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CBF cold response of tropical
Draba species recorded in the
Ecuadorian Andes

N. von Meijenfeldt, P. Kuperus, J.G.B. Oostermeijer,
M.A. Haring & P.H. van Tienderen

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

DRABA
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ECUADORIAN ANDES
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.
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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.

98

CBF
COLD RESPONSE OF TROPICAL

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

CBF
COLD RESPONSE OF TROPICAL

DRABA
SPECIES IN THE

ECUADORIAN ANDES

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)
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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
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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.

