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Summary
Plants respond to water stress with a variety of physiological and 
biochemical changes, but their response vary between species, 
varieties and cultivars. The present study focused on changes of 
bio-functional phytochemicals (phenolic compounds, chlorophyll, 
carotenoids, dietary fiber) in commercial cultivars and old, traditional 
varieties of lettuce under different water regimes (water-deficit, well-
watered and water-logged). 
Results revealed lettuce varieties and cultivars with a different 
response behavior to water stress. Biomass production under drought 
conditions was reduced significantly in old varieties (‘Struwelpeter’, 
‘Trianon’), but in contrast, it was only affected tendentiously in 
the commercial cultivars (‘Wiske’, ‘Teodore’). Carotenoid and 
chlorophyll contents decreased in both water extremes, while total 
phenols accumulated under limited water availability, predominantly 
found in ‘Teodore’. Dietary fiber content was not influenced 
by different water regimes in all lettuce cultivars and varieties. 
Water stress reduced biomass production and led to a change of 
phytochemicals in lettuce, however, old and traditional varieties did 
not show a different water stress adaptation compared to commercial 
cultivars. 

Introduction
Changing climate conditions include altered rainfall patterns with 
increasing severity of droughts and floods (Sheffield and Wood, 
2008). One of the consequences of climate change is an increase 
in extreme weather events worldwide, e.g. water stress (drought, 
waterlogging). Plants response to water stress conditions is 
accompanied by a variety of physiological and biochemical changes 
at cellular and whole-organism levels, thus making it a complex 
phenomenon (Shao et al., 2009). Drought stress disturbs water 
relation of plant and reduces leaf size, stem extension and root 
proliferation (Farooq et al., 2009; Shao et al., 2009). Though, the 
most important effects of drought stress in respect to plant growth 
are the impairment of cell expansion and inhibition of photosynthesis 
caused by increased stomatal resistance (Reddy et al., 2004). The 
main damage under waterlogging conditions is related to the oxygen 
deprivation of soils, which affects nutrient and water uptake of plants 
(Belford et al., 1980; Sairam et al., 2008). Plants primarily respond 
with hastened leaf senescence, reduced leaf area, and inhibited 
growth rates resulting in a decline of biomass (Promkhambut et al., 
2010; Cannell et al., 2008; Zhou and Lin, 1995). 

Plant compounds in lettuce (Lactuca sativa L.) being interesting for 
human diet are amongst others phenolic substances, carotenoids and 
dietary fiber (Schreiner and Huyskens-Keil, 2006). Water stress is 
known to influence biomass production as well as the composition 
and concentration of nutrient-providing and bio-functional plant 
compounds. Many studies confirmed the impact of water stress on 
plant compounds, as reported for carotenoids (Sabale and Kale, 

2010; Loggini et al., 1999; Moran et al., 1994), phenolic 
compounds (Sabale and Kale, 2010; Sánchez-Rodríguez and 
Rubio-Wilhelmi, 2010; Alexieva et al., 2001), and dietary fibers 
(hemicellulose, cellulose and lignin) (Tobisa et al., 1997; Okuyama 
et al., 1995; Von Wilpert, 1991). While carotenoids and phenolic 
compounds act as protective plant compounds in plant defense 
mechanisms (Treutter, 2010), hemicellulose, cellulose, pectin and 
lignin function as essential compounds for plant cell wall metabolism 
thus, plant growth and textural stability. Furthermore, these cell 
wall polysaccharides as well as lignin are known to be the major 
components of dietary fibres (Waldron et al., 2003).

However, the impact of drought and waterlogging on plant 
metabolism is dependent on severity, time and duration of stress but 
also on the tolerance level of the respective plant species as well 
as on the cultivars or varieties (Reddy et al., 2004). Examining 
these genetically determined physiological differences may provide 
breeders with insight into how water stress tolerance of horticultural 
important species might be improved. Moreover, old cultivars and 
varieties may be a good source of breeding material and maintain the 
biodiversity of cultivated plants even under changing environmental 
conditions. An old variety is defined as a historical variety which 
was never before or is not any more officially licensed (Lehmann 
et al., 2009, Lissek-Wolf et al., 2009), whereas cultivars emerged 
from targeted breeding processes (Lissek-Wolf et al., 2009). 
Recently, a pilot study was conducted in order to establish a collection 
of old Lactuca varieties suitable for commercial utilization in local 
market gardens as a tool to maintain on-farm cultivation (Lehmann 
et al., 2008). This study identified some attractive, old varieties for 
a “re-cultivation”. Besides a huge range of different commercial 
cultivars, growers and consumers are gaining a growing interest in 
regional and traditional species and varieties as it is promoted by the 
campaign “Indigenous voice” of the international association Slow 
Food (Donati, 2005).

The present study focused on changes of phytochemical com-
pounds (phenolic compounds, chlorophyll, carotenoids, and dietary 
fiber) of different lettuce cultivars and varieties, i.e. commercial 
and old origins influenced by water stress, i.e. drought stress and 
waterlogging conditions. Results contribute to a better understanding 
of the dynamics of bio-functional phytochemicals under different 
water stress regimes associated with climate change. Furthermore, 
this study may result in recommendations of appropriate cultivars 
and varieties for climate adaptation processes.

Material and methods
Chemicals
Gallic acid (3,4,5-Trihydroxybenzoic acid) was used as standard 
solution for the analysis of total phenols and was purchased from 
Sigma Aldrich, Germany. Folin-Ciocalteu’s phenol reagent and 
other chemicals and reagents were obtained from Merck Chemicals 
Germany.
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Plant material
Seedlings of two commercial cultivars (‘Wiske RZ’, ‘Teodore 
RZ’; seeds obtained from Ryk Zwaan, Netherlands) and three old 
varieties (Winter Altenburger, Struwelpeter, Trianon; seeds obtained 
from VERN e.V., Germany) (Tab. 1) were grown in 6 L pots filled 
with peat substrate (‘Profisubstrat, Topfsubstrat mit Ton’; Gramoflor, 
Germany) for a period of 2 ½ months (sowing on 8th March 2010, 
harvest on 21st May 2010) under experimental greenhouse conditions. 
Three weeks before harvest, plants were exposed to different water 
regimes (water-deficit [WD], well-watered [WW], water-logged 
[WL]). Four replications per treatment with five plants per replication 
were selected randomly. During the time of treatment substrate 
of the water-logged treatment exhibited a soil moisture level of 61 - 
70 %. Soil moisture of well-watered pots amounted up to 49 - 50 %, 
while water-deficit pots varied from 18 - 25 %. Used moisture levels 
have been selected and approved according to previous conducted 
experiments. The soil moisture level was measured gravimetrically 
for each pot at 3 days intervals and kept constant manual at the 
specific water regime level, respectively. Within the intervals pots 
of WL and WW variants were watered by drip irrigation (two times 
a day for WL, once a day for WW), while WD variant was watered 
manual. Tapwater was used for manual watering and for irrigation 
of the pots. No further fertilisation was conducted. Every week 
reference plants of each cultivar/variety were weighed in order to 
calculate the water supply for each water regime. Experiments were 
conducted as randomized block design. 
 

Biomass
After harvest infected or damaged leaves were removed and the 
plant shoots were weighed in order to determine the total above-
ground biomass. A total of 30 g of fresh material was dried at 105 °C 
for 24 h and dry matter content calculated as the ratio between leaf 
dry weight and fresh weight. Results were expressed in milligram 
per gram [mg g-1].

Chemical analysis
For the determination of carotenoids samples of 40 g fresh material 
and for analysis of total phenols and dietary fiber samples of 200 g 
fresh material of each treatment and cultivar/variety were frozen 
immediately after harvest in liquid nitrogen and stored at -20 °C. 
While for carotenoid assay frozen material was thawed and used, 
for total phenol and dietary fiber analysis frozen samples were 
lyophilized for 48  h (ALPHA 1-4, Fa. Christ, Osterode am Harz, 
Germany), ground and stored in a vacuum desiccator. 

Carotenoid and chlorophyll
Carotenoid (lutein, ß-carotene, lycopene) and chlorophyll assay was 
determined according to the method of Goodwin (1980). Frozen 
samples were thawed, weighed and extracted in a solvent mixture of 
acetone and hexane (4/5; v/v). Samples were centrifuged for 10 min 
at 3000  rpm (Heraeus Christian Labofuge GL, Hanau, Germany). 
Supernatants were decanted and filtered (Macherey-Nagel, MN 
260, Düren, Germany). This process was repeated twice. All 
lipophilic pigments in the hexane layer were collected and measured 
spectrophotometrically at 445 nm, 453 nm and 505 nm for lutein, 
ß-carotene and lycopene, respectively. Chlorophyll content was 
measured at a wavelength of 663 nm for chlorophyll a and 645 nm 
for chlorophyll b that were subsequently summarized. Results were 
expressed as microgram carotenoid compounds per gram dry matter 
[μg g-1 DM] and as milligram chlorophyll compounds per gram dry 
matter [mg g-1 DM].

Total phenolic content
For the determination of the Total Phenolic Content 0.5  g freeze-
dried sample were extracted in 10 mL of the cooled solvent acetone/
water/acetic acid (0.45/0.5/0.05; v/v/v) according to the method of 
Ehlenfeldt and Prior (2001). The samples were diluted in 3 mL 
solvent, and centrifuged for 10 min at 3000 rpm (Heraeus Christian 

Tab. 1: 	Description of the studied lettuce cultivars and varieties 

Cultivar/Variety		  Description

Wiske	 butterhead lettuce  (Lactuca sativa var. capitata)	 Quick filling short day variety
		  Medium-thick leaves and nice bottom
		  High tolerance against tipburn and glassiness
		  (RZ seed and services, Ryk Zwaan)

Teodore	 butterhead lettuce (Lactuca sativa var. capitata)	 Red winter butterhead
		  Grow well in a cold greenhouse
		  Larger framed lettuce with medium thick leaves
		  (RZ seed and services, Ryk Zwaan)

Winter Altenburger*	 butterhead lettuce (Lactuca sativa var. capitata)	 Small, rather dense butterhead lettuce, blond-green 
		  colour with slightly pink-sprinkled head surface 
		  (Lissek-Wolf et al., 2009)

Struwelpeter*	 leaf lettuce (Lactuca sativa var. crispa)	 Strong-green leaf lettuce, deep gashed and lobate leaves 
		  similar to oak leaf lettuce, large and open heads 
		  with compact leaves (Lissek-Wolf et al., 2009)

Trianon*	 romain lettuce (Lactuca sativa var. longifolia)	 Green romain lettuce, outer leaves are slightly off and are 
		  smaller than the following, which are half-upright; funnel-
		  shaped to upright; leaves are slightly bubbly, a few large flat 
		  bubbles, distinct and juicy midrib (Lissek-Wolf et al., 2009)

* old, traditional varieties
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Labofuge GL, Hanau, Germany). Supernatants were decanted and 
filtered (Macherey-Nagel, MN 260, Düren, Germany). This process 
was repeated twice. Extracts were filled up to a 10 mL volume and 
stored at -20 °C until further analysis. 
Total Phenolic Content was analyzed spectrophotometrically (SP8-
300, Pye Unicam, OK, USA) according to the Folin-Ciocalteu 
procedure (Slinkard and Singleton, 1977). Absorbance was 
measured at a wavelength of 765 nm. Gallic acid served as a standard. 
Results were expressed as milligram gallic acid per dry matter [mg 
GAE g-1 DM].

Dietary Fiber
Cellulose and Lignin was analysed according to the methods of 
Goering and van Soest (1972) and AOAC (1999). One gram 
freeze-dried sample was extracted with 100  mL Acid Detergent 
Fibre (ADF) reagent (N-Cetyl-N, N,N-trimethyl-ammoniumbromid 
dissolved with 96  % H2SO4) using a Fibertec System (M 1020, 
Tecator, Sweden). Thereafter, the solution was vacuum-filtered, 
washed with boiled, double distilled water until removal of the 
acidity and again washed with 90  % acetone. The residue was 
dried at 105 °C for 24 h, weighed, ash-dried at 500 °C for 24 h and 
weighed again to calculate ADF. The dried ADF residue was used 
for Acid Detergent Lignin (ADL) determination. Cellulose content 
was calculated as the difference between ADF and ADL. The content 
of lignin and cellulose, respectively, were expressed as milligram 
compounds per gram dry matter [mg g-1 DM]. 
With the Neutral Detergent Fiber (NDL) approach (van Soest and 
Goering, 1963) one gram of freeze-dried material was cooked in 
100  mL of NDL mixture (Titriplex III, di-sodium borate, dode-
cylhydrogensulfate-Na, ethylene-glycol-monoethylester) to deter-
mine the hemicellulosic cell wall fraction. Afterwards, the solution 
was vacuum-filtered, washed with demineralized water and with 
90 % acetone. The insoluble residue was dried at 105 °C for 24 h, 
weighed, ash-dried at 500 °C for 24 h and weighed again to calcu-
late NDF. The hemicellulose content was obtained as the difference 
between NDF and ADF and given as milligram per gram dry matter 
[mg g-1 DM]. Contents of cellulose, hemicellulose and lignin were 
summarized as dietary fiber. Results were expressed as milligram per 
gram dry matter [mg g-1DM]. 

Statistics
The statistical evaluation was performed using SPSS 13.0 (SPSS 
Inc., Chicago, USA 2001). Significance of differences was conducted 
with Tukey-B test (p ≤ 0.05) or in case of inhomogeneity of variances 
with Dunnett´s T3 test (p ≤ 0.05). 

Results and Discussion
Biomass
Struwelpeter was the variety revealing the highest biomass production 
in all water treatments compared to the other cultivars and varieties 
(Fig.  1). However, both of the two old varieties ‘Struwelpeter’ 
and ‘Trianon’ revealed significantly reduced biomass in the water-
deficit treatment compared to well-watered and water-logged plants. 
Under water-deficit conditions biomass was reduced by 39 % for 
‘Struwelpeter’ and by 30 % for ‘Trianon’ compared to the well-
watered regime. This impact of the different water regimes was 
also observed in the old variety ‘Winter Altenburger’, however only 
tendentiously. Comparing water-deficit and water-logged treatments, 
‘Struwelpeter’ and ‘Trianon’ revealed significant higher biomass 
under waterlogging conditions (+ 58 %; + 61 %, respectively), but 
no distinct differences were found between the well-watered and the 
water-logged treatment. However, most of the cultivars and varieties 

tended to a depletion of biomass production and thus, yield in respect 
to waterlogging.
Ongoing drought affects the growing of roots and shoots (Passioura, 
1983). Here, closing of stomata inhibits the respiration and 
photosynthesis rate, and therefore, the formation of biomass (Nayyar 
and Gupta, 2006; Alexieva et al., 2001) as also found in the two 
old lettuce varieties ‘Struwelpeter’ and ‘Trianon’. Furthermore, 
inevitable consequence of drought is oxidative stress (Moran et al., 
1994) leading to activation of plant defense systems (Loggini et al., 
1999). Oxidative stress causes DNA damage, membrane damage, 
lipid peroxidation etc. (Mittler, 2002). In order to protect the plant 
from oxidative damage substantial amount of energy and substances, 
e.g. secondary metabolites such as carotenoids and phenolic 
compounds has to be procured for plant defense and are therefore in 
lack for biomass production under drought stress. 
Many studies have proven that waterlogging has a reducing impact 
on crop yields, e.g. in Triticum aestivum (Keles and Öncel, 2002), 
Trifolium pratense and Trifolium repens (Simova-Stoilova et al., 
2011), Vigna sinensis and Zea mays (Nemat Alla et al., 2002) and 
others. Water logging also leads to an imbalance of nutrient uptake. 
While several minerals were depressed in their concentration e.g. 
nitrogen, phosphorus, potassium (Belford et al., 1980), others were 
enhanced up to toxic concentration (Shabala, 2010). Such conditions 
facilitate the activation of oxygen, and therefore, oxidative stress. 
While most of studies examined severe water excess conditions, 
waterlogging (up to 70 % soil moisture) in this study we suppose 
that used experimental conditions did not lead to a permanent soil 
oxygen deprivation. This may implicate moderate stress in respect 
to waterlogging and did not influence biomass production of lettuce 
significantly. 

Dry matter content of plants differed depending on lettuce variety 
and cultivar as well as on the water treatment (Fig. 2). The cultivar 
Wiske revealed the lowest dry matter content compared to the other 
cultivars and varieties. Furthermore, under water-deficit regime al-
most all cultivars and varieties exhibited the highest contents of dry 
matter compared to the well-watered as well as the water-logged 
plants. Here, except ‘Wiske’ all cultivars and varieties revealed 
higher dry mass contents, thus reduced water contents, highest for 
‘Teodore’ (+ 44 %), followed by ‘Trianon’ (+ 31 %), ‘Struwelpeter’ 
(+ 28 %) and ‘Winter Altenburger’ (+ 22 %). No significant differ-
ences were found between well-watered and water-logged treat-

Fig. 1: 	 Biomass [g per plant] of different cultivars and varieties of Lactuca 
sativa spp. grown under different water regimes (water-deficit = 18-
25 % [WD], well-watered = 50 % [WW], water-logged = 61-70 % 
[WL]). Data represent n ± SD. Bars with different letters were sig-
nificantly different (Tukey-B test, p ≤ 0.05).
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ments. Comparing water-deficit and water-logged treatments all 
cultivars and varieties, except ‘Wiske’, revealed lower dry matter 
contents and thus also a reduced water content under waterlogging 
conditions.
Changing sink-source relations due to drought seems to have affected 
the dry matter content of leaves. Increasing content of dry matter is 
explained by higher accumulation of assimilates (Marschner, 1995) 
that are necessary for maintenance of plant metabolism or rather 
activation of stress response system (Roitsch, 1999). In this case, 
leaves are not only source but also sink organs (Roitsch, 1999). 
Thus, assumingly carbohydrates might have been accumulated under 
drought stress conditions, e.g. sucrose and sugar alcohols (Sircelj 
et al., 2005), being also osmoprotectants that protect plants from 
extreme oxidative stress (Rontein et al., 2002).
Waterlogging conditions reduce dry matter production (Kumutha 
et al., 2009) and increase fresh weight of plants (Nemat Alla 
et al., 2002). However, severe water excess leads to a reduced relative 

water content in leaves and subsequent wilting due to inhibition of 
respiration and loss of ATP synthesis in the roots (Sairam et al., 
2008). An interference of respiratory processes and breakdown 
of carbohydrates are common symptoms of waterlogging stress 
(Subbaiah and Sachs, 2003; Das et al., 2000; Zeng et al., 1999) 
which assumingly influenced the dry matter contents of lettuce 
leaves.

Carotenoid and Chlorophyll
The analysis of carotenoids revealed contents of 345 - 666 μg g-1 
DM for ß-carotene, 370 - 686 μg g-1 DM for lutein and 32 - 59 μg 
g-1 DM for lycopene (Tab.  2). Chlorophyll content ranged from 
4.0 - 7.6 mg g-1 DM (Fig.  3). Results supports findings by Mou 
(2005), Nicolle et al. (2004) and Thomas and Gausman (1977). 
‘Struwelpeter’ and ‘Teodore’ grown under optimum well-watered 
conditions revealed the highest amounts of carotenoids (lutein, ß-
carotene, lycopene) and chlorophyll compared to other cultivars 
and varieties. However, only for ‘Teodore’ significant differences 
between the different water regimes were obtained. Here, the water-
deficit treatment exhibited lower contents of lutein (- 41 %), ß-caro-
tene (- 43 %), lycopene (- 38 %), and chlorophyll (- 47 %) compared 
to the well-watered treatment. Carotenoid and chlorophyll contents 
did not differ between water-deficit and water-logged plants. None-
theless, ‘Teodore’ exhibit significant lower contents of ß-carotene 
under waterlogging conditions compared to the well-watered treat-
ment (- 27 %).

Drought conditions caused a change in the biosynthesis of plant 
pigments especially of chlorophylls and carotenoids (Farooq et al., 
2008; Anjum et al., 2003). It is also known that photosynthesis of 
higher plants is reduced with decreasing leaf water potential (Reddy 
et al., 2004; Zlatev and Yordanov, 2004; Van Holsteijn et al., 
1977) and associated with low contents of chlorophyll pigments 
(Mafakheri et al., 2010; Arunyanark et al., 2008). The latter find-
ing was confirmed by results of the present study where plants of the 
cultivar Teodore grown under water-deficit conditions revealed sig-
nificantly lower chlorophyll a and b concentrations compared to the 
other water regimes (data not shown). Decompensation of chloro-
phyll is also induced by free radicals due to oxidative stress (Reddy 

Fig. 2: 	 Dry matter content [%] of different cultivars and varieties of Lac-
tuca sativa spp. grown under different water regimes (water-deficit 
= 18-25 % [WD], well-watered = 50 % [WW], water-logged = 61-    
70 % [WL]). Data represent n ± SD. Bars with different letters were 
significantly different (Tukey-B test, p ≤ 0.05).

Tab. 2: 	Lutein, ß-carotene, lycopene [μg g-1 DM] of different cultivars and varieties of Lactuca sativa spp. grown under different water regimes (water-deficit 
= 18-25 % [WD], well-watered = 50 % [WW], water-logged = 61-70 % [WL]). Data represent n ± SD. Different letters in columns and rows indicate 
significant differences (Dunett’s T3 test, p ≤ 0.05).
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et al., 2004; Fu and Huang, 2001). Although carotenoids protect 
chlorophyll from oxidative damage as reported by Sieferman-
Harms (1987) and Foyer et al. (1994), they are highly susceptible 
to oxidative destruction (Jaleel et al., 2009). Drought stress leads 
to a degradation or re-organisation of carotenoid compounds, e.g. 
lutein, ß-carotene and neoxanthin (Loggini et al., 1999; Moran 
et al., 1994), in particular, if stress is based on the production of free 
radicals in the thylakoids (Jaleel et al., 2009; Reddy et al., 2004). 
Moreover, Reddy et al. (2004) and Loggini et al. (1999) reported 
an increase in the pool of de-epoxidized xanthophyll-cycle compo-
nents (i.e. zeaxanthin and antheraxanthin). A complex relationship 
between xanthophyll cycle-dependent energy quenching and forma-
tion of active oxygen species (AOS) exists in photosynthetic systems 
of plants under drought stress (Reddy et al., 2004).
Waterlogging has been reported to reduce photosynthetic rate (Zhou 
and Lin, 1995; Yuehua, 1987), chlorophyll (Kumutha et al., 
2009; Zhou and Lin, 1995) and also carotenoid contents in plants 
(Peng, 2012; Sabale and Kale, 2010; Gu et al., 2009). According 
to Das et al. (2000) carotenoids appeared less vulnerable to water 
excess than chlorophyll pigments. However, with the prolonging of 
waterlogging conditions their reduction also seems to be unavoidable, 
which is consistent with studies by Gu et al. (2009). Similar to 
drought, oxidative stress in photosynthetic tissue might result in 
the decomposition of carotenoids, which was found in the present 
study on the commercial lettuce cultivar Teodore in the water-logged 
treatment. 

Total phenol compounds
The content of total phenols in Lactuca sativa spp. ranged from 
5.0 - 14.6 mg GAE g-1 DM (Fig. 4), which is consistent with findings 
by Chu et al. (2002) and Vinson et al. (1998)����������������������. Cultivars and varie-
ties and water treatments exhibited significant differences. The high-
est content of phenolic compounds was determined for the cultivar 
Teodore. Moreover, ‘Teodore’ grown under the different water re-
gimes revealed contents of total phenol which almost doubled that of 
the other cultivars and varieties. Thus, ‘Teodore’ was the only culti-
var with a considerable response towards the different water regimes. 
Plants grown under water-deficit conditions revealed higher contents 
of phenolic compounds (+ 11 %) than plants of the well-watered as 
well as of the water-logged regime. No significant differences were 
found between well-watered and water-logged plants. 

In response to stress, plants activate the defense system, like the 
enzymatic and non-enzymatic antioxidants. Besides numerous en-
zymes (superoxid dismuthase, peroxidase etc.), phenolic compounds 
are strong antioxidants that help plants to survive stress conditions 
(Mittler, 2002). Antioxidant compounds such as phenolic com-
pounds are able to prevent oxidative burst of plant cells and thus 
protect plants from damage of proteins and lipids, DNA and RNA 
structures (Apel and Hirt, 2004). In the present study, the com-
mercial cultivar Teodore revealed higher contents of total phenols 
under water-deficit conditions. The promotion of the synthesis of 
phenolic compounds due to drought was already documented in nu-
merous studies (Sánchez-Rodríguez and Rubio-Wilhelmi, 2010; 
Alexieva et al., 2001; Esteban et al., 2001; Ayaz et al., 2000), also 
for lettuce (Oh et al., 2010; Oh et al., 2009). 
Waterlogging conditions did not lead to an accelerated synthesis of 
phenolic compounds in the lettuce cultivars and varieties studied. 
This might have been related to the intensity of stress applied and/
or also to the composition of phenolic substances analysed. In gen-
eral, water excess is known to induce the accumulation of phenolic 
compounds acting as strong antioxidants (Nacif de Abreu and 
Mazzafera, 2005; Nemat Alla et al., 2002). Sabale and Kale 
(2010) reported for Coriandrum sativum a decline of flavonoids be-
ing caused by water excess, while contents of anthocyanins were 
enhanced. One of the main phenolic compounds in lettuce is querce-
tin (Garcia-Macias et al., 2007; DuPont et al., 2000), which was 
probably not affected by waterlogging, as also reported for the medi-
cal herb Hypericum brasiliense by Nacif de Abreu and Mazzafera 
(2005). As consequence of waterlogging conditions high levels of 
lipid oxidation and the accumulation of antioxidative enzymes, i.e. 
superoxide dismutase (SOD), catalase (CAT) as well as peroxidases 
(POD) were reported (Kumutha et al., 2009; Zhang et al., 2007; 
Zhou and Lin, 1995). 

Dietary Fiber
Dietary fiber content of lettuce ranged between 130 and 170 mg 
g-1 DM (Fig. 5). It consisted of mainly cellulose, which constitutes 
the highest fraction with nearly 80 % compared to hemicellulose 
and lignin with 10 %, respectively. No significant differences were 
found for lignin. For hemicellulose tendentially higher contents were 
determined in drought stressed plants compared to water-logged 

Fig. 3: 	 Chlorophyll content [mg g-1 DM] of different cultivars and varieties 
of Lactuca sativa spp. grown under different water regimes (water-
deficit = 18-25 % [WD], well-watered = 50 % [WW], water-logged 
= 61-70 % [WL]). Data represent n ± SD. Bars with different letters 
were significantly different (Dunett’s T3 test, p ≤ 0.05).

Fig. 4: 	 Total Phenol Content [mg GAE g-1 DM] of different cultivars and 
varieties of Lactuca sativa spp. grown under different water regimes 
(water-deficit = 18-25 % [WD], well-watered = 50 % [WW], water-
logged = 61-70 % [WL]). Data represent n ± SD. Bars with different 
letters were significantly different (Tukey-B test, p ≤ 0.05).
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plants in the varieties and cultivars Winter Altenburger, Struwelpeter 
and Trianon (Tab.  3). Cellulose exhibited contrary results. Here, 
plants grown under water-deficient conditions tended to lower 
contents than under water-logged treatment, specifically for ‘Wiske’ 
and ‘Trianon’. Nevertheless, comparing the different water regimes 
no differences were found in the dietary fiber content (as sum of 
hemicellulose, cellulose, and lignin) (Fig.  5). However, cultivars/
varieties differed in their content of dietary fibers. At optimal water 
conditions, ‘Teodore’ revealed the lowest dietary fiber content 
compared to ‘Wiske’ and ‘Trianon’. 

In general, drought stress leads to cell wall strengthening, which is 
accompanied by several complex processes, such as linking phenolic 
components to the cell wall matrix or lignification processes (Moura 
et al., 2010). However, lignification can differ in plant organs 
under drought stress conditions. While in roots, an enhanced lignin 

content were reported (Fan et al., 2006), the lignin content in young 
leaves of Zea mays subjected to water stress was lower than in the 
well-watered plants (Vincent et al., 2005). Sugar components as 
precursors of cell wall components are also necessary for the biomass 
production and the accumulation of defense compounds in plants. 
Under drought stress a decreased photosynthesis may inhibit the 
production of sugar components in sufficient quantity. However, an 
increase of carbohydrates (mainly mono- and disaccharides) during 
drought stress was reported (Sircelj et al., 2005). This accumulation 
is achieved for example by inhibiting the cellulose synthase, an 
enzyme that is involved in the synthesis of cellulose (Narciso et al., 
2010; Zhu et al., 2010). Therefore, a lower proportion of cellulose 
under drought stress has been expected. In contrast, hemicellulose 
contents increased under drought stress. Due to their water-storing 
properties within the cell wall, hemicellulose contributes to drought 
tolerance in plants. Further, a change in hemicellulose content 
constitutes a direct control of the rate of expansion of plant cells 
under drought (Iraki et al., 1989). 
Under waterlogging conditions, photosynthetic rate and sugar 
accumulation in leaves decreases. An influence on dietary fiber 
contents, also being a product of sugar molecules, could be 
expected. However, most of the studies investigated changes of 
lignin, hemicellulose and cellulose in the subterranean plant organ 
root, which is directly affected by water excess (Tobisa et al., 1997; 
Galamay et al., 1992). Tobisa et al. (1997) found lower contents 
of lignin and hemicellulose in roots of the legume Aeschynomene 
americana by waterlogging. Further, a higher content of lignin and 
cellulose in the plant top was determined. However, above biomass 
of A. americana consists of shoots, leaves and fruits with seed, while 
lettuce mostly forms only leaves until harvest. Dietary fiber content 
of leaves is not affected by waterlogging in contrast to the results 
obtained in the present study on lettuce.

Conclusion
Depending on the sensitivity to water stress of the respective variety 
and cultivar, drought led to reduced biomass production, which is 
one key factor for producers. Water stress partly affected bioactive 
compounds negatively, e.g. carotenoids, possibly being a decision 
factor for consumers. However, in the present study on different 

Fig. 5: 	 Dietary Fiber [%] of different cultivars and varieties of Lactuca 
sativa spp. grown under different water regimes (water-deficit = 18-
25 % [WD], well-watered = 50 % [WW], water-logged = 61-70 % 
[WL]). Data represent n ± SD. Bars with different letters were sig-
nificantly different (Dunett’s T3 test, p ≤ 0.05).

Tab. 3: 	Hemicellulose, cellulose, lignin [mg g-1 DM] of different cultivars and varieties of Lactuca sativa spp. grown under different water regimes (water-
deficit = 18-25 % [WD], well-watered = 50 % [WW], water-logged = 61-70 % [WL]). Data represent n ± SD. Column and rows with different letters 
were significantly different (Dunett’s T3 test, p ≤ 0.05).
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lettuce cultivars and varieties drought stress increased the content 
of phenolic compounds, but did not influence dietary fiber contents, 
both are known to have biofunctional properties. At waterlogging 
conditions neither phenolic compounds nor dietary fiber were 
influenced in their contents.
Lettuce cultivars and varieties revealed different response behaviour 
to water stress (drought and waterlogging). In respect to biomass 
production, the old variety Struwelpeter exhibited the highest 
biomass production compared to other cultivars and varieties when 
growing under drought as well as waterlogging conditions, although 
this variety also showed the greatest loss in biomass production 
under drought conditions. Furthermore, ‘Struwelpeter’ comprised 
the highest carotenoid content, even under both stress conditions. 
On the other hand, the modern cultivar Teodore exhibited the highest 
content of total phenolic compounds, mainly under drought stress and 
here, also the least loss in biomass production, possibly indicating 
a valuable plant defense mechanism to water deficit conditions. 
The presented results lead to the conclusion that old and traditional 
varieties such as ‘Struwelpeter’ did not show a different adaptation 
mechanism to water stress conditions in comparison to commercial 
cultivars, i.e. ‘Teodore’. Nevertheless, old varieties exhibit a high 
potential to evaluate adaptation processes in a changing climate 
environment, and in addition they contribute to the promotion of 
agrobiodiversity.

Acknowledgement
This work was part of the project INKA-BB (Innovation Network 
of Climate Change Adaptation Berlin Brandenburg), financially sup-
ported by the BMBF (Federal Ministry of Education and Research), 
Germany.

References
Alexieva, V., Sergiev, I., Mapelli, S., Karanov, E., 2001: The effect of 

drought and ultraviolet radiation on growth and stress markers in pea and 
wheat. Plant Cell Environ. 24, 1337-1344.

Anjum, F., Yaseen, M., Rasool, E., Wahid, A., Anjum, S., 2003: Water 
stress in barley (Hordeum vulgare L.) II. Effect on chemical composition 
and chlorophyll contents. Pak. J. Agr. Sci. 40, 45-49.

Apel, K., Hirt, H., 2004: Reactive oxygen species: metabolism, oxidative 
stress, and signal transduction. Annu. Rev. Plant Biol. 55, 373-399.

Arunyanark, A., Jogloy, S., Akkasaeng, C., Vorasoot, N., Kesmala, 
T., Nageswara Rao, R.C., Wright, G.C., Patanothai, A., 2008: 
Chlorophyll stability is an indicator of drought tolerance in peanut. J. 
Agron. Crop Sci. 194, 113-125.

Ayaz, F.A., Kadioglu, A., Turgut, R., 2000: Water stress effects on the 
content of low molecular weight carbohydrates and phenolic acids in 
Ctenanthe setosa (Rosc.) Eichler. Can. J. Plant Sci. 80, 373-378.

Belford, R.K., Cannell, R.Q., Thomson, R.J., Dennis, C.W., 1980: Effects 
of waterlogging at different stages of development on the growth and 
yield of peas (Pisum sativum L.). J. Sci. Food Agr. 31, 857-869.

Cannell, R.Q., Gales, K., Snaydon, R.W., Suhail, B.A., 2008: Effects 
of short-term waterlogging on the growth and yield of peas (Pisum 
sativum). Ann. Appl. Biol. 93, 327-335.

Chu, Y.F., Sun, J., Wu, X., Liu, R.H., 2002: Antioxidant and antiproliferative 
activities of common vegetables. J. Agric. Food Chem. 50, 6910-6916.

Das, C., Das, N.K., Chattopadhyay, S., Sengupta, T., Sen, S.K., 2000: 
Effect of water logging on physiobiochemical attributes of muleberry 
(Morus alba L.). Ind. J. Plant Physiol. 5, 79-81.

Donati, K., 2005: The pleasure of diversity in slow food’s ethics of taste. 
Food, Cult. Soc. 8, 227-242.

DuPont, M.S., Mondin, Z., Williamson, G., Price, K.R., 2000: Effect 
of variety, processing, and storage on the flavonoid glycoside content 

and composition of lettuce and endive. J. Agric. Food Chem. 48, 3957-
3964.

Ehlenfeldt, M.K., Prior, R.L., 2001: Oxygen radical absorbance capacity 
(ORAC) and phenolic and anthocyanin concentrations in fruit and leaf 
tissues of highbush blueberry. J. Agric. Food Chem. 49, 2222-2227.

Esteban, M.A., Villanueva, M.J., Lissarrague, J.R., 2001: Effect of 
irrigation on changes in the anthocyanin composition of the skin of cv 
Tempranillo Vitis vinifera L. grape berries during ripening. J. Sci. Food 
Agr. 81, 409-420.

Fan, L., Linker, R., Gepstein, S., Tanimoto, E., Yamamoto, R., Neu-
mann, P.M., 2006: Progressive inhibition by water deficit of cell 
wall extensibility and growth along the elongation zone of maize 
roots is related to increased lignin metabolism and progressive stelar 
accumulation of wall phenolics. Plant Physiol. 140, 603-612.

Farooq, M., Basra, S.M.A., Wahid, A., Cheema, Z.A., Cheema, 
M.A., Khaliq, A., 2008: Physiological role of exogenously applied 
glycinebetaine to improve drought tolerance in fine grain aromatic rice 
(Oryza sativa L.). J. Agron. Crop Sci. 194, 325-333.

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., Basra, S.M.A., 2009: 
Plant drought stress: effects, mechanisms and management. Agron. 
Sustain. Dev. 29, 185-212.

Foyer, C.H., Harbinson, J., Mullineaux, P.M., 1994: Oxygen metabolism 
and the regulation of photosynthetic electron transport, In: Foyer, 
C.H., Mullineaux, P.M. (Ed.), Causes of Photooxidative Stresses and 
Amelioration of Defense Systems in Plants, 1-42. Boca Raton, USA: 
CRC Press.

Fu, J., Huang, B., 2001: Involvement of antioxidants and lipid peroxidation 
in the adaptation of two cool-season grasses to localized drought stress. 
Environ. Exp. Bot. 45, 105-114.

Galamay, T.O., Yamauchi, A., Nonoyama, T., Kono, Y., 1992: Acropetal 
lignification in protective tissues of cereal nodal root axes as affected by 
different soil moisture conditions. Jap. J. Crop Sci. 61, 511-511.

Garcia-Macias, P., Ordidge, M., Vysini, E., Waroonphan, S., Battey, 
N.H., Gordon, M.H., Hadley, P., John, P., Lovegrove, J.A., 
Wagstaffe, A., 2007: Changes in the flavonoid and phenolic acid 
contents and antioxidant activity of red leaf lettuce (Lollo Rosso) due 
to cultivation under plastic films varying in ultraviolet transparency. J. 
Agric. Food Chem. 55, 10168-10172.

Goering, H.K., Van Soest, P.J., 1972: Forage fiber analyses (apparatus, 
reagents, procedures, and some applications). In: Agricultural Handbook 
No. 379, USA: U.S. Agricultural Research Service.

Goodwin, T.W., 1980: The biochemistry of the carotenoids. London, Great 
Britain: Chapman and Hall.

Gu, Z.Q., Zhang, L.Q., Yuan, L., 2009: Responses of photosynthetic 
pigments of Spartina alterniflora and Phragmites australis to durative 
waterlogging. Ying yong sheng tai xue bao 20, 2365-2369.

Iraki, N.M., Bressan, R.A., Hasegawa, P.M., Carpita, N.C., 1989: 
Alteration of the physical and chemical structure of the primary cell wall 
of growth-limited plant cells adapted to osmotic stress. Plant Physiol. 
91, 39-47.

Jaleel, C.A., Manivannan, P., Wahid, A., Farooq, M., Al-Juburi, H.J., 
Somasundaram, R., Panneerselvam, R., 2009: Drought stress in 
plants: a review on morphological characteristics and pigments compo-
sition. Int. J. Agric. Biol. 11, 100-105.

Keles, Y., Öncel, I., 2002: Response of antioxidative defence system to 
	 temperature and water stress combinations in wheat seedlings. Plant 

Sci.163, 783-790.
Kumutha, D., Ezhilmathi, K., Sairam, R., Srivastava, G., Deshmukh, 
	 P., Meena, R., 2009: Waterlogging induced oxidative stress and anti-

oxidant activity in pigeonpea genotypes. Biol. Plant. 53, 75-84.
Lehmann, C., Lissek-Wolf, G., Huyskens-Keil, S., Vögel, R., 2008: 

On-farm Erhaltung genetischer Ressourcen unter marktwirtschaftlichen 
Bedingungen-Erste Ergebnisse eines Modell-und Demonstrationsvor-
habens zur Wiedereinführung alter Lactuca Sorten zur regionalen Ver-
marktung. Treffpunkt Biologische Vielfalt 8, 41-46.



272	 I. Eichholz, N. Förster, C. Ulrichs, M. Schreiner, S. Huyskens-Keil

Lehmann, C., Lissek-Wolf, G., Huyskens-Keil, S., Vögel, R., 2009: Stri-
king a new path for con-servation of crop genetic resources: First results 
of a pilot project to re-introduce old Lactuca varieties into the market. 
Acta Hort 817, 341-346.

Lissek-Wolf, G., Lehmann, C., Huyskens-Keil, S., 2009: Die Vielfalt alter 
Salatsorten – eine Dokumentation. In: Berlin und Greiffenberg, Germa-
ny: Bundesministeriums für Ernährung, Landwirtschaft und Verbrau-
cherschutz.

Loggini, B., Scartazza, A., Brugnoli, E., Navari-Izzo, F., 1999: Anti-
oxidative defense system, pigment composition, and photosynthetic ef-
ficiency in two wheat cultivars subjected to drought. Plant Physiol. 119, 
1091-1100.

Mafakheri, A., Siosemardeh, A., Bahramnejad, B., Struik, P.C., 
	 Sohrabi, E., 2010: Effect of drought stress on yield, proline and chloro-

phyll contents in three chickpea cultivars. Aust. J. Crop Sci. 4, 580-585.
Marschner, H., 1995: Mineral nutrition of higher plants, (2nd ed.). London, 

Great Britain: Academic Press Inc..
Mittler, R., 2002: Oxidative stress, antioxidants and stress tolerance. Trends 

Plant Sci.7, 405-410.
Moran, J.F., Becana, M., Iturbe-Ormaetxe, I., Frechilla, S., Klucas, 

R.V., Aparicio-Tejo, P., 1994: Drought induces oxidative stress in pea 
plants. Planta 194, 346-352.

Mou, B., 2005: Genetic variation of beta-carotene and lutein contents in let-
tuce. J. Am. Soc. Hortic. Sci. 130, 870-876.

Moura, J.C., Bonine, C.A., De Oliveira Fernandes Viana, J., Dornelas, 
M.C., Mazzafera, P., 2010: Abiotic and biotic stresses and changes in 
the lignin content and composition in plants. J. Integr. Plant Biol. 52, 
360-376.

Nacif de Abreu, I., Mazzafera, P., 2005: Effect of water and tempera-
ture stress on the content of active constituents of Hypericum brasiliense 
Choisy. Plant Physiol. Biochem. 43, 241-248.

Narciso, J., Oane, R.H., Kumar, A., Kohli, A., 2010: Cellulose synthase 
as a major candidate gene in the large effect QTL for rice yield under 
drought stress. Philip. J. Crop Sci. 35, 7.

Nayyar, H., Gupta, D., 2006: Differential sensitivity of C3 and C4 plants to 
water deficit stress: Association with oxidative stress and antioxidants. 
Environ. Exp. Bot. 58, 106-113.

Nemat Alla, M., Younis, M., El-Shihaby, O., El-Bastawisy, Z., 2002: 
Kinetin regulation of growth and secondary metabolism in waterlogging 
and salinity treated Vigna sinensis and Zea mays. Acta Physiol. Plant. 
24, 19-27.

Nicolle, C., Carnat, A., Fraisse, D., Lamaison, J.L., Rock, E., Michel, 
H., Amouroux, P., Remesy, C., 2004: Characterisation and variation 
of antioxidant micronutrients in lettuce (Lactuca sativa folium). J. Sci. 
Food Agr. 84, 2061-2069.

Oh, M.M., Carey, E.E., Rajashekar, C.B., 2010: Regulated water deficits 
improve phytochemical concentration in lettuce. J. Am. Soc. Hortic. Sci. 
135, 223-229.

Oh, M.M., Trick, H.N., Rajashekar, C.B., 2009: Secondary metabolism 
and antioxidants are involved in environmental adaptation and stress tol-
erance in lettuce. J. Plant Physiol. 166, 180-191.

Okuyama, T., Yoshida, M., Yamamoto, H., 1995: An estimation of the 
	 turgor pressure change as one of the factors of growth stress generation 

in cell walls: diurnal change of tangential strain of inner bark. J. Jap. 
Wood Res. Soc. 41, 1070-1078.

Passioura, J.B., 1983: Roots and drought resistance. Agric. Water Manage. 
7, 265-280.

Peng, Y., Xiao, X., 2012: Effects of waterlogging stress on the growth and 
physiological characteristics of male and female Populus cathayana 
seedlings. Chin. J. Plant Ecol. 36, 81-87.

Promkhambut, A., Younger, A., Polthanee, A., Akkasaeng, C., 2010: 
Morphological and Physiological Responses of Sorghum (Sorghum bi-
color L . Moench) to Waterlogging. Asian J. Plant Sci. 9, 183-193.

Reddy, A.R., Chaitanya, K.V., Vivekanandan, M., 2004: Drought-induced 
responses of photosynthesis and antioxidant metabolism in higher plants. 

J. Plant Physiol. 161, 1189-1202.
Roitsch, T., 1999: Source-sink regulation by sugar and stress. Curr. Opin. 

Plant Biol. 2, 198-206.
Rontein, D., Basset, G., Hanson, A.D., 2002: Metabolic engineering of 

osmoprotectant accumulation in plants. Metab. Eng. 4, 49-56.
Sabale, A., Kale, P.B., 2010: Response of coriander (Coriandrum sativum 

L.) to waterlogging. Ind. J. Plant Physiol. 15, 396-400.
Sairam, R.K., Kumutha, D., Ezhilmathi, K., Deshmukh, P.S., Srivastava, 

G.C., 2008: Physiology and biochemistry of waterlogging tolerance in 
plants. Biol. Plant. 52, 401-412.

Sánchez-Rodríguez, E., Rubio-Wilhelmi, M., 2010: Genotypic differ-
ences in some physiological parameters symptomatic for oxidative stress 
under moderate drought in tomato plants. Plant Sci. 178, 30-40.

Schreiner, M., Huyskens-Keil, S., 2006: Phytochemicals in fruit and veg-
etables: health promotion and postharvest elicitors. Crit. Rev. Plant Sci. 
25, 267-278.

Shabala, S., 2010: Physiological and cellular aspects of phytotoxicity toler-
ance in plants: the role of membrane transporters and implications for 
crop breeding for waterlogging tolerance. New Phytol. 190, 289-298.

Shao, H.B., Chu, L.Y., Jaleel, C.A., Manivannan, P., Panneerselvam, R., 
Shao, M.A., 2009: Understanding water deficit stress-induced changes 
in the basic metabolism of higher plants-biotechnologically and sustain-
ably improving agriculture and the ecoenvironment in arid regions of the 
globe. Crit. Rev. Biotechnol. 29, 131-151.

Sheffield, J., Wood, E.F., 2008: Projected changes in drought occurrence 
under future global warming from multi-model, multi-scenario, IPCC 
AR4 simulations. Clim. Dynam. 31, 79-105.

Siefermann Harms, D., 1987: The light harvesting and protective func-
tions of carotenoids in photosynthetic membranes. Physiol. Plant. 69, 
561-568.

Simova-Stoilova, L., Demirevska, K., Kingston-Smith, A., Feller, U., 
2011: Involvement of the leaf antioxidant system in the response to soil 
flooding in two Trifolium genotypes differing in their tolerance to water-
logging. Plant Sci. 183, 43-49.

Sircelj, H., Tausz, M., Grill, D., Batic, F., 2005: Biochemical responses 
in leaves of two apple tree cultivars subjected to progressing drought. J. 
Plant Physiol. 162, 1308-1318.

Slinkard, K., Singleton, V.L., 1977: Total phenol analysis: automation and 
comparison with manual methods. Am. Soc. Enol. Vitic. 28, 49-55.

Subbaiah, C.C., Sachs, M.M., 2003: Molecular and cellular adaptations of 
maize to flooding stress. Ann. Bot. 91, 119-127.

Thomas, J.R., Gausman, H.W., 1977: Leaf reflectance vs. leaf chlorophyll 
and carotenoid concentrations for eight crops. Agron. J. 69, 799-802.

Tobisa, M., Shimojo, M., Masuda, Y., Goto, I., 1997: Effects of water-
logging treatment on the contents of cell wall constituents and minerals 
in Aeschynomene americana cv. Glenn. J. Jap. Soc. Grassland Sci. 43, 
298-305.

Treutter, D., 2010: Managing phenol contents in crop plants by phyto-
chemical farming and breeding-visions and constraints. Int. J. Mol. Sci. 
11, 807-857.

Van Holsteijn, H.M.C., Behboudian, M.H., Bongers, H., 1977: Water 
relations of lettuce. II. Effects of drought on gas exchange properties of 
two cultivars. Sci. Hort. 7, 19-26.

Vincent, D., Lapierre, C., Pollet, B., Cornic, G., Negroni, L., Zivy, M., 
2005: Water deficits affect caffeate O-methyltransferase, lignification, 
and related enzymes in maize leaves. A proteomic investigation. Plant 
Physiol. 137, 949-960.

Vinson, J.A., Hao, Y., Su, X., Zubik, L., 1998: Phenol antioxidant quantity 
and quality in foods: vegetables. J. Agric. Food Chem. 46, 3630-3634.

Von Wilpert, K., 1991: Intraannual variation of radial tracheid diameters as 
monitor of site specific water stress. Dendrochronologia 9, 95-113.

Waldron, K.W., Parker, M.L., Smith, A.C., 2003: Plant cell walls and 
food quality. Comp. Rev. Food Sci. F. 2, 128-146.

Yuehua, Y., Xuelan, Z., Haibo, H., 1987: Effect of the soil water content on 
the physiological process of tea plant. J. Tea Sci. 7, 23-28.



	 Bioactive metabolites in Lactuca sativa L. under water stress	 273

Zeng, Y., Wu, Y., Avigne, W.T., Koch, K.E., 1999: Rapid repression of 
maize invertases by low oxygen. Invertase/sucrose synthase balance, 
sugar signaling potential, and seedling survival. Plant Physiol. 121, 599-
608.

Zhang, G., Tanakamaru, K., Abe, J., Morita, S., 2007: Influence of water-
logging on some anti-oxidative enzymatic activities of two barley geno-
types differing in anoxia tolerance. Acta Physiol. Plant. 29, 171-176.

Zhou, W., Lin, X., 1995: Effects of waterlogging at different growth stages 
on physiological characteristics and seed yield of winter rape (Brassica 
napus L.). Plant Physiol. 44, 103-110.

Zhu, J., Lee, B.H., Dellinger, M., Cui, X., Zhang, C., Wu, S., Nothnagel, 
E.A., Zhu, J.K., 2010: A cellulose synthase-like protein is required for 
osmotic stress tolerance in Arabidopsis. Plant J. 63, 128-140.

Zlatev, Z.S., Yordanov, I.T., 2004: Effects of soil drought on photosyn-
thesis and chlorophyll fluorescence in bean plants. Bulg. J. Plant Physiol. 
30, 3-18.

Address of the authors:
Dr. Ines Eichholz, Dr. Nadja Förster, Prof. Dr. Dr. Christian Ulrichs, Dr. 
Susanne Huyskens-Keil (Corresponding author), Division Urban Plant 
Ecophysiology, Humboldt-Universität zu Berlin, Lentzeallee 55/57, 14195 
Berlin, Germany. 
E-mail: susanne.huyskens@agrar.hu-berlin.de
Prof. Dr. Monika Schreiner, Department Quality, Leibniz-Institute of Vege-
table and Ornamental Crops Großbeeren/Erfurt e.V., Theodor-Echtermeyer-
Weg 1, 14979 Großbeeren, Germany.


