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Tahkokorpi, Marjaana, Anthocyanins under drought and drought-related stresses
in bilberry (Vaccinium myrtillus L.) 
Faculty of Science, Department of Biology, University of Oulu, P.O.Box 3000,  FI-90014
University of Oulu, Finland 
Acta Univ. Oul. A 556, 2010
Oulu, Finland

Abstract
The aim was to study the effects of drought and indirect drought-related stresses on anthocyanin
content in bilberry (Vaccinium myrtillus L.). Anthocyanin content was also studied in relation to
developmental stage (juvenile vs. mature leaves, previous vs. current-year stems). It was
hypothesised that drought-stressed plants accumulate anthocyanins, but their direct role in osmotic
regulation was questioned. 

Direct drought was created by preventing water supply. Freezing-induced dehydration was
accomplished by removal of snow. Effects of summertime chilling (+2 °C during active growth,
+5/0 °C during frost hardening) on water status were tested. The trace metal Nickel (Ni) was
applied to the soil, as Ni may interfere with plant water relations at the rhizospheric level. Salt
(Na+) was added to the soil to observe salt-induced disturbance in osmotic balance and ion
homeostasis. 

Tissue water content (TWC) decreased and anthocyanin level increased under direct drought,
especially in the mature leaves. The freezing-stressed plants contained the same TWC and
anthocyanin levels in mid-winter compared to plants that overwintered below snow. The freezing-
stressed plants had lower TWC and a similar anthocyanin level in early spring, and lower TWC
and anthocyanin level in late spring than plants that overwintered below snow. In the summer and
autumn following snow removal, current-year stems of freezing-stressed plants had the same
TWC, but higher levels of anthocyanins than current-year stems of plants that overwintered below
snow. New growth was thus affected by the freezing stress experienced by previous-year stems.
Chilling had no effect on anthocyanins. Although TWC decreased and anthocyanin level increased
from active growth to the beginning of frost hardening, no increase was observed during frost
hardening. Ni did not cause drought stress in the aboveground shoots, but anthocyanin level
decreased in the aboveground shoots along with Ni accumulation in the belowground stems. Na+

increased TWC in the belowground stems, but decreased TWC and anthocyanin level in the
aboveground stems. 

It is proposed that anthocyanins do not have direct role in osmotic regulation, or in the
development of freezing tolerance. It is suggested that the increase in anthocyanin level under
direct drought stress is mainly due to the photoprotection of chlorophylls by anthocyanins. This is
supported by two facts: (1) At increased anthocyanin level in the juvenile leaves, chlorophyll a
was stabilized despite continuing drought stress, and (2) after the initial peak in the mature leaves,
the accumulation of anthocyanins ceased although the drought became more severe. As
chlorophyll a decreased in the mature leaves due to senescence, there was less demand for such
high levels of anthocyanins. 

Keywords: anthocyanins, drought stress, tissue water content, Vaccinium myrtillus L.
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1 Introduction 

1.1 Drought stress  

Drought, as a meteorological term, is a period without rainfall (Larcher 2003). 

Prolonged drought reduces soil water content and leads to water deficit, i.e. the 

situation when the transpirational water loss is higher than the water uptake by a 

plant (Munné-Bosch & Alegre 2004). The drought stress arises from the water 

deficit, usually accompanied by high temperatures and solar radiation (Larcher 

2003, Munné-Bosch & Alegre 2004). The term water stress is often used in the 

physiological context. Drought stress is one of the most significant abiotic 

stresses that affect plant growth and development (e.g. Larcher 2003, Munné-

Bosch & Alegre 2004). Low precipitation is a permanent feature in arid and semi-

arid regions (Freitas 1997, Chaves et al. 2002). Although it is estimated that 

annual mean precipitation over Scandinavia is about to increase, this mainly 

concerns the winter months. Summertime rainfall is projected to decrease, and it 

is predicted that the northern boreal environment will likely have to face periodic 

droughts more regularly (ACIA 2005).  

Water potential describes the water status of a cell, organ or a whole plant. 

The water potential of pure water is zero, while dissolving solutes make the water 

potential more negative. Water transport is regulated by water potential 

differences between the soil, plant and air continuum (Buchanan et al. 2000). 

Plants are able to maintain a water potential gradient under drought stress through 

osmotic regulation, e.g. by accumulating compatible solutes (Jones & Turner 

1978, Buchanan et al. 2000, Taulavuori & Lüttge 2007). Compatible solutes 

stabilize water potential gradients between cellular compartments and keep up 

water uptake and transport under drought conditions. Even at high concentrations, 

compatible solutes do not interfere with basal metabolism (Buchanan et al. 2000, 

Taulavuori & Lüttge 2007). Since the water potential does not always indicate the 

metabolic changes in the drought-stressed plants, tissue water content or relative 

water content are often determined to express the plant water status (Buchanan et 

al. 2000).  

Plants cope with drought stress differently over varying timescales. 

Transpiration is reduced via stomatal closure as an early response during short 

periodic droughts (Chaves et al. 2002). Over seasonal timescales, water storage 

and other anatomical and morphological adaptations are more involved. Drought 
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tolerant species usually exhibit a xeromorphic anatomy, which includes a thick 

cuticle and sclerophyllous tissues with compact and small cells (Turner 1994, 

Freitas 1997). Drought stress induces changes in water status, concentrations of 

compatible solutes and other osmoprotectants, cell membranes, oxidative 

conditions, and in antioxidative metabolism. The plasmolyzed plasma membrane 

disturbs cellular intrastructure by coming in close contact with the tonoplast and 

membranes of organelles (Buchanan et al. 2000). Stomatal closure followed by 

drought stress decreases carbon dioxide concentrations and amount of NADP+, 

which acts as the electron acceptor in photosynthesis (Elstner & Osswald 1994). 

This triggers oxidative conditions during photosynthetic electron transfer, as 

electrons leak to molecular oxygen to form highly reactive superoxide radicals 

and other reactive oxygen species (Alscher et al. 1997, Foyer & Noctor 2005, 

Halliwell 2006, Møller et al. 2007). Oxidative stress may cause membrane 

damage, lipid peroxidation, and protein oxidation and degradation (Dhindsa 1991, 

Levine et al. 1994, Hodges et al. 1999, Kumar et al. 1999, Schwanz & Polle, 

2001, Xiong et al. 2007). Antioxidants and activities of antioxidant enzymes 

increase in order to control drought-promoted oxidative stress (Smirnoff 1993, 

Noctor & Foyer 1998, Foyer & Noctor 2005). For example, glutathione S-

transferase (GST, EC 2.5.1.18) and glutathione reductase (GR, EC 1.6.4.2) 

participate in the antioxidant defence system (Alscher 1989, Bowler et al. 1992, 

Marrs 1996, Edwards et al. 2005).  

1.2 Drought-related stresses 

1.2.1 Frost 

The most significant wintertime stressor in the northern hemisphere is frost 

(Taulavuori et al. 2003), defined as temperatures below 0 °C. According to Sakai 

& Larcher (1987), a frost-induced ice formation in a tissue starts and continues in 

an extracellular space (extracellular freezing). Freezing temperatures induce 

drought-related stress via dehydration, since water migrates across the water 

potential gradient from the cell to the extracellular space. Because ice formation 

inside cells is detrimental, the extracellular freezing is a mechanism to prevent 

lethal intracellular freezing injury in freezing-tolerant plants (Sakai & Larcher 

1987, Taulavuori et al. 2003). 
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Snow is an essential factor for successful overwintering of chamaephytes, 

which are adapted to overwinter under snow (Havas 1971). Snow protects plants 

from frost and co-stresses such as irradiance (Havas 1971, Neuner et al. 1999, 

Bannister et al. 2005). It also provides a stable water economy during winter and 

spring, as frost-related drought stress develops especially in spring when 

increasing irradiance enhances transpiration and frozen soil prevents water uptake 

(Havas 1971). According to climate change scenarios, the wintertime snow layer 

in boreal forests may be thinned or even lacking in the near future, while severe 

frosts will still occur (ACIA 2005). This challenges northern plants during 

overwintering, since many species are susceptible to frost and co-stresses without 

a protective snow cover (Taulavuori et al. 2003, Tahkokorpi et al. 2007).  

1.2.2 Chilling temperatures during active growth and frost hardening 

Chilling temperatures are non-freezing temperatures (0–12 °C) that are common 

during the growing season (Allen & Ort 2001). As reviewed by Allen & Ort 

(2001), chilling may induce drought-related stress, because cooled roots inhibit 

water uptake. In addition, stomata may be locked open in chilling-sensitive 

species, so that stomata are unable to respond to water deficit. Furthermore, chill-

induced stomatal closure has been observed.  

Even plants from the boreal zone are sensitive to summertime chilling and 

freezing temperatures. Woody northern plant species are at a frost-sensitive stage 

in summer, but after autumnal frost hardening they winter at a hardy stage until 

dehardening in spring (Sakai & Larcher 1987, K Taulavuori et al. 1997, 

Rajashekar 2000). Plants start to increase frost hardiness in late summer in 

response to shortening daylength at low but non-freezing temperatures (+2–6 °C) 

(Sakai & Larcher 1987, Hughes & Dunn 1996, E Taulavuori et al. 1997, 

Thomashow 1999, 2001, Welling et al. 2002). Tissue water content decreases, 

while sucrose, other osmoprotectants, and amounts of antioxidants, antioxidant 

enzymes and antifreeze proteins increase to protect membranes from freezing 

injury (Sakai & Larcher 1987, Rajashekar 2000). Frost hardiness of plants even 

changes in winter due to temperature fluctuations, and hardiness decreases 

towards spring. Dehardening takes place in spring in response to rising 

temperatures during ecodormancy, which is the stage when physiological barriers 

against growth initiation have been removed (Lang et al. 1987).  
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1.2.3 Trace metals  

Trace metals affect plant-water relations through changes in, e.g. water potential, 

relative water content, cell wall elasticity and formation of the plant hormone 

ethylene (Barceló & Poschenrieder 1990). Therefore, plants may suffer from 

indirect drought-related stress caused by trace metals, although there is no actual 

lack of water.  

As an essential component of urease enzyme, the trace metal nickel (Ni) is 

needed for plant development (Marschner 1995, Hagemeyer 1999). However, 

elevated Ni concentrations reduce plant growth (Hagemeyer 1999, Hall 2002, 

Schützendübel & Polle 2002). Toxic amounts of Ni may be present in the soil due 

to various conditions (Greger 2004). As an example, Ni accumulation has 

remained high in northern Finland as a consequence of industrial emission sites 

such as nickel smelters in Eurasia (Anon. 2008). Ni is a significant environmental 

pollutant in the vicinity of smelters, but it also accumulates over long distances. 

Ni accumulation and persistence in the soil may impair plant water status through 

detrimental effects at the rhizospheric level (Barceló & Poschenrieder 1990).  

1.2.4 Salt 

Plants respond to salt and drought stress in similar ways (Munns 2002). Elevated 

salt concentrations may accumulate in soil due to natural sources such as oceanic 

salts and coastal rainwater. In addition, cultivation and other anthropogenic 

processes increase soil salinity (Mahajan & Tuteja 2005, Türkan & Demiral 2009). 

Low water potential of saline soil reduces water uptake, and early responses to 

salt stress are similar to those seen under direct water stress (Munns 2002, Parida 

& Das 2005). Elevated soil Na+ concentrations disturb osmotic balance and ion 

homeostasis, which may reduce growth and increase mortality (Cramer et al. 

1994, Neumann et al. 1997, Munns 2002, Parida & Das 2005). Nevertheless, it is 

not completely understood whether plants are sensitive to salt because of water 

stress-related effects or toxicity of salt ions (Stiller 2009). 

1.2.5 Internal factors: Role of developmental stage in stress 
tolerance 

Apart from the abiotic stresses described above, developmental stage also affects 

overall plant water status and stress tolerance. To survive under stress, an 
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acclimation period is usually required: Young, unacclimated plants are sensitive to 

abiotic stresses such as drought, freezing and chilling. Furthermore, photostability 

develops during leaf expansion, young leaves having only a low tolerance against 

radiation stress because of, e.g. low chlorophyll concentrations and a lack of 

complete reflecting epidermal waxes (Drumm-Herrel & Mohr 1985). The 

concentrations of antioxidants that enhance stress resistance also follow seasonal 

changes (Polle et al. 1996, Taulavuori et al. 1999).  

Water escapes from cells to the apoplastic space during leaf maturation and 

senescence, which is the final stage of leaf development (Gan & Amasino 1997, 

Munné-Bosch & Alegre 2004). Many drought stress-related phenomena, like 

protein oxidation and degradation, occur in mature plant tissues experiencing 

senescence (Huffaker 1990, Kumar et al. 1999, Vanacker et al. 2006). Drought 

stress accelerates leaf senescence in trees in order to reduce excess transpiration 

and to maintain water balance of the whole plant (e.g. Munné-Bosch & Alegre 

2004). Trees usually retain their younger leaves under drought stress (Kozlowski 

et al. 1991, Freitas 1997), because young leaves represent more productive value 

for the whole plant. 

1.3 Anthocyanins 

Anthocyanins are water-soluble pigments that belong to the family of flavonoids 

and exhibit a variety of colours depending on pH (Holton & Cornish 1995). They 

are glucosides that are constituted of three benzene rings and attached groups that 

make the difference between various kinds of anthocyanins. For example, 

pelargonidin-3-glucoside has one OH group, while cyanidin-3-glucoside has two 

OH groups and delphinidin-3-glucoside even three OH groups (Holton & Cornish 

1995). Anthocyanins are located in the vacuoles of the epidermal and mesophyll 

cells throughout the plant kingdom (Chalker-Scott 1999). They are involved in 

attraction of pollinators, and under defences against environmental stresses like 

ultraviolet radiation, herbivores, drought and cold temperatures (Chalker-Scott 

1999, Stone et al. 2001, Steyn et al. 2002, Hatier & Gould 2008). Close & Beadle 

(2003) have reviewed and discussed the ecophysiological roles of anthocyanins as 

antioxidants, compatible solutes in osmotic regulation, and photoprotectants 

against ultraviolet radiation and visible light. 

Anthocyanins accumulate in expanding juvenile tissues, in autumnal 

senescing leaves of deciduous species, and under stress (Murray & Hackett 1991, 

Feild et al. 2001, Hoch et al. 2001, Close & Beadle 2003). The role of 
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anthocyanins is clear in reproductive organs, where they attract pollinators to 

flower petals (Weiss 2000). In contrast, their task in vegetative tissues such as 

leaves is still under debate. The basic question is whether they are directly 

involved in stress responses or just assist in plant defence (Hatier & Gould 2008). 

For instance, anthocyanins are suggested to protect chloroplasts from excess 

irradiance due to their ability to absorb light between 400 and 600 nm, although 

carotenoids are more effective in this respect (Gould et al. 2000).  

From the point of view of the present investigation, anthocyanins are reported 

to accumulate under drought stress and at cold temperatures. Plant tissues 

containing anthocyanins are usually rather resistant to drought (Chalker-Scott 

1999). For example, a purple cultivar of pepper resists water stress better than a 

green cultivar (Bahler et al. 1991). The highly drought tolerant resurrection plant 

contains anthocyanins at a level that is several-fold more during dehydration than 

at a hydrated stage (Sherwin & Farrant 1998). The proposed mechanism behind 

anthocyanin-enhanced drought resistance is that anthocyanins are able to stabilize 

water potential. Therefore, anthocyanins are hypothesised to be involved in 

osmotic regulation (Choinski & Johnson 1993, Chalker-Scott 2002). The role of 

anthocyanins in freezing stress is not clear yet. Even though anthocyanins 

accumulate under drought stress, the dehydration of cells connected with 

development of frost hardiness does not always correlate with anthocyanin 

accumulation (Nozzolillo et al. 1989, III). 

1.4 Aim of the study 

The aim was to study the effect of direct drought (lack of water) and indirect 

drought-related stresses (freezing and chilling temperatures, trace metal and salt) 

on anthocyanin content in bilberry (Vaccinium myrtillus L.). In addition, the 

anthocyanin content was studied in relation to the developmental stage (juvenility 

vs. maturity of leaves, previous- vs. current-year stems). The main objective was 

anthocyanins, since they are thought to be involved in protection against drought 

stress (Chalker-Scott 1999, 2002). It was hypothesised that drought-stressed 

plants accumulate anthocyanins, and their possible role in osmotic regulation was 

studied.  
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2 Materials and methods 

2.1 Study site 

The drought stress experiments were performed in the Department of Biology and 

at the Botanical garden of the University of Oulu, northern Finland (65°N). The 

experiments were done in growth chambers (I, III), climate chambers (III), 

experimental field (III, IV) and in the forest (II, V).  

2.2 Plant material 

Bilberry (Vaccinium myrtillus L.) plants of local origin were subjected to drought-

related stresses. The plant material consisted of juvenile leaves (I, III), mature 

leaves (I, IV), previous-year stems (II), current-year stems (II, III, IV, V) and 

belowground stems (IV, V). Bilberry is a clonally growing winter-deciduous 

dwarf shrub that is one of the most characteristic chamaephytes in the field layer 

of northern boreal coniferous forests (Havas 1971). It is a perennial woody 

species that has a major proportion of its biomass invested in the belowground 

stem (Tolvanen 1994). At 65°N, bilberry starts flowering and growth at 100 

degree days (i.e. temperature sum above the +5 °C threshold), which usually 

occurs in May. The leaves show visual symptoms of senescence at the end of 

August, and they are shed during September–October (I).  

Bilberry was chosen as a plant material, as it has a shallow root system that 

makes it vulnerable to drought stress. Bilberry is also adapted to overwinter under 

a protective snow cover (Havas 1971), and is therefore a good target for snow 

removal experiments. Bilberry undergoes frost-sensitive (active growth) and 

hardy (overwintering) stages in its annual cycle of development. Consequently, 

bilberry may be sensitive to chilling temperatures in the middle of the growing 

season.  

2.3 Experimental designs 

The details of the experiments and methods are found in the original publications 

(I–V). Here only a brief outline is given. 
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2.3.1 Direct drought stress (I) 

Direct drought stress induced by water deficit was studied during two successive 

years (2002–2003) in the growth chambers (Osram Lumilux L30W/830 Warm 

White lamps and Osram Fluora L30/77 lamps) at the juvenile (June–July) and 

mature (August) stages of leaves. The drought-stressed plants were allowed to dry 

out without irrigation at both developmental stages of the leaves. Control plants 

were well watered. The chamber temperature followed a diurnal change between 

+18±1 °C and 15±1 °C for days and nights, respectively. The photoperiod 

mimicked ambient day length, being 22 h in June–July and shortening from 16 h 

30 min to 13 h 20 min in August. The leaves were harvested weekly. 

2.3.2 Frost (II) 

Frost-related drought stress was studied during an almost one-year period 

(December–September in 2003) in a mesic heath forest. Plants overwintered 

without snow either under transparent cover (Thermoclear®, polyvinyl chloride 

Plexiglas, 1 mm in thickness) to simulate drought stress with an exposure to light 

stress, or under a grey cover (Opal, polycarbonate Plexiglas, 6 mm in thickness) 

to demonstrate drought stress without light stress. The transparent cover (T) 

removed 12% of incoming sunlight, while the grey cover (G) removed 23% of 

sunlight and was thus used to create a light-filtering effect that mimics snow 

cover (II). Control plants overwintered under snow without cover. Previous-year 

stems were harvested monthly during winter. Current-year stems were collected 

in summer and autumn in order to assess possible long-term effects of frost-

related drought stress. 

2.3.3 Chilling temperatures during active growth and frost hardening 
(III) 

Chilling temperature-related drought stress was performed in growth chambers 

(Osram Lumilux L30W/830 Warm White lamps and Osram Fluora L30/77 lamps), 

climate chambers (Osram 250W HQI-T 250 W/D lamps) and in an experimental 

field during active growth (June) and frost hardening (August–September). The 

temperature was +2°C for the chilling and +18°C for the warm treatment in June. 

The temperature varied in August/September as +5/0°C (day/night) for the 

chilling and +18/13°C (day/night) for the warm treatment (III). Photoperiod in the 
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chambers was 22 h (June) or decreased from 16 h 30 min to 13 h 20 min 

(August–September). The current-year stems and leaves were harvested weekly.  

2.3.4 Trace metal stress (IV) 

Plants grown in the experimental field were exposed to nickel sulphate 

hexahydrate (NiSO4·6H2O) concentrations of 0, 10, 50, 100 and 500 mg m-2. The 

Ni sulphate was dissolved in deionised water and applied to the mesic heath forest 

type-soil during the onset of the growing season. Current-year stems and leaves 

were collected at the end of the growing season. The belowground stems were 

carefully harvested at the same time as leaf and aboveground stem samples and 

separated from any other belowground biomass by hand.  

2.3.5 Salt stress (V) 

Plants were subjected to Na+ concentrations of 0, 6, 30 and 60 g m-2. The salt was 

mixed with deionised water and added to the mesic heath forest type-soil at the 

beginning of the growing season. Current-year stems were harvested in the 

middle and at the end of growing season. The belowground stems were taken in 

the same way as in the trace metal stress experiment (2.3.4).  

2.4 Methods 

Tissue water content (TWC, fresh weight basis) (I–V) was calculated from fresh 

weight samples that were dried at +110 °C for 24 h to obtain dry weight (III). 

Anthocyanin concentrations (I–V) were measured according to Hodges et al. 

(1999). Total soluble protein concentrations (I–III) were measured according to 

Bradford (1976). SDS-PAGE of soluble proteins (I) and Western blotting of 

oxidised proteins (I) were performed according to Kumar et al. (1999). The 

oxidised polypeptides were probed with an anti-dinitrophenyl antibody specific to 

dinitrophenyl hydrazine. The carbonyl groups of oxidised proteins were detected 

by conjugation with dinitrophenyl hydrazine, and the conjugate was recognized 

by antibody detection (Levine et al. 1994). The optical densities of proteins were 

calculated with a Quantity One® 4.2.1, Fluor-STM MultiImager. Chlorophyll a (I, 

II), chlorophyll b (II) and carotenoids (II) were analysed from N,N-

dimethylformamide extracts (Soukupová et al. 2000) and calculated using the 

equations of Wellburn (1994). Glutathione S-transferase (GST) (II, III) and 
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glutathione reductase (GR) (II) were extracted according to Wingsle & Hällgren 

(1993). The enzymes were partially purified with Econo-Pac® 10 DG 

chromatography columns, and their catalytic activities were followed (Shimadzu 

BioSpec-1601 E). The substrates for GST were either a model substrate CDNB 

(1-chloro-2,4-dinitrobenzene) (II, III) or an endogenous phenylpropanoid trans-

cinnamic acid (III) (Taulavuori et al. 1999, III). Lipid peroxidation (II, V) was 

measured according to Hodges et al. (1999) and Taulavuori et al. (2001).  

Bud phenology, as classifying unopened bud scales, opened bud scales, 

visible leaves and elongated internodes (II), was observed in spring, and annual 

stem growth (II) was measured in autumn. The frost hardiness (LT50) (III) was 

tested in August–September with the freezing-induced electrolyte leakage method 

by freezing samples at predetermined test temperatures at a controlled rate (6ºC h-

1) (E Taulavuori et al. 1997). Uptake of Ni (IV) from the soil to the below- and 

aboveground stems was monitored with X-ray fluorescence spectrometry (Bruker 

SRS 303 AS) at the Institute of Electron Optics, University of Oulu. The biomass 

samples of the belowground stems were taken with a soil drill and carefully 

separated from any other belowground biomass (IV). The viability of 

aboveground stems (V) was calculated as frequencies of aboveground stems with 

green colour. Uptake of Na+ (V) from the soil to the below- and aboveground 

stems was detected using fast sequential atomic absorption spectrometry (Method: 

Na Flame by VARIAN SpectrAA 220FS). 

Statistical analyses (SPSS 15.0 software) were started with repeated-

measures ANOVA (I–III), where harvesting day was the within-subject effect, and 

the treatment was the between-subject effect. If the repeated-measures ANOVA 

showed any statistical differences, Sheffe’s post hoc test was used to identify 

which harvesting day differed from others at P < 0.05. The Sheffe’s post hoc test 

or independent-samples T-test was used to test differences between the treatments 

on a given day. The linear regression analyses were performed in IV and V. 
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3 Results 

3.1 Direct drought stress (I) 

Direct drought stress decreased TWC and increased anthocyanin level. A critical 

TWC at which anthocyanin accumulation is boosted is suggested to be around 

55% in bilberry. In the mature leaves the TWC of well-watered plants never 

dropped below 50%, and accumulation of anthocyanins was not triggered. 

3.2 Frost (II) 

Lack of snow cover in mid-winter (December–February) did not affect TWC or 

anthocyanins, except for latter in February when a higher level of anthocyanins 

was seen in plants that overwintered without snow. The lack of snow cover 

induced frost-related drought stress in March, as TWC dropped in the freezing-

stressed plants. Nevertheless, anthocyanin level remained stable even in the 

freezing-stressed plants. TWC and anthocyanin level increased in May, mostly in 

plants that overwintered below snow. Collectively, the freezing-stressed plants 

contained about the same TWC and anthocyanin levels in mid-winter (December–

February), lower TWC and a similar anthocyanin level in early spring (March), 

and both lower TWC and anthocyanin level in late spring (May) compared to 

plants that overwintered below snow. 

3.3 Chilling temperatures during active growth and frost hardening 
(III) 

During active growth, TWC decreased in the stems and leaves in warm conditions 

(+18 °C), while it was stable or increased in the stems and leaves at a chilling 

temperature (+2 °C). At frost hardening, stems had lower TWC at chilling 

temperature (+5/0 °C) than in warm conditions (+18/13 °C) or in the outdoor 

plants. Anthocyanins showed no response to the chilling temperatures in the stems 

or leaves during active growth or in the stems during frost hardening. In the stems, 

TWC decreased and anthocyanin level increased from active growth to the 

beginning of frost hardening, but no further increase was seen during frost 

hardening.  
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3.4 Trace metal stress (IV) 

Nickel accumulated from the soil to the belowground stems, but not in the 

aboveground shoots. Rhizospheric Ni stress had no effect on TWC in the 

aboveground shoots, since no relationship was found between the Ni 

concentrations in the belowground stems and TWC in the aboveground shoots. 

Indeed, the accumulation of Ni in the belowground stems decreased the 

anthocyanin concentrations in the aboveground shoots.  

3.5 Salt stress (V) 

Salt accumulated in the belowground stems and was translocated to a lesser extent 

in the aboveground stems. TWC increased in the belowground stems along with 

the increase in salt concentrations, while the opposite response was observed in 

the aboveground stems as TWC decreased due to salt accumulation. Anthocyanin 

concentrations in the aboveground stems decreased in response to salt 

accumulation in the aboveground stems. 

3.6 Developmental stage (I, II)  

TWC decreased and anthocyanin level increased both in the well-watered and 

drought-stressed leaves at the juvenile stage, but the increase in anthocyanin level 

was more pronounced in the drought-stressed leaves. At the mature stage in 

August, TWC decreased slightly in the well-watered leaves, while the decrease 

was greater in the drought-stressed leaves. Anthocyanin level was stable in the 

well-watered mature leaves, whereas in the drought-stressed plants they increased 

over three-fold and started to decrease after their initial peak despite the drought 

stress that became more severe. Taken together, anthocyanin concentrations 

increased as the TWC decreased, especially in the drought-stressed mature leaves. 

However, at the end of mature stage both TWC and anthocyanin level decreased. 

Developmental stage thus affected anthocyanin accumulation, since the decrease 

in TWC and the increase in anthocyanin level was more enhanced in the mature 

leaves compared to juvenile leaves (I). 

In the summer and autumn following snow removal, TWC was the same in 

the current-year stems of both freezing-stressed plants and plants that 

overwintered below the snow. However, current-year stems of freezing-stressed 

plants had higher levels of anthocyanins than current-year stems of plants that 
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overwintered below the snow. This implies that new growth was affected by the 

freezing-related drought stress experienced by previous-year stems, even after 

cessation of actual stress. There was also a difference in anthocyanin level 

between previous- and current-year stems, as anthocyanin level was lower in the 

current-year stems in summer compared to the previous-year stems in late spring. 

In autumn, anthocyanin level in the current-year stems increased to the same level 

as seen in the previous-year stems in winter (II).  

Table 1 summarises the changes in TWC and anthocyanin level under 

drought and drought-related stresses during different months. Taken together, 

TWC decreased especially in mature leaves under direct drought in autumn (I), in 

stems exposed to salt stress in autumn (V), and in stems subjected to frost in early 

spring (II). Anthocyanin level increased particularly in juvenile and mature leaves 

under direct drought in summer and autumn (I), but anthocyanin level decreased 

in response to Ni and Na+ in autumn (IV, V).  

Table 1. Summary of changes in TWC (Tissue water content) and Acy (Anthocyanin) 

level under drought and drought-related stresses. ↑ = Increase, ↓ = Decrease, (↑) = 

Minor increase, (↓) = Minor decrease, 0 = No change, ↑/↓ = First increase, then 

decrease, ↓/↑ = First decrease, then increase, 0/↑ = No change, then increase. 

Month Stress Stem Leaf Ref. 

  TWC Acy TWC Acy  

June-July Drought   (↓) ↑ I 

Chilling (↓) 0 (↑) 0 III 

Na+ 0 (↓)   V 

       

Aug-Sep Drought   ↓ ↑/↓ I 

Chilling (↓) 0   III 

Ni 0 ↓ 0 ↓ IV 

Na+ ↓ ↓   V 

       

Dec-Feb Frost 0 0   II 

       

March-May Frost ↓/↑ 0/↑   II 

3.7 Main responses of other variables to drought-related stresses 

The more severe drought stress in the mature leaves was supported by the more 

pronounced decrease in chlorophyll a and total soluble protein concentrations, 
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degradation of the large subunit of Rubisco, and increase in protein oxidation in 

the drought-stressed mature leaves (I). 

Although TWC dropped in March in the freezing-stressed plants (II), lipid 

peroxidation and photosynthetic pigment levels were rather stable between the 

freezing-stressed plants and plants that overwintered below snow. However, the 

GST activity and particularly the GR activity and total soluble protein 

concentrations were higher in plants that overwintered below snow. This trend 

continued in May, when also chlorophyll a increased in plants that overwintered 

below snow. An early activation of metabolism and faster initiation of growth 

were observed in the plants that overwintered below protective snow cover, while 

the freezing-stressed plants exhibited delayed bud burst and severely damaged 

shoots. An after-effect of stress in the current-year stems was supported by the 

higher lipid peroxidation and GST activity in the current-year stems of freezing-

stressed plants. In autumn the after-effect of stress was evidenced by reduced 

annual stem growth in the current-year stems of freezing-stressed plants.  

Chilling temperatures (III) decreased GST activity during active growth, but 

had no effect on it during frost hardening. In contrast to anthocyanin level, GST 

activity did not increase between active growth and frost hardening, while the 

total soluble protein concentrations decreased. Ni accumulation in the 

belowground stems decreased the biomass in the belowground stems (IV). Salt 

stress strongly decreased the viability of the aboveground stems (V). 
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4 Discussion 

4.1 Anthocyanins and photoprotection 

This work indicates that anthocyanins do not have active role in osmotic 

regulation in bilberry. It is proposed that anthocyanins are mainly involved in 

photoprotection under direct drought stress, which is in accordance with previous 

investigations (Gould et al. 2000, Hoch et al. 2001, Close & Beadle 2003, 

Merzlyak et al. 2008).  

Since the TWC and anthocyanins had no obvious relationship under indirect 

drought-related stresses, it is proposed that anthocyanins do not directly function 

in osmotic regulation. Instead, it is suggested that photoprotection of chlorophylls 

by anthocyanins occurred under direct drought stress (I). Since there was little 

research specific to investigating the function of anthocyanins in photoprotection, 

this conclusion has been arrived at by elimination in a role as an osmoregulator. 

The function of anthocyanins in photoprotection of chlorophylls is also supported 

by two facts: (1) At higher anthocyanin concentrations, chlorophyll a was 

stabilized and even began to increase despite continuing drought stress, and (2) 

after the initial peak in the mature leaves, the accumulation of anthocyanins did 

not continue despite the development of more severe drought stress. If the main 

role of anthocyanins under drought-related stress would be osmotic regulation, a 

further increase might be expected after the initial peak in the drought-stressed 

mature leaves. However, no such response took place. Since chlorophyll a 

decreased in the mature leaves due to senescence and the leaves absorbed less 

light, there was less demand for high amounts of anthocyanins.  

Photoprotection from excess light energy is conducted via three main 

mechanisms, including the xanthophyll cycle, antioxidant metabolism and 

external waxes that reflect excess irradiation (Close & Beadle 2003). In the 

xanthophyll cycle the two carotenoid pigments, zeaxanthin and antheraxanthin are 

epoxidized to violaxanthin, during which the excess light energy is dissipated as 

heat (Demmig-Adams & Adams 1992). Antioxidants scavenge free oxygen 

radicals that are formed in photosynthetic electron transport (Alscher et al. 1997). 

Close & Beadle (2003) reviewed and discussed the reasons why anthocyanins 

would be ideal compounds to participate in photoprotection. Because 

anthocyanins are located in the palisade and spongy mesophyll cells, accumulate 

in epidermis during stress and senescence (Feild et al. 2001, Close & Beadle 
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2003), and absorb light between 400 and 600 nm, it is proposed that anthocyanins 

are able to screen visible light (Close & Beadle 2003). The present result (I) thus 

confirms the role of anthocyanins in photoprotection. Carbon fixation is driven 

deep in the spongy mesophyll (Nishio et al. 1993). It is understandable that the 

location of anthocyanins in the spongy mesophyll is connected with 

photoprotection, because chlorophylls in outer leaf layers are rather well 

protected through the xanthophyll cycle (Demmig-Adams & Adams 1992). In 

addition, Gould et al. (2000) observed that shade-adapted chloroplasts require 

additional photoprotection by anthocyanins during sudden sun flecks. Indeed, the 

demand for deeper photoprotection is particularly high under stressful high light 

conditions (Close & Beadle 2003). Photoprotection is needed especially during 

autumnal nutrient recycling, which is essential for successful wintering and new 

growth (Feild et al. 2001, Hoch et al. 2001). In accordance with the present result 

suggesting a role of anthocyanins in photoprotection at low temperatures (III), 

photoprotection by anthocyanins occurs under cold-induced radiation stress in 

autumn (Leyva et al. 1995, Grace et al. 1998, Steyn et al. 2002). This is 

supported by the work of Close et al. (2002), who concluded that since 

anthocyanins do not accumulate at low temperatures in shaded plants while 

increase is observed in non-shaded plants experiencing photodamage, 

anthocyanins are mainly responding to the severity of photodamage.  

Anthocyanins are thought to act as osmoregulators under drought stress, 

because many drought-tolerant plant species contain anthocyanins (Chalker-Scott 

1999). In turn, plant tissues containing anthocyanins are usually rather resistant to 

drought (Bahler et al. 1991, Sherwin & Farrant 1998, Chalker-Scott 1999). 

However, the studies do not exclude the possibility of a photoprotective role of 

anthocyanins, or undoubtedly show the primary reason why anthocyanins 

accumulate under drought stress or at cold temperatures (Close & Beadle 2003). 

The primary reason may be their role in photoprotection instead of osmotic 

regulation. As seen in the present study (III), anthocyanin level did not increase 

along with the development of frost hardiness, which is consistent with Nozzolillo 

et al. (1989) and Close et al. (2002). 

The responses of TWC and anthocyanins to direct drought stress indicated the 

more severe drought stress in the mature leaves compared to juvenile leaves, and 

thus confirmed the idea that younger leaves are more valuable to be protected 

from drought stress (Freitas et al. 1997). To our knowledge this is the first report, 

which indicates that drought tolerance of deciduous leaves of a perennial plant 

from northern boreal forest varies between developmental stages (I). The more 
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severe drought stress in the mature leaves was supported by other variables. 

Consistently, drought stress decreases chlorophyll concentrations (Moran et al. 

1994, Iturbe-Ormaetxe et al. 1998, Parry et al. 2002, Munné-Bosch & Alegre 

2004). Furthermore, soluble protein concentrations are reported to decrease under 

drought stress (Moran et al. 1994, Gogorcena et al. 1995, Iturbe-Ormaetxe et al. 

1998, Parry et al. 2002). Degradation of Rubisco protein (Parry et al. 2002) and 

increase in protein oxidation also occur under drought stress (Moran et al. 1994, 

Iturbe-Ormaetxe et al. 1998, Parry et al. 2002).  

4.2 Anthocyanins and cold hardening process 

Bilberry plants were subjected to wintertime freezing temperatures in the absence 

of snow (II). The TWC and anthocyanins had no relationship even during the 

most harsh winter months when temperatures decreased below –20 °C. When 

TWC dropped in March, no differences in anthocyanins were observed between 

the freezing-stressed plants and plants that overwintered below snow. The 

decrease in TWC was expected, since woody plant species control their frost 

hardiness by removing cellular water through dehydration (Sakai & Larcher 

1987). The harmful effect of a lacking snow cover on overwintering of plants is 

previously reported by Neuner et al. (1999) and Bannister et al. (2005). As a 

chamaephyte plant adapted to overwinter under protective snow, bilberry 

increased its frost hardiness in the absence of snow, but at the same time was 

exposed to dehydration (Havas 1971). If the anthocyanins acted as 

osmoregulators, they should have increased in parallel with the decreased TWC 

as a part of osmotic regulation, but this was not the case (II).  

The higher level of anthocyanins in the current-year stems of freezing-

stressed plants was not dependent on any difference in TWC. The photoprotective 

role of anthocyanins is seen in juvenile expanding leaves, because anthocyanin 

accumulation correlates with development of photostability (Drumm-Herrel & 

Mohr 1985). It is thus likely that demand for photoprotection remained higher in 

the current-year stems of freezing-stressed plants, indicating an after-effect of 

stress that previous-year stems experienced in winter. Polle et al. (1996) also 

observed an after-effect of stress in plants subjected to springtime frost: They 

contained less antioxidants in autumn than unstressed plants. In accordance with 

Close et al. (2002), the role of anthocyanins in osmotic regulation during freezing 

stress was not supported either in the case of previous or current-year stems of 

bilberry. 
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During the follow-up over the entire growing season, TWC decreased and 

anthocyanin level increased from active growth to the beginning of frost 

hardening (III). As anthocyanin level did not increase along with frost hardening, 

the result is against the hypothesis that anthocyanins take direct part in the 

development of freezing tolerance (e.g. Chalker-Scott 1999). Consistently with 

previous studies (Leyva et al. 1995, Grace et al. 1998, Feild et al. 2001, Hoch et 

al. 2001, Steyn et al. 2002), the result proposes that anthocyanins are mainly 

involved in photoprotection at low temperatures. GST enzymes participate in the 

formation and metabolism of anthocyanins (Marrs 1996), but no correlation was 

found between them, and their patterns from active growth to frost hardening 

were dissimilar. 

4.3 Anthocyanins and drought-related stress induced by trace 
metal and salt  

Merely trace concentrations of Ni accumulated from the soil to the belowground 

stems, but the biomass in the belowground stems decreased along with the Ni 

accumulation, indicating Ni stress at the rhizospheric level (IV). In the 

aboveground shoots TWC was unchanged, while anthocyanin level decreased. 

Although trace metals may affect plant-water relations (Barceló & Poschenrieder 

1990), no effect of Ni on tissue water content is previously seen (Lin & Kao 2007, 

Kováčik et al. 2009). The result of the present work also proposes that trace 

concentrations of Ni in the belowground stems do not induce drought-related 

stress in the aboveground shoots of bilberry. The decrease in anthocyanin 

concentrations is in accordance with Hawrylak et al. (2007), who found a 

significant decrease in anthocyanin level due to Ni stress. Ni has been shown to 

inhibit accumulation of anthocyanins (Krupa et al. 1996). Trace metals obviously 

limit anthocyanin biosynthesis by inhibiting activity of PAL (L-phenylalanine 

ammonia-lyase) (Dube et al. 1992, 1993, Krupa et al. 1996), which is the first 

enzyme in the flavonoid pathway (Holton & Cornish 1995). As having 

antioxidant properties, flavonoids respond to free radicals produced by trace 

metals (Sakihama et al. 2002). Ni is a non-redox-active metal that does not 

directly form free radicals. Nevertheless, Ni has been found to even decrease 

concentrations of low-molecular weight antioxidants through indirect oxidative 

effects (Dietz et al. 1999). Because the pathway of anthocyanin synthesis is 

complex, it is probably directed to phenolic compounds other than anthocyanins 

under Ni stress (Holton & Cornish 1995). The result of this work shows that 



 29

biosynthesis of anthocyanins is an important target for the inhibitory influence of 

Ni stress (Dube et al. 1992, 1993).  

Salt stress decreased TWC and anthocyanin concentrations (V). Although 

anthocyanins are reported to increase in response to salt stress (Piao et al. 2001, 

Parida & Das 2005, Eryılmaz 2006, Keutgen & Pawelzik 2007, Eraslan et al. 

2008), it seems evident that the salt-sensitivity of a given species affects 

accumulation or decrease in anthocyanin concentrations. This is confirmed by 

comparisons between salt-sensitive and salt-tolerant species, as salt stress 

decrease anthocyanin level in the salt-sensitive species (Keutgen & Pawelzik 

2007, Daneshmand et al. 2010). In the present study, anthocyanins increased 

under direct drought (I), but decreased as a consequence of salt stress (V). The 

toxic effects of Na+ ions apparently inhibited anthocyanin synthesis and 

accumulation. The main reason behind salt-induced symptoms is not yet clear 

(Munns 2002, Stiller 2009). Since TWC decreased only little despite the strong 

viability response in bilberry, the result proposes that toxicity of Na+ ions is the 

primary reason inducing salt stress symptoms rather than salt-promoted severe 

water stress. The result is also in accordance with the fact that salt-specific effects 

become visible after a prolonged exposure, while early responses to salt are 

similar to those under water stress (Munns 2002). It can be concluded that Ni and 

salt do not induce significant drought-related stress in bilberry. Moreover, 

anthocyanins do not actively serve as osmoregulators under Ni or salt stress. 
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5 Conclusions 

To conclude, this work indicates that anthocyanins do not have active role in 

osmotic regulation in bilberry. It is proposed that anthocyanins are mainly 

involved in photoprotection under direct drought stress. 

Anthocyanin level increased under direct drought, showed no response to 

chilling temperatures, and decreased due to trace metal Ni and salt. Anthocyanin 

level did not respond to freezing temperatures in mid-winter. In late spring, 

anthocyanin level was lower in the freezing-stressed plants than in the plants that 

overwintered below snow. However, anthocyanin level was higher in the current-

year stems of freezing stressed plants compared to current-year stems of plants 

that overwintered below snow. The absence of an obvious connection between 

tissue water content and anthocyanins during indirect drought-related stresses 

proposes that anthocyanins do not primarily function in osmotic regulation under 

drought stress, or in the development of freezing tolerance. The photoprotective 

role of anthocyanins was supported by the relationship between anthocyanins and 

chlorophyll a during direct drought stress.  

From an environmental point of view, the present result shows that drought 

periods were detrimental for bilberry especially during the maturity of leaves. The 

present work clearly indicated that the capability of tolerating drought varies 

between developmental stages in deciduous leaves of a perennial plant from 

northern ecosystems.  

A lack of snow cover in winter became harmful in early spring. The current-

year stems were affected by the freezing stress experienced by the previous-year 

stems, as drought stress in winter reflected new growth even in autumn. Despite 

the accumulation of Ni in the belowground stem and resulting decrease in the 

biomass of the belowground stem, bilberry tolerated trace concentrations of this 

metal rather well. Salt decreased the viability of aboveground stems without 

causing severe drought stress, which proposes that the primary reason behind salt 

stress was toxicity of Na+ ions rather than severe drought-related stress. 

As an object for future research, it is recommended to conduct more specific 

investigations focusing on anthocyanins in photoprotection. In addition, it is 

important to study the ecophysiological consequences, if Ni or salt limit the 

capacity of the plant to accumulate anthocyanins. 
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