D. hookeri during a 24h period under
field conditions at 4212m elevation. Normalized average gene expression levels as measured with
RT-qPCR for CBF (A-B), COR15 (C-D), and ZAT10 (E-F) with two different primer sets. The temperature trajectory, as measured during the 24h sampling period, is represented in the bottom two
graphs (G-H). All expression levels are relative to Draba-Actin and normalized to average total
expression. Primer-p1 is a Draba gene-specific primer, primer-p2 was designed in Chapter 3 to pick
up genes in both Draba and Arabidopsis. Averages are obtained from two biological and two technical replicates. Grey shading represents the 12h nights. Standard error of mean is indicated.
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Comparison of field data and cont rol l ed, l aborat ory dat a
We compared the observed expression patterns in the field to those found for D. hookeri during our controlled laboratory experiment (Chapter 3, FIGURE 4). Plant material was not collected at exactly the same time points in both experiments. The time points for the controlled
experiment as displayed in FIGURE 2 have been adapted from Chapter 3, FIGURE 1 to match
the time points of the field experiment, using the light-to-dark shift as point of reference.
This enabled us to plot the collection points prior to, during and after the first 4°C cold night
of the controlled experiment together with the time points from the field experiment, and
make a comparison of the responses.
In the field, CBF expression was induced 5h after the temperature had dropped to below
4°C during the night. In the controlled experiment, CBF was induced after the plants were
exposed to 4°C for 6h (FIGURE 3A). Note that we cannot exclude that CBF was induced earlier, since no samples were collected at this time point in the controlled experiment. Despite
the temperature remaining at or just below 4°C during the entire night in both experiments,
CBF induction in the field appeared more transient in comparison to the controlled experiment. In the field CBF levels had dropped again 2h after the peak, while in the controlled
laboratory experiment expression levels were still high at the end of the night (FIGURE 3A).
No plant material was collected 1h after dawn in the laboratory experiment, so unfortunately no comparison could be made with the second CBF expression peak found in the field.
Strikingly, the average expression level of CBF (relative to Actin) in the field experiment
was significantly higher (0.07 compared to 0.002, see TABLE 2). This is in contrast with the
results for COR15, where expression levels were similar in both cases (see TABLE 2). COR15
expression patterns appeared to be similar in both field and laboratory experiments (FIGURE
3B), gradually increasing towards the end of the night. Under laboratory conditions ZAT10
was expressed at the beginning of the night and within 1h after the temperature had reached
4°C. In the field, expression levels of ZAT10 were induced 5h into the 4°C cold night
(FIGURE 3C). The average expression level of ZAT10 was approximately 10-fold higher in
the field (see TABLE 2).
Plotting the expression data from the field together with the data from the second cold
night of the controlled experiment showed a similar pattern (data not shown).

CBF

the night, gradually increased 4h after the peak in CBF expression and continued to increase
towards the end of the night. Both primer pairs rendered similar results (FIGURE 2C and D).
ZAT10 followed the same expression pattern as CBF during the night, but in contrast to
CBF, ZAT10 was not induced in the early morning, again consistent for both primer pairs
(FIGURE 2E and F). The average ZAT10 expression level (relative to Actin) in the field was
0.38 (see TABLE 2).

C omp aring CB F expression bet ween di f f erent Dr aba s peci es
We compared trends in CBF expression patterns between various Draba species at the different locations to investigate how different species react to the ambient temperature conditions in their natural environment. At each of three locations two species were compared.
The population of D. hookeri growing at 4212m elevation on the slopes of the Cotopaxi
volcano was compared to a population of D. splendens growing on the same slope at an elevation of 4230m. The temperature trajectory during the 24h sampling was similar at both
sites, although the day- and nighttime temperatures were somewhat lower at 4230m (FIGURE
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FIGURE 3. Comparison of CBF, COR15, and ZAT10 expression levels in D. hookeri between the
field and laboratory experiments. Normalized average gene expression levels as measured with
RT-qPCR for CBF (A), COR15 (B), and ZAT10 (C). Black symbols represent leaf samples collected
in the field, grey symbols samples collected in the laboratory. Temperature trajectories, as measured
in the field (black) and laboratory (grey) experiments are shown in the bottom graph (D). The Xaxes display time points at which leaf samples were collected in the field (black). Respective time
points collected during the laboratory experiment are labeled in grey. All expression levels are relative to Draba-Actin. Averages, shading, and standard error as described in FIGURE 1.
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4F; max. day = 9.6°C and min. night = 2.3°C) than at 4212m (FIGURE 4E; max. day = 11.2°C
and min. night = 2.5°C). Despite the similar temperature profile at both sites the CBF
expression patterns of D. hookeri and D. splendens differed: 5h after the temperature
declined to below 4°C during the night CBF expression levels increased in D. hookeri but
not in D. splendens (FIGURE 4A and B). 1h after dawn CBF was transiently induced in both
Draba species (FIGURE 4A and B). In addition, in D. splendens CBF expression levels
increased during the day, concomitant with a sudden drop in temperature to below 4°C in
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ECUADORIAN ANDES
FIGURE 4. CBF expression levels in D. hookeri and D. splendens under field conditions on the
slopes of the Cotopaxi volcano. Normalized average gene expression levels as measured with RTqPCR for two different CBF primers in D. hookeri (A, C) and D. splendens (B, D). Bottom two
graphs represent the temperatures measured at the collection site at 4212m elevation for D. hookeri
(E) and at 4230m for D. splendens (F). All expression levels are relative to Draba-Actin. Averages,
shading, and standard error as described in FIGURE 1.
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the middle of the day (FIGURE 4B). The observed CBF expression patterns were produced
with two independent primer pairs for both species (FIGURE 4A and C for D. hookeri and
FIGURE 4B and D for D. splendens).
In Cajas National park a D. alyssoides population growing at 4000m was compared to a
D. steyermarkii population growing at 4110m. As a difference in elevation of more than
100m was present between these two sites their temperature trajectories during the 24h sampling period differed. At 4000m daytime temperature reached approximately 14°C (FIGURE

FIGURE 5. CBF expression levels in D. alyssoides and D. steyermarkii under field conditions in
Cajas National park. Normalized average gene expression levels as measured with RT-qPCR for
two different CBF primers in D. alyssoides (A, C) and D. steyermarkii (B, D). Bottom two graphs
represent the temperatures measured at the collection site at 4000m elevation for D. alyssoides (E)
and at 4110m for D. steyermarkii (F). All expression levels are relative to Draba-Actin. Averages,
shading, and standard error as described in FIGURE 1.
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5E), while at 4110m the temperature rose to above 16°C on both days (FIGURE 5F).
Nighttime temperatures were similar for both altitudes. After dawn the morning temperature
rose quicker at 4110m than at 4000m. Comparing CBF expression levels between both
species revealed that the two species did not respond in a similar way. In D. alyssoides CBF
expression levels were elevated during the day, at the start of the sampling period and again
at dawn (FIGURE 5A). CBF expression appeared to be elevated in D. steyermarkii at the first

DRABA
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ECUADORIAN ANDES
FIGURE 6. CBF expression levels in D. alyssoides and D. aretioides under natural conditions on
the slopes of the Guagua Pichincha volcano. Normalized average gene expression levels as measured with RT-qPCR for two different CBF primers in D. alyssoides (A, C) and D. aretioides (B, D).
Bottom two graphs represent the temperatures measured at the collection site at 4507m elevation for
D. alyssoides (E) and at 4502m for D. aretioides (F). All expression levels are relative to DrabaActin. Averages for D. alyssoides were obtained from two technical replicates only. Averages of D.
aretioides, shading, and standard error as described in FIGURE 1.
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TABLE 3. Absolute CBF expression levels as measured in tropical-alpine Draba at three field
locations in Ecuador. Average, standard error, minimum, and maximum absolute expression levels
were calculated for CBFa and CBF as amplified with primer pairs ‘p1’and ‘p2’ respectively. The
species investigated were D. hookeri and D. splendens in Cotopaxi, D. alyssoides and D. steyermarkii in Cajas, and D. aretioides and D. alyssoides in Guagua Pichincha. Expression levels are relative to Draba-Actin.

collection time point (FIGURE 5B). However, in contrast to the CBF induction at dawn in D.
alyssoides, CBF expression levels in D. steyermarkii were elevated throughout the night and
declined at dawn. Both CBF primer pairs produced similar expression patterns for each of
the two species.
On the slopes of the Guagua Pichincha volcano a comparison of the CBF response in
plants of D. alyssoides and D. aretioides occurring between 4502-4507m was made. Both
populations were in close proximity and temperature differences were small (FIGURE 6E and
F), the D. alyssoides site being somewhat colder than the D. aretioides site. At both sites the
temperature was around 9°C when the sampling began and dropped to ±1°C at 15.00h in the
afternoon before rising to 4°C again. In the second half of the night the temperature remained
around 0°C for 5h prior to increasing rapidly after sunrise. During this 24h sampling period
the temperature was cold and it snowed, which may have affected the CBF response of these
two species. In D. alyssoides both CBF primer pairs used displayed variable expression levels from which no clear pattern could be discerned (FIGURE 6A and C). CBFa expression levels in D. aretioides increased towards the end of the cold night (FIGURE 6B).
Independent of primer pair used for amplification, a comparison of the absolute CBF
expression levels showed that expression levels varied among Draba species (TABLE 3). The
decumbent species D. hookeri and D. aretioides had both the highest average and the highest maximum CBF expression. D. alyssoides-Guagua was the species with the lowest average levels of expression. D. alyssoides had its own primers to amplify CBFa and one can,
therefore, not compare its levels of expression with the other species. D. alyssoides CBFa
expression was lower in Guagua than in Cajas. Absolute expression levels based on the general CBF primer pair confirmed this result.
A full overview of the RT-qPCR data obtained at all sites is given in APPENDIX 3.

DISCUSSION
The d ifferent habitats of Dra ba s peci es i n t he Ecuadori an páram o
The altitudinal range in which several Draba species (D. alyssoides, D. splendens, and D.
steyermarkii) were found in this study was less wide than expected initially based on herbarium records and literature (Jørgensen and Ulloa Ulloa, 1994; Jørgensen and Léon-Yanez,
1999; Luteyn, 1999). It was not the intention of this project to identify the distribution
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boundaries of these species, so possibly the species’ altitudinal ranges are larger than reported here, despite our efforts. Of the investigated species, D. aretioides appeared to be restricted to the superpáramo; the vegetation zone between the lower grass páramo and the upper
permanent snowline. The plant’s dense pubescence provides it with nighttime insulation and
daytime protection against high irradiance typical for its high altitude environment.
Occurrence of D. alyssoides and D. splendens in between bunch grasses suggest that these
grasses provide a buffer against the wind, radiation and temperature extremes, creating a
favorable environment for these Draba species. The same applies to the preference of various Draba species for rocky habitats at higher elevations. They provide them with a more
sheltered and moderate microclimate than more exposed habitats. Rocks and vegetation may
decrease frost action locally and increase seedling survival in cold environments (Sohlberg
& Bliss, 1984 as cited by Pfitsch, 1994). Rock outcrops have a high heat capacity that serves
as thermal insulation resulting in a decreased rate of nocturnal cooling (Pfitsch, 1988).
Ecuadorian Draba thus seem to have exploited the diversity of habitats in the páramo by
evolving different morphological and life history characteristics. We encountered maximally three different Draba species growing in or within the vicinity of our research areas, of
which at least one species differed in habitat preference from the others. For example, on
the slopes of the Guagua Pichincha volcano D. concertiflora was growing in the grass
páramo and near rock outcrops at 3885-4060m. D. alyssoides populations were not found
below 4344m and D. aretioides was only found above 4469m. According to Sklenár and
Ramsay (2001), the plant cover, species richness and diversity in the superpáramo are controlled by the availability of suitable sites for colonization, survival and growth among rock
substrate. The occurrence of different Draba species could, therefore, be limited by the
availability of suitable microsites, also explaining their patchy distribution.
Draba hookeri is listed on the IUCN red list as a near threatened species due to habitat
loss by grazing and fires, with subpopulations known from six provinces in Ecuador (LeónYánez and Pitman, 2003). We found tens of thousands of D. hookeri individuals in Cotopaxi
National Park. Based on the characteristics of D. hookeri and its preference for specific
microsites, it seems likely that it depends on habitat disturbance for its survival. Given the
small flowers and very rapid fruit initiation we observed in the field, D. hookeri is most likely an autonomous self-pollinator. Additionally, germination assays showed that its seeds
germinate almost immediately after they come in contact with a moist substrate.
Considering the species’ small size it is probably a poor competitor for light, as compared
to the tall bunchgrass páramo species. In order to survive it has adapted the strategy to reproduce quickly and abundantly. When grown in the laboratory this species displayed a ‘weedy’
type of growth; the species would be quick to flower, set seed, produce a new side rosette
which would then flower and in turn branch after reproduction and so on. Under natural circumstances, new habitat is created by, for example, trampling by large grazing animals.
When the humidity of the soil is suitably high, the seeds can most likely germinate, develop into a rosette, flower and set seed again within a short time frame. However, no data on
the duration of the life cycle of D. hookeri under natural circumstances could be found in
the literature.
CBF, COR 15 , and ZAT10 expres s i on prof i l es under f i el d condi t i ons
Hedberg (1964, as cited by Beck, 1994) described the tropical alpine climate as ‘Summer
every day and winter every night’. In order to cope with such daily extremes in temperature,
plants must have effective cold tolerance mechanisms. Because CBF, COR15, and ZAT10
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are important cold-response genes in both herbaceous and woody plants (Gilmour et al.,
1998; Jaglo et al., 2001; Benedict et al., 2006; El Kayal et al., 2006; Xiao et al., 2006;
Griffith et al., 2007; Welling and Palva, 2008), we expected that they were also expressed
in the five different Draba species growing in the Ecuadorian páramo. During this experiment we sampled adult plants of perennial Draba species. Since we had no means of estimating the age of these plants, we cannot say anything about the effect of plant age on gene
expression levels or patterns. In their study on ABA induction of the CBF pathway, Knight
et al. (2004) propose that conflicting results between different studies may be caused by differences in plant age, size or history. In addition, studies on perennial trees have shown that
CBF-responsive genes found in Populus (Benedict et al., 2006) and Betula (Welling and
Palva, 2008) are expressed differently in annual (leaves) and perennial (stem) tissues. All
tissue that was harvested during the different time points of our experiment came from
young leaves close to or surrounding the apical meristem. None of the leaves that were harvested showed any signs of senescence.
To our knowledge, this is the first study that investigated the expression of CBF, COR15,
and ZAT10 under natural climatic conditions occurring in the field, under extreme conditions. Note that different individuals had to be sampled at the different time points, so that
sharp and transient peaks could have been missed. The average expression level of CBF
measured in perennial adults under natural conditions was higher (> tenfold) than that in the
juveniles analyzed under laboratory conditions. Differences in magnitude of CBF induction
have been found between cold-acclimated Arabidopsis plants exposed to –3°C and nonacclimated plants exposed to 4°C (Le et al., 2008). In the field, CBF expression in D. hookeri peaked 5-6h after the temperature dropped below 4°C. Under controlled conditions,
despite the similar temperature profile, CBF expression was sustained in D. hookeri juveniles (see Chapter 3, FIGURE 3). However, in D. muralis a sharp peak in CBF expression was
recorded in the laboratory experiments, indicating that the kinetics of CBF induction can
vary between species. Lee et al. (2002) found the magnitude of induction of CBF and
COR15a as measured in the roots to differ between different natural Arabidopsis accessions
incubated for up to 24h at 4°C. These differences, however, were not related to mean habitat temperatures. In the field experiment, two of the five Draba species (D. hookeri and D.
steyermarkii) displayed induction of CBF gene expression in response to 4°C exposure. The
other three species did not show significant CBF induction during the cold night. However,
in four species a strong increase in CBF expression was recorded after dawn. Of the three
CBF genes investigated in different Arabidopsis accessions grown for 5-6weeks at 10°C,
only CBF2, thought to down-regulate the expression of CBF1/3 (Novillo et al., 2004),
remained cold-responsive upon exposure to 4°C (Lee et al., 2009). Whether a similar interaction exists between the CBF homologs in Draba remains to be investigated. Because no
leaf samples were collected 1h after dawn in the laboratory experiment for D. hookeri
(FIGURE 3), we cannot be sure that the induction of CBF found at this time point in the field
did not occur in the laboratory experiment. This does highlight the importance of regular
sampling, especially around shifts in temperature and light.
Photoperiod is a reliable environmental cue that regulates the first stage of cold acclimation in plants (Karlson et al., 2003). However, tropical-alpine plants cannot use photoperiod
as a cue in the same way as temperate plants can, since day length is almost constant in the
tropics and unrelated to an imminent cold period. The fact that in all cases except D. steyermarkii (Cajas) and D. alyssoides (Guagua) an increase in CBF expression levels at or 1h after
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dawn was found suggests that CBF may play an important role during this time of day, when
temperatures are still low but plants may start to photosynthesize. In general, cloud cover is
low during the morning, becoming denser during the day (Jørgensen and Ulloa Ulloa, 1994).
In the páramo of Piedras Blancas (Venezuela), Pfitsch (1994) found that soil temperatures in
the rooting zone at 5cm belowground frequently remained close to freezing for 2h after dawn
while surface and air temperatures rose rapidly in the morning. He concluded that plants,
therefore, experience high evaporative demand during a time when low soil and root temperatures may restrict water uptake. This results in a situation with potential for the development of severe short-term water deficits. Given the high relative humidity levels measured
in the field during the mornings we do not expect this to occur at our research locations. In
contrast, Bliss (1956, as cited by Lee et al., 2009) argues that soil temperature is less affected by diurnal temperature fluctuations than the ambient temperature experienced by aerial
plant parts. Induction of CBF 1h after dawn may be explained by the fact that the temperature was still below 4°C at this time while the sun was already up. In Hordeum vulgare, cold
acclimation increased tolerance both for freezing and high light (Rapacz et al., 2008). Note
that whether cold or drought is triggering a response is difficult to say; a micro-array study
in Arabidopsis has identified overlaps in genes induced by high light and cold or drought
stress and one of these genes is believed to be COR15a (Kimura et al., 2009). Resistance to
photo-inhibition in the cold has often been identified as a trait closely related to freezing tolerance. Cold acclimation modifies the balance of the energy absorbed and metabolized in the
dark processes of photosynthesis, which may affect the expression of cold-regulated (COR)
genes (Rapacz et al., 2008). At the same time, a gradual acclimation to the relatively high
light conditions is observed, thereby minimizing the potential for photo-oxidative damage.
In D. hookeri, COR15a expression levels in the field appeared to be similar to the average expression levels under laboratory conditions (TABLE 2). Expression of COR15a in D.
hookeri trailed expression of CBF both in the field and in the laboratory experiments
(FIGURE 3). For the other Draba species such a trend was not obvious. The 24h sampling
period in the field proved too short to allow firm conclusions about the regulation of
COR15a expression, although the paired observations of two species at each location in the
same period suggest that they may differ in their response.
The results for ZAT10 expression in the field appeared to differ from the results in the
controlled experiment, not only in expression profile but also in expression levels. In the
field ZAT10 expression level was about tenfold higher than under controlled conditions. The
Draba species analyzed in the laboratory experiment expressed ZAT10 most strongly during the dark period. The tropical species analyzed in the field experiment predominantly
expressed ZAT10 in the light period. Only D. hookeri, for which most data were available
in both experiments, displayed a sharp peak of ZAT10 expression in the night. Since ZAT10
is also induced by other abiotic stresses, such as salt and drought (Sakamoto et al., 2004) we
cannot exclude their possible influence in this field experiment. Many of the biological
replicates for COR15b and ZAT10 were excluded from the results, as the correlation
between the duplicates was weak. The expression patterns found in the different species for
all three genes studied appeared to mask any possible indication of a circadian rhythm as
found by Fowler (2005) in Arabidopsis. The only abiotic variables measured in the field
were temperature and relative humidity, so nothing can be said about dehydration, radiation
or any other kind of stress the plants may have faced. The influence of other stresses besides
temperature on the expression patterns described in this study cannot be ruled out.
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The d ifferences in plant archi t ect ure of Dr aba s peci es m ay i nf l uence
cold responses
Besides adaptations at the molecular level, growth form and morphology also contribute to
a plant’s cold tolerance. The different tropical-alpine Draba species studied here can be
characterized as upright dwarf-shrubs (D. alyssoides, D. splendens and D. steyermarkii) or
low-growing prostrate dwarf-shrubs (D. aretioides) or rosette plants (D. hookeri). Squeo et
al. (1996) illustrated that high desert Andean plants with differing growth forms have different mechanisms to protect them against freezing injury. As small acaulescent rosettes and
prostrate dwarf-shrubs, D. hookeri and D. aretioides may benefit from insulation mechanisms provided by their compact growth form or, in the case of D. aretioides, its dense
pubescence. These adaptations give plants a better insulation against short-term temperature
fluctuations. As 25-35cm tall dwarf-shrubs, D. splendens, D. alyssoides, and D. steyermarkii
may be more vulnerable to temperature fluctuations than a 2cm tall rosette plant growing
close to the surface. Nonetheless, the imbricate positioning of the leaves together with the
pubescence reduces heat loss in the taller species during cold temperatures. Ground level
plants are provided with short-term thermal radiation and delayed nighttime cooling, thanks
to the heat capacity of the underlying, buffering soil or gravel (Körner, 2003). However,
according to Squeo et al. (1996) ground level plants may experience a thermally more
extreme microhabitat, because temperatures are lower than at greater heights above the
ground and also remain below zero longer. We have no information on the actual leaf temperatures of prostrate and upright branching Draba species at our research locations. It
would be interesting to study leaf temperatures, for instance using thermal imaging, in combination with very frequent leaf sampling for gene expression analyses, as the physiological
responses to cold appear to differ considerably among species.
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Province Location

Species

Pichincha

D. aretioides + D. alyssoides
D. aretioides
D. alyssoides
D. aretioides

Rucu Pichincha

D. artetioides + D. alyssoides
D. aretioides

D. pycnophylla
D. alyssoides

D. alyssoides
D. aretioides + D. alyssoides
D. alyssoides
D. aretioides
D. aretioides + D. alyssoides
D. alyssoides

El Boliche
Cotopaxi National Park / Cotopaxi

D. splendens + D. hookeri
D. hookeri

D. splendens
Cotopaxi National Park / Lag. Limpiopungo

D. hookeri
D. splendens
D. hookeri

78°33'05.5"
78°33'09.6"
78°33'10.5"
78°33'10.4"
78°33'35.6"
78°33'36.5"
78°33'39.0"
78°33'46.1"
78°33'37.9"
78°33'41.9"
78°33'42.8"
78°33'43.5"
78°33'43.7"
78°33'45.0"
78°33'47.2"
78°32'24.2"
78°33'04.8"
78°33'32.1"
78°33'21.9"
78°35'30.5"
78°35'26.6"
78°35'29.2"
78°35'34.3"
78°35'38.0"
78°35'39.5"
78°35'39.8"
78°35'41.7"
78°35'42.6"
78°35'46.6"
78°35'47.5"
78°35'46.1"
78°35'46.6"
78°35'47.9"
78°35'48.3"
78°35'46.4"
78°35'40.3"
78°35'33.0"
78°35'45.0"
78°35'43.6"
78°35'10.6"
78°32'20.4"
78°32'01.5"
78°22'42.9"
78°26'17.9"
78°26'20.0"
78°26'03.9"
78°26'35.5"
78°26'34.7"
78°26'52.4"
78°26'29.2"
78°26'03.5"
78°28'49.1"
78°29'01.0"
78°29'02.4"
78°29'02.6"
78°29'20.7"
78°29'42.8"
78°28'46.2"
78°28'24.7"

ECUADORIAN ANDES

Cotopaxi

Possibly hybrid involving D. aretioides
D. alyssoides
D. concertiflora
D. splendens

Longitude (W)

00°10'12.8"
00°10'10.4"
00°10'10.0"
00°10'09.8"
00°09'57.6"
00°09'56.2"
00°09'53.1"
00°09'47.0"
00°09'55.5"
00°09'55.4"
00°09'53.4"
00°09'53.0"
00°09'52.8"
00°09'52.9"
00°09'52.1"
00°10'50.1"
00°10'13.3"
00°10'01.2"
00°10'06.5"
00°10'54.1"
00°10'53.8"
00°10'55.5"
00°10'44.3"
00°10'45.1"
00°10'41.2"
00°10'40.4"
00°10'37.5"
00°10'38.7"
00°10'39.2"
00°10'38.6"
00°10'38.1"
00°10'37.3"
00°10'36.7"
00°10'34.7"
00°10'33.3"
00°10'36.2"
00°10'50.5"
00°10'36.7"
00°10'37.4"
00°11'32.1"
00°36'12.9"
00°36'15.2"
00°39'23.0"
00°38'27.9"
00°38'27.2"
00°38'48.5"
00°37'55.9"
00°37'32.9"
00°37'26.1"
00°38'01.8"
00°38'34.1"
00°36'36.6"
00°36'47.3"
00°36'47.1"
00°36'47.5"
00°36'42.2"
00°36'30.7"
00°36'36.9"
00°36'50.8"

SPECIES IN THE

D. aretioides

Latitude (S)

4238
4264
4280
4278
4426
4427
4441
4458
4458-4493
4483
4535
4544
4551
4559
4593
4023
4215
4389
4344
4390
4344
4376
4418
4460
4466
4469
4502
4507
4583
4611
4581
4587
4609
4596
4570
4503
4410
4564
4545
3885-4060
4032
4118
4009
4230
4212
4318
4056
3964
3919
4072
4281
3873
3910
3906
3923
3958
4013
3870
3850

DRABA

Guagua Pichincha

Altitude (m)

COLD RESPONSE OF TROPICAL

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

CBF

APPENDIX 1. Locations of Draba populations as found on the slopes of the Rucu and Guagua
Pichincha volcanoes and in the Cotopaxi and Cajas National Parks in Ecuador. Altitude, longitude and latitude are displayed as measured with a GPS in the field. Grey, shaded numbers indicate
populations of which the species determination was verified by Dr. I.A. Al-Shehbaz of the Missouri
Botanical Garden.
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APPENDIX 1. Continued.
Province
60 Cotopaxi
61
62
63
64
65
66
67
68
69
70
71 Azuay
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118 Pichincha

Location
Cotopaxi National Park / Rumiñahui

Cajas National Park / Toreadora - Illincocha

Species
D. hookeri
D. splendens
D. splendens + D. hookeri
D. splendens

D. hookeri
D. splendens
D. steyermarkii

D. steyermarkii + D. alyssoides
D. steyermarkii
Cajas National Park / Tres Cruzes

Cajas National Park / Road to Patul

Cajas National Park / Lag. Toreadora

D. alyssoides

Cajas National Park / Tres Cruzes

D. steyermarkii

Cajas National Park / Below Tres Cruzes

Cajas National Park / Lag. Negra
Cajas National Park / Lag. Toreadora

D. steyermarkii + D. alyssoides
D. steyermarkii

Cajas National Park / Tres Cruzes

D. ecuadoriana
D. alyssoides

Cajas National Park / Lag. Illincocha
Cajas National Park / Tres Cruzes

Cajas National Park
Fuya Fuya volcano

D. alyssoides + D. ecuadoriana
D. ecuadoriana
D. alyssoides

Altitude (m)

Latitude (S)

Longitude (W)

4192
4212
4220
4254
4270
4167
4171
4172
4301
4214
4271
4021
4060
4127
4122
4041
3978
3974
4008
4190
4202
4220
4110
4132
4170
4184
4203
4152
4141
4082
4066
4085
3942
3935
4220
4222
4233
4257
4166
4129
4108
4048
4015
4080
4097
3923
3943
3930
3920
3930
4157
4139
4000
4221
4221
4216
4022
4052
4021

00°35'59.2"
00°36'00.9"
00°36'02.0"
00°36'01.6"
00°36'01.4"
00°35'59.1"
00°35'58.8"
00°36'01.6"
00°36'00.7"
00°36'23.6"
00°36'03.0"
02°47'07.3"
02°47'08.7"
02°47'11.6"
02°47'12.0"
02°47'06.6"
02°46'57.4"
02°46'51.0"
02°46'52.2"
02°46"'43.1"
02°46'45.7"
02°46'47.9"
02°46'31.8"
02°46'27.6"
02°46'26.0"
02°46'22.2"
02°46'20.3"
02°46'16.4"
02°46'15.1"
02°46'13.2"
02°46'13.1"
02°46'35.2"
02°46'59.7"
02°46'58.2"
02°46'49.4"
02°46'50.8"
02°46'54.5"
02°46'59.2"
02°47'01.8"
02°47'02.5"
02°47'03.5"
02°47'04.6"
02°47'06.9"
02°46'48.5"
02°46'46.8"
02°46'40.2"
02°46'37.4"
02°46'24.0"
02°46'02.8"
02°46'00.5"
02°46'38.7"
02°46'49.7"
02°46'36.9"
02°46'51.8"
02°46'44.8"
02°46'46.2"
02°46'37.8"
02°46'33.6"
N 00°07'15.9"

78°30'20.7"
78°30'20.7"
78°30'21.8"
78°30'24.6"
78°30'25.5"
78°30'18.6"
78°30'19.0"
78°30'17.2"
78°30'27.1"
78°30'09.1"
78°30'26.8"
79°13'22.7"
79°13'23.2"
79°13'21.1"
79°13'19.7"
79°13'25.1"
79°13'33.7"
79°13'45.8"
79°13'48.8"
79°14'27.5"
79°14'21.6"
79°14'21.6"
79°14'18.0"
79°14'18.6"
79°14'21.4"
79°14'20.6"
79°14'19.5"
79°14'18.0"
79°14'18.2"
79°14'13.3"
79°14'12.2"
79°14'14.6"
79°13'07.0"
79°13'03.7"
79°14'18.5"
79°14'18.1"
79°14'15.2"
79°14'08.5"
79°14'14.1"
79°14'16.2"
79°14'18.8"
79°14'24.0"
79°14'29.6"
79°14'34.8"
79°14'35.0"
79°13'18.5"
79°13'16.5"
79°13'09.5"
79°13'14.7"
79°13'17.6"
79°14'27.9"
79°14'11.7"
79°13'53.9"
79°14'17.6"
79°14'23.8"
79°14'22.1"
79°13'53.7"
79°14'10.6"
78°15'17.1"

CBF
COLD RESPONSE OF TROPICAL

APPENDIX 2. Gel blots as RNA quality control. A) 3μl RNA extracted from leaf material stored in
RNAlater buffer was loaded on a 2% agarose gel to verify RNA quality. B) After cDNA synthesis a
test PCR was run with Actin primers to verify cDNA quality. 1μl PCR product was loaded on a 2%
agarose gel. gDNA of D. hookeri (5ng/μl) was used as positive control and H2O as negative control
in the PCR. 2μl SmartLadder (Eurogentec) was included on all gels.
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APPENDIX 3. CBFa, COR15a and ZAT10 expression levels in Ecuadorian Draba under field conditions at different locations with differing altitudes. Normalized average gene expression levels
as measured with RT-qPCR for CBFa (A-F), COR15a (G-L) and ZAT10 (M-R). Temperature curves
from the respective collection sites are represented in graphs S-X. All expression levels are relative

CBF
COLD RESPONSE OF TROPICAL

to Draba-Actin. Averages of D. alyssoides – Cajas, D. alyssoides – Guagua, and D. aretioides are
obtained from two technical replicates. Averages of D. splendens and D. steyermarkii, shading, and
standard error as described in FIGURE 1.
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APPENDIX 4. Temperature trajectory measured in the field from May to August 2006. The temperature was recorded every 15min with HOBO® data loggers at 3996m elevation in Cajas National
Park and at 3968m on the Rucu Pichincha volcano.
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CHAPTER 6

P

lants have evolved a wide array of responses to deal with cold temperatures. In this thesis we studied the cold response in Draba species originating from tropical-alpine, arctic-alpine and temperate regions. We predicted that the cold response pathway of temperate
plants would differ from that of their arctic and tropical-alpine relatives (Chapter 1).
Adaptation of plants to cold temperatures can involve responses at the genetic and physiological level, and therefore we focused on 1) transcriptional/metabolite changes in response
to cold and 2) juvenile survival and electrolyte leakage in response to freezing. Our results
demonstrate that differences in the cold response of tropical-alpine, arctic-alpine and temperate species exist. Possible interpretations and suggestions for additional research will be
discussed in the paragraphs below.
Central to this thesis are experiments in which different species are exposed to the same
environmental conditions in a climate chamber. The conditions in experiments were chosen
such that they simulate natural variation in light and temperature of the tropical-alpine
region of Ecuador. Similar day lengths and temperatures may occur in spring and fall in a
temperate climate and to a lesser extent in an arctic-alpine region. The time trajectory consisted of a 12h photoperiod and a 21/4°C (day/night) temperature regime. All species were
subjected to this same regime and Arabidopsis thaliana Col-wt was used as a reference
species. Arabidopsis showed a similar cold response as reported in literature, which confirmed the quality of our set-up and provided the assurance that the obtained Draba data
were meaningful. The results indicated that, as in Arabidopsis, C-repeat binding factors
(CBF) genes are induced by cold treatment in all Draba species. However, our results
demonstrated that there may be one big difference: transcript levels in Draba were 10 to 20fold lower than in Arabidopsis.
The research also included the investigation of transcript changes as measured under natural conditions in the high Andes of Ecuador. In such an environment more factors could
affect the response compared to the laboratory, including weather conditions and micro climate, but also plant size and age. This was a unique and challenging endeavor, as we sampled plants at three high altitude locations during the day and night, and at each location two
Draba species were sampled. D. hookeri was included both in the controlled and the field
experiments, so that its responses could be compared. The results demonstrate that CBF
genes were indeed induced under natural environmental conditions in the field, although the
expression patterns between controlled and field experiments differed. Results obtained
under controlled conditions in the laboratory do not translate directly into results as found
under natural conditions in the field.
Trop ical-alpine Draba species cont ai n col d- res pons i ve genes not
fou nd in other species
In this thesis we report the identification of three classes of Draba CBF genes labeled CBFa,
CBFb, and CBFc. The main goal was to obtain sequence information from cold responsive
genes, to be used in later gene expression studies, so the search was not exhaustive.
Nonetheless, sequence comparisons showed that these genes comprise three well-supported
clusters, albeit with considerable variability within the clusters. In arctic-alpine D. nivalis
CBFa and CBFc representatives were found, while tropical-alpine D. alyssoides and D.
hookeri contained CBFa and CBFb homologs. In the other tropical-alpine species only
CBFa was detected and temperate D. muralis and D. verna contained only CBFc. Thus,
CBFb appears to be a gene duplication confined to the tropical Draba’s, and the CBF gene
tree reflected the geographic relationship between the different Draba species.
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The Draba CBF genes possess the characteristic structure found in the Arabidopsis CBF
genes: highly conserved nuclear localization signal and AP2-DNA-binding domains, as well
as a more variable acidic transcriptional activation domain. The inferred CBF proteins all
contained the amino acid motif critical for the binding of the CBF protein to their known
target genes. COR15b is one such CBF target gene in Arabidopsis and in our Draba study
species we isolated a gene >81% similar to AtCOR15b (unfortunately already labeled
COR15a in another Draba (Zhou et al., 2009), Chapter 2). The CBF and COR15 genes in
Draba and Arabidopsis share the structures important for the functionality of the gene, and
are therefore predicted to fulfill a similar role in the cold response. Another new COR15
gene (Draba COR15c), with an insertion not present in any other known COR15 gene was
cloned from several Draba species.
The CBF sequence data were used to estimate the frequency of synonymous and nonsynonymous mutations, in order to detect traces of past selection. This indicated that the
acidic region of CBF genes may not have been under high selective pressure. The conservation of the other protein domains support the conclusion that the variation in cold tolerance is not caused by changes in CBF proteins. CBF genes are regarded as an essential part
of the cold response pathway and appear to be ubiquitous in plants (McKhann et al., 2008).
Freezing sensitive tomato that cannot cold acclimate has been found to have a functional
CBF cold response pathway, but a reduced CBF regulon in comparison to Arabidopsis
(Zhang et al., 2004). In a study of the natural variation in CBF gene expression in the
Versailles core collection of A. thaliana, the freezing sensitive Cvi-0 accession was found to
contain lower CBF expression levels compared to other accessions (McKhann et al., 2008),
which was attributed to a deletion in the CBF2 promoter. Whether similar promoter differences explain the transcriptional differences between Draba and Arabidopsis remains to be
investigated. A study of the promoter regions of the different CBF genes may reveal if
instead this could be responsible for differences in the kinetics of CBF expression.
Kin etics of cold-response gen e expres s i on i n Dr aba and Ar abi dops i s
Expression analyses of the CBF and COR15a genes from Draba demonstrated that both in
Draba and Arabidopsis CBF and COR15 are induced in response to cold. However, a closer look at the expression of both genes showed that the kinetics of the CBF and COR15
genes varied among species, even within Draba. The most abundant CBF in the temperate
D. muralis and D. verna (CBFc) showed a faster induction than the CBF in the arctic-alpine
D. nivalis and tropic-alpine D. hookeri (CBFa). This difference in induction of both CBF
genes did not translate into a different timing of COR15a induction among the Draba
species, so that the lag between the CBF and COR15a expression peaks was not constant
across species.
ZAT10, a gene thought to be induced in parallel to CBF in response to cold (Vogel et al.,
2005), showed a diurnal rhythm of expression in both Draba and Arabidopsis. The diurnal
peak in expression early in the dark period coincided with the start of the cold treatment.
Therefore it was difficult to asses the early induction of ZAT10. However, a sustained
expression in the following hours indicated that this gene is influenced by cold in Draba.
Several COR genes are co-expressed with COR15a/b in response to low temperature in
Arabidopsis (Hajela et al., 1990), which suggests that COR15a/b might act in concert with
other COR genes to enhance tolerance to freezing in plants. It is thus possible that the CBF
genes in Draba regulate a different part of the CBF regulon in comparison to Arabidopsis.
Additional cold-responsive genes that do not depend on the CBF pathway have been iden-
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tified in Arabidopsis, suggesting that cold acclimation is associated with the activation of
multiple low temperature regulatory pathways (Seki et al., 2001; Seki et al., 2003; Gilmour
et al., 2004; Vogel et al., 2005). In fact, Fowler and Thomashow (2002) found that only 12%
of the cold-responsive genes are members of the CBF regulon. For our investigation of the
CBF and COR genes present in Draba we used a candidate gene approach and investigated
the most abundant genes present in cDNA from cold-treated plants only. Although this
method did allow us to pick up the candidate cold responsive genes, it excluded the possibility of finding components of alternative cold response pathways. Given the recent
advances in molecular analyses, future studies will be able to target more complete expression profiles, for instance using 454 pyrosequencing, so that all possible cold responsive
genes present within a cold treated species can be studied.
When levels of CBF, COR15, and ZAT10 expression were compared between
Arabidopsis and D. hookeri, the gene expression levels of the latter species appeared to be
10-20x lower than those of Arabidopsis. Unfortunately, it was not possible to design a
primer that could amplify all Draba and Arabidopsis CBF, COR15, or ZAT10 genes simultaneously, so expression levels in other Draba species could not be compared. However, the
RNA gel blot analysis did confirm that CBF expression levels were low across all investigated Draba species, relative to Arabidopsis (Chapter 2). This important observation suggests that Draba does not rely on CBF for its cold responses.
C old response at the metabol i t e l evel
Investigating the cold response at transcriptional level is an interesting first step, but only
relevant if it leads to a response at the metabolite level. Proline and soluble sugar levels of
Draba and Arabidopsis were, therefore, measured and analyzed. The resulting pattern of
metabolite accumulation in Arabidopsis in response to cold was similar to that reported in
literature (Wanner and Junttila, 1999; Gilmour et al., 2000; Klotke et al., 2004; Zuther et al.,
2004). To our surprise, metabolite levels in Draba did not resemble that of Arabidopsis.
Raffinose, a compatible solute known to accumulate during cold acclimation in Arabidopsis
(Zuther et al., 2004) does not appear to accumulate in two of the three Draba species upon
cold treatment. Proline levels, which increase in response to cold in Arabidopsis did not
change in response to cold treatment in Draba. Interestingly, D. muralis displayed constitutive high proline levels, irrelevant of the temperature treatment. Therefore, there appears to
be no clear-cut correlation between soluble solute accumulation and gene expression. D.
verna, a widespread, early flowering winter annual, with a CBF and COR15 expression pattern that most resembled that of Arabidopsis, had low metabolite levels that increased marginally in response to cold. In D. verna, raffinose and proline levels did not accumulate after
cold treatment.
The other temperate Draba species in this study, D. muralis, contained constitutively
high proline levels throughout the temperature trajectory. Analysis of this species physiological response to sub-zero temperatures showed that this species had a high freezing tolerance
(Chapter 4). A freezing tolerant mutant that accumulated high levels of proline has also been
reported in Arabidopsis (Xin and Browse, 1998). This mutant had a mutation in the eskimo
1 (esk1) locus and since other levels of amino acids remained low the authors proposed constitutive accumulation of proline to be a component of the mutant’s freezing tolerance.
Metabolite levels were higher in D. muralis than in the other Draba species studied.
However, according to Hannah et al. (2006) high metabolite content is not sufficient for
improved freezing tolerance. In general, freezing tolerance appears to be a multigenic trait
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(Rohde et al., 2004). Furthermore, the other freezing tolerant D. verna did not display constitutively high proline levels. In fact, D. verna had similarly low proline and total sugar levels as the freezing sensitive D. hookeri. Whether the constitutive proline expression in D.
muralis contributes to the species’ high freezing tolerance requires further investigation.
Proline synthesis is costly and a plant cannot utilize carbon invested in proline for growth.
As a result, plants constitutively accumulating proline could display reduced growth.
Indeed, Xin and Browse (1998) found the esk1 mutants to be smaller in size, but further
comparable in chronology of development to wild type plants when grown under 22°C temperature conditions. When grown under a temperature regime of 4°C both wild type and
esk1 mutants showed similar morphological features in response to the cold treatment. If
proline accumulation would be costly to D. muralis, we would expect to see slower growth
compared to the other species under standard (21/15°C) than under cold (21/4°C) temperature conditions. This was not the case. D. muralis showed a reduction in growth under the
21/4°C temperature regime, similar to the other Draba species. Any differences in cold
acclimation mechanisms between the various species apparently did not translate into differences in growth.
Differen ces in freezing tolerance and col d accl i m at i on
Once we had investigated the cold response at a molecular level we were interested in finding out what the possible implications of our results were on the freezing tolerance of
Draba. When tropical-alpine, arctic-alpine and temperate seedlings were grown under equal
light and temperature conditions before being exposed to freezing temperatures, certain
species proved to be more freezing tolerant than others. Interestingly, our control species A.
thaliana Col-wt proved to be more freezing tolerant than even the most frost resistant D.
muralis and D. verna. D. nivalis showed a less pronounced freezing tolerance, while D.
hookeri proved to be the species most sensitive to freezing. Our results suggest that selection pressures for freezing tolerance within the genus Draba are indeed diverse. In all
species except the tropical-alpine D. hookeri, freezing tolerance was enhanced by cold acclimation. Under non-acclimated conditions no significant differences in freezing tolerance
was detected between the species. This indicates that, in contrast to the results found in 71
Arabidopsis accessions (Zhen and Ungerer, 2008), no intrinsic biochemical and physiological factors contribute to variation in this phenotype for the Draba species studied. The
observed differences in the freezing tolerance of acclimated tropical-alpine, arctic-alpine
and temperate Draba species suggested adaptations to the temperature responses of their
natural habitats at a genetic level. In Arabidopsis high acclimated freezing tolerance has
been shown to be correlated with low minimum habitat temperatures (Hannah et al., 2006;
Zhen and Ungerer, 2008).
The acclimation response of plants in the experiments was triggered by lowering the temperature during the night. However, it is possible that this was not sufficient to elicit an
acclimation response. For many species, different or additional environmental cues, for
example the combination of cold temperatures and short days, are needed to stimulate a
robust acclimation response (Loik and Redar, 2003). Karlson et al. (2003), for example,
found photoperiod to be a reliable environmental cue that regulates the first stage of cold
acclimation in temperate woody plants. Also the duration of the acclimation period may be
of influence. According to Xin and Browse (2000), depending on the plant species it may
take a few days to several weeks to reach maximum levels of freezing tolerance. This may
explain the limited acclimation response found in arctic alpine D. nivalis. It is possible that
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D. nivalis seedlings may require a longer acclimation period, a decrease in the overall
day/night temperature regime, or a decrease in photoperiod for optimal cold acclimation to
occur, to prepare for the cold winter.
D raba hookeri is sensitive to f reezi ng
Tropical-alpine D. hookeri proved to be the most freezing sensitive of all investigated Draba
species. In addition, this species displayed a poor ability to enhance its freezing tolerance
via cold acclimation. Tropical-alpine plants have no use of a gradual method to increase its
freezing tolerance throughout the year, in contrast to temperate or arctic-alpine plant
species. As a result D. hookeri, through relaxation of selective pressures, may have lost its
ability to cold acclimate. Because temperature fluctuations from 25-30°C during the day to
freezing at night may occur any day of the year in a tropical-alpine climate, there is no need
or time for plants to cold acclimate. Despite its low freezing tolerance, D. hookeri thrives in
its native habitats, suggesting that conditions could be less extreme than in a different climatic region, or for the other species. Temperatures in the high Andes of Ecuador never stay
below zero for extensive periods of time and mainly occur during the night (Azocar et al.,
1988). Soils and rocks may buffer extremes through their heat capacity, and furthermore, the
compact rosette of D. hookeri may reduce heat loss.
The induction of the CBF and COR15 genes in D. hookeri did not result in high metabolite levels or in enhanced freezing tolerance, implying that this pathway may differ functionally in tropical-alpine species. Creating transgenic Draba plants with CBF genes from
Arabidopsis, or vice versa, would help to investigate this. It has been found that overexpression of Arabidopsis CBF genes results in the constitutive expression of the CBF regulon and
an increase in freezing tolerance without a cold stimulus (Jaglo-Ottosen et al., 1998;
Gilmour et al., 2000). Effects of CBF overexpression and knockouts on accumulation of
proline and soluble sugars, as well as freezing tolerance would be worthwhile to study.
According to Hannah et al. (2006) the overall magnitude of the CBF regulon response is
important in determining freezing tolerance in Arabidopsis. Other Draba species were not
as freezing sensitive as D. hookeri, so the link between low CBF transcript levels and freezing tolerance is not apparent in Draba.
Sampling in the field
This study is the first to investigate the CBF cold response pathway in five tropical-alpine
Draba species under natural climatic conditions in Ecuador. Despite different weather conditions in the various sites, all investigated species showed an induction of CBF expression.
The average CBF expression level measured in adults under natural conditions was (>10fold) higher than that of juveniles analyzed under laboratory conditions. Since the tropicalalpine Draba species are all perennial species and we had no means of estimating the age of
these plants, it is uncertain whether this difference can be attributed to plant age.
Alternatively, different (parts of the) cold response pathways could be active in different
developmental stages of a plant. The interaction between plant development and low temperature implies that some genes are regulated by both environmental factors and developmental cues (Wang and Cutler, 1995). In addition, different individuals had to be sampled
at different time points. These are the limitations one faces when stepping out of the controlled laboratory environment and into the plant’s natural environment at 4000m altitude in
the high Andes. Knight et al. (2004), in their study on ABA induction of the CBF pathway,
propose that conflicting results between different studies may be caused by differences in
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plant age, size or history. In future field experiments, seedlings could be included in the
study to compare gene expression in juvenile and adult plants. Ideally, one would place all
species in a ‘common garden’ type of setting to ensure all plants encounter the same conditions and then study gene expression. This would allow us to investigate whether differences
in cold tolerance is related to differences at the molecular or physiological level under field
conditions. In our experiments, plants with differing growth forms were included and we
cannot link gene expression to growth form, due to other variables such as plant age, plant
height, microclimate, and exposure.
Our results also revealed CBF induction at dawn, suggesting a possible role for CBF when
temperatures are still low but plants already start to photosynthesize. Savitch et al. (2005),
demonstrated a possible involvement of CBF pathways in photosynthetic cold acclimation by
the overexpression of BNCBF/DREB1 in Brassica. The mutants showed partially regulated
chloroplast development to increase photochemical efficiency and photosynthetic capacity. In
the controlled experiments no sampling was conducted around dawn so nothing can be said
about possible CBF induction at this time. This stresses the importance of frequent sampling,
especially around shifts in temperature and light, as transient peaks can easily be missed.
In su mmary
Although not a model-genus, Draba does present an interesting model system with a lot of
variation in morphology, physiology and genetics. It allows for comparisons in the cold
response of species from different geographical regions, of perennial and annual plant
species, and species with differing growth forms. Although we are still far from understanding the cold response of Draba, the following main conclusions emerged from this thesis:
» Draba species share genes of the cold response pathway with Arabidopsis, but also contain novel genes and show different responses. This merits additional research by, for
example, studying CBF overexpression/knock-outs in transgenic plants.
» Gene expression patterns (CBF, COR15, and ZAT10) under controlled circumstances in
the laboratory differed from those measured in the field. When investigating plants in the
field, genetic variation between individuals, developmental stage, plant age and micro
habitat may all influence results. Despite the obvious challenges, more field studies are
needed if we want to gain insights in the evolution of cold responses in plants.
» Tropical-alpine D. hookeri has low CBF transcript and low metabolite levels in response
to cold, does not cold acclimate and is the most freezing sensitive of all investigated
Draba species.
» Arabidopsis thaliana Col-wt accession from a temperate region was more freezing tolerant than any of the Draba species investigated, some originating from extreme habitats.
It also showed the strongest acclimation response.
» Temperate, D. verna had CBF and COR15 expression patterns that most resembled that
of Arabidopsis, but low metabolite levels that increased marginally in response to cold.
Cold acclimation greatly enhanced this species’ freezing tolerance.
» The other temperate and most freezing tolerant Draba species, D. muralis, has constitutively high proline levels, calling for additional research.
» Arctic-alpine D. nivalis had a similar CBF expression pattern to D. hookeri, but was more
freezing tolerant. However, not as tolerant as we expected for a species with an arcticalpine origin. D. nivalis was the species that benefitted most from a one-week 21/4°C
acclimation period, suggesting that the duration of the acclimation period may affect
species differently.
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» Experiments under controlled conditions show that differences in the freezing tolerance
between tropical-alpine, arctic-alpine and temperate Draba species are determined at the
genetic level.
» Because the Draba species investigated in this thesis differ in freezing sensitivity from
A. thaliana Col-wt, the genus could provide novel information about cold responses
including genes and pathways that may not be found in other (model) taxa.
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raba is a genus with species occurring worldwide in various geographical regions. The
genus, thus, provides the opportunity to investigate how species have adapted to different environments. This thesis compares the cold response of Draba species originating from
tropical-alpine regions with species from arctic-alpine and temperate regions. Tropicalalpine regions are characterised by a year-round growing season, which differs considerably
from the seasonal arctic-alpine and temperate regions. In equatorial high altitudinal (i.e.,
tropical-alpine) mountains low temperatures occur on a daily basis; within 24hours a warm
‘summer’ day can be followed by a cold night during which freezing is not exceptional. In
contrast, arctic-alpine regions are generally characterized by long, cold winters where even
during summer months the possibility exists that temperatures drop below zero. Plants
occurring in these regions have to be prepared for frequent periods of freezing. Those growing in temperate regions, have to cope with periods of frost only during winter and early
spring. We hypothesise that the cold response of temperate plants differs from that of their
arctic- and tropical-alpine relatives.
Cold is a limiting factor to the distribution of plants worldwide. Since plants are sessile
organisms they have to adapt to the local circumstances present in their habitat in order to
survive. Plants have developed a wide array of responses to cope with low temperatures.
This can include morphological adaptations such as leaves covered with trichomes (i.e.,
hairs), a compact growth form, or small leaves arranged in rosettes. Plants also adapt to cold
at a physiological level by producing extra sugars or metabolites, which function as
antifreeze compounds and protect the cell from freezing damage. In addition, some plant
species have the option of ‘cold acclimation’. This is a process by which plants can enhance
their tolerance to sub-zero temperatures after a pre-exposure to low but non-freezing temperatures.
When a plant is exposed to cold, a signaling cascade is triggered which results in an
increased ability of plants to withstand frost. This process is generally referred to as the cold
response pathway of plants and several genes crucial to this process have been characterized. The focus of this thesis is twofold: first we have investigated the expression of genes
involved in the cold response pathway in different Draba species. Second, we have investigated the juvenile survival and electrolyte leakage (i.e., degree of cellular damage) of the
same species in response to freezing.
To investigate the cold response of different Draba species a unique experiment was
designed to simulate the natural variation in light and temperature occurring in equatorial
mountains. Juvenile plants were grown under a 21/15°C (day/night) temperature regime
with a 12h photoperiod. The subsequent cold treatment involved a shift to a 21/4°C
(day/night) temperature regime during which the 12h photoperiod was maintained. These
experimental conditions were chosen in order to simulate the natural circumstances present
in tropical high altitudinal mountains of Ecuador. Similar temperature and light conditions
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are encountered in spring and fall in temperate regions and occasionally in arctic-alpine
regions. The main focus of this thesis is the comparison of the cold response pathway
between two temperate Draba species (D. verna and D. muralis), one arctic-alpine (D.
nivalis) and one tropical-alpine Draba species (D. hookeri). Throughout the controlled
experiments, Arabidopsis thaliana was included as a frame of reference.
Research in the model plant system Arabidopsis thaliana has shown that CBF genes
(coding for transcription factors) play a crucial role in the cold response of plants. In
response to cold CBF genes are induced triggering the expression of COR genes, which in
turn results in an enhanced cold tolerance. This transcriptional response is commonly
referred to as the ‘CBF regulon’ and has been shown to be functional in many plant species.
To investigate if and how the CBF regulon is involved in the cold response of Draba
species, we cloned homologous genes from Draba by means of a PCR strategy. This thesis
reports the identification of three classes of CBF and two classes of COR genes (one of
which proved to have an unusual structure) in Draba. Our results demonstrate that the investigated genes are induced in response to cold treatment and that the kinetics of CBF and
COR15 genes differ between Draba species. The most abundant CBFc gene, present in the
two temperate species, is expressed earlier in response to cold than CBFa present in the arctic- and tropical-alpine species. This difference in induction of both CBF genes did not
translate into a different timing of COR15 induction in the different Draba species. In other
words, the sequence of induction was always the same, but the timing between CBF and
COR15 expression varied. Remarkably, CBF and COR15 expression levels were 10 to 20fold lower in Draba than in Arabidopsis. We, therefore, conclude that the identified CBF
genes in Draba do not fulfill the same function as in Arabidopsis. Additional research by
means of, for example, overexpression or knockout lines (transgenic plants) is needed to
gain a better insight into the functional role of the CBF regulon in Draba.
In order to investigate whether the obtained differences at expressional level resulted in
differences at metabolite level, the proline and sugar content of Draba plants was subsequently analyzed (by E. Zuther of the MPI in Golm). Proline levels, which increase in
response to cold in Arabidopsis, did not change in response to cold treatment in Draba.
Temperate D. muralis had a constitutive high proline level, thereby calling for additional
research. Raffinose, a sugar known to accumulate during cold acclimation in Arabidopsis
does not appear to accumulate in two of the three investigated Draba species in response to
cold. No clear-cut relationship between induction of gene expression and accumulation of
proline and sugars appears to exist in Draba.
After having investigated the molecular aspects of the cold response we investigated the
freezing tolerance of different Draba species next. This was done by determining the juvenile survival of seedlings at temperatures ranging from –5°C to –15°C. Additionally, the
amount of tissue damage that occurred during freezing was investigated. During both experiments we determined whether cold acclimation resulted in a higher freezing tolerance.
When all species were grown under the same conditions prior to their exposure to sub-zero
temperatures, some species proved to be more freezing tolerant than others. Surprisingly,
Arabidopsis thaliana ecotype Col-wt proved to be the most freezing tolerant species. Of all
investigated Draba species, the two temperate species turned out to be the most freezing tolerant, while tropical-alpine D. hookeri was most freezing sensitive. With the exception of D.
hookeri, cold acclimation resulted in an enhanced freezing tolerance in all species. The
observed differences in freezing tolerance of acclimated tropical-alpine, arctic-alpine and
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temperate Draba species suggest adaptations to the temperature variation of their natural
habitats at a genetic level.
Tropical-alpine D. hookeri proved to be the most freezing sensitive Draba species that
displayed a poor ability to enhance its freezing tolerance by cold acclimation. In an environment where large shifts in temperature occur within a 24h period, we do not expect a gradual increase in freezing tolerance to be useful to the survival of the plant. This in contrast to
species occurring in arctic-alpine or temperate regions that can enhance their freezing tolerance gradually due to the shifts in season. Therefore, a release of selective pressure may
have resulted in a loss of ability for D. hookeri to cold acclimate. Nonetheless, this species
survives well in its natural habitat. This suggests that this habitat may be less extreme compared to other climates or other Draba species.
Finally, to investigate whether the cold response pathway is also induced under natural
circumstances the CBF expression of five Draba species growing in their natural habitat in
Ecuador was analyzed. Despite different weather conditions in the various research sites, all
investigated species showed an induction of CBF expression. A comparison between the
average expression levels measured in the field and the laboratory demonstrated that adult
plants in the field have higher expression levels (>10-fold) than juvenile plants in the laboratory. In addition, expression patterns as found in the laboratory do not match those found
in the field. Contrary to the results from the laboratory experiments, the field results also
revealed CBF induction at dawn. This suggests a possible role for CBF at daybreak when
temperatures are still low, but plants already start to photosynthesize. Detected differences
between field and laboratory experiments highlight the importance of more field experiments, despite the challenges one faces in the field – especially 3900m above sea level – and
the amount of factors one cannot control.
Although Draba is not yet a model system like Arabidopsis, it is a genus worth investigating. Especially the amount of variation present at genetic, morphological, and physiological level is plenty. This genus, further, offers the possibility to compare species from different geographical regions with one another, but also plants with differing growth forms,
annual and perennial plants, as well as diploid and polyploidy species. Due to its difference
in freezing tolerance with Arabidopsis, Draba could provide novel information in relation
to genes or transcriptional pathways not yet discovered in other (model) taxa.
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oorten van het genus Draba komen verspreid over de hele wereld voor. Dit biedt ons de
mogelijkheid om te onderzoeken hoe soorten uit verschillende leefomgevingen om kunnen gaan met kou en vorst. In dit proefschrift is de reactie op koude van Draba-soorten uit
tropisch-alpiene gebieden vergeleken met die van Arctisch-alpiene soorten en soorten uit
gematigde gebieden. De tropische hooggebergten worden gekenmerkt door een jaarrond
groeiseizoen, terwijl groei in Arctische en gematigde regio’s seizoensgebonden is. In de tropische hooggebergten komen regelmatig lage temperaturen voor; binnen 24 uur kan een hete
dag gevolgd worden door een koude nacht waarbij nachtvorst niet uitzonderlijk is. Arctischalpiene regio’s hebben lange, koude winters en zelfs gedurende de zomer kan het ’s nachts
vriezen. Planten die hier groeien moeten beter voorbereid zijn op koude temperaturen dan
planten uit gematigde gebieden, waar vorst periodiek in de winter of het vroege voorjaar
voorkomt. Onze werkhypothese was dat de kouderespons van gematigde soorten verschilt
van die van tropisch- en Arctisch-alpiene soorten.
Lage temperaturen zijn wereldwijd een limiterende factor voor de verspreiding van
planten. Vanwege hun vaste standplaats moeten planten zich aan de aanwezige lokale
omstandigheden aanpassen om te overleven. Planten hebben een breed scala aan aanpassingen ontwikkeld om zich tegen lage temperaturen te wapenen. Dit kunnen fysieke aanpassingen zijn, zoals een compacte groeivorm, behaard bladoppervlak of kleine, in een rozet
gerangschikte bladeren. Ook op fysiologisch niveau kunnen planten zich aanpassen,
bijvoorbeeld door extra suikers of metabolieten aan te maken die als antivries fungeren en
de cel beschermen tegen vorstschade. Een belangrijk onderdeel van de fysiologische aanpassing van planten is ‘koude-acclimatisatie’. Dit is een proces waarbij planten hun vorsttolerantie kunnen verhogen na een initiële blootstelling aan lage temperaturen die nog wel
boven het vriespunt zijn.
Bij blootstelling aan kou wordt een kettingreactie in gang gezet die uiteindelijk leidt tot
het activeren van het vermogen van planten om zich tegen vorst te wapenen. Er zijn verschillende genen bekend die een cruciale rol spelen in deze zogenaamde kouderespons. De
focus van dit proefschrift is daarom tweeledig; enerzijds hebben we de expressie van genen
die betrokken zijn bij de kouderespons van planten onderzocht in verschillende Drabasoorten. Anderzijds hebben we van dezelfde soorten overleving van juveniele planten en de
mate van celschade als gevolg van vorst onderzocht.
Om de kouderespons van de verschillende Draba-soorten te onderzoeken, werd een
uniek experiment opgezet waarbij de natuurlijke fluctuatie in licht en temperatuur werd
gesimuleerd. Zaailingen werden bij een 21/15°C (dag/nacht) temperatuurritme en een 12urige fotoperiode opgekweekt. De koudebehandeling daarentegen bestond uit een omschakeling naar een 21/4°C (dag/nacht) temperatuurritme met behoud van de 12-urige fotoperiode. Op deze wijze werden de natuurlijke omstandigheden, zoals die zich in de tropische
hooggebergten van Ecuador voordoen, nagebootst. Vergelijkbare omstandigheden komen in
het voor- en najaar in de gematigde regio voor en incidenteel in het Arctisch gebied.
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Dit proefschrift concentreert zich op de vergelijking van de kouderespons in twee
gematigde Draba-soorten (D. verna en D. muralis), één Arctisch-alpiene (D. nivalis) en één
tropisch-alpiene Draba-soort (D. hookeri). De modelplant Arabidopsis thaliana is als referentie bij alle gecontroleerde experimenten gebruikt.
Uit onderzoek aan de model plant Arabidopsis thaliana is gebleken dat CBF-genen
(coderend voor transcriptiefactoren) een belangrijke rol spelen in de kouderespons. CBFgenen worden in reactie op kou geïnduceerd, wat tot de expressie van de COR-genen leidt,
die op hun beurt een verhoogde koudetolerantie in de plant teweegbrengen. Deze transcriptionele respons wordt als het ‘CBF-regulon’ beschreven en is in vele plantensoorten functioneel gebleken. Om te kunnen onderzoeken of en hoe Draba-soorten het CBF regulon
gebruiken in hun kouderespons hebben wij door middel van een PCR-strategie de homologe
genen uit Draba gekloneerd. In dit proefschrift rapporteren wij de identificatie van drie
klassen CBF- en twee klassen COR15-genen (waarvan één met een afwijkende structuur) in
Draba. Onze resultaten demonstreren dat een koudebehandeling resulteert in een verhoogde
expressie van de onderzochte genen en dat de kinetiek in expressie van CBF en COR15 verschilt tussen Draba-soorten. Zo komt het meest voorkomende CBFc-gen in de twee
gematigde soorten sneller tot expressie in reactie op koude dan het CBFa-gen in de Arctischen tropisch-alpiene soorten. Dit verschil in inductie van CBF-expressie leidde echter niet tot
een verschil in het moment waarop de COR15 homologe genen in de verschillende soorten
tot expressie kwamen. Kortom, de volgorde van inductie was altijd gelijk, maar de tijd
tussen de expressie van CBF en COR15 varieerde. Opvallend was dat het expressieniveau
van CBF en COR15 in Draba 10-20x lager bleek te zijn dan in Arabidopsis. Hierdoor concluderen wij dat de in Draba geïdentificeerde CBF- en COR15-genen niet dezelfde functie
vervullen als in Arabidopsis. Aanvullend onderzoek aan de hand van bijvoorbeeld overexpressie of ‘knockout-lijnen’ (transgene planten) is nodig om meer inzicht te krijgen in de
functionele rol van het CBF-regulon in Draba.
Om te onderzoeken of de gevonden verschillen op genexpressieniveau ook verschillen op
metabolietniveau tot gevolg hebben, is vervolgens het proline- en suikergehalte van de
planten geanalyseerd (door dr. E. Zuther van het MPI Golm). Het prolinegehalte, dat een
duidelijke toename in reactie op kou liet zien in Arabidopsis, veranderde niet in Draba na
de koudebehandeling. De soort uit de gematigde zone, D. muralis had een constitutief hoog
prolinegehalte, wat mogelijkheden tot aanvullend onderzoek biedt. Een andere suiker, raffinose, welke geacht wordt belangrijk te zijn in de koudetolerantie van Arabidopsis, nam na
de koudebehandeling in twee van de drie onderzochte Draba-soorten toe. Er bleek geen
sprake te zijn van een eenduidige relatie tussen inductie van de genexpressie en de toename
van proline en suikers in Draba.
Na de moleculaire aspecten van de kouderespons onderzocht te hebben, richtten we ons
vervolgens op de vorsttolerantie van Draba-soorten. Hiervoor werd de overleving van juveniele planten (zaailingen) bepaald bij temperaturen van –5 tot –15°C. Daarnaast hebben we
onderzocht hoeveel weefselschade er optreedt bij vorst. In beide experimenten werd onderzocht of Draba-soorten in staat zijn door koude-acclimatisering hogere vorsttolerantie te
verkrijgen. Wanneer alle soorten onder gelijke omstandigheden werden opgekweekt voordat ze aan vorst werden blootgesteld, bleek dat sommige soorten vorsttoleranter zijn dan
anderen. Arabidopsis-ecotype Col-wt bleek het meest vorsttolerant van alle onderzochte
soorten. Van de Draba-soorten tolereerden de twee soorten uit de gematigde zone de laagste temperaturen, terwijl de tropisch-alpiene D. hookeri het meest vorstgevoelig was.
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Koude-acclimatisering leidde in alle soorten, met uitzondering van D. hookeri, tot een toename in vorsttolerantie. De gevonden verschillen in de vorsttolerantie van geacclimatiseerde
tropisch-alpiene, Arctisch-alpiene en gematigde Draba-soorten suggereert genetische adaptatie aan de temperatuuromstandigheden in hun natuurlijke habitat.
Tropisch-alpiene D. hookeri blijkt de meest vorstgevoelige Draba te zijn, die ook het vermogen mist om door middel van koude-acclimatisatie zijn vorsttolerantie te verhogen. In
een omgeving waar temperatuursschommelingen binnen een etmaal groot zijn, verwachten
wij dat een geleidelijke methode voor het verhogen van de vorsttolerantie voor planten geen
nut heeft. Dit in tegenstelling tot soorten die in Arctisch-alpiene of gematigde gebieden
voorkomen en die door het wisselen van seizoenen hun vorsttolerantie langzaam kunnen
opbouwen. Hierdoor is het mogelijk dat een afname in selectiedruk heeft geleid tot verlies
van het vermogen tot acclimatisatie aan koude omstandigheden in D. hookeri. Desondanks
overleeft deze soort goed in zijn natuurlijke omgeving. Dit impliceert dat deze omgeving
mogelijkerwijs minder extreem is dan die van een ander klimaat of dat van andere Drabasoorten.
Om te onderzoeken of de kouderespons onder natuurlijke omstandigheden wordt geïnduceerd, is in dit proefschrift ook de CBF-expressie van vijf tropisch-alpiene Draba soorten
in de natuurlijke habitat in Ecuador bestudeerd. Ondanks de aanwezige variatie in klimatologische omstandigheden tussen de onderzoeksgebieden bleek dat de CBF-genen in alle
onderzochte soorten geïnduceerd werden. Een vergelijking tussen de expressieniveaus
onder gecontroleerde en veld omstandigheden toont aan dat volwassen planten in het veld
een hoger niveau (>10x) van CBF-expressie hebben dan juveniele planten in het laboratorium. Daarbij blijkt dat de expressiepatronen zoals gevonden in het laboratorium vaak niet
overeenkomen met die uit het veld. In tegenstelling tot de laboratoriumresultaten demonstreren de veldresultaten ook een CBF-inductie bij zonsopkomst. Dit suggereert een
mogelijke rol voor CBF aan het begin van de dag wanneer de temperatuur nog laag is en het
proces van fotosynthese begint. Verschillen tussen laboratorium- en veldexperimenten
benadrukken de noodzaak van meer veldexperimenten, ondanks de uitdagingen die men in
het veld aantreft – zeker op 3900 m boven zeeniveau – en de hoeveelheid factoren waar men
geen controle over heeft.
Hoewel Draba nog geen genetisch modelsysteem is zoals Arabidopsis, is het een interessant genus om te onderzoeken. Met name de variatie op morfologisch, genetisch en fysiologisch vlak is enorm. Verder biedt het genus Draba de mogelijkheid om soorten uit verschillende geografische regio’s met elkaar te vergelijken, evenals planten met verschillende
groeivormen, éénjarige en meerjarige planten en tenslotte diploïde en polyploïde soorten.
Vanwege het gevonden verschil in vorsttolerantie met Arabidopsis zou Draba nieuwe informatie kunnen leveren met betrekking tot genen en of transductieroutes die nog niet in andere
(model)taxa zijn aangetroffen.
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llereerst wil ik mijn beide promotoren Peter en Michel bedanken voor alle discussies,
waardevolle input en uiteraard de uiteindelijke totstandkoming van dit proefschrift.
Vooral in het laatste jaar hebben onze discussies mij keer op keer gemotiveerd om het
meeste uit de data te halen. Michel, jij hebt mij als geen ander uitgedaagd om meer uit het
onderzoek en uit mezelf te halen. Het enthousiasme waarmee jij elke keer weer naar de
data kon kijken en jouw heldere formuleringen zijn een echte inspiratiebron geweest.
Peter, jouw kritische blik, theoretische kennis en vermogen om zaken in een duidelijke
context te plaatsen hebben mij geholpen om gefocust te blijven. Jij was ook degene die
mij eraan herinnerde om af en toe wat afstand van het geheel te nemen en mezelf niet constant tot het uiterste te drijven. Bovendien durfde jij het als eerste aan om in Ecuador met
mij het veld in te gaan. Dank voor al jullie inzet, geduld en vertrouwen in mij. Ik heb onze
samenwerking altijd als zeer prettig ervaren en het heeft mij bovendien de unieke kans
geboden om kennis uit jullie beider vakgebieden te combineren en met veel verschillende
collega’s samen te werken. Mede hierdoor is mijn promotietraject een zeer waardevolle
ervaring geweest.
I am heartily thankful to Ihsan for my warm introduction into the world of Draba. From
the moment I saw your car with the Draba license plate I think your enthusiasm rubbed off
on me. I will never forget the incredible generosity and hospitality you showed me, despite
your busy schedule, when I visited the Missouri Botanical Garden in San Luis in 2005. If
you are ever in Amsterdam, please let me know, for I would like to return the favour. Your
knowledge, advice and determinations have been crucial for my project and I am happy to
have contributed my share in the knowledge on Draba through this research.
Ellen Zuther of the MPI in Golm and Ingrid Jordan-Thaden from the Heidelberg
Institute for Plant Science I would gratefully like to thank for their collaboration and contribution to this project. I wish you both prosperous scientific careers. Lovisa Gustafsson
from the National Centre for Biosystematics in Oslo I wish good luck with her PhD
research.
Gerard, mede dankzij jouw steun en vertrouwen in mij ben ik destijds aan dit promotieavontuur begonnen. Dank voor je onuitputtelijke enthousiasme voor het vak en je bereidheid om altijd maar weer je kennis met anderen te delen. Je bent echt een inspiratie voor
menig student! Dank ook voor jouw belangrijke bijdrage aan het veldonderzoek. Samen
hebben wij de eerste veldexperimenten in de hooggebergten van Ecuador uitgevoerd waar
jij je ondanks de hoogte (minimaal 3900 m) en alle andere uitdagingen (het ’s nachts verzamelen van plantmateriaal, het beklimmen van de Rucu Pichincha vulkaan met een loodzware rugzak gevuld met eten, tent en fotomateriaal, het kamperen in een Chevrolet Corsa
en het niet ongevaarlijke Ecuadoriaanse verkeer) niet van het onderzoek hebt laten weerhouden. Het is altijd een genoegen om met jou het veld in te gaan en van je te leren. Bedankt
ook voor je vriendschap!
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Rob en Thomas, jullie waren mijn eerste en uiteindelijk enige stagestudenten. Bedankt
voor jullie deelname aan het grote Ecuadoriaanse avontuur ;-) en het vertrouwen wat jullie
in mij stelden! Jullie hebben als echte bikkels alle ritten naar de onderzoeksgebieden, opgebroken nachten, barre weersomstandigheden en simpele kampeervoorzieningen (of gebrek
daaraan) doorstaan. Ik heb ontzettend veel lol met jullie gehad en zonder jullie hulp had ik
nooit die waardevolle velddata kunnen verzamelen. Ook als collega is het altijd ontzettend
prettig samenwerken met je geweest, Thomas. Jouw vriendschap, vrolijkheid en grappen
waren altijd een fijne afleiding als ik weer eens drie dagen na elkaar op kantoor aan het kamperen was. Ik wens jullie beiden heel veel succes met jullie onderzoek/werk en Thomas, ik
kijk er naar uit straks jouw proefschrift te mogen lezen!
I would like to thank all my fellow EPS colleagues for their contribution to this project.
Eric, I am really happy you joined our group. Thanks for all your advice, valuable input, the
discussions, and continuing with the cold research. It has been great working with you en ik
wens jou, Paige en de kinderen vele mooie jaren hier in Amsterdam! Pieternella, hoewel wij
maar kort collega’s zijn geweest, hebben we wel meer dan een jaar (of twee?) een kantoor
gedeeld. Gedurende deze tijd heb ik veel van jou geleerd en ik wens je veel succes met jouw
verdere carrière. We kunnen Bibi en mijn bezoek aan jou en de jongens nu echt gaan plannen! Als er twee vrouwen zijn die een carrière met een gezin weten te combineren, zijn jij
en Katja het wel. Ik heb echt bewondering voor jullie beiden! Marc, bedankt dat je mij wegwijs maakte in het AIO-schap, in de SEE introduceerde en voor alle discussies. Je bent nog
steeds befaamd om je (of liever Katya’s) soepen! Hopelijk hebben jullie het naar jullie zin
in Portugal. Melis (promising young scientist!) and Yorike, I wish you both good luck with
the remainder of your PhD research. If there are two determined young female scientists out
there, it’s you and I’m sure you’ll both be successful in your future careers! It is very nice
to know that someone is continuing the cold research, Heo, so the best of luck with your
PhD. Alex B., Danny en Patrick, jullie ook bedankt voor jullie collegialiteit en veel succes
met jullie carrière gewenst. Jan W., bedankt voor de altijd interessante en gezellige
gesprekken en heel veel succes gewenst met het epifytenonderzoek. Ontzettend leuk dat het
onderzoek in Mexico eindelijk van de grond komt! Peter A., bedankt voor de interessante
gesprekken en je vriendschap. Het was altijd gezellig om samen met jou een cursus te assisteren.
Peter K., wat was ik blij toen jij mijn Draba-lotgenoot werd in het lab! ;-) Dit proefschrift had er nooit zo uit kunnen zien zonder al het werk en de toewijding die ook jij in
dit project hebt gestopt. Weet jij nog hoeveel je hebt gekloneerd, gensequenties geanalyseerd en LAST BUT NOT LEAST hoeveel qPCR’s je er doorheen hebt gejast? Bovendien
ben je een ontzettend gezellige collega met wie het altijd prettig samenwerken is geweest.
Voor mij ben en blijf je altijd DE labheld! Betsie en Lin, dank ook voor al jullie steun in
het lab (en daarbuiten) en voor de gezelligheid in de ‘suite’. Lieve Rob en Louis, geen
vraag was jullie ooit te veel en waar mogelijk waren jullie altijd bereid om te helpen, of
gewoon even gezellig een praatje te maken. Ik draag jullie beiden een warm hart toe. Hans
den N., ik heb als student en promovendus veel van je geleerd. Zo zal ik nooit vergeten
hoe je mij een blik Haagse Hopjes meegaf voor een kennis in the Missouri Botanical
Garden om het contact als het ware ‘warm’ te houden. Geniet van je pensioen! Ferry, Jan
D. en Inga, ook jullie bedankt voor jullie collegialiteit. My former-lab colleagues Vera,
Annika, and Joana I thank you for your companionship and for being in the SEE committee together. Ook de andere SEE leden wil ik bedanken. Ik vind het leuk je via de SEE te
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hebben leren kennen, Roos. Tussen het afronden van je promotie en je tweede kindje op
komst, belooft het komende jaar spannend voor je te worden, maar ik ben ervan overtuigd
dat het je prima zal vergaan. Ik wens je heel veel geluk toe met beide kindjes! Succes met
alle voorbereidingen voor je promotie in het najaar, Niccola. Veel plezier gewenst! ;-)
Onze mede-ganggenoten (zowel in oud- als nieuwbouw) Hans B., Steph, Peter R. en Katja
wil ik graag bedanken voor alle interessante discussies, hun gezelligheid maar vooral ook
hun collegialiteit. Jammer genoeg ben ik niet in mijn opzet geslaagd, Steph, om jou mijn
promotiecommissie voor te laten zitten. Dat komt er blijkbaar van als je de dingen TE
goed probeert te regelen, maar gelukkig zit je wel in de commissie ;-) Antoine en Henry,
dank voor jullie interesse in mijn project en jullie poging mij te helpen met het verkrijgen
van een onderzoeksvergunning in Ecuador.
GJ, jij bent eigenlijk degene die samen met de andere Plantfys collega’s mij tijdens mijn
stage destijds enthousiast heeft gemaakt voor de moleculaire biologie. Jouw interesse in de
koudeaanpassing van planten heb jij op een zeer leuke en aanstekelijke manier op mij
overgebracht. Kortom, mede dankzij jou ben ik aan dit onderzoek begonnen en ik vind het
dan ook ontzettend leuk dat je in mijn promotiecommissie zit. Thanks! Rob, bedankt dat je
mij als buitenbeentje in jouw groep hebt opgenomen en mij van al jullie ervaring, kennis,
maar ook gezelligheid deelgenoot hebt gemaakt. Heel veel succes met het vluchtige stoffenonderzoek en de verdere ontwikkeling van je groep. Christa, jij ook bedankt voor je hulp,
interesse en collegialiteit. Ik vind het ontzettend leuk voor je dat het zo goed gaat met je
onderzoek, dat al je harde werk wordt beloond en dat je er zo zichtbaar van geniet. Ik heb
bewondering voor de manier waarop jij en Frank jullie succesvolle wetenschappelijke carrière met het gezinsleven weten te combineren; leuk om te zien! Aan de ‘oude’ garde plantfysiologen Chris, Bastiaan, Juliaan, Kai, Bas, Joop, Rosanna, Teun en Saskia: bedankt dat
jullie me hebben laten zien hoe je hard werken in het lab prima kunt combineren met gezelligheid. Wie heeft ooit gezegd dat labwerk saai is? ;-) Steven, als metgezel in het koudeonderzoek, wil ik jou in het bijzonder bedanken voor al jouw kennis en hulp bij de juveniele
overlevingsexperimenten. Het was een fijne afwisseling om eindelijk niet eens alleen die
koude-experimenten uit te hoeven voeren. Jouw doorzettingsvermogen en toewijding zijn
inspirerend! Bovendien vind ik het hartstikke leuk dat we bijna gelijktijdig klaar zijn. Als je
dit leest, zitten ook voor jou hopelijk de laatste loodjes erop en mag ik je bijna als Dr. Arisz
feliciteren! Piet, bedankt voor alle hulp in het lab! Ook de ‘nieuwe’ garde plantfysio’s Alex
(gij zijt de volgende!), Ringo, Mirjam, Petra, Eleni, Sylke, Fion, Carlos en Wendy bedankt
voor jullie collegialiteit.
Kantje, bedankt voor al je steun, adviezen (gevraagd of ongevraagd ;-) en vooral je
vriendschap. Mede dankzij jou ben ik dat eerste jaar goed doorgekomen en jouw steun tijdens mijn eerste drie maanden veldwerk in Ecuador hebben me door menig dalletje
geholpen. Was jij niet degene die zei dat je vooral niet moet verwachten tijdens je eerste
jaar al bruikbare data te verkrijgen? ;-) Jammer dat door de jaren heen Tante helemaal verwaterd is en nu zelfs niet meer bestaat… Wie weet komen we er ooit aan toe een nieuwe
stek te vinden! Michiel, ik vond het wel lachen om samen met jou destijds paranimf te
zijn. Ik ben benieuwd wat voor interessant onderzoek jij en Merijn nog allemaal gaan
bedenken! ;-)
La cálida bienvenida de la buena gente de Ecopar me hizo sentir como en casa. A todos
ellos gracias por su amistad y su disposición a ayudarme cuando fue necesario: Johnny,
Erica, Pool, Lucho, Robert y todos los otros. Mis tres amigos Xiomara, Maria Elena y
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Fernando fueron un apoyo constante durante todo mi trabajo en Ecuador. Les estaré
inmensamente agradecido por compartir conmigo momentos bellos y cargados. Sin ustedes nunca podría haber cumplido mi trabajo de campo. Fer, tu y Omar hicieron mi tiempo en Ecuador inolvidable. Nunca les olvidaré! La gente de CIP Quito agradezco por su
hospitalidad y ayuda. Gracias también a los empleados de Tambopaxi, el guardia parque
de Guagua Pichincha y los guardias parques del Parque Nacional de Cajas. Inge, jij ook
bedankt voor de gezellige tijd in Quito en voor het delen van een kamer. Veel succes met
je onderzoek!
Lieve Betty, Tanya, Mary en Saskia dank voor al jullie hulp! Wat is het toch ontzettend
fijn om collega’s te hebben bij wie je altijd binnen kunt lopen met een vraag of om gewoon
even gezellig een praatje te maken. Als je zo opgeslorpt wordt door je onderzoek is dat best
een aangename afwisseling ;-) Een speciale dank ook voor jouw hulp gedurende deze laatste fase, Saskia, wanneer er zoveel papierwerk ingevuld en opgestuurd moest worden.
Heleen, bedankt voor jouw praktische hulp destijds, nadat ik beroofd was in Ecuador. Jody,
Ada en Frank wil ik graag bedanken voor het regelen van alle praktische zaken die achter
het onderzoek schuilgaan. Dankzij jou, Jody, is er uiteindelijk een airco gekomen in de
ruimte waar mijn klimaatkast kwam te staan, waardoor ik mijn experimenten naar behoren
uit kon voeren. Bovendien kon enkel jij binnen de kortste keren de juiste persoon erbij halen
als er een probleem of een technische storing was. Hopelijk genieten jij en Ada beiden van
jullie pensioen.
Jan van A. en Jan B., bedankt voor al jullie geduld en jullie hulp om mijn proefschrift zo
mooi vorm te geven. Toen we aan onze samenwerking begonnen, wist ik nog niet goed hoe
of wat ik wilde, maar gaandeweg kreeg het geheel steeds meer vorm. Ik ben dan ook zeer
benieuwd naar het einderesultaat en hoe het zal zijn om dit straks in het proefschrift terug te
lezen! Ik vind het nu al mooi, dus dat kan alleen maar beter worden ;-) Jan, ik heb het als
een ontzettende luxe ervaren om jouw studio in te kunnen lopen, wetende dat als ik weer
weg zou gaan het met een mooi product zou zijn. Of het nu om een poster ging, een foto of
scan van een plant, een figuur voor dit proefschrift of zelfs de omslag ervan. Hartelijk
bedankt hiervoor!
Michael bedankt voor de gesprekken als ik ’s avonds laat nog aan het werk was en jij tijdens je ronde langskwam. Zowel jij als Iwan R. waren altijd even hartelijk en bereid om te
helpen als ik een postpakket kwam halen of er sleutels of zalen geregeld moesten worden.
Ik zal jullie gezelligheid niet snel vergeten en wens jullie beiden veel geluk toe. Iwan S.,
bedankt voor de altijd ondersteunende knuffel en je interesse. Jammer dat ik je na de verhuis naar de nieuwbouw zo weinig meer heb gezien!
En dan zijn er natuurlijk nog De Buurmannen!!! Lieve Ludek, Harold en Thijs, dank voor
alle goede zorgen voor mijn planten, de honderden potjes met aarde die jullie me hielpen
vullen ten behoeve van mijn onderzoek, maar vooral ook voor alle gesprekken, jullie
vrolijkheid en vriendschap! Waar vind ik ooit nog zulke Buurmannen? Ludek, ik voel me
vereerd een Tikography in mijn proefschrift te hebben! ☺
Mijn nieuwe collega’s bij Witteveen+Bos en vooral Wouter, Peter, Sonja, Alice, Ilse,
Diederik, Lennart en Ilja wil ik bedanken voor de hartelijkheid waarmee jullie mij in de
groep hebben opgenomen, jullie gezelligheid, geduld en steun. Ook alle andere collega’s,
waaronder mijn nieuwe groepsgenoten van Integraal Waterbeheer wil ik bedanken voor hun
interesse, collegialiteit en vooral ook de goede sfeer op kantoor. Ik kijk er naar uit om straks
met hernieuwde energie met jullie samen te werken!
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My dear friends Vladimir, Alfredo, Alan (gracias por tu linda amistad), Gaby, Ulrika
(thank you for your wonderful support the last months) and all the others who supported me
from a far and stood by me despite me missing your wedding Ulrika , or my long communication silence. Thank you for your continued support and interest, I really appreciate
it! Lieve Bibi en Hanneke, wat te gek dat jullie mijn paranimfen willen zijn. Ik kan daar toch
moeilijk in mijn eentje tegenover zo’n mannelijk commissiefront gaan staan ;-) Jullie
hebben mij vanaf het begin tot het einde gesteund! Jullie vriendschap is mij heel dierbaar.
Hanneke, ik zal nooit vergeten dat je mij op een heerlijke quiche, ijs en een DVD’tje trakteerde toen ik weer eens avonden na elkaar op de universiteit aan het kamperen was. Jij was
er altijd om mij weer een hart onder de riem te steken. Ik heb genoten van al onze
gesprekken en moet er nog steeds aan wennen dat ik niet zo maar even bij je langs kan lopen
of vice versa. Dank ook voor het nakijken van de NLse teksten in dit proefschrift. Ik ben
echt ontzettend benieuwd naar jullie ontwerp van de uitnodiging voor het feest! Nu dat het
einde van deze vijf jaar eindelijk in zicht is, hoef ik hopelijk nooit meer een verjaardag te
missen, Bibi! ;-) Jij ook bedankt voor je luisterend oor en de gezelligheid en warmte van je
bijzondere gezin.
En dan ben ik eindelijk bij mijn lieve familie aangekomen. Oma, ook u hartelijk bedankt
voor uw voortdurende steun en interesse vanuit Groningen. Onze telefoongesprekken op
zondagmiddag waren altijd weer een steuntje in de rug. Uw kracht en vitaliteit vind ik
bewonderenswaardig en ik hoop uit de grond van mijn hart dat u er op 10 september ook bij
kunt zijn. Olmo en Elles, ook helemaal vanuit Zuid-Afrika voelde ik me door jullie gesteund
en ik hoop echt dat er nu voor mij wat rustiger tijden aanbreken zodat we wat regelmatiger
contact met elkaar kunnen hebben. Natuurlijk kom ik jullie ook EINDELIJK opzoeken. Ik
heb nu echt geen excuus meer ;-) en mis jullie echt!
Lieve Roel en Marjon, door ALLES wat jullie voor mij de afgelopen jaren hebben
gedaan, hebben jullie mij voor de uitdaging gesteld hoe jullie ooit te bedanken. Behalve dan
door dit promotietraject tot een goed einde te brengen ;-) Er zijn geen twee andere mensen
die mij zo onvoorwaardelijk hebben gesteund, een onuitputtelijke interesse in mijn onderzoek hebben getoond en steeds maar weer hun best deden om hetgeen waarmee ik altijd zo
druk was, te begrijpen. Jullie weten als geen ander wat ik de afgelopen jaren heb meegemaakt en hoe het naast een wetenschappelijke zoektocht ook een persoonlijke zoektocht is
geweest. Dank voor alle steun en begrip waardoor ik mij gesterkt voelde om door te gaan.
Ik houd heel veel van jullie beiden! Ik vind het bovendien ontzettend leuk dat jij, middels
mijn CV, ook een bijdrage aan het eigenlijke proefschrift hebt geleverd, Roel. Het volgende
boekje komt van jouw hand!
Omdat ik het beste altijd graag tot het laatste bewaar, kom ik nu bij jou, Floyd. Sjeetje,
hier zit ik dan in Deventer deze laatste woorden te tikken en realiseer ik me ineens dat het
einde van dit hoofdstuk nu echt nadert. Maar niet voor ik ook jou heb bedankt voor jouw
onvoorwaardelijke steun tijdens de afgelopen jaren, maar vooral dit afgelopen jaar waarin
mijn leven steeds hectischer werd. Je hebt me wel van mijn minst bruisende kant gezien!
Ondanks al die hectiek ben jij altijd de kalmte zelf gebleven, een rustige plek waar ik altijd
weer op adem en tot mezelf kon komen. Tegelijkertijd heb je ook de lol, warmte en
vrolijkheid weer terug in mijn leven gebracht. Ik vind je een bijzonder mens (waarom zou
ik anders zo dol op je zijn? ;-)) en bof ontzettend met je in mijn leven! Jij hebt me al deze
tijd gesteund, bent om 2 uur ’s nachts je bed uitgekomen om mij weer eens na drie dagen
experimenten en kamperen op de uni op te halen en hebt ondertussen menig ritje naar
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Deventer gemaakt om mij en de grote rode bak vol wetenschappelijke artikelen op te halen.
Kortom, waar was je tijdens mijn veldwerkperioden in Ecuador? ;-) Jouw steun, liefde en
vertrouwen hebben mij de kracht gegeven om door te gaan en nu is het dan eindelijk af!
Bedankt, Floyd!
Lieve mensen, echt allemaal ontzettend bedankt! Ook zij die niet expliciet bij naam zijn
genoemd. Zonder al jullie steun was ik nooit stressbestendig genoeg geweest om tot dit punt
te komen; het punt waarop ik eindelijk een punt achter dit proefschrift zet.

Noemi
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B

orn in 1978 in a political and socially engaged family, Noemi spent her first four years
in the secure surroundings of the old inner city of Wijk-bij-Duurstede, at the border of
the Rhine in the central province of Utrecht in The Netherlands. Wijk-bij-Duurstede was
called Dorestad in the past, the foremost international trading center between the 7th and 9th
century and the meeting place between Christianity of the Frankish empire and the pagans
of northern Europe. Fertile ground for a future cosmopolitan woman to grow up in.
A child of working parents, Noemi enjoyed her first formative education at a new innovative school established at the initiative of parents in Wijk-bij-Duurstede, a school based
on Jenaplan educational principles. This type of education put much emphasis on sharing
experience in groups and on developing the autonomy of the child.
Holidays were spent along the beaches of precious Vlieland, an island in the world heritage protected Wadden Sea. Wherever the journeys through the world were going to bring
Noemi, her footprints lie in the sand of Vlieland.
At the age of five, the Dutch setting changed with the decision of her parents to take up
professional assignments in southern Africa, with the family moving in 1984 to for them
unknown Harare, the capital of newly independent Zimbabwe. Noemi and her brother
entered the Lewisam primary school in
Lewisam, Harare, a school based on the
traditional English schooling system. No
more innovation but classical education
including funny school uniforms and
merit reward systems. From one day to
the next, all communication took place in
the English language. Noemi coped well
with this transfer, mastered her English
and established a new network of school
friends in a matter of weeks.
Although Zimbabwe and southern
Africa were in turmoil at the time because
of the destabilization of the South African
apartheid regime, the four years spent in
Zimbabwe between 1984-1988, allowed
the family to visit and discover all corners
of that beautiful country with its remarkable flora, fauna and geology. During holidays, Noemi went on bush camps, an
experience that may well have triggered
her interest in nature and biology.
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Returning to Europe in 1988, the family settled in Leuven, Belgium, where Noemi was
to spend the longest period of her formative years until 1996. She entered the Flemish
Catholic educational system and spent most of her Belgium years at the Heilige Hart School,
a big educational center of over 3000 students, in Heverlee, Leuven. When she entered, it
was an all girl school, by the time she left boys were also allowed. At this school, she followed a curriculum dominated by science subjects. Her biology teacher would once, now
famously, remark, that: ‘Noemi was not suitable to pursue biology’.
When the family moved to Stockholm, Sweden in 1996, Noemi chose to return to the
British educational system to pursue an International Baccalaureate at the Kungsholmens
Gymnasium in Kungsholmen, Stockholm. She received her A-levels in 1998. One of her
subjects was Biology for which she wrote an interesting thesis about: ‘The effect of eutrophication on Fucus vesiculosus in the Baltic Sea’. Her interest in the Baltic Sea and Gulf of
Bothnia was certainly influenced by the interest and skills in sailing which she enthusiastically developed living at the waterfront of Stockholm’s archipelago.
Amsterdam became the next destination and the University of Amsterdam Noemi’s ‘alma
mater’ for pursuing her academic faculties. It meant home-coming to The Netherlands after
14 years living and studying in other countries and cultures. In her first year she took up
Economics, but returned to her favorite subject of Biology in her second year, to complete her
Masters cum laude in 2005 and to continue with her PhD research project completed in 2010.
One of her Master thesis’ projects on ‘Differences in seed influx, seedling survival and
microclimate between forest interiors, forest edges, and solitary trees in a fragmented tropical, wet premontane forest, Costa Rica’ brought her for half a year to Cloud Forests of
Monteverde in the Central American cordilleras of Costa Rica. Recognizing that tropical
forests are with alarming speed replaced for various forms of commercial land use, efforts
have to be undertaken to protect these forests and promote the regeneration of disturbed ecosystems. Abseiling skills learned in Zimbabwe as a child came to scientific use when Noemi
had to climb 72 trees of heights up to 24 meters to place traps to capture seeds and instruments to measure weather conditions. She survived and enjoyed this field work, sharing a
modest wooden tools shack with her fellow Master student Hanneke de Leeuw, two other
fieldworkers and numerous rodents and insects. Apart from the fieldwork experience, she
added Spanish to the modern languages she had already acquired in her journey through life.
Her second Master thesis was on the ‘Cold response in Arabidopsis and Draba’, which
became an introduction to her subsequent PhD research. This time, her fieldwork brought her
to the high-altitude cold and wet Andean Páramo of Ecuador in search for this somewhat elusive plant. The environmental hardships, a nasty mugging and bureaucratic obstacles, did not
stop Noemi in ‘harvesting’ the seeds of the species where she had come for. Back at the
Universiteit van Amsterdam, a climate cabinet was bought to imitate the cold climatic conditions of the habitat in the high Andes, the biotope of some of the Draba species, the object
of her research. Endless hours (including during the night) were spent in the university’s
greenhouse and laboratory nurturing the plants and harvesting DNA at various time points
during the cold treatment. Laboratory tests on the DNA material had to establish the specifics
of the cold response of Draba, the outcome of which is the subject of this thesis.
The researcher herself proved stress resistant with the completion of the research project
under often challenging conditions and with the writing of the thesis.

Photographic representation of research methods and instruments used
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