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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.

47

CHAPTER 3

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.
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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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