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PREFACE

Maciej T. Grzesiak

Investigations in the biology of plant stress are the multidisciplinary ones, cov-
ering aspects of plant physiology, ecology, biochemistry, biophysics, genetics and
breeding. They provide information on physiological processes that are disturbed
as a result of the influence of the imposed stress factors. Due to advances in the
applied methods and in analytical devices, there exists now a greater possibility to
identify and to estimate the reaction of plants to various stresses, at the level of the
cell, the tissues, the whole plant, the plant canopy or the ecosystems. In spite of this
progress, many problems of stress biology in plants have not yet been solved. The
postulate put forward by Professor Jacob Levitt (1911-1990) at the conference in
East Lansing in August 1988 entitled „Stress interaction - back to the future", is
still a subject of discussion. Professor Levitt postulates that in order to attain fur-
ther progress it is necessary to reconsider the older, often forgotten research and
make an attempt at the synthetic survey of the present state of knowledge related to
stress biology in plants. There are many reasons why progress in this area is neces-
sary, considering that about 10 percent of the land surface used for agricultural
purposes offers optimal conditions for plant cultivation. The problems of famine in
many countries, the losses in food production resulting from drought, floods, too
low or too high air temperatures, environmental pollution connected with the in-
dustrialization, urbanization, fertilization and chemicalization in agriculture and
plant diseases, have become problems of world-wide importance, and they will
recur on a global scale because the climate is more and more changeable. The ten-
dency of the climate to warm-up, which has been confirmed by meteorologists, as
a result of the “greenhouse effect” does not necessarily imply that there will be no
more severe winters.

Higher plants, as sessile organisms, during evolution developed defence mecha-
nisms in order to cope with and function under environmental stresses. Physiologi-
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cal basis for plant reaction to environmental stress factors, are despite of this, still
the object of researchers interest. Nevertheless, we are far from fully understanding
the mechanisms of plant defence against stresses as yet. The modern methodologi-
cal approach and the applied techniques enable research at various levels of bio-
logical organization beginning with field, through single plants, organs, cells and
organelles down to the molecular level. The progress in analytical methods allows
the investigation of the successive stages of signal transductions or the role of sec-
ondary metabolites taking part both in plant defence reactions against stresses and
of those responsible for generating stress at the cellular level. The results of these
complementary investigations, important from the academic point of view, also
provide valuable applicable piece of information, which may be used in agricul-
tural and environmental biotechnology including genetic engineering, selection,
and breeding as well as in agronomy.

On a global scale, 90% of all agriculturally used land are affected by abiotic or
biotic stress factors and also within the areas that are said to be stress-free, are ob-
served short and of various intensity deviations from the optimum. However, we
are still far away from the full and comprehensive knowledge of mechanisms un-
derlying plant acclimatization and adaptation to stress factors. This is due to the
complexity of both the reception and transduction of signals, and reactions of plant
on various levels of biological organisation, magnified by a multi-gene control of
plant responses to stressors, together with the fact, that in many cases there are two
or more stress factors appearing together or sequentially. The greater challenge,
however, seems to be the proper application of the gained knowledge in practice.
Further substantial progress in yielding, both quantitatively and qualitatively, ob-
tained through selection, classical breeding, transgenesis in case of genetically
modified organisms or through specially designed agro-technologies, may be ef-
fective only if the scientific achievements of physiological, biochemical and mo-
lecular bases of plant reactions and tolerance to environmental stress factors are
utilized.

Plants, similar to all other living organisms, exist under the influence of the sur-
rounding environment, which in many cases provides conditions far or extremely
far from optimal for their growth, development and yielding. Higher plants, as
sessile, cannot change their place of existence. Therefore, through evolution, they
have developed combinations of molecular, biochemical, physiological, anatomi-
cal, morphological, and behavioural features and processes enabling them to adapt
to and survive in unfavourable environmental conditions. The processes of accli-
matization and adaptation to the changing over time, types and intensity of stressful
factors are affected accordingly to the emergence of new threats.

In the popularization of knowledge on plant stress physiology of importance are
scientific conferences aiming at presenting the current state of science, exchange of
opinions and possibly initiate common scientific projects. International Confer-
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ences „Plant Functioning Under Environmental Stress” are organized by the
F. Górski Institute of Plant Physiology of the Polish Academy of Sciences in Cra-
cow under suspicion of Polish Botanical Society and Committee of Physiology,
Genetic and Breeding of Plant, Polish Academy of Sciences in co-operation with
Slovak Agricultural University in Nitra, Plant Protection Institute, Hungarian
Academy of Sciences, University of Life Sciences - SGGW in Warsaw, Pedagogi-
cal University in Cracow and Agricultural University in Cracow.

The conference had 176 registered participants including 47 from abroad (Aus-
tralia, Canada, Iran, Pakistan, England, Denmark, Germany, Portugal, Russia, Slo-
vakia, Turkey, Ukraine, Hungary). Eight plenary lectures were delivered, 35 oral
and 134 poster presentation were given. (Abstracts are available at the APP website
at www.springer.com DOI 10.1007/s11738-012-1073-0).

There was also a competition for the best presentation of the research results for
young scientists. Young scientists were awarded for the best oral presentation:
Csilla Juhasz (Hungarian Academy of Sciences), Maciej Maciejewski (Institute of
Plant Physiology, Polish Academy of Sciences in Kraków), Michał Dziurka (In-
stitute of Plant Physiology, Polish Academy of Sciences in Kraków), Ernest
Bielinis (Poznań University of Life Sciences) and Peter Meszaros (Constantine the
Philosopher University in Nitra), and the best poster Agnieszka Wujeska (The Uni-
versity of Melbourne), Svitlana Romanchuk (National Academy of Science of
Ukraine), Ernest Bielinis (Poznań University of Life Sciences), Agnieszka Ostrow-
ska (Institute of Plant Physiology, Polish Academy of Sciences in Kraków). Agni-
eszka Kalandyk (Institute of Plant Physiology, Polish Academy of Sciences in
Kraków) and Svitlana Romanchuk (National Academy of Science of Ukraine)

Organizers wish to express their gratitude to the professors Michael B. Jackson
(University of Bristol, England), Balazs Barna (Hungarian Academy of Sciences,
Budapest), Janusz J. Zwiazek (University of Alberta, Edmonton, Canada), Helena
Gawrońska (Warsaw University of Life Sciences), Christian J. Jensen (University
of Copenhagen, Denmark), Marcin Rapacz (Agricultural University, Cracow) and
Folkard Asch (University of Hohenheim) for their interesting plenary lectures. We
are also truly grateful for all chairpersons: Professor Marian Saniewski, Professor
Helena Gawrońska, Professor Edward Gwoźdź, Professor Jan Rybczyński and to
invited conference guests: Professor Alina Kacperska, Professor Zofia Starck, Pro-
fessor Angela Filova and Professor Władysław Filek.

We would like to thank for the financial support and for providing some souve-
nirs to Ministry of Science and Higher Education; Ministry of Agriculture and
Rural Development; Ministry of the Environment; Polish Botanical Society; Com-
mittee of Physiology, Genetics and Breeding Polish Academy of Sciences; City
Council of Cracow; Polish Academy of Arts and Sciences; „Biały Kruk” Publish-
ers, Social Publishing Institute “ZNAK” and the GEOMOR-TECHNIK Ltd. Szcze-
cin.
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SOME OPTIONS FOR SECURING WATER RESOURCES
FOR AGRICULTURAL PRODUCTION

Christian Richardt Jensen
Department of Plant and Environmental Sciences, Faculty of Sciences,

University of Copenhagen, Taastrup, Denmark
Corresponding author; email crj@life.ku.dk

Abstract Agriculture is the main user of fresh water resources in the World. Optimisation of
agricultural water resources can be obtained by: Selection of water efficient irrigation
methods like drip and micro irrigation saving 30-40% water compared to furrow irrigation,
and by improving irrigation scheduling using plant and soil sensors and remote sensing based
models. Deficit irrigation in the form of regulated deficit irrigation (RDI) and partial root
zone drying (PRD) has the potential of raising the water productivity in the range of 10-50%.
Use of low quality waters, use of salt tolerant crops, optimising irrigation scheduling are
further options for which modelling tools lately have been developed. Using the ‘virtual
water’ principles so that water rich regions secure food supply to dry regions are already tools
being exploited. In dry regions small areas with high value crops should be irrigated securing
net income and livelihood. In general water can be saved by reducing the overall waste of
food throughout the food chain from post-harvest to the end-consumer. Recent findings on
these options are discussed.

Key words: Water saving; Pressurized deficit irrigation; Irrigation sheduling; Low quality
water; Cropping system ‘Virtual’ water; Waste of food feed and bio-fuel

Introduction

One third of the total land is situated in arid and semi-arid regions (Flowers et
al. 1986). Low precipitation, high evapotranspiration rates and low quality water
resources are major problems in these regions.  The scarcety of rain water results in
the fact that worldwide more than 40% of the food production comes from irrigated
land and agriculture is the biggest consumer of water accounting for some 70-90%
of all freshwater withdrawals (EIIE 2000; OECD/FAO 2011).  Decisions at three
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levels can improve awareness about water use (Hoekstra  2003).  Firstly  the user
level where increasing user’s awareness, applying water pricing and water saving
technology can lead to improvement in local water use efficiency. Secondly at the
river  basin level evaluation of the value of water for different alternative uses has
to be done in order to reallocate water in an economically efficient way.  Thirdly
at the global level the application of virtual water trade between water scarce and
water abundant regions can achieve improvements in the global water use efficien-
cy (Horleman and Neubert  2006). Arid countries can import food instead of exten-
ding irrigation; i.e. import ‘virtual water’ (Chapagain et al. 2005a), as a part of
Integrated Water Resource Management for these countries (El-Sadek 2011).
Therefore water limitation should result in rethinking regional choices of cropping
patterns and irrigation systems with consideration of the ‘virtual water’ concept.
Tightly connected to the latter is the water footprint concept, which can be broken
down to blue (surface and ground water), green (evaporated from soil stored water)
and grey (polluted water) water footprint. The water footprint may be modified and
reduced by reducing waste of food and feed (Gustavsson et al. 2011) and by ret-
hinking the food composition so that food contain less products of animal origin
with high footprint values (Hoekstra  2012). Recently, a Global Water Footprint
Standard has been launched (Hoekstra et al. 2011).

Better irrigation practise can be obtained by  modelling of crop water relations
using AquaCrop (Steduto et al. 2009)  and CropSyst (Stockle et al. 2003; Marsal
and Stockle 2012) or similar irrigation models for advicing when and how much to
irrigate;  under different level of nitrogen may be taken into account as done for
nitrogen in maize (Abedinpour et al. 2012).

As a framework for water saving, (Hsiao et al. 2007) suggested working on
a chain of efficiencies, i.e.: Conveyance efficiency (Econv) and farm efficiency
(Efarm), until the arrival of the water at the edge of the field. For the different ways
of water distribution (furrow, sprinkler, surface drip and subsurface drip, with the
latter eliminating most of the soil evaporation) field application efficiencies (Eappl)
of 60, 75 and 90% for surface irrigation (border, furrow, basin), sprinkler irrigation
and drip irrigation, respectively, have been obtained under European conditions
(Dworak et al. 2007).  Subsurface drip irrigation (SDI) has shown irrigation effi-
ciency (IE) being in the range of  95–100% (Schneider et al. 2001). SDI together
with fertigation can be used in many crops (Camp 1998; Hagin et al. 2003).

The effect of changing irrigation system on water saving

From FAO’s AQUASTAT (Siebert and Döll 2007) estimated that 274 million
hectares (Mha) are areas equipped for irrigation (AEI), and 315 Mha irrigated areas
are harvested (IAH) around year 2000. The main irrigated crops at the global scale
are rice (IAH of 103 Mha), wheat (IAH of 67 Mha), maize (IAH of 29 Mha) and
cotton (IAH of 16 Mha). More than 50% of the global area with irrigation was
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located in India, China and in the United States. The baseline scenario for the In-
ternational Water Management Institute (IWMI) assumes an increase in AEI of
22% from 1995 to 2025 (Seckler et al. 2000). For developing countries FAO esti-
mates AEI to increase by 20% from 202 Mha (1997) to 242 Mha in 2030 (Bruin-
sma  2003).

Many countries, such as Turkey, India, and China revised their irrigation legi-
slation, subsidizing their farmers for water and energy saving irrigation equipment.
At present, the global coverage of sprinkler and micro irrigated areas are 33 and 6
Mha, respectively (Sener, 2010). Hereby the water saving potential is huge if part
of the surface irrigated land (estimated surface irrigated land 315-39 = 276 Mha) is
reduced and turned into sprinkler and micro irrigated land.

Use of saline water for irrigation

Currently, about 50% of irrigated land in the world, which has at least twice the
productivity of rainfed land and may produce one-third of the world’s food, is
affected by salinization (Hillel 2000). Salinity stress affects crop growth, yield and
productivity and sodium (Na+) and chloride (Cl-) are the two key ions responsible
for both osmotic and ion-specific damage that significantly reduces crop growth
and yield (Munns and Tester 2008) as early assessed by (Mass and Hoffman 1977).
The complexity of soil salt and soil drying needs modeling and such models are
now available.  Accucate soil water control is important under saline conditions in
order to avoid harmful conctration of in the soil solution when soil water content is
reduced (e.g. Razzaghi et al. 2011). More mathematical, numerical models such as
SaltMod (Oosterbaan 2012) and SALTMED (Ragab et al. 2005) have been devel-
oped for the simulation and prediction of the salinity of soil moisture, ground and
drainage water, the depth of the water table, drain discharge and leaching of salts in
irrigated agricultural lands under different geohydrologic conditions, varying water
management options, including the use of groundwater for irrigation by pumping
from wells , and several crop rotation schedules. Other  crop growth models have
also been adapted to irrigation with saline water (e.g. Verma et al. 2012).

Controlling salinity by drainage needs a leaching fraction of the total irrigation
water to be 10-20% and the salt concentration of the drainage water is normally
5 to 10 times higher than that of the irrigation water resulting in the fact that salt
content in the soil is not accumulating (Hoorn and Alphen, 2006). In order to save
irrigation water in regions with distinct dry and wet seasons, the drainage system
may be operated in the wet season only, reducing environmental hazards from salt
in the leaching water. In orchards multiple lines of low-flow drip tape may be used
where there is salt accumulation along the tree row, and hereby significant water
savings for reclamation leaching may be obtained as opposed to irrigating the
whole field (Burt and Isbell, 2005).
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By applying the above modelling tools for soil solute concentration control
more accurate irrigation scheduling can be obtained for utilisation of this low water
quality reserve. Recently Mirlas (2012) presented the model MODFLOW for cal-
culation  of water table and soil salinization processes in irrigated fields and it can
provide reliable information for the planning of an effective subsurface drainage
system to prevent soil salinization.  Further, to avoid disposal of saline drainage
water to the environment re-use systems of saline drainage water have been deve-
loped   using robust forages with high water use (Benes et al. 2012).

Water saving pressurized irrigation systems

Drip and sprinkler  pressurised irrigation systems  have in the past  been  com-
pared with furrow irrigation systems showing distinct differences  between drip
irrigation, sprinkler irrigation and pivot irrigation (Burt et al. 1999; Raine and
Foley  2002).

Drip irrigation. Drip irrigation deliver water close to the root systems and he-
reby it minimizes evaporation and runoff. In most commercial systems  computers
control the sytem  with calibrated emitters supplied from computerized set of va-
lves.  By reducing soil evaporation  subsurface drip irrigation (SDI) further reduces
evaporative losses to the atmosphere and is environmental friendly by causing less
soil erosion. SDI has been intensively investigated during the last 30 years (e.g.
reviewed by: Ayers et al. 1999; Camp 1998; Camp et al. 2000). Until now due to
high cost of installation SDI has been limited to high value horticultural crops;
however, manufactures in cooperation with irrigation system manufacturers are
developing more simple and cheap solutions so that SDI is becoming more appli-
cable for field row crops. A review on corn in Kansas (Lamm and Trooinen  2003)
indicates that SDI can save as much as 35-55% of the irrigation water compared
with common irrigation practices in the region. Further nitrogen fertigation was a
very effective management tool in combination with SDI resulting in high nitrogen
and water use efficiencies. For cost effectiveness the systems should last 10-20
years except for low cost tape tubing systems lasting 1-2 years.

Sprinkler irrigation. Sprinklers, sprays, or guns can be mounted overhead
permanently installed as solid-set irrigation systems or they can be mounted on
automatically moving wheeled systems known as traveling sprinklers. The latter
system may irrigate unattended.

Pivot irrigation. Center pivot irrigation systems are among the most popular for
irrigating field crops and are used on over half of sprinkler irrigated lands in the
United States, Brazil, Argentina, and other countries (Allen et al. 2000). By 2003
a huge increase in irrigation in USA had occurred to an irrigated area of 21.6 Mha,
and in which 51% were irrigated by pivots, 43% by gravity and 6% by other tech-
nologies (micro-irrigation). In 2002 there were 170,000 pivot machines, irrigating
at least 8 Mha in USA determined by land satellites system. The system also esti-
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mated that there were 88,000 pivots outside USA. Altogether, this industry ex-
pands between 7 and 11% each year. Between the late 1960s and early 80s there
were 80 companies manufacturing pivots worldwide, predominantly in the USA
(New Ag International 2008). This major shift was mainly driven by the huge sav-
ings in labour force that pivots permit, but also in savings of water and energy.
Marginal soils such as sandy soils or soils with slopes cannot be irrigated by grav-
ity, but they might be irrigated by pivots. The biggest problem nowadays for the
expansion of this technology is that the farm sizes are either too small or not suited
for pivots in many countries. For a 50 ha cotton field size grown under Australian
conditions Raine and Foley (2002) estimated that the costs of surface, pivot and
drip irrigation is 1.159, 2.300, and 4.000 $ ha-1, respectively, indicating that the
expenses per ha for pivot irrigation is about the half of those of drip irrigation.
Crops are often planted in a circle to conform to the center pivot.

Energy is one of the principle costs in irrigation. Recent results on pivot show
that the best options are timing irrigation to avoid periods of high energy costs as
well as increasing pumping power and pipe size, with a greater system capacity
(1.5 L s−1 ha−1), and shorter operation time (18 h day−1). The minimum water appli-
cation cost is obtained   for center pivot systems irrigating 75 ha, with lateral pipes
of 254 mm (10 in.). (Moreno et al. 2012). Many center pivot systems now have
drops hanging from a u-shaped pipe attached at the top of the pipe with sprinkler
heads that are positioned about 1m (at most) above the crop, thus limiting evapora-
tive losses. Originally, most center pivots were water powered. These were repla-
ced by hydraulic systems (T-L Irrigation) and electric motor driven systems (Rein-
ke, Valley, Zimmatic). Many modern pivots now feature GPS devices. The type of
Pivot system  known as LEPA (Low Energy Precision Application)  has been
developed in the USA to conserve both water and energy (Lyle and Bordovsky
1981). This technology has been used primarily for row crop irrigation with appli-
cation efficiencies typically exceeding 95% (Fipps and New 1990). The mechani-
cal component of a LEPA irrigation system is a moving truss system with water
conveyance tubes extending from the system mainline to near the soil surface, whe-
re correctly sized orifices control deposition of water to individual soil furrows.

Scheduling irrigation. By irrigation scheduling frequency, quantity and timing
of irrigation is undertaken in order to optimize crop growth and production.
Worldwide the irrigation is often based on climatic data roughly by calculating
accumulated deficit (D)  of daily water balance data from evapotranspiration (ET)
and rainfall (R ) [i.e. D=∑(R-ET)]. During a drying cycle a certain D level will
initiate an irrigation event (Hillel et al. 1998). Availability of weather data allows
the use of advanced methods for calculation of ET predictions as reviewed by
Allan et al. (1999). Thus, the amount of water applied is determined by using
a threshold to determine irrigation need and a strategy to prescribe how much water
to apply in any situation. Many models is based on knowing the current crop stage,
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soil water content and ET (Allen et al. 1999) and are therefore able to predict when
to irrigate a crop (e.g. Steduto et al. 2007). Also crop water status (Jones 2004) and
soil water status as reviewed by Jones (2004) and (Evett et al. 2012), respectively,
are used for irrigation scheduling. Soil moisture sensors buried about 20 cm deep
within the crop root zone has been used to maintain soil moisture at a set level.
The use of  dendrometry, fruit gauges, and other tissue water content sensors,
measurements of growth, sap flow, and stomatal conductance are outlined for irri-
gation scheduling by Jones (2004). Seelig et al. (2012) found that in cowpea leaf
thickness measurements could be used for irrigation control under green house
conditions. Lately, Al-Yahyai (2012) found that in apple trees stem water potential
was highly correlated with soil water potential showing potential possibilities of
irrigation scheduling from real time measurement of stem water potential. Ballester
et al. (2012) investigated if transpiration estimated from heat-pulse sap flow me-
asurements using the compensation heat-pulse method can be used as continuous
water stress indicators for RDI irrigation of citrus trees.  They found that  transpi-
ration of well-watered and regulated deficit irrigated citrus trees were in good agre-
ement with differences in stem water potential differences. They suggest the met-
hod to be used in relative terms where both sap flow in fully watered and RDI
plants are measured and related.

A system with wirelessly transmitted information of several sensors appropria-
tely distributed over various sectors of a round field irrigated by a center-pivot
irrigation system could tell the irrigation lever exactly when and which field sector
needs to be irrigated. By remote sensing it is possible to obtain information about
crop water status. Santos et al. (2010) made a remote sensing based assessments of
actual ET using METRIC integrated with a water balance model providing accurate
estimates of irrigation performance. The proposed methodology allows the estima-
tion of the volume of applied water at the field scale. Comparisons of values ob-
tained from actual applied water records against those calculated with the new
methodology resulted in good agreement. METRIC estimates ET as a residual of
the energy balance at the surface and is calculated as:

LE = Rn - G - H (1)

where LE is the latent energy consumed by ET, Rn is net radiation, G is sensible
heat flux conducted into the ground, and H is sensible heat flux to the air. Details
of the METRIC model are given by Allen et al. (2007), and the model was tested
by Santos et al. (2010). Recently, Ha et al. (2012) reviewed downscaling methods
to improve spatial resolution of land surface characteristics such as surface tem-
perature and daily ET.

Use of low quality water and fertigation. Low quality waters as waste water
often contain nutrients. As irrigation and fertilization are the most important tools
for farmers to control crop growth the use of low quality waters for irrigation has to
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be seen in the context of fertigation. The control of fertigation is superior under
microirrigation (drip and microsprinkler). The principles of fertigation have been
thoroughly reviewed by Bar-Yosef (1999). Fewer decision support systems include
nutrients and fertigation  (e.g. Anastasiou et al. 2009; Heidman et al. 2008). So far
no models for calculation of crop water requirement incorporate the hazards related
to the use of wastewater. However, Styczen et al. (2010) included fertigation and
cleaning techniques and procedures in a management model for decision support
when applying low quality waters in irrigation. The cornerstone in the model is the
deterministic “Plant–Soil–Atmosphere” model DAISY Abrahamsen and Hansen,
(2000), which simulates crop growth, water and nitrogen dynamics and if required
heavy metals and pathogen fate in the soil. The irrigation and fertigation module
calculates irrigation and fertigation requirements based on DAISY’s water and
nitrogen demands. A Water Source Administration module keeps track of water
sources available and their water quality, as well as water treatments, storage, and
criteria for selection between different sources. The management model system can
be used for analysis prior to investments or when preparing a strategy for the se-
ason.

Deficit irrigation. Deficit Irrigation (DI) is a method of irrigation where the
amount of water used is kept below the potential ET and the minor stress that de-
velops has minimal effects on the yield. In this mode of irrigation the entire root-
zone is irrigated. Knowing when to apply water is a must for the successful imple-
mentation of DI because the sensitivity of the crop to water stress is different at
different growing stages. There is, for example, a high sensitivity during flowering
with a high risk of a yield decrease via flower or seed abortion (Kirda  2002; Liu et
al. 2004). Knowing the crop and soil water status in a certain growing environment
is important to ensure the correct irrigation practice so water deficits can be im-
posed at times when it has minimum effect on yield, a practice also termed regu-
lated deficit irrigation (RDI). RDI aims to use drought stress to control vegetative
and reproductive growth, and to avoid any luxury water consumption. This requires
careful control of the timing and level of water deficit. The response of plants to DI
or RDI can be reflected in one factor or in a combination of stimulation of root
growth, maintenance of high leaf water potential, osmotic regulation of leaf-turgor
pressure, and adaptation to existing soil water status by e.g. reduced leaf elongation
and stomatal closure. DI is more common in fruit trees and vines because economic
returns in these crops are generally higher than in field crops and less directly re-
lated to biomass production (Hsiao et al. 2007) than to the quality of fruits and
yield (Fereres et al. 2003). Nonetheless, in processing tomatoes DI (or RDI) is
widely applied in the Emilia Romagna region, Italy, by irrigation extension service
to save water on the basis of local research and using a decision support system
(DSS) (Battilani et al. 2000; 2003). In drought sensitive species like potatoes and
tomatoes extensive field studies showed that 20-25% of the total irrigation water
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could be saved by DI (Jensen et al. 2010) or about 77 mm savings of water under
Mediteranean conditions in early potatoes (Ierna and Mauromicale 2012) without
yield depression as compared with fully irrigated plants. The later part of the
growing season was the most robust period for saving irrigation water. Under semi-
arid conditions mulching with plastic for about 65 d after sowing was ideal to
optimize soil moisture and soil temperature and in turn to improve potato produc-
tivity (Zhao et al. 2012). Comparisons and evaluation of different deficit irrigation
techniques have been undertaken by (Sadras 2009). Sepaskhah and Ahmadi (2010)
have recently evaluated the PRD technique.

The root chemical signalling mediated by abscisic acid (ABA) for ‘isohydric’
plants most probably act as a feed-forward mechanism controlling stomatal aper-
ture (Chaves and Oliveira 2004). However, recent investigations in field grapevines
suggest if severe soil drying saving 50% water of control plants is applied during
deficit irrigation feedback hydraulic signals may play a dominant role (Rodrigues
et al. 2008). The investigations of drought induced adaptation processes has a po-
tential for understanding the mechanisms of deficit irrigation (Shao et al. 2008) and
hereby its potential for water saving. In tomatoes and potatoes  investigations from
several studies showed that gradual soil drying imposed by deficit irrigation (DI) or
partial root zone drying irrigation (PRD) applying  SDI induced hydraulic and
chemical signals from the root system resulting in partial stomatal closure, an in-
crease in photosynthetic water use efficiency, and a slight reduction in top vegeta-
tive growth (Jensen at al., 2010). Using SDI Orum et al. (2010) under field condi-
tions in Serbia found, that  PRD irrigation considerably improved  the water
productivity of field potatoes (Table 1). In average the water productivity was in-
creased by 50% by using the PRD mode of deficit irrigation as compared to FI.

Table 1. Marketable yield, applied irrigation water (AIW) and irrigation water productivity
applying subsurface drip irrigation (SDI) (after, Jonanovic et al. 2010).

(FI: Fully irrigated; PRD: partial root zone drying).

   Strategy Year Marketable yield
(t ha-1 )

AIW
(mm)

Water productivity
(kg ha-1 mm-1)

FI 2007 43.1 188 241
PRD 2007 40.0 125 334
FI 2008 42.5 225 236
PRD 2008 41.3 130 380
FI Average 42.8 207 239
PRD Average 40.6 128 357

In maize under semi arid conditions and depending on stress level RDI may in-
crease yield by 10–20% and gross margin up to 167 euroes ha−1 compared with an
irrigation strategy where the stress´level remains constant during the whole growth
cycle. For low water stress conditions, deficit irrigation should be applied during
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the initial and vegetative development stages. For medium and high water stress
conditions, higher deficit should occur during the ripening and grain filling stages
with water savings up to 45%. These studies were obtained as validated simula-
tions (Domínguez et al. 2012).

In almond  the application of  RDI strategy based on an irrigation reduction of
80% during kernel-filling and 50% during post-harvest under SDI conditions,
could be profitable economically (even more so than a well- irrigated treatment)
and could also optimize water resources under  semi arid conditions,both saving
significant water quantities and irrigation costs  (Romero et al. 2006).

Water footprint and virtual water and land savings. Water productivities,
water management and virtual water flows are important to consider in order over-
coming scarcity of water for a growing population in the future. Water footprint
(WFP) and virtual water have lately been calculated for crops, goods, services, as
well as on generic national levels (e.g. Hoekstra and Chapagain, 2007). The WFP
of a product is defined as the total volume of fresh water used to produce the prod-
uct, summed over the various steps in the production chain (e.g. Hoekstra et al.
2009).

From the virtual water standpoint, soybean consumes 3.1 m3 water kg-1 beans
while cereals consume around 1.2–1.4 m3 water kg-1 grain and maize 0.7 m3 water
kg-1 grain. Tomato and potatoes consume 0.1 m3 water kg-1 fruit (Yang et al. 2007).
Aldaya et al. (2010) found that blue water economic productivity ranges between
0.1–0.2 euros m-3 for low-cost cereals and 2–3 euros m-3 for vegetables. Vegetables
seem to be the most profitable crops, followed by grapes and olives.

About 3000 to 6000 km3 yr−1 of “green” water (precipitation stored in the soil
and evapotranspired on cropland) are consumed in addition to sustain rainfed agri-
culture and parts of irrigated agriculture. The global consumption of “blue” water
(taken from rivers, reservoirs, lakes and aquifers and used for irrigation) presently
amounts to 927–1660 km3 yr−1 according to recent estimates (Rost et al. 2008;
Hoff et al. 2010). Fader et al. (2011) for 11 of the world’s major crop species mod-
elled the amount of blue and green water (irrigation and precipitation water) and
quantified WFP distinguishing internal WFP (local water) and external WFP (vir-
tual water imported from other countries) and their blue and green components,
respectively. Green water flows and footprints show that green water globally
dominates both the internal and external WFP (84% of the global WFP and 94% of
the external WFP rely on green water). Nevertheless, current trade of the products
considered here saves significant water volumes (263 km3) and land areas
(41 Mha), equivalent to 5% of the sowing area of the considered crops and 3.5% of
the annual precipitation on this area. Considering the land needed in order to pro-
duce imported goods on their own territory, Fader et al. (2010) estimate that China
and Mexico would need 9 Mha each, North Korea and The Netherlands 7 Mha
each, and Japan 16 Mha. Relating these needs to the current cropland extent dem-
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onstrates that many countries – 40 in total, especially in North Africa and Latin
America – would have to more than double the current cropland to produce their
imports on their own territory. However, recently Boelens and  Vos (2012) argues
allocation of water sought through virtual water flows is embedded in agricultural
commodities trade and policies which may deprive farming sociteties for water
locally needed in water and resource weak regions; e.g. cotton produced in and
exported from India, Pakistan and China contributes to the over-exploitation of
water sources, affecting local water user communities (Chapagain et al. 2005b).

Food, feed, bio-fuel production and waste. Worldwide there is a growing de-
mand for grain for satisfying the need for food, feed, and fuel. By increasing the
production on the existing farmland it avoids greenhouse gas production by bring-
ing new land and ecosystems into production. In USA average corn yield has in-
creased from 1.6 ton ha-1 in the first third of the 20th century to today’s 9.5 ton ha-1.
This increase is due to new farming technologies such as hybrid corn, use of fertil-
izers and machinery (Edgerton, 1999). With an increase in prosperity people con-
sumes more meat and dairy products every year. Global meat production is pro-
jected to more than double from 229 Mt in 2000 to 465 Mt in 2050 and a similar
increase is projected for milk from 580 to 1043 Mt (OECD/FAO, 2011). The in-
crease in middle class consumer demand shifts from stable foods towards proc-
essed food products with more animal protein. Based on OECD/FAO predictions
global consumption of wheat is expected to decline over the next 10 years, rice
production is still to be increased for use in Asia. However grains for feed (poultry,
pork), and sugar cane and oil crops for bio-fuel is expected to increase (Table 2).

Table 2. Predicted growth in per capita consumption of food products (2008-10 to 20).
(After OECD/FAO 2011)

Product Percent Product Percent

Wheat -0.3 Sheep 8.7
Rice 6.0 Fish 4.8
Coarse grains 6.0 Milk 9.4
Beef 1.0 Veg. oils 10.6
Pork 6.3 Sugar 14.4
Poultry 14.4

In 2012 cereal consumption for food, feed, biofuel and other purposes are c.
1150, 800, 170, and 200 Mt, respectively; thus grains for food and feed still domi-
nates cereal production  and is anticipated to increase by 25% within the next dec-
ade (OECD/FAO, 2011) . The demand for grain is a result of the increasing world
population (Friend, 2009). Due to climate change the areas useful for grain pro-
duction is expected to change in the coming years especially expanding into the
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northern part of the world with sufficient rain fall (see Plates K and L given by
Fischer et al. 2002).

Large losses and waste occur from food and feed products from the farmer’s
field until it reaches its final destination; in  storage, transportation,  processing,
wholesale and retail (Table 3).

Table  3.  Waste percentages for each commodity group in each step
of the food supply chain  for Europe incl. Russia. (Partly after  Gustavsson et al., 2011).

Agricultural
production

Postharvest
handling

and storage

Processing
and

packaging

Distribution:
Supermarket

Retail
Consumption Total

Cereals 2 4 0.5 2 25 33.5
Roots and tubers 20 9 15 7 17 68.0
Oilseeds and
pulses 10 1 5 1 4 21.0

Fruit
and vegetables 20 5 2 10 19 56.0

Meat 3.1 0.7 5 4 11 23.8
Fish and seafood 9.4 0.5 6 9 11 35.9
Milk 3.5 0.5 1.2 0.5 7 12.7

In 2011 it was estimated to be 1.3 billion tons of food or about 1/3 of the global
food production was wasted (Gustavsson et al. 2011). Furthermore, vast amounts
of food are then wasted in households and restaurants. Every loss or waste of food
is equivalent to loss and misuse of water and waste of land (Table 4).

Table 4. Estimated water lost (km3) due to waste percentages for each commodity group
in each step of the food supply chain (FSC) for Europe incl. Russia. (Partly after Gus-

tavsson et al., 2011* and Hoestra 2012**)

*Commodity
(million tonnes)

**Water footprint
(m3/tonnes)

Water
(km3)

Cereals 400 1640 656
Roots and tubers 180 390 70
Oilseeds and pulses 175 3200 560
Fruit and vegetables 201 900 181
Meat 45 8300 374
Fish and seafood Not estimated Not estimated
Milk 232 3000 696
Total 2537

Animal-based food requires a larger amount of water per kilo ready-to-eat
product than do fruits and vegetables increasing the amount of water wasted.
A 50 percent reduction of food losses and waste at the global level would save
1 350 km3 of water a year (OECD/FAO, 2011).
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Cropping systems. Recently, Jacobsen et al. (2012) reviewed  how different
agronomic measures can be used to support plant production under semi arid con-
ditions. Supplemental irrigation such as deficit irrigation has the potential to over-
come periods of low rainfall or high temperatures. It is suggested that improve-
ments in crop production may arise from several strategies such as early sowing
enabled by minimum tillage, increased use of organic manure, and an efficient
weed control. Further, crop rotations will play an important role in improving weed
control, minimizing disease risk, and increasing nitrogen availability. Introduction
of drought and salt tolerant crop species such as quinoa and amaranth may result in
more resilient crop rotations and high value cash crop products. Genotypic in-
creases of water use efficiency may arise from selection for early vigour, deep
roots, increased transpiration efficiency, improved disease resistance, and high
assimilate storage and remobilization. A range of crop and management strategies
might be combined for a specific target environment in order to optimize crop pro-
ductivity.

Conclusive remarks. As presented and discussed above a range of options are
available for securing water resources for agricultural production.  Moving from
surface (furrow; border) irrigation to sprinkler and drip irrigation are already taken
place as several countries are now implementing more drip and sprinkler (mainly
pivot) irrigation on small and large sized areas, respectively. Both methods have
the potential to save in the range of 30-40%  of the water used under surface irriga-
tion. Water saving might also be obtained  by more precise irrigation scheduling
supported by models, remote sensing-based assessments of actual ET, and plant
and soil water status sensors. These tools are also needed when water saving deficit
irrigation is used in the form of RDI and PRD. Use of waste and saline water for
irrigation is complex, however new decision support systems and model develop-
ments might ease the use of low quality water as cleaning procedures and supple-
mental fertigation may be counteracting nutritional imbalances. Further use of salt
resistant crops together with well managed drainage systems might support crop
production under saline conditions. The water foot print and ‘virtual’ water concept
is now common politically recognized as tools for both production of goods and for
redistribution of water from rain rich to rain poor areas. The danger of exporting
water from rain poor low income areas are lately discussed (e.g  Boelens and Vos
2012). Reduction of waste in food, feed and bioful production are new emerging
areas of recognition as a world wide water saving option and has the potential of
significant water and land savings (Gustavsson et al. 2011).

From the above it can be concluded that the options for optimizing agricultural
water resources are:
– More surface irrigated land is turned into sprinkler, pivot, or drip irrigated land.
– Irrigation scheduling, supplemental and deficit irrigation are taken into account

and become common practice.
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– Use of waste and saline water for irrigation is further developed.
– Improvement of cropping systems and inclusion of saline soils for crop produc-

tion using salt resistant crops and drainage systems for leaching of salts.
– Using the principles of water footprint and virtual water concepts for inter-

regional planning of utilization of water resources.
– Reduction of waste of food, feed and bio-fuel.
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Abstract At present, photoacoustic spectroscopy is one of the measuring techniques provid-
ing detailed information on the photosynthesis system and structure of plants. We describe
the possibility of application of the photoacoustic spectroscopy to quantify a lot of parameters
characterizing plants; determination of sample chemical composition, efficiency of photo-
synthetic oxygen evolution, photochemical energy storage, photosynthetic action spectra, the
time of photothermal signal creation in a photoacoustic cell, the coefficient of oxygen diffu-
sion through the cell wall and the sample depth profiling on different plants. The aim of the
work was to demonstrate an opportunity of application of photoacoustic spectroscopy to the
monitoring of the contamination effect on plants and presented according to the current state
of knowledge in this field. For all the plants selected as bioindicators (ranging from green
alga - Scenedesmus armatus to Scots pine – Pinus silvestris) and for all the used parameters,
the values obtained for the plants exposed to contamination are different, within the experi-
mental error, than the reference ones.

Key words: Photoacoustic spectroscopy; Photosynthesis; Environmental pollution; Bioindi-
cators

Introduction

Photoacoustic spectroscopy in plant science. The photoacoustic effect is the
production of pressure modulations with and around a sample when it absorbs the
intensity-modulated light. In the case of the photosynthetic samples in a gas vol-
ume, thermal expansion of the gas surrounding the sample and the photosynthetic
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oxygen evolution are the major contributors to the acoustic wave. The photother-
mal part of the photoacoustic signal is reduced by a fraction equal to the part of the
absorbed energy stored by the photosynthetic process as chemical energy. The
oxygen component of the photoacoustic signal consists largely of oxygen evolution
at PS II.

Fig. 1. Schematic view of photoacoustic signal generation in the measuring cell
where in studies of plants two light beams are used of differentiated intensities i.e.,

measuring-modulated and supporting-non-modulated ones

Photoacoustic spectrometers adapted to photosynthesis process studies consist
usually of two independent light sources (Fig.1). A measuring light beam, from one
of the light sources, can be periodically modulated. It can be realized in two ways
by the mechanical chopper (Tukaj and Szurkowski, 1993) or electrical modulation
of the light supplier circuit (Szurkowski et al., 2001). The measuring beam, irradi-
ating the sample, has an intensity in the range from 10 to 30 μmol m-2 s-1. The sec-
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ond light source provides a non-modulated light background to the sample of high
intensity attaining at the sample face values from 2000 do 2500 μmol m-2 s-1.
Nowadays, light guides are very often used to direct and split the both light beams.
(Malkin and Canaani 1994; Szurkowski 2001; Szurkowski et al. 2001; Szurkowski
2002). The mixed light beams irradiate the sample in a closed-type cell equipped
with a microphone. The acoustic signal is analyzed with a phase-sensitive amplifier
(usually of two-phase type allowing the simultaneous measurement of the signal
amplitude and its phase shift in relation to the reference signal) (Fig.2).

total signal
A

A ox
photobaric

signal

A th
photothermal

signal

A th
T

photothermal
signal

total

ϕ

The photoacoustic signal of the sample can be analyzed as a vectorial summa-
tion of photothermal and photobaric contributions, according to the method of
Poulet et al. (1983). The amplitude of the oxygen signal (Aox) can be evaluated
using equation:

)cos(222 ϕAAAAA ththox −+=

where Ath and A are the amplitude of photothermal and total signals, respectively,
in the absence of background light, and ϕ  – is the phase of the total signal versus
the photothermal one. Ath can be calculated as follows:

T
thth AkA =

where k is the ratio of the acoustic signal in the absence of background light to the
signal in the presence of background light at high frequency, at witch we no ob-
serve the photobaric contribution, and T

thA  is the signal in the presence of back-
ground light at the given frequency.

Fig. 2. Photoacoustic signal (A) in a vectorial
presentation and its separation into the

components:  photothermic (Ath) and photobaric
Aox contributions with ϕ  – phase shift angle

(phase of photoacoustic signal); T
thA

is the photoacoustic signal in the presence
of background light
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Methods

Parameters which can be estimated by photoacoustic spectroscopy

Photoacoustic spectra. In photoacoustic spectroscopy we can measure two
kinds of photoacoustic spectra i.e. wavelength dependence of the photoacoustic
signal amplitude. The first ones, in the presence of additional background light, are
the equivalent of absorption spectra. We can observe characteristic maxima of dif-
ferent pigments in the sample and their amplitudes are directly related to their con-
centration in the measured sample. The second ones, without background light, are
rather the “action” spectra, which measure the probability that an absorbed photon
of wavelength λ can be re-emitted as a heat (Tukaj and Szurkowski 1993;
Szurkowski and Tukaj 1994; Szurkowski and Tukaj 1995).

Depth profiling. One of the advantages of the photoacoustic technique is an op-
portunity to obtain a depth-profile in the studied sample. By selecting different
frequencies (f) of the chopped light, one can obtain information from different
depths of the sample. In the measurements, the sampling L decreases with the
modulation frequency increase. The sampling depth is given by equation:

f
DL
⋅π

= ,

where D is the sample’s thermal diffusivity (Szurkowski 2001; Szurkowski 2004).

Photoacoustic energy storage. The photothermal part of the signal ( T
thA ) is re-

duced by a fraction equal to that part of the absorbed energy which is stored by the
photosynthetic process as chemical energy. By measuring heat emission in the
presence or absence of a non-modulated saturating light background, the photo-
synthetic energy storage (ES) is evaluated. ES is calculated as

100⋅−= T
th

th
T
th

A
)AA(ES

and expressed as a percentage. In the long chain of events leading to the chemically
stable energy form, the only truly light-dependent reaction is that of excitation of
the light-absorbing pigment molecule; all of the numerous subsequent processes
involve the loss of energy. Therefore, the real efficiency of light energy conversion
will be always lower than the measured ES (Szurkowski 2001; Szurkowski 2004).

Light-saturation curve. In photoacoustic measurements, the dependence of the
relative photosynthetic energy storage (i.e., a product of the energy storage and
intensity of incident measuring light) on the intensity of light is an analogous to the
classical photosynthesis light-saturation curve (Szurkowski and Tukaj 1995;
Szurkowski 1996).
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Photobaric signal. The photobaric signal amplitude (Aox) allowed the estimation
of both the rate and yield of oxygen evolution. The ratios of photobaric to photo-
thermal signal amplitude corresponds to the yield of oxygen evolution per unit of
biomass. This method of oxygen efficiency evolution can be used where the meas-
ured photothermal signal (Ath) can be a good measure of the applicable biomass –
algae deposited on a membrane filter, for example.

It is possible to determine the relative quantum yield of the oxygen evolution on
the basis of the oxygen evolution yield and the photosynthetic energy storage. By
dividing both the above fractions, we can obtain the relative yield of oxygen evo-
lution in which we only take into account the energy actually consumed in the pro-
cess of photosynthesis, rather than the total energy absorbed by pigments
(Szurkowski et al. 2001; Tukaj at al. 2003; Szurkowski 2004).

Time of the photothermal creation. The application of a two-phase amplifier
allows for the measurement of the characteristic time of the photothermal signal
creation. For signal analyses at high modulation frequencies, where only the pho-
tothermal signal is dealt with, the phase modulation method can be employed. It is
widely used in fluorescence decay time studies. By using a single modulation
frequency (f) it is possible to determine the characteristic decay time (τ), assuming
a one-exponent decay from the equation:

)2( τπϕ farctg=

Since in photoacoustic measurements the photothermal signal is studied instead
of fluorescence signals, the same mathematical approach can be applied (Szurkow-
ski et al. 2001; Szurkowski 2004).

Coefficient oxygen diffusion through the wall cells. Since the amplitudes of the
modulated oxygen concentration field and temperature field are attenuated expo-
nentially at the cell boundary, the plot of ln(Aox/Ath) versus (f)1/2 tends to be
a straight line in the low- frequency range, from the slope of which coefficient
oxygen diffusion (Dox) can be computed using the formula;

l
DD

f
A
A

ln
thoxth

ox

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−π−= 11 ,

where:
Dth – heat diffusion coefficient (diffusivity), Dox – oxygen diffusion coefficient in
the cell, l – distance from the source (Poulet et al. 1983; Szurkowski et al. 2001;
Szurkowski 2004).

Non-photochemical quenching. The photothermal amplitude of intact leaves
was shown to remain constant during induction of photosynthesis at low intensity
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of light. Under high-light conditions a noticeable decrease in the heat emission
yield was observed resulting from progressive activation of photochemical proc-
esses. The photothermal amplitude in methylviologen treated leaves was shown to
substantially decrease during induction of photosynthesis. The slow stage of photo-
synthetic induction observed in this studies is attributed to effect of nonphoto-
chemical quenching on the signal amplitude. The large variability in photoacoustic
signal kinetics allowed to determine the “decrease ratio”, and the characteristic
time of nonphotochemical quenching (Szurkowski and Dobrowolska 2005).

Results and Discussion

Application of photoacoustic spectroscopy in studies of environmental contami-
nation effect on plants. The photoacoustic spectroscopy has been successfully em-
ployed to study the influence of stressor, including environmental contamination
effect on plants. We can follow changes of the several parameters listed above. The
observed variability in the photoacoustic signal spectra and depth profile signatures
point to the modification of plant pigments composition as well as to the limitation
in the efficiency of energy transfer to the photosynthesis process. Although, the
parameter found the widest application is the energy storage. In our research group,
for all the plants selected as bioindicators (green algae - Scenedesmus armatus,
dandelion – Taraxacum officinale, Scots pine – Pinus silvestris). energy storage
values obtained for plants exposed to contamination are lower than or equal to,
within the experimental error, those for the reference unaffected ones (Szurkowski
2004).

The best correlation between ES and pollution levels was obtained for a batch
culture green microalgae Scenedesmus armatus (Szurkowski and Tukaj 1995).
After a 24–h culture growth, with increasing contaminant (AFOE – aqueous fuel
oil extract) concentration in the culture ES decreased. In these algae, ES is lowered
by 41% if a 90% contaminant concentration is used. The effect of AFOE concen-
tration on the photosynthetic ES of the algae after a 24 h is depicted in Fig. 3. Since
24-h period is the generation time for Scenedesmus armatus algae, the results
should reflect for the most part the adaptive changes that are exhibited by the algae
during a one-generation cycle.

A similar relation between a degree of environment pollution and ES variations
was already obtained for plants in field conditions. The dandelion and Scots pine
selected for studies were from places where the concentration of atmospheric con-
taminants such as NO2, SO2 and flying dust have been measured for several years
(Provincial Inspectorate of Environment Protection in Gdańsk). Energy storage
values obtained for Taraxacum officinale leaves collected in Tri-city (big cities
with a high pollutant’s concentration) (ranging from 42 ÷ 54%) are lower than
those for leaves collected in a small village (Sominy) (65%) (Szurkowski 2002).
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For Scots pine needles collected in the village the energy yield of trapping reaches
54% and decreases with the age to 23% for four-year old needles whereas, for
these collected in the municipal areas, the corresponding values are equal to
28÷30% for fresh needles, and about 15÷17% for the 2-3-year old needles
(Szurkowski 2001).
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Fig. 3. Influence of different concentrations of AFOE on photosynthetic energy storage
of Scenedesmus armatus cells after 24 h culture growth with appropriate concentrations

of AFOE; R – linear regression coefficient

It is supposed that the currently performed investigations should allow us to
take into account the effect of environmental contaminations on the photobaric
signal not only for leaves of plants which can be treated, as a first approach, as
homogeneous. That results from the concept where the photoacoustic signal is
analyzed as a vectorial summation of the photothermal and photobaric contribu-
tions. It is assumed that the ratio of the acoustic signal in the absence of back-
ground light to the signal in the presence of background light (k) does not depend
on the frequency of the modulated light beam. Such an assumption, for leaves of
apparent layered structure, is not true (Szurkowski, 2001). The preliminary results
already obtained for needles of Scott pine are evaluated and prepared for publica-
tion.

We believe that the photosynthesis parameters, which can be estimated by pho-
toacoustic spectroscopy, have found the place in monitoring the influence of the
environmental pollution on plants in the near future.



Janusz Szurkowski

34

References

Malkin S, Canaani O (1994) The use and characteristics of the photoacoustic method in the study of
photosynthesis. Annu Rev Plant Mol Biol 45:493-526

Poulet P, Cahen D, Malkin S (1983) Photoacoustic detection of photosynthetic oxygen evolution
from leaves. Quantitative analysis by phase and amplitude measurements. Biochim Biophys Acta
724:433-446

Szurkowski J (1996) A model for the relationship between light intensity and the rate of photosynthe-
sis in photoacoustic measurements. Progress in Natural Science 6:554S-557S

Szurkowski J (2001) Application of photoacoustic spectroscopy in studies of environment contami-
nation effect on needles of scots pine (Pinus silvestris L.). Bull Environ Contam Toxicol 66:683-
690

Szurkowski J (2002) The effect of environmental contamination on the photosynthetic energy storage
of Taraxacum officinale leaves: photoacoustic characterization. Instrument Sci Technol 30:205-
210

Szurkowski J (2004) The possibility to monitoring photosynthesis by photoacoustic spectroscopy and
influence of environmental pollution on it (in polish). Wydawnictwo Uniwersytetu Gdańskiego,
Gdańsk

Szurkowski J, Baścik-Remisiewicz A, Matusiak K, Tukaj Z (2001) Oxygen evolution and photosyn-
thetic energy storage during the cell cycle of green alga Scenedesmus armatus characterized by
photoacoustic spectroscopy. J Plant Physiol 158:1061-1067

Szurkowski J, Dobrowolska W (2005) Influence of nonphotochemical quenching in methyloviologen
treated dandelion leaves (Taraxacum officinale Weber) on energy storage measured by photo-
acoustic spectroscopy. Bull Environ Contam Toxicol 74:126-132

Szurkowski J, Tukaj Z (1994) Photoacoustic study of the effect of fuel oil on the photosynthetic
system of algae Scenedesmus armatus. J de Physique 4, C7:535-538

Szurkowski J, Tukaj Z (1995) Characterization by photoacoustic spectroscopy of the photosynthetic
Scenedesmus armatus system affected by fuel oil contamination. Arch Environ Contam Toxicol
29:406-410

Tukaj Z, Matusiak-Mikulin K, Lewandowska J, Szurkowski J (2003) Changes in the pigment patterns
and the photosynthetic activity during a light-induced cell cycle of the green alga Scenedesmus
armatus. Plant Physiol and Biochem 41:337-344

Tukaj Z, Szurkowski J (1993) Photoacoustic spectra affected by fuel oil in the chlorococcal alga
Scenedesmus armatus. Acta Physiol Plant 15:219-226



 

PL A N T  F U N C T I O N I N G  U N D E R  E N V I R O N M E N T A L  S T R E S S P. 35-51

Cracow, 12th to the 15th September, 2012

PLANTS TOLERANT TO HEAVY METALS AS TOOLS
FOR CLEANING OF THE ENVIRONMENT

Beáta  Piršelová*, Patrik Mészáros*,**, Peter Socha**,
Ildikó Matušíková**

*Department of Botany and Genetics, Constantine the Philosopher University in Nitra,
Nábrežie mládeže 91, 949 74  Nitra, Slovakia,

**Institute of Plant Genetics and Biotechnology, Slovak Academy of Sciences,
Akademická 2, 950 07  Nitra, Slovakia

Corresponding author: pmeszaros@ukf.sk

Abstract. Industrialization, mining and increase of traffic resulted in the release of industrial
effluents, often containing heavy-metals and associated contaminants that have adverse to
toxic effects on organisms. Deposition of heavy metals into soils went on for decades, resul-
ting in long term exposure of fauna and flora. Though most plants are not able to cope with
sudden increased concentrations of heavy metals, genetic diversity and selection pressure
dives species evolution conferring them the ability to cope with extreme conditions. Tolerant
plants called hyperaccumulators are very promising tools for cost effective and ecologically
friendly clean-up of heavy metal contaminated sites. This review is devoted to mechanisms of
metal uptake and accumulation, which are prerequisites for ability of such plants to tolerate
high concentrations of heavy metals in tissues and cells. Different approaches for genetic en-
gineering of metal tolerance or hyperaccumulation in plants are described, while their poten-
tial as well as drawbacks with respect to effective bioremediation of heavy metals are discus-
sed as well.

Key words: Contamination; Heavy metals; Remediation; Plant biotechnology; Environment

Introduction

Metal-exploiting technologies as well as metal pollutants have been a persistent
part of human history. However, land and water pollution by heavy metals such as
arsenic (As), copper (Cu), cadmium (Cd), lead (Pb), chrome (Cr), nickel (Ni), mer-
cury (Hg) and zinc (Zn) became a worldwide issue especially since the onset of the
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industrial revolution. The most important sources of heavy metal pollution are re-
ported to be rapid industrialization, increased anthropogenic activities, modern
agricultural practices and faulty waste disposal methods. In addition, in the second
half of the 20th century the development of nuclear technology has resulted in con-
taminations with radionuclides.

It is estimated that the median values of worldwide emissions of Cd, Cu, Pb,
and Zn into soils were 22, 954, 796 and 1.372 106 kg.yr-1, respectively (Nriagu and
Pacyna 1988). According to National reports, heavy metals were the most frequent
(37.3 %) soil contaminants in 2000 at investigated European countries (European
Environment Agency 2000). In Western Europe, out of 1 400 000 sites affected by
heavy metals over 300 000 were contaminated (McGrath et al. 2001), but pollution
problems increasingly occurred in Central and Eastern European countries as well.
For example, in Poland, one of the most polluted countries in Central Europe, the
annual emission of Cd in the years 1998-2000 was between 50 and 60 tones, Cr
close to 90 tones, Cu close to 400 tones, Ni about 250 tones, Pb 650-750 tones, and
Zn over 2000 tones (Suchara and Sucharova 2001; Sucharova and Suchara 2004).
Concentrations exceeding permitted limits for some toxic elements were found
mainly in soils, waters and river sediments. Furthermore, in spite of the relatively
low level of industrial activity in less developed regions such as Africa, there is
a high potential of toxic heavy metal pollution levels in these regions as well. The
Pb emissions in air at ground level in Lagos (Nigeria) are far higher than for cities
like London (UK) and New York, but similar to those of Brazil or the Caribbean
due to perturbation by roadside traffic (Olade 1987).

The presence of metals in air, soil or water may vary from site to site, depen-
ding upon the source of individual pollutant. Uptake of these metals by plants can
negatively affect crop growth or even lead to plant death since it interferes with
metabolic and physiological processes in plants such as photosynthesis, respiration
and development of cell organelles (Schmidt 2003; Schwartz et al. 2003; Lone et
al. 2008). Other negative consequences comprise damages of ecosystems or agri-
cultural productivity, deterioration of food chain, contamination of water resources
and economic damage (Raicevic 2005). Soil contamination with heavy metals may
also have negative impact on the composition of soil microbial community, adver-
sely affecting soil characteristics (Giller et al. 1998; Kozdroj and van Elsas 2001;
Kurek and Bollag 2004; Lone et al. 2008). Furthermore, excess of metals in the
environment and food may produce toxicity in human nutrition, and cause acute or
chronic diseases.

Hyperaccumulators

A rapid rate of metal pollution of the environment can be a strong force of
selection causing rapid evolutionary changes in organisms including plants. This is
manifested as metal tolerance occurring over time scales as hundreds of years and
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even decades (Jules and Shaw 1994). Certain plants evolved tolerance to heavy
metals in 400 years of mining, but other races became tolerant to copper in 70
years (Bondada and Ma 2003). Evolved metal tolerance has the first time been
shown by comparison of the growth of a normal population of Silene vulgaris with
a Silene vulgaris population growing on soil from the copper mine (Prat 1934).

In 1977, the term "hyperaccumulator" was first introduced by (Brooks et al.
1977) referring to plants that acquired an inordinately high concentration of nickel.
The concept was later extended to other heavy metals such as cadmium, cobalt,
copper, lead, selenium and zinc. The values of metal concentration for hyperaccu-
mulators were defined by (Baker et al. 2000) as 100 ppm for Cd, 1000 ppm for Ni,
Cu, Co, Pb, and 10.000 ppm for Zn and Mn. These values might differ from those
defined by some other researchers (Watanabe 1997; Reeves and Baker 2000),
nevertheless they are of one order of magnitude greater than those found in non-
accumulator species (Salt and Kramer 2000).  Currently, 450 species of hyperac-
cumulators belonging to 45 families are known, of which more than 330 are nickel
hyperaccumulators (Reeves and Baker 2000; Reeves 2003; Reeves and Adigüzel
2004; Rascio and Navari-Izzo 2011).

However, many hyperaccumulators are of small size, shallow root systems and
grow slowly being unprofitable for remediation purposes. For example, Thlaspi
caerulescens removes from soil Cd and Zn, Pb and Mn (Robinson et al. 1998;
Zhao et al. 2003; Nishiyama et al. 2005) but not within an economic time frame
(< 10 yr). For such reasons, phytoextraction as a technology is not practically used
on a large scale (Zhou et al. 2004). To achieve efficient remediation, there is a
requirement for either high biomass plants (e.g. poplar, willow), or those that have
low biomass but high hyperaccumulating characteristics (e.g. Thlaspi species).
Identifying new, more pertinent hyperaccumulators and/or elaborating them by
means of classical breeding or biotechnology is then a requirement for fast and
efficient introduction of phytoremediation into practice.

Cleaning up the environment – phytoremediation

Recognition of the ecological and human health hazards of the heavy metals as
pollutants has lead to development of various approaches for decontamination.
Various conventional remediation technologies are used to clean heavy metal pol-
luted environments like soil in situ vitrification, soil incineration, excavation and
landfill, soil washing, soil flushing, solidification and stabilization electrokinetic
systems (Marks et al. 2000; Mulligan et al. 2001). Each of these technologies has
its own specific benefits and limitations. However, the enormous cost of most of
them has shifted the attention towards alternate and/or complementary technologies
such as bioremediation that is based on materials of plant or microbial origin (Sch-
neegurt et al. 2001).
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The phenomenon of metal hyperaccumulation by plants has considerable im-
portance in phytoremediation (Brooks 1998).  Already in 1962, semi-aquatic plants
were used for treating radionuclide-contamined waters in Russia (Timofeev-
Resovsky et al. 1962). The concept of phytoremediation has, however, first been
proposed by Utsunamyia in 1980 and later by Chaney (1983) to include a group of
technologies using plants to reduce, remove, degrade, or immobilize environmental
toxins with the aim of restoring area sites to a condition usable for private or public
applications (Peer et al. 2005; Lone et al. 2008). The first field trial on phy-
toextraction of zinc and cadmium was conducted by Baker et al. (1991).

However, a phytoremediation process is rather time consuming, limited by the
rooting depth and the measure of contamination that should not exceed toxicity
level to the plants. Even though modern management practice can certainly solve
several of these obstacles, a deeper knowledge on principles and basic mechanisms
of hyperaccumulation in plants is necessary.

Exploiting biotechnology in heavy metal decontamination

Mechanisms of metal accumulation, exclusion and compartmentation in plants.
Hyperaccumulators, that  often show increased biomass and root length after allo-
cation to the heavy metal polluted soil (Whiting et al. 2000), have evolved incre-
ased levels of usually metal specific tolerance (Macnair et al. 2000; Verkleij 2008).
Hence, these plants constitute an exceptional biological material for understanding
mechanisms regulating plant metal homeostasis as well as plant adaptation to
extreme metallic environments (Verbruggen et al. 2009). Although significant pro-
gress has been made in understanding the physiological, genetic and molecular
mechanisms of metal uptake, transport, sequestration and tolerance in hyperaccu-
mulator plants (Macnair 1993; Clemens et al. 2002; Milner and Kochian 2008;
Verbruggen et al. 2009), the mechanisms accounting for hypertolerance are still
little understood.

Root cell walls bind metal ions from the soil, while the rate of absorption de-
pends on the ionic potential of the elements concerned (Hirsch et al. 1998). It has
been recently well documented that in the uptake, distribution and detoxification of
heavy metals throughout the plant, different metal transport systems play crucial
roles while their plasma membrane and/or tonoplast localization in plant cells has
been recently confirmed (Migocka and Klobus 2007). Using transcription profiling
(Talke et al. 2006) identified 29 genes encoding for putative metal homeostasis
proteins that were more expressed in the metal-accumulator Arabidopsis halleri
than in A. thaliana when exposed to zinc. Out of these, the ZIP9, ZIP6 and ZIP3
are members of the ZIP family of metal transporters that are responsible for cyto-
plasmic metal influx into cells (Pence et al. 2000; Assuncao et al. 2001). These
transporters apparently cooperate with another transporters such as the heavy metal
ATPase HMA4 (Hussain et al. 2004; Verret et al. 2004) proteins of the natural
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resistance-associated macrophage protein (Nramp) family (Papoyan and Kochian
2004; Weber et al. 2004) and proteins of cation diffusion facilitator (CDF) family
(Lasat et al. 2000; Williams et al. 2000). Higher expression of these genes in me-
tal-tolerant plants is believed to be a consequence of multiplication of these genes
within given plant genome (Hanikenne et al. 2008) as well as the reason for a more
efficient root uptake system and roots-to-shoots translocation of metals.

Because of high reactivity and limited solubility of most metals, chelation by li-
gands is required once they are taken up into the cell (Clemens et al. 2002). Several
chelators have been implicated in chaperoning metals including malate, citrate,
nicotinamide and free histidine (Rauser 1999; Lasat et al. 2000; Sal and Kramer
2000; Williams et al. 2000; Ryan et al. 2001; Clemens et al. 2002; Weber et al.
2004; Hanikenne et al. 2008). Recently, studies of (Ueno et al. 2008) revealed that
Cd is translocated from root to xyleme involving an active transport by HMA4,
predominantly as aqueous free ions rather than being complexed with citrate. Fur-
ther metal transporters and metal-binding proteins such as phytochelatins (PC) and
metalothioneins (MT) play an important role in metal sequestration. Phytochelatins
(PCs) consist of only 3 amino acids in a conformation (γ-GluCys)n-Gly and are
enzymatically synthesized after exposure of plants to any heavy metal (Harada et
al. 2004). Metal activates a PC synthetase (glutamicysteine transpeptidase) leading
to production of glutathione and finally PCs (Le Faucher and Sigg 2005; Liu et al.
2011). The capacity of PCs to bind metals and form a PC-Cd complex, as well as
its subsequent transport into the vacuole by either metal/H+ antiporters or ATP-
dependent ABC transporters of tonoplast (Kakinuma et al. 1992; Salt and Rauser
1995; Rea et al. 1998; Carrier et al. 2003) is well documented (Maitani et al. 1996;
Mehra et al. 1996; Rauser 1999; Ma et al. 2001; Pittman 2005). The accumulation
of PC-metal komplex in vacuole protects the cell from metal toxicity and can un-
dergo long-term distance transport from roots to shoots (Salt and Rauser 1995; Rea
et al. 1998).

Similarly to PCs, metallothioneins are cysteine rich proteins believed to either
chelate the metal ions or transport them to areas where they are needed or less
toxic. Furthermore, MTs appear to function as antioxidants (Wong et al. 2004) and
NO-scavengers involved in plasma membrane repair (Salt et al. 1998). Plants have
multiple MT gene families responsible for resistance to different metals (Suresh
and Ravishankar 2004), however their exact role is still unknown.

Heavy metal tolerance and/or hyperaccumulation could also be related to the
ability of plants to induce proteins that are not directly involved in binding to me-
tals. Metal presence evokes elevated level of reactive oxygen species that activate
distinct mitogen-activated protein kinases (Jonak et al. 2004; Maksymiec 2007).
The signal is further transferred through second messengers such as jasmonic acid
(Rakwal et al. 1996; Maksymiec and Krupa 2002), calcium (Maksymiec and Ba-
szynski 1999) or salicylic acid (Metwally et al. 2003) and leads to activation of
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genes triggering detoxification processes. Heat shock proteins, for instance, show
increased expression in response to stress conditions including heavy metals (Le-
wis et al. 1999). These proteins are known to be involved in normal protein folding
but could also be involved in the repair of membrane proteins damaged by different
stresses including metals (Lewis et al. 1999; Heckathorn et al. 2004). Germin-like
proteins (Dunwell et al. 2008), enzymes of the antioxidative system such as supe-
roxide dismutases, peroxidases (Schützendübel and Polle 2002), and membrane
channels controlling the ion and water flux through membrane like aquaporins
(Zhang et al. 2008) have been shown to eliminate the danger of irreversible dama-
ge. Interestingly, various proteins related to plant pathogenesis (PRs) such as the
PR-1 have been shown to accumulate in the hyperaccumulator Arabidopsis halleri
(Becher et al. 2004). In Lupinus luteus a 16 kDa PR-10 family protein was accu-
mulated under Cd, Zn and Cu treatment (Przymusinski et al. 2004). More recently,
chitinases (PR-3) (Békésiová et al. 2008; Kieffer et al. 2008) and glucanases (PR-
2) (Kieffer et al. 2008; Piršelová et al. 2011), both previously shown to reveal an-
timicrobial activity in vitro as well as in planta (Graham and Sticklen 1994; Becher
et al. 2004), have been suggested to play a more specific role in plants than be-
lieved since specific isoforms were induced to different metals applied. This fits
with previous observations that hyperaccumulation of metals also provides protec-
tion against biotic stresses such as microbes (Boyd et al. 1994) or insect (Brooks
1998).

Arbuscular mycorrhizas play also a key role of plant metal tolerance and accu-
mulation (Hildebrandt et al. 2007). Several authors showed that plant root coloni-
zation by arbuscular mycorrhiza could either reduce the heavy metal content of the
plants or increase metal absorption from polluted soils, depending on growth con-
ditions, the fungus and the metal (Heggo et al. 1990; Weissenhorn et al. 1995).

Though we still know little about the biological and evolutionary significance
of metal accumulation in general, hypotheses regarding drought resistance, ina-
dvertent uptake, tolerance or disposal of metal from plants and defence against
pathogens have been addressed (Agoramoorthy et al. 2009). Apparently, plant
adaptation and evolution reverted different molecular mechanisms like ion (iron)
homeostasis and different plant defense responses to achieve appropriate survival
solutions.

There are variations for mechanisms of metal uptake, translocation,
accumulation, and compartmentation of different metals among various plant
species, and these variations determine the specific role of given plant species in
phytoremediation. For example, contrasting to hyperaccumulators, several metal-
tolerant plant species (e.g. grasses) are excluders of metals (Ebbs et al. 1997; Baker
et al. 2000). There are plants like Thlaspi caerulescens in that metal (Zn) is
sequestered preferentially in vacuoles of epidermal cells in a soluble form (Frey et
al. 2000), in other plants metal is accumulated in leaf mesophyll cells (Kupper et
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al. 2000; Zhao et al. 2000; Sarret et al. 2002) or in trichomes (Hale et al. 2001;
Choi et al. 2001). In these cell components, metals will not damage the cellular
processes and structures. Apparently, metal hyperaccumulators also possess
hypertolerance mechanisms to resist the potentially acute cytotoxic effects of the
accumulated metals, but the precise relationship between metal accumulation and
tolerance has not been resolved.

Genetic engineering of plants for enhanced metabolism of pollutants

A direct method for modifying plant effectiveness of heavy metal uptake and/or
tolerance is genetic engineering. Historically, first developed transgenic plants for
phytoremediation were tobacco and rapeseed carrying a yeast metallothionein gene
for cadmium tolerance (Misra and Gedamu 1989) or Arabidopsis thaliana overe-
xpressing a mercuric ion reductase for tolerance to Hg (Rugh et al. 1996). Compa-
red to classical breeding techniques, genetic transformation is a faster and more
straightforward way to introduce a desired gene into the plant of interest. The ma-
jor advantage of this approach is the possibility to overcome evolutionary barriers,
hence genes ensuring to microbes the survival in extreme conditions (including
metal-toxic environments) are directly amenable for expression in plants.

Many hyperaccumulators are of small stature and therefore are not suitable for
field applications. Plants desirable for genetic modification should grow fast, have
large biomass, be inherently capable for hyperaccumulation, and amicable for ge-
netic transformation (Eapen and D’Souza 2005; Eapen et al. 2007). Most often the
soil born Agrobacterium tumefaciens bacteria are used to deliver transgenes into
host plants (Gelvin 2000; Chai et al. 2003), but for many plants e.g. for trees or
different recalcitrant herb species this approach is still challenging (Unterbrunner et
al. 2007; Dhillon et al. 2008; Van Aken 2008).

Classic genetic studies have shown that only a few genes (one to three) are re-
sponsible for metal tolerance (Macnair et al. 2000). Nevertheless, targeted genome
modification might efficiently interfere with the physiology and metal metabolism
at several levels. Metal-hyperaccumulating plants and microbes with unique abili-
ties to tolerate, accumulate or detoxify metals and metalloids represent a unique
source of candidate genes for genetic transfer. For example, metal uptake can be
regulated by designing and using transporters that are responsible for the mineral
status and enable metal ions to specifically accumulate or exclude. There are seve-
ral such transporters identified in a wide variety of organisms including plants. For
example, iron uptake was elevated in transgenic tobacco upon transfer of the yeast
FRE1 and FRE2 genes for ferric reductase (Samuelsen et al. 1998; Macnair et al.
2000), the iron binding ferritin in rice (Goto et al. 1999; Goto et al. 2000) and in
Arabidopsis overexpressing the metal transporter AtNramp1 (Curie et al. 2000).
Enhanced metal tolerance was also achieved by transferring the vacuolar CAX-2
for transport of Ca, Cd and Mn into tobacco (Hirschi et al. 2000) and the yeast
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ABC-transporter YCF 1 ensuring cadmium and lead tolerance into Arabidopsis
thaliana (Song et al. 2003). Another strategy to alter metal accumulation in plants
relies on genetic manipulation of genes for metallothioneins, phytochelatins or
metal chelators. Genes for many MTs of different origin such as the mouse MT1,
human MTIA and MT II, chinese hamster MT II, yeast CUP I and YCF1, as well as
pea psMTA have been introduced to tobacco, Brassica species and Arabidopsis
thaliana, which resulted in increased tolerance to cadmium (Misra and Gedamu
1989; Maiti et al. 1991; Brandle et al. 1993; Evans et al. 1993; Hattori et al. 1994;
Pan et al. 1994) or mercury (Ruiz et al. 2011). Transgenic Brassica juncea and
Arabidopsis thaliana overexpressing different enzymes involved in phytochelatin
synthesis extracted higher amounts of Cd, Cr, Cu, Pb, Zn, Ag or As (Ow 1996; Zhu
et al. 1999; Gasic and Korban 2007; Shah and Nongkynrih 2007). The bacterial
merA and B genes enabled volatilization of mercury in Arabidopsis thaliana and in
transgenic yellow poplar (Meagher et al. 2007; Ruiz and Daniell 2009). Furthermo-
re, achieving elevated levels of simple chelators such as nicotinamide or citrate was
sufficient for enhanced Fe uptake in rice and increased tolerance to Al (de la Fu-
ente et al. 1997).

In addition to the above-mentioned examples there are also some less common
strategies focusing on manipulating the rate of metal uptake, accumulation and
sequestration. One of them targets oxidative state of the cells, which is a very im-
portant component of defense in plants. The so-called oxidative stress is generated
very soon upon exposure to both biotic and abiotic stresses and triggers activation
of many other defense genes necessary for resistance. Modification of the oxidative
stress related enzymes in plants could also result in enhanced metal tolerance. Ove-
rexpression of glutathione-S-transferase and peroxidase enhanced Al tolerance of
transgenic Arabidopsis plants (Ezaki et al. 2000), while the bacterial gene for
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase ensured enhanced ac-
cumulation of Cd, Co, Cu, Ni, Pb and zinc (Grichko et al. 2000).

Alternatively to introduction of a gene enhancing tolerance, modification of
hormone content and biosythesis in a potential hyperacumulator plant was shown
to promote biomass production (Eriksson et al. 2000). Combination of the two
approaches is likely to end up in additive effect on hyperacumulating capacity of
generated transgenic plants (Meagher et al. 2007).

Other plant-based biotechnology approaches applied for bioremediation

There is a possibility to transfer the trait for metal hyperaccumulation in plants
by tissue culture techniques. Somatic hybridization between the hyperaccumulator
Thlaspi caerulescens and Brassica napus selected for zinc tolerance ensured that
hybrids accumulated amounts of Zn and Cd that are normally toxic for Brassica
napus (Brewer et al. 1999). Enhanced tolerance to Cr and Ni has been developed in
Echinochloa colona hybrids obtained through callus culture and plant regeneration
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in both tolerant and non-tolerant calli (Samantaray et al. 2001). A classical shoot
cloning derived from callus culture of Hybanthus floribundus resulted in plants
with elevated nickel uptake (Bidwell et al. 2001). Mutants tolerating and/or hype-
raccumulaing higher metal concentrations in growth environment are being produ-
ced through T-DNA or transposable element mutations, radiation and chemicals as
well (Cobbett 2003).

Isolation of the indigenous and presumably stress-adapted arbuscular mycorrhi-
zal fungi can also be a potential biotechnological tool for inoculation of plants for
successful resto-ration of degraded ecosystems (Gaur and Adholeya 2004).

Perspectives

It becomes clear that different mechanisms of metal accumulation, exclusion
and compartmentation exist in various plant species. Variations exist for tolerance
and hyperaccumulation of different metals among various plant species and within
populations. Hyperaccumulating plant species represent 0.2% of all angiosperms
(Brooks 1998; Baker et al. 2000). In order to enhance their exploitability under
different conditions, there is a need to develop new (crop) plant species capable of
growing on polluted sites and/or accumulating heavy metals. In addition to tradi-
tional breeding techniques, hybrids are generated through protoplast fusion, and
mutants are obtained through radiation or chemicals. Furthermore, genetic engine-
ering is promising a fast, targeted and efficient way to achieve the desired trait.
Candidate genes for enhanced metal tolerance and/or efficient metal accumulation
are robustly being identified by novel, high-throughput molecular biology tech-
niques such as transcription profiling (Chakrabarty et al. 2009).

Phytoremediation techniques, though still not fully applicable (Fig. 1), are
aimed to clean up the environment, the pollution of which is often disastrous.
Compared to the classical approaches they offer some advantages e.g. lower costs,
less disruption of environment, potential to treat sites with more than one type of
pollutant, and promise further perspectives into the future. Furthermore, they
provide the possibility to recover valuable metals offsetting the expenses of their
implementation (Comis 1996).

After phytoextraction, the harvested plants can also serve as a resource and be
transported to areas that are deficient in the given contaminants (e.g. Se), and used
as animal feed (Banuelos and Meek 1989; Banuelos et al. 1997). Since phytoreme-
diation is relatively positively accepted by public, it is also possible to supplement
food for humans with essential nutrients like Zn or Fe. However, attention must be
paid to metal transfer factor through food chain (Banuelos et al. 1997).

Because of regulations limiting the use of genetically modified organisms espe-
cially in Europe, development of phytoremediation techniques are likely to involve
genetic use restriction technologies for controlling the dispersion of transgenes into
environment. Potential risks ambushed in transgenic plants have to be minimized to
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eliminate the concerns of the public. Nevertheless, phytoremediation strategies
using both natural and engineered hyperaccumulators represent a very promising
tool for relatively cheap, ecological and aesthetic way of cleaning the environment
from human-generated pollution.

Fig. 1 Decontamination of heavy-metal polluted environment through plant biotechnology.
Heavy metals are absorbed from the contaminated environment by roots. Bioavailability

and uptake can be increased by presence of chelators such as EDTA (ethylenedi-
aminetetraacetic acid). Metals are chelated and/or transported to the upper parts of the

plants, and finally deposited in cell compartments where they cannot be harmful. These
changes lead to heavy metal tolerance while hyperaccumulation can occur in certain plant

species. Metal-hyperaccumulating plants can be obtained from natural populations
or prepared by different biotechnology approaches. Their use shows promising prospects
of efficient application for decontamination of the environment and specific enrichment

of animal or human diet. PR – Pathogenesis-related, HSPs – Heat shock proteins
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Abstract The objective of the study was to estimate drought tolerance differentiation of 17
strains/cultivars of pea and 15 strains/cultivars of yellow lupine. A selection was made of the
most useful morphological and physiological traits of drought tolerance in these plant species
in early stage of their development. Selection made on seedlings allows to accelerate choice
of plants more drought tolerant, however it requires confirmation by final crop obtained in the
field. Twenty two parameters related to plant growth and photosynthetic apparatus efficiency
were measured on control and stressed plants. For each parameter and both plant treatments
the drought susceptibility indexes (DSI), their standard deviations and the ‘s’ parameter
(the normalized difference between the maximal and minimal DSI value) were calculated.
Seedlings of yellow lupine responded more strongly to a water deficit than the field pea. The
‘s’ parameter seemed to be more adequate than the DSI coefficient for an evaluation of diffe-
rentiation in the pool of genotype features with respect to drought tolerance. NAR (net assi-
milation rate) was the most representative parameter suitable in the study of plant drought
tolerance. Parameters associated with plant growth were more appropriate indicators of plant
drought sensitivity than those of photosynthetic apparatus efficiency. Among pea strains/
cultivars: SZD178, ‘Wenus’ and ‘Brylant’, while of lupine: ‘Greece’, Espana KI-2, ‘Luno’
and ‘Wodjil’ were the most resistant to drought.

Key words: Chlorophyll-a fluorescence; Parameters of plant growth; Pea; Soil drought;
Yellow lupine
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Abbreviations ABS: absorption energy flux, CS: excited cross-section of leaf, DIo: dissipa-
tion energy flux at the level of the antenna chlorophylls, DW: dry weight; ETo: flux of elec-
trons from QA

- into the electron transport chain, FW: fresh weight, LA: leaf area, LWR: leaf
weight ratio, , NAR: net assimilation rate, OEC: fraction of O2 evolving centers PSII in com-
parison to the control sample, PAR: photosynthetically active radiation, PFD: photon flux
density, PIcs: overall performance index of PSII photochemistry, PSII: photosystem II,
QA: the first stable electron acceptor in PSII, RC: number of active reaction centers in the
state of fully reduced PSII, RGRA: relative growth rate of the leaf area, RGRW: relative gro-
wth rate of the plant biomass, , SLA: specific leaf area, TRo: excitation energy flux trapped
by RC and utilized for the reduction of QA , RWC: relative water content, MRWC: maximum
relative water content, RT: relative turgidity.

Introduction

Plant yield efficiency depends on many physiological processes proceeding on
the cell, whole plant and canopy level. On a cell level, the yield is determined by
assimilate photosynthetic production depending on the plant physiological state
and the efficiency of light receptors. On a plant level, the crop depends on assimi-
late transport from donors to acceptors and the rate of development and abortion of
generative organs. In the field, the relations between plants, such as competition for
light, water and nutrients, are important for crop production.

In the field, water availability is the main factor deciding about the yield in wa-
ter limited environments. Drought is often the major reason of yield loss (Baigorri
et al. 1999; Saini and Westgate 2000; Sharp et al. 2004). Considering the climatic
changes that are taking place in the world today, drought effects are continually
more noticeable. In Poland, large agricultural areas dry up due to erratic precipita-
tion during the growing season, high temperature amplitude and ground water
“escape”. The consequences of drought are intensified because of the poor structu-
re of soils occurring in many regions of Poland (Martyniak 2008). The above-
mentioned facts have inclined researchers towards studies related to plant tolerance
to drought and the physiological processes determining it.

The results of many studies have indicated that the photosynthetic apparatus and
plant growth rate are the most sensitive to a soil water deficit (see Rapacz et al.
2010). The most useful parameters in the selection of drought tolerant plants are
usually photosynthetic apparatus efficiency and yield structure elements (for
example number of pods, ears, seeds, mass of 1000 seeds etc). Photosynthetic ap-
paratus efficiency depends on the light conditions and water content in leaf me-
sophyll. The commonly used method in the estimation of photosynthetic efficiency
is chlorophyll fluorescence, which allows to estimate the loss of light energy and
disorders in electron transfer between the chlorophyll of the PSII reaction centres
and QA (Fracheboud et al. 1999; Lichtenthaler 1996; Maxwell and Johnson 2000).
Chlorophyll fluorescence parameters can also detect injuries of both photosystems
caused by drought and other environmental stresses. These measurements are very
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fast and are not invasive. Li et al. (2006) stated that chlorophyll content, initial
fluorescence (Fo), maximum primary yield of photochemistry of PSII (photosystem
II) (Fv/Fo) and maximum quantum yield of PSII (Fv/Fm) might be the indicators of
barley drought resistance. It was also found that drought tolerant genotypes de-
monstrated significantly higher values of chlorophyll content, Fo, Fv/Fo and Fv/Fm
than sensitive ones under drought stress. Yang et al. (2006) showed that in water
deficit conditions, the changes of maximal efficiency of PSII photochemistry
(Fv/Fm), actual PSII efficiency (ΦPSII), photochemical quenching (qP) and non-
photochemical quenching (qN) were observed, and they correlated with a differen-
tiation of the examined materials with regards to drought sensitivity.

Recently, the growing interest of Polish plant breeders in legumes has been in-
creased. In  the word the most commonly used leguminous plant is soybean, ho-
wever, in Poland climatic conditions limit the cultivation of this species. An alter-
native to soybean is the field pea (Pisum sativum L.) and yellow lupine (Lupinus
luteus L.) because they are more cold tolerant, and their cultivation is less risky.
Moreover, pea and lupine are characterized by the favorable amino acid content in
seeds. Taking these facts into consideration, the studies related to drought tolerance
of legumes seem to be well-grounded.

The objective of the study was to estimate drought tolerance differentiation at
seedling stage of 32 strains and cultivars of field pea and yellow lupine. An attempt
was made to select the most useful morphological and physiological characteristics
of drought resistance in these plant species. The parameters related to growth rate,
biomass accumulation, chlorophyll and water content and photosynthetic apparatus
efficiency were measured.

Material and methods

Plant material. The investigation was performed on total 32 strains/cultivars of
field pea and yellow lupine as presented in Table 1. Pea seeds were obtained from
Plant Breeding Szelejewo (Poland), while the lupine seeds were obtained from
Poznań’s Plant Breeding (Tulce, Poland).

Plant growth and drought treatment. The seeds germinated on wet paper in
Petri dishes in the dark and at 25 °C. As antifungal  seed dressing 75% tiurame
(Zaprawa nasienna T, Organika-Azot SA, Jaworzno, Poland) was used. Five se-
edlings were planted in boxes (4.5 dm3 volume) containing a mixture of garden soil
and sand (2 : 0.5 v/v). The plants were grown in a glasshouse at 20/17°C day/night
in a 16h-photoperiod, using 400 W sodium lamps (Philips SON-T AGRO, Brussels,
Belgium) yielding photosynthetically active radiation (PAR) of 400 μmol m-2 s-1.
The seedlings were watered and fertilized with Hoagland medium (Hoagland and
Arnon 1938) as required. Soil moisture was maintained to the 3-leaf phase at
a level of 70% of maximum relative water content (MRWC) by adding an appro-
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priate amount of water every day. Then the plants were divided into two groups:
control and drought stressed. Soil drought was induced gradually by limiting wa-
tering and after 7 days moisture level decreased to 20% MRWC (it was equaled to
about –2.0 MPa). That was maintained for the following 7 days, while the control
plants were watered normally.

Table 1 Cultivars and strains of field pea and yellow lupine used in the study

Field pea

No Name Country of origin No. Name Country of origin
1 Wenus Poland 10 SZD  175 Poland
2 Kuroch Poland 11 SZD  178 Poland
3 Brylant Poland 12 SZD  240 Poland
4 Turkus Poland 13 SZD 205 Poland
5 Tarchalska Poland 14 SZD  227 Poland
6 Hubal Poland 15 SZD  165 Poland
7 Boruta Poland 16 SZD  188 Poland
8 SZD 1106 Poland 17 SZD  190 Poland
9 SZD  1005 Poland

Yellow lupine

1 Talar Poland 9 Sweet Yellow South Africa
2 Taper Poland 10 Yorlupine Netherlands
3 Mister Poland 11 Morocco-4 Morocco
4 Luno Poland 12 Greece Grece
5 Wodjil Austria 13 Lubljana Slovenia
6 Amulet Poland 14 Espana KI-2 Spain
7 Kastricznik Russia 15 Portugalia KI-2 Portugal
8 Kormowoj Ukraine

Measurements and Analyses

Growth indexes.The height of seedling, FW (fresh weight), LA (leaf area), DW
(dry weight) of leaves collected from one plant, DW of stem, DW of seedling,
RWC (relative water content) in leaves and in whole seedling were estimated. On
the basis of these parameters the RGRW (relative growth rate of the plant biomass),
RGRA (relative growth rate of the leaf area), LWR (leaf weight ratio), NAR (net
assimilation rate) and SLA (specific leaf area – of all leaves from one seedling)
were calculated (Květ et al. 1971). DW was estimated after drying of plant samples
at 70°C for 48 h. RWC was calculated as follows:

RWC = [(FW – DW)/FW] x 100

Leaf area was measured using a scanner (ScanMaker 3880, Microtek, Hsinchu,
Taiwan) and Delta-T Skan 2.03 software (Delta-T Devices, Cambridge, UK).
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These all measurements were done on 15 plants from each treatment.
Chlorophyll content. Chlorophyll content was measured in 3 upper, fully

expanded leaves using a portable chlorophyll meter (SPAD-502, Minolta). SPAD-
readings were calibrated (Markwell et al., 1995) using the spectrophotometric
analysis of extracts according to the Lichtenthaler and Wellburn method (1983).
Chlorophyll (a+b) content was expressed as g m–2. The measurements were done in
15 replications for each treatment.

Electrolyte leakage. Ion leakage determining the plasma membrane’s integrity
was measured in 3 upper, well-developed leaves. Leaf discs (Ø = 1cm) were
washed in deionised water, put into plastic vials containing 10 cm3 deionised water
and shaken for 24 h (50 rpm) at 20 °C. Next, ion conductivity was measured (EL1)
using a conductometer (CI 317, Elmetron, Poland). The samples were frozen at –
40°C for 24 h, after thawing they were shaken again for 24 h and next total
ion leakage (EL2) was measured. Membrane permeability was expressed as a per-
centage of total electrolyte leakage (EL1 x 100/EL2). The measurements were done
in 6 replications for each treatment.

Relative turgidity. Relative turgidity (RT) was measured according to Barrs
(1968). The 3 upper fully expanded leaves were cut, weighed to estimate fresh
mass (FW1), floated on water surface and left to attain full turgidity. Next, they
were weighed again (FW2 in full turgidity) and dry weight (DW) was determined.
RT was calculated according to the formula:

RT = [(FW1 – DW) / (FW2 – DW)] x 100.

Photochemical activity of PSII. Chlorophyll fluorescence was measured in the
upper well-developed leaf using the Plant Efficiency Analyser PEA (Hansatech
Ltd. Kings Lynn, UK). Before measurements, the LED-light source of the fluoro-
meter was calibrated using an SQS light meter (Hansatech Ltd, Kings Lynn, UK).
The excitation irradiance had an intensity of 3 000 µmol m-2 s-1 (peak at 650 nm).
Measurements were taken after 30 min of leaf adaptation to darkness (clips with
a 4-mm diameter hole). Fluorescence intensity was measured with a PIN-
photodiode after being passed through a long-pass filter. Changes in fluorescence
were registered during irradiation between 10 µs and 1 s. During the initial 2 ms,
the data were collected every 10 µs with 12 bit resolution. After this period, the
frequency of measurements was reduced automatically. On the basis of these me-
asurements, the parameters (per excited leaf cross-section; CS) ABS/CS (light
energy absorption), TRo/CS (amount of excitation energy trapped in PSII reaction
centers), ETo/CS (energy amount used for electron transport), DIo/CS (energy
amount dissipated from PSII), RC/CS (number of active reaction centres), PIcs
(overall performance index of PSII photochemistry) and OEC (fraction of O2
evolving centres PSII in comparison to the control sample) were calculated based
on the theory of energy flow in PSII and using the JIP test as it was described el-
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sewhere (Lazár 1999; Lazár and Pospíšil 1999; Srivastava and Strasser  1977;
Strasser and Strasser 1995; Strasser et al. 2000). The measurements were perfor-
med on 20–25 plants.

Drought susceptibility index (DSI). All measurements were done on plants
grown under drought stress (X1) and on control plants (X2). From these results for
each parameter and for each strain/cultivar the drought susceptibility index (DSI)
was calculated as: DSI = (X1/X2) x 100 (Fisher and Mauer 1978).  The more DSI is
different from 100%, the stronger the drought influences the studied parameter, so
it can be seen as a physiological indicator of plant response to a water deficit. Ho-
wever, to comparison various strains/cultivars with respects to their degree of
drought susceptibility, their DSI values should be strongly differentiated. Thus,
apart from commonly used the standard deviation of DSI (σ), the ‘s’ parameter
being the “normalized” difference between the highest and the smallest value of
DSI was also calculated, according to the formula: s = [(DSImax–DSImin)
x 100]/DSIaverage.  The “s” value should be relatively high.

Statistical analyses

All results were tested with the F-test (ANOVA/MANOVA) using STATIS-
TICA 7.1 software (Statsoft, Tulsa, OK, USA).

Results

An analysis of variance showed that both factors as pea and lupine
strains/cultivars and soil drought strongly differentiated values of most of physio-
logical parameters under study (Table 2). The interaction between plant and
drought treatment was significant for 13 parameters in the case of pea and for 17
parameters in the case of lupine.

Field pea. In Table 3 the physiological parameter values carried out on control
and drought treated plants were demonstrated. On that basis the DSI coefficients,
their standard deviation (σ) and the ‘s’ parameter were calculated. For some pa-
rameters the DSI values differ considerably from 100%, for example for SLA
(DSI=73.6) or height of seedling (DSI=62.8), however their ‘s’ parameters are to
low (23.3 and 22.6 respectively). It is observable that individual DSI values weakly
differentiate the parameters under drought stress, while the ‘s’ parameter gives this
possibility. Its values, presented in Table 3, are strongly diverse (6.2−192), therefo-
re it could be useful to choose the physiological parameters that are the best indi-
cators of drought stress (however to compare of drought tolerance of several stra-
ins/cultivars DSI coefficient was used). On that basis, a total of 11 physiological
parameters from the initial 22 were selected for further analyses (according to in-
creasing ‘s’ values): RGRA, PICS, OEC, NAR, EL, LA, DW of seedlings, RGRw,
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RC/CS, RT, and ETo/CS. The parameters: DW of stem and DW of leaves, despite
their high values of the ‘s’ parameter, were not included, since neither parameter,
associated with the DW of seedling, introduces new elements characterising plant
sensitivity to drought.

Table 2 Analysis of variance of the plant object (species) and drought influence
on the studied physiological parameters. The values of the F-test and the level of their
significance were shown; * – P<0.05, ** – P<0.01, *** – P<0.001), n.s. – not significant

Field pea Yellow lupine
Parameter

[units] Plant
object (O)

Drought
(D)

Interaction
(O x D)

Plant
object

(O)

Drought
(D)

Interaction
(O x D)

Height of seedling [mm] 7.66*** 960.3***   1.81* 58.9***    44.0*** 14.2***

Leaf area [mm2]   4.28*** 330.8***   1.98* 25.0*** 1278***   2.54**

DW of stem [mg]   6.65*** 134.4***   1.59n.s. 10.8***   172.5***   3.14***

DW of leaves [mg]   7.18*** 189.2***   1.25 n.s.   5.64***   399.1***   2.34**

DW of seedling [mg]   3.88*** 159.1***   0.10 n.s.   6.39***   321.6***   2.42**

RGRA [m m-2 d-1] x 102   5.88*** 1743***   1.68*   3.29*** 1765***   1.41n.s.

RGRW  [g g-1 d-1] x 102   1.55n.s. 225.2***   1.17 n.s.   4.81***   334.7***   2.34**

LWR  [m2 g-1] x 100   4.94***   53.9***   1.17n.s.   5.73*** 3319***   0.76***

SLA [m2 g-1]   1.32 n.s.   50.8***   0.95 n.s.   7.06*** 1409***   3.78***

NAR [g m-2 d-1] x 10   5.34***   28.5***   1.43 n.s.   4.32*** 53.60***   2.74***

chl. (a + b) [g x m-2]   2.71*** 196.3***   2.13**   4.91*** 3.58 n.s.   1.10 n.s.

El [%]   2.95***     9.98***   0.50 n.s.   3.25*** 8.48***   0.50 n.s.

WC in leaves  [%]   1.88* 1286***   6.92***   4.16*** 1728***   4.30***

WC in seedling [%]   5.20*** 2083***   3.54***   3.47*** 2523***   3.62***

RT  [%] 10.71*** 4987***   6.10***   3.43*** 1881***   1.63 n.s.

ABS/CS   2.24**   16.35***   1.89*   3.46*** 561.2***   9.38***

TRo/CS   2.20**   12.65***   2.32**   6.13*** 805.1***   8.27***

ETo/CS   5.78***     4.03*   4.18***   9.66*** 705.3***   2.40**

DIo/CS 23.22***     2.58***   1.22n.s.   4.70*** 2.65 n.s.   3.20***

OEC  [%] 11.04*** 375.7***   6.30***   6.14*** 89.86***   9.37***

RC/CS   2.77***   62.95***   4.35***   7.74*** 792.1***   1.79*

PICS   6.18***     1.89 n.s.   5.50***   6.27*** 467.9***   1.28 n.s.

The selected parameters were related to plant growth, the relative increase of
plant mass, LA, photosynthetic rate, EL, RT and chlorophyll fluorescence. It is
surprising to note that such typical parameters associated with drought influence as
chlorophyll content, and most parameters of chlorophyll fluorescence, demon-
strated such small differentiation. Conversely, it seems that in the pea strains chlo-
rophyll content stayed unchanged, therefore during recovery after the drought pe-
riod the plants could regain their whole photosynthetic efficiency.
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Table 3 The influence of drought on the studied parameters of field pea plants. For each
parameter the mean, average DSI, its standard deviation (σ) and s (s = [(DSI max – DSI min)

x 100]/DSI average) are shown. In the last column a ranking (R) of parameters from
the strongest (R = 1) to the weakest (R = 25) responding to drought is presented

Parameter Control Drought DSI σ s R

RGRa     6.05    1.20 19.6 25.0 192   1*

PICS 47279 45781 98.1 14.2 72.4   2*

OEC 100  78.2 78.2   8.26 44.8   3*

NAR   43.55  36.49 84.4   3.57 39.4   4*

EL     3.69    4.44 121   8.26 39.2   5*

LA 5527 2819 51.0 10.5 38.5   6*

DW of stem 235.8 166.9 71.7   4.35 38.3   7
DW of seedling 336.5 236.0 71.0   5.79 36.8   8*

RGRw     8.35     5.86 70.6   7.89 36.4   9*

RC/CS 962.7 1055 110 10.7 35.1 10*

DW of leaves 100.7   69.16 69.4   9.89 34.5 11
RT   90.72   55.92 61.6   1.21 34.2 12*

ETo/CS 973.0 950.6 98.0   6.27 31.8 13*

SLA     5.56     4.09 73.6   4.36 23.3 14
Height of seedling 280.2 175.4 62.8   6.34 22.6 15
TRo/CS 1758 1818 104   7.23 21.7 16
LWR   30.13   29.49 97.9   5.54 21.4 17
ABS/CSm 2218 2297 104   6.25 18.0 18
DIo/CS 459.8 478.2 104   2.45 15.0 21
Chl. (a + b)     1.72    1.58 91.8   1.85 11.7 22
WC in leaves   87.57 80.40 91.8   0.64   8.0 23
WC in seedling   87.89 80.29 91.4   1.86   6.2 24

* – Parameters used to compare drought tolerance of the studied strains/cultivars.

Selected parameters (marked with asterisk in Table 3) were used to compare the
drought tolerance of pea strains/cultivars and to identify most resistant or sensitive
ones. The results of this analysis were presented in Table 4, which shows in co-
lumn No. 14 a final ranking of the studied strains and cultivars of pea according to
their increasing drought tolerance estimated on the basis of all 11 selected parame-
ters (columns 2−12), where position 1 means the most sensitive strain/cultivar (mi-
nimal value of DSI) and 17 the most resistant one (maximal DSI). It should be
marked that DSI detailed value for each strain/cultivar and each measured parame-
ter have not been presented. According to final ranking we can see that strain no.
11 (SZD178), and cultivars no. 1 (‘Wenus’) and no. 3 (‘Brylant’) were recognised
as the most resistant to a water deficit in the seedling phase, while strains no. 15
(SZD165), no. 9 (SZD 1005) and cultivar no. 5 (‘Tarchalska’) were recognised as
the most sensitive.
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Table 4 Rankings (using a scale of 1-17) of the studied strains/cultivars of field pea
(numbers of strains/cultivars in column 1 as presented in Table 1) according to increasing

drought tolerance (on the basis of increasing DSI value) for the chosen parameters
(Table 3): 1 – the most sensitive, 17 – the most tolerant to drought. Detailed DSI value for

each strain/cultivar and each measured parameter have not been presented.   
In column 13 a sum (∑) of the values (ranking position) from columns 2-12 is shown.

In column 14 a final ranking of the studied cultivars and strains according to increasing
resistance to drought is presented
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1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 17   9 16 16   7 17 16 17   3 13   8 139 16
2 14   1   4 12   9 11 14 14   1   3   1   84   5
3 16 11 15 15 13 15 15 15   8   1 13 137 15
4 15   6   6 11   6   7   9 13   9   2   4   88   8
5 13   4   3   5   1 13   4   7   5   8   5   68   3
6   5 17 13   9   4   5   8   8 17   5 16 107 11
7   1 13   7   2 14   1   1   1 16   6 11   73   4
8   6 16 17   3 16   2   3   3 14 12 17 109 12
9 11   2   5   4 11 16   5   4   2   4   2   66   2
10 12   5 11   8   5 12 10 10   7 17   6 103 10
11   7 10   1 17 17 14 17 16 15 16 10 140 17
12   8   7   9 13 10   8 12 12   4 11   9 103   9
13 10   8 10 10 15 10 11 11 10 10   7 112 13
14   9 14 14   1   8   4   2   2 11   7 15   87   7
15   3   3   2   6   2   9   7   6   6   9   3   56   1
16   4 12   8   7   3   3   6   5 12 14 12   86   6
17   2 15 12 14   6   6 13   9 13 15 14 119 14

If two or more plant objects obtained the same values of the sum (column 13), it
was assumed that the object with a greater value of interval between the maximal
and minimal ranking was located at a higher position in the final ranking (column
14).

Next attempt was made to select the parameter giving the ranking the most
adequate to that obtained on the basis of all 11 parameters (Table 4, column 14).
For each of the parameters the differences between the final ranking shown in co-
lumn 14 of Table 4 and strain/cultivar ranking on the basis of individual parameters
(Table 4, columns 2−12) were calculated and presented in Table 5. Next, for each
parameter these differences for all strains/cultivars were summed up (row marked
as ∑). It was assumed that the parameter characterized by the lowest value of ∑ is
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more representative for all of the measured parameters. Table 5 demonstrates that
the ranking of DW of seedling, NAR and OEC chosen among the 11 parameters
was the most adequate to the average ranking, so that they can be used as the best
indicators of the field pea’s drought sensitivity.

Table 5 The choice of best parameters determining the ranking of the studied cultivars and
strains of the field pea according to the degree of drought resistance. The differences be-

tween strain/cultivar ranking position evaluated for each studied parameter (2–12 columns
in Table 4) and average ranking position calculated on the basis of all parameters (column
14 in Table 4) are shown. In the last two rows, a sum (∑) of these differences and a final
ranking (R) of the parameters useful for drought resistance evaluation are presented. The
following scale was applied: 1 – the parameter giving the plant object ranking the most

adequate to the ranking presented in column 14 in Table 4; 11 – the most inadequate pa-
rameter. The number of studied cultivars/strains of pea in column 1 as presented in Table 1.
If two or more parameters obtained the same values of the sum (∑), it was assumed that the
parameter with the greater value of an interval between the maximal and minimal ranking

was located at a higher position in the final ranking (R).

No. RGRA PIcs OEC NAR EL Leaf
area

DW
of

seed-
ling

RGRW
RC/
CS RT ETo/

CS

1 1 7 0 0 9 1 0 1 13 3 8
2 9 4 1 7 4 6 9 9 4 2 4
3 1 4 0 0 2 0 0 0 7 14 2
4 7 2 2 3 2 1 1 5 1 6 4
5 10 1 0 2 2 10 1 4 2 5 2
6 6 6 2 2 7 6 3 3 6 6 5
7 3 9 3 2 10 3 3 3 12 2 7
8 6 4 5 9 4 10 9 9 2 0 5
9 9 0 3 2 9 14 3 2 0 2 0

10 2 5 1 2 5 2 0 0 3 7 4
11 10 7 16 0 0 3 0 1 2 1 7
12 1 2 0 4 1 1 3 3 5 2 0
13 3 5 3 3 2 3 2 2 3 3 6
14 2 7 7 6 1 3 5 5 4 0 8
15 2 2 1 5 1 8 6 5 5 8 2
16 2 6 2 1 3 3 0 1 6 8 6
17 12 1 2 0 8 8 1 5 1 1 0
∑ 86 72 48 48 70 82 46 58 76 70 70
R 11 8 3 2 6 10 1 4 9 7 5

Yellow lupine. Table 6 presents the mean values of all measured parameters for
control and drought stressed plants of the studied strains/cultivars of lupine: the
average DSI values, their standard deviations (σ), values of the ‘s’ parameter and
the ranking (R) of parameters from the strongest (maximal ‘s’ value) to the weakest
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(minimal ‘s’ value) responding to drought. On the basis of the ‘s’ parameter values,
the following 9 parameters were chosen for further analyses: RGRA, EL, RGRw,
NAR, height of seedling, DW of seedling, LA, OEC and PICS. All of them, except
of height of seedling, were common for both species under study. Also, in the case
of lupine, the DW of stem and DW of leaves were not chosen for further analyses
in spite of their high ‘s’ parameter values. Among the chosen parameters are those
concerning vegetative plant growth, relative increase of mass, leaf area and photo-
synthesis rate, EL and two parameters of chlorophyll fluorescence. Similarly as in
the pea plants, changes in chlorophyll content in lupine under drought influence
did not differentiate plant objects.

Table 6 The influence of drought on the studied parameters of yellow lupine plants.
For each parameter the mean, average DSI, its standard deviation (σ) and s (s = [(DSI max
– DSI min) x 100]/DSI average) are shown. In the last column a ranking (R) of parameters

from the strongest (R = 1) to the weakest (R = 25) responding to drought are presented

Parameter Control Drought DSI σ s R

RGRA       6.03      1.81   22.8     2.51 147   1*

EL       2.97    26.84 934 357.4 133   2*

RGRw       6.30      2.90   46.2     3.67  92.5   3*

NAR     27.52    18.64   68.2     6.85  82.2   4*

Height of seedling     70.2    41.9   63.5     7.96  68.3   5*

DW of seedling   311.4  174.1   56.8     0.70  64.2   6*

DW of stem   120.0    79.7   67.9     2.92  63.0   7
DW of leaves   191.4    94.5   50.3     1.16  62.0   8
LA 7019 1851   26.6     0.92  46.4   9*

OEC   100    83.9   84.0   10.62  42.4 10*

PICS   111   613   54.9     2.17  37.5 11*

SLA      3.71      1.97   53.4     0.66  37.3 12
DIo/CS   377.3   387.5 102.8     2.63  36.4 13
RT     91.3     54.4   59.6     3.87  29.5 14
ABS/CS 2084 1830   88.1     4.00  21.6 15
RC/CS 1347.7   990.8   73.6     0.16  21.5 16
TRo/CS 1706 1442   84.8     4.15  19.6 18
Chl.(a + b)       0.96       0.89   92.6   10.10  18.5 20
LWR     61.6     54.4   88.4     0.99  18.1 21
ETo/CS 1076 863   80.3 2.94 15.4 22
WC in leaves     90.4 76.9   85.0 1.90 10.4 23
WC in seedling     90.3 79.3   87.8 1.15 6.9 24

* – Parameters marked with a star were used to compare the drought tolerance of the studied cultivars and strains.

 Selected parameters were used to estimate drought sensitivity of the studied
strains/ cultivars. In Table 7 they were ranked according to their drought tolerance:
position 1 means the most sensitive strain/cultivar, and position 15 means the most
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resistant one. The final ranking of lupine strains/cultivars was obtained on the basis
of all 9 chosen physiological parameters. Cultivars no.12 (‘Greece’), no. 14 (Espa-
na KI-2), no. 4 (‘Luno’) and no. 5 (‘Wodjil’) were the most resistant, while cul-
tivars no. 6 (‘Amulet’), no. 2 (‘Taper’) and no. 13 (‘Lubljana’) were  the most sen-
sitive to soil drought in the seedling phase.

Table 7 A ranking (using a scale of 1–15) of the studied strains and cultivars of yellow
lupine (numbers of strains/cultivars in column 1 as presented in Table 1) according

to an increasing drought tolerance (on the basis of increasing DSI values) for the chosen
parameters (Table 6): 1 – the most sensitive, 15 – the most tolerant to drought). In column
11 a sum (∑) of the values (ranking position) from columns 2–10 is shown. In column 12

a final ranking of the studied cultivars and strains according to increasing resistance to
drought is presented

No. RGRA El RGRW NAR
Height

of
seedling

DW of
seedling LA OEC PICS     ∑    R

1 2 3 4 5 6 7 8 9 10 11 12
  1 12   7   8   8 10   7   5 13   8 78   9
  2   3   1   5   5   1   2   4 10 13 44   2
  3   4   5 13 13   4 12 12   9 12 84 10
  4 14   2 15 14   3 15 14 11   5 93 13
  5   7 12 11 12   7 10 10 15   9 93 12
  6 10   3   2   2   2   1   1   8   3 32   1
  7   5   4   7   7   6   5   8 14 11 67   5
  8 15   9   1   1 14   4   3   6 14 67   5
  9 11   6   3   3   8   6   9   3 10 59   4
10   1   8 12 11 12   9 13 12   6 84 11
11 13 11   9   9   5 11   7   2   2 69   7
12   2 13 14 15 15 13 11   7   7 97 15
13   8 14   4   4   9   3   2   1   1 46   3
14   6 10 10 10 11 14 15   4 15 95 14
15   9 15   6   6 13   8   6   5   4 72   8

If two or more plant objects obtained the same values of the sum (column 11), it was assumed that the object with
a greater value of interval between the maximal and minimal ranking was located at a higher position in the final
ranking (column 12).

In the further stage of investigation an evaluation was done as to which individ-
ual parameter gives strain/cultivar ranking the most adequate to that obtained on
the basis of all chosen parameters. For each of the 9 chosen parameters the differ-
ences between the final ranking (Table 7, column 12) and the ranking done on the
basis of a single parameter (Table 7, columns 2–10) were calculated and shown in
Table 8. Next, these differences were summed up (row marked as ∑) and it was
assumed that the lowest sum the most representative is parameter. Table 8 shows
that NAR, RGRW and LA allow for an evaluation of lupine plant response to
drought instead of other parameters.
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Table 8 The choice of best parameters determining the ranking of studied strains and
cultivars of yellow lupine according to the degree of drought resistance. The differences
between strain/cultivar ranking position evaluated for each studied parameter (Table 7,

columns 2–10) and the average ranking position calculated on the basis of all parameters
(Table 7, column 12) are shown. In the last two verses the sum (∑) of these differences and
the final ranking (R) of parameters useful for drought resistance evaluation are presented.

The following scale was applied: 1 – the parameter giving the object ranking the most
adequate to the ranking calculated on the basis of all studied parameters (Table 7, column

12); 9 – the most inadequate parameter. The number of the studied strains/cultivars of
lupine is in column 1 as presented in Table 1

No. RGRA El RGRW NAR Height of
seedling

DW of
seedling LA OEC PICS

1 3 2 1 1 1 2 4 4 1
2 1 1 3 3 1 0 2 8 11
3 6 5 3 3 6 2 2 1 2
4 1 11 2 1 10 2 1 2 8
5 5 0 1 0 5 2 2 3 3
6 9 2 1 1 1 0 0 7 2
7 0 1 2 2 1 0 3 9 6
8 10 4 4 4 9 1 2 1 9
9 7 2 1 1 4 2 5 1 6
10 10 3 1 0 1 2 2 1 5
11 6 4 2 2 2 4 0 5 5
12 13 2 1 0 0 2 4 8 8
13 5 11 1 1 6 0 1 2 2
14 8 4 4 4 3 0 1 10 1
15 1 7 2 2 5 0 2 3 4
Σ 85 59 29 25 55 19 31 65 73
R 9 6 3 2 5 1 4 7 8

Discussion

One of the aims of the work was to find the most representative physiological
parameters of drought tolerance of the field pea and yellow lupine. In experiments
on plant response to water deficit usually drought susceptibility indexes are calcu-
lated (Grzesiak et al. 2007; Rapacz et al. 2010). In the presented study it was
shown that a single DSI coefficient is not sufficient enough to make a selection of
parameters characterized by high differentiation in the degree of drought response.
The ‘s’ parameter seemed to be more adequate to select for both the best physio-
logical indicators of drought resistance and the most tolerant or most sensitive to
water deficit parameters. On the basis of this ‘s’ parameter in the case of the field
pea, 11 physiological parameters responded most to drought, while in the case of
yellow lupine, 9 such parameters were selected. These parameters were associated
with plant growth, DW content, membrane integrality (EL) and chlorophyll fluo-
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rescence. Among the latter, in the case of the pea these are RC/CS, ETo/CS, PICS
and OEC. The same parameters, except OEC, were also recognized by Rapacz et
al. (2010) as parameters diversifying drought sensitivity of malting and fodder
spring barley and other plant species (Canaani et al. 1986; Pinior et al. 2005).
Moreover, similarly as in our work, EL was also found to be a good indicator of
drought response of these plants (Rapacz et al. 2010). Grzesiak et al. (2007) proved
that drought had an influence on the damage caused to cell membranes, however
EL depended strongly on leaf age. Correlations between some physical parameters
of cell membranes and drought tolerance were also observed in wheat plants (Ben-
veniste-Levkovitz et al. 1993).

In the presented investigation both pea and lupine plants demonstrated signifi-
cant changes in Chl a content under drought conditions, however the DSI coeffi-
cient showed small differentiation between the strains/cultivars. Also, other authors
showed a significant decrease of this parameter in drought treated plants (Richards
1978, Ali 1997). Rapacz et al. (2010) stated that both studied groups of barley re-
quire different drought indicators. Our experiment demonstrated that most pa-
rameters chosen for lupine response to water deficit were similar to that as in the
case of pea. Among numerous chlorophyll fluorescence parameters only OEC and
PICS were recognized as parameters which differentiate studied strains/cultivars of
pea and lupine. Common parameters for both studied plant species were also EL,
NAR, RGRA, RGRW, and DW of seedling. Finally, for the pea, the most represen-
tative physiological indicators differentiating the strain/cultivar response to drought
were DW of seedling, NAR and OEC, while for lupine NAR, RGRW and LA. For
both species these are mainly growth parameters, so it could be supposed that
photosynthetic efficiency is not so sensitive to rehydration as plant growth. This
result confirms earlier observations of Hura et al. (2007), which stated that the faba
bean and maize showed better tolerance of the photosynthetic apparatus to long-
term water deficit due to activation of the mechanism connected with the synthesis
of phenolic compounds playing the role of photoprotectors. Growth parameters,
especially NAR, strongly responded to water limitation in soil. It can be assumed
that a decrease in the NAR values (connected with a decrease in CO2 assimilation)
in drought treated plants was the result of stomata closure observed in water deficit.
Yellow lupine responded more strongly to the water deficit in the seedling phase
than the field pea, which was stated on the basis of the DSI values. In the case of
the pea, the DSI of 16 physiological parameters out of 22 studied at the beginning
of the investigation amounted to values close to 100% (value of control plants),
while in the case of lupine the DSI of only 6 parameters do not differ significantly
from the control.

Conclusions

1. The ‘s’ parameter seems to be more appropriate than the DSI coefficient to cho-
ose the most representative parameter differentiating the drought tolerance of
various plant strains/cultivars.
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2. NAR is the most representative parameter suitable in the studies of drought
tolerance of the field pea and yellow lupine.

3. Parameters associated with seedling growth and membrane permeability (NAR,
DW of seedlings, LA, RGRA, RGRw, EL) are more proper as indicators of plant
drought sensitivity than the parameters of photosynthetic apparatus efficiency
(only two: OEC and PICS from the numerous parameters measured could be used
as indicators).

4. Among the 17 studied strains/cultivars of field pea, SZD178, ‘Wenus’ and
‘Brylant’ are the most resistant, while SZD165, SZD1005 and ‘Tarchalska’ are
the most sensitive to soil drought in the seedling phase.

5. Among the 15 strains/cultivars of yellow lupine, ‘Greece’, Espana KI-2, ‘Luno’
and  ‘Wodjil’ are the most resistant, while ‘Amulet’, ‘Taper’ and ‘Lubljana’ are
the most sensitive to soil drought in the seedling phase.
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Abstract In this reviewed the influence of abiotic stress factors on selected species of mosses
was analyzed. Mosses which live in the natural habitat are exposed to many stress factors and
should, therefore, posses protective systems against oxidative stress. One of the primary an-
tioxidant enzymes is the superoxide dismutase (SOD). Bryophytes are characterised by a very
broad ecological amplitude of occurrence. Most moss species are highly resistant to desicca-
tion. The process of drying and rehydration can be repeated several times without causing
major changes in the functioning of the organism. Exposure of mosses gametophores with
hypoxic stress makes the intensity of photosynthesis to decrease. Results of this study indi-
cate that hypoxia does not affect dramatically the intensity of dark respiration, what helps to
prolong the activity of plants under a long-term stress. Studies on the response of mosses to
UV-B radiation, especially in the field, show that under the influence of this type of radiation
smaller mosses gametophores are produced. The results of these experiments can be helpful
in entire understanding of  the evolutionary aspects of tolerance and acclimation to UV-B ra-
diation, which gave the plants an opportunity to control the land. Bryophytes are characteri-
sed by tolerance to salinity, which can be determined through analysis of the various metabo-
lic pathways. ABA and stress factor, in this case salt, affect the expression of  genes which
participate in the protection of plants, and ABA may be responsible for the ability of bry-
ophytes to tolerate stress. Research on moss species showed a far lower photosynthesis rate
when plants were cultured in an atmosphere of elevated CO2 concentration. Results of this
study may indicate that carbon dioxide can be in some cases, a stress factor, both when consi-
dered in terms of concentration and time of exposition. Recent research on the physiology of
bryophytes suggests, that physiological processes are variable in nature among different po-
pulations and species of bryophytes. While vascular plants evolved in the morphological ad-
aptation to environmental conditions, it seems that the evolution of bryophytes was associated
with improvement of physiological and biochemical strategies.

Key words: Moss; Stress factors
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Introduction

Living organisms are characterized by a state of internal balance within the
system of life processes and physicochemical parameters of tissues, organs known
as homeostasis. In natural environment the ideal conditions rarely exist, because
the organisms are affected by many factors, which often modify the course of life
processes. As sedentary organisms, plants are not able to move and therefore can-
not escape from the source of negative stimuli. Factors that interfere with plant
growth and development, and thus disrupt their homeostasis are known as stres-
sors.

Different plant species vary in resistance: the ability to preserve the integrity,
threatened by the potentially dangerous factors external or internal in origin. For
this reason, factor of the same intensity, for some plants will be referred to as the
stressor for others not. The impact of stressors depends not only on the properties
of the plant itself, but also on its age and stage of development, time of stimulation,
intensity and rate of change of stress, (Starck, 1995; Grzesiak, 1996; Kacperska,
2002) and the possibility of hormesis. Phenomenon of the hormesis, the excitation,
is to mobilize the effects of small amounts of toxic substances or agents. It may
include stimulating the cells, to build proteins. For example a long-term duration of
high temperature causes a change in photosynthesis, and short-term one production
of protective proteins (Dobrzyński, 2006).

Oxidative stress. Abiotic and biotic stress factors affect the balance between the
production of reactive oxygen species (ROS, AOS) and processes for their removal
by a special antioxidant systems. Stress factors, irrespective of the initial place of
effect, affect the balance between reducing-oxidizing cellular buffers called redox
homeostasis (Foyer, Noctor, 2003; Buchanan, Balmer, 2005; Dietz, 2008). This
phenomenon is a common background for most of the environmental stress seen
not only as a source of oxidative stress, but also as a mechanism to control major
aspects of plant adaptation to different environmental conditions. Numerous studies
have shown that ROS and antioxidants may act as an intracellular system of infor-
ming not only about the impact of stress, but also normal plant growth
(Pfannschmidt et al., 2001).

In recent years, knowledge about the role of oxidative stress and redox regula-
tion in the functioning of cells, grown to the extent that the 1985 Sies ideas were
rejected in assuming that oxidative stress is the imbalance of oxidants and antioxi-
dants with a predominance of the latter leading to potential damage. It has been
replaced by the theory of Jones in 2006. The new definition emphasizes the im-
portance of redox regulation and oxidative stress is described as a disorder of redox
signalling and control (Kornaś et al., 2010; Grzenkowicz et al., 2002). Reactive
oxygen species are produced in cells by the action of many different factors such
as: pathogen attack, wounding, UV light, an excess of photosynthetic active radia-
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tion (PHAR), water deficit, osmotic stress and salt, too low or high temperature,
high availability of oxygen after a period of hypoxia, atmospheric pollutants,
excess of metal ions, the deficit of some mineral salts, or herbicides. It also accom-
panies the natural physiological processes, such as the formation of papillae on the
roots of legumes, lignin biosynthesis or the aging of cells. Active oxygen forms
ROS or AOS (reactive / active oxygen species) are produced during certain redox
reactions and also as a result of incomplete oxygen reduction or water oxidation by
the chain transport of an electron in mitochondria and chloroplasts (De Las Rivas
et al., 2004; Halliwell, 2006; Shaw, 2008).

In the plant organisms antioxidant mechanisms enabling the elimination of ROS
and preventing oxidative stress in cells exposed to various stressors are present.
Among these antioxidants, non-enzymatic and enzymatic are listed. Non-enzymatic
antioxidants include, among others: Glutathione (GSH) (Schafer, Buettner, 2001),
tocopherols (vitamin E) (Janas, 2005), carotenoids, ascorbic acid (vitamin C) and
flavonoids. Antioxidant enzymes involved in the elimination of ROS are: supe-
roxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), monodehy-
droascorbate reductase (MDHAR), dehydroascorbic reductase (DHARA) and glu-
tathione reductase (GR) (Śmiechowska et al, 2008).

Mosses which live in the wild are exposed to many stress factors and must, the-
refore, have protective systems against oxidative stress (Rzepka et al., 2005). One
of the primary antioxidant enzymes is the superoxide anion radical (SOD). In
Mnium undulatum gametophores five isoforms of SOD: a manganese (Mn SOD),
one iron-(Fe SOD) and three forms of copper zinc: Cu / Zn SOD I, Cu / Zn SOD II
and Cu / Zn SOD III were identified. In Polytrichum commune and Polytrichum
piliferum gametophores no iron oxide forms of SOD were detected.(Rzepka, 2008).

Water stress. The ability of plants to survive periods of water scarcity in the
environment are described as a resistance to drought. This phenomenon underlies
the evolution of land plants. The most common effect of water stress in cells is to
reduce the water potential and activity of cellular water. Reduction in cell volume
after the loss of turgor contributes to increase concentrations of low and high mole-
cular weight compounds, salts and ions. As a result of water loss the cell volume
changes, further more a change of spatial relations between plasmalemma, tono-
plast and organelle membranes occurs. After removal of hydration water a change
in structure and conformation of macromolecules is observed (Olszewski et al.,
2007).

Bryophytes are characterised by a very broad ecological amplitude of distribu-
tion. Habitats occupied by them differ radically in degrees of water supply. Among
the species of bryophytes  we are finding those typically aquatic, occupying a very
moist habitats and species associated with extremely dry environments (rocks, sand
dunes). Most moss species are organisms with very high resistance to desiccation
(Bewley, 1978; Bewley et al., 1993; Bartošková et al., 1999; Proctor, 2001). The
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process of drying and rehydration can be repeated several times without causing
major changes in the functioning of the body (Krupa, 1974).

Reducing the contents of water leads to a reduction in the intensity of the gas
changes. The process of photosynthesis occurs in the moss, when the leaves are in
a state of full turgidity. Some moss species are resistant to extreme dryness, and
after partial dehydration reduction in photosynthesis occurs, but also periodic in-
tensification of respiration was found (Krupa, 1974; Beweley et al., 1978). This
high resistance to desiccation of mosses and their ability to reactivate the physiolo-
gical processes after re-hydration is a characteristic feature of these organisms and
differed them from the majority of vascular plants.

Oxygen deficiency.Plants are mostly aerobic organisms, and therefore reduce of
the compactness of oxygen (hypoxia) or lack (anoxia) of it can lead to stress, which
manifested in plant cell metabolism changes (Rzepka et al., 2005). Under the con-
ditions of our climate happens, that plants are a subject to periodic flooding due to
heavy rains or spring thaws (Jackson et al., 1993, 2003; Drew, 1997; Chung et al.,
2001). Some species of higher plants adapted to survive anaerobic conditions that
occur periodically, for example, caused by flooding with water root system or even
aerial parts (Sedbrook et al., 1996; Crawford and Brraendle, 1996). Prolonged flo-
oding causes the plants usually to die, because of the suspension of oxygen respi-
ration processes and under cooling, when flooding occurs in early spring, and po-
isoning with products of anaerobic processes taking place in soil. At higher
temperatures the intensity of respiration increases, and so hypoxia or anoxia is for
them especially dangerous. In such conditions, even more abundant rainfall parti-
cularly in poorly permeable soils cause lack of oxygen. Most plants get the oxygen
needed from the soil air. Only certain plants are able to take in oxygen through the
stem to the roots such as rice and marsh plants, which enable to normal deve-
lopment, even when soil is fully covered with water (Bohnert et al, 1995; Asada,
2000; Chang et al., 2000). When excess water in the soil occurs its biocenotic ba-
lance is compromised. Filling compartments with stagnant water creates anaerobic
conditions (Kacperska, 2002). Lack of oxygen in the soil causes the shift of a pro-
cesses of aerobic microbial organic matter decomposition to anaerobic digestion,
which is several times slower, but as a direct product decomposition yields alco-
hols, organic acids and other active compounds, which can have harmful effects on
plants are produced. When oxygen deficiency in plant tissues occurs an alcoholic
fermentation process can take place. Arises an alcohol - the final product of the
process, and the amount of energy released is several times lower than during the
oxygen respiration. The energy dissipated in the process of fermentation is often
not enough for the necessities of life, and often after some time spent in anaerobic
conditions plants die. Death is also speed up by the fact that alcohol accumulating
in the fermentation process is poisonous (Kato-Naguchi, 2000). In a completely
anaerobic conditions vegetation of higher plants is impossible.
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Many of the literature data concerns the adaptation of plants to conditions asso-
ciated with a deficiency of oxygen caused by the periodic flooding of the roots
with water (Vartepian and Jackson, 1997; Visser et al., 2003; Bragina et al., 2002).
Tolerance to anaerobic conditions is different in different species, but always asso-
ciated with synthesis of an oxidative shock protein (De Maio, 1999; Wu, 1995;
Vinocur, Altman, 2005).

Treatment of mosses gametofores with hypoxic stress makes the intensity of
photosynthesis to fall. Results of this study indicate that it does not, however, in-
fluence dramatically to change the intensity of dark respiration, which helps to
prolong the activity of plants under long-term stress (Rzepka, 2008). This may be
due to increased levels of transcription of alcohol dehydrogenase, pyruvate decar-
boxylase and aldolase as well as enolase (Feenov and Bailey-Serres, 1995). This
indicates the launch of the fermentation process (Drew, 1997). Fluorometric met-
hods enable to quickly and with high efficiency and sensitivity evaluate both, the
plant responses to disturbance of photosynthesis by stress factors, as well as the
effectiveness of the corrective mechanisms and an integral capability of plants to
maintain homeostasis under adverse environmental conditions (Krause and Somer-
salo, 1989; Lichtenthaler et al., 1986; Murkowski,  2004; Schapendonk et al.,
1992).

For the higher plants not subjected to stress, the optimal value of the parameter
Fv / Fm is about 0.83. The Proctor (2001) study showed that under optimal condi-
tions bryophytes are often characterized by lower values of Fv / Fm than 0.83. For
mosses gametofores, such as Mnim undulatum, the value of the test conditions Fv /
Fm was 0.62. Marked reduction in this parameter in hypoxic conditions, could
evidenced about a disturbance of electron transport within PSII. However, prolon-
ged immersion in water does not cause any further changes, which indicates the
adaptation of PSII to the conditions of hypoxia (Deltaro et al., 1998). Hypoxia
leads to production of the reactive oxygen species (Blokhina et al., 2001;  Alscher
2002; Mittler 2002;  Bartosz 2008). It is likely that one of the reason for the incre-
ased production of ROS is the disrupted mitochondrial electron transport in the
respiratory chain (Blokhina et al., 2000,2001,2003). It can be concluded that the
gametofores photosynthetic activity is strongly inhibited under conditions of hy-
poxia-induced by a complete flooding of gametofores.

Radiation stress. Normal growth and development of plants, and thus their eco-
logical success largely depends on the quantity and quality of light absorbed. Plants
in addition to light in the PAR (photosynthetically active radiation) can absorb and
utilize a broad spectrum of light waves from the UV to RF, because of the need to
optimize their metabolism in a constantly changing environment (Kuźniak et al.,
2009). PAR spectrum light allows the process of photosynthesis, and ultimately is
converted to chemical energy (ATP and reduced equivalents as NADPH). This
process is associated with the process of formation of molecular oxygen from the
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water. Redox status of certain components and products of PET (photosynthetic
electron transport), such as plastochinon, pyridine dinucleotide, glutathione main-
tain the stoichiometric ratio of PET (by adjusting the pH trans-thylakoid) and cel-
lular redox status, which plays an important role in the regulation of acclimation
and defence responses in plants. Plants have the ability to absorb more light energy
than they need to drive photosynthetic CO2 assimilation (S. Karpiński et al., 1999;
Karpiński et al., 2003; Noctor, Foyer, 1998; Asada et al., 1999; Mullineaux, Kar-
piński, 2002). Different components absorb light and transfer electrons from water
splitting complex onto ferredoxin, which has the ability to generate major forms of
ROS such as: •O2- superoxide anion, H2O2 hydrogen peroxide, •OH hydroxyl radi-
cal. Production of ROS above a certain level may lead to different damage (photo-
inhibition and photo-oxidation), and may awaken in some cases, programmed cell
death (PCD), as a result of defensive reactions or acclimation reactions (Karpiński
et al., 1999; Karpińska et al., 2000; Mateo et al., 2004; Mühlenbock et al., 2008).
As a result of a radiation stress the photoinhibition of photosynthesis reaction
occurs, which mainly manifests in the destruction of photosystem II (PS II) reac-
tion center and slowing down the transport of electrons in both photosystems. Due
to long photoinhibition oxidative stress in the tissues can be induced, which mani-
fests in the initiation of free radical oxidation of chloroplasts membranes lipids and
oxidation of photosynthetic pigments. Plants have specialized repair mechanisms,
which in the process of restitution may fully or partially restore the lost efficiency
of the photosynthesis reaction (Foyer et al., 1994; Murkowski and Skórska, 2004).
Both, photoinhibition effects and also phenomena accompanying the disintegration
of the photosynthetic apparatus are reflected in changes in the values of chlo-
rophyll fluorescence (FL) (Maxwell and Johnson 2000; Murkowski and Skórska,
1997; Schreiber et al., 2000). The long-term acclimation responses concern nuclear
and chloroplast gene regulation, controlled by the (specific) changes in redox po-
tential and by proteolytic degradation of the existing light-absorbing complexes
and other proteins (Pfannschmidt et al., 2001). Potentially damaging ROS are also
necessary to start protective responses, such as lowering the activity of PSII. In this
way, ROS are cellular and systemic signals that can affect other signalling systems
and induce defence in chloroplasts, including redox changes in the vicinity of PSII
(Karpiński et al., 1999; Mullineaux et al.,2000).

Studies on the response of mosses to radiation especially in the field of UV-B,
show that under the influence of this type of radiation produce smaller mosses ga-
metofores occurs. It was also found that the mosses spores are very sensitive to
radiation. Ripe gametophytes are however less sensitive than their protonemas. It
turns out that Arabidopsis seedlings are more vulnerable than moss Polytrichum
patens gametofores. In addition, this species is capable of regeneration after irra-
diation of UV-B, even after the onset of visible chlorosis of tissues. The results of
these experiments can provide a starting point for a thorough understanding of the
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response, function and regulation of UV-B radiation in moss and can be helpful in
fully understanding the evolutionary aspects of tolerance and acclimation to UV-B
radiation, which gave the plants an opportunity to control the land (Lindeberg,
1996; Johanson et al., 1995; Caldwell,1971; Gabriel and Bates, 2005).

Salt stress. High concentration of salts in the soil causes reduced water availa-
bility for plants. Salt ions interact specifically with water molecules, which change
the physical state of water and its interactions with proteins and membranes in the
cell. Harmful effects on plants of saline soils, results therefore from excessive suc-
tion of the soil and the deadly effect of high concentrations of mineral salts in the
protoplasm. High suction force of the soil solution causes physiological drought.
Higher concentrations of magnesium salts (especially high ratio of Mg : Ca), and
the salt of carbonic acid act as a poison, causing the soil to over-alkalize and
prevent iron uptake. Excess of sodium chloride is also harmful to plants (Bilski,
1988; Kacperska,1996; Starck, 1983). At the time of exposure of plant to the stress
factor such as elevated salt concentrations in soil solution, the mechanisms of re-
ceiving signals and transmitting them to the cell, which activates adaptive respon-
ses, can be observed. Bryophytes are characterised by tolerance to salinity, which
can be determined through analysis of the various metabolic pathways. The main
role is played by proteins that mediate the transmembrane transport of ions and
allow maintenance of ionic and osmotic homeostasis while under salt stress. These
proteins protect cells from denaturation and degradation as well as remove the
effect of oxidative stress in the course of salt stress. ABA and stress factor, which
is salt, affect the genes expression, that participate in the protection of plants, and
ABA may be responsible for the ability of bryophytes to tolerate stress (Richardt et
al., 2010). Salt excess inhibits the growth of plants and causes large losses in agri-
cultural production in the world. Therefore, understanding the mechanisms that
trigger adaptive responses are fundamental to biology. Response of higher plants to
salt stress was investigated at the cellular, molecular as well as physiological and
biochemical level. However, little is known about the mechanisms underlying this
type of reaction to stress factors in mosses (Bilski J. 1988).

Bryophytes are known for their importance in research on plants systematic and
evolution, as well as tolerance to difficult living conditions (Bilski J. 1990). Studies
have shown that in signal transduction and transcriptional regulation proteins -
phytochromes, kinases, Mcamb1, Mcamb2 and proteins such as 14-3-3 and
PpDBF1 are involved (Zhu, 2001; Starck 1983). Depending on the type of salt, its
concentration, plant species, the environment and other associated factors, the ef-
fect of salinity on plants can vary. It can cause reversible or irreversible disturbance
in their functioning (Bilski, 1990; Kalaji and Pietkiewicz,1993). Under the influ-
ence of salanity inhibition of growth and development of plants follows (Bil-
ski,1988; Bilski, 1990; Starck et al., 1995). Too intense salt stress can lead to
death, while for example under a relatively small NaCl concentrations even growth
of whole plants may be strongly stimulated (Starck 1983).
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Elevated of carbon dioxide concentrations. Plants have evolved in the course of
evolution the ability to bind carbon dioxide in photosynthesis. This is one of the
most important biochemical processes on Earth. In literature we can find varies
specific data about the impact of elevated CO2 concentrations on the photosynthe-
sis rate (Ainsworth et al., 2003; Allen, 1996; Minorsky, 2006; Ziska, 2003) and the
intensity of CO2 assimilation by plants. The reason for these studies is the need to
determine the changes in physiology and morphology of plants, due to increased
CO2 concentrations in the atmosphere. The measure of the process of photosynthe-
sis is the plant biomass (Allen et al., 1996; Narbutt et al., 1990; Jach et al., 2000;
Leakey, 2006; Stover, 2007) and their rate of growth (Grant , 2004; Voelker,
2006). The degree of reduction in the intensity of photosynthesis is dependent on
the time of exposure to elevated CO2 concentration (Idso et al., 1991), and may be
due to the functioning of photosynthetic apparatus. Elevated CO2 concentration
causes stomatal closure (Ainsworth et al., 2003; Lecain et al., 2003). An increased
production of assimilates could lead to their excessive accumulation in chloroplasts
(Bunce, 1993; Mousseau and Saugier, 1992; Woźny and Przybył, 2004). Elevated
CO2 concentration is also associated with the occurrence of oxidative stress, which
leads to abnormal sequestration of carbon (Miszalski, 1998, 2001; Niewiadomska,
1999, 2004; Rzepka, 2005). In natural environment plants are affected by a number
of different stress factors, their overlapping effects on the elevated CO2 concentra-
tion occurs. These factors include: the intensity of light (Hand et al., 1993; Wang et
al., 2003), temperature (Allen et al., 1996; Reddy et al., 1995), soil moisture (Fle-
ischer et al., 2008; Lecain et al., 2003), and the availability of nitrogen (Ollinger et
al., 2002 ;Reddy et al., 2004) or ozone (Kerstiens, 1995).

Elevated levels of carbon dioxide promote photosynthesis. However, an incre-
ase of more than 50%, compared to the current level, begins to exert the opposite
effect - the plants produce less protein and grow worse. This is because the higher
concentration of carbon dioxide impairs photorespiration plants - a process in
which they combine atmospheric oxygen with carbohydrates. Increased photosyn-
thesis initially makes up for these losses, but with the increase of CO2 concentra-
tion plants adapt and slow down growth. Another problem is the absorption of ni-
trogen, an element necessary for the production of proteins and plant growth. Most
of the nitrogen is absorbed by plants through the roots from the soil, in the form of
nitrates. These are the main component of natural and artificial fertilizers. This
mechanism has not yet been thoroughly studied, but it is known that this photore-
spiration impairment inhibits the plant uptake of nitrogen. In the latest studies show
that the impact of elevated carbon dioxide concentration, in some cases of low
levels of atmospheric oxygen inhibits nitrogen uptake in wheat and Arabidopsis
(Bloom et al., 2010). Experimental results indicate that elevated CO2 causes greater
changes in the intensity of photosynthesis and biomass increment in C3 plants (Le-
cain, 2003; Wilsey et al., 1997). Changes observed in C4 plants do not show such
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significant impact or they not observed at all. However, the rate of photosynthesis
in C4 plants reached the highest intensity at lower concentrations of CO2, but at
relatively high temperatures. Sometimes the results can be reversed, and the study
of photosynthesis to elevated CO2 concentrations in C3 and C4 shows that results
obtained are higher for C3 species (Garbutt et al., 1990).

Mosses have a simple body structure; do not have stomata or tissues transpor-
ting water or asymilates, and their physiological activity is closely associated with
the presence of water (Krupa, 1978, Rzepka, 1990). Mosses life habitats vary, in
comparison to the concentration of CO2 in the atmosphere. Simple anatomical
structure affects the CO2 collection and transport of assimilates and limits their
photosynthetic activity (Hebant. 1977). It was shown that, as in higher plants, the
intensity of photosynthesis in mosses depends on the concentration of CO2 in the
atmosphere (Krupa and Rzepka, 1995). Research moss species showed far lower
rate of photosynthesis when cultured in an atmosphere of elevated CO2 concentra-
tion. Results of this study may indicate that carbon dioxide can be in some cases,
stress factor, both when considered in terms of concentration and time interaction
(Rzepka 2008).

Temperature stress. The effect of temperature is observed in all physiological
processes, and are closely dependent on it. Temperature is undoubtedly one of the
most important environmental factors that determine not only the intensity but also
the possibility of life processes. In comparison with other plants, bryophytes tem-
perature tolerances appear to be greatest. Bryophytes have a unique physiology that
allows them to survive adverse environmental conditions (eg. extreme tempera-
tures) (Gabriel de Almeida, 2000).They can be found in the caves, the geothermal
wells or in areas of permafrost in the tundra (Jägerbrand et al., 2003). Bryophytes
have the ability to perform photosynthesis at relatively low temperatures, some (eg
Lanuginosum racomitrim) to -10 ° C (Kallio and Heinonen, 1973), but photosyn-
thesis occurs rarely above 25 ° C. Even in tropical species, the rate of photosynthe-
sis decreases above this temperature (Frahm, 1990), and respiratory processes are
intense (Frahm, 1987). At higher temperatures, in the majority of bryophytes,
a reversible inhibition of photosynthesis is observed (Weis et al., 1986), sometimes
it can lead to irreversible damage to photosynthetic apparatus due to damage of
photosystem II (Weis et al., 1986). Bryophytes have mechanisms that protect them
from excessive absorption of sunlight. The leaves of some species of mosses
(Sphagnum, Leucobryum) have what we call hyalocysts (Allen et al., 1984), which
reflect light, and thus assist in cooling the body. It’s faulty to assume that all spe-
cies of bryophytes have the same kind of basic physiological mechanisms. Recent
research on the physiology of bryophytes suggests, that physiological processes are
variable in nature among different populations and species of bryophytes. While
vascular plants evolved in the morphological adaptation to environmental condi-
tions, it seems that the evolution of bryophytes was associated with improvement
of physiological and biochemical strategies (Glime, Janice, 2007).
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Conclusions

Mosses are the simplest land plants, characterized by a simple anatomy and
morphology. They occur in all climates, from cold Polar Regions, to the hot equa-
torial lands. They are characterized by a high degree of adaptation to the terrestrial
environment. Selected studies analysis of physiological responses to abiotic stress
factors of different species of mosses allows an approximation of interactions be-
tween complex environmental conditions and the functioning of these simply con-
structed organisms. It seems wrong to assume that all species of bryophytes have
the same kind of basic physiological mechanisms. The results of recent research on
the physiology of bryophytes suggest that physiological processes are variable in
nature among different populations and species of bryophytes.

It can be concluded that vascular plants evolved in the morphological adaptation
to environmental conditions, and the evolution of bryophytes was associated with
improvement of the physiological and biochemical strategies.
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Abstract. In this study proline content and activity of catalase (CAT), and ascorbate peroxi-
dase (APX) and level of lipid peroxidation in terms of malondialdehyde (MDA) content were
measured in transgenic tobacco (Nicotiana tabacum cv. Wisconsin) over expressing Δ-1-
pyrroline-5-carboxylate synthase (P5CS) gene and non transgenic plants as control. Drought
stress was applied using polyethylene glycol (PEG) 6000 at concentration of 217, 264, 320,
637, 1292 mmol/kg (0, 5, 10, 20, 30% respectively). Proline content especially in transgenic
plants were increased in leaves and roots significantly. CAT and APX activities increased un-
der drought stress and the highest activity was observed in 10 and 20%. MDA content was in-
creased by increasing of PEG and the highest MDA content was revealed in transgenic and
non transgenic plants at 20% and 30%, respectively. Our results suggest that P5CS is an in-
ducible gene and over production of proline and induction of CAT and APX activity are
involve in drought tolerance mechanism.

Key words: Tobacco; Drought stress; Proline; Catalase; Ascorbate peroxidase; P5CS gene

Introduction

One of the most important abiotic stress is drought, which results in the disrup-
tion of water potential slopes, loss of turgor and decreasing of pressure potential.
Abiotic stresses and osmotic adjustment contributes to pressure potential mainte-
nance and stress tolerance of plants (Cherian et al., 2006). In response to water
stress, plants accumulate osmolytes and protect themselves against drought stress.
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Proline is one of the most common compatible osmolytes and plays an overriding
role in osmotic pressure adjustment (Yamch et al., 2005). Proline allows many
plant species to survive under stress without interfering with normal biochemical
reactions (Stewart, 1981). The most important function of proline is turgor mainte-
nance and scavenging the excess reactive oxygen species (ROS). It stabilizes pro-
tein, enzyme and other subcellular structures such as membranes. Proline also act
as an antioxidant, and regulates cellular redox status under stress condition (Chin-
nusamy et al. 2005). The first response of plants to drought stress is closure of
stomata and a decrease in CO2 concentration in leaf mesophyll tissue. Duo to de-
crease in CO2 concentration, consequently, accumulation of NADPH and loss of
NADP+ occur and oxygen accepts electrons and leads to ROS formation (Sairam et
al., 1998; Asada, 1999). ROS results in injure to vital molecules such as nucleic
acids, proteins, structural carbohydrates, and lipids (Mittler, 2002; Daveis, 1987).
Lipid peroxidation of cellular membranes is the most important effects of ROS that
finally leads to disruption of plant growth and development (Chen et al. 2000, Sre-
enivasulu et al. 1999).

Plants prevent or alleviate ROS damages by antioxidants protection system
which provides protection against oxidative stress. Antioxidants are composed of
non enzymatic (glutathione, ascorbate and carotenoids) and enzymatic such as ca-
talase (CAT), ascorbate peroxidase (APX), superoxide dismutase (SOD) and glu-
tathione reductase (GR) (Apel and Hirt, 2004; Bhardwaj et al., 2007).

Ascorbate peroxidases have been found in higher plants, algae and some cyano-
bacteria (Sano et al., 2001; Sharma and Dubey, 2004). Ascorbate, as an electron
donor, is utilized in reduction of hydrogen peroxide (Shigeoka et al., 2002). CAT
and APX reduce H2O2 to water and O2 (Gratao et al. 2005). Unlike APX, CAT acts
without any electron donor or reducing agent ( Mallick and Mohn, 2000).

Some plants such as Vigna aconitifolia and Arabidopsis thaliana reduction of
glutamate to its semialdehyde intermediate is catalyzed by a single bifunctional
enzyme, Δ-1-pyrroline-5-carboxylate synthase (P5CS), whose transcription is in-
duced in plant subjected to salt and drought stress (Yoshiba et al., 1995). Further-
more, data indicated that, over expression of V. aconitifolia P5CS (VaP5CS) in
transgenic tobacco plants increased proline level and rendered plants less sensitive
to osmotic stress (Kishor et al., 1995). However, there is a controversy discussion
in balance activity of P5CS and P5CR enzyme (Verbruggen, 1995). It has been
documented that transgenic plants over expressing P5CS gene increases concentra-
tion of proline and resulted in more resistance to both drought and salt stress (Kis-
hore et al, 1995). The objective of this work was to understand better the relation-
ship between drought tolerance and proline content, the CAT and APX activity and
lipid peroxidation in transgenic tobacco plants over expressing P5CS gene.
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Material and Methods

Plant materials and treatment. Transgenic tobacco plants (Nicotiana tabacum
cv. Wisconsin) (T1 seeds) carrying P5CS gene were surface sterilized in 70 % et-
hanol and then were grown on MS medium (Murashige & Skoog, 1962) and kept
in the growth chamber (16/8 h light and dark respectively, with approximately 40
μM photon m-2s-1 light density) at 25°C. After 18-20 days, seedlings then were
transferred to MS medium supplemented with PEG (217, 264, 320, 637, 1292
mmol/kg) After 4 weeks post treatment, proline content, CAT and APX activities
and lipid peroxidation were measured in leaves and roots.

Proline measurement. Free proline accumulation was estimated using ninhydrin
reaction based on method described by Bates (1973). A small portion (0.04 g) of
leaves or roots was homogenized with 1.7 ml of 3% (w/v) sulphosalicylic acid
(Merk). The homogenate was centrifuged at 13000 rpm for 20 min. Then ninhydrin
reagent (1 ml) (Sigma) and glacial acetic acid (1 ml) were added to 1 ml of the
centrifuged extract. The mixture was boiled for 1 h in a water bath and then cooled
on ice. Then 2 ml toluene was added to each tube, and tubes were placed in the
dark for 1h. Absorption of chromophore was determined at 520 nm by spec-
trophotometer (Shimadzu UV-160, Japan). Toluene was used as blank. Proline
content was calculated using L-proline (Sigma) as a standard curve.

Enzyme assays. For enzyme extraction, fresh samples of leaves from control
and stressed seedlings (0.1 g) were homogenized in an ice bath in 1 mL of pho-
sphate buffer saline (PBS, pH:7.4) containing NaCl (8 g/l), KCl (0.2 g/l), Na2HPO
(41.44 g/l), 0 KH2PO4.(24 g/l) and polyvinylpyrrolidone (PVP, 1%). The homoge-
nate was centrifuged at 14000 rpm at 4 °C for 20 min. The supernatant was collec-
ted and used for enzyme (CAT and APX) activity analysis.

Catalase (EC 1.11.1.6).The CAT activity was determined by measuring the de-
composition of H2O2. The reaction mixture contained 50 mM potassium phosphate
buffer (pH 7.4), 10 mM H2O2, and 0.05 ml of the enzyme extract (Aebi, 1984).
Then the absorbance at 240 nm was recorded every 10 sec. up to 1 min. The CAT
activity was calculated and expressed as U/g FW-1 min -1 (One unit of CAT activity
is defined as the amount of enzyme required to consume 1 µmole H2O2 min–1).
CAT activity was calculated using the coefficient of absorbance of 0.0394 mM-1

cm-1 by spectrophotometer (Shimadzu).
Ascorbate peroxidase (EC 1.11.1.11). APX was estimated by slightly modified

procedure of Nakano and Asada (1981). APX activity was determined by measu-
ring the consumption of ascorbate. Reaction mixture contained 25 mM potassium
phosphate buffer (pH 7.0), 0.5 mM ascorbic acid, 0.2 mM EDTA-4H, 0.1 mM
H2O2, 50 μl of BSA, and 0.05 ml of the enzyme extract. The absorbance at 290 nm
was recorded every 10 sec up to 1 min. One unit of APX activity was defined as
the amount of enzyme required to consume 1 µmole ascorbate min–1. Ascorbate
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peroxidase activity was calculated using the coefficient of absorbance of
2.8 mM-1 cm-1.

Lipid peroxidation. Fresh plant material (0.1 g) was homogenized in 2.5 ml
0.1% (w/v) trichloroacetic acid (TCA). The level of lipid peroxidation was measu-
red using the malondialdehyde (MDA), thiobarbituric acid (TBA) reaction based
on method of Heath and Packer (1968). Lipid hydroperoxides resulting from pe-
roxidation of the cell membrane react with thiobarbituric acid (TBA) to form
MDA, which is a crystalline pink pigment with absorption from 525 to 535 nm
(Persky et al. 2000). The absorbance of extract was measured at 532 and 600 nm.
The amount of MDA-TBA complex was calculated from the coefficient of absor-
bance 155 mM-1cm-1.

Statistical analysis

All experiments were carried out in a Completely Randomized design. The me-
an values of proline, CAT and APX activity and lipid peroxidation level were ta-
ken from the measurements of four replicates and the "Standard Error" of the me-
ans was calculated. Two-way ANOVA was applied to determine the mean between
different treatments and then Tukey test was performed and significance was de-
termined at P < 0.05. All statistical analyses were carried out using SPSS Software
program version 10.

Results

Proline content. As the PEG concentration increased, proline level of shoot in
transgenic and non transgenic plants, was increased significantly. In transgenic
plants, either in leaf or root the proline content was significantly higher than non
transgenic (Fig.1A, B). In both plant types, 20 and 30% PEG showed the highest
level of proline content. In the root, proline content was increased (1.3 and 1.2
fold) by increasing of PEG particularly in the higheast level at 20 and 30% PEG
compare to non transgenic plants.

APX activity.The APX, showed a high significant activity by increasing of PEG
up to 20 % either in transgenic or non transgenic plants. Transgenic plant showed
higher APX activity than non transgenic plants in all PEG concentrations. In trans-
genic both plant type, the APX activity decreased at 30 % PEG. (Fig. 2).

CAT activity.Results indicated that the CAT activity was increased by incre-
asing of PEG concentration. In transgenic plants, CAT activity at 5, 10 and 20%
PEG while in non transgenic plants at 10 and 20% PEG increased significantly
however, at 30% the activity of CAT decreased compared to the control plants
(Fig. 3).
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Fig. 1. Proline content in shoot (A) and roots (B) of transgenic and non transgenic tobacco
seedlings. Values are means ± Sd. Uncommon letters are significant based on Tukey test
(P < 0.05). (0, 5, 10, 20 30% of PEG are equal to 217, 264, 320, 637, 1292 mmol/kg re-

spectively)
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Fig. 2. Ascorbat peroxidase (APX) activity of leaves of tobacco seedlings
in response to drought stress. Values are means ± SE. Uncommon letters are significant

based on Tukey test (P < 0.05). (0, 5, 10, 20 30% of PEG are equal to 217, 264, 320, 637,
1292 mmol/kg respectively)

Fig. 3. Catalase (CAT) activity of leaves of tobacco seedlings. Values are means ± SE.
Uncommon letters are significant based on Tukey test (P < 0.05). (0, 5, 10, 20 30% of PEG

are equal to 217, 264, 320, 637, 1292 mmol/kg respectively)
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Lipid peroxidation. Lipid peroxidation data (measured as MDA content), sho-
wed a significant increase in both plant types in 10, 20 and 30% of PEG. MDA was
increased significantly in comparison to control plants. In non transgenic plants at
10 and 20% PEG it was significantly higher than transgenic ones (Fig.4).

Fig. 4. Effect of PEG on MDA content in transgenic and non transgenic tobacco plants.
Values are means ± SE. Similar letters indicate not significant based on Tukey test

(P < 0.05). (0, 5, 10, 20 30% of PEG are equal to 217, 264, 320, 637,
1292 mmol/kg respectively)

Discussion

Results of this study showed that proline was accumulated in shoot and roots of
transgenic and non transgenic plants when plants subjected to drought stress. The
accumulation of proline in shoot and roots of transgenic plants was much higher
than in non transgenic plants. It seems that over expression of P5CS gene in trans-
genic plants, have a remarkable role in proline synthesis and accumulation. As
P5CS gene is a rate-limiting enzyme in the proline biosynthetic pathway in plants
and has an important role in transgenic plants over expressing P5CS gene, it is
expecting that it is responsible for more proline accumulation in transgenic plants.
As proline plays an important role in osmotic adjustment as well as membrane
protection, free radical scavenging, and redox buffering (Verbruggen and Hermans,
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2008; Kishor et al, 2005), high level of proline, accumulation by over expression of
P5CS, can tolerate plants against osmotic stress (Hank & Hwang, 2003). Similar
data was obtained when our transgenic and non transgenic tobacco plant exposed to
osmotic (PEG) stress. These results are agreement with the report from Kishore et
al. (2005) transgenic tobacco in the present study over expressing P5CS gene pro-
duced a high level of the antioxidant enzymes and synthesized more proline than
the controls.

Our results showed that drought stress changed antioxidant enzymes activity in
leaves of both plant types. APX and CAT activity have been induced in leaves of
transgenic plants higher than non transgenic ones. These finding are similar to re-
sults obtained by Khedr et al. (2003) and Ghorbanli  et al.  (2004). On the other
hand, it has been known that abiotic stresses, including drought stress, induce ROS
accumulation, resulting oxidative damage to membrane lipids, proteins, and nucleic
acids (Smirnoff, 1993). Plants increase activity of detoxifying enzymes such as
superoxide dismutase, catalase, and ascorbat peroxidase to combat oxidative stress.
Proline has a role in scavenging ROS and protect proteins against denaturation
(Alia et al. 1991), increasing of CAT and APX activity may cooperates with other
antioxidant enzymes for more tolerance to drought stress in our tobacco plants.

It is well known that ROS induce lipid peroxidation of membranes. The change
in MDA content is often used as an indicator of oxidative damage (Sung, 1996;
Goel and Sheoran, 2003). Our data showed that MDA content enhanced by incre-
asing of drought stress intensity. It has been reported that MDA content, as lipid
peroxidation criteria, in transgenic plants was lower than non transgenic plants
(Smirnoff and Cumbes, 1989; Matysik et al. 2002). It has been shown that proline
can reduce lipid peroxidation in alga cells exposed to heavy metals (Mehta  and
Gaur, 1999), it can be speculating that similar role might be considered for proline
accumulation due to P5CS over expression in tobacco plants too. The lower level
of lipid peroxidation in leaves of transgenic plants suggests that, these plants are
better protected from oxidative damage under drought stress than non transgenic
ones.

Conclusion

It can be concluded that over expression of P5CS gene in tobacco plants and
proline accumulation in cooperation with CAT and APX activities increase drought
tolerance in tobacco plants.

Acknowledgment: Authors wish to thank University of Isfahan and Plant Stress
Center of Excellence (PSCE) for their support.
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Abstract Effects of ectomycorrhizal fungus H. crustuliniforme on growth and physiological
traits (leaf water potential, gas exchange, leaf chlorophyll concentration and fluorescence,
leaf and root hydraulic conductivity) were studied in several greenhouse-grown cultivars of
hybrid poplars. Mycorrhizal structures were present only in inoculated roots and the fre-
quency of mycorrhiza and the intensity of mycorrhizal colonization varied between the culti-
vars. Mycorrhizal frequency reached about 75%, and the intensity of mycorrhizal coloniza-
tion in roots ranged from 30 to 44%. Compared to non-inoculated plants, mycorrhizal plants
had greater height, lower leaf water potential, higher leaf chlorophyll concentrations, and
higher gas exchange rates as well as higher photochemical efficiency. Inoculation of poplar
clones with H. crustuliniforme resulted in increases in root hydraulic conductance in Berlin,
WP69, P38P38, and Assiniboine hybrid poplar clones. Inoculated balsam poplar plants had
also higher root volume, leaf areas and leaf lamina conductance compared with non-
inoculated controls.  If persistent over a long-term, the  observed differences between inocu-
lated and non-inoculated plants could significantly alter plant growth and survival.  Long-
term growth studies would help clarify the long-term impact of ectomycorrhizal associations
on poplar growth.

Key Words: poplar; leaf and root hydraulic conductance; water potential; gas exchange;
chlorophyll content; chlorophyll a fluorescence; mycorrhiza; root colonization
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Abbreviations:

C – non–inoculated plants,
M – inoculated plants,
Kleaf – leaf hydraulic conductance,
Klam – leaf lamina hydraulic conductance,
Kpet – petiole hydraulic conductance,
LA – leaf area,
Kroot – root hydraulic conductance,
RV – root volume,
H – plant height,
ψ – leaf water potential,
Pn – Net photosynthesis,
E – transpiration rate,
gS – stomatal conductance,
WUE – water use efficiency index,
F0 – minimum fluorescence,
FM – maximum fluorescence,
FV – variable fluorescence
FV/FM – potential quantum yield of PSII,
MFR – frequency of mycorrhiza in the root system,
MCR – intensity of the mycorrhizal colonization in the root system,
MCRF – intensity of mycorrhizal colonization in the root fragments.

Introduction

The genus Populus include 35 deciduous tree species largely found in temperate
regions of the northern hemisphere. Many poplars can form hybrids either in nature
or through breeding programs which take advantage of their fast growth (as much
as 7 m per year) and tolerance of adverse environmental conditions. Poplars can be
colonized by both ectomycorrhizal (ECM) and vesicular-arbuscular mycorrhizal
(VAM) fungi (Hooker et al. 1992, Smith and Read 1997, Siemens and Zwiazek
2008), which help supply the trees with water and mineral nutrients and protect the
roots against diseases (Pendelton and Smith 1983, Armstrong et al. 1992, Martin et
al. 2001).

Hebeloma crustuliniforme is a common ECM fungus found in temperate and
boreal forest ecosystems in North America and is often present in sand dunes that
are adjacent to natural water reservoirs (Gryta et al. 1997), a common natural
habitat for many willows and poplars (Sell et al. 2005).  A characteristic feature of
the ECM fungi is the presence of a mantle and Hartig net. ECM associations are
formed predominantly on the fine root tips of the host plant, which are unevenly
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distributed in the soil profile (Meyer 1973). During the symbiotic phase, ECM
fungi form the mantle sheath that surrounds the root and progress into the apoplas-
tic space of the rhizodermic and cortical cells producing the Hartig net (Martin et
al. 2001). In greenhouse-grown balsam poplar seedlings, H. crustuliniforme was
found to develop a mantle layer characteristic of ECM associations, but no distinct
Hartig net was present (Siemens and Zwiazek 2008).

Plant responses to mycorrhizal fungi depend on numerous factors including host
plant and fungal species, soil conditions, time of inoculation and morphological
and anatomical characteristics of plant roots and fungi mycelia. There are divergent
opinions concerning advantages resulting from the symbiosis between vascular
plants and mycorrhizal fungi (Johnson et al. 1997, Martin et al. 2001, Brundrett
2002, Kottke 2002). Plants with roots colonized by ECM fungi showed improved
water uptake (Landhausser et al. 2002), salt stress resistance (Nguyen et al. 2006,
Calvo-Polanco et al. 2008), and low temperature resistance (Anderson and Coats,
1994, Turnau et al. 2008). However, numerous studies have also reported no
changes (Calvo-Polanco 2009) or even detrimental effects (Lehto and Zwiazek
2011) of ECM associations on plant stress resistance.

The importance of ECM for plant water relations remains largely unresolved
(Lehto and Zwiazek 2011). ECM associations can increase root hydraulic conduc-
tivity in poplars (Marjanović et al. 2005, Siemens and Zwiazek 2008), likely by
inducing the expression of root aquaporins (Marjanović et al. 2011). However, the
increase in root hydraulic conductivity in ECM balsam poplar (Populus bal-
samifera) was found not to be the factor involved in the observed increase in shoot
growth rates in ECM plants (Siemens and Zwiazek 2008).

There is a growing interest in the intensive plantations of hybrid poplars and
maximizing their growth and yield. ECM associations could play an important part
in this process. However, little is known about the effects of ECM fungi on the
physiology of hybrid poplars. In the present study, we examined the effects of root
inoculation with H. crustuliniforme on growth and physiological processes (gas
exchange, leaf water potential, chlorophyll content and fluorescence, leaf and root
water flow and hydraulic conductance) in fast-growing hybrid poplar cultivars and
in the native balsam poplar (Populus balsamifera) rooted cuttings. We hypothe-
sized that the inoculation of fast growing hybrid poplar clones with ECM fungi
would increase the hydraulic conductivity of the root system which may be a factor
limiting fast growth of plants under favorable environmental conditions.

Materials and methods

Plant material. We used shoot cuttings of six poplar cultivars for Study 1 and
three poplar cultivars for Study 2. Cuttings of poplar hybrids for Study 1 were ob-
tained from the Alberta-Pacific Forest Industries Inc. (Al-Pac), Canada and those
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of cultivars for Study 2 from the Arboretum of the Institute of Dendrology, Polish
Academy of Sciences, Kórnik near Poznań.

The following poplars were used for Study 1: balsam poplar (P. balsamifera)
clone AP1004, Berlin (P. x berolinensis cv. Berlin poplar), Walker (P. deltoides x
P. x petrowskyana), Assiniboine (OP Walker cv. Assiniboine), WP69 (Walker pro-
geny), and P38P38 (P. balsamifera x P. simonii). The following cultivars were
used for Study 2:

P. petrovskyana (P. × petrowskyana), P. deltoides “Plantierensis” (P. delto-
ides x P. nigra 'Plantierensis') , and P.balsamifera.

Soil substrate. In Study 1, the plants were growing in Sushine Mix #4 Aggre-
gate Plus (Sun Gro Horticulture, Vancouver, Canada)  horticultural soil (Formula-
ted with Canadian sphagnum peat moss, coarse perlite, starter nutrient charge (with
Gypsum) and dolomitic limestone) and in Study 2 a mixture of clay, garden sub-
strate and sand (2:2:1, by volume). Before filling the pots, soil substrate was auto-
claved for 72 h at 105oC.  In Study 2, the analysis of sterilized soil was conducted
on PDA (Potato Dextrose Agar, Sigma Aldrich) medium, and showed
a complete effectiveness of the sterilization process. For Study 1, fungal culture
was prepared in modified Melin Norkrans nutrient liquid medium (Hutchison
1991) . Plants were inoculated by injecting into the soil 5 ml of the fungal culture
two and four weeks after placing the stems in the soil for rooting. For Study 2,
biopreparation containing H. crustuliniforme mycelium (5 g of the biopreparation
per 1 kg of the soil substrate) was added to the soil substrate that was designated
for plants belonging to the mycorrhizal treatment. Biopreparation was obtained
from the Forest Gene Bank in Kostrzyca, Poland.  The analysis carried out on the
PDA medium shown the presence and good vigor of the H. crustuliniforme myce-
lium.

Rooting and Growth Conditions. In both studies, 30-40-cm-long stem segments
were placed in containers and rinsed for two days with gentle stream of water.
Stem cuttings (18-cm in length) were excised under water and placed in rooting-
pots filled with autoclaved soil for 4 weeks in the greenhouse. After 4 weeks of
growth in rooting-pots, plants were transferred to 1100 cm3 pots in both experi-
ments. Plants were placed in a greenhouse with air temperature (day/night) of
23/180 C, 65-70% relative humidity. During the experiments plants were watered
once a day and fertilized once a week with 25% modified Hoagland’s solution.
In Study 2, pots were weighted before watering to calculate the amount of water to
be added, to keep the water content in soil at the level of 65-70% FWC (field
capacity).
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Measurements

In Study 1, gas exchange parameters and leaf hydraulic conductance were
measured in plants 11 weeks after rooting and root hydraulic conductance meas-
urements were carried out in plants rooted for 13 weeks. In Study 2, plant growth,
leaf water potentials, gas exchange parameters, chlorophyll fluorescence, and chlo-
rophyll concentrations were measured in plants rooted for 11 weeks.   

Leaf hydraulic conductance. Leaf hydraulic conductance (Kleaf) was measured
using the high pressure flow meter - HPFM (Dynamax Inc., Houston,USA). Leaves
were connected to the HPFM through their petioles using compression couplings,
and were perfused with water at constant pressure that ranged from 350 to 450 kPa.
Computer software recorded the water flow, applied pressure and computed Kleaf as
flow (Q) to pressure (P) ratio every 2 s, saving mean values every 30 s. The flow
stabilized after 20 min. Petiole hydraulic conductance (Kpet) was calculated as the
mean of the six successive readings. Leaf blade area (LA) was measured with a leaf
area meter (LI-3100, Li-Cor Biosciences, Lincoln, NE, USA). Leaf lamina hydrau-
lic conductance (Klam) was calculated according to Sack et al. (2002) as:

Klam  = 1/(1/Kleaf–1/Kpet)/LA

Root hydraulic conductivity. Similarly to leaf hydraulic conductance, a high
pressure flow meter – HPFM (Dynamax Inc., Houston, USA) was used for the root
hydraulic conductance (Kroot) measurements. The measurements of root hydraulic
conductance (Kroot) were taken as previously described (Tyree et al. 1995, Muhsin
and Zwiazek 2002). To prevent water leak through the stem cutting, pressure-
resistant silicone sealant was applied to the upper and lower surface of the cuttings
5 days before measurements. For Kroot measurements, the shoots of plants were
excised 3 cm above the root collar and the roots were connected through the cut
stem to the high pressure flow meter via a piece of flexible high-pressure tubing.
The measurements were carried out in the transient mode with the roots pressurized
up to 0.5 MPa (Calvo-Polanco et al. 2008). For each plant, root volumes (RV)
were measured using the volume displacement method (Voicu and Zwiazek 2004)
after removing the roots from pots and washing them in water. Root hydraulic con-
ductivity (Lroot) was calculated as:

Lroot=Kroot/RV.

Measurements of leaf and root hydraulic conductivity were carried out in
6 plants from each poplar clone.

Plant height (H) was measured from the base of the shoot at the soil level to the
shoot apex. There were 10 plants taken for height measurements from each of the
three cultivars and two treatments (n = 10).
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Leaf water potential (ψ) was measured using a thermocouple psychrometer HR
33T (WESCOR, Inc., USA) equipped with C-52 SF (WESCOR) sample chambers
and a digital multimeter Metex M-3640D (Metex, Korea). All measurements were
taken in a „dew point” mode on leaf discs (7-mm diameter). Measurement was
carried out on leaves from the bottom, median and upper part of the shoot. For each
cultivar (3) inoculation treatment (2) and leaf position (3), the measurements were
taken in 5 replications (n =5).

Gas exchange parameters: Net photosynthesis (Pn) transpiration rate (E) and
stomatal conductance (gs) measurements were taken between 9:00 and 12:00. On
the basis of measurements of Pn and E Water Use Efficiency Index (WUE) was
calculated (WUE=Pn/E). In Study 1, gas exchange measurements were taken with
the LCA4 portable infra-red gas analyzer  (ADC Limited, Hoddesdon, UK)
equipped with the LED light. In Study 2, CIRAS 2 (PP Systems, Herts, UK) was
used with Parkinson`s sample chamber and light attachment. During the measure-
ments, leaves were exposed to 1000 μmol  m-2 s-1 photosynthetically active radia-
tion. In Study 1, the measurements were carried out on leaves from the upper part
of the shoot (5-6 from the top) in six plants (n=6) and in Study 2, on the leaves
from the bottom, median and upper part of the plant in 5 replications (n=5).

Chlorophyll concentrations were measured using the Konica Minolta SPAD-
502 (Konica Minolta, Sensing, Inc, Japan) (Study 1) and Cl-01 (Hansatech, UK)
chlorophyll analyzer (Study 2). Measurements were carried out on fully-elongated
leaves from the upper part of the plant (Study 1) and from the bottom, median and
upper parts (Study 2). In Study 1, the measurement were made in six plants (n=6),
and in Study 2 for each cultivar (3) and inoculation treatment (2), the measure-
ments were taken in 5 replications (n =5).

Chlorophyll a fluorescence was measured with the Handy PEA (Plant Effi-
ciency Analyser) analyzer (Hansatech, England). Intact leaves were dark-adapted
for 30 min using leaf clips. The ratio FV/FM was calculated, where FV is the differ-
ence between the maximum fluorescence FM and minimum fluorescence F0. For
each cultivar (3) inoculation treatment (2) and leaf position (3), the measurements
were taken in 5 replications (n =5).

Fungal colonization. In Study 2, root samples were collected from five inocu-
lated plants after 11 weeks of growth.  Determinations of fungal inoculums in soil
which were carried out on the PDA (Potato Dextrose Agar, Sigma Aldrich me-
dium), showed that H. crustuliniforme was absent from the non-inoculated treat-
ment group.
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For root mycorrhizal analyses, root samples were placed in polyethylene bags
and stored at 4oC for about 2 weeks. Staining of the mycorrhizal structures was
done according to the method by Phillips and Hayman (1970). Samples were
washed in water and cut into 1-cm segments before placing in plastic vials filled
with 50% ethanol. To remove ethanol, root samples were washed in distilled water
and cleared for 24 h in 7% KOH solution. Afterwards, the roots were placed for 24
h in 5% lactic acid and stained with 0.05 % aniline blue in mixture of lactic acid,
glycerol and water 1:1:1 (by volume). Root specimens were mounted on micro-
scope glass slides and examined under microscope OLYMPUS SZ-PT–SZ-60,
Japan at 400 magnification using 30 root samples from each plant. Frequency of
mycorrhiza in the root system (MFR), intensity of the mycorrhizal colonization in
the root system (MCR), intensity of mycorrhizal colonization in the root fragments
(MCRF), were estimated with application of method by Trouvelot et al. (1986) us-
ing the Mycocalc computer program.

Statistical analysis. The statistically significant differences in root colonization
parameters were evaluated by the analysis of variance in a completely randomized
design using a Duncan’s multiple range test. The effects on leaf water potential,
gas exchange, chlorophyll content and chlorophyll fluorescence from Study 2 were
analyzed by a paired t-test.

Results

Root colonization. Changes in mycorrhizal traits (MFR, MCR, MCRF) were
observed in roots inoculated with H. crustuliniforme. There were small, but statisti-
cally significant differences between poplar cultivars in the frequency of MFR and
intensity MCR with the highest values measured in balsam poplar (P. balsamifera).
However, the intensity of mycorrhizal colonization of the root segments (MCRF)
was not statistically significant between the cultivars (Fig. 1). The frequency
of mycorrhiza (FMR) was high with the values of about 75%, and MCR MCRF)
by fungal hyphae was lower and ranged from 30 to 44%.

Leaf and root hydraulic conductance. In Study 1, in non-inoculated hybrids (C),
leaf areas (LA) ranged from 92.7 to 120 cm2.  Inoculation with H. crustuliniforme
resulted in a significant increase in LA only in balsam poplar, but not in other
poplars(Fig. 2a). Similarly, there were no significant differences in leaf lamina
hydraulic conductance (Klam) (Fig. 2b) between non-inoculated and inoculated
plants with the exception of Klam in balsam poplar which was higher in inoculated
compared with non-inoculated plants.
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Figure 1. Mycorrhizal frequency (MFR), , intensity of the mycorrhizal colonization(MCR),
and intensity of mycorrhizal colonization (MCRF) in roots of three poplar cultivars.

Same letter indicates insignificant difference according to Duncan test (P=0.05)
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Figure 2. Leaf area and leaf lamina conductance  in six poplar hybrids non-inoculated (C)
and inoculated (M) with Hebeloma crustuliniforme. Mean values ± standard error (n=6)

Root volumes (RV) in non-inoculated plants varied from 23 cm3 in Walker to
94 cm3 in P38P38 and in inoculated plants from 27 cm3 in Walker to 106 cm3 in
P38P38. Statistically-significant differences in RV between non-inoculated and
inoculated plants were observed in Berlin and P38P38 (increase in RV due to in-
oculation) and WP69 (decrease in RV due to inoculation). For Walker and Assini-
boine, there were no significant differences in RV between inoculated and non-
inoculated plants (Fig. 3a). In measurements of Kroot in case of non-inoculated
plants values varied from 0.0153 for Walker to 0.0340 kg s-1 MPa-1 for WP69. In



 Changes in physiological traits...

103

inoculated plans for Berlin, Assiniboine, WP69 and P38P38 there were statistically
significant increase in root water flow (Kroot) and in Balsam and Walker the differ-
ences were non-significant (Fig. 3b). Root hydraulic conductance (Lroot) in case of
non-inoculated plants ranged from 0.165 for P38P38 to 0.648 kg s-1 MPa cm-3 for
Walker. A significant increase in Lroot was observed for Assiniboine and WP69 and
in Balsam a decrease was observed. In Berlin, Walker and P38P38 differences
between inoculated and non-inoculated plants were insignificant.
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Figure 3. Leaf water flow / pressure, leaf area and leaf hydraulic conductance  in six poplar
hybrids non-inoculated (C and inoculated (M) with Hebeloma crustuliniforme. Mean val-

ues ± standard error (n=6).

Plant height, leaf water potential, chlorophyll content and chlorophyll fluores-
cence. Inoculation with H. crustuliniforme resulted in Study 2 in an increase in
plant height (ΔH) for cultivars P. petrovskyana, P. deltoides Plantierensis, P. bal-
samifera by 19, 15 and 25% compared with non-inoculated plants, respectively
(Table 1).

Leaf water potential (ψ) in both in non-inoculated and inoculated plants in-
creased from the lower to upper leaves (Fig. 4). Statistically significant differences
in ψ between non-inoculated and inoculated plants  were observed only for P. bal-
samifera for the upper and middle leaves. (Table 2, Fig. 4).
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Table 1.  Plant height (Δ H-cm) after 3 and 11 weeks of growth in 3 cultivars of poplar
mycorrhizal with H. crustuliniformem. Mean values ± standard error. (Exp.2).

WeekTreatment
            3              %C           11              %C

     Δ H [cm]       %C

P. petrowskyana
C- Control
M- Mycorrhiza

23,7 ± 1.4
22,9 ± 1,1           94,1

62,5 ± 1,8
68,5 ± 1,5         109,6

38,8 ± 2,0
46,2 ± 2,7         119,1

P. deltoides„Plantierensis”
C- Control
M- Mycorrhiza

15,1 ± 0,9
16,4 ± 0,8         108,6

54,3 ± 1,3
61,5 ± 0,8         113,2

39,2 ± 1,1
45,1 ± 1,1         115,1

P. balsamifera
C- Control
M- Mycorrhiza

24,7 ± 1,2
27,4 ± 1,0         110,9

67,8 ± 1,1
80,4 ± 0,9         119,8

42,4 ± 1,9
53,0 ± 1,4         125,0

In Study 1, chlorophyll concentration was measured after 11 weeks of plant
growth only in the upper leaves (5th leaf from the top). For non-inoculated plants,
leaf chlorophyll concentrations ranged from 33.0 in Walker to 50.7 in balsam pop-
lar (Fig. 5d). Statistically significant increases in leaf chlorophyll concentrations of
inoculated plants were observed in Berlin and WP69 (Fig. 5d). In Study 2, chloro-
phyll concentrations were higher in the upper compared with the lower leaves (Ta-
ble 2, Fig. 4). Compared to non-inoculated plants, the leaves in inoculated plants
showed an increase in chlorophyll concentration in young leaves. In the lower
leaves (middle and bottom parts) of balsam poplar, chlorophyll concentrations
were also significantly higher in inoculated compared with non-inoculated plants
(Table 2, Fig. 4).

Table 2.  Changes of water potential (ψ – MPa) and chlorophyll content (SPAD)
of leaves taken from different part of plant stem in 3 cultivars of poplar mycorrhizal

with H. crustuliniforme.(Exp. 2).

Leaf water potential [MPa] Chlorophyll content [SPAD]Leaf position
C M C M

P. petrowskyana
Bottom
Median
Upper

-0,507
-0,539
-0,663

-0,508  ns
-0,538  ns
-0,588  *

 7,25
 8,38
 8,40

  7,21 ns
  9,09 ns
10,68 *

P. deltoides„Plantierensis”
Bottom
Median
Upper

-0,511
-0,541
-0,632

-0,508  ns
-0,535  ns
-0,565  *

 7,38
 8,41
 8,76

  7,39 ns
  9,07 ns
10,42 *

P. balsamifera
Bottom
Median
Upper

-0,513
-0,565
-0,657

-0,511 ns
-0,548 *
-0,578 *

 7,75
 9,01
10,18

   8,08 ns
11,11 *
13,20 *

ns, * - differences between C and M are not significant or significant at P<0,05 according to t-test, respectively.
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Table 3.  Changes of gas exchange parameters (Pn- Net photosynthesis, E- transpiration
rate, gS - stomatal conductance, WUE- water use efficiency index) of leaves taken from
different part of plant stem in 3 cultivars of poplar mycorrhizal with H. crustuliniforme.

(Exp. 2).

Gas exchange parameters

Pn
[μmol (CO2) m-2 · s-1]

E
[mmol (H2O) m-2 s-1]

gS
[mmol (CO2) m-2  s-1]

WUE
[μmol (CO2) mmol

(H2O) -1]

Leaf
position

C M C M C M C M
P. petrowskyana

Bottom
Median
Upper

  8,9
  9,4
11,9

  9,3 ns
10,2 ns
12,8 *

5,3
5,8
6,1

5,0 ns
5,3 ns
5,5 *

168,4 ns
189,3 ns
209,3 *

158,3
184,5
196,4

1,68
1,62
1,95

1,86ns
1,92 ns
2,33 *

P. deltoides„Plantierensis”
Bottom
Median
Upper

9,6
10,2
11,0

10,5 ns
11,4 *
12,3 *

4,5
4,9
5,1

4,3 ns
4,5 *
4,6 *

162,4 ns
179,2 *
189,0 *

149,3
162,3
172,1

2,13
2,08
2,16

2,44 ns
2,53 *
2,67 *

P. balsamifera
Bottom
Median
Upper

10,1
10,5
11,3

10,9 ns
11,8 *
12,4 *

4,7
5,0
5,2

4,2 ns
4,4 *
4,5 *

142,3 ns
159,3 *
165,0 *

129,3
140,0
148,0

2,15
2,10
2,17

2,60 ns
2,68 *
2,76 *

ns, * - differences between C and M are not significant or significant at P<0,05 according to T-test, respectively

In Study 2, there was a tendency in both non-inoculated and inoculated plants to
a decrease of initial fluorescence (F0) values between the bottom and upper leaves,
but there was an increase in other parameters including. maximal fluorescence  Fm,
variable fluorescence Fv, and maximum quantum yield of PS2 Fv/Fm (Table 4,
Fig. 4). However, statistically significant differences between non-inoculated and
inoculated plants were observed partly for the leaves from the upper part, and for
P. balsamifera also for the middle part (Table 4).

Gas exchange.In Study 1, there was little effect of inoculation with H. crustu-
liniforme on gas exchange parameters in plants. Statistically significant increase in
net photosynthesis (Pn) was observed only in Berlin, and that of stomatal conduc-
tance (gs) in Berlin and P38P38 clones (Fig. 5 abc). In Study 2, upper leaves in
both inoculated and non-inoculated  P. petrovskyana, P. deltoides “Plantierensis”,
P. balsamifera had higher Pn, transpiration rates (E), stomatal conductance (gs)
and water use efficiency index (WUE) compared with the middle and lower leaves
(Table 3). Significantly higher Pn, gs and WUE and lower E were measured in the
upper leaves of inoculated compared to non-inoculated plants of all cultivars and in
the middle leaves of  P. deltoides “Plantierensis”and  P. balsamifera (Table 3,
Fig 4).
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Table 4. Changes of chlorophyll a fluorescence parameters of leaves taken from different
part of plant stem in 3 cultivars of poplar mycorrhizal with H. crustuliniforme. (Exp. 2).

Chlorophyll a fluorescence parameters

F0 FM FV FV/FM
Leaf position

C M C M C M C M
P. petrowskyana

Bottom
Median
Upper

262,4
260,9
246,8

261,5 ns
254,3 ns
231,4 *

1139,2
1139,5
1163,2

1149,6 ns
1168,4 ns
1207,8 ns

876,8
888,6
916,4

 888,1 ns
 914,1 ns
 976,4 *

0,770
0,773
0,788

0,773 ns
0,782 ns
0,808 *

P. deltoides„Plantierensis”
Bottom
Median
Upper

267,5
262,8
248,7

265,3  ns
254,6  ns
224,3  *

1135,1
1165,1
1170,3

1155,2 ns
1198,7 ns
1255,3 *

867,6
902,3
921,6

  889,9 ns
  944,1 ns
1031,0 *

0,764
0,774
0,787

0,770 ns
0,788 ns
0,821 *

P. balsamifera
Bottom
Median
Upper

269,4
264,3
247,3

264,3 ns
257,3 ns
218,3 *

1154,3
1180,0
1195,6

1179,5 ns
1289,6 *
1330,0 *

884,9
915,7
948,3

  915,2 ns
1032,3 *
1111,7 *

0,767
0,776
0,793

0,776 ns
0,800 *
0,836 *

ns, * - differences between C and M are not significant or significant at P<0,05 according to t-test, respectively
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Figure 5. Gas exchange parameters and leaf chlorophyll concentrations in
six poplar hybrids non-inoculated (C) and inoculated with Hebeloma crustuliniforme (M).

Mean values ± standard error (n=6)

The F-values of two-way ANOVA expressing the influence of the factors im-
plemented it experiments on the measured traits in poplar plants are presented in
table 5 (experiment 1) and in table 6 (experiment 2). In first experiment there is
a significant influence of genotype on all measured parameters. Influence of treat-
ment is distinct in gs, root volume, root hydraulic conductance and root hydraulic
conductivity. In the experiment 2 influence of treatment and the leaf position on all
measured values was observe and in most cases in case of genotype. Also there is
influence of treatment x leaf position on leaf water potential, chlorophyll content,
Fv and Fv/Fm.
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Table 5. The F-values of two-way ANOVA expressing the influence
of the factors implemented it the experiment 1 on the measured traits in poplar plants

Pn E gs chl LA

Treatment 2.57 1.01 34.758 *** 5.99 * 3.581
Genotype 41.06 *** 11.76 *** 69.518 *** 64.31 *** 6.768 ***
Genotype x
treatment 2.04 0.55 5.220 *** 5.30 *** 3.443 **

Kleaf Klam RV Kroot Lroot
Treatment 0.0650 1.7180 13.081 *** 115.280 *** 20.008 ***
Genotype 25.8135 *** 15.8462 *** 58.450 *** 148.990 *** 104.807 ***
Genotype x
treatment 0.5051 2.1400 3.572 ** 24.921 *** 24.185 ***

* - p<0.05, ** - p<0.01, *** - p<0.001.

Table 6. The F-values of two-way ANOVA expressing the influence
of the factors implemented it the experiment 2 on the measured traits in poplar plants

ψ Pn E gs WUE
Treatment 40.05 *** 13.057 *** 7.372 ** 21.60 *** 65.814 ***
Genotype 2.66 2.710 11.014 *** 52.15 *** 38.572 ***
Leaf position 141.95 *** 21.463 *** 3.141 * 30.77 *** 6.393 **
Genotype x treatment 0.32 0.353 0.096 0.55 2.293
Treatment x Leaf 29.24 *** 0.228 0.278 0.13 1.618
Genotype x Leaf position 0.62 2.258 0.095 1.22 1.215
Genotype x treatment x
Leaf position 0.83 0.021 0.008 0.12 0.061

SPAD F0 FM FV FV/FM

Treatment 39.795 *** 5.64 * 13.10 *** 34.20  *** 55.4 ***
Genotype 22.869 *** 0.01 5.56 ** 10.04 *** 5.9 **
Leaf position 72.555 *** 12.70 *** 6.83 ** 24.36 *** 67.5 ***
Genotype x treatment 2.843 0.03 1.47 2.86 1.6
Treatment x Leaf 11.493 *** 1.37 1.77 5.17 ** 8.8 ***
Genotype x Leaf position 2.411 0.17 0.52 1.22 1.5
Genotype x treatment x
Leaf position 0.406 0.15 0.27 0.53 0.5

* - p<0.05, ** - p<0.01, *** - p<0.001.

Discussion

Divergent opinions on advantages of ECM association, which can be found in
the literature, likely reflect differences in factors such as plant and fungal species,
soil environmental conditions, time of inoculation as well as morphological and
anatomical characteristic of plant root and fungal mycelium (Koide 1985, Johnson
et al. 1997, Martin et al. 2001, Brundrett 2002, Jifon et al. 2002, Kottke 2002).
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In Study 2, there were statistically significant differences in the frequency
(MFR) and intensity (MCR) of mycorrhizal colonization between the studied poplar
clones (Fig.1). The frequency of mycorrhizae was high, reaching the values of
71 to 80% while  intensity of colonization was lower and ranged from 30 to 35%.

In study 2, inoculated plants had significantly greater height (H), chlorophyll
content (SPAD), and in leaf water potential (ψ) (Table 1, 2, Fig. 4).  Frequently,
plant growth depression following mycorrhizal colonization can be attributed to the
carbohydrate drain by the fungus, while growth stimulation may occur when the
benefits of increased nutrient uptake exceed the carbon cost of the association
(Schroeder and Janos 2004, Correa at al. 2006). Similarly to plant growth, there are
various opinions on the benefits of mycorrhizas for the host plant water relations
(Muhsin and Zwiazek 2002, Correa et al. 2006, Lehto and Zwiazek 2011). It could
be speculated that the effects of mycorrhizas on water uptake may also be linked to
the plant nutritional status (Lehto and Zwiazek 2011). The concentration of nutri-
ents may affect root hydraulic conductivity through the effects on aquaporins
(Muhsin and Zwiazek 2002) and it has been long known that mycorrhizal associa-
tions may increase phosphorus and nitrogen uptake by plants (Smith and Read
1997). Also the form of nitrogen may affect root water transport (Steudle and
Meshcheryakov). Ammonium is predominant form of mineral nitrogen in the forest
and ECM fungi increase ammonium uptake by woody plants (Rudawska et al.
1994, Javelle et al. 1999, Correa et al. 2006).

In our study, inoculation with H. crustuliniforme increased root hydraulic con-
ductance in balsam poplar, Assiniboine and WP69 and leaf hydraulic conductance
in P. balsamifera (Fig. 2,3). Numerous studies have reported an increase in root
hydraulic conductance by ectomycorrhizas which may be caused by the increase in
the transmembrane (Marjanović et al. 2005, Lee et al. 2010) or apoplastic (Muhsin
and Zwiazek 2002) water transport. However, ectomycorrhizal associations do not
always stimulate root hydraulic conductivity (Nardini et al. 2000, Siemens and
Zwiazek 2008, Yi et al. 2008) and the reasons for these differences in plant respon-
ses remain unclear. The effects of mycorrhizal associations on leaf water transport
have been little studied, however, the indirect effect through plant nutritional status
could be expected (Calvo-Polanco et al. 2008).

In Study 1, the differences in gas exchange parameters between non-inoculated
and inoculated plants were small and mostly statistically insignificant (Fig. 5).
However, in Study 2, ectomycorrhizal associations triggered an increase in net
photosynthesis  of leaves from the upper plant part, likely due to higher stomatal
conductance facilitating absorption of CO2 (Table 3, Fig. 4).

The results of this study showed that leaves from the upper plant part in non-
inoculated plants had higher value of minimal florescence (F0) and lower value of
maximal fluorescence (FM) compared with inoculated plants. Also FV/FM in inocu-
lated plants was significantly higher than in non-inoculated plants but only in the
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upper leaves (Table 4, Fig 4). The ratio of FV/FM is a measure of the capacity of the
primary photochemistry of photosystem II which itself is sensitive to a changes of
environmental growth conditions (Lichtenthaler 1992, Lichtenthaler et al. 2005).
According to Lichtenthaler 1992 and Strasser et al. 2000 parameters of chlorophyll
a fluorescence may be used as a direct indicator of plant photosynthetic activity.

In conclusion, the effects of inoculation on the physiological responses of the
studied poplars were relatively minor and varied depending on the clone and leaf
age (position on the stem). However, even small differences in physiological pa-
rameters between mycorrhizal and non-mycorrhizal poplars may become highly
significant if they persist over the longer time. More distinct responses could occur
if the mycorrhizal inoculation is accompanied by a stress factor e.g. drought.
Walker, Assiniboine and Northwest are among the hybrid poplar clones which are
moderately drought tolerant (Silim et al. 2009). Moderately tolerant clones main-
tained higher net photosynthesis at lower leaf water potential than the other clones.
Stomatal closure was gradual in tolerant and in moderately clones e.g. Northwest.
Arango-Velez et al. (2011) studied influence of drought on stomatal factors in hy-
brids P38P38, Okanese, Walker, Assiniboine, Berlin and in balsam poplar (Populus
balsafimera). They showed differences in stomatal sensitivity to drought and vul-
nerability to stem xylem cavitation. P38P38 reduced stomatal conductance in re-
sponse to mild stress while the balsam poplar clone maintained high leaf stomatal
conductance under more severe drought conditions. Differences between the se-
verely stressed clones were also observed in leaf water potentials with no or rela-
tively small decreases in case of Assiniboine, P38P38, and Walker. Tschapliski et
al. (1998) showed that Populus deltoides x P. nigra shows better drought resistance
in comparison to Populus trichocarpa x P. deltoides and maintained higher midday
leaf water potentials, suggesting better stomatal control of water loss. Therefore,
longer-term studies may be needed in poplars to evaluate the significance of
physiological changes due to ECM fungal inoculation for tree growth and survival.
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Abstract. The purpose of our experiments was to consider sensitivity of the chosen
6sunflower cultivars (Helianthus annuus L. Cv. Belinda, cv. Codiwer, cv. ESPrim, cv. MAS
95, cv. MAS 97 and cv. Spirov)  to copper ions with the possibility of elimination by means
of brassinosteroids on the ground of physiological characteristics (content of dry basis, amo-
unt of assimilatory pigment, praline content, RWC as well as MDA) and to show possible re-
sistance mechanisms of this plant to copper ions.  Lipid peroxidation is a biochemical marker
for the free radical mediated injury. Character of changes in lipid peroxidation (LP) depends
on intensity of influence stressor and from plant sensitivity. In leaves of experimental plants
cultivars MAS 97 and SPIROV after Cu treatment by concentration  5 mM the level of ma-
londialdehyde (MDA) content has been increased on 11% and 30% respectively. The higher
MDA content has been observed in leaves of cultivar ESPrim. In the other experimental va-
riants under Cu treatment content of MDA was on control level which evidence about more
less sensitivity these cultivars to Cu treatment. The combination of Cu+ BRs has been shown
MDA content in leaves of all experimental plants on control level which can evidence about
protection effect of BRs under Cu treatment on the leaves of sunflower cultivars.

Key words: Brassinosteroids; Chlorophylls; Copper; Helianthus annuus L; MDA; Proline

Introduction

Plants are during their life exposed to the effect of many stressful factors of
biotic and abiotic disposition (e.g. heavy metals), which can not only slow down
their life functions, but also harm particular organs and in isolated instances it can
lead to the plant death. The stress factor influence on plants can cause oxidative
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stress, which is typical of rapid temporary production of big amount of active
forms of oxygen (AFO), and break a balance between the production and reduction
of AFO.  Malondialdehyde  (MDA) is a product of oxidative harm of lipids and it
represents the best explored marker of the oxidative stress (Behnamia et al. 2009).

Copper is an activator of the enzymes which participates on a metabolism N and
synthesis of proteins. In a case of copper lack the content of free nitrogenous sub-
stances in the cells is increasing at the expense of protein production (Haidari
2010). Therefore it is necessary, especially by an intensive fertilization, to ensure
that a plant has got enough copper. The biggest supply of copper is in the chloro-
plasts in which it works as a stabilizer of the chlorophyll. The lack of copper causes
a disruption of the photosynthesis process and it leads to a limitation of the growth
intensity. In spite of the physiological importance of copper, on the other hand
excessive content of this element in the soil becomes the stressful factor for the
plants (Divi and Krishna 2000, Hayat et al. 2000).  The effect of copper toxicity on
the plants is truly provable. However many aspects of the toxic effect of copper on
the plants are clarified, the results of several physiological and biochemical analy-
sis are controversial. Changes in the processes of photosynthesis and water regime
influenced by the copper effect in the plants from a family Asteraceae are markedly
different (Ali et al.2007, Bates et al. 1973). Big variability in seed germination
noticed for instance in the various hybrids of sunflower.  Big variety in a reaction
of plants on the heavy metals is constantly revealing new questions which solution
can play very important role from the point of view of preserving pure environment
and man’s health. A sunflower is thanks to the big biomass an ideal plant for de-
contamination of soil (phytoremediation), whereas it accumulates notable content
of heavy metals in the roots Fariduddin et al. 2009)

Brassinosteroids (BRs) are steroidal phytohormones with a wide scale of
effects. By exposing plants to the drought stress as well as to the heavy metals their
survival is improved and also resistance and yield are increased. The plant response
is regulated directly (by the synthesis of metabolites) or indirectly (by induction of
antioxidizing compounds and enzymes), often in the interaction with other phyto-
hormones. Experiments studying an impact of brassinosteroids on the reaction of
plants stressed e.g. by water deficit and toxicity of heavy metals are different in
various parameters. Therefore their proper interpretation is difficult. Thanks for
better understanding of their influential mechanisms, it is possible to discover new
possibilities for their usage in agricultural biotechnology. Meanwhile, a research of
other aspects like reception, transport and stability of Brs, as well as development
of Brs analogues with high activity should continue. Only with the knowledge of
unique mechanisms of plant resistance to stress and with the predictable effects in
the field conditions, it will be possible to use a whole potential of BRs in the prac-
tise. In the majority of studies demonstrating anti-stress effects of BRs it is used an
exogenous treatment. Nowadays the exogenous application of BRs is common
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field method in Japan, China, Russia and Belarus (Bajygus and Hayet 2009, Divi
and Krishna 2000).

We tested the hypothesis that application of EBL will alleviate the toxic effect
of copper applied through shotgun approach on sunflower growth and metabolism
and will ultimately result in improved yield at harvest and give the farmers a better
option to grow their crops under stress condition. The purpose of our experiments
was to consider sensitivity of the chosen sunflower cultivars to copper ions with
the possibility of elimination by means of brassinosteroids on the ground of phy-
siological characteristics (content of dry basis, amount of assimilatory pigment,
praline content, RWC as well as MDA) and to show possible resistance mechani-
sms of this plant to copper ions.

Material and methods

There were used 6 hybrids of  Common Sunflower (Helianthus annuus L):
Belinda (FRA), Codiwer (FRA), ESPrim (FRA), MAS 95 (SVK), MAS 97 (HUN)
a Spirov (BUL) which were provided by the company FINAGRO spol. s.r.o. Brati-
slava. Sterilized seed were budding for 24 hours in the distilled water and consequ-
ently were sprouting on Petri dish (Ø 15 cm) with wetted filter paper in darkness.
After 3 – 4 days of sprouting were approximately equally sprouted seeds sown into
15 l plastic bowls with a mixture of peat and perlite (in a ratio of 4:1), poured with
distilled water which corresponds to maximum soil sorption capacity (~1000 ml).
Plants were left to grow to the beginning phase of butonization – stars (32 day).
Afterwards they were poured with distilled water (control variant plants) or with
the solution enriched with copper with concentration 80 μM CuSO4 .5H2O and the
last chosen combination was Cu +EBL (80 μM CuSO4 .5H2O + 100 μM EBL).
Waterings in the next phases of the experiment did not contain metal or brassino-
steroids. According to the needs distilled water was applied which quantity corre-
sponded to the half of dose of maximum sorption substrate capacity (500 ml). After
10 days sprouts were separated from the roots, roots were cleaned off soil and tho-
roughly washed with water. Consequently, we measured their length, fresh and dry
weight. The experiment was realized in three repetitions. The gained data was
analysed by mathematical-statistical methods of programe MS Excel. Meaning of
the differences by comparing the sets were determined by the Student test.

Hormone preparation Brassinolide 24-epibrassinolide was purchased from Sig-
ma-Aldrich, USA. Stock solution (10−4M) was prepared by dissolving the hormone
in 5 ml of ethanol in a 100 ml volumetric flask. Five milliliters of 0.5% surfactant
“Tween-20” was added to it, and the final volume was made up to the mark by
using double distilled water (DDW). The 10−8M concentration of EBL was prepa-
red by dilution of the stock solution.
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Analysis of lipid peroxidation. Malondialdehyde (MDA) was measured spec-
trophotometrically by the reaction with Thiobarbituric acid. Plant material (roots
500mg and leaves 200mg) was homogenized in 3 ml 0.1 M Trichloroacetic acid
(TCA). The mixture was warmed up to temperature 95 oC for 30 min and after-
wards was centrifugated by 10,000 × g per 5 min. Quantity of MDA was determin-
ed according to Heath and Packer [10] by wave length 532 nm and conversion
using molar extinction coefficient 155 m.M-1.cm-1 .

Chlorophyll and photosynthesis measurements The chlorophyll content in fresh
leaf samples was measured by using a SPAD chlorophyll meter (SPAD-502, Koni-
ca Minolta Sensing, Inc., Japan).

Determination of proline content The proline content in fresh leaf and root sam-
ples was  determined by the method of Bates et al. (1973). Samples were extracted
in sulfosalicylic acid. To the extract, an equal volume of glacial acetic acid and
ninhydrin solutions was added. The sample was heated at 100°C, to which 5 ml of
toluene was added. The absorbance of the aspired layer was read at 528 nm on a
spectrophotometer.

RWC was calculated by placing the values in the following formula:
RWC = (fresh mass –dry mass)/(turgor mass –dry mass) * 100 %

Results and Discussion

Tested cultivars of Common Sunflower showed according to the tested pa-
rameters, such as length and weight of sprouts and fresh weight of roots, relatively
high rate of tolerance. In spite of the fact that no significant visual symptoms of
toxic effect of metal were markedly noticeable, we detected decrease in the content
of dry basis in the roots (less than 25 – 39 % in comparison with the control of two
tested cultivars treated by Cu cv.  MAS 97 and cv. SPIROV). Cv. Belinda, cv.
Codiwer a cv. MAS 95 tends to be the most resistant or tolerant to Cu toxicity from
the point of view of evaluation of morphological parameters of particular cultivars.

BRs treatment completely compensated reduction of biomass caused by Cu
toxicity. In the comparison with the untreated plants (control and Cu stress) there
was noticed an improvement of root growing in the treated plants. Yu et al. (2004)
and Zhang et al. (2008) observed that BRs application improved assimilation of
carbon and nitrogen by the stabilization of membrane structures in the stressful
conditions and also improved general growth and plant photosynthesis. Photosyn-
thetic apparatus cv. MAS 97, cv. SPIROV and cv. ESPrim reacted the most sensi-
tive to the dose of copper what expresses in the content reduction especially of
chlorophyll a (by 41%), chlorophyll b (by 22%) and carotenoids (by 29%). Nega-
tive impact on the photosynthetic apparatus efficiency is one of the typical signs of
the effect of various kinds of abiotic stress such as drought, high temperature, and
also heavy metals.
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Fig 1. Effect of EBL on A: MDA content, B: proline content, C: net photosynthetic rate
and D: relative water content in sunflower plants subjected to Cu stress
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Brassinosteroids induced an improvement in photosynthesis efficiency which
can be caused by stomatal or non-stomatal factors or by their combination.  Influ-
ence of BRs on a conductivity of stomas was noticed by Hayat et al. (2000, 2010)
and Fariduddin et al. 2009). Non-stomatal efficiency limitations of photosynthesis
can be related with the photosynthetic pigments, concentration and activity of en-
zyme Ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCo) and use of
assimilative products. (Yuan et al. 2010) consider as an acceptable explanation that
exogenous application of BRs is increasing the capacity of carbon oxide assimila-
tion in Calvin cycle using increased initial activity of RuBisCo. In the following
experiments the BRs treatment reduced the decreasing of chlorophyll content and
assimilation speed, increased efficiency of photosystem II and activity of enzymes,
such as RuBisCo, nitroreductase and glutamine synthase (Yuan et al. 2010). Caro-
tenoids are pigments protecting chlorophylls from the photo-oxidative damage
[11]. Their content is decreasing with the increasing level of the oxidative stress
caused by the Cu toxicity in all cultivars of Common Sunflower and is significantly
higher in the plants treated by BRs, in the comparison with the controlled ones.

According to the measurement of MDA level it is likely that BRs help the
effective catching of ROS by increased activity of the antioxidative enzymes sys-
tem. Production of MDA and other aldehydes in the plants exposed to the Cu toxic
stress is a dependable indicator of the production of free radicals in the plant tissue
and today it serves as the indicator of lipid peroxidation and meanwhile of stress
damage, such as heavy metals at the cell level (Heideri 2010). The cultivars resi-
stant to the copper toxicity are able to catch the free radicals and less MDA is pro-
duced with the decreasing content of hydrogen peroxide in a comparison with the
sensitive cultivars [5]. On the basis of gained data we can claim MAS 97, SPIROV
and ESPrim belong to the sensitive cultivars of sunflower as they produced incre-
ased amount of MDA (more than 11 – 30% in a comparison with the control). On
the second hand, among tolerant to Cu toxicity sunflower cultivars belong Belinda,
Codiwer and MAS 95. Stated cultivars produced lower part of MDA in a compari-
son with the controlled variant.

With the Cu + BRs combination we noticed decreased MDA content in the le-
aves of all common Sunflower cultivars, what indicates possible elimination of
copper toxicity in the sunflower plants using the exogenous application of brassi-
nosteroids.

Plants raised from the seeds given presowing seed soaking treatment in 80
μMCuSO4.5H2O showed significant reduction in all measured growth parameters
(i.e., length, fresh and dry mass of root and shoot, and leaf area)  irrespective of
varietal difference. However, treatment with EBL to the  foliage favored growth
and neutralized the negative effects generated by Cu more effectively in all cul-
tivars. Significant reduction in photosynthetic parameters occurred from Cu appli-
cation, net photosynthetic rate (PN), and relative water capacity (RWC) of six cul-
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tivars, given presowing seed soaking treatment in CuSO4, as compared to their
respective controls.

All varieties showed significantly different responses to the spray treatments.
Enzyme activity increased in response to both metal and hormone treatment in six
cultivars, but Codiwer, showed higher enzymatic activity than did Belinda,
ESPrim, MAS 95 and MAS 97 in response to the treatments. The foliar spray of
either with 24-epiBL significantly enhanced the growth, photosynthesis, antioxi-
dant enzymes and proline content in copper stressed sunflower plants.

The exogenous application of plant hormones has been found to counter toxic
effects of various abiotic stresses. Brassinosteroids (BRs) are a new type of phyto-
hormones that elicit a wide range of physiological processes in plants (Bajguz and
Hayet 2009, Behnamia et al. 2009, Hayat et al. 2010). At present, 70 analogs have
been identified, and among these, three natural brassinosteroids (brassinolide, 24-
epibrassinolide (EBL), and 28-homobrassinolide (HBL)) are known to have an
economic impact on plant metabolism, growth and productivity, and experience
high stability under field conditions (Ali et al. 2007).

Conclusion

Many aspects of the copper toxic efficiency on the plants are clarified, however
results of several physiological and biochemical analysis are controversial. At the
same time, high variability of plant reaction to the heavy metal ions depending up
the genotypes complicates unambiguity of the conclusions. Deeper biochemical
and molecular-biological analysis can contribute to revealing of other possible
mechanisms of Common Sunflower resistance to copper ions or other heavy me-
tals. Wide scale of BRs effects on the plants stressed by the heavy metals instigates
to search for mechanisms and connections which disproves old concepts and mo-
tivates development of new methods.
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Abstract. The influence of nature flooding on both anatomical structure of floating and sub-
merged leaves  and ultrastructure cells of  during vegetative stage was studied by light and
transmission electron microscopy.  It is established that flood effect to change of anatomical
structure of  Trapa natans submerged leaves, their shape, size and structure of leaflet. The
cell ultrastructure of floating leaf mesophyll in T. natans indicates the typical cellular signs of
mesophytes. It is revealed that submergence leads to the change of ultrastructure in undiffer-
entiated mesophyll (parenchyma) cells and causes the decrease of chlorophylls and carote-
noids conten in the comparison with those in air leaves.

Key words: Leaf, anatomy;  Cell ultrastructure; Flooding; Chlorophyll, Trapa natans

Introduction

It is known that soil flooding of plants leads in depend from its short- or long-
term to the changes in structural and metabolic levels in both of root system and in
over ground organs (Jackson, Drew 1984; Vartapetian, Jackson 1997). In
particular, anoxia, hypoxia, aerenchyma formation in root, stem and leaves, the
changes of cell structure of these organs, and also the decrease of photosynthetic
activity of flooding organs are occurred. Whereas, high aquatic plants in natural
conditions are generated of the cellular mechanisms of the tolerance to submerged
conditions. These mechanisms helps leaves and stems to adapt for the decrease of
light, for the change of its spectral characteristic, and also for the change of CO2
and O2 content into water and slimy bottom (Smith, Walker, 1981; Madsen,
Maberty, 1991; Lansberg, 2003).
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The increase of leaf area, decrease of leaf thickness and cuticle thickness, sto-
mata reduction or their absent, formation of air space (aerenchyma) are the main
structural patterns of leaf resistance to flooding effect for many plants (Mommer et
al., 2005, a; 2005, b; 2006). In spite of the numerous data of concerning of the
study of flood influence to growth and function of high plants, deserve particular
attention of the study structural peculiarities of leaves, which are permanently
functioned as both under water surface and both above water surface. It is neces-
sary for the understanding of cellular mechanisms of plant adaptation to flooding.
The aim of our experiments was to realize comparative study of the structural signs
and the distinguished patterns of submerged and floating leaves on light optical,
electron microscopic levels, and to determine the content of photosynthesizing
pigments in submerged and floating leaves of Trapa natans.

Material and methods

Plant material

Floating and submerged leaves of Trapa natants L. (water chestnut) were used
to study. Water plans were harvested in June at the vegetative stage of plant
growth. Plants grew in water along-shore of the Rusanivskiy channel (left Shore of
Dnepr River, in Kyiv) on the depth of 80-100 cm. The sun illumination (photo-
synthetic photon fluency rate (PPFR)) on the floating leaf surface was 1450-1500
µmol quantum·m-2·sec-1, and on the abaxial surface was 800-850 µmol quantum·m-

2· sec-1); on the upper surface of the submerged leaves of plants (about 10-12 cm
below the water surface) was 14-17 µmol quantum·m-2· sec-1. The measure of
PPFR is cannot be done about 80-100 cm below the water surface. PPFR was
measure by the means of the Light Meter LI-250 (USA, LI-COR). The temperature
of water was + 18oC and the temperature of air was + 20oC.

The first and second floating leaves (which were mature, and they be situated on
periphery of rosette) and the first and second submerged leaves, when were near
germinate seed (chestnut) were used for the microscopic and biochemical investi-
gations. We are taking the leaves on electromicroscopic study from three plants of
the same color and the same size of stem and leaves. The leaves from seven-nine
plants were used for the biochemical investigations, and 11-13 plants were used for
the phenological study.

Microscopy and biochemical analyses

Middle part of lamina from three plants, notable from floating leaves and from
middle part of needle-like round particles of the submerged was fixed at noon (on
the beach of Rusanivskiy canal) in the solution of 1% paraformaldehyde and 5%
glutaraldehyde (1:1, v) in 0.05 M cacodylate buffer, pH 7.2 for 1 h at 24oC and
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then samples were transferred to 4oC for 20 hours. Later the samples were washed
in the identical buffer, post fixed with 1% osmium tetra oxide for 12 hours at 4oC,
dehydrated in a graded ethanol series, then in a graded acetone series and embed-
ded in epon/araldite resin accordingly to the protocol (Weakley 1975). For trans-
mission electron microscopy ultrathin sections were stained with citrate lead and
studied in JEM-1200EX electron microscope. For light microscopy semi thin sec-
tions (3 µm) were stained in the Schiffs reagenz (Merck) accordingly to the proto-
col (Jensen, 1965), then were analyzed with Axioskope (Germany) the light-optical
microscope.

Chlorophylls and carotenoides content were determined in floating leaves and
submerged leaves from 7-9 plants using the protocol and the formulas described by
Robelen and Wetstein  (Gavrilenko et al., 1975) on the SP-2000 spectrophotome-
ter. Three replications of the biochemical analysis were made. Values of biochemi-
cal and cytological results were expressed at the mean and standard errors.

Results and discussion

Phenological observation and light-microscopical analysis.  Trapa natans is
heterophyllous plant. Shoot of this plant has two distinct leaf types. The floating
leaves has solid leaflet, and submerged leaves are highly dissected (Fig. 1A - C).

A B C

Fig. 1.  General view of Trapa natans grown under natural submergence:
A – floating leaves;   B, C – submerged dissected leaves
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    Fig. 2. The cross sections of  Trapa natans of  floating leaf (Fig. 2A) and submerged
leaf (Fig. 2B). Ab – abaxial  epidermis, Ad – adaxial epidermis, Ae –aerenchyma,

Ch – chloroplast, Cr – crystal of calcium oxalate, P – palisade, Sp – spongy mesophyll,
St – stomata, Ph.c –photosynthesizing cell. Bar = 100 μm (Fig. A, B), bar = 50 μm (Fig. C, D)

The floating leaves  forms the rosette from 13-19 leaves; leaflet has triangular in
form, with conspicuously toothed margins along the outside edges. The upper sur-
face of the leaf is glossy. All petioles have the central thickened part (air
“cushion”). The submerged leaves has feather-like form, consists from 18 to 40
needle-like particles. Average distance between submerged leaves was different on
the shoot (from 40 to 80 mm).

Floating leaves. Light-microscopic analysis of the transverse sections of leaflets
revealed a dorsoventral structure (Fig. 2A, B) and air space between cells of pali-
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sade and spongy mesophyll. In epidermis one cell layer and in palisade two cell
layer were observed. The stomata were in adaxial epidermis. In spongy mesophyll
6-9 cell layers were detected. The dimensions of cells are presented in Table 1.

Table 1. The size of leaflets and cells in T. natans floating and submerged leaves.
Effect of flooding is significance different (** p < 0.001; * p < 0.05)

from the above-water (air) condition

Parameter Floating  leaf Submerged  leaf

Type of mesophyll
Average size of  leaflets (mm)
           long axis
           short axis
Average size of petioles (mm)
           long axis
           diameter  (near  attachment to shoot)
Average thickness of  leaf, μm
Number of  palisade parenchyma layers
Number of spongy parenchyma layers (or layers of
photosynthesizing parenchyma in submerged leaves)
Average size of palisade mesophyll cell, μm:
           long axis
           short axis
Average size of  spongy mesophyll cell (or
   parenchyma cell  in submerged leaf),  μm :
           long axis
           short axis
Average size of  adaxial epidermal cell (or epidermal
cell in the  round particles of submerged leaf), μm :
           height
           width
Average size of  abaxial epidermal cell, μm :
           height
           width
Average number of chloroplast per section:
          in adaxial epidermal cell or epidermis of
submerged leaf
          in palisade cell
          in sponge mesophyll cell or photosynthesizing
         cell of submerged leaf in abaxial epidermal cell

Dorsoventral

  51.3 ± 2.6
  64.1 ± 1.5

  112 ± 10.4
   3.9 ± 0.1
  300 ± 15

  Two
 6 – 9

40.3 ± 2.0
    9.3 ± 1.4

  18.9 ± 2.8
  20.8 ± 2.6

 15.3 ± 0.6
 10.9 ± 0.5

   6.6 ± 0.4
 11.3 ± 0.8

  2 .3 ± 0.1

13 .3 ± 2.7
6.7 ± 0.8

  1.8 ± 0.2

Centric

  50.1 ± 12.3
  36.0 ±  2.4**

    3.5 ± 0.4**
    0.9 ± 0.4**
   217 ± 10**

  Absent
 5– 7

  Absent

From  7 ± 0.8  to
33 ± 4.8 μm  in a
long axis or in a

diameter

    7.7 ± 0.5**
  10.3 ± 1.2

-

   3.1 ± 0.1*

-

   7.7  ± 0.5
-

More number of chloroplasts was in the palisade cells (Table 1) in comparison
with cells of epidermis and spongy mesophyll. The crystal structures (diameter
near 10 mkm) observed in cells of spongy mesophyll (Fig. 2B, arrows).

Submerged leaf.  Light-microscopic analysis of the transverse sections of parti-
cles of dissected leaflet revealed the centric (unifacial) structure (Fig. 2C, D) and



Olena M. Nedukha

128

very small air space between cells of 4th and 6th layers of parenchyma. Stomata are
absent in the submerged leaves. Vascular bundle is situated in the centre of round
leaflets particle.  The dimensions of cells are presented in Table 1. It is necessary to
note the increase of the size of photosynthesizing parenchyma cells from sub epi-
dermal outer layer to inner layer (near vascular bundle). Chloroplasts observed in
the epidermal cells and photosynthesizing parenchyma (Fig. 2D, arrows)

Ultrastructural analysis of Trapa  natans leaves

Floating leaves. Ultrastructural analysis of palisade parenchyma and cells of
spongy mesophyll indicated that cells had a typical structure that was similar to
parenchyma cells of mesophytes (Fig. 3). The cells had a big central vacuole; or-
ganelles were situated along cell walls. Chloroplasts of palisade cells (Fig. 3A, C,
E, and F) and spongy mesophyll (Fig. 3B) were oval, round or lens like form de-
pending on section plane. Average size of chloroplast in mesophyll was 3.5-4 μm
in long axis and 1.2–2 μm  in short axis. Chloroplasts contained one big starch
grains (average size was 1.7–1.8 x 0.5–1.2 μm); and from time to time, second very
small starch grain observed in chloroplast stroma. Large number of grana (up to
15–21) per chloroplast section was characterized for plastids. Thylakoids number
in grana varied from 2 to 6 (Fig. 3 D). The diameter of grana is equaled 0.4–0.6
μm. Round, oval and or slightly elongated mitochondria (Fig. 3B, F) were of a
condense type and the size of was 0.5–1.3 μm in long axis and 0.3–0.5 μm in short
axis. The endoplasmic reticulum (ER) was characterized by short canals of granu-
lar type (Fig. 3B, E). An abundance of ribosomes and polysomes were observed in
cytoplasm. Round or oval peroxisomes, diameter from 0.5 to 0.7 μm, were also in
cytoplasm (Fig. 3G). The part of mitochondria and peroxisomes were in contact
with chloroplasts (Fig. 3B, F). Curved shape nucleus has compact chromatin near
of lightly swelled envelope (Fig. 3G). Cell walls were 0.3–0.5 μm wide. From time
to time, certain organelles, cell walls (Fig. 3A) and middle plate (Fig. 3A, E) were
very electron dense.

Results of chlorophylls and carotenoids content measurements are shown in fig-
ure 4. The ratio of Ch a:b is equaled 3.2  in the floating leaves. Common content of
chlorophylls is equaled 2. 626 mg· g-1 FW.

Submerged leaves.   We found the some common signs in the cell ultrastructure
of photosynthesizing parenchyma in comparison with those of the floating leaves
in T. natans. The cells of parenchyma independently of the layer were greatly
vacuolated and organelles were situated near cell walls (Fig. 5). The definite differ-
ences were also revealed. There were big elongate (4.5–5.7 μm in long axis and
1.0–1.2 μm in short axis), oval and curved chloroplasts; more number (up to 17)
and size thylakoids in grana (Fig. 5A–E). Starch grains observed very seldom.
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Scale bar = 1 µm (fig. A–C, E–G), and scale bar = 0.5 µm (fig. D)

Fig. 3. Fragments of mesophyll cell of Trapa natans floating leaves: Ch – chloroplast,
ER – endoplasmic reticulum, G – grana, M mitochondria, N – nucleus, P – peroxisome,

St – starch grain, V – vacuole, W – cell wall. Figure  3D –  the increased fragment
of chloroplast that outlined by the white square on the figure 3C
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The size of one solitary starch grain was five times less than that in the chloro-
plast of floating leaf. Besides we observed chloroplasts with the increased number
of plastoglobules (from 5 to 15 in chloroplast section), diameter from 30 to 50 nm
(Fig.  5E). Most mitochondria have developed crista system (Fig. 5F, G, and H)
and electron dense matrix. Average size of round and oval mitochondria was
0.5–0.6 μm in long axis and 0.3–0.4 μm in short axis. ER was granular type. Very
short dictiosomes are assemble near cell walls (Fig. 5 H), whereas multivesicular
bodies are situated near central vacuole (Fig. 5G).  Oval nucleus contained diffuse
chromatin (Fig. 5F). The width of the cell walls ranged from 0.2 to 0.4 μm in the
sections. It is necessary to the presence of the hyper electron density in the cell
walls (Fig. 5G, double white arrows), electron dense formations in vacuoles
(Fig. 5F), and hyper electron density of cytoplasm and the organelles of some cells
(Fig. 5H, the lower cell).

The content of chlorophyll a and carotenoids were lower in the submerged
leaves of T. natans in comparison with that of the floating leaves (Fig. 4). There
were the decreased of the common content of chlorophylls and the ratio of chloro-
phyll a : b in the submerged leaves.

0
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 Fig. 4.   Effect of natural  submergence  on the content chlorophylls and carotynoids in
leaves of Trapa natans. Values (of pigments) are means ± SE in the floating leaves are

significantly different from that in the submerged leaves (p < 0.05)
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Scale bar = 1 µm (fig. A–C, E–G), and scale bar = 0.2 µm (fig. D)

Fig. 5.     Fragments of  photosynthesizing cells of Trapa natans submerged leaves:
Ch – chloroplast, D – dictiosome of Golgi apparatus,  ER –  endoplasmic  reticulum,

G – grana, M – mitochondria, M.b – multivesicular body, N – nucleus,  Nu – nucleolus,
P – peroxisome, Pg – plastoglobule, St –  starch grain, V –  vacuole, W – cell  wall. Figure
5B - the increased  fragment of chloroplast that outlined by the white  square on the figures
5 A. Figure 5 E - the increased fragment of chloroplast  that outlined by the white square

on the  figures 5D,  accordingly
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Thus, the phenological observations showed floating leaves triangular in shape
and dissected shape of submerged leaves of Trapa natans that were analogous to
the shape and structure leaf of  submerged leaves  of Potamogeton pectinatus, P.
amplifolius, Myriophyllum spicatum, M. aquaticum (Allsopp, 1965; Deschamp,
Cooke, 1983; Nedukha, 2011), and floating leaves  of Trapa natans  showed solid
leaflet and air cushion in petiole by an analogous  to that in the air leaves of
Nuphar lutea, Trapa sp. and Potamogeton perfoliatus (Bercu, 2004; Nedukha,
2011). Light-optical analysis revealed the presence of small air space, the presence
of chloroplasts in epidermal cells, the absent of stomata, the decrease of leaflet
thickness and undifferentiated mesophyll in centric (unifacial) structure submerged
leaves of the studied species. The main problems during flooding are the decrease
of sun light in water, slow diffusion rates of gases between water  and flooding
organs and also the depletion of carbohydrates, which is substrate for respiration
(Vartapetian, Jackson, 1997; Mommer et al., 2006).  It is possible that centric
structure and reduced thickness of submerged leaves are serving for uniform light
absorption and for uniform gases transport in submerged leaves. The size and form
of the revealed the crystal structures in spongy mesophyll  cells of  T. natans float-
ing leaves are like to those of the crystal of calcium oxalate written in the stem and
petioles of Abutilon pictum (Brander, 1987).  The function of such crystals is the par-
ticipation in mineralization of tissues (Arnott, 1976, cited by: Brander, 1987).

We found the ultrastructure of mesophyll of floating leaves of the investigated
plants was a typical for mesophytes plant plants, that were wrote in the papers
studied chloroplasts (Silaeva, 1978; Anderson, 1986; Yano, Terashoma, 2001;
Przybyl, Idzikowska, 2003). However, we were revealed the specific signs of
structure that were only characteristic for submerged leaves. The presence grana
with the large number of thylakoids were the first feature of chloroplasts. It is
known that this sign is typical for chloroplast of shade plants (Boardman, 1977).
This feature is the cause of the influence of faint lighting, change of its spectral
characteristic, that lead to intensification of chlorophyll b synthesis (Gorishina,
1989; Nikolaeva, Vlasova, 1990). In consideration of that sun illumination in
water, where submerged leaves grew 80–120 cm from water surface, was less than
on surface of the floating leaves, we can draw the conclusion that the structure of
submerged cells of T. natans is determined by the reduced illumination. Secondly,
it is known that chlorophyll b and photosystem II are generally located into grana
thylakoids (Gudvin, Merser, 1986; Belsky, 1989), and this permit to propose on the
correlation of the chloroplast structure in submerged leaves with the specified
composition of photosynthesizing pigments. It is known that the ratio of chloro-
phylls a : b is indicated on the relative size of light-harvesting complex, whereas
the ratio of chlorophyll a to carotenoids is characterized for chlorophylls integrity
under photo destruction action (Belsky, 1989).

It is known that carotenoids very quickly put out of superoxide radical of oxy-
gen (О2

·-), that are formed during of oxidized/reduced reactions. О2
·- are the sources
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of the generation  of other toxic form of oxygen, and they provoke the disturbance
of thylakoid membranes. In addition, carotenoids can also to adsorb of energy sur-
plus from activated chlorophyll molecules and hereby carotenoids can to prevent
О2

·-  formation  (Merzlyak, 1989; Foyer, Noctor , 2003).
Besides, we revealed almost total absent of starch in chloroplast of the sub-

merged leaves of T. natans. According to G. Nekrasova et al. (Nekrasova et al.,
2003), who examined the photosynthetic substances with using of the 14С (radioac-
tive carbon)   of the submerged leaves in some high aquatic plants, the decrease of
sucrose and starch synthesis is occurred in the submerged leaves.  M. Kasperbauer
and J. Gamelton (Kasperbauer, Hamilton, 1984) studied the possible mechanism of
starch decrease; they consider the influence of distant red light as the main reason
of the decrease of reserve starch synthesis in the submerged leaves, whereas above-
wafer leaves are functioned in the red light.

Remarkable the decrease of the ratio of chlorophylls a : b  and the reduce of the
content of chlorophylls (a + b) in T. natans submerged leaves  are  typical for
leaves grown under conditions of lowering of light (Gorishina, 1989; Nikolaeva,
Vlasova, 1990); These signs are shown the significant contribution of chlorophyll b
for intensification of PS II function under lowering light. Besides, these authors are
considered the similar signs as the indicators of the adaptation during shading that
helps to preserve of the balance the light absorption between PSI and PSII (Ander-
son, 1986; Gorishina, 1989; Nikolaeva, Vlasova, 1990).

Besides, we observed the appearance or the presence of hyper electron dense
formations in the vacuoles, in connection with the cell walls and in the organelles
in the submerged leaves of T. natans. It is possible, that similar dense structures are
contained   the tannins (phenolic compounds), which early wrote by A.Vasilyev
(Vasilev, 1972) in the vacuoles of Pinus sibirica cortex cells, can complex with
numerous types of molecules, including, cellulose, proteins and other (Haslam,
1989). These cellulose-tannin interactions are toxic for a lot microorganisms and
alga, that, it is possible, are the protectors for an invasion of microorganisms into
submerged organ of plant.

Conclusions

1. Submergence in natural water habitats led to change of anatomical structure of
2. Trapa natans submerged leaves, affect the shape, size and structure of leaflet.
3. The ultrastructure of floating leaf mesophyll in T. natans at vegetative
4. stage indicates the typical cellular signs of mesophytes.
5. Submergence leads to the change of ultrastructure in undifferentiated mesophyll

(parenchyma) cells and causes the decrease of chlorophylls and carotenoids
content.
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Abstract The comparative analysis of the polysaccharides composition of cell walls and cel-
lular distribution of lignin and cellulose in epidermis and mesophyll of Trapa natans and
Sagittaria sagittifolia above-water and submerged leaves was carried out with the standard
biochemical methods and the laser confocal microscopy. The images of quantitative distribu-
tion of lignin and cellulose in the cell walls were obtained on cellular level depending on the
type of leaf tissue and on environment conditions of leaf growth. The increase of lignin, and
hemicelluloses were established in submerged leaves of two studied species, whereas the
change of pectin and protopectin content are characterized by the species dependent. The role
of lignin and cellulose in the cellular mechanisms of adaptation to nature flooding is dis-
cussed.

Key words: Cell wall; Polysaccharides; Lignin; Cellulose; Laser confocal microscopy; Trapa
natans; Sagittaria sagittifolia

Introduction

Flooding is the one of the major abiotic stresses for plants. This stress provokes
the appearance of a serious problem for agriculture and a major determinant of
species preservation and distribution in natural populations. Soil waterlogging
identified as a major abiotic stress and the constraints it imposes on roots and
shoots have marked effects on plant growth and development (Armstrong, Drew,
2002; Jackson, Colmer, 2005; Dat et al., 2006; Parent et al., 2008). The main
problem during flood is the shortage of oxygen and CO2 due to the change diffu-
sion rates of gasses in water. The outer cell walls of submerged leaves and shoots
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are the one and the main barriers between plant and water environment. The recent
data shown the presence of cuticle pores in the outer cell walls of leaves as in the
terrestrial plants (Schonherr, 2006), so and in the submerged leaves of some hydro-
phytes and rice seedlings (Rose-John, Kende, 1985; Nedukha, 2010) with the using
of the standard biochemical methods and transmission electron microscopic
method. Besides, it was established the effect of submergence on lignin and cellu-
lose content in the submerged shoots of Ludwigia repens (Little, 2003). An inte-
grated study of biochemical composition and content of the main polysaccharides
of cell wall in submerged leaves and distribution of these polysaccharides in epi-
dermal and mesophyll cells of typical hydrophytes are not studied enough. The aim
of our experiments was to investigation the localization and distribution of lignin
and cellulose in the cell walls of different tissues, and also to determine the content
of the main polysaccharides in submerged and air leaves of Trapa natans L. and
Sagittaria sagittifolia L. water plants.

Material and methods

Plant material Trapa natants (water chestnut) and Sagittaria sagittifolia
above-water and submerged leaves were used to study. Water plans were har-
vested in June at the vegetative stage of plant growth. Plants grew in water along-
shore of the Rusanivskiy canal (left Shore of Dnepr River, in Kyiv) on the depth of
80-100 cm. The sun illumination (photosynthetic photon fluency rate (PPFR)) on
the floating (of T. natans) and air (above-water of S. sagittifolia) leaf surface was
1450-1500 µmol quantum·m-2·sec-1, and on the abaxial surface was 800-850 µmol
quantum·m-2· sec-1; on the upper surface of the submerged leaves of S. sagittifolia
plants (about 10-12 cm below the water surface) was 14-17 µmol quantum·m-2· sec-1.
The measure of PPFR is cannot be done about 80-100 cm (where were collected
submerged leaves of T. natans) below the water surface. PPFR was measure by the
means of the Light Meter LI-250 (USA, LI-COR). The temperature of water was +
18oC and the temperature of air was + 20oC. For the microscopic investigations we
used leaves by three plants from each species: (1) Floating leaves of T. natans,
which were mature, and they be situated on periphery of rosette, and also the first
and second submerged dissected leaves (Fig. 1a); and (2) Air (sagittate form) (Fig.
1b) leaves and elongated submerged (Fig. 1b, c) from three S. sagittifolia plants.
The leaves from 9-11 plants of the each species were used for the biochemical in-
vestigations.

Microscopy and biochemical analyses The cytochemical method accordingly to
C. Smith et al. (1986) was used for the study of both distribution lignin and relative
content of this polysaccharide in walls. The live samples leaflets were stained for
5-10 min in 0,001% solution of auramine-O (Sigma) dissolved in water (on along-
shore of the Rusanivskiy canal), intensively washed with H2O, then in 0.05 M pho-
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sphate buffer, post fixed in the solution of 1.0 % paraformaldehyde in 0.05 M pho-
sphate buffer, pH 7.2 et +4oC; then the samples were examined with laser scanning
confocal microscope LSM5 (Zeiss, Germany). For detection of complex auramine-
O–lignin fluorescence a laser was excited at 543 nm, and the fluorescence emission
detected at 598 nm wave length using using an x 10, x 20 and x 40 objectives the
PASCAL program. Chlorophyll auto fluorescence was excited at 440 nm and flu-
orescent emission detected et 660 nm. Three replications of cytological study of
leaves were made.

Fig. 1. General view of Trapa natans (a) and Sagittaria sagittifolia (b, c) leaves

The cytochemical method accordingly to W. Herth (1980) was used for the stu-
dy of both distribution cellulose and relative content of this polysaccharide in
walls. The samples of leaflets were fixed in the solution of 1.25% paraformaldehy-
de in 0.05 M phosphate buffer, pH 7.4 at +4oC; washed with the buffer and stained
for 5-10 min in 0,001% solution of calcofluor white RW (Sigma) dissolved in the
buffer. The samples were examined with laser canning confocal microscope LSM5
(Zeiss, Germany). Complex calcofluor-cellulose fluorescence intensity was measu-
red in the cell walls as a function of emissions wave length using the PASCAL
program. Calcofluor-cellulose was excited at 494 nm and fluorescence emission
detected at 516 nm using an x 10, x 20 and x 40 objectives. Chlorophyll auto flu-
orescence was excited at 440 nm and fluorescent emission detected at 660 nm.
Three replications of cytological study of leaves were made.

Common cellulose, lignin, hemicelluloses, pectin and protopectin content were
determined in 9-11 leaves (without middle midrib) using the standard protocols as
described by V. Arasimovich and A. Ermakov (1987). The dry samples were used
for the biochemical study. Three replications of each biochemical analysis were
made. Values of biochemical and cytochemical results were expressed as the mean
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and standard errors. Statistical significance of relative content of lignin and cellu-
lose in cells was determined using the BIO software (Institute of Botany, Kiyv,
Ukraine) and a Student’s test (P < 0.05).

Results and discussion

Trapa natans. Lignin investigation

Floating leaves. Cytochemical analysis of lignin in the leaves are shown as the
yellow fluorescence in the walls of adaxial and abaxial epidermis, and also in pali-
sade and spongy mesophyll (Fig. 2a-c). But the fluorescence intensity of auramine-
O-lignin complex was different in the tissues (Tab. 1; Fig. 2e, f). Outer wall of
epidermis had the greatest fluorescence intensity of auramine-O-lignin complex in
the comparison with other walls of epidermis and mesophyll. It is revealed that
maximum frequency for lignin in the abaxial epidermal cell was 25200 (pixels,
yellow line) at intensity (Fig. 2h), the maximum frequency for auto fluorescence of
chlorophyll in that abaxial epidermal cell was 600000 (pixels, red line) at intensity
(Fig. 2h),

The content of lignin in the floating leaves was high (Tabl. 2), and it was
amount to 68.6 ± 4.9 mg/g DW.

Submerged leaves. Similarly, cytochemical analysis of the complex auramine-
O-lignin in submerged leaves of T. natans showed yellow fluorescence of lignin in
cell walls of epidermis (Fig. 2 e) and photosynthesizing cells. There were some
differences in fluorescence intensity of lignin in cell walls of epidermis and cell
wall inner parenchyma. The level of fluorescence intensity of lignin is presented in
the Table 1 and Fig. 2g, g′ (diagram). Luminescense intensity changes in sub-
merged leaves: 1.52 times increased in anticlinal walls, 1.2 times – in periclinal
wall of epidermis; and decreased 1.66 times in cell wall of photosynthesizing pa-
renchyma (in comparison with that in cell walls of epidermis and spongy meso-
phyll of swimming leaf, accordingly). It is necessary to note that independently
from the condition of leaf growth the relative content of lignin in the anticlinal
walls in epidermis always was more than in periclinal cell walls. It is revealed that
maximum frequency for lignin in the epidermal cell of submerged leaf was 16
times more (400000 pixels, yellow line) at intensity (Fig. 2g), whereas the maxi-
mum frequency for auto fluorescence of chlorophyll in epidermal cell of sub-
merged leaves was three times less (= 200000 pixels) than that in floating cells
(Fig. 2g).

The content of lignin in submerged leaves was increases 1.65 times in the com-
parison with that in the swimming leaves (Tab. 2).
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Fig. 2. Micrographs of cytochemical fluorescence of lignin in the floating (Fig. a-c) and
submerged leaf cells (d) of Trapa natans. Localization of lignin has yellow fluorescence.

Tissue types are noted: a - adaxial epidermis, b - abaxial epidermis, c - palisade and spongy
mesophyll; e, e′,  f, f′, g, g′ -   histograms of fluorescence intensity of lignin (yellow line)
and chlorophyll auto fluorescence intensity (red line). Ordinate –Fluorescence intensity,
relative units (pixels). Abscissa – Distance (µm), which was scanned on the figure e, f, g.
This distance is shown as white line on the figure e′, f′, g′. On Figure d – 3D structure. On
Figures h and i – absolute frequency of pixels for lignin (yellow graph) and for auto fluo-

rescence of chlorophyll (red graph). Bars = 50 µm
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Table 1. The intensity of auramine-O-lignin complex fluorescence in above-water and
submerged leaves of  T.  natans  and  S.  sagittifolia at vegetative stage

Species/tissue/cell wall Floating
(or above-water) leaf Submerged  leaf

Trapa natans:
Adaxial epidermis (or epidermis of  round particles
of  submerged leaf)
–  outer (periclinal) wall
–  anticlinal wall
Stomata
–  cell wall of pore
–  outer (periclinal) wall of guard cell
–  anticlinal wall of guard cell
Abaxial epidermis
–  outer (periclinal) wall
–  anticlinal wall
Palisade  mesophyll
Spongy mesophyll (or photosynthesizing cell of
     submerged leaf
Sagittaria sagittifolia:
Adaxial epidermis (or epidermis of  submerged leaf)
–  outer (periclinal) wall
–  anticlinal wall
Stomata
–  cell wall of pore
–  outer (periclinal) wall of guard cell
–  anticlinal wall of guard cell
Abaxial epidermis
–  outer (periclinal) wall
–  anticlinal wall)
Stomata
–  cell wall of  pore
–  outer (periclinal) wall of guard cell
–  anticlinal wall of guard cell
Palisade  mesophyll
Spongy mesophyll (or photosynthesizing cell
of       submerged leaf

  69  ± 4.3
152 ± 12

   
207 ± 11
113 ± 10
135 ± 17

86  ± 7.9
155 ± 11
173 ± 15

  68 ± 7

90 ± 5.9
160 ± 11

171 ± 14
   83 ± 7
136 ± 12

 27± 3.9
 70 ± 5.7

207 ± 21
  53 ± 5.3
  65 ± 5.2
  55 ± 3.7
  34 ± 2.1

    81 ± 2.7*
  231 ± 19***

Absent

  

Absent

   41 ± 5**

242  ±  11***
191  ± 9.1*

Absent

   50 ± 3.7***

*, **, *** indicated values that differ significantly from the fluorescence intensity of auramine-lignin complex
of  above-water leaves at p = 0.05; p = 0.01; p = 0.001, respectively
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Table 2. The some biochemical characteristics of  T.  natans and S.  sagittifolia leaves at
vegetative stage. Effect of nature flooding is significantly different

(*P <  0.05, **P < 0.01 and ***P < 0.001) from air-water conditions

Trapa natans Sagittaria  sagittifolia

           Parameter Floating
leaf

Submerged
leaf

Above-water
(air) leaf

Submerged
leaf

Middle  content of water in leaf, %
Content of   lignin, mg/g DW
Content of  cellulose, mg/g DW
Content of  hemicellulose, mg/g DW
Content of pectin, mg/g DW
Content of protopectin, mg/g DW

81,4 ± 0.9
68.6 ± 4.9
196 ± 11
165 ± 13
118 ±10

101 ± 9.5

90,5  ± 0.8**
113 ± 14***
147 ± 10*

241 ± 12***
117 ± 11

45.7 ± 3.7***

88,7 ± 0.7
25.6  ± 3.1

86 ± 5.9
357 ± 11
210 ± 14
22.7± 9.1

93,8 ± 0.9***
58.6 ± 4.9***

71  ±  3.7*
397 ± 12*

50.4 ± 4.7***
86.3 ± 7.1***

Sagittaria sagittifolia. Lignin investigation

Above-water (air) leaves. Cytochemical analysis of lignin in arrow-like leaves
of S. sagittifolia showed bright yellow fluorescence of lignin in the cell wall of
epidermis and mesophyll cells, similar to that observed in floating leaves of Trapa
natans (Fig. 3a, b). The level of luminescence intensity is presented in Table 1 and
Fig. 3e′. The analysis of lignin luminescence intensity showed that relative content
of lignin in walls of adaxial epidermis was more than that in cell walls of lower
epidermis. The relative content of lignin in cell walls of mesophyll was decreased
by 2-4 times in the comparison with that in walls of an adaxial epidermis. It is re-
vealed that maximum frequency for lignin in the abaxial epidermal cell, and meso-
phyll cell was to 100000 (pixels, yellow line) at intensity, the maximum frequency
for auto fluorescence of chlorophyll in that mesophyll cell was 800000 (pixels, red
line) at intensity (Fig. 3f).

The content of lignin in the air leaves of S. sagittifolia was 2.6 times less than in
the floating leaves of T. natans (Tabl. 2), and it was amount to 25.6 ± 3.1 mg/g DW.

Submerged leaves. Cytochemical analysis of the complex auramine-O-lignin in
submerged leaves of of S. sagittifolia showed yellow fluorescence of lignin in cell
walls of epidermis and photosynthesizing cells (Fig. 3c, d). There were some dif-
ferences in fluorescence intensity of lignin in cell walls of epidermis and cell walls
of photosynthesizing parenchyma. The level of fluorescence intensity of lignin is
presented in the Table 1 and Fig. 3f, f’ (diagram). It is revealed that maximum fre-
quency for lignin in the epidermal cell of submerged leaf was 3 times more
(300000 pixels, yellow line) at intensity (Fig. 3h), whereas the maximum frequency
for auto fluorescence of chlorophyll in epidermal cell of submerged leaves was
considerably less than that in air-water leaves of S. sagitiffolia. The content of lig-
nin in submerged leaves was increases 2.28 times in the comparison with that in the
air-water leaves (Tab. 2).
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Fig. 3.   Micrographs of cytochemical fluorescence of lignin in the air (Fia. a, b) and sub-
merged leaf cells (c, d) of  Sagittaria sagittifolia. Localization of lignin has yellow fluores-

cence. Tissue types are noted: a - adaxial epidermis, b – transverse section across leaf,
c – epidermis, d – photosynthesizing parenchyma; e, e′, f, f′ -   histograms of fluorescence

intensity of lignin (yellow line) and chlorophyll auto fluorescence intensity (red line).
Ordinate –Fluorescence intensity, relative units (pixels). Abscissa – Distance (µm), which

was scanned on the figure e, and f. This distance is shown as white line on the  figure e
′and  f′. On Figure a – 3D structure. On Figures g and h – absolute  frequency of pixels for
lignin (yellow graph) and for auto fluorescence of chlorophyll (red graph). Bars = 50 µm
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Trapa natans. Cellulose investigation

Floating leaves. Cytochemical analysis of cellulose in the leaves are shown as
the regular green fluorescence in the walls of adaxial and abaxial epidermis, and
also in palisade and spongy mesophyll (Fig. 4a-c). Еhe fluorescence intensity of
calcofluor-cellulose complex was different in the tissues (Table 3; Fig. 4 g). Outer
wall of epidermis had the greatest fluorescence intensity of calcofluor-cellulose
complex in comparison with other cell walls of mesophyll. The maximum fre-
quency for cellulose in the abaxial epidermal cell was 20000 (pixels, green line) at
intensity (Fig. 4 i).

The content of cellulose in the floating leaves was 2.9 times more than the con-
tent of lignin in those leaves (Tab. 2).

Submerged leaves. Similarly, cytochemical analysis of the complex calcofluor-
cellulose in submerged leaves of T. natans showed green fluorescence of cellulose
in cell walls of epidermis and photosynthesizing cells (Fig. 4d, e, f). There were
some differences in fluorescence intensity of cellulose in cell walls of epidermis
and inner photosynthesizing parenchyma. The level of fluorescence intensity of
cellulose is presented in the Table 3 and Figure 4h, h′ (diagram).

Luminescense intensity changes in submerged leaves: two times decreased in
anticlinal cell walls of epidermis in comparison with those in air leaves. Whereas,
luminescense intensity in walls of photosynthesizing parenchyma was lightly more
in comparison with that in mesophyll in arrow-like leaves. The maximum fre-
quency for cellulose in the epidermal cell of submerged leaf was near 25000 pixels,
green line) at intensity (Fig. 4j), whereas the maximum frequency for auto fluores-
cence of chlorophyll in epidermal cell of submerged leaves was three times less
than that in floating cells (Fig. 4 j), its was equaled 40000 pixels.

The content of cellulose in submerged leaves is decreasd in the comparison with
that in the floating leaves (Tab 2).

Sagittaria sagittifolia. Cellulose investigation

Air leaves. Cytochemical analysis of cellulose in the leaves are shown as the
regular green fluorescence in the walls of adaxial and abaxial epidermis, and also
in palisade and spongy mesophyll (Fig. 5a-c). Еhe fluorescence intensity of calco-
fluor-cellulose complex was different in the tissues (Tab. 3; Fig. 5g). Outer wall of
epidermis had the greatest fluorescence intensity of calcofluor-cellulose complex in
comparison with other cell walls of epidermis and mesophyll. The maximum fre-
quency for cellulose in the abaxial epidermal cell was 25000 (pixels, green line) at
intensity (Fig. 5i), and frequency for chlorophyll was 150000 (pixels, red line) at
intensity.
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Table 3. The intensity of  calcofluor-cellulose complex fluorescence in above-water
and submerged leaves of T. natans and S. sagittifolia at vegetative stage

Species/tissue/cell wall Floating
(or above-water) leaf Submerged  leaf

Trapa natans:
Adaxial epidermis (or epidermis of  round particles of
submerged leaf)
–  outer (periclinal) wall
–  anticlinal wall
Stomata
–  cell wall of pore of guard cell
–  outer (periclinal) wall of guard cell
–  anticlinal wall of guard cell
Abaxial epidermis
–  outer (periclinal) wall
–  anticlinal wall
Palisade  mesophyll
Spongy mesophyll (or photosynthesizing cell
of submerged leaf
Sagittaria sagittifolia:
Adaxial epidermis (or epidermis of  submerged leaf)
–  outer (periclinal) wall
–  anticlinal wall
Stomata
–  cell wall of pore of guard cell
–  outer (periclinal) wall of guard cell
–  anticlinal wall of guard cell
Abaxial epidermis
–  outer (periclinal) wall
–  anticlinal wall)
Stomata
–  cell wall of  pore of guard cell
–  outer (periclinal) wall of guard cell
–  anticlinal wall of guard cell
Palisade  mesophyll
Spongy mesophyll (or photosynthesizing cell
of submerged leaf

 158 ± 12
 150 ± 13

   
   42 ± 3.2
 108 ± 10
   63 ± 5.5

 142 ± 13
   95 ± 7.1
   51 ± 4.8

  44 ± 2.7

   99 ± 9
146 ± 13

   
  45 ± 3.9
  52 ±  3.7
113 ± 11

 30  ± 3.7
112 ± 11

 49 ± 3.8
 36 ± 3.1
147 ± 17
106 ± 11

 56 ± 3.5

129 ± 11*
  72 ± 6.3***

Absent

  

Absent

  54 ± 2.1**

 41  ±  3.7***
 69  ± 5.7***

Absent

 69 ± 3.9*
*, **, *** indicated values that differ significantly from the fluorescence intensity of calcofluor-cellulose complex
of above-water leaves at p = 0.05; p = 0.01; p = 0.001, respectively

 The content of cellulose in the air leaves T. natans was 3.4 times more than the
content of lignin in those leaves (Tab. 2).

Submerged leaves. Similarly, cytochemical analysis of the complex calcofluor-
cellulose in submerged leaves of S. sagittifolia showed green fluorescence of cel-
lulose in cell walls of epidermis and photosynthesizing cells (Fig. 5d, e, f). There
were some differences in fluorescence intensity of cellulose in cell walls of epi-
dermis and cell walls of inner parenchyma. The level of fluorescence intensity of
cellulose is presented in the Table 3 and Figure 5h, h′ (diagram).
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Fig. 4.  Micrographs of cytochemical fluorescence of celulose in the floating (Fia. a-c)
and   submerged leaf cells (d-f) of  Trapa natans. Localization of cellulose has green fluo-
rescence. Tissue types are noted: a - adaxial epidermis, b – transverse section across leaf,
c – mesophyll, d ––1st layer of parenchyma in submerged leaf; g, g′, h, h′ -   histograms of
fluorescence intensity of cellulose (green line) and chlorophyll auto fluorescence intensity

(red line). Ordinate –Fluorescence intensity, relative units (pixels). Abscissa – Distance
(µm), which was scanned on the figure g, and h. This distance is shown as white line on
the figure g′ and  h′. On Figures a, b , c ,d  – 3D structure. On Figures  j and h – absolute

frequency of pixels for cellulose (green graph) and auto fluorescence of chlorophyll
(red graph). Bars = 50 µm
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Fig. 5.  Micrographs of cytochemical fluorescence of celulose in the air (Fia. a-c) and submerged leaf
cells (d, e) of Sagittaria sagittifolia. Localization of cellulose has yellow fluorescence. Tissue types

are noted: a - adaxial epidermis, b – spongy mesophyll, c – abaxial epidermis, d, e  - photosynthesiz-
ing parenchyma of submerged leaf;  f, f′, g, g′ -   histograms of fluorescence intensity of cellulose

(green line) and chlorophyll auto fluorescence intensity (red line). Ordinate –Fluorescence intensity,
relative units (pixels). Abscissa – Distance (µm), which was scanned on the figure f, and g. This

distance is shown as white line on the figure f′and  g′. On Figures a and c  – 3D structure. On Figures
h and j – absolute frequency of pixels for cellulose (green graph) and for auto fluorescence of chloro-

phyll (red graph). Bars = 50 µm
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Luminescence intensity changes in submerged leaves: two times decreased in
cell walls of epidermis in comparison with those in air leaves. Whereas, lumines-
cence intensity in walls of photosynthesizing parenchyma did not differ from that
in cell walls of mesophyll in arrow-like leaves. It is necessary to note that inde-
pendently from the condition of leaf growth the relative content of cellulose in the
anticlinal walls in epidermis always was more than in periclinal cell walls. It is
revealed that maximum frequency for cellulose in the epidermal cell of submerged
leaf was less (20000 pixels, yellow line) at intensity (Fig. 5j), the maximum fre-
quency for auto fluorescence of chlorophyll in epidermal cell of submerged leaves
was also less than in air leaves, its account 100000 pixels (Fig. j).

The content of cellulose in submerged leaves is lightly decreased in the com-
parison with that in the air leaves (Tab 2).

Discussion

Thus, we showed the presence of lignin in submerged and above-water leaves
of two species hydrophytes (Trapa natans and Sagittaria sagittifolia) and also the
increased content of lignin in the submerged leaves are like to that in submerged
shoots of Ludwigia repens (Little, 2003). S. Little shown that in submerged shoots
of L. repens contained lignin 1.6 times more than this polysaccharide in the above-
water shoots. Why it is occurs? It is known that lignin is highly branched polymer
of phenylpropanoid compounds formed through a complex biosynthesis route
(Rastogi, Dwivedi, 2008), synthesis of lignin is depend on the several endogenic
and exogenic factors, including light, temperature, gases and biotic stresses (Moura
et al., 2010). In consideration of functional significance of lignin as mechanical
support allowing plant to stand (Niklas, 1992), and that during submergence leaves
and shoots must to oppose water pressure (weigh) and action of wave (Tyree,
Cheung, 1977; Niklas, 1992). Submerged leaves are losing trichomes, stomata and
thicker cuticle (Nedukha, 2011); therefore the surface of epidermal cells in sub-
merged leaves become more accessible for an invasion of pathogens. It is known
that in cells of leaves and shoots are occurs an increase in lignifications in re-
sponses to attack by pathogens (bacteria, fungi) (Hano et al., 2006; Moura et al.,
2010). It is known that lignin polymer is synthesized by random radical coupling of
hydroxycinnamyl subunits called monolignols, mainly conyferyl (CA), sinapyl
(SA) and p-coumaryl alcohols (p-CA) ( Boerjan et al., 2003.). Besides, the water
pressure and the speed of Stream River also can to effect on the growth and struc-
tural-functional parameters of tissue and cell in the Veronica anagallis-aquatica
submerged leaves (Boeger, Paulson, 2003). The latter data did not exclude as the
influence water environment and the activation of monolignols (CA, SA, p-CA)
synthesis on lignin content in T. natans and S. sagittifolia leaves.
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The cytochemical analysis of lignin in different tissues of air leaves of T. natans
and S. sagittifolia revealed the increase content of lignin in cell walls of adaxial
epidermal tissue in comparison with walls of mesophyll and abaxial epidermis. It is
known that adaxial epidermis is the one barrier and protection of leaf from action
of ultraviolet, which is provoke the intensified synthesis of lignin (Hilal et al.,
2004; Moura et al., 2010). Taking into account the above and the results of our
experiments the greatest fluorescence of lignin in the adaxial epidermis cell of
leaves that situated above water surface of T. natans and S. sagittifolia, it is sug-
gested that outer epidermis of studied leaves of hydrophytes protects of floating
leaves from the increased UV radiation so the part of it is reflected from ambient
water surface.

Cytochemical analysis of epidermis in T. natans and S. sagittifolia leaves
showed that the fluorescence intensity of cellulose dependents from wall type: in
the periclinal epidermal walls of submerged leaves (independently of the plant
species) its content was less than that in above-water leaves. Whereas the relative
content of cellulose in walls of photosynthesizing cells was more than in that in
cells of spongy parenchyma air leaves. It is known that polysaccharide cellulose
forms semi crystalline microfibrils that impart considerable mechanical strength,
and it’s can certainly be considered to be a major contributor to overall plant
strength and the same tensility in secondary walls (Delmer, Amor, 1995). Based on
the data of these authors the following suggestion could be made; in the underwater
environment cellulose of outer periclinal walls in epidermal cells of the studied
plants are more flexible, whereas cell walls of parenchyma cells in submerged
leaves, it is possible, are capable more mechanical strength. For the present these
questions leave open.

Biochemical analysis revealed differences in the values of cellulose in the sub-
merged and above-water leaves of T. natans and S. sagittifolia: the light lessening
in leaves of T. natans and significant decrease in leaves of S. sagittifolia. The data
relative to cellulose content in plants grown at flooding are diverse. Rose-John and
Kende (1984) did not revealed the difference in rice air-grown and submerged in-
ternodes in content of cellulose, whereas Little (2003) shown decrease 1.5 times
cellulose content in Ludwigia repens submerged shoots in comparison with above-
water shoots. It is possible; it is depend from species, tissue, and stage of plant
growth. We suggest that the decrease cellulose content in submerged leaves of the
studied species is caused by the inhibition of CesA genes (cellulose synthase cata-
lytic subunit), which encodes the enzyme responsible for cellulose synthesis in
primary (Arioli et al., 1998; Taylor et al., 2000) and secondary wall (Tanaka et al..
2003).

Besides, biochemical analysis revealed differences in the values of hemicellulo-
ses and pectin in submerged and above-water leaves of T. natans and S. sagittifolia.
These polysaccharides are the components of wall matrix, from which depend of
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cell wall ultrastructure, cross-link of cellulose microfibrils and binding of pectin
with metal ions (Delmer, Amor, 1995).

Thus, the obtained results revealed the particularities of polysaccharides of cell
walls of T. natans and S. sagittifolia submerged leaves, which can be used as a
basis for future study of both adaptation mechanisms of agricultural plants during
flood, and possible for gene-engineering of plant stability in flooded area.
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Abstract. The response of growth characteristics (shoots and roots dry matter, number and
length of particular components of the root system) of maize and triticale to different soil
compaction levels were investigated. A experiment was conducted with plants grown
in a root-box with soil bulk densities throughout the 0-40 cm soil profile of 1.10, 1.34 and
1.58 g cm -3 corresponding to a soil strength of 0.73, 1.05 and 1.68 MPa, respectively. Meas-
urement of growth characteristics were carried out 21 and 49 days after sowing. Plants grown
under the moderate (M) or severe (S) level of soil compaction in comparison to treatment
with low soil compaction (L), showed a decrease in leaf number, dry matter of stem and
leaves (DMS) and roots (DMR), and an increase in the shoot to root (DMS/DMR) ratio.
Distinct differences in distribution of roots in the soil profile of root boxes were observed. In
moderate (M) and severe (S) soil compaction levels in comparison to low level (L), a slight
increase in dry root matter in the top level (0-15 cm) of the soil profile was observed, as was
a drastic decrease in root biomass in M and S treatments in the soil profile from 15 to 30 cm
and from 30 to 40 cm. Different soil compaction levels did not influence the number of semi-
nal and seminal adventitious roots but decreased their length, as well as their number and to-
tal length in nodal roots. Future studies of the response of plants to growth in soil compaction
should examine in more detail, chlorophyll fluorescence, hormonal signals from roots and the
relationship between sink and source with regard to water and carbon supply.

Key words: Soil compaction; Maize; Triticale; Biomass; Root architecture

Abbreviations:

DMS- shoot dry matter, DMR- root dry matter, L, M, S- low, medium, severe
soil compaction, respectively.
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Introduction

The growth of plants roots is affected by physical factors in the soil and soil
compaction is an abiotic stress that damages crop plants. Soil mechanical imped-
ance is caused mainly by the use of heavy machinery in soil cultivation and by
natural processes. Soil compactions as well as changes in soil water potential are
two major factors that cause high mechanical impedance or excessive soil strength
(Henderson 1991, Yamauchi 1993, Masle 2002). A change in growth traits was
found in wheat, cotton and peanuts which were caused by high soil compaction.
Growth of the above ground part of a plant is greatly reduced, compared to the
root, when plants are grown with a restricted rooting volume or on compacted soils
(Masle and Passioura 1987, Masle et al. 1990, Bingham and Bengough 2003).
Slower leaf growth of young seedlings grown on compacted soil and plants were
still in the grain reserve-dependent early growth stage. At later growth stages,
plants grown on compacted soils were found to have a higher photosynthetic rate
and total leaf surface had been substantially reduced. These results suggested that
carbon supply was not a major factor limiting growth and there is no evidence that
a lack of nutrients or water were limiting growth (Castillo et al. 1982, Hoffmann
and Jungk 1995, Ishaq et al. 2001, Williams and Weil 2004).

Typical responses of a plant root system structure to soil compaction include
reduction in number and length of roots, restriction of downward penetration of the
main root axes, decrease in leaf thickness, increase in the dry matter shoot-to-root
ratio and a decrease in crop grain yield (Clark et al. 2003, Fageria et al. 2006). The
degree of restriction of root growth in compact soil depends also on the species and
the age of the plants (Yamauchi 1993, Masle 2002). Inhibited plant growth is
mostly attributed to reduced rooting volume (Iijima and Kono 1991, Yamauchi
1993, Masle 2002, Fageria et al. 2006, Grzesiak 2009). Sometimes during short-
time growth under high soil impedance, a temporary increase in the number and
length of laterals roots was observed (Yamauchi 1993, Iijima et al. 2004). A hor-
monal signal from the roots is the cause of shoot growth reductions on compacted
soils and a hormonal mechanism may play a role in controlling root growth re-
sponse to mechanical impedance on compacted soils (Jackson 2002, Else et al.
2009).

The restrictive effect of soil compaction can be physically and physiologically
constraining to overall plant growth and yield through poor development of the
root system as high soil impedance influences root elongation and proliferation (Tu
and Tan 1991, Lipiec et al. 1993, Iijima et al.1994, Grzesiak 2009). In wheat, root
length, root density and grain yield can be reduced in compacted soil compared to
the non-compacted (Oussible et al. 1993). The effects of soil compaction are em-
phasized in drought stressed plants. In limited-rainfall areas, compacted soil can
amplify these effects by reducing the ability of plants to exploit ground soil water
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reservoirs. Water use is primarily determined by root system density and depth
during periods of soil drought (Thangraj et al. 1990). Increased root density and
depth may be responsible for drought avoidance in some rice genotypes. Therefore,
identification of genotypes with a greater ability to penetrate compacted soil layers
is important in developing superior drought-resistant cultivars (O'Toole and
DeDatta 1983). In the study by Yu et al. (1995), rice cultivars from dry-land ori-
gins had greater root penetration ability than cultivars from wetland origins.

As acquisition of water and mineral nutrients is primarily determined by the di-
mension of the root zone and distribution of root density, root proliferation and
elongation are therefore closely related to soil water content and photosynthesis of
the plants in exposure to soil compaction (Iijima and Kono 1991, Oussible et al.
1993, Yamauchi 1993). Although it is reported that the responses of growth in each
root type and root system architecture to compacted soil are different among plants
with concentrated and scattered root systems (Iijima and Kono 1991), there is lim-
ited knowledge regarding relations between the modification in root system archi-
tecture and gas exchange and water regime of leaves (Yamauchi 1993, Grzesiak et
al. 2002). Some researches indicate that there are genotypic differences of root
growth tolerance to soil compaction and it is important to know the characteristics
of roots associated with high tolerance to soil compaction for plant breeding (Iijima
and Kono 1991, Grzesiak 2009). According of studies by Materechera et al.
(1992), the size of the root has a significant effect on the root ability to penetrate
a strong soil compaction layer. Vocanson et al. (2006) observed in Pea cultivars
that differed in sensitivity to soil compaction, displayed reduced root distribution in
the soil profile which had a direct impact on the final depth reached by the roots.

According to Kono et al. (1987) and Yamauchi (1993), the root system structure
of cereal plant consists of seminal, seminal adventitious, nodal and lateral roots.
The cereal species develop two types of root system, depending on the angle of
growth of branches (lateral roots) and their distribution in a soil profile. A root
system of a “concentrated type” has a greater number of nodal roots densely dis-
tributed. Another type designated as ”scattered”, has fewer but longer nodal roots,
many of which run obliquely and vertically in the soil profile. Maize root systems
belong to the “scattered” type, and triticale to the “concentrated” type (Yamauchi
et al. 1987, Kono et al. 1987).

The aim of this study was to examine the effect of growth response of maize
and triticale seedling to different levels of soil compaction, in relation to the com-
paction effects on the dry matter of shoot and roots, number and length of all com-
ponents of a root system. Also the root system structure was analyzed by separately
determining traits for each component, rather than dealing with the entire roots
mass. Maize and triticale have different types of photosynthesis (C3-triticale, C4-
maize) and a root system structure, which is “concentrated” for triticale and
“scattered” for maize. The responses of these two species to soil compaction would
explain how these species manage their growth.
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Materials and methods

Plant material. The research was carried out on plant material obtained from a
breeding station in Choryn, Poland (triticale-breeding strain, CHD-147) and from
SAMPLO–Holding Tristina, Slovakia (maize single-cross hybrids, Nova).

Growth conditions. Plants were grown in air-conditioned growth cabinets under
the following day/night conditions: temperature 23/18oC (± 2.5oC), relative humid-
ity (RH) 70/60% (± 5%) and during a 14 h day from 7:00 to 21:00 (artificial irradi-
ance from high pressure sodium lamps, Philips SON-TAGRO, 400 W) PAR was
equal to about 350 μmol m-2 s-1.

Plants were grown in root boxes, which enabled the non-destructive isolation of
all compartments of the root system and the pin board set was used according to
Kono et al. (1987). The set of a “root pin board method” consists of a plexiglass
root box (width – 0.25 m, depth – 0.40 m, thickness – 0.02 m), a pin board for
sampling the root system, and a polyethylene sheet (envelope) for handling and
preserving the root system. Root boxes were filled with a mixture of soil, peat and
sand (1:1:3 – v:v:v). Air-dried soil substrate was sieved in a 0.25 cm mesh and
mixed with a compound fertilizer (N - 28 mg, P - 18 mg, K - 14 mg) at the rate per
1 kg of the soil substrate. Three treatments were used to compare the effect of soil
compaction on low seedling growth (low- L, moderate- M and severe- S). For
those treatments, the soil bulk densities throughout the 0-40 cm soil profile was set
at 1.10, 1.34 and 1.58 (g cm-3) corresponding to a soil strength of 0.73, 1,05 and
1.68 (MPa), respectively. Prior to sowing, root boxes were soaked with water for
30 minutes and dried for 48 hours. Eight hours after the soaking of a root-box,
volumetric soil water content in treatments: L, M and S, was 0.47, 0.43 and 0.39
(cm3 cm-3) respectively. After 48 hours the volumetric soil water content decreased
to 0.25, 0.21 and 0.18 respectively. According to Hillel and van Bavel (1976) these
values were assumed to be 100% of soil field water capacity (FWC). A single pre-
germinated grain was planted at a depth of 3 - 4 cm. The root-boxes were weighted
every day, and the amount of the water loss through transpiration was refilled to
keep the constant mass of root-boxes in each treatment at a level of 65-70% FWC.

Mean mechanical impedance in soil substrate profile from 5 to 35 cm for treat-
ments L, M and S of air-dried soil were 0.84, 1.23 and 1.99 MPa, respectively and
for wet soil (65–70% FWC), were 0.73, 1.05 and 1.68 MPa, respectively. For all
treatments soil mechanical impedance for air-dried soil were consistently higher in
comparison with wet soil. Differences between L, M and S treatments were 0.11
0.18 and 0.31 MPa, respectively. On average, in treatment S mechanical impedance
of air-dried and wet soil were 2.4 and 1.6 times higher than treatments L and M,
respectively (Fig. 1).

Before measurements the sampled seedling was cut into shoots and roots. The
roots were sampled after the soil in the pot had been washed away by a gentle
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stream of water. The sample of root was preserved in a FAA (formalin, acetic acid,
and ethanol) solution.

Measurements

For measurements of number and length of seedling root components (seminal,
seminal adventitious, nodal), the DELTA T SCAN (England) analyzer was used.
The dry matter of the above-ground part (DMS) and root (DMR) were determined
21 and 49 days after plant sowing. A sample of roots was divided into 3 parts,
grown in different soil profiles of the root-box (0-15, 15-30 and 30-40 cm). Dry
matter was measured after drying at 65oC for 72 h. Determination of dry matter and
root traits was made in 5 replications for each treatment and day of harvest.

Statistical analysis

The experiments were performed according to a completely randomized design.
All the results were analyzed by ANOVA (Statistics 5) using Duncan’s multiple
range tests (P<0,05). Angular transformations (arc sin √x) were performed when
the variable involved was expressed in relative terms.

Results

Effect of soil compaction on growth traits. The growth under conditions of
moderate (M) or severe (S) soil compaction, in comparison to treatment with low
soil compaction (L) caused a decreased in dry matter of a stem and leaves (S) and
roots (R), and an increase in shoot to root (S/R) dry matter ratio. Between 21 and
49 days of plant growth in M and S treatments, the dry matter of shoot decreased in
comparison with the L treatment in maize to about 81 and 70% respectively, and in
triticale to about 86 and 79% respectively. Similarly, in this period DMR decreased
in the M and S treatments in comparison with the L treatment in maize to about 70
and 62% respectively, and in triticale to about 71% and 59% respectively. Both
maize seedlings and triticale seedlings grown under different levels of soil com-
paction (treatment M and S), showed slight and a statistically significant increase
in the shoot to root dry mass ratio (DMS / DMR). For both moderate and severe soil
compaction levels, an increase in the DMS/DMR ratio was observed in comparison
to the low soil compaction treatment (Table 1. Fig. 2).

Distinct differences in dry matter distribution of the roots in the soil profile of
root boxes were observed. In the M and S treatments compared to L, a slight
increase of dry matter in root in the top level of the soil profile (0-15 cm) was
observed. While a drastic decrease (from 50 to 10%) of R dry matter in treatments
M and S in soil profile from 15 to 30 cm and from 30 to 40 cm, was observed
(Table 2. Fig. 3).
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Fig. 1 Changes of soil mechanical impedance (MPa) in low (L), moderate (M) and severe
(S) levels of soil compaction of the (A) air - dried soil and the (B) wet soil after watering to

65-70% of FWC soil through the depth in root-box

Table 1. Impact of soil compaction on shoot dry matter (DMS) and roots (DMR) in maize
and triticale in 21 and 49 days after sowing

Treatment DMS DMR DMS + DMR DMS/DMR

Maize

Days after sowing - 21

L
M
S

0.509 a
0.430 b
0.380 b

0.260 a
0.185 b
0.164 c

0.769 a
0.615 b
0.544 c

1.96 b
2.33 a
2.32 a

Days after sowing - 49

L
M
S

1.610 a
1.310 b
1.139 b

0.809 a
0.563 b
0.505 b

2.419 a
1.873 b
1.644 b

1.99 a
2.33 b
2.26 b

Triticale

Days after sowing - 21

L
M
S

0.350 a
0.319 ab
0.299 b

0.211 a
0.183 a
0.146 b

0.561 a
0.502 b
0.445 c

1.66 a
1.74 a
2.05 a

Days after sowing - 49

L
M
S

0.789 a
0.681 b
0.619 c

0.461 a
0.329 b
0.274 c

1.250 a
1.008 b
0.893 c

1.71 a
2.06 b
2.26 b

Means within columns followed by the same letter do not differ significantly according to Duncan`s multiple range
test (α = 0.05). L – low , M – medium and S – severe soil compaction, respectively.
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Fig. 2 Shoot dry matter (DMS), root (DMR) and shoot to root ratio (DMS/DMR) in seedlings
of maize and triticale grown for 49 days in soil with different soil compaction levels
(L- low, M- moderate, S- severe). Results are presented as a percent of treatment L.

Index of relative growth rate (RGR) for seedlings of maize were higher in com-
parison to the values observed in triticale for all three treatments (Figure 3). The
average values of relative growth rate for shoots and roots for three treatments of
soil compaction was about 4.0 for maize and about 3.0 in triticale. The statistically
significant decrease of RGR in treatments M and S was observed in comparison
with treatment L.

Effect of soil compaction on root system structure. Different soil compaction
levels did not influence the number of seminal and seminal adventitious roots but
decrease their length, whilst in nodal roots a decrease in both their number and
total length was observed (Table 3). After 7 weeks of seedlings growth a decrease
in seminal root length in the M and S treatments in maize were about 20 and 27%
respectively, and in triticale about 13 and 15% respectively. The decrease in the
total length of seminal adventitious roots in maize was about 20 and 29%, respec-
tively and in triticale about 12 and 18%, respectively. The total length of nodal
roots in maize decreased by about 12 and 19% and in triticale by 19 and 31%, re-
spectively. Observed changes of measured growth traits in M and S treatments in
comparison with the L treatment, were greater for maize than for triticale. In triti-
cale, the statistical differences between M and S in most cases were significant and
in maize insignificant.
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Table 2. Roots dry matter DMR [g] developed in three layers of root box in seedlings of
maize and triticale after 21 and 49 days growth in different soil compaction levels

Soil layer in root-box profile [cm]Treatment
0 - 15 15 -30 30-40

Maize
Days after sowing - 21

L
M
S

0.102 b
0.121 a
0.118 a

0.091 a
0.043 b
0.029 b

0.067 a
0.021 b
0.017 b

Days after sowing - 49
L
M
S

0.364 b
0.397 a
0.395 a

0.267a
0.090 b
0.085 b

0.178 a
0.076 b
0.025 c

Triticale
Days after sowing - 21

L
M
S

0.104 b
0.115 a
0.110 a

0.061 a
0.036 b
0.021 c

0.046 a
0.032 b
0.015 c

Days after sowing - 49
L
M
S

0.221 b
0.233 a
0.230 a

0.115 a
0.055 b
0.026 c

0.126 a
0.041 b
0.018 c

Means within columns followed by the same letter do not differ significantly according to Duncan`s multiple range
test (α = 0.05). L – low , M – medium and S – severe soil compaction, respectively.
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Fig. 3 Roots dry matter (DMR) developed in three layers of root-box in seedlings of maize
and triticale grown for 49 days in soil with different soil compaction levels.

Results are presented as a percent of treatment L.
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Table 3. Relative growth rate (RGR- g g-1day-1) of seedlings of maize and triticale grown
from 21 to 49 day in soil with different soil compaction levels. L – low , M – medium and

S – severe soil compaction

Treatment DMS
                 % L

DMR
                      % L

DMS+ DMR
                    % L

Maize
L
M
S

4.11 a              100.0
3.98 b               96.8
3.92 b               95.3

4.05 a               100,0
3.97 b                 98.1
4.02 ab               99.1

4.09 a               100.0
3.98 b                 97.3
3.95 b                 96.6

Triticale
L
M
S

2.94 a               100.0
2.71 b                         92.0
2.60 c                  95.3

2.79 a                100.0
2.09 c                  75.1
2.25 b                 80.1

2.86 a               100.0
2.49 b                 87.1
2.49 b                 87.1

Means within columns followed by the same letter do not differ significantly according to respectively. Duncan`s
multiple range test (α = 0.05).

Discussion

Similarly as in case of responses of plants to other abiotic stresses, their re-
sponses to soil compaction are different among crop species and among cultivars
within species (Iijima et al. 1994, Dennowisky 1992). In studies Iijima et al. (1994)
specific response of four cereal species to the soil compaction was clearly notice-
able in root distribution, nodal root number, leaf number and grain yield. Those
authors reported that the responses in root growth for maize and rice were different
in the downward penetration of the main axis and in higher order laterals. Species
with “concentrated” type of a root system showed less restriction of root and shoot
growth compared to species with a “scattered” type.

Used in this experiment, where the worst condition of soil strength was
1.68 MPa does not seem to be a critical value for root growth in maize (Imhoff et
al. 2010). According to Dennovisky (1992) the root growth in triticale is limited at
higher soil bulk density (1.65 g cm-3) than in maize (1.46 g cm-3). Obtained in this
study results confirm these observations because observed changes of growth traits
in soil compaction condition 1.34 and 1.58 g cm -3 in comparison with the
1.10 g cm-3 soil compaction, were greater for maize than for triticale.

The results obtained in this study indicate that the dry matter of maize and triti-
cale is sensitive to soil compaction. Also our results indicated that root dry matter
was inhibited by soil compaction, and that the shoot to root ratios (S/R) was sig-
nificantly higher in compacted treatments. Changes in the S/R ratio have previ-
ously been reported in our earliest experiments (Grzesiak 2009). As shoot growth
is checked by compaction, more assimilates may become available for root growth.
Active substances can accumulate in root apices contacting compacted soil, coin-
ciding with radial swelling and lateral proliferation of roots (Atwell 1988), and
changes in the S/R have been frequently observed in response to different abiotic
stresses. Masle and Passioura (1987) proposed that reduced leaf expansion of com-



Piotr Szczyrek, Maciej T. Grzesiak

162

pacted wheat plants is primarily a response to a hormonal message induced in the
roots when they experience high soil strength. Clearly, more research on hormonal
and source/sink mechanisms involved in controlling the root and shoot growth of
plants grown on compacted soils is needed. A study by Hoffman and Jungk (1995)
suggested that under soil compaction, shoot growth decreased when root growth
was restricted and that both these traits were closely related, irrespective of the
cause of root growth limitation by either compaction or water saturation. The re-
duction in dry mater of maize shoot and leaves with soil compaction was mostly
due to decreased leaf area, stem diameter and plant height (Lipiec et al. 1996). In
sunflower the reduction in whole plant leaf area development on compacted soils,
is due not only to slower expansion rates, but also the smaller maximum size of
individual leaves, and their thinness, despite they tended to have a higher specific
leaf weight - SLW (Andrade et al. 1993).

Conclusion

The growth of maize and triticale was sensitive to different levels of soil com-
paction and the root dry matter was more suppressed than the dry matter of above-
ground parts. Future studies of the response of plants to different soil compaction
should examine the following in more detail i.e. chlorophyll fluorescence, hormo-
nal signals from the roots and the relation between the sink-source and its water
and carbon supply.
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Abstract. The influence of F. occidentalis and T. urticae  on net photosynthesis (PN) of the
plants treated and not treated with biostimulants: Asahi SL and Siapton 10 L was studied. The
experiment was conducted under greenhouse conditions, on cucumber cv. Aramis. The plants
were infested with spider mites and thrips (in separate greenhouse chambers), soon after first
of 2 treatments with biostimulants. The plants with and without pests as well as treated and
not treated with biostimulants were compared. The pest populations  were monitored 6 weeks.
The rate of photosynthesis of leaves was measured after 4, and 6 weeks from the beginning of
pest infestation, using CO2 Analyzer, Li-COR 6400 XT. Negative influence of both pests on
cucumber plants was observed, on the plants, treated and not treated with biostimulants after
6 weeks of pest feeding. It was in the contrast to the results obtained after 4 weeks of thrips
feeding on these plants, where the stimulation of the photosynthesis was noticed. The rate of
photosynthesis of damage plants was less affected after biostimulator application, as com-
pared to the plants cultivated without biostimulants.

Key words: Cucumber, Tetranychus urticae, Frankliniella occidentalis, Plant damages,
Asahi SL,  Siapton 10L, Photosynthesis

Introduction

The most dangerous pests for greenhouse cucumber are two-spotted spider mite
(Tetranychus urticae Koch) and western flower thrips (Frankliniella occidentalis
Pergande) (Hao et al. 2002). Both pests feed on lower surface of the leaf blade,
sacking the content of mesophyll cells. As a result of injuries visible white spots



Anna Tomczyk, Dorota Rudzińska, Marcin Kowara

166

are occurring, regular and small in the case of mite feeding and bigger, irregular, in
the case of thrips injury. Spider mites as well as different species of thrips affect
the different  metabolic processes in the injured plants as they induce a biotic
stress. The data of earlier studies showed  influence of these pests on the activity of
photosynthesis and the growth of their host plants (Tomczyk 1989, 1996; Shipp et
al.1998; Hao et al. 2002; Dai et al. 2009). The strong decrease of photosynthesis
intensity was often observed, in the plants injured by spider mites (Ferree and Hall
1980; De Angelis et al. 1983; Brito et al.1986; Tomczyk 1989; Park and Lee 2002;
Haile and Higley 2003; Warabieda and Borkowska 2004; Bueno et al. 2009 as well
as by thrips (Shipp et al. 1998; Hao et al. 2002; Deligeorgidis et al. 2006; Dai et al.
2009).

The main reason of lower photosynthesis intensity of plants injured by arthro-
pods such as thrips or spider mites was a reduction of total chlorophyll content and
chlorophyll fluorescence (Tomczyk 1989; Iatrou et al.1995; Haile et al. 1999;
Bounfour et al. 2002; Warabieda and Borkowska 2004; Dai et al. 2009). However,
some experiments have shown a stimulate effect of these pests on the process of
photosynthesis (Tomczyk and Kropczyńska 1985; Tomczyk 1989; Trumble et
al.1993; Reddall et al. 2007; Kou et al. 2011). In the opinion of some researchers,
studies on plant physiology is essential for understanding the plant stress and for
explaining the relationship between plants and stressors (Peterson and Higley
2001). Bilgin et al. (2010) have shown that biotic stress globally down regulates
photosynthesis genes and suggest  that this down regulation is an adaptive response
to biotic attack.

The protection of plants against pests without chemical control can go in two di-
rections: a decrease of the herbivore development or an increase of plant tolerance
to the biotic stress. The plant treatment with some biostimulants can increase the
plant tolerance to unfavorable conditions (including biotic factors such as patogens
and pests), which induce a plant stress (Dąbrowski 2008).

The aim of the studies was to determine the influence of biostimulants  Asahi
SL and Siapton 10L on the intensity of photosynthesis in the leaves of cucumber
plants injured by two-spotted spider mite (Tetranychus urticae Koch) and Western
flower thrips (Frankliniella occidentalis Pergande).

Material and Methods:

The experiment was conducted under greenhouse conditions, on cucumber cv.
Aramis. The plants were planted in two-leaf stage in the rings, filled with soil sub-
strate. The infestation with pests was done soon after first treatment with
biostimulants. There were applied twice during plant vegetation: 3 days before
infestation with pests  and  3 weeks after infestation. For the treatments 0.1% Asahi
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SL (mixture of sodium o-nitrophenolan, sodium 5-nitroguaiacolan) and 0.25%
Siapton 10L (mixture of amino acids and oligopeptides) were used.

The infestations with T. urticae and F. occidentalis were done in separate
greenhouse chambers. However, part of the plants, treated and not treated with
biostimulants, in the “thrips” chamber, was infested with T. urticae, to have plants
injured by both pests. Initial pest populations were:

for T. urticae – 15 females per plant (5 per leaf )
for F. occidentalis – about 300 adult specimens per greenhouse (about 6 per

plant)
The pest populations  were  monitored during 4 - 6 weeks, in 7 – 10 days inte-

rvals.Twelve groups of plants were tested, with 8 plants in each one:
1. Control plants (without pest and without biostimulants)
2. Plants treated with Asahi SL
3. Plants treated with Siapton 10L
4. Plants infested with T. urticae
5. Plants infested with T. urticae and treated with Asahi SL
6. Plants infested with T. urticae and treated with Siapton 10L
7. Plants infested with F. occidentalis
8. Plants infested with F. occidentalis and treated with Asahi SL
9. Plants infested with F. occidentalis and treated with Siapton 10L
10.  Plants infested with T. urticae and F. occidentalis
11. Plants infested with T. urticae and F. occidentalis treated with Asahi SL
12. Plants infested with T. urticae and F. occidentalis treated with Siapton 10L

Net photosynthetic rate (PN) of damaged and not damaged leaves was measured
after 4 and 6 weeks from the beginning of pest infestation, using CO2 Analyzer
Li-COR 6400 XT. The measurements were done, in 7 replicates, on freshly deta-
ched leaves, after protection of petioles with wet cotton wool. The leaves were
collected from the same part of the each plant (leaves no. 11 – 13). The average
injury level after 4 weeks of mite feeding was about 35 - 40 % of the total leaf area,
and 60 %, after 6 weeks. The injured leaf area caused by thrips feeding was about
25 - 30 %, after 4 weeks, and  55 – 60%, after 6 weeks. For the measurements of
photosynthesis the leaf chamber fluorometer model 6400 - 40 with RedBlue LED
light source was used. Light intensity was 800 μmol m-2 and the reference CO2
concentration 400 μmol mol –1 .

Statistical methods

One-way ANOVA was used  for pest populations and multifactor ANOVA for
photosynthesis. Significance of differences was determined by Fisher’s test with
a significance threshold of  0.05.



Anna Tomczyk, Dorota Rudzińska, Marcin Kowara

168

Results

The development of T. urticae populations, during 6 weeks of feeding on cu-
cumber plants, treated and not treated with biostimulants, is presented in Fig 1.
During first 4 weeks of infestation the numbers of mobile stages of T. urticae,
feeding on the plants was below 40 per leaf and they strongly increased during next
2 weeks. Higher number of mites was found on untreated plants as compared to
treated with biostimulants. The difference between plants treated with Asahi and
untreated was significant (F2, 21 = 4,80; p = 0,0214).

Fig 1. The development of T. urticae population on cucumber plants treated and untreated
with biostimulants. The different letters above the lines indicate significant differences

at p=0,05

The numbers of F. occidentalis (larvae and adults), during 6 weeks of experi-
ment, are presented in Fig  2. The numbers of thrips increased, from initial 6 per
plant, to 35 – 45, during 4 weeks and to 55 – 100, during 6 weeks of their feeding
on cucumber. At that time more thrips were found on the plants treated with
biostimulants as compared to untreated ones.  The difference between Asahi treated
and untreated plants was significant (F2, 21 =7,83; p = 0,005).

The rates of net photosynthesis (PN) of the plants with and without pests, as well
as treated and not treated with biostimulants, 4 and 6 weeks after plant infestation,
are presented in Fig.3  and Fig 4, respectively. The application of biostimulants on
uninfested plants caused significant increase in the rate of photosynthesis, as com-
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pared to the control plants (after 4 weeks: F11, 72 = 8,71 p = 0,00; after 6 weeks: F11,

72  = 10,8 p = 0,00). It was observed after 4 as well as after 6 weeks from the
beginning of the experiment. However, all older plants (after 6 weeks from the
beginning of infestation) had a lower level of photosynthesis than younger (after
4 weeks). The stimulate effect of biostimulant application on photosynthesis of not
injured leaves was more evident in the case of Siapton 10L than Asahi SL treat-
ment.

Fig 2. The development of F. occidentalis population on cucumber plants treated
and untreated with biostimulants. The different letters above the bars indicate significant

differences at p=0,05

The plants injured by T. urticae, not treated with biosimulants, had significantly
lower photosynthesis rate, as compared to the control plants: 16 % after 4 weeks of
infestation, and 29 % after 6 weeks of mite feeding. The application of biostimu-
lants did not decrease the negative influence of spider mites on the net photosyn-
thesis rate of cucumber plants after 4 weeks. However, it had a place after 6 weeks
of infestation, when the leaves were 2 weeks older. The leaves of mite infested
plants treated with Asahi SL had only 16 % lower rate of photosynthesis as com-
pared to the uninfested leaves. The photosynthesis rate of the mite injured leaves of
plants treated with Siapton 10 L was similar as compared to uninfested leaves.
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Fig 3. The rate of net photosynthesis (PN) of the cucumber plants treated and untreated with
biostimulants after 4 week infestation with T. urticae and F. occidentalis.

The different letters above the bars indicate significant differences at p=0,05

Fig 4 . The rate of net photosynthesis (PN) of the cucumber plants treated and untreated
with biostimulants after 6 week infestation with T. urticae and F. occidentalis.
The different letters above the bars indicate significant differences at p=0,05
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Four weeks of F. occidentalis feeding on the plants caused a significant, more
than 30 %,   increase in the rate of photosynthesis of injured leaves, as compared to
not injured ones. The application of biostimulants did not change this phenomenon.
However, two weeks later (after 6 weeks of infestation – Fig. 4.) the rate of photo-
synthesis of the leaves injured by thrips decreased by 26 % in relation to not in-
jured. The application of biostimulants did not significantly change this plant reac-
tion. However, a small tendency for decrease of this negative influence of thrips on
photosynthesis was observed.

Discussion

Greenhouse cucumber is a very good host plant for both T. urticae and F. occi-
dentalis. The populations of these pests can reach high levels  in short time as they
have rapid reproductive rates. The feeding of high density populations of both pests
result in heavy plant damages caused by removing mesophyll cell contents. Such
injuries of plants create plant stress and induce reactions affecting a rate of photo-
synthesis, plant growth and yielding. In this studies  possibility for the decrease of
negative influence of F. occidentalis and T. urticae  on the  photosynthetic rates of
infested cucumber plants, by applying biostimulants in their cultivation, was tested.

First measurements of the photosynthesis, after 4 weeks of pest feeding, showed
a big difference in the rate of this process, between plants infested by mites and
thrips. The photosynthetic rates of all plants injured by T. urticae, treated and not
treated with biostimulants, were much lower as compared to uninfested plants. In
the contrast, feeding of F. occidentalis, at the same time, resulted in the stimulation
of photosynthetic process. The decline in the activity of photosynthesis in the
leaves of different host plants attacked by high populations of spider mites was
often observed (Ferree and Hall, 1980; De Angelis et al. 1983; Brito et al., 1986;
Tomczyk, 1989; Park and Lee, 2002; Haile and Higley, 2003; Warabieda and
Borkowska, 2004, Bueno et al, 2009. However increase in the rate of photosynthe-
sis, of the plants infested by spider mites was also observed, when density of their
populations was low, or they were feeding by short time (Tomczyk and
Kropczyńska  1985, Tomczyk 1989). In the current studies, probably the favorable
conditions for the development of T. urticae population caused a rapid increase in
the number of  mites, resulted in serious destruction of plant tissues, including
chlorophyll losses, and restricted possibility for CO2 assimilation. The lower rate of
photosynthesis in the leaves of plants strongly injured by spider mites was very
often related to the decrease in the chlorophyll concentration in plant tissues
(Tomczyk and Kropczyńska  1985, Tomczyk, 1989;  Warabieda and Borkowska,
2004, Bueno et al. 2009). The application of biostimulants did not increase the
tolerance of cucumber plants for stress caused by spider mite feeding.
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The population of F. occidentalis developed slower than the population of T.
urticae, in the same greenhouse conditions and probably induced defense reaction
of injured plants. A strong increase in CO2 assimilation was then observed in dam-
aged leaves, even though the injured leaf area was in that time about 25–30 %.
Almost the same, increased photosynthetic rate was observed also in plants treated
with biostimulants. Many earlier studies  demonstrated  that plants can tolerate
certain densities of thrips without any resulted damage such as growth inhibition or
lower yield (Molema et al. 1955, Shipp 1995). However, high population of thrips
can strongly damage plant tissues causing a reduction in photosynthesis, growth
rate and yield (Shipp et all, 1998; Hao et al. 2002; Deligeorgidis et al. 2006; Dai et
al. 2009).

The data of current experiment have shown that the combine feeding of T. urti-
cae and F. occidentalis affected photosynthesis less than T. urticae alone, probably
because the stimulative effect of  thrips infestation reduced the negative influence
of spider mite damage. The application of biostimulants enhanced this process, and
specially the treatment with Asahi SL.

A longer feeding of both pests (6 weeks) increased a negative effect of damage
on the process of photosynthesis, probably related to the increased level of biotic as
well as abiotic stress. Probably a high temperature in the greenhouse, at that time,
caused a rapid increase in pest populations, resulting in decline in the rate of photo-
synthesis. On the other hand the high temperature in the greenhouse affected also
photosynthesis in undamaged leaves, as compared to the 4 week period of meas-
urements. The application of biostimulants increased the level of plant tolerance to
the injuries caused by both pests. This phenomenon was more evident after treat-
ment with  Siapton 10L. The increase in plant tolerance for biotic stress after treat-
ment with biostimulants was also observed  by other authors (Dąbrowski, 2008).

From the data presented in this paper can be concluded, that a harmfulness of T.
urticae is higher as compared to F. occidentalis because it occurs earlier after the
moment of pest attack and it is connected with strong inhibition of photosynthesis
rate. An application of biostimulants on cucumber plants infested with T. urticae
and F. occidentalis can increase the plant tolerance to this biotic stress.
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Abstract To investigate the changes occurring in PSII, chlorophyll (Chl) a fluorescence tran-
sient (OJIP) was measured in oat leaves after salt treatment. The plants were grown in modi-
fied Hoagland nutrient solution throughout the study period. Seven-day old seedlings were
subjected to salinity stress 120 mM NaCl. Salt treatment of oat seedlings decreased  the time
at which the maximum fluorescence value was reached (Tfm) and the area above the fluore-
scence curve between Fo and Fm (Area) parameters, which is the confirmation of the fact that
cereals have grown under  stress condition. On the other hand salt stress did not  induced any
effects on the maximal efficiency of PSII photochemistry measured   (Fv/Fm). This result su-
ggests that analyzed oats showed resistance to salinity stress, and indicate that tolerance of
PSII to salinity stress can be viewed as an important strategy for these cereal  to grow in sali-
ne soil.

Key words: Chlorophyll a fluorescence; Oat; OJIP transient; Photosystem II; Salinity

Introduction

Plants like cereals which grown under field conditions are often exposed to
various different stress agents concurrently. However, this study focuses only on
a salt stress. On a global note,  no other toxic substance restrict plant growth more
than salt does. (Zhu, 2007). Increasing salinization poses a real threat to cultivata-
ble land, since it may probably led to the loss of 30% of land within the next 25
years and even up to 50% by the year 2050.(Basu, 2009) Among the various sour-
ces of soil salinity, irrigation combined with poor drainage has turned out the most
serious, since it represents losses of once productive agricultural land.(Zhu, 2007).
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Munns (1995) has suggested that plant under salinity is inhibited through two pha-
ses. Initially, growth is affected because of cellular responses to the osmotic effect.
In the following phase, growth is reduced due to the toxic effects of accumulated
salts. Salt stress leads to a decreased efficiency of photosynthesis [Sayed, 2003],
which is one of the most important metabolic process in plants and its performance
is greatly affected under stress conditions. The four protein components of the
photosynthetic electron transport chain responsible for the electron transfer from
water to NADP+ are Photosystem II (PSII), Photosystem I (PS I), cytochrome
(Cytb6f) complex, and ATP synthase. (Wydrzyński, 2008)  PS II is more sensitive
to all types of stresses as compared to PS I. (Apostolova, 2006). Since PSII is be-
lieved to play a key role in the response of photosynthesis to environmental pertur-
bations (Baker, 1991), the effects of salinity stress on PSII have been investigated
extensively. A useful and rapid measure of photosynthesis is the induction of Chlo-
rophyll a fluorescence (Kautsy effect), which is a sensitive indicator of photosyn-
thetic energy conversion that occurs during the light reaction stage (Schreiber et
al., 1995). Chl fluorescence can be modified by any factor affecting the light reac-
tion pathway of photosynthesis, including many environmental stress agents
(Lichtenthaler 1996). Recently, a dual-wavelength pulse-amplitude modulated flu-
orescence monitoring system was allowed to apply the Saturation Pulse method
with the same ease and reliability for assessment of energy conversion efficiencies
in PS I and PS II (Schreiber 2004, Schreiber and Klughammer, 2008). The objec-
tive of the study was to evaluate the effect of salt stress on Chlorophyl a fluores-
cence induction kinetics in a plant popularly referred to as a phytosanitary plant,
with high resistance to many diseases, i.e., oats. On the basis of this, various para-
meters of fluorescence induction curves like Fv/Fm ratio, performance index (PI),
area over the curve, etc. were measured.

Material and methods

Two oat cultivars, Bingo (Avena sativa) and Maczo (Avena nuda) were exam-
ined under greenhouse conditions. The plants were grown in modified Hoagland
nutrient solution throughout the study period. The average temperature for
day/night was 27/18 0C, relative humidity was 50-60%, the photoperiod for the
day/night cycle was 16/8 h, and the maximum photosynthetically active radiation
was about 1400 photons.  Seven - day old seedlings were subjected to salinity
stress 120 mM NaCl. First Chlorophyll a fluorescence measurements were per-
formed first 7 days (18 BBCH) after stress application to observe reactions of
photosynthetic apparatus. The next 22 days (28 BBCH) after stress application
were devoted to the monitoring future stress application effects. Chlorophyll fluo-
rescence parameters were measured with a direct fluorimeter ( Pocket PEA, Han-
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satech Instruments Ltd., King’s Lynn, UK) Measurements of chlorophyll fluores-
cence were done on 25 plants from each treatment and had 4 repetitions for each
plant. Chlorophyll fluorescence measurements were conducted on the first, second
and third leaves of all plants, but only the average values are presented. Leaf sam-
ples were illuminated with strong light pulse (3500 photons) after 45 min in dark-
adaptation. Upon irradiation, dark-adapted  photosynthetic samples exhibit a fast
fluorescence rise from the initial fluorescence intensity (Fo) to a maximal intensity
(Fm) (Lazár, 2006). The fluorescence intensity at 50µs was considered to be Fo,
minimal fluorescence. The JIP test (Strasser B.J., 1995; Strasser R.J., 2000; 2004:
2010) was used to analyze each Chl a fluorescence transient. OJIP transient is non-
destructive, easy, and allows rapid testing of any type of chlorophyll-containing
sample in any forms.(Strasser R.J., 2004: 2010). Several researchers have reported
that the measurement of OIJP transients is a dependable and sensitive method for
the detection and quantification of salt induced changes in PS II and PSI of plants
(Zribi 2009, Zushi 2012, Zhang 2008) The following parameters were also meas-
ured: The Performance Index (PI)  which provided useful and quantitative infor-
mation about the state of plants and their vitality (Strasser B.J., 2000). Maximal
efficiency of PSII photochemistry (Fv/Fm), a parameter which is widely consid-
ered to be a sensitive indication of plant photosynthetic performance (Kalaji H.M.,
2008). (Fv/Fo), value that is proportional to the activity of the water-splitting com-
plex on the donor side of the PSII and could provide an estimation of leaf photo-
synthetic capacity. The time over which the maximum fluorescence value (Fm) was
reached (Tfm), can be a useful indicator of sample stress which causes the (Fm) to
be reached much earlier than expected. The area above the fluorescence curve be-
tween Fo and Fm (Area) is proportional to the pool size of the electron acceptors
Qa on the reducing side of Photosystem II. If electron transfer from the reaction
centres to the quinon pool is blocked , this area will be dramatically reduced.

The analysis of the variance (ANOVA) and the separation of the means (with
the LSD test, p<0,05) were performed by using the software package Statistic ver.
8 (StatSoft Inc.,)

Result and discussion

Analyzing plants under the salinities used in this study, some important indica-
tors regarding  physiological changes were found, which could be useful in verify-
ing and examining  difference in tolerance to salt stress. Chlorophyll a fluorescence
transient was measured to evaluate the effects of salt stress on the photochemical
efficiency of PS II. The OJIP transient represents the successive reduction of elec-
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tron transport pool of PS II. The intensity of fluorescence in the OJIP transient
decreased with the plant growth. The OJIP chlorophyll fluorescence curves ob-
tained from the 120mM NaCl treated Maczo cultivar showed slower fluorescence
rise, and reached a lower P level after both (168h and 528h) of salt application  (cf.
green curve with the red curve) (Fig.1, Fig.2).

After 168 hour of salt treatment, the value of most parameters characterizing PS
II functioning, were similar to those of control plants. Only PI values increased
significantly as compared to control plants. (Table 1) Similar results were obtained
Bacarin (2011) who studied salt stress on Brassica napus L.

------ Bingo NaCl   ------  Maczo NaCl  ------ Bingo Control   ------ Maczo Control

Figure 1. Chlorophyll a fluorescence induction curve of two oat cultivars Maczo
and Bingo after 7 days of NaCl treatment
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------ Bingo NaCl   ------  Maczo NaCl      ------ Bingo Control       ------ Maczo Control

Figure 2. Chlorophyll a fluorescence induction curve of two oat cultivars Maczo
and Bingo after 22 days of NaCl treatment

Larger changes in Chlorophyll a fluorescence parameters were observed 528
hours after the salinity application. Naked Maczo cultivar showed significantly
higher Fo rate (average of  8.6%), and lower by 11, 9% Fv /Fo. The high Fo values
can have several reasons, one of which may be increased number of inactive reac-
tion centers where electron can not be transferred out of reduced primary quinine
acceptor of PSII, second possibility is low energy transfer from LHC II to PS II
reaction center, this may have been caused by the dissociation of LHC II from the
PS II core (Havaux 1993, Murkowski 2002). Bingo cultivar received a higher PI
rate, which probably suggest the stimulating effect of NaCl on this oat cultivar.
Analyzing Fv/Fm parameter, which remain unchanged as duration of treatment of
NaCl increase, we can draw a following conclusion that salinity had no effects on
PSII photochemistry in a dark-adapted state. Very similar results in their experi-
ments received (Brugnoli and Bjorkman, 1992; Morales et al., 1992; Abadia et al.,
1999). These results are contrary to many researchers, which reported that salinity
reduces the Fv /Fm and Fv/Fo parameters. Their studies have shown that salt stress
inhibits PSII activity. (Mistra 2006, Netondo 2004, Pereira 2000, Fricke and Peters
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2002) The study also showed  that salinity causes a significant decrease of Area
and Tfm rates (tab. 2) Tfm decreased significantly (ca.7,2%), relative to control
plants.

Tabela 1. Chlorophyll a fluorescence of two oat cultivars 168 hours
after 120 mM NaCl application

Duration
of treatment
in [h] (I)

Cultivar
(II) Fo Fm Fv Fv/Fm Fv/Fo Area PI Tfm

Maczo* 281,5 1398,3 1116,8 0,799 3,969 21940,5 2,739 235,0
Control 0 Bingo 293,0 1486,8 1193,8 0,803 4,076 23118,8 3,131 265,0

168 Maczo* 276,8 1415,8 1139,0 0,804 4,117 22674,0 3,059 230,0
168 Bingo 290,8 1480,0 1189,3 0,804 4,093 22992,3 3,348 232,5
 LSD α=00,5 IxII n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Mean
0  287,3 1442,5 1155,3 0,801 4,023 22529,6 2,935 250,0
168  283,8 1447,9 1164,1 0,804 4,105 22833,1 3,203 231,3
LSD α=00,5  n.s. n.s. n.s. n.s. n.s. n.s. 0,161 n.s.

 Maczo* 279,1 1407,0 1127,9 0,802 4,043 22307,3 2,899 232,5
 Bingo 291,9 1483,4 1191,5 0,803 4,085 23055,5 3,239 248,8

LSD α=00,5  6,6 35,7 37,5 n.s. n.s. n.s. 0,15 n.s.
Total Mean  285,5 1445,19 1159,69 0,8 4,064 22681,4 3,069 240,625
* nacked

Tabela 2. Chlorophyll a fluorescence of two oat cultivars 528h
after 120 mM NaCl application

Duration
of treatment
in [h] (I)

Cultivar
(II) Fo Fm Fv Fv/Fm Fv/Fo Area PI Tfm

Maczo* 313,0 1348,5 1028,5 0,77 3,29 15169,3 2,69 240,0Control 0 Bingo 314,5 1387,8 1073,3 0,77 3,42 17105,0 2,94 222,5
528 Maczo* 321,5 1390,0 1068,5 0,77 3,33 12462,8 2,71 222,5
528 Bingo 294,0 1406,0 1112,0 0,79 3,78 14117,0 4,32 225,0
LSD α=00,5 IxII 6,73 n.s n.s n.s 0,13 n.s 0,39 n.s

Mean
0  313,8 13642,6 1050,9 0,77 3,353 16137,1 2,811 231,3
528  307,8 13998,0 1090,3 0,78 3,554 13289,9 3,519 213,8
LSD α=00,5  n.s n.s 31,7 n.s 0,125 1898,3 0,32 12,1

 Maczo* 317,3 1365,8 1048,5 0,768 3,303 13816 2,700 231,3
 Bingo 304,3 1396,9 1092,6 0,782 3,601 15611 3,629 223,8

LSD α=00,5  11,8 n.s 31,4 0,06 0,13 n.s 0,45 n.s
Total mean  310,8 1381,3 1070,56 0,775 3,45 14718,5 3,165 227,5
* nacked
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The area over the fluorescence curve as compared to control leaves was de-
creased by 17,7% under 120 mM NaCl treatment. This decrease in area parameter
with increasing duration of treatment of NaCl concentration suggests that the elec-
tron transfer rates at the donor side of PS II was inhibited.

The experiment has shown cultivar differences between the hulled and naked
form of oats in respect of chlorophyll fluorescence regardless of salinity. Differ-
ences were seen at every stage of measurement (tab. 1, 2). Higher values indicating
a better performance of light phase photosynthesis were obtained for the Bingo
cultivar (hulled oat) compared to the Maczo cultivar (naked).

Conclusions

These studies under controlled conditions of  two oat cultivars (Avena nuda)
naked form of oat,  and (Avena sativa) hulled form showed, that  reaction  to salin-
ity of  these two oat cultivars were varied. Both the measured and the calculated
values of the analyzed fluorescence parameters indicate that the photosynthetic
apparatus  of  Bingo cultivar of oat is more tolerant to salinity, compared with
Maczo cultivar, which was characterized by a lower photosynthetic apparatus per-
formance compared to a Bingo cultivar. Maczo obtain the lower values of the fol-
lowing parameters Fv (variable chlorophyll fluorescence), Fv/Fo (maximal effi-
ciency of PSII photochemistry) and Area. These  results, need to be supplemented
by  the analysis of the dark phase of photosynthesis, and the gas exchange in both
forms of oats, because the provided information will give the opportunity to fully
evaluate the photosynthetic performance in studied forms of oat.
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Abstract We studied the effect of clinorotation and X-Ray irradiation on ultrastructure of
Arabidopsis thaliana endoplasmic bodies (ER-bodies) of root cells, which are granular
endoplasmic reticulum derived organelles containing β-glucosidase. For the first time it was
shown that ER-bodies in statocytes and cells of distal elongation zone with sensitivity to both
studied stressors, as a result, an increase in the number and area of ER-bodies per section of a
cell and in the variability of their forms was detected of these factors compared with controls.
On the basis of obtained data, a role of ER-bodies in the stress reactions of plant cells is
discussed in the up-to-date ideas on plant cell stress-sensitivity.
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Introduction

The study of plant cell reactions to various stress factors is a paramount task of
plant biology. Such studies cover a range of biotic and abiotic effects on plants on
earth. With the development of science and technology it has become possible to
explore space by mankind. But realization of long-term space flight requires the
life support bioregenerative systems, an indispensable component of which are
plants as a source of oxygen, water and food. Although it is well known now that
plants adаpt to spaceflight factors, in particular to microgravity, by changing some
their patterns at the cellular, physiological, biochemical and molecular levels, many
questions on cause and effect of these changes are still open. In addition, it is nec-
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essary to find the plant species which will be the most suited to the conditions in
a space craft cabin (Kordyum 2002). Plants of the family Brassicaceae are known
to be resistant to a variety of abiotic stresses, including irradiation (Saton et. al.
2001, Ogasawara 2001, Popova, Golldack 2007, Kuhlmann, Müller 2009). Among
them there are many cultivated plants with which we encounter every day:
cabbage, radish, mustard, rapeseed, etc., and Arabidopsis thaliana - a convenient
model object. Сlinorotation enables to reproduce partially the biological effects of
microgravity in the laboratory. There are relatively much data on the changes in the
ultrastructure of plastids and mitochondria in A. thaliana root and leaf cells under
the influence of real and simulated microgravity (Guisinger, Kiss 1999, Kraft et. al.
2000). But information on the structure of endoplasmic reticulum (ER) in this spe-
cies in altered gravity is absent. The family Brassicaceae is known to be charac-
terized by the presence of ER-bodies in plant cells, which are derivative of granular
endoplasmic reticulum (GER). ER-bodies have been in the first time described in
radish cells using the electron microscopic method (Bonnett, Newcomb 1965).
Later, these bodies were found in A. thaliana epidermis and cotyledon cells and it
was shown that an enzyme β-glucosidase is its main component using the method
of immunocytochemistry (Matsushima et. al. 2003). β-glucosidase (β-D-glucoside
glucohydrolase, EC 3.2.1.21) catalyze the hydrolysis of aryl- and alkyl-β-
glucosides, releasing glucose and an aglycone. β-glucosidase is appeared to per-
form the protective function (Xu et. al. 2004).

Earlier, an increase in the ER-bodies partial volume in cells under clinorotation
has been reported (Kalinina 2007, Romanchuk 2010). So for us it became
interesting to study the reaction of ER-bodies to other types of stress associated
with both conditions on Earth and in space flight, in particular irradiation, since its
contribution to genetic damages and cell physiological state changes may be
significant (Kutsokon' et. al. 2003).

Materials and methods

Plant material. A. thaliana (L) Heynh. (line Columbia) seedlings were chosen
for the study. Seeds were rolled up in the filter paper and treated with 70% alcohol
for 30 second and washed with distilled water for 2 minutes; and clorox for
6 minutes and washed with distilled water 5 times for 5 minutes. Seeds planted of
metal rod on mineral medium with an agarose additive (Murashige, Skoog 1962) in
a Petri dish.

Clinorotation. Part of Petri dishes with seeds were placed in containers on a
slow horizontal clinostat (2rpm). Other part of Petri dishes with seeds was in the
stationary growth conditions. All plants grew in darkness at temperature 23°±1°C
and humidity 67±1% during 3- and 7-days.
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X-ray irradiation. 3-day-old seedlings were treated with X-ray radiation with a
dose of 0.5 Gray and 8.0 Gray on the unit RUM-17 (Russia) (dose rate 0.43
cGr/sec). After irradiation and control seedlings grew for 10 days in light 12.000
lux (with 16/8 hours photoperiod) under the following conditions: temperature 23 ±
1°C, humidity 67 ± 1%.

Electron microscopy. The main root apices were fixed with glutar-aldehyde
(2.5%) in a 0.1 M cacodylate buffer (pH 7.3) and postfixed with a 1% OsO4 solu-
tion in the same buffer. The specimens dehydration in a series of alcohols at in-
creasing concentrations (15%, 30%, 50%, 70%, 80%, 90%, 96%, 100%) and pro-
pylene oxide as well as the specimen saturation with a mixture of epoxide resins
were conducted according to the generally accepted method (Weigel, Glazebrook
2002). Ultrathin sections (50–70 nm) were prepared with the use of a RMC MT–
XL microtome (USA). The sections were stained with uranyl acetate and lead
citrate (Reynolds 1963) and studied with a JEM–1230 EX transmission electron
microscope (Japan); the voltage was 60 kV. For the morphometric analysis, we
used the negative photographs of cells taken with magnification of 3000x, 5000x,
8000x, 15000x, 25000x and 40000x. Negatives were scanned using the program
HP Presicionscan Pro 3.1. Digital photographs were analyzed using the program
UTHSCSA ImageTool, version 3.00. We measured the ER-body area and
calculated its mean value and a number of ER-bodies per cell section.

Statistical analysis

All experiments were conducted three times. The obtained data were statisti-
cally evaluated using the program Statistica 6.0. Data are presented in the form of
M ± m, where M is the arithmetical mean and m is the standard deviation.

Results and discussion

We have shown that ultrastructure of both root statocytes and cells of distal
elongation zone (DEZ) in 3- and 7-day old seedlings grown in the stationary con-
ditions in darkness was typical for such cells described earlier (Tarasenko 1985,
Dolan et. al. 1993, Atsushi et. al. 2009). On the sections of statocytes and DEZ
cells, ER-bodies are the local enlargements of GER cisterns. Naturally, rounded or
oval ER-bodies are surrounded with a single membrane with ribosomes, explaining
their origin from GER, and they contain the thin fibrillar contents (fig. 1). ER-
bodies are mainly localized in the central part of statocytes and DEZ cells. An
average size of ER-bodies varied in seedlings of different age: in statocytes, it was
0,12±0,04 μ² in 3-day-old seedlings and 0,14±0,03 μ² in 7-day-old ones; in DEZ
cells, it was 0,24±0,08 μ² and 0,25±0,011 μ², respectively. An average number of
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ER-bodies was per statocyte section: 1,40±0,12 in 3-day-old seedlings and
1,50±0,05 in 7-day-old ones; it was per DEZ cell section 2,37±0,77 and 2,62±0,80,
respectively. A total area of ER-bodies was per statocyte section: 0,16±0,06 μ² in
3-day old seedlings and 0,19±0,05 μ² in 7-day old ones, and it was per DEZ cell
section 0,54±0,18 μ² and 0,60±0,20 μ², respectively (fig. 2). There were some
differences in the ultrastructure and topography of ER-bodies under clinorotation.
A shape and size of ER-bodies also changed in comparison with control.
Especially, the changes were clearly observed in 7-day-old seedlings. Round, oval
or elongated ER-bodies are mainly localized nearly the tonoplast and cytoplasmic
membrane. A size of ER-bodies markedly increased per cell section, especially in
DEZ cells: it was 0,16±0,02 μ² in 3-day old seedlings and 0,15±0,02 μ² in 7-day
old ones in statocytes; and 0,29±0,07 μ² and 0,35±0,14 μ², respectively, in DEZ
cells. Under clinorotation, a number of ER-bodies also increased per cell section: it
was 2,20±0,61 in 3-day old seedlings and 2,87±0,13 in 7-day-old ones in stato-
cytes, and it was 3,45±0,84 and 3,88±0,87, respectively, in DEZ cells. A total area
of ER-bodies was per statocyte section 0,29±0,08 μ² in 3-day old seedlings and
0,40±0,13 μ² in 7-day old ones; it was per DEZ cell section 1,14±0,30 μ² and
1,32±0,25 μ², respectively (fig. 2).

Fig. 1. Fragments of the root statocytes ((a), (b), (c)) and DEZ cells ((d), (e), (f))
of A. thaliana: ERВ – ER-body, GER - granular endoplasmic reticulum, A - amyloplast,
GA - Golgi аpparatus, V - vacuole, M – mitochondria; (a), (d) - control, (b), (c), (e), (f) –

X-Ray irradiation; (b), (e) - dose of 0.5 Gray, (c), (f) - dose of 8.0 Gray.

Plant radioresistance is known to be determined by meristems resistance
(Mikheev et. al. 1998). ER-bodies are absent in root apical meristem cells, as we
already reported, they are in statocytes and DEZ cells. According to Matushima
(2002), in A. thaliana dry seeds, ER-bodies are absent and they appear in
cotyledons during seed germination. ER-bodies formation is slow and varies from
48 to 66 hours after sprouting. Seedlings are known to be the most sensitive to
radiation. Therefore, 3-day-old seedlings were chosen for irradiation in our
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experiments. Cells perceive a dose in 0,5 Gray, under that DNA damage reaches
a certain threshold, as a signal for induction and implementation of adaptive
responses, including the activation of reparative systems. A dose in 8,0 Gray is not
critical for A. thaliana, and seedlings grew normally during 8-10 days after irradia-
tion by this dose (Danilchenko 2005). Our investigations of the ER-bodies
ultrastructure in statocytes and DEZ cells of 13-day-old seedlings grown by the
light showed that ER-bodies mainly localized in the central part of a cell, nearly
GER profiles. An average size of ER-bodies per cell section was: 0,096±0,013 μ²
in statocytes and 0,140±0,061 μ² in DEZ cells. An average number of ER-bodies
per cell section was: 3,3±0,68 pieces in statocytes and 4,8±0,22 pieces in DEZ
cells. An total area of ER-bodies per cell section was: 0,41±0,09 μ² in statocytes
and 0,59±0,07 μ² in DEZ cells (fig. 3). However, after X-ray irradiation observed
some differences in the ultrastructure and topography ER-bodies. ER-bodies are
mainly localized nearly the tonoplast and cytoplasmic membrane (fig. 1).

Fig. 2. Total area of ER-bodies (vertically, μm²) per cell section of the roots of seedlings of
A. thaliana: (a) - 3-dayold roots; (b) - 7-dayold roots. Significant changes between control

and experiment (<0.05).

The observed differences in the total area of ER-bodies per cell in both the root
cap central statenchyma and DEZ may be explained with various functions of these
tissues in root development. Statocytes are highly specialized cells for gravity
perception. Cells in the DEZ distinguished themselves with special physiological
properties and, therefore, respond to the action of exogenic signals, including
gravity, and endogenic signals in a different way than other root cells (Baluska et.
al. 2001) DEZ cells provide preparation to cell fast growth in the central elongation
zone. As highly metabolizing cells, they are the most sensitive to altered gravity
(Ishikawa, Evans 1993, Kordyum et. al., 2008). The results obtained by us showed
that DEZ cells are sensitive to irradiation.
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After X-ray radiation with a dose of 0,5 Gray, ER-bodies had a rounded shape
and a small size. After X-ray radiation with a dose of 8,0 Gray, ER-bodies had an
elongated shape, its length reached sometimes the half of cell. An average size of
ER-bodies per cell section was: 0,17±0,07 μ² after X-ray radiation dose of 0,5 Gray
and 0,280±0,04 μ² dose of 8,0 Gray in statocytes; and 0,240±0,017 μ² and
0,360±0,08 μ², respectively, in DEZ cells. An average number of ER-bodies per
cell section was: 8,8±0,79 pieces after X-ray radiation dose of 0,5 Gray and
6,7±0,92 pieces dose of 8,0 Gray in statocytes; and 8,6±0,86 pieces and 7,5±0,50
pieces, respectively, in DEZ cells. A total area of ER-bodies per cell section was:
1,48±0,18 μ² after X-ray radiation dose of 0,5 Gray and 1,23±0,11 μ² dose of 8,0
Gray in statocytes; and 0,91±0,08 μ² and 1,71±0,03 μ², respectively, in DEZ cells
(fig. 3).

Fig. 3. Total area of ER-bodies (vertically, μm²) per cell section of the roots of seedlings
of A. thaliana: (a) - 0 Gray; (b) - 0.5 Gray; (c) – 8,0 Gray. Significant changes between

control and experiment(<0.05).

Thus, we in the first time described the influence of irradiation on the formation
dynamics of ER-bodies, which are derivative of GER and contain an enzyme
β-glucosidase, in root cap statocytes and in cells of the root distal elongation zone
of A. thaliana seedlings.

Conclusions

The obtained data showed that production of ER-bodies increased under both
clinorotation and X-ray irradiation. Based on the idea, that protective functions are
intrinsic of ER-bodies an increase in the ER-bodies volume in cells may be
considered as an adaptive cell response to the influence of these exogenic factors.
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Abstract Plants have evolved a wide range of mechanisms to cope with biotic and abiotic
stresses. Both types of stressed impact the normal development of the plant.  Emerging evi-
dence suggest that hormones, such as abscisic acid or salicylic acid, proteins (e.g. transcrip-
tion factors, kinase cascades) and ROS (reactive oxygen species) play important role in cross
talk between different stresses. ROS have a main role in signal transduction in both abiotic
and biotic stress. Different data  allow to assume that plants in presence of an abiotic stress
may present reduced or enhanced susceptibility to a biotic stress, and vice versa. This study
was to determine ROS level in Pisum sativum which was pre-incubated with lead ions and
after 24 hours inoculated with necrotrophic fungus Fusarium oxysporum. Main objective of
this study was to confer or negate the role of inorganic element pre-incubation in elevating
the resistance to biotic stress via cross talk. Our results shown rapid increase in level of su-
peroxide anion and hydrogen peroxide in pea roots exposed to biotic and abiotic stress fac-
tors, especially to lead ions. Plant possess very efficient enzymatic antioxidative defense
system: superoxide dismutase-SOD, catalase-CAT, and ascorbic peroxidase, which controls
the cascades of uncontrolled oxidation and protect plant cells against oxidative damage.
We have examined antioxidant system protection against oxidative stress damages: superox-
ide dismutase  (SOD), catalase (CAT) and ascorbic peroxidase (APOX).

Key words: abiotic stress; antioxidative enzymes; biotic stress; lead; oxidative stress

Introduction

Plants are exposed to numerous biotic and abiotic stresses in their natural envi-
ronment. These factors may affect their  growth, development and reproduction.
Abiotic stress can be caused by presence of trace metals, cold, salt or drought con-
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ditions whereas biotic stress is caused by living parasitic organisms, for example:
pathogens, bacteria, virus, fungi and oomycetes.  Plants have evolved to live in
environments where they are almost never exposed to one kind of stress, but often
different abiotic and biotic factors work in combination. ROS have a central role in
mediation between biotic and abiotic stress responses and are critical to both types
of stress responses, although function differently in each (Atkinson and Urwin,
2012).  In biotic stress the pathogen attack will trigger the production of ROS,
mostly superoxide anion and hydrogen peroxide, in process known as the oxidative
burst. This outburst limits pathogen spread by contributing to the hypersensitive
response and cell death, which is assured by the coordinated down-regulation of
ROS-scavenging mechanisms (Apel and Hirt, 2004; Torres, 2010). The role of
ROS during this stress is to induce damage to the pathogen, to reinforce the plant
cell wall and to act as a secondary messenger to prime the neighboring cells (Apel
and Hirt, 2004; Torres et al., 2006). In abiotic stress the situation differs: down-
regulation of ROS-scavenging mechanisms is not crucial, most important are even
small perturbations in the balance between ROS generation and detoxication. In-
fluence of abiotic factors also leads to increased ROS level in living cells, likewise
observed in biotic stress response, but the consequence of ROS production is dif-
ferent and depends on the type of stress. In abiotic stress ROS damage to plant cells
is undesirable and their removal is essential for the survival of the plant. To mini-
mize damage caused by these potentially harmful molecules, plants produce anti-
oxidants and ROS-scavening enzymes (Apel and Hirt, 2004). In biotic stress ROS
damage dealt to both plant cells and pathogen is essential for the response to hostile
organism. As stresses often occur in combination, the relationship between ROS
signaling mechanism in different stress responses is complex. The presence of an
abiotic factors can have the effect of reducing or enhancing susceptibility of plants
to a biotic factors, and vice versa.

Interesting is question, whether pea plants grown for 24 hours in presence of
trace metal such as lead ions are more or less susceptibile to necrotrophic fungus:
Fusarium oxysporum. The aim of the present study was to answer this question. To
find the answer we have shown changes in generation of superoxide anion and
hydrogen peroxide in pea plants. Moreover, we have examined changes in enzy-
matic profiles of antioxidative enzymes: SOD, APOX and CAT from Pisum sati-
vum roots. We shown the morphological changes in plant roots after pre-incubation
of lead ions and inoculation with fungi.

Our results suggest that pre-incubation of Pisum sativum plants with lead ions
confers no resistance in this plant to inoculation with spores of Fusarium
oxysporum.
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Materials and Methods

Plant material. Pea seedlings (Pisum sativum L., cv. Kwestor) were grown hy-
droponically on the Hoagland medium for 96 h in a growth chamber with 16/8 h
photoperiod, day/night at room temperature and light intensity of 82 μmol m2 s-1.
Then, the medium was changed into 100 x-diluted Hoagland medium supple-
mented with lead ions at the concentration of  0.1 mM.  Lead ions originated from
the solution of (PbNO3)2. After 24 hours medium was changed into 100 x-diluted
Hoagland lead-free medium and the plant roots were inoculated with necrotrophic
fungus Fusarium oxysporum. The roots were cut off after 0, 24, 48, 72, 96 and 168
hours of cultivation, respectively. Lead accumulated on the surface of roots was
rinsed with 10 mM of CaCl2 .

Preparation of spore suspension and inoculation. Fusarium oxysporum f. sp.
pisi strain number 1183 was obtained from Collection of Plant Pathogenic Fungi,
the Institute of Plant Protection in Poznan. The pathogen was incubated in the
darkness at 25 °C in Petri dishes (diameter 9 cm) on the potato dextrose agar
(PDA) medium (Difco, pH 5,5). After 3 weeks of growth, the Fusarium oxysporum
spore suspension was prepared. The spore suspension was obtained by washing the
mycelium with sterile water and shaking with glass pearls. The number of spores
was then determined using a Bűrker hemocytometr chamber. Seedlings were
inoculated with the spore suspension at the concentration of 5 x 106 of spores per
1 ml. Inoculation was performed by injecting 10 µl of spore suspension into the
roots, below shoot.

Index of tolerance. The index of tolerance (IT) was calculated according to
Wilkins (1957):

Superoxide anion determination. Superoxide anion content was determined
according to Doke (1983). The pea roots (0.5 g) were placed in the test tubes and
filled with 7 mL of mixture containing 50 mM phosphate buffer (pH 7.8), 0.05 %
NBT (nitro blue tetrazolium) and 10 mM of NaN3. Next, the test tubes were incu-
bated in dark for 5 min, and then 2 mL of the solution were taken from the tubes
heated at 85 °C for 10-15 min, cooled in ice for 5 min and the absorbance was
measured at 580 nm against the control.

average lenght of roots in tested solution

average lenght of roots in control

 IT= x 100%
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Hydrogen peroxide determination. Hydrogen peroxide content was determined
using the method described by Becana et al. (1986). The decrease of absorbance
was measured at 508 nm. The reaction mixture contained: 50 mM phosphate buffer
(pH 8.4), reagent containing 0.6 mM 4-(-2 pyridylazo) resorcinol, 0.6 mM potas-
sium-titanium oxalate in (1:1). The corresponding concentration of H2O2 was
determined against the standard curve of H2O2 (0.5-25 µM).

In vivo detection of superoxide anion and hydrogen peroxide. After 48 and
72-hours cultivation with abiotic and biotic stress factors pea roots and shoots were
submerged for 12 h in 100 µM of CaCl2 containing 20 µM of dihydroethidium
(DHE) adopting the method of Yamamoto et al., (2002) and in 4 µM dichlorodihy-
drofluorescein diacetate (DCFH-DA) in 5 mM dimethyl sulfoxide (DMSO) for
4 hours using method modified according to Afzal et al., (2003). After rinsing with
100 µM of CaCl2 or 50 mM phosphate buffer (pH 7.4) the roots and shoots were
observed with a confocal microscope (the model Zeiss LSM 510, Axioverd 200 M,
Jena, Germany) equipped with a filter set no. 10, excitation 450-490 nm, emission
520 nm or more.

PAGE electrophoresis of antioxidant enzymes. Extract from pea roots plants
were electrophoresed in 10 % (SOD, APOX) or 8 % (CAT) (w/v) polyacrylamide
slab gel at pH 8.9 under nondenaturating conditions, according to Davis (1964).
The activity of SOD was assayed according to Beauchamp and Fridovich (1971) in
terms of its ability to inhibit the photochemical reduction of nitro blue tetrazolium
(NBT). APOX activity was detected following the procedure of Mittler and Zilin-
skas (1993), and CAT activity was detected according to Woodbury and coauthors
(1971). For APOX activity determination, 2 mM ascorbate was added to the buffer.

Protein quantification. Total soluble protein contents were determined accord-
ing to the method of Bradford (1976), using the Bio-Rad assay kit with bovine
serum albumin as a calibration standard.

Results

Pisum sativum seedlings were grown hydroponically with Hoagland medium in
four variants: first -100 x diluted, clear Hoagland medium, second-supplemented
with 0,1 mM Pb(NO3)2, third-inoculated by Fusarium oxysporum and, fourth- pre-
incubated with 0,1 mM Pb(NO3)2 for 24 hours and inoculated by fungi. We ob-
served morphologically changes in pea roots, the biggest in plants treated with
lead. The color of roots changed from creamy white to light brown after 96 and 168
hours of cultivation time. We noticed in the roots of plants from second and  fourth
variants reduction of the total amount of lateral roots (Phot. 1).

Differences in IT values (Fig. 1) indicate that the highest sensitivity exhibits pea
plants  submitted to both stress factors: preincubation with lead and later inocula-
tion with fungi  (over 60%) and the highest resistance treated only with  Fusarium
oxysporum (over 80 %).
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Phot. 1. Morphologically changes of pea roots grown hydroponically in Hoagland medium
in the presence  to 0,1 mM Pb(NO)3 and Fusarium oxysporum for 72 hours

Fig. 1. Tolerance Index for Pisum sativum roots grown hydroponically in Hoagland
medium in the presence to 0.1 mM Pb(NO3)2 and Fusarium oxysporum  for 168 hours
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Consistently, also the highest increase in roots biomass was observed after 168
hours in plants only inoculated and was similar to control plants (Fig. 2). In the
same time the root mass of plants preincubated with Pb ions and inoculated by
fungi was lowered for about 20% compared to control plants.

Fig. 2. Changes in roots mass of pea plants grown hydroponically in Hoagland medium
in the presence to 0.1 Pb(NO3)2 and Fusarium oxysporum  for 168 hours

In the presented study, we observed high concentration of superoxide anion
(Fig. 3) in roots with the addition of Pb ions: after 24 hours of exposition to lead
the level of O2

-● increased by about three–fold, after removal of metal during re-
maining cultivation was observed gradual decrease of superoxide level. In plants
treated with both factors (Pb and F. oxy) we observed similar level of O2

-● like in
plants exposed only to Pb ions. In both  O2

-● concentration were above two-fold
higher in comparison to control plants and about 30% higher than in plants only
inoculated with fungi. The level of superoxide anion in plants inoculated by fungi
was maximal after 48 hours of cultivation (24h after inoculation) and was lower by
35 % and 25% than in plats treated  only with Pb or fungi, respectively. We have
noted a decrease in the O2

-● level after 168 hours in all of the plants, which was
probably due to either: activation of enzymatic (SOD) defense system or decline of
ROS production rate.

The results of spectrophotometric studies on the level on O2
-● in the  pea roots

were confirmed by using confocal microscopy technique (Phot. 2.) The most inten-
sive fluorescence was observed in the pea roots treated for 48 hours with  Pb ions
and both stress factors, while in the pea roots inoculated by fungi the fluorescent
signal was significantly lower. After 72 hours the fluorescence signal was less in-
tense in all tested variants.
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Fig. 3. Level of O2
-• (A580 g-1 FW) in roots of Pisum sativum grown  hydroponically

in Hoagland medium in the presence to 0.1mM Pb(NO3)2   
and Fusarium oxysporum  for 168 hours

Phot. 2. Generation of O2
-. in pea roots after 48 h and 72 h cultivation in abiotic and biotic

stress. Fluorescent images of pea roots: (A) control roots (B) roots treating with 0.1 mM
Pb(NO3)2 (C) roots treating with Fusarium oxysporum (D) roots treating with 0.1 mM

Pb(NO3)2 and Fusarium oxysporum. The bar indicates 1 mm.

In all examined plants we observed  changes in hydrogen peroxide concentra-
tion in roots (Fig. 4). After 48 hours of exposition to lead  the level of H2O2
reached its maximum and increased six-fold in comparison to control plants. Also
inoculation by fungi, with and in absence of metal, lead to increase of hydrogen
peroxide concentration, its increased for about 70 % in comparison to control
plants. The concentration of hydrogen peroxide in these plants was similar during
the cultivation time.
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Fig. 4. Concentration of H2O2 (µmol x  min-1) in roots of Pisum sativum
grown hydroponically in Hoagland medium in the presence to 0.1 Pb(NO3)2

and Fusarium oxysporum  for 168 h.

Similarly, the studies on the level of  H2O2 was also confirmed by applying con-
focal microscopy (Phot. 3). The DCFDA-derived fluorescence was higher in pea
roots cultivated with Pb ions for 48 and 72 hours in comparison to plant from the
remaining variants. The signal in plants inoculated by fungi and exposed to two
stress factors was slightly lower after 72 hours cultivation.

Phot. 3. Generation of H2O2  in pea roots after 48 h and 72 h cultivation in abiotic
and biotic stress. Fluorescent images of pea roots: (A) control roots (B) roots treating
with 0.1 mM Pb(NO3)2 (C) roots treating with Fusarium oxysporum (D) roots treating

with 0.1 mM Pb(NO3)2 and Fusarium oxysporum. The bar indicates 1 mm
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We studied the level of ROS production in injection site in shoot pea plants
exposed to abiotic and biotic stress factors.  The most intensive DHE-fluorescence
we observed in shoot plants inoculated by fungi and exposed to both stress factors
after 48 hours cultivation time in comparison to control. Generation of hydrogen
peroxide was the highest in plants treated with both stress factors too. The high
fluorescence intensity we noticed also in shoots infection by fungi plants.

Phot.  4. Generation of O2
-.  and H2O2  in pea shoots after 48 h cultivation in abiotic and

biotic stress. Fluorescent images of pea shoots: (A) control (B) shoots treating with 0.1 mM
Pb(NO3)2 (C) shoots treating with Fusarium oxysporum (D) shoots treating with 0.1 mM

Pb(NO3)2 and Fusarium oxysporum. The bar indicates 1 mm

We studied the SOD isoenzymatic profiles (Phot. 5 ) in all variants: roots
treated for 72 h with 0.1 mM Pb2+, inoculated by fungi and inoculated by fungi
after 24 hours preincubation with lead. After the gel analysis, we found the pres-
ence of 4 isoenzymatic forms of SOD. The greatest intensity was shown for I  and
III isoform in plants exposed to stress than in control plants. The isoforms of SOD
remained at similar level for the plants treatment with stress factors and intensity
were higher in comparison to control plants.

In catalase electrophoretic profiles one isoenzymatic form was found for all the
options (Phot.6). The most intense stripe was observed for the plants treated with
Pb ions and inoculated by fungi in comparison to control and treated with both
stress factors plants.

Furthermore, we have indicated the isoenzymatic profile of ascorbate peroxi-
dase, we found four isoenzymatic forms (Phot.7). The most intense stripes were
shown for   the form I and III for all examined variants comparing to control plants.
The isoforms II and IV remained stable and at similar level for all the studied
plants.
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Phot. 5. Effect of abiotic and biotic stress factors
(72 h) on SOD isoenzymes from pea roots: native

PAGE analysis 50 μg protein were put on 10 % gel.
Staining was performed by the photochemical method,

using NBT/ riboflavin

Phot. 6. Effect of abiotic and biotic stress factors
(72 h) on CAT enzymatic profile from pea roots: native

PAGE analysis 50 μg protein were put on 8 % gel

Phot 7. Effect of abiotic and biotic stress factors
(72 h) on APOX  isoenzymes  from pea roots: native
PAGE analysis 50 μg protein were put on 10 % gel
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Disscusion

The interaction between abiotic and biotic stress is subject of intense research to
expand our knowledge about plant adaptation. Early evidence for a cross-talk be-
tween abiotic and biotic stress responses was provided by Bressan et al. (1982).
Authors demonstrated that pathogenesis-related (PR) proteins accumulate in to-
mato cells exposed to  salt stress and that effector proteins involved in one of the
tolerances have profitable characteristics for the other tolerances also. Other
authors (Dombrowski, 2003) showed accumulation of insect resistance proteins in
tomato plants grown in saline environment and wounded plants are more tolerant to
salt stress (Capiati et al., 2006). It has been proposed that activation of broad salt
tolerance responses in plants attacked by herbivorous insects would present an
energetically expensive and probably unsustainable cost. For this reason, it not
clear whether a wound mediated activation of salt tolerance is a functional redun-
dancy in stress signaling pathways or it is specifically as a result of reactions that
would protect the plant against defoliating insects (Dombrowski, 2003; Capiati et
al. 2006; Orsini et al., 2010)

Several studies have indicated that stress responses as well as other fundamental
physiological processes are controlled by a concerted action of different signaling
pathways. The presence of an abiotic factors such as: metal ions can have the effect
of reducing or enhancing sensitivity of plants to a biotic factors such as: fungi, and
vice versa. The main role in mediation between biotic and abiotic stress responses
have ROS and are essential to both types of stress responses (Atkinson and Urwin,
2012). Nevertheless, our current understanding of ROS participation in cross-talk
between abiotic and biotic stress pathways is very limited.

The aim of the presented study was to examine the effects of cross-talk interac-
tions of lead ions and Fusarium oxysporum infections on generation of ROS in
plant organs  and activity of enzymatic antioxidative enzymes such as: SOD, CAT
and APOX.

We wanted to expand our knowledge about tolerance of pea plants pretreated
for 24 hours with lead ions  and after inoculated by fungi.

In our studies the highest sensitivity exhibits pea plants  submitted to both stress
factors: pre-incubation with lead and later inoculation with fungi, their IT values
was over 60 % after 168 hours cultivation. In the same time IT level in plants in-
fected by fungi was over 80 %. These results indicate, that pre-incubation pea
plants of lead does not increase resistance to infection by F. oxysporum.

Similarly, differences in roots biomass and morphologically changes show, that
pre-incubation with metal  can have the effect of reducing sensitivity to biotic
stress factors.

Plants exposed to lead ions and fungi had underdeveloped root systems, espe-
cially was seen reduction of the total amount of lateral roots. In these plants at the
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same time we observed higher concentration of ROS in comparison to plants from
other variants. The decreasing level of ROS after 96 or 168 hours in all studied
plants was probably a result of increasing activity of antioxidative defense system.
We observed the most intensive fluorescent at the site of fungi injection in pea
plants shoot treated with biotic and both stress factors.

We determined the changes in electrophoresis profile of antioxidative enzymes
in plants treated with abiotic and biotic stress factors. Catalase, ascorbic peroxidase
and superoxide dismutase belong to the important enzymes removing reactive oxy-
gen species like hydrogen peroxide and superoxide anion.

The intensity of SOD isoforms were higher in plants exposed to all stress fac-
tors in comparison to control plants, but on similar level. Similar results we ob-
tained for APOX isoforms. In catalase electrophoretic profiles the most intense
stripe was observed for the plants treated only with Pb ions or inoculated by fungi
in comparison to control and treated with both stress factors plants.

Our results suggest that pre-incubation of Pisum sativum plants with lead ions
confers no resistance in this plant to inoculation with spores of Fussarium oxyspo-
rum.

Unfortunately, there is not much papers which describe the cross-talk between
trace metal and pathogens in plants, in addition sometimes there are conflicting
data.

Some of the research suggest an antagonistic interaction between ABA-
mediated abiotic stress signaling and disease resistance. This relationship may sim-
ply suggest that plants have developed strategies to avoid simultaneously produc-
ing proteins that are involved in abiotic and disease resistance responses. Moreo-
ver, the view that ABA-mediated abiotic stress signaling potentially takes
precedence over biotic stress signaling, also supports the notion that water stress
more significantly threatens plant survival than does pathogen infection (Fujita
2006). In Nicotiana tabacum and Arabidopsis thaliana, hypersensitive response
and R-gene mediated defense responses to Pseudomonas syringae are compro-
mised at high temperatures, allowing increased growth of these pathogens (Wang
et al. 2008). Also A. thaliana exposed to  drought stress allowed greater infection of
an avirulent isolate of P. syringae  (Mohr and Cahil, 2003). The antagonistic inter-
action of biotic and abiotic stress responses were shown by many authors (Xiong
and Yang 2003; Koga and Mori 2003; Robert-Seilaniantz et al. 2007). An increase
temperature can create a negative interactive effect by lowering resistance to bacte-
ria, viral or fungi: in wheat higher mean temperatures observed over a 6 year ex-
perimental period correlated with heightened susceptibility to the fungus Cochlio-
bolus sativus (Sharma et al, 2007). However, the development of transcriptomics
and bioinformatics tools demonstrated that the interaction between these two stress
responses is more complex than just antagonistic. One possible hypothesis to ex-
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plain this kind of responses is that the induction of any particular pathway is the
consequence of the integration of different signals (Robert-Seilaniantz et al., 2010).

In contrast, abiotic stress may also interact positively with pathogen stress.
Drought stress enhanced resistance to the fungus Botrytis cinerea in tomato
(Aucho, et al. 2006), increasing salt-induced osmotic stress was directly correlated
with resistance to powdery mildew (Wiese et al. 2004).

Nemhauser and co-authors (2006) suggested that stress response seem to in-
volve induction of common set of genes by both types stresses. In addition, specific
genes to each stress are induced either by the same signal or other signal.

According to Atkinson and Urwin (2012) when examining the effects of an abi-
otic stress with simultaneous impact of a pathogen or herbivore, both positive and
negative interactions have been observed depending on the timing, nature and se-
verity of each stress.

Our results suggest that pre-incubation of pea plants with lead ions does not
increase resistance in this plant to inoculation only with spores of fungi.

Perhaps, we used too high concentration of lead in our study, which not activate
plants defense system, but cause oxidative damages by high level of ROS.

On the other hand, maybe our results are caused by negative interaction be-
tween lead and fungi pathogen.

There is the need for further research of large-scale transciptome, proteome
and metabolome analyses in plant explanatory pathways in cross talk.
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Abstract The salinity of agricultural land is not only limited to the areas with restricted pre-
cipitation (dry and semi-dry climate), but which, is more often, in areas where the developed
system of agriculture requires intensive fertilization and irrigation. These lead to secondary
saltiness and effectively prevent the growth of crop plants, also those which are a source of
human food. The presence of excess of soluble salts in the soil leads in the plants to various
biochemical and physiological changes. The studies aimed to show the changes in the bio-
chemical processes that occur during excessive salinity of the ground. Experiments performed
by the quasi-field conditions can be concluded that salinity results in the inhibition of growth
of legume plants and that the changes of antioxidant enzymes activity are specific for each
species of legumes under study. Moreover, salt stress forces the plants to change the mecha-
nism of photosynthetic absorption of CO2, leading to a stronger carbon reassimilation, for
reasons of stomata closed.

Key words: salinity; ROS; carbon isotope ratio 13C/12C; antioxidants; legumes

Introduction

Soil salinity. The world in its development, actually meets with two opposing
phenomena which affect each other. On one side it is a continuous increase in
population, which in 2011 exceeded 7 billion, while on the other there is a decrease
in food productivity due to the influence of abiotic and biotic stresses  limiting
plant crops. It is therefore important to seek to increase the yield per unit area but
not only to increase the area under cultivation. Limiting plant growth and produc-
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tivity seems to be the result of some stresses - mostly low temperature (cold and
frost), drought (water deficit) and salinity. Global climate’s changes, make drought
and salinity of more and more important. According to Ghassemi et al. (1995) sa-
linity can be divided into primary and secondary stage. First one is the result of
long-term salinity build-up of salt in the soil because of two natural processes: the
first is the weathering of rocks containing various types of soluble salts especially
sodium, magnesium and calcium chlorides and to a lesser extent, sulfates, and car-
bonates, while the second is the deposition in soil of a natural ocean salt (composed
mainly of NaCl) carried by wind and rain. It is said that the second type of salinity
is "transient" because of the changes in the location in the soil profile and thus in
the root zone. Contrary, so called secondary salinity is caused by human activities
in an environment that changes the balance between the incoming water and plants
and soil transpiration. The most important in this case is a watering of a field by
irrigation systems, using water usually containing small amounts of soluble salts.
Contrary to pure rain or snow water supplied to plants in naturally conditions, the
artificial field watering leads to accumulation of these salts being non-utilized by
plants. Subsequently, it leads to an increase of amounts of salt accumulated in
groundwater. When water evaporate salts are leaving on the surface to form a "salt
burn". All kind of water used to water plants contains dissolved salts, both the low
and of good quality. In general, salts are common and essential component of the
soil, while at the same time plant are fertilized (Kotuby-Amacher et al. 2000). Ex-
cessive build-up of ions of soluble salts in water leads to a phenomenon called soil
salinity, which is considered as the electrical conductivity of the solution at 4 dS m-1

≈ 40 mM NaCl or greater [Chinnusamy et al. 2005]. Special parts of the environ-
ment are agricultural areas where the biggest problem for humans is a direct effect
of salinity on crop plant production. Around the world, there is no climate zone,
which would be free from saline land. Part of the problem is resulted from watering
of plants, which makes the soil in large quantities new salts, which are not there
before (Munns et al. 2008). The problem of saline soils of varying degrees, nature
and properties meets more than 100 countries all over the world, it is estimated that
20% of irrigated agricultural land is damaged by salt (Lauchli et al. 2008).

In temperate conditions, the causes of excess salts in the soil include mainly
anthropogenic factors: inadequate (excessive and unbalanced) mineral fertilization,
the use of salt to counter the effects of winter, water leakage from landfills steel
industry, mining or sodium factory,  emissions from chemical factory (production
of potassium fertilizers) and brown coal power station. The sources include natu-
ral origin, which once regularly frequent or prolonged droughts, especially in areas
where water is running low. These phenomena lead to a situation in which the ac-
cumulation of ions Na+, K+, Ca2+ or Cl- (Rengasamy et al. 2006, Mahajan and
Tuteja 2005).
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Glycophytes and halophytes. Plant growth and development in a variety of envi-
ronmental conditions led to the division in terms of sensitivity to salinity. Gly-
cophytes are called plant adapted to grow in a low salt concentration in the sub-
strate. It is assumed that the content does not exceed 0.5%. Increasing salinity in
the soil causes a rapid abnormal life processes. The group glycophytes include crop
and weeds for which the concentration between 100-200 mM NaCl results in
growth inhibition and eventually death (Munns and Termaat 1986).The second
group of plants known as halophytes for the optimum salt concentration is between
300-400 mM NaCl. Formation tolerance mechanisms during adaptation enables
phylogenetic allows halophytes growth, further measurement of ions in plants
treated salinity stress showed that ions are accumulated. While in glycophytes there
is a tendency to remove salts (Zhu 2007).

Effect of salinity on the plants is based on several actions: it reduces the poten-
tial of the water, leading to the presence of physiological drought. Under such con-
ditions, the plants may not get out of the water due to the increased osmotic poten-
tial in the soil, in spite of its sufficient availability. Another effect of soil salinity is
supplying the ionic imbalance and interfering with the ability to download ions. In
this case, transport phloem-xylem is slowed due to the weak flow of water within
the plant. Such processes in disorders of water leads to loss of cell turgor, stomata
closure, a significant decrease in transpiration, photosynthesis and efficiency of
other metabolic processes (protein synthesis, the release of energy from fat). Visi-
ble consequence of these processes is to limit the growth and yield (Nawaz et al.
2010).

Reactive Oxygen Species (ROS). Reactive oxygen species such as superoxide
anion - O2- ,  hydrogen peroxide - H2O2, hydroxyl radical - ·OH and singlet oxygen
- 1O2 in homeostasis near conditions are produced during normal cell metabolic
processes taking place during the growth and development of plants (synthesis of
some metabolites, lignification processes, plants aging) (Kacperska 2007). Plants
subjected to various environmental stresses, such as drought, high temperature,
high light intensity, salinity, and the impact of herbicides and other chemicals.  As
the effect the  disorder in the balance between the production of active forms of
oxygen and their decomposition by antioxidant compounds, takes place. Often the
result of such action is the oxidative damage (Parida and Das 2005) of cell struc-
tures. Next, there is the formation of an excess of reactive oxygen species. Simul-
taneously with the formation of ROS plants have evolved defenses against excess
oxidants. ROS action seriously disrupts the functioning of the normal metabolism
of nucleic acids, proteins and lipids. From the other side antioxidants, having
a high level in plants, show a larger-induced plant resistance to oxidative damage
(Spychalla and Desborough 1990). Salt stress induces a particular activity of anti-
oxidant enzymes such as catalase (CAT), ascorbate peroxidase (APX), glutathione
reductase (GR), guaiacol peroxidase (GP) and, especially, superoxide dismutase
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(SOD) [Mittova et al. 2003], which catalyzes the decomposition oxidants (ROS).
Subsequently, hydrogen peroxide is eliminated by ascorbate peroxidase localized
in the thylakoid membranes.

Discrimination of carbon isotope ratio 13C/12C. On Earth, there are two stable
isotopes of carbon, 12C and 13C. The most common is the isotope 12C, the
amount of which is almost 99%. C3 plants use little more readily CO2 with
a lighter isotope of carbon,  as a result we have a differentiation in value of
13C to 12C ratio in plant tissues, which is less than in air. As a result it ap-
pears the variation the content of these isotopes in the various compounds
involved in the processes of physical and biochemical conversion of carbon
in plant cells which takes place during photosynthesis (Farquhar et al. 1989).
The parameter called discrimination coefficient informs about proportion between
amount of assimilates containing carbon uptake from atmospheric CO2 or CO2
originating from internal tissue respiration. Variation of the ratio values indicates
the difference between objects under study with respect to the duration of stomata
closing (enabling reassimilation of CO2).

Discrimination coefficient is calculated according to the formula (O’Leary
1993):

1
air C)C/(

plant C)C/(
1213

1213

−=Δ

Material and methods

Plant material. The study was conducted during the growing season from
August to September 2012, the plant material consisted of 4 species of Polish grain
legumes: pea (Pisum sativum L.) cultivar ‘Wenus’, yellow lupine (Lupinus luteus
L.) cultivar ‘Mister’, white lupine (Lupinus albus L.) cultivar ‘Butan’, blue lupine
(Lupinus angustifolius L.) cultivar ‘Sonet’ and soybean (Glycine Willd.) cultivar
‘Augusta’. Species were selected in terms of their sensitivity to salt stress:
‘Wenus’ is a cultivar relatively resistant, while ‘Augusta’ is sensitive one. In the
study there was also used two species of intermediate resistance to stress (‘Mister’,
‘Butan’). Containers were filled with perlite substrate and placed outdoors under
plastic tunnel and then were divided into plots with an area of 0.7 m2. Next
containers were equilibrated with 220 l of NaCl solution of concentration of (0, 20,
70 mM). After sowing the seeds were watered with three NaCl concentrations 0,
20 and 70 mM and contained commercial fertilizers Agrofoska and Florovit. After
eight weeks of plant growth the test material was collected. Samples for the deter-
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mination of antioxidant enzymes (superoxide dismutase, catalase, peroxidase non-
specific) were taken from fully developed leaves at 8 week-old plants. Antioxidant
activity calculated per 1 g fresh weight or per 1 mg of protein estimated according
to (Bradford 1976). In addition fresh and dry weight of plants were measured. Sta-
tistical analysis was performed using STATISTICA 10 using Student's t test.

SOD activity. SOD activity was measured according to Droillard et al. (1987).
The frozen tissue (about 0,5g) was homogenized using Tissue Lyser with 1,3 ml of
extraction buffer (50 mM potassium phosphate, pH 7,8 and 1% PVPP) and centri-
fuged (16000 x g) at 4oC for 10 min. A sample of tissue extract (20µl) was added to
1 ml of assay buffer containing nitrobluetetrazolium (NBT) (56 mM), xanthine (0,1
mM) and potassium phosphate buffer (50 mM pH 7,8, 1mM EDTA). The reaction
was started by adding 10 µl of xanthine oxidase (0,03 U). The absorbance at 560
nm was been recorded for 120 s. The SOD activity was calculated as the percent-
age of inhibition on NBT reduction. One unit of SOD was the amount of extract
causing 50% inhibition of reduction of NBT to NBT-diformazan. The determina-
tion of SOD activity was done in 5 replicates (five independent samples collected
from different plants).

CAT activity. Catalase activity was estimated according to Aebi (1984). Sam-
ples of leaves were homogenized at 4oC with a 50 mM phosphate buffer (pH7,5)
and 1mM EDTA and centrifuged at 16000 x g for 10 min. CAT activity was as-
sayed in a reaction mixture composed of a 50 mM phosphate buffer (pH 7,5) to
which 30 % H2O2 was added to reach an absorbance value in the range of 0,520-
0,550 (λ= 240 nm). The reaction was started after adding 200 µl of crued extracts
to the reaction mixture. CAT activity measured as the decrease in absorbance at
240 nm. As a consequence of H2O2 consumption. The decrease in absorbance of
0,0145 responded with 1 µmol H2O2 decomposed per minute per mg of protein.
The determination of CAT activity was done in 5 replicates (five independent sam-
ples collected from different plants).

POX activity. Peroxidase activity was measured according to the method de-
scribed by Bergmeyer (1965). Leaf discs were ground to a fine powder with liquid
nitrogen and extracted with 50 mM of phosphate buffer (pH 7.0) and 1 mM EDTA
(SIGMA-ALDRICH). The extract was centrifuged (14 000 rpm) at 4°C for 10 min
and the supernatant was used as the crude extract. 2 cm3 of 50 mM phosphate
buffer (pH 7.0) was mixed with 12 μl of 0.5% p-phenylenediamine and 12 μl of
crude extract. The oxidation of p-phenylenediamine was initiated by the addition of
12 μl of buffered H2O2 (0.15 cm3 of 30% H2O2 (w/v) mixed with 50 cm3 of extract
buffer) to a prepared mixture. The absorbance was measured at 460 nm. The total
peroxidase activity was expressed as an increase in  absorbance of the sample after
1 min and expressed as per 1 mg of FW. The determination of POX activity was
completed in 5 replicates.
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Results

Increasing the salt concentration in the medium resulted in a reduction of plant
growth. For most species concentration limit was about 70 mM NaCl, with the only
surviving plants peas. Fig. 1 shows the fresh weight of the plants. The largest de-
crease in the fresh weight of pea plants was observed between the control objects,
and the concentration of 70 mM NaCl. On the other hand, 20 mM salt found to
stimulate the growth of fresh weight. The decrease in fresh weight significantly
reacted white lupine plants (down 50%) and soybeans (70% decrease). The least
fresh weight decrease as influenced by salinity was observed in the yellow lupine.

Fig. 1. The influence of salinity on the fresh weight of studied legume plants

Fig. 2 shows the dry weight of legumes. As in the previous graph greatest de-
crease dry matter was characterized by a soybean (about 80% reduction in dry
matter). At the same time these plants reached the highest dry matter value in the
control. Other species responded also significantly for salinity were pea and white
lupine, however pea showed a significant increase in dry weight between the con-
trol object and the concentration of 20 mM NaCl (5g). Yellow lupine was the least
sensitive specie for the influence of the salinity.

Fig. 2a shows a value of water [g] which is need to hydration of 1 g DW plant
tissue (so called relative water content  RWC). The most susceptible species was
a Pea because increasing of salinity make hydration of leaves to decrease, starting
to 20 mM NaCl. It is correlated with the results of FW and DW because it was
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a normal reaction to physiological changes in plants  The highest RWC value was
observed in plants of both lupine, but in plants of White lupine despite of decrease
of FW and DW, increase hydration was noted. The lowest level of hydration
showed plants of soybean, due to the low content of water in tissues generally but
the differences were not significant.

Fig. 2. The influence of salinity on the dry weight of studied legume plants

Fig. 2a. The relative water content (RWC) in plants tissue of studied legumes
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The protein content was presented in Fig. 3. In all species of legume plants
protein levels remained at the same level. With an equally high protein content in
plants, two species of lupine can note a downward trend with increasing concen-
tration of salt, however, there are no significant differences. Compared to the con-
trol, only of pea plants reacted significantly with respect to the change in the pro-
tein content. 20 mM concentration of salt stimulated a significant increase in the
protein content of the plants (about 0.1 mg), while 70 mM NaCl resulted in a sig-
nificant decrease with this respect.

Fig. 3. The influence of salinity on the protein content in leaves of studied legume plants

The activity of antioxidant enzymes were converted into fresh weight and protein.
Fig. 4 shows the activity of superoxide dismutase per g fresh weight. Lupines

demonstrate downward trend in the levels of SOD, however, compared to the con-
trol level is greater in lupine crops. Compared to the control significant increase in
activity was observed in pea plants grown in 70 mM NaCl, with a simultaneous
decrease in the 20 mM NaCl. The increase in SOD activity was also observed in
soybean plants, however, the increase was not statistically significant. The calcula-
tion of the activity per mg of protein (Fig. 5) gave similar results as the SOD activ-
ity in the case of fresh weight.

Catalase activity are presented on figures 6 and 7. A significant increase in
activity compared to control, both in terms of fresh weight, and the protein was
observed in plants of pea, and amounted about 30%. Noting the increasing trend
with increasing salt concentration in the soil. In plants of white lupine activity
decreased with increasing salinity but it was not statistically significant. However,
the level of this enzyme was the highest in the control objects of all plant species.
In other species the level of activity at a similar level fluctuated.
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Fig. 4. Activity of SOD per 1g of FW

Fig. 5. Activity of SOD per 1mg of protein
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Fig 6. Activity of CAT per 1g of FW

Fig. 7. Activity of CAT per 1 mg of protein
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Figure 8 and 9 shows the changes in POX activity. Soybean showed a signifi-
cant increase in the peroxidase activity (50%), both in terms of fresh weight and
protein. In yellow lupine POX despite the high activity in the control plants
showed a decrease in the level of activity, however, by a statistically significant
only in terms of fresh weight. The level of peroxidase activity in pea plants re-
mained at a similar level, only slightly reducing its activity. The lowest level of
POX activity was observed in white lupine plants.

Table 1 shows the results of 13C/12C carbon isotope discrimination. Discrimina-
tion of carbon in plants that grow without the addition of NaCl is varied depending
on the species. The lowest (most negative) showed discrimination blue lupine
plants in all organs, while the highest (least negative) soybean plants (in small pods
almost 4 units). Increasing the salt concentration increases discrimination in every
organs. Responded most poorly ventilated organs such as pods and seeds (yellow
lupine, pea) in which CO2 reassimilate was the least negative. Organs well venti-
lated (leaves) strongly discriminate isotopes of carbon.

Fig. 8. Activity of POX per 1g of FW
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Fig. 9. Activity of POX per 1mg of protein

Table 1. Discrimination of carbon isotope ratio 13C/ 12C

Lupinus luteus L.
cv. Mister

Lupinus angustifo-
lius L. cv. Sonet

Pisum sativum L.
cv. Wenus

Glycine Willd.
cv.  Augusta

0   mmol/l   NaCl

leaves -31.20 -32.70 -30.13 -28.14
stem -30.37 -30.96 -29.27 -28.18
tendrils -30.04
small pods -30.32 -28.44 -26.49
pods without seeds -28.25 -28.65
seeds -27.89 -27.47

40   mmol/l   NaCl

leaves -30.71 -31.40 -29,87 -28. 02
stem -28.97 -29.64 -28.50 -27.94
tendrils -29.14
small pods -29.68 -27.71 -26.17
pods without seeds -27.30 -27.76
seeds -26.73

70   mmol/l   NaCl

leaves -29.00
stem -27.60
tendrils -28.96
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Discussion

No doubt, salt stress, which is one of the most important abiotic stress causes in
legumes a number of changes in physiological and biochemical parameters. The
first obvious features is the inhibition of growth and thus decrease in fresh and dry
weight of the aboveground part and roots (Parida and Das 2005). Each of the spe-
cies tested, reacted to the change in this parameter, although the species were more
resistant to salinity. Similar results of FW and DW were achieved in the study of
Pisum sativum by Borucki and Sujkowska (2008). Biochemical parameter that
reacts strongly to salinity is increased production of ROS by simultaneous changes
in the activity of antioxidant enzymes, especially SOD, CAT, POX. In this study,
the plants can be identified in whom antioxidant system work in a way specific to
the species, causing them more resistant (pea) or more sensitive to salinity (soy-
beans). Several authors (Hernandez et al. 2000, Sreenivasulu et al. 2000, Sairam et
al. 2000) suggests that higher activity of antioxidant enzymes plays an important in
conferring tolerance to environmental stresses different cultivars.

The study of Dionisio-Sese and Tobita (1998) compared the activity of antioxi-
dant enzymes in plants sensitive and tolerant to salinity. Two sensitive rice varie-
ties showed a decrease in SOD activity and an increase in peroxidase activity in
response to stress. At the same time varieties showed an increase in lipid peroxida-
tion, electrolyte flow and accumulation of Na+. Varieties less sensitive to salinity
were two different mechanisms of protection against ROS. One of them showed a
slight increase in SOD activity declined slightly, while addition of peroxidase ac-
tivity without altering the activity level of lipid peroxidation, electrolyte flow and
accumulation of Na+. In the second embodiment of the Na+ accumulation was re-
corded with simultaneous lesions similar to those in sensitive cultivars.

An interesting phenomenon is the result of the level of activity of antioxidant
enzymes in plants soybean (Glycine). Comparing them with research Comba et al.
(1998) observed that 50 mM NaCl increases the activity of SOD and CAT, whereas
in our study 70 mM NaCl resulted in a complete inhibit growth of plants. Simulta-
neously, in a concentration of 20 mM NaCl, there was no change in activity.

Discrimination 13C/12C isotope carbon showed that the treated plants contained
more heavier isotope of carbon, compared to control plants. The most different of
the carbon isotope discrimination between leaves, seeds and tendrils for Pisum
sativum were observed. However, the analyzes were carried out at a concentration
of 70 mM NaCl due to the inhibition of the generative form. Differences between Δ
leaves, tendrils and seed increased with increasing concentration. Similar results
were shown in the experience of Brugnoli and Lauteri [1991] where the biggest
differences between the results achieved and the seed leaves. In addition, values
between leaves and stems were very close.
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Conclusions

– Salinity (0-70mM) inhibits the growth of studied legumes
– Salinity influence activity of SOD, CAT and POX specifically for each plant

species
– Pea is the most resistant species to salinity, while soybean is the most suscepti-

ble one
– The decrease of level of discrimination ratio 13C to 12C in organs less ventilated

(seeds) is observed
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Abstract Anatomy and the surface ultrastructure of floating, submerged and terrestrial leaves
of the heterophyllous aquatic plant Nuphar lutea (L.) Smith. were investigated. Submerged
leaves differed from floating and terrestrial leaves by the: absence of a cuticle, stomata, as-
terosclereids, differentiated parenchyma, as well as the presence of small intercellular spaces.
A significant reduction in the thickness of submerged leaf blades with increasing the water
depth was demonstrated: a number of mesophyll layers decreased. Such anatomical patterns
of submerged leaves are considered as phenotypic plasticity that makes it possible plant ad-
aptation to light absorption in water column. The hydropotes structure was similar to that of
salt glands, so they can release certain substances outside. It is supposed that described fea-
tures of anatomy and the surface ultrastructure of floating, terrestrial and submerged leaves
from the different water depth are conditioned by their existence in the different physico-
chemical environments.

Key words: Nuphar lutea; leaf; heterophylly; anatomy; hydropote

Introduction

Variations in leaf traits such as size, shape, thickness, and pigmentation are
widespread (Titus and Sullivan 2001). Heterophylly, the production of two or more
leaf forms within the same individual, is a common characteristic of aquatic and
amphibious plants (Hutchinson 1967; Deschamp and Cooke 1985). These plants
are typically confronted with abruptly different microenvironments – air and water
– that contrast strikingly as media for plant life (Maberly and Spence 1989; Titus
and Sullivan 2001). Controlled by the developmental program or environmental
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factors, or both, plants produce distinct types of leaves corresponding to changes in
the water level and the seasons (Lin et all 2005). Heterophylly provides aquatic
plants an advantage in adapting to the environment.

Nuphar lutea (L.) Smith. is known to be a heterophyllous aquatic plant with
floating and submerged near-bottom leaves. Floating leaves has long petioles,
emerge in May and exist during summer. Submerged leaves have short petioles,
exist over an all year and can grow in different depth, up to 3 m. After decrease in
water level in river, plants grow at the riverside, so that their leaves with short peti-
oles are in air.

The primary goal of this research was to study heterophylly in N. lutea by de-
scribing the surface and internal anatomy of terrestrial, floating and submerged
leaves.

Material and methods

Plant material. Mature, without any visible damage terrestrial, floating and
submerged Nuphar lutea (L.) Smith leaves were collected from plants grown in the
basin of the Psyol river in Ukraine during 2009–2011 years. Floating and sub-
merged leaves were collected from the same plant. Submerged near-bottom leaves
were collected at the depth of 0.5 and 1.5 m. 3 leaves of each type were collected.

Preparation of leaf tissue. To examine internal leaf structure, 0.5х1 cm pieces
from the centre of the leaf lamina were fixed in 2.5% glutaraldehyde (0.1 M caco-
dylate buffer, pH 7.3) for 12 h at ambient temperature and then in 1% OsO4 in the
same buffer for 12 h at 4 C°. Samples were dehydrated through a graded alcohol
series and embedded in epon-araldit resins. Ultrathin sections were obtained on an
ultramicrotome RMC MT-XL (USA). Semithin sections (1 µm) were stained with
0.12% toluidine blue and examined with a light microscope NF (Carl Zeiss, Ger-
many). Ultrathin sections (about 55 nm) were stained with uranyl acetate and lead
citrate and examined with a transmission electron microscopes JEM 1200EX and
JEM 1230EX (JEOL, Japan). Tissue for scanning electron microscopy was fixed in
1% paraformaldehyde (0.1 M cacodylate buffer, pH 7.3), dehydrated in an ethanol
series. Specimens were then sputter coated with gold and observed using a JSM-35
scanning electron microscope (Japan).

Quantification of leaf structure and surface ultrastructure. Total leaf thickness,
leaf palisade mesophyll thickness, spongy mesophyll thickness, height and width
of epidermis and palisade cells, fractional area of intercellular air space were meas-
ured from digital photo with program Image Tool for Windows. Photos were made
with using a Leitz light microscope (Leitz Dialux 20 EB, Leitz, Wetzlar, Germany)
attached to a PC-based image processing system. Leaf histological analysis was
performed on ten transverse sections of each leaf type. 100 epidermis and palisade
cells from 3 leaves of each type of leaves was taken for the measurement. The
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amount of hydropotes was counted on the digital photo of abaxial epidermis and
recalculate to the 1 mm2.

Statistical analysis

Differences in anatomical parameters were tested by applying Student t-test.
The level of significance was accepted at p < 0.05 (Lakin 1990).

Results

Morphology and anatomy of terrestrial leaves. Terrestrial leaves form rosette
on the ground surface. They are large, green, simple, smooth-edged, circular, pel-
tate, without stipules. Petioles are short and triangular. Stomata placed on the leaf
adaxial side and are absent on its abaxial side. On the abaxial side, there are the
great quantity of hydropotes (on average 211 on 1 mm2), placed diffusely. A cuti-
cle covers both leaf sides. Cells of the adaxial epidermis have an oval shape. Cells
of abaxial epidermis are elongate and significantly larger than previous (Table 1).
Mesophyll is differentiated on palisade and spongy parenchyma (Fig. 1). Palisade
parenchyma consists of 3-5 layers of cylindrical cells, which sizes are 29.9±1.1
(height) х13.7±0.3 (width) µm (Table 1). Intercellular spaces vary by size. There
are asterosclereids and latex vessels in mesophyll. Chloroplasts located along anti-
clinal cell walls. Spongy mesophyll consists of thin-wall oval cells and large inter-
cellular spaces (aerenchyma).

Morphology and anatomy of floating leaves. Floating leaves are large, green,
simple, smooth-edged, circular, peltate, without stipules. Petioles are triangular. A
petiole length corresponds to the length of the pond. Stomata placed on the leaf
adaxial side, and they are absent on its abaxial side, where the great quantity of
hydropotes placed diffusely (on average 118 on 1 mm2). A cuticle covers both leaf
sides. Cells of the adaxial epidermis have an oval shape. Abaxial epidermal cells
are more elongate and larger than those of the adaxial epidermis (Table 1). Meso-
phyll is differentiated on palisade and spongy parenchyma (Fig. 1). Palisade paren-
chyma consists of 4-5 layers of cylindrical cells, which sizes are 40.2±0.8 (height)
х11.4±0.2 (width) µm (Table 1). Intercellular spaces vary by size. There are astero-
sclereids and latex vessels in mesophyll. Chloroplasts located along anticlinal cell
walls. Spongy mesophyll consists of thin-wall oval cells and large intercellular
spaces (aerenchyma).

Morphology and anatomy of submerged leaves from 0.5 m. Submerged leaves
are green, simple, undulate, and circular, without stipule, with short triangular peti-
oles. They formed rosette on the bottom of pond. Stomata and cuticle are absent.
Hydropotes appears on the abaxial side of leaf. They amount are significantly low
(on average 21 on 1 mm2). Cells of the adaxial and abaxial epidermis have an oval
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shape and elongate. They high are almost similar (Table1). Mesophyll is homoge-
nous; number of its layers is 7 (Fig. 1). Heights of mesophyll cells vary from 8.3 to
33.2 µm. Mesophyll cells are oval, with big vacuole, chloroplasts located along
tangential cell walls.

 

Fig. 1 Comparison of internal anatomy of N. lutea terrestrial (a), floating (b) and sub-
merged leaves from the depth of 0.5 m (c) and 1.5 m (d). Mesophyll tissue of terrestrial and
floating leaves has palisade (pm) and spongy layers (sm), chloroplasts located along anti-
clinal cell walls and large intercellular space (*). In contrast, leaves formed under water

have a homogeneous mesophyll (m) with chloroplasts that expose lengthwise the tangential
cell walls and little intercellular space (*). Bars: a, b, c, d – 30 µm
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Table 1 Anatomy features of N. lutea terrestrial, floating and submerged leaves,
n=100, P=0.05

Height of  epidermis cells

Leaves
Leaf

thickness µm,
M±m

adaxial
µm, M±m

abaxial
µm, M±m

Fractional area of
intercellular air

space
%, M±m

Amount
of hydropotes

on 1 mm2

Terrestrial 588.0±2.8 11.2±0.2 18.3±0.2 26.13±0.6 211±13.5

Floating 549.8±0.7 12.9±0.3 15.3±0.3 43.6±0.8 118±3.06

Submerged 0.5 m 162.2±4.4 12.3±0.5 13.6±0.4 39.1±0.8 21±1.2

Submerged 1.5 m 70.8±0.3 8.7±0.9 11.6±0.9 12.5±0.7 8.5±0.6

Morphology and anatomy of submerged leaves from 1.5 m. Leaves are green,
simple, undulate, and circular, without stipule, with short triangular petioles. They
formed rosette on the bottom of pond. Stomata and cuticle are absent. Hydropotes
appears on the abaxial side of leaf. They amount are on average 8.5 on 1 mm2.
Adaxial and abaxial epidermis cells have irregular form and considerably elongate.
Mesophyll is not differentiated. They are 2-3 homogeneous mesophyll cell layers
with small intercellular space area (Fig. 1). Heights of mesophyll cells vary from
7.7 to 27.4 µm. Mesophyll cells are oval, with big vacuole, chloroplasts located
along tangential cell walls. They are 2-3 homogeneous mesophyll cell layers with
small intercellular space area.

Ultrastructure of hydropotes. Hydropotes of terrestrial, floating and submerged
leaves are cupped and raised above the epidermis. They represent three-cells
glands, a basal cell of which is rectangular, it is named a «foot cell» (Lüttge 1971).
Its wall is cellulose, twisting, and form protuberances at the anticlinal wall that
bordering with a mesophyll layer. Cell wall protuberances are coated by the plas-
malemma. «Foot cells» are rich with the cytoplasm, have large nuclei, numerous
condensed mitochondria, numerous free ribosomes and small vacuoles, dictyo-
somes are rare. Cells of a hydropote are connected between themselves by numer-
ous plasmodesmas. The middle and upper cells are filled with the dense homoge-
neous osmiophil content (Fig. 2).
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Fig. 2 TEM micrographs illustrating a hydropote. a – TEM micrograph of a hydropote.
b – TEM micrograph taking at the «foot cell» of hydropote. Hydropote consist of three

cells: fc – basal «foot cell», mc – medium cell, uc – upper cell. «Foot cell» connecting with
medium cell by numerous plasmodesma (p). Upper cell are filled with dense homogeneous
osmiophil content. The basal walls of «foot cell» bear towards the cytoplasm many protu-
berances (arrow), big nuclei (n), numerous mitochondrion (m) and microvacuoles (mv).

Bars: a – 2 µm, b – 500 nm

Discussion

There are no significant differences in a shape of N. lutea terrestrial, floating
and submerged leaves, but their internal anatomical patterns are strongly notable,
especially of submerged leaves.

Anatomical patterns of floating and aerial leaves are similar, but there are some
differences. A blade thickness of aerial leaves and a size of their abaxial epidermal
cells are larger than those of floating leaves. However, a size of both palisade pa-
renchyma cells and intercellular spaces are smaller than those in floating leaves
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(Table 1). Increasing of the leaf blade thickness may be explained by the enlarge-
ment of abaxial epidermal cells and aerenchyma volume that correlate with a de-
crease in palisade parenchyma cell size. A reduced partial volume of intercellular
spaces may be explained by more tightly spaced palisade parenchyma cells, as well
as by a corresponding decrease in cell number and volume of this tissue. As was
found in the most aquatic species, terrestrial leaves are generally thicker than un-
derwater. In Ranunculus flabellaris this feature correlates with thicker epidermal
cells, higher length/width ratios for mesophyll cells, and more intercellular space
area (Young et all 1987). In a heterophyllous aquatic plant Batrachium peltatum,
terrestrial and floating leaves are significantly different in their thickness. The
thickness of terrestrial leaf blades was 400±36 µm, and it of floating leaves was
272±17 µm. It is assumed that increasing of the terrestrial leaf thickness is caused
by their existence in the more arid conditions compared with floating leaves
(Nielsen and Sand-Jensen 1992).

Submerged leaves of N. lutea are differing significantly in the anatomical
structure from terrestrial and floating leaves. They lack stomata, cuticle, astero-
sclereids, differentiated parenchyma, the volume of intercellular spaces and the leaf
thickness reduced. In the subepidermal parenchyma cells are formed two loop-
shaped curves of the cell wall in each cell. Bends formed between two adjacent
parenchyma cells of each layer in the direction of the long axis of the underwater
leaf (Nedyсha 2011). A significant difference in the anatomical structure of terres-
trial and submerged leaves was shown by the example of heterophyllous aquatic
plant R. flabellaris. It has no cuticle, stomata, differentiated mesophyll, its leaf
blade thickness and a cell size decreased. Authors believe these changes are caused
by the cumulative effect of environmental factors (Young et all 1987).

In the submerged leaves of N. lutea that grow at different depths, there are dif-
ferences in a shape of epidermal cells, the thickness of a leaf blade, a number of
mesophyll layers, a size of mesophyll cells and a volume of intercellular spaces.
These changes may be associated with the influence of abiotic factors (temperature,
flow rate, depth of water, light intensity). It is known that Veronica anagallis-
aquatica plants decrease a cell size and increase a cell density with increasing flow
velocity (Boeger and Poulson 2003). But, in our opinion, the anatomical parame-
ters of N. lutea submerged leaves are the most depend on the depth of the plants
growth. Submerged leaves from the depth of 1.5 m have only 2–3 mesophyll layers
and small intercellular spaces (12.5±0.65). Leaves collected at the depth of 0.5 m
have 7 mesophyll layers and a greater volume of intercellular spaces (39.1±0.81).
With increasing depth the intensity of light decreases. A reduced number of paren-
chyma layers may be considered as adaptation necessary for light adequate absorp-
tion by all leaf layers. A dependence of the leaf blade thickness and plant biomass
from the light intensity was described in Rumex crispus: a number of green leaves
and a dry mass (weight) of plants decreased in plants growing in a blackout (Laan
and Blom 1990).
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There is information concerning the formation of specialized cells – hydropotes
in the leaf epidermis of aquatic plants. Kaul (1976) and Wilkinson (1979) pointed
that hydropotes occur in many different, widely separated groups of aquatic angio-
sperms and in aquatic ferns (Carpenter 2006). Grüss (1926) illustrated the abaxial
hydropotes with nuclei in Nuphar, Nymphaea, and Victoria species. A size and
density of hydropotes in the epidermis depends from its type. It is suggested that
hydropotes are available only on the lower epidermis of floating leaves, or on leaf
both surfaces in a wide range of aquatic angiosperms and aquatic ferns (Kaul 1976;
Wilkinson 1979; Carpenter 2006). These structures assign various functions:
glands that secrete mucus (Juniper and Jeffree 1983), structures that perform the
function of absorption (Lüttge et all 1971; Wilkinson 1979).

 However, according to the information obtained by us for N. lutea, hydropotes
have the structure similar to that of salt glands: the formation of cell wall protuber-
ances, large nuclei, and a significant amount of free ribosomes, small vacuoles,
mitochondria with developed cristae, and the absence of reserve substances (mate-
rials). Gunning and Pate (1969) have termed cells with wall protuberances “transfer
cells”. Cell wall protuberances are always coated by the plasmalemma. Thus, an
increase in the cell wall surface is equivalent to an increase of the plasmalemma
surface. The presence of large nuclei in a transfer hydropote cell “foot-cell” may be
related to the secretory function (Luttge and Kraft 1969). However, the absolute
volume of gland nuclei is usually not larger than that of nuclei in usual parenchyma
cells. Hydropotes on the lower surface of Nymphaea floating leaves are salt-
transporting gland cells. In hydropotes cells nearly all the total space, not occurred
by the cell wall protuberances and the large nuclei, is occupied by mitochondria
(Lüttge and Higinbotham 1979). Lüttge and co-workers have shown that Nym-
phaea hydropotes can absorb sulphate, and they are effective about twice than sur-
rounding epidermal cells (Lüttge 1971). Thus, it may be assumed that hydropotes
of Nymphaeales have secretory and absorptive functions (Lüttge and Kraft 1969;
Wilkinson 1979) highly specialized to their aquatic habitats (Carpenter 2006).

Conclusions

This study provides us with more evidence in favor of significant phenotypic
plasticity of plant leaves as an important structure providing a successful course of
photosynthesis. Leaf anatomy of terrestrial, floating and submerged leaves is
shown to be strongly different and conform to their environmental conditions.
A significant reduction in the thickness of the submerged leaf blade with increasing
depth of the water by reducing the number in mesophyll layers can be seen as an
adaptation necessary for the absorption of light in all mesophyll layers. Hydropotes
have the structure similar to that of salt glands. According to the hydropote ultra-
structure, it may suppose that they can release certain substances outside. The fur-
ther study to find out what kind of substances they release is required.
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Abstract Smoke generated by wildfires have special ecological impact in various fire-prone
environment in Africa, Australia, and both Americas. However, in the countries of moderate
climate zones, swailing (controlled burning of meadows) is often, although illegally, practised
(BrE) by farmers. Hence, the influence of smoke generated from plant debris on seed germi-
nation and radicle growth of 4 popularly grown crops, and 3 weed species, occurring in Cen-
tral Europe, was studied. Smoke had stimulative effect on seed germination of 6 from
7 studied species. There was no impact on germination of meadow cress seeds, but in this
case strong stimulation of radicle growth was noticed. The influence of smoke on germination
was the strongest in case of red cabbage, as the difference between smoke-treated and control
seeds was 60%, and the stimulation of growth of radicles was obtained. Summing up, plant-
derived smoke can stimulate seed germination and seedling vigour of some crop and weed
plants of moderate climate countries. Therefore, smoke generated by swailing can cause local
changes in both the natural and agricultural environments.

Key words: germination; seed; smoke; weed

Introduction

The role of fire-related cues (smoke and heat) in alterations of ecosystem prop-
erties in fire-prone areas such as chapparal, fynbos, kwongan or matorral, in Aus-
tralia, both Americas and Africa is obvious (Roche et al. 1997; Keeley and Foth-
eringham 1998, Brown et al. 2003; Crosti et al. 2006). Since the 1990s it has been
known that not only heat, but also smoke itself can affect seed germination (De
Lange and Boucher 1990), having both positive and negative impact (Drewes et al.
1995; Light et al. 2002; Daws et al. 2007). Physiologically active substances pres-



Renata Bączek-Kwinta, Marcin Markowicz

234

ent in smoke are mainly nitric oxides and butenolide derivatives. The latter have
wider physiological and ecological impact than nitric oxides (Flematti et al. 2004;
2005; Van Staden et al. 2005). They have been termed karrikinolides or karrikins
(KAR). The compound 3-methyl-2H-furo[2,3-c]pyran-2-one, obtained from plant-
derived smoke, has been referred to KAR1 (Chiwocha et al. 2009). Karrikins are
water soluble, thermostable, long lasting in solution and highly active at very low
concentration of 1-9 M in darkness (Flematti et al. 2004; Light et al 2005). Physio-
logically active butenolide derivatives can be even synthesized in laboratory con-
ditions (Flematti et al. 2005; Light et al. 2005; Nagase et al 2008; Sun et al. 2008).

Physiological impact of smoke compounds on seeds of approx. 1200 species
proves their physiological and ecological role in various ecosystems. However, one
must remember that the number of 1200 is only 0.38% all known plant species
according to the International Union for Conservation of Nature and Natural Re-
sources (total 315 000, www.iucnredlist.org/documents/summarystatistics/2010
_1RL_Stats_Table_1.pdf]. Moreover, most of species can form various ecotypes,
and cultivars of crops are bred in the majority of the countries. Hence, the studies
on the impact of smoke and its compounds should not be restricted to fire-prone
environments. It was borne in mind that swailing (burning of meadows), often
practised by farmers in the areas of moderate climate, may also have an impact on
the local vegetation. Hence, the purpose of this work was to examine the influence
of smoke on seed germination and radicle growth of selected popularly grown
crops and some weed species occurring in Central Europe.

Materials and methods

Seed material. Seeds of seven species were used. Four crops: lettuce (Lactuca
sativa L., two cultivars having seeds insensitive to light: ‘Królowa Majowych’ and
‘Rozalka’), rapeseed (Brassica napus L., cv. ‘Mlochowski’), red cabbage (B. olera-
cea L. var. capitata f. rubra, cv. ‘Langedijker Polana’) and white cabbage (B. ole-
racea L. var. capitata f. alba cv. ‘Ditmarska’) were examined, as well as three
weed species: coltsfoot (Tussilago farfara L.), meadow cress (Cardamine pratensis L.)
and sorrel (Rumex acetosa L.). Lettuce and coltsfoot belong to the Asteraceae,
whereas cabbages and meadow cress to Brassicaceae, and sorrel belongs to Poly-
gonaceae family.

The source of smoke and smoke treatment. Two sets of seeds of each species
(and cultivar in case of lettuce) were placed in sealed boxes, in Petri dishes of
a diameter 4 cm, on a moistened blotting paper. Semi-dried plant debris (leaves and
stems of various grass species, 0.5 g FW), collected from a local meadow, was
burned in a glass dish, and smoke was directed to one of the boxes by a fan from
a distance approx. 1 m, for 3 min. Burned and cooled ash was left in the box, to-
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gether with the seeds, in an open dish, for 24 h. The treatment simulated the impact
of swailing, when not only smoke affects the environment, but also the volatiles
emitted from the burned debris. Control seeds were kept with similar dish filled
with unburned debris. Germination was performed in darkness for 5 days, the tem-
perature was 20/17ºC (day/night), relative humidity ca. 90%. Germination counts
were performed daily. Germination was considered when the radicle protruded 1 mm.

Statistical analysis

Each treatment consisted of four replicates of 10 seeds. The percentage of ger-
minated seeds of individual species and cultivar was arcsine transformed and the
data were compared among the species (also cultivar) and the treatment using one-
way analysis of variance (ANOVA at p<0.05). In case of the length of the radicles,
Student t-test was used to compare two means among the species, at p=0.05.

Results and discussion

The volatile compounds contained in smoke and/or burned plant debris had
stimulative effect on seed germination of all the studied species but meadow cress
(Table 1, Fig.1). Germination stimulation was noticed just on the 1st day in case of
lettuce, rapeseed, sorrel and coltsfoot (Table 1). Lettuce seeds are often used as
a germination model, also in smoke experiments (Jager at al. 1996), but the re-
sponse of seeds may greatly vary upon the cultivar due to its differentiated light-
sensitivity. In this work, performed on two cultivars having seeds insensitive to
light (unpublished results), genotypic differentiation was shown as different germi-
nation pattern of seed of both used cultivars (‘Rozalka’ seeds germinated faster,
Table 1), but their positive response to smoke was distinct (Table 1). Moreover,
growth of ‘Rozalka’ radicles was improved, as on the 4th day they were approx.
4 mm (20%) longer than in the control ones (Table 2). Sparg et al. (2005) dis-
cussed the role of smoke at the post-germination level, based on their results as
well as these obtained by Brown et al. (2003), and the improvement of seedling
vigour was raised.

Germination of seeds of rapeseed (Table 1) and both cabbage species was
stimulated by the treatment (Table 1, Fig. 1). The impact of smoke was stronger in
the case of red than white cabbage seeds, as the differences in percentages were 60
and 25%, respectively. Additionally, the effect of smoke on growth of red cabbage
radicles was distinct (Table 2), whereas there was no such response in case of white
cabbage (data not shown). Interestingly, smoke had no effect on germination of
seeds of meadow cress, which belongs to the same family as cabbage and rapeseed
(Brassicaceae), but triggered strong positive growth response in meadow cress
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radicles, because their length was 160% of control upon the smoke treatment
(Table 2).

Table 1. The effect of smoke on seed germination during first 3 days.
Mean percentage of seeds germinated in four Petri dishes

(number of seeds in each dish = 10) ± standard deviation (SD) were given

Day of germination, % of germinated seeds
Classification Species,

cultivar

Treatment:
control (C),
smoke (S) 1. 2. 3.

C 5 ±7.07 a 90 ±0.00 b 100 ±0.00 bLettuce,
‘Królowa

Majowych’ S 15 ±7.07 a 95 ±7.07 b 100 ±0.00 b

C 50 ±7.07 a 80 ±7.07 b 90 ±7.07 bLettuce
‘Rozalka’ S 70 ±14.2 a 95 ±7.07 b 95 ±7.07 b

C 0.0 ±0.00 a 25 ±14.1 b 50 ±0.00 c
Red cabbage

S 0.0 ±0.00 a 85 ±7.07 b 85 ±7.07 b
C 0.0 ±0.00 a 65±7.07 b 80 ±0.00 c

White cabbage
S 0.0 ±0.00 a 90 ±14.1 b 95 ±7.07 b
C 25 ±35.4 a 95  ±0.00 b 100 ±0.00 b

Crops

Rapeseed
S 50 ±28.3 a 95 ±14.1 b 100 ±7.07 b
C 48 ±3.18 a 48 ±3.18 a 48 ±3.18 a

Coltsfoot
S 55 ±7.07 a 55 ±7.07 a 55 ±7.07 a
C 100 ±0.00 a 100 ±0.00 a 100 ±0.00 a

Meadowcress
S 100 ±0.00 a 100 ±0.00 a 100 ±0.00 a
C 0 ±0.00 a 85 ±7.07 b 90 ±0.00 b

Weeds

Sorrel
S 10 ±0.00 a 90 ±14.1 b 95 ±7.07 b

Mean values with different letters (a–c) are significantly different (P=0.05)

Physiological basis for the mode of action of smoke compounds has not been
unraveled yet. Egerton-Warburton (1998) indicated that smoke acts as a scarifying
agent to the seed surface, but in the paper of Briggs and Morris (2008) it was
shown that the mechanism is not universal. On the other hand, most researchers
agree that smoke and its main physiologically active component, butenolide, inter-
acts with gibberellin, ABA and auxin pathways in seeds (Light et al. 2005; Chiwo-
cha et al. 2009). It can probably result in up-regulation of expansins, the proteins
disrupting the hydrogen bonds within the cell wall (Jain et al. 2008). Smoke com-
pounds, possessing their oxidative role, may also interfere with the cell redox status
(Light et al. 2009). All these circumstances lead to the supposition that the key
smoke compounds, butenolides, act as a new class of plant growth regulators
(Light et al. 2009).
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Red cabbage

Control Smoke

White cabbage

Control Smoke

Fig. 1. Germinated cabbage seeds, day 2. Samples representative for 4 replicates
(Petri dishes)

The results of the studies on the impact of smoke on germination can be appli-
cable in some cases, as the smoke extract can be used in case of late sowing to ac-
celerate germination (Light and Van Staden 2004), to overcome the light require-
ment for germination (Merrit et al. 2006) and to improve the vigour of some
indigenous plants (Sparg et al. 2005; Emery and Lacey 2010). Some papers also
emphasized the role of smoke compounds as conditioning agents in unfavourable
conditions (Jain et al. 2008). In case of seeds of persistent weed or invasive spe-
cies, such as Avena fatua L. (Kępczyński et al. 2010, 2012), the experiments can
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explain the mechanism of germination stimulation and may improve new methods
for prevention. Other valuable application is the re-vegetation of degraded areas
(Light and Van Staden 2004).

Table 2. The effect of smoke on length of the radicles on the 4th day of germination
(only the significant differences were shown). Means of 4 Petri dishes ± SD were given.

The significance of differences between means was evaluated by Student’s t-test:
* - differentiation at P=0.05, ** - P=0.01, *** - P=0.001.

Species, cultivar
Treatment:
control (C),
smoke (S)

The length of the radicles [mm]
on the 4th day of germination

C 22.7 ± 0.90 **
Lettuce ‘Rozalka’ S 27.2 ± 2.01

(120%)
C 11.5 ± 6.60*

Red cabbage S 18.5 ± 6.60
(161%)

C 24.4 ± 5.70***
Meadowcress S 38.9 ± 6.20

(159%)
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Abstract The aim of the experiments was to compare the salt tolerance of such plant species
as barley, maize, sorghum and spinach. Plants were grown in perlite and were treated with the
following NaCl concentrations: 0, 20 and 70 mM. Fresh weight (FW), dry weight (DW) and
relative water content (RWC) of aboveground parts of plants were estimated. In addition, to-
tal protein content, the activities of superoxide dismutase (SOD), catalase (CAT) and non-
specific peroxidase (POX) were measured in the leaves. The increasing NaCl concentration
reduced or completely inhibited the plant growth of all species under study. Barley and spin-
ach showed the least decrease of FW and DW under salt stress compared to the other studied
plant species. The decrease of FW at 70 mM of NaCl was more visible than a decline of DW
and amounted to 28.5%, 64.7%, 62.5% and 50% for barley, maize, sorghum and spinach re-
spectively. The decrease of DW amounted to 54.5%, 33.3%, 19.2% and 50%  for barley,
maize, sorghum and spinach respectively. Barley and spinach plants grown at 70 mM of NaCl
demonstrated an increase in RWC compared to the control, while values of this parameter in
maize and sorghum plants grown at 70 mM were reduced significantly. Barley, sorghum and
spinach plants grown at 20-70 mM of NaCl did not demonstrate any changes in SOD and
CAT activities, that increased only in the leaves of maize plants grown at 70 mM of NaCl.
The increasing salinity affected POX activity in all studied plant species, but these changes
were specific for each species. Taking into consideration DW reduction, sorghum plants
could be recognized as more salt tolerant than other species under study, however barley and
spinach induce defence mechanism against salinity which is the uptake of greater amount of
water to dilute ion concentration in cells.

Key words: Catalase; Fresh and dry weight; Relative Water Content; Salt stress; Peroxidase;
Superoxide dismutase
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Introduction

According to recent reports, more than 6% of the total land area is saline. The
problem affects all continents. Particularly affected areas are semi-arid deserts
(FAO 2008). The emergence of this problem is closely related to the increased
demand for food. The growing number of people means that more and more scien-
tists consider the possibility of using saline lands for agriculture.

The salinity of the soil solution occurs when the content of soluble salt is higher
than 0.2% (Siyal et al. 2002). Excessive salt concentration in the soil is mainly
found in arid and semi-arid areas (Kumar and Reddy et al. 2003) and irrigated with
sea water (Zhu 2001). in most cases soil salinity is an effect of salt accumulation
over long cultivation periods and deforestation (Brini et al. 2009). Salinity is an
additional consequence of excessive and unbalanced fertilization in intensively
cultivated areas and urban areas as a result of the use of salt for de-icing streets in
winter (Zimny 2004).

The effect of high concentrations of salts in environment, are osmotic and ion
toxicity stresses. A high concentration of sodium ions disturbs the osmotic balance
and results in inhibition of plant water uptake. The toxic influence of Na+ may be
manifested by the premature death of leaves, degradation of the cell membranes,
inhibition of many enzymes, as well as damages of photosynthetic apparatus
(Mitsuya et al. 2003). Plants have different sensitive degree to salinity depending
on species and plant development. In addition, the sensitivity of the plant can be
confirmed by other adverse environmental conditions (Munns and Tester 2008).
Most of the crops respond to salinity as typical glycophytes and demonstrate dif-
ferentiated tolerance levels to this stress. According to Munns and Tester (2008)
barley can be recognized as the most salt tolerant cereal and rice as the most sensi-
tive one, however some authors have stated that, among many genotypes of barley,
some of them demonstrated high salt sensitivity (Kalaji et al. 2011).

 Salinity causes also oxidative stress, which damages the cell structure by oxi-
dation of lipids, proteins and nucleic acids and interferes with metabolic processes,
forming reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), super-
oxide (O2

• -), and hydroxyl (OH•) radicals (McKersie and Leshem, 1994; Pastori
and Foyer, 2002). Damage of membrane structure as a result of salinity can be
demonstrated by the toxic influence of Na+ ions, which cause strong membrane
depolarization and the consequent effect of lipid peroxidation (Yasar et al. 2006).
In order to minimize the effects of oxidative stress, plants form the ROS defence
system consisting of oxidizing molecules including glutathione, ascorbate, carote-
noids and tocopherols. In addition, antioxidant system involves scavenger enzymes
such as: superoxide dismutase (SOD), calatase (CAT), ascorbate peroxidase
(APX), guaiacol peroxidase (GPX), and glutathione reductase (GR) (Alscher et al.
1997 Apel and Hirt 2004). Enzymes capture ROS under different cellular com-
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partments in the form of isoenzymes (Asada 1992; Alscher et al. 2002; Shigeoka et
al. 2002; Apel and Hirt 2004). Superoxide dismutase converts O2

˙ ¯ to H2O2, while
catalase and ascorbate peroxidase convert H2O2 to H2O and O2 (Mehdy 1994).
Thus, ROS concentration depends on the balance between production and scav-
enging, and the correct functioning of antioxidant system is clearly important re-
quirement for plant survival (Scebba et al. 1999). Hydrogen peroxide is recognised
as the signal factors initiating several processes initiated under various environ-
mental stresses (Mehdy 1994; Bestwick et al. 1998). Taking into account so im-
portant role of  H2O2 in plant defence response against various stresses, an inhibi-
tion of the hydrogen peroxide scavengers could characterize genotypes more
tolerant to the stress. Arabidopsis mutants lacking cytosolic or chloroplastic ascor-
bate peroxidase were found to be more salt tolerant (Munns and Tester 2008).

Salinity induces oxidative stress due to increased stomatal closure and a de-
crease of NADPH consumption by the Calvin Cycle. When ferredoxine is over-
reduced during photosynthetic electron transfer, electrons may be transferred from
PSI to oxygen to form superoxide radicals by the process called Mehler Reaction.
This reaction initiates production of more harmful hydroxyl radical (Türkan and
Demiral, 2009).

The aim of this study was to compare the salt tolerance of such plant species as
barley, maize, sorghum and spinach grown at 20 and 70 mM of NaCl. In the study
fresh and dry weight as well as relative water content of aboveground parts of
plants were estimated. Moreover, we investigated the antioxidative process occur-
ring in the leaves of studied plant species under salt stress. The activities of super-
oxide dismutase, catalase and non-specific peroxidase were measured.

Material and methods

Plants material and growth conditions. In the experiment the seeds of the maize
(Zea mays cv. Król), sorghum (Sorghum bicolor cv. Bicolor), spinach (Spinacia
oleracea cv. Olbrzym zimowy) and barley (Horedum vulgare cv. Poldek) were
used.

The experiment was conducted outdoors under an open foil tunnel in four plas-
tic pools (4.5 m x 2.4 m x 0.8 m) filled with perlite. The pools were equipped with
drains to remove  an excess of salt solution. Before planting, the pools were irri-
gated up to full capacity with the NaCl solutions of 20 and 70 mM. The third con-
trol pool was irrigated with water without salt. All NaCl solutions, including pour
water, were supplemented with Hoagland medium (1938). Particular solutions were
prepared in plastic barrels (220 dm3) equipped with pumps and water meters. Seeds
were sown directly to saline perlite, finally obtaining 100 plants of each species for
each salt concentration. Plants in the pools were watered each day with the same
amount of solution depending on the requirements. Plants were grown for 7 weeks
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(June – August). Plant samples for all analyses were collected at the end of the
experiment.

Fresh and dry weight and relative water content. Fresh weight (FW) was esti-
mated for aboveground plant parts, next their dry weight (DW) was evaluated after
48 h-drying at 70 °C. Relative water content (RWC) in the leaves was calculated
according to the formula: (FW – DW)/DW. The RWC parameter means number of
grams of water needed to hydrate 1 g of plant dry weigh. Analyses were done in
15 replicates.

Enzyme assays. For enzymatic assays, leaf samples (the 3rd leaf counting from
the top of the plant)  were collected and were frozen in liquid N2 and stored in
–80°C until homogenization.

Assay of superoxide dismutase (SOD) activity. SOD activity (EC: 1.15.1.1) was
measured according to Droillard et al. (1987). The frozen tissue (about 0.5 g) was
homogenized using Tissue Lyser with 1.3 cm3 of extraction buffer (50 mM potas-
sium phosphate, pH 7.8 and 1% PVPP) and centrifuged (16 000 x g) at 4°C. a sam-
ple of tissue extract (20 µl was added to 1 cm3 of assay  buffer containing  nitro-
tobluetetrazolium (NBT) (56 mM), xanthine (0.1 mM) and potassium phosphate
buffer (50 mM, pH 7.8, 1mM EDTA). The reaction was started by adding 10 µl of
xanthine oxidase (0.003 U). The absorbance was measured using spectrophotome-
ter LKB Ultrospec 2100 pro (Biosciences Amersham, Sweden) at 560 nm was re-
corded for 60 s. The SOD activity was calculated  as the percentage of inhibition of
NBT reduction. One unit of SOD was the amount of extract causing 50% inhibition
of reduction of NBT to NBT-diformazan. The determination of SOD activity was
done in 5 replicates.

Determination of catalases (CAT) activity. Catalase activity was determined
according to the method described by Aebi (1984). Leaf tissue was homogenized at
4°C in phosphate buffer at a concentration of 50 mM (pH 7.5) supplemented with
1 mM EDTA, and then centrifuged for 10 min at 13000 rpm. Enzyme activity was
measured spectrophotometrically (LKB Ultrospec 2100 pro Biosciences Amer-
sham, Sweden) at λ = 240 nm, assuming the activity per unit amount of enzyme
which decomposes 1µmol H2O2 and which corresponds to the absorbance decline
of 0.0145 per minute. Assays were done in 5 replicates (in five leaves from differ-
ent plants of each object)

Determination of non-specific peroxidase (POX) activity. Peroxidase activity
was measured spectrophotometrically according to the method described by Berg-
meyer (1965). Leaf samples were ground to a fine powder with liquid nitrogen and
extracted with 50 mM phosphate buffer (pH 7.0) and 1 mM EDTA (SIGMA). The
extracts were centrifuged (16 000 x g) at 4 ºC for 10 min and the resulting super-
natants were used as the crude extracts. Two cm3 of 50 mM phosphate buffer (pH
7.0) was mixed with 12 μl of 0.5% p-phenylenediamine and with 12 μl of crude
extract. The oxidation of p-phenylenediamine was initiated by addition of 12 μl of
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buffered H2O2 (0.15 cm3 of H2O2 mixed with 50 cm3 of extract buffer) to prepared
mixture. The absorbance was measured at λ=460 nm (using the same spectropho-
tometer as above). The peroxidase activity was expressed as difference of absorb-
ances of sample recorded at the beginning of measurement and after 1 min per g
protein. Assays were done in 5 replicates (in five leaves from different plants of
each object).

Protein determination. Protein concentration in the leaves was determined
according to Bradford (1976) using the Bio-Rad (Munich, Germany) protein assay-
ed with bovine serum albumin as a calibration standard.

Statistical analysis

All data were analysed with Statistica 9.0 software (Statsoft, Tulsa, OK, U.S.A.)
using a one-way ANOVA. In the figures the means and standard error (SE) are
presented.

Results

Fresh and dry weight and relative water content. The increase of NaCl concen-
tration reduced or completely inhibit the growth of all plant species under study
(Fig. 1 and 2). Plants of spring barley grown at 20 and 70 mM NaCl demonstrated
a slight, but significant decrease in FW and DW in relation to the control plants,
but no significant differences were observed between FW of plants treated with salt
stress.

 

0

20

40

60

80

100

120

140

160

180

0 20 70

concentration of NaCl [mM]

 [g
]

Barley
Maize
Sorghum
Spinach

Fig. 1. Fresh weight [g] of barley, maize, sorghum and spinach plants grown
at 20 and 70 mM of NaCl. Results shown as means ± SE (n=15)
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Fig. 2. Dry weight [g] of barley, maize, sorghum and spinach plants grown
at 20 and 70 mM of NaCl. Results shown as means ± SE (n=15)

NaCl concentration of 70 mM decreased considerably FW and DW of maize,
sorghum and spinach plants. The decrease of FW at 70 mM of NaCl was more
visible than a decline of DW and amounted to 28.5%, 64.7%, 62.5% and 50% for
barley, maize, sorghum and spinach respectively, while the decrease of DW
amounted to 54.5%, 33.3%, 19.2% and 50%  for barley, maize, sorghum and spin-
ach respectively. Barley plants grown at 20 mM of NaCl demonstrated an increase
in RWC, whereas in higher salt concentration of 70 mM it did not change (Fig. 3).
Values of this parameter in maize plants grown at 20 mM did not differ from those
of the control, but at 70 mM RWC was reduced significantly. The increasing NaCl
level decreased gradually RWC in plants of sorghum. Most diverse species was the
spinach, in which plants a significant decrease in the RWC at 20 mM NaCl relative
to the control was observed, but at 70 mM NaCl the degree tissue hydration in-
creased significantly. It is worth to add, that control spinach plants demonstrated
35-fold higher tissue hydration compared to barley, 4-fold higher than sorghum
and 8 times higher than maize.

Protein content. Analysis of total protein content showed that the protein
content in the leaves of barley, maize, sorghum and spinach did not change under
the increasing salt concnetration (Fig. 4).
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Fig. 3. Leaves relative water content [g of H2O g-1 of DW] of barley, maize, sorghum
and spinach plants grown at 20 and 70 mM of NaCl. Results shown as means ± SE (n=15)
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Fig. 4. Protein content in leaves of plants barley, maize, sorghum and spinach grown
at 20 and 70 mM of NaCl.  Results shown as means ± SE (n=5)
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SOD activity. The increasing salinity did not influence SOD activity in the
leaves of barley, sorghum and spinach plants (Fig. 5). In the case of maize, 20 mM
of NaCl decreased SOD activity in relation to the control, but this change was not
statistically proved. Salt concentration of 70 mM increased SOD activity in leaves
of this plant species and it differed from that noted in the plants grown at 20 mM,
but it was on the same level as the control plants.
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Fig. 5. Superoxide dismutase (SOD) activity in leaves of barley, maize, sorghum
and spinach plants grown at 20 and 70 mM of NaCl. Results shown as means ± SE (n=5)

CAT activity. The increasing salt level caused similar changes in CAT activity
as in the SOD one. In the case of barley, sorghum and spinach the activity of this
enzyme noted in the leaves of control plants did not differ from the activity found
in plants grown at 20 and 70 mM (Fig. 6). The significant changes of CAT activity
were observed only in the leaves of maize. Plants grown at 20 mM demonstrated
a decline of CAT activity, however this reduction was not statistically significant
as compared to the control. Higher salt level – 70 mM increased significantly value
of this parameter in relation to that noted in the plants treated with salt concentra-
tion of 20 mM, but it was not significantly higher than in the control.

POX activity. Plants of barley grown at 20 and 70 mM of NaCl showed signifi-
cant decrease in non-specific peroxidase activity in relation to the control plants
(Fig. 7). In maize plants at 20 mM a significant increase in the activity of this en-
zyme as compared to the control was found, while the higher salt content  - 70 mM
decreased it to the control level. In the case of other studied plant species the rising
salt amount in the perlite did not influence activity of POX in the leaves.
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Discussion

Most of the crops  respond to salinity as typical glycophytes and demonstrate
differentiated tolerance levels to this stress. Munns and Tester (2008) stated that
the variation in salinity tolerance in dicotyledonous species is greater than in
monocotyledonous. These authors include barley to the most salt tolerant cereals,
whereas rice to the most sensitive ones. According to these authors some legumes
can be more sensitive to salt stress than rice. Our previous study confirm this
statement. We found that yellow and narrow-leafed lupine as well as pea were very
sensitive, even to 40 mM of NaCl (data unpublished).

The most considerable criterion of salt tolerance is a production of biomass,
which is significantly declined due a decrease in net photosynthesis rate inhibited
via stomata closure (Munns and Tester 2008; Pérez-López et al. 2009). In cereals,
the major effect of salinity is a reduction of the number of tillers (Munns and
James, 2003). The toxic effect of Na+ ions is demonstrated by the premature senes-
cence of older leaves and a decrease of chlorophyll amount (Khatkar and Kuhad,
2000). Under salinity, plant growth is reduced due to ion toxicity and ion imbal-
ance as well as due to poor water relations. The plant response to a salinity is re-
duction of cell water potential by decreasing the osmotic potential and by reducing
of turgor pressure. Reducing water use by a decline of transpiration rate is a posi-
tive mechanism reducing salt loading in the plant (Romero-Aranda et al. 2001).

In our investigation barley and sorghum demonstrated the lowest reduction of
fresh weight among all studied plant species. Barley dry weight production was
inhibited in higher degree than in the case of maize and sorghum and it was
observed already at 20 mM, while in other plant species under study the significant
reduction of DW was found at 70 mM of NaCl. Munns and Tester (2008) stated
that barley is the most salt tolerant cereal, however Kalaji et al. (2011) demon-
strated that among barley species occur both salt sensitive and tolerant cultivars.
Results of many studies indicate that tolerance to salinity is associated with plant
genotype rather and not with plant species.

Almodaves and Sharif (2005) showed that sorghum has a moderate tolerance to
saline soil, whereas according to Krishnamurthy et al. (2007) it should be relatively
more resistant to salinity than maize. Our results improved this statement. The DW
reduction in the case of sorghum plants grown at 70 mM of NaCl was less than that
observed in maize ones. Spinach plants showed FW production at 20 mM NaCl on
the same level as the control plants, while a FW decline was observed at 70 mM
NaCl. It could be due to the fact that low salinity may stimulate the growth and
development of some plant species (Chartzoulakis et al. 2002; Slama et al. 2008).
According to Basin et al. (2010) spinach is a halophyte. The authors demonstrated
that range 50-100 mM NaCl slightly increased weight, while the loss of weight was
observed at 200 mM.
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It is worth to note that DW reduction in barley was not caused by lower tissue
hydration. This plant species and spinach demonstrated a different defence mecha-
nisms to salinity compared to the maize and sorghum. Especially spinach showed
in the control plants significantly higher relative water content than in other plants
under study. Values of RWC in barley and spinach increased under salt stress. The
higher water uptake to plants is a resistance mechanism to salinity and it prevents
the high concentration of ions in cytoplasm (Sairam and Tyagi 2004).

Many studies conducted on various genotypes showed differences in the ex-
pression or activity of antioxidant (Sairam and Tyagi 2004; Tounekti et al. 2011).
Tester and Munns (2008) suggest that differences in the antioxidant activity may
be related to the degree of closure of the stomata and therefore changing the inten-
sity of gas exchange. Plants that exhibit tolerance to stress tend to minimize dam-
age to their metabolism, for example, by regulating enzymatic activity, including
enzymes that inactivate ROS, which show increased activity following stress. The
increase can be attributed to a favorable adjustment of enzyme activity or new
synthesis of these proteins that may be an indicator of salt tolerance (Jin et al.,
2009).

According to the Saiva and Tyagi (2004) an increase in the activity of such en-
zymes as SOD, CAT, POX, APX is observed in many plant species under salinity.
In the presented study, only maize plants showed an increase of SOD and CAT
activities in plants grown at 70 mM.  Analyzing pattern of changes of these both
enzymes it could be supposed that H2O2 amount generated by SOD was reduced by
activated CAT. It is worth to note that in plants grown at 20 mM a slight decrease
in SOD and CAT activities with simultaneous increase of POX activity was ob-
served. According to Mittler (2002) APX and CAT belong to different classes of
scavengers. APX is activated by H2O2 in the μM range, while CAT activity by mM
one and the latter is responsible for scavenging of ROS excess in the cells under
stress. In our experiment SOD and CAT activities were induced at 70 mM, whereas
the increase in POX activity was evident as early as at 20 mM NaCl.

Azevedo-Neto et al. (2006) reported increased activity of SOD and POX in
maize plants grown at 100 mM NaCl, whereas there was no significant effect of
salt on the growth of CAT activity. The results published by El-Sayed et al. (1994)
indicated an increase of SOD and POX activities, and no increase in CAT activity
in sorghum grown in salinity from 50 to 150 mM of NaCl.

Conclusions:

– Barley and spinach show the least decrease of fresh and dry weight under salt
stress (0-70 mM NaCl) compared to the other studied plant species. These both
species demonstrate defence mechanism against salinity which consists in the
greater uptake of water to dilute the salt ions.
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– SOD and CAT activities increase in the leaves of maize plants grown at 70 mM
of NaCl.   

– The increasing salinity affects POX activity in all studied plant species, but
these changes are specific for each species.
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Abstract Arable crops during the growing season are subjected to climatic stress belonging to
abiotic stresses such as excessive temperature fluctuations, spring frosts or prolonged summer
heat, fluctuations in soil water content - periodic droughts or periodic excess leading to
flooding rain, wind, causing lodging plants, factors which are cause of yield loss. The aim of
this research was to determine the effectiveness of the selected six preparations of stimulants,
plant hormones and substances with anti-stress, in mitigating the effects of abiotic stress as-
sociated with vegetation in field. The plant material were two varieties of pea: Bohun and
Cysterski and two varieties of yellow lupine: Talar and Dukat. The active substances were
administered in the form of spraying at the beginning of flowering. The effectiveness of indi-
vidual biostimulators was determined by measuring parameters that characterize the genera-
tive phase (number of flowers, pods, and the degree of abortion of flowers) and the parame-
ters of yield (number of seeds per plant, number of seeds per pod, seed weight per plant,
weight of 1000 seeds) as compared to control plants. The strongest stimulators among
the tested substances were zearalenone and Asahi, which showed activity against all tested
variety.

Key words: yellow lupine (Lupinus luteus); pea (Pisum sativum); abiotic stresses; biostimu-
lators
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Introduction

Plants from the Fabaceae family have many advantages. They are used as fore-
crop for other plant species, because they are able to fix atmospheric nitrogen
through a symbiosis  with nodule bacteria. Lupine develops a tap root system so it
possess the ability to transport  water and minerals from the deeper layers of the
soil which results in better availability of water and minerals for other plants. Leg-
ume seeds are used as a forage component, because they possess an optimal amino
acid composition and are rich in proteins and fat. Some legumes are also used as
source of human food.

Despite so many advantages, the acreage of crops in Poland (and also in
Europe) is very small. The reason for this is the low stability of yielding, perhaps
resulting from plant susceptibility to climatic stress, especially drought stress,
which causes significant crop losses.

One of the options to mitigate the effects of stress is the use of biostimulators,
which according to European Biostimulants Industry Consortium – EBIC (2011)
are various formulations of compounds, substances and other products that are
applied to plants or soils. Assumption is made that biostimulants would be helpful
in facing to the most important challenges of global agriculture and environmental
protection issues in coming years.

According to the newest definition (EBIC 2011) biostimulators do not act as
trophic compounds and do not eliminate or reduce stress. Instead they increase
plants ability to elicits and increase exploitation of their genetic potential for better
performing under given conditions thus are complementary to fertilizers and plant
protection (Gawronska et al. 2008, Przybysz et al. 2008).

Most biostimulants positively affect wide range of processes/parameters
(Gawronska et al. 2008, Przybysz et al. 2008) but some preparations are strictly
targeted to particular ones.

Among positive effects of biostimulators most often reported are: increased
biomass accumulation and yield, higher yield quality, better efficiency of photo-
synthetic apparatus (manifested by increased leaf area, chlorophyll content, inten-
sity of photosynthesis and parameters of chlorophyll a fluorescence), improved
plant water status and nutrients uptake, lowered membrane injuries, hormonal
changes. Mode of action of them is stimulatory or protective against stressors,
often both, though common is opinion that positive effects of biostimulators are
more evident or even only seen when plants are under stress both biotic and
abiotic.

The aim of this research was to determine the effectiveness of the chosen
stimulators, plant hormones and other substances active in mitigating effects of
environmental stresses associated with plant vegetation in the field for example:
high and low temperature, drought, periodic flooding and wind causing plant
lodging.
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Material and methods

Two cultivars of pea: Bohun and Cysterski and two cultivars of yellow lupine:
Talar and Dukat were used as plant material. The experiment was conducted in
2011 in Krakow and consisted of seven treatments: control and six which were
treated with particular stimulator. Each treatment consisted of two
experimental plots with 50 plants on each.

At the stage of flowering plants were sprayed with solutions of stimulators
(150 ml per plot). They were:
– Asahi (1 ml/l) – commercial product, it is a mixture of three nitrophenolic com-

pounds, according to the producer Asahi stimulates practically all main physio-
logical processes in plants

– Biochikol (100 ml/l) – commercial product, it contains chitosan, which demon-
strates a fungicide-like properties and stimulates the plant defense mechanism

– Tytanit (0,3 ml/l) – commercial product, contains titanium salt, which typically
improves pollen grain vitality

– Hydrogen peroxide – signaling substance, its activity is often similar to plants
hormones

– 1-Naphthaleneacetic acid – NAA (2 mg/l) synthetic analogue of auxin. Auxin
coordinate of many physiological and developmental processes in plants, it
controls their life cycle and is essential for regulation of growth of root system
as well as  flowering and fruit formation.

– Zearalenone – ZEN (2mg/l) – it is a new plant growth regulator. It has strong
toxic action to animal organisms. However Zen is present in the shoot apices of
many plants, for instance in wheat, carrot, rape, celery, white been, and cotton.
Its content increases with the advancement of the vernalization and photoinduc-
tion processes, indicating that this substance is related to flowering. Moreover
ZEN improved the induction and differentiation of wheat and rape callus. Dur-
ing the production of haploid embryos obtained via pollination of wheat by
maize, the effect of ZEN was similar to 2,4-D. These results suggest that ZEN
may be treated as a substance regulating numerous physiological processes
(Biesaga-Kościelniak 2001).
In the growing period, the following stress conditions: cold during the

germination of plants, the initial drought, followed by two periods of heavy rain,
strong winds cause temporary lodging partial canopy and finally excessive
precipitation hindering seed maturation. The control plants were subjected to the
same stress factors, but not treated with any of the active substances.

For individual plants following parameters were measured: number of flowers
per plant, number of pods per plant, the degree of flower abortion and the parame-
ters of yield: number of seeds per plant, number of seeds per pod, weight of seeds
per plant and weight of 1000 seeds.
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Statistical analysis of results was performed using StatSoft Statistica v. 10.
The significance of differences between the objects was tested using t Test.

Results

Effects of  biostimulators on number of flowers, pods and abortion of flowers.
The obtained results presented in Table 1 indicated that for pea cultivar Cysterski
the highest increase of pods number per plant resulted ZEN and it was 22% as
compared to control. Asahi resulted in 15% increase. Other treatments did not
show statistically significant differences as compared to control. In the case of
flowers number per plant values in all objects did not significantly differs as com-
pared to control. The highest degree of flowers abortion showed control plants
(45.2%) and the lowest – object treated with ZEN (34.1%).

Table 1. Effects of biostimulators on number of flowers, number of pods per plant
and percent of aborted flowers for two pea cultivars: Cysterski and Bohun.

Stars indicate statistically significant differences compared to control, p< 0.05

Treatment Number
of flowers/plant

%
of control

Number
of pods/plant

%
of control

Abortion
of flowers [%]

Cysterski

Control 10.9 100.0 5.95 100.0 45.2
Asahi 11.0 100.9 6.82 114.6 38.0
NAA 9.8 89.9 6.10 102.5 37.6
Chitosan 10.8 99.1 5.98 100.5 44.8
H2O2 10.2 93.6 6.09 102.3 40.1
Tytanit 10.3 94.5 6.08 102.2 41.0
ZEN 11.0 100.9 7.28 * 122.3 34.1

Bohun

Control 11.6 100.0 6.57 100.0 43.1
Asahi 13.4 * 115.6 7.94 * 120.9 40.7
NAA 12.3 106.0 6.86 104.4 44.2
Chitosan 12.6 108.6 7.02 106.8 44.3
H2O2 12.6 108.6 6.97 106.1 44.5
Tytanit 11.7 100.9 6.71 102.1 42.4
ZEN 12.9 111.2 8.28 * 126.0 35.9

Results presented in Table 1 indicated that for Bohun cultivar Asahi resulted in
16% increase of flowers number per plant and 21% increase of pod numbers per
plant as compared to control, while in the case of ZEN it was 11% and 26% - in-
crease, respectively. Other objects did not show statistically significant differences
as compared to control. The highest degree of flowers abortion showed object after
treatment with H2O2 (44.5%) and the lowest – object treated with ZEN (35.9%).
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The obtained results presented in Table 2 indicated that for lupine cultivar Talar
Asahi resulted in 65% increase of flowers number per plant and 60% increase of
pods number per plant as compared to control, while in the case of ZEN it was
51% and 45% - increase, respectively. The highest degree of flowers abortion
showed object after treatment with Tytanit (80.0%) and the lowest – object treated
with Chitosan (74.6%).

Table 2. Effects of biostimulators on number of flowers, number of pods per plant
and percent of aborted flowers for two lupine cultivars: Talar and Dukat.

Stars indicate statistically significant differences compared to control, p< 0.05.

Treatment Number
of flowers/plant

%
of control

Number
of pods/plant

%
of control

abortion
of flowers [%]

Talar

Control 21.1 100.0 5.34 100.0 74.7
Asahi 34.8 * 164.9 8.55 * 160.1 75.4
NAA 18.7 88.7 4.08 76.4 78.2
Chitosan 13.3 63.0 3.38 63.3 74.6
H2O2 14.5 68.7 3.17 * 59.4 78.1
Tytanit 22.2 105.2 4.44 83.1 80.0
ZEN 31.9 * 151.2 7.75 * 145.1 75.7

Dukat

Control 29.3 100.0 8.64 100.0 70.5
Asahi 43.8 * 149.6 12.01 * 139.0 72.6
NAA 26.4 90.1 7.66 88.7 71.0
Chitosan 25.2 86.0 6.99 80.9 72.2
H2O2 18.1 * 61.8 4.56 * 52.8 74.8
Tytanit 22.4 76.4 5.41 62.6 75.8
ZEN 37.4 * 127.7 11.65 * 134.9 68.9

Results presented in Table 2 indicated that for Dukat cultivar Asahi resulted in
50% increase of flowers number per plant and 39% increase of pods number per
plant as compared to control, while in the case of ZEN it was 28% and 35% - in-
crease, respectively. Other stimulators declined values of studied parameters.
Similarly to Talar cultivar, also in this case the highest degree of flower abortion
showed plants after treatment with Tytanit (75.8%) and the lowest – object treated
with ZEN (68.9%).

Effects of  biostimulators on yield structure parameters. For pea cultivar
Cysterski increase of weight of seeds per plant was obtained only in case of the
treatment with ZEN and it was 28% higher than control. In case of number of seeds
per plant values in all objects did not show statistically significant differences as
compared to control (Figure 1a).
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Figure 1a. Effect of biostimulators on the yield parameters of pea cultivar Cysterski.
Stars indicate statistically significant differences compared to control, p< 0.05

Figure 1b. Effect of biostimulators on the yield parameters of pea cultivar Bohun. Stars
indicate statistically significant differences as compared to control, p< 0.05

Results presented in Table 3 indicated that in the case of the number of seeds
per pod and weight of 1000 seeds, individual objects were not significantly
different, but the highest weight of seeds per plant after treatment with ZEN results
from the highest weight of 1000 seeds (237 g).

In case of Bohun cultivar the highest weight of seeds per plant was obtained
after treatment with ZEN and it was 47% higher than control, next Asahi - 39%



 Effects of selected biostimulators...

261

increase compared to control. In case of number of seeds per plant increases of
values were obtained after treatment with Asahi (30%) and ZEN (28%) as well
(Figure 1b).

Table 3. Effect of biostimulators on selected parameters of yield structure in two pea
cultivars. Stars indicate statistically significant differences compared to control, p< 0.05

Number
of seeds per pod

Mass
of 1000 seeds [g]

Number
of seeds per pod

Mass
of 1000 seeds [g]Treatment

Cysterski Bohun
Control 4.09 231 4.33 215
Asahi 4.14 212 4.67 * 229 *
NAA 4.01 209 4.31 228 *
Chitosan 3.98 230 4.42 216
H2O2 4.22 228 4.61 * 227 *
Tytanit 3.93 223 4.30 220
ZEN 3.99 237 4.35 247 *

Results presented in Table 3 indicated that Asahi and H2O2 resulted in
formation the highest number of seeds per pods (4.67 and 4.61, respectively).
Similarly to Cysterski cultivar, the highest weight of seeds per plant after treatment
with ZEN results from the highest weight of 1000 seeds (247 g).

Similarly to pea, also in case of lupine the highest weight and number of seeds
per plant were obtained after treatments with Asahi and ZEN. For Talar cultivar the
highest weight of seeds per plant was obtained in case of treatment with Asahi and
it was 93% higher than control. Next ZEN - 64% increase. Highest number of
seeds was obtained in the object treated with Asahi and it was 70% higher than
control, next ZEN - 53%. After treatment with H2O2 values of weight of seeds and
number of seeds per plant declined significantly (Figure 2a).

The obtained results presented in Table 4 indicated that ZEN resulted in
formation the highest number of seeds per pods (3.53) and H2O2 – the lowest
(2.57). However, after treatment with hydrogen peroxide was observed highest
weight of 1000 seeds (156 g). Significant increase in the weight of 1000 seeds was
also observed after treatment with Asahi (146 g) and ZEN (141 g).

For Dukat cultivar the highest weight of seeds per plant was obtained in case of
treatment with ZEN and it was 72% higher than control. Next Asahi - 61% increase
(Figure 2b).

Highest numbers of seeds was obtained in the object treated with ZEN and it
was 46% higher than control, next Asahi - 44%. Similarly to Talar cultivar, also for
Dukat cultivar treatment with H2O2 resulted in significant decline of weight of
seeds and number of seeds per plant (Figure 2b).
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Figure 2a. Effect of biostimulators on the yield parameters of lupine cultivar Talar.
Stars indicate statistically significant differences compared to control, p< 0.05

Figure 2b. Effect of biostimulators on the yield parameters of lupine cultivar Dukat.
Stars indicate statistically significant differences compared to control, p< 0.05

Similarly to Talar cultivar, also in case of Dukat ZEN resulted in formation the
highest number of seeds per pods (3.62). Significant increase in the weight of 1000
seeds compared to control was observed in almost all of investigated treatments
(Table 4).
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Table 4. Effect of biostimulators on selected parameters of yield structure in two lupine
cultivars. Stars indicate statistically significant differences compared to control, p< 0.05

Number
of seeds per pod

Mass
of 1000 seeds [g]

Number
of seeds per pod

Mass
of 1000 seeds [g]Treatment

Talar Dukat
Control 3.18 129 3.20 118
Asahi 3.41 146 * 3.45 131 *
NAA 2.97 135 3.17 132 *
Chitosan 2.85 * 133 3.01 127 *
H2O2 2.57 * 156 * 3.16 130 *
Tytanit 3.35 140 3.27 135
ZEN 3.53 * 141 * 3.62 * 137 *

Discussion

The results of presented studies are similarly to the results of many experiments
conducted in other plant species which indicate that spraying of plants with Asahi
SL result in the increase of plant crops (Czeczko and Mikos-Bielak 2004; Macie-
jewski et al. 2007; Gawronska et al. 2008; Kwiatkowski and Juszczak 2011).
However, it can be seen strong relationship between action of the stimulator and
weather conditions (Budzynski et al. 2008; Malarz 2008; Michalski et al. 2008;
Przybysz et al. 2008). According to Matysiak et al. (2011), one can obtain diverse
reaction of crop plants to Asahi application related to the year of study.

Kozak et al. (2008) reported that Asahi SL applications in soybean cultivation
significantly increased the height of plants and the first pod formation, the number
of pods per plant, the number of seeds per plant and the yields of seed and straw.

Matysiak et al. (2011) similarly to Kositorna et al. (2008), haven’t observed any
changes in contents of sugars, potassium and sodium in sugar beet, which is con-
trary to results obtained by Cerny et al. (2002), who found near 14% increase of
sugar content as well as remarkable increase of root mass.

According to Czeczko and Mikos-Bielak (2004) single spraying of potato plants
with  Asahi SL increases of tuber mass by 14%. Maciejewski et al. (2007, 2008)
emphasized the differentiation in potato plant crops as related to particular culti-
vating season as well as the cultivar studied. Budzynski et al. (2008) stated that
single application of Asahi SL increased yield of oil rape seeds by 3%, while dou-
ble application resulted in 5 % increase. Significant increase of rape seeds mass
obtained also Spychaj-Fabisiak et al. (2011) as well, Budzynski et al. (2008), Ma-
larz et al. (2008) and Przybysz et al. (2010). Budzynski et al. (2008) and Malarz et
al. (2008), proved that even greater seed number per pod (23%) is obtained after
application of the biostymulator on plants with advanced developmental stages.

Biesaga – Kościelniak and Filek (2010) showed that exogenous application of
zearalenone and its derivatives can stimulate generative development in winter
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plants, which suggest its participation in the mechanism of flowering. Moreover,
treatment with zearalenone had an effect on calli proliferation and cell differentia-
tion. The effect of zearalenone was similar to the activity of auxins in in vitro cul-
tures, which may confirm the hormonal properties of zearalenone in plants. Wa-
tering and soaking wheat and soybean grains with zearalenone solution resulted in
higher yields of these plants.

Dziurka et al. (2012) reported that ZEN significantly increased yielding of yel-
low lupin. This higher productivity was due to the effect of ZEN on the increase in
the value of the coefficient of the use of biological potential of the plants.

Conclusions

– The most active stimulators among all tested substances are ZEN and Asahi,
which show activity in case of all investigated cultivars.

– In case of pea, Asahi causes the increase of 21% in seed number and 24% in
seed weight, while ZEN affects the increase of 24% and 38%, respectively.

– In lupine Asahi causes the increase of 56% in seed number and 76% in seed
weight, while ZEN increases studied parameters of 49% and 68%, respectively.

– Both substances are worthy to be studied in the further researches.
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Abstract Intensive management in majority of cereal crops requires chemical control of
lodging  to minimize possible yield losses due to losing by plants their vertical position. A va-
riety of exogenous growth retardants, inhibiting culm elongation, is widely applied in farming
to reduce the risk of lodging. An alternative approach based on application of biostimulators
is also taken recently into consideration. Reports on use of biostimulators to improve wheat
standability are so far lacking. This work presents preliminary comparative studies on the ef-
fects of a biostimulator and a commercial growth retardant on selected culm traits related to
lodging resistance in winter wheat (Triticum aestivum).

Key words: winter wheat; biostimulators; lodging resistance

Introduction

Intensive crop production for high yield, based on high-input of nitrogen nutri-
tion and watering bears the risk of permanent losing upright position of plants
within canopy. This usually affects grain yield and grain quality in cereals, includ-
ing wheat (Pinthus 1973, Rajkumara 2008). High level of nitrogen supply promotes
plant height, leaf expansion and shoot total weight, that makes the plants more
exposed to wind loads and thus more susceptible to falling down during heavy
rains (Berry et al. 2004).

A common practice in high-input cereal management is use of plant regulators
(PGRs), which through shortening the main culm reduce effectively the suscepti-
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bility of plants to lodging (Berry et al. 2000, Rajala and Peltonen-Sainio 2001,
Rahman et al. 2006, Ramburan and Greenfield 2007). Majority of so far used PGRs
can be classified into two groups, as antigibberelins, i.e. containing compounds
inhibiting gibberelin biosynthesis at various steps of the pathway, or releasing the
ethylene within tissues (Rademacher 2000, Rajala 2004).

The plant growth regulators are well established to be effective in minimising
lodging risk and thus increasing yield in the case when lodging occurs (Shekoofa
and Eman 2008, Tripathi 2004). However, at seasons without lodging, or in stands
suffering from drought or other abiotic stresses, the treatment may be neutral or
even may have negative effect on yield formation ( Ma and Smith 1991, Haskins
and McMullen 2007, Ottman 2011, Pavlista et al. 2010).

Recently, a group of chemicals considered as biostimulators have been intro-
duced to practice or are being tested for their protective activity under unfavourable
environmental conditions in various crops (Djanaguiraman 2005, Gawrońska et al
2008, Łyszkowska et al. 2008,  Masheva et al 2010, Przybysz et al 2010) .Their
possible effect on lodging has not been evaluated so far. The aim of this paper was
to assess the impact of ARY 107, a chemical classified as a biostimulator, on win-
ter wheat shoot traits related to lodging. The action pattern is compared with that of
a growth retardant Stabilan 750 SL.

Material and methods

The winter wheat cv. Turnia plants were grown in a mini-plot field experiment
in 2011/2012.  At the ZS 31 Zadoks stage (Zadoks et al. 1974), at the onset of
shooting the plants were sprayed with  Stabilan 750 SL, containing chlormequat
chloride as an active ingredient, at the rate of 1.5 l/ha and with ARY 701 kindly
provided by Arysta LifeScience, considered as a biostimulator, according to manu-
factures recommendation. The plants were analyses for the growth rate at the phase
of pseudostem and culm development twice a week. At the late milk maturity
plants were collected for measurements of culm length, internode length and inter-
node diameter. The diameter was determined with a digital caliper as an average of
the ellipse longer axis and the perpendicular to it shorter axis. Additionally the
lower part of culm, 15 cm long, was tested for stiffness in bending using the In-
stron system 5542 (Instron Ltd., High Wycombe, England), driven with a com-
puter and the Bluehill 2 software. This parameter was evaluated as the slope of the
force to deflection curve recorded in the course of bending of the specimen tested
as a cantilever beam.
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Results and discussion

Stabilan 750 SL, a growth retardant containing chlormequat chloride
as an active ingredient, reduced as expected the axial growth rate of shoot in
winter wheat cv. Turnia, including both the phase of pseudostem (Fig. 1)
and the culm formation (Fig. 2). In consequence, the final culm length of
mature plants was decreased by 17 percent compared to non-treated plants
(Fig. 3). The second lower internode, expected to contribute to plant lodging
resistance (Pinthus 1973), was reduced by about  percent (Fig. 4), that was
accompanied by its  thickening by about 2 percent (Fig. 5).

Figure 1. The influence of the growth retardant Stabilan 750 SL and a biostimulator
ARY 701 on the  psudostem elongation dynamics in winter wheat cv. Turnia

On the contrary, the treatment of plants with Ary 701, considered as
a biostimulator, only slightly and statistically insignificantly stimulated the culm
and lower internode elongation (Figs. 1, 3, 4). However, the thickening of the basal
culm part was in this case much more pronounced (by 4 percent) relative to that
caused by Stabilan 750 SL (Fig. 5). Therefore, the Stabilan 750 SL and the Ary 701
showed quite different patterns of culm morphology modification. In the case of
the former the thickening of culm, a feature relevant for plant lodging resistance,
occurred at the expense of the investment of assimilates into axial growth. In turn,
the plants treated with Ary 701 showed culm thickening along with increase of
internode length.
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Figure 2. The effect of the growth retardant Stabilan 750 SL and a biostimulator ARY 701
on the culm elongation dynamics in winter wheat cv. Turnia

The manipulation of plant height is an effective tool for improving the lodging
resistance of cereal crops produced in intensive management system (Berry et al
2000). Reduction of the culm length affects both culm resistance to bending as well
as the drag force imposed by wind on a plant (Berry et al. 2004). Both impacts
make the growth retardants effective in lodging control in cereals. Mechanisms of
action of growth retardants differ in dependence on chemical nature of active in-
gredient, and may rely on regulation of gibberelin biosynthesis or ethylene content
in culm tissues (Rajala 2004).

a different letters in the rows indicate significant differences among means for  p < 0.05.

Figure 3. The final length of culm of plants treated with growth retardant Stabilan 750 SL
and a biostimulator ARY 701 in winter wheat cv. Turnia.
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a different letters in the rows indicate significant differences among means for  p < 0.05.

Figure 4. The influence of Stabilan 750 SL and ARY 701 on the length
of the second lower internode

Inhibitors of gibberelin biosynthesis may disturb the chemical pathways at dif-
ferent control points, e.g through specific inhibition of ent-copalyl diphosphate
synthase or inhibition of oxygenation of ent-kaurene to ent-kaurenoic acid. Stabilan
750 SL containing chlormequat as an active compound showing the former action
mode.

a different letters in the rows indicate significant differences among means for  p < 0.05.

Figure 5. The influence of Stabilan 750 SL and ARY 701 on the diameter
of the second lower internode
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Mechanical properties of basal culm part are another, apart from the culm length
feature of plant relevant for resistance to lodging in cereals (Pinthus 1973) . In-
crease in stiffness of culm may result from increase of culm diameter and culm
wall thickness, the geometrical component of stiffness, as well as from improve-
ment of the effective culm Young's modulus, related to the contribution of
strengthening tissues on cross – section and the cell wall mechanical properties.
Although Stabilan 750 SL increased the culm diameter, no changes in culm stiff-
ness were observed (Fig. 6), that may indicate some deterioration of mechanical
properties of cell walls. In turn, Ary 701 significantly improved this parameter
(Fig. 6), that may suggest occurrence of some advantageous  changes in cell wall
material properties along with alteration of the cross –section dimension.

a different letters in the rows indicate significant differences among means for  p < 0.05.

Figure 6. The effect of Stabilan 750 SL and ARY 701 on stiffness
of the lower part of culm

Conclusions

This preliminary study indicates, that effects of tested growth retardant and a
biostimulator are to some extend complementary in controlling the lodging resis-
tance in winter wheat.
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Abstract The disease of grasses and cereals called snow mould is a serious problem in Polish
agriculture as it results in a decrease of crop yield and its quality. One of the causes of snow
mould is the fungus Microdochium nivale, which develops in conditions existing under snow
cover – low temperature, very weak light, and high air humidity. The aim of the study was to
verify whether the redox status of plant tissues plays an important role in plant resistance to
this pathogen. The experiment was performed on 2-week-old seedlings of six breeding lines
and cultivar ‘Stach’ of winter rye, which were inoculated with Microdochium nivale myce-
lium in controlled conditions. At various time points during the pathogenesis, analyses of the
level of low molecular antioxidants (LMA) and the amount of phenolics – one of the most
important members of LMA – were conducted. Sensitivity to the pathogen was evaluated on
the basis of plant regrowth ability after infection and was expressed as Average Regrowth In-
dex (ARI) coefficient. Phenolic level was 2-3 times higher in the leaves as compared to the
crowns. In leaves of less susceptible plants phenolic content was greater as compared to more
susceptible ones. In both more and less sensitive plants the infection with snow mould fungus
resulted in a small, insignificant decrease of phenolic content. The above mean that geneti-
cally determined greater phenolic content in the leaves is decisive for a higher degree of re-
sistance to snow mould. In both groups of genotypes studied, the longer the time of cultiva-
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tion of control plants under conditions favorable for inoculation, the greater the increase of
antioxidant level. This increase was higher in the more resistant lines. The snow mould fun-
gus infection process, separated from the influence of growth conditions stress, resulted in a
decrease in antioxidant content. This decrease was particularly marked in the more resistant
lines. This can be due to the fact that the more resistant lines consumed more of their antioxi-
dants to decompose (inactivate) molecules of ROS secreted by pathogenic fungi in the course
of pathogenesis development, which supports the hypothesis about a protective role of LMA
compounds against pathogen attack. Significant though not excessively high correlation was
fund between LMA and phenolic content in the leaves. This correlation proves that phenolics
belong to low molecular antioxidants. However, it was relatively low, which indicates that
phenolics may react to infection by pathogenic fungi somewhat differently from other anti-
oxidative molecules, and furthermore, the share of phenolics in total antioxidant pool may
vary in particular winter rye lines studied.

Key words: low molecular antioxidants; phenolic compounds; snow mould, winter rye

Abbreviations: ARI – average regrowth index; LMA – low molecular antioxidants;
R – plants resistant to snow mould; ROS – reactive oxygen species; S – plants susceptible to
snow mould

Introduction

Rye (Secale cereale L.) is a cereal which plays a major role in the feeding of
European populations, due to its winter hardiness and low environmental and nu-
tritional demands (Schlegel 2010). Today rye is cultivated on 11 million ha world-
wide. The main rye producers include Russia, Poland, and Northern European co-
untries. It is used for food and forage. Food made from whole rye is valued for its
health benefits such as well-balanced composition of macronutrients, high dietary
fibre content, and high level of minerals, vitamins, sterols, and phenolics.

Rye is the most frost tolerant among all cereals, and thus it can be cultivated
under conditions where other cereals fail. The greatest danger for winter survival of
rye is its low resistance to fungi which can attack when the temperature at snow-
plant interface remains around 0°C. In Poland and other cold and temperate re-
gions, the most dangerous is pathogenic fungus Microdochium nivale (Fr) Samuels
& Hallett. Pink snow mould disease caused by this fungus can inflict damages le-
ading to serious yield losses and a decrease in yield quality (Smith 1981). Because
of the harmful effects of fungicide use on the ecosystem and also on human health,
a lot of interest has been shown in resistant genotype production. However, as yet
no cultivars highly resistant to snow mould have been obtained. One of the reasons
is that neither the mechanism of infection nor the physiological background for
snow mould resistance has been fully explained (Bojarczuk et al. 1990).

One of the factors contributing to the mechanisms of frost and pathogen resis-
tance is a change in phenolic content (Dixon and Paiva 1995). Phenolic synthesis is
initiated quickly as a response to various biotic and abiotic stresses (Graham and



 The redox status...

277

Graham 1996).  Phenolic compounds comprise a diverse group of so called secon-
dary metabolites. They have a large range of structures and functions. Phenolics
can be classified into water-soluble phenolic acids, phenylpropanoids, flavonoids
and quinones and water-insoluble condensed tannins, lignins and cell-wall bound
hydroxycinammic acids. They are considered as the most important and numerous
group of compounds in the plant kingdom (Naczk and Shahidi 2004).

Polyphenols possess the ideal structure for free radical scavenging activity.
They have been shown to be more effective antioxidants than tocopherols or ascor-
bate. Antioxidative properties of polyphenols arise from their high activity as hy-
drogen or electron donors and the ability to chelate transition metal ions (Rice-
Evans et al. 1997). Another mechanism underlying the antioxidative properties of
phenolics is the ability of flavonoids to alter peroxidation kinetics by a modifica-
tion of the lipid packing order and to decrease the fluidity of the membranes (Arora
et al. 2000). Moreover it has recently been shown that phenolics can be involved in
hydrogen peroxide scavenging cascade in plant cells (Takahama and Oniki 1997).
Phenolics, together with other compounds possessing redox properties, belong to
so called low molecular antioxidants (LMA). They accompany bigger molecules of
enzymatic antioxidants like peroxidases, catalases, and superoxide dismutases. In
higher plants the first group includes glutathione, ascorbate, tocopherol, proline,
betaine, and others, which are also information-rich redox buffers and important
redox signaling components, interacting with biomembrane-related compartments
(Sanchez-Moreno 2002). An evolutionary consequence of aerobic life for higher
plants, reactive oxygen species (ROS) are formed by partial reduction of molecular
oxygen. The above enzymatic and non-enzymatic antioxidants in higher plants can
protect their cells from oxidative damage by scavenging ROS. They provide essen-
tial information on cellular redox state and regulate gene expression associated
with biotic and abiotic stress responses to optimize defense and survival. Special
attention is given to ROS and ROS-antioxidant interaction as a metabolic interface
for different types of signals derived from metabolism and from the changing envi-
ronment, which regulates the appropriate induction of acclimation processes or
execution of cell death programs, which are the two essential directions for higher
plants (Hong-bo et al. 2008).

The aim of the study was to investigate whether redox status of leaves as well as
phenolic content in leaves and crowns of winter rye plants determine their snow
mould resistance. In the study six breeding lines and one cultivar ‘Stach’ of winter
rye differing in the degree of snow mould resistance were used.
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Material and Methods

Plant material and growth conditions. Winter rye genotypes (cv. ‘Stach’ and
six inbred lines nos. 1, 2, 3 5, 22, 23) were received from the Institute of Plant
Breeding and Acclimatization in Radzików (Poland). The seeds were sown to pots
containing a mixture of soil and sand (3 : 1 v/v) and cultured for six weeks in a
growth chamber at 18°C (day/night) at 10 h photoperiod with a light intensity of
250 µmol m-2 s-1 PPFD. Next the plants were pre-hardened for two weeks at 12ºC
at 10 h photoperiod with a light intensity of 250 µmol m-2 s-1 PPFD. Subsequently,
the plants were cold acclimated for three weeks at 2ºC at 8 h photoperiod with a
light intensity of 150 µmol m-2 s-1 PPFD.

Microdochium nivale inoculation. Inoculum was prepared according to the
method described by Prończuk and Prończuk (1987). Mycelium of the isolate of M.
nivale no. 38z/5a/01 collected from rye in 2001 was kindly provided by Prof.
Maria Prończuk from Plant Breeding and Acclimatization Institute, Radzików,
Poland. Mycelium was grown on the Potato Dextrose Agar (PDA) medium
(Sigma-Aldrich) for 7 days at 19°C in darkness. Then the mycelium was trans-
ferred to sterile mixture of soil, peat, and sand (3/1;v/v), containing 5% w/w of
ground wheat seeds, and was cultured for 14 days under the same light/temperature
conditions.

Half of the cold hardened seedlings were inoculated according to Prończuk et
al. (2003). The mycelium was gently mixed and spread on the soil of each plant.
Each pot was covered with moistened blotting paper and black plastic foil to imi-
tate the conditions under the snow cover and kept for 5 weeks at 2°C in darkness.

Estimation of plant Average Regrowth Index (ARI ) after M. nivale inoculation.
At the end of 5 weeks of incubation at 2°C in darkness, the blotting paper and foil
were removed and then leaves were cut and allowed to regrow for 3 days at 12°C
in 100 µmol m-2  s-1 PPFD light and next for 7 days at 18°C in 250 µmol m-2 s-1

PPFD light. Plant regrowth was evaluated using the visual rating scale (0-5) where
‘0’ denotes a plant without any visible symptoms of infection and ‘5’ – a com-
pletely dead plant with no signs of leaf elongation.

The Average Regrowth Index (ARI) was calculated from these ratings accord-
ing to the formula: [(n × 0) + (n × 1) +.......+ (n × 5)]  × N-1, where: n – number of
plants corresponding to each disease rating (0-5), N – total observations.

ARI was calculated in 5 replicates as an average from five pots (25 plants in
a pot, each pot = one replicate). Decreased values of ARI mean an increase in plant
resistance to the pathogen.

Phenolic estimation. Samples of leaves and crowns (250 mg) were collected
from both infected and non-infected seedlings 1, 5, 9, and 13 days after inocula-
tion. The samples were quickly frozen and kept at -80ºC until the analyses. They
were boiled in 1 cm3 of 80% ethanol, then homogenised in 2 cm3 of 80% ethanol
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and centrifuged at 2500 × g for 20 min. The supernatant was mixed with 25%
Na2CO3 and Folin-Ciocalteau reagent (Singleton and Rossi 1965). The absorbance
of samples was measured at λ=760 nm using spectrophotometer Ultrospec 2100
pro (Biosciences Amersham, Sweden). Total phenolic content was calculated as
milligrams of chlorogenic acid per 1 g of fresh weight (FW). This procedure allows
to estimate the level of water soluble phenolic compounds with aromatic ring and
with at least one hydroxyl group.

Total antioxidant determination in leaf tissues. Samples of the leaves (250 mg)
were collected from control and inoculated plants 1, 5, 9, and 13 days after inocu-
lation. Plant material was freeze-dried and samples were ground with ball mill
MM400 (Retsch, Germany) in Eppendorf vials, to which 1 cm3 of 50% ethanol was
then added and shaken for two hours at room temperature. The extracts were then
centrifuged for 20 min in a refrigerated centrifuge at 18000 × g (MPW-350R, Po-
land) and the supernatant was used for the measurements. The total content of anti-
oxidants (free radical-scavenging activity) in the leaf tissues was measured by
DPPH method according to Brand-Williams et al. (1995) with some modifications
adapting the protocol to 96-well microtitre plates and to the measurement of ab-
sorbance by microtitre plate reader. Next 0.5 mM solution of stable free radical
1,1-diphenyl-2-picrylhydrazyl (DPPH, SIGMA) in methanol was used. The ab-
sorbance was determined after 30 min of reaction at 37°C at λ = 515 nm using
reader Model 680 (Bio-Rad Laboratories, USA). The results were expressed as
µmoles of Trolox equivalents per 1 g F.W. For each treatment ten measurements
were made on five independent samples each collected from two different plants.

Statistical analysis
 All effects of infection on the phenolic and low molecular antioxidant content

in rye seedlings were tested with F-test (ANOVA/MANOVA). The results ob-
tained were analysed using Duncan’s multiple range test at p<0.05. The Shapiro-
Wilk test was used to estimate if the resulting data of regrowth after M. nivale in-
oculation had parametric distribution. Differences in regrowth were estimated us-
ing the non-parametric Friedman test. All statistical analyses were conducted using
STATISTICA 9.0 package.

Results and discussion

Susceptibility to snow mould
The values of ARI coefficient defining susceptibility level of breeding lines and

cv. ‘Stach’ to pathogen M. nivale are presented in Table 1. Genotypes of winter rye
under study can be classified into groups of more susceptible (lines 5, 22 and 23)
and more resistant plants (lines 1, 2, 4 and cv. ‘Stach’). Mean value of ARI for the
susceptible group amounts to 3.86 ± 0.20, while for the resistant one it is equal to
2.21 ± 0.19.
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Table 1. Values of the ARI (Average Regrowth Index) coefficient of resistance
to M. nivale for winter rye breeding lines and cv. ‘Stach’. R – lines more resistant

to M nivale infection; S – lines more susceptible to M. nivale infection. Mean values  ± SE

Breeding line or cultivar ARI Resistance label

1 2.18  ± 0.42 R
2 2.20  ± 0.44 R
4 2.06  ± 0.48 R
5 4.29  ± 0.32 S
22 3.15  ± 0.40 S
23 4.13  ± 0.30 S

‘Stach’ 2.42  ± 0.21 R

Changes in phenolic concentration
Analysis of variance showed significant influence of genotype and the stage of

pathogenesis – from the moment of inoculation to the day of analysis – on phenolic
level in leaves and crowns.

   In the leaves of all breeding lines and cv. ‘Stach’ phenolic content was 2 to 3
times greater as compared to the crowns (Table 2). This result is surprising as
crowns are the main gate for pathogenic fungus M. nivale attack. However, a re-
verse interpretation is also possible. Crowns contain more meristematic tissues,
mainly lateral shoot buds, as compared to leaves, whose blades, with the exception
of narrow strip in the lowest leaf part, are composed of stable, mature cells. Meris-
tematic cells are characterized by a greater share of cytoplasm, nucleus, and cell
organelle in whole cell volume and, moreover, their cell wall is thinner. Taking
these facts into account, it could be assumed that meristematic tissues are of special
importance for pathogenic fungus as the source of nutrients. These are synthesized
in leaves but their distribution between leaves and crown could be an important
element of plant defence strategy (Pociecha et al. 2008, 2010). Moreover, plant
inoculation with snow mould takes place in the cold, which increases phenolic
compounds and cell wall lignin synthesis.  Thereby, they play an important role in
the development of the plant’s hypersensitive response (Lamb and Dixon 1997).

Table 3 presents mean phenolic content in leaves and crowns of both groups:
susceptible and resistant to M. nivale. In the leaves of both control and infected
seedlings belonging to the resistant group, phenolic content was greater as com-
pared to the susceptible plants. Infection of seedlings did not significantly change
phenolic content either in more or less susceptible plants. It means that genetically
determined greater phenolic content in the leaves is decisive for resistance to the
studied pathogen. No relationship between changes in phenolic content and the
degree of resistance to M. nivale was found.
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Table 2. Changes in phenolic content (mg g-1 FW) in the leaves and crowns of breeding
lines and cv. ‘Stach’ of winter rye 1, 5, 9 and 13 days after seedling inoculation

with M. nivale. Values marked with the same letter within each breeding line or cultivar
do not differ statistically according to multiple range Duncan’s test (p<0.05)

Leaves CrownsLine Days
Control Infected Control Infected

1 0.77  bc 0.75  bcd 0.3    f 0.27  f

5 0.73  cd 0.7    d 0.32  f 0.32  f

9 0.84  a 0.79  ab 0.38  e 0.4    e
1

13 0.85  a 0.84  a 0.4    e 0.39  e

1 0.83  d 0.9    cd 0.25  g 0.17  h

5 0.84  cd 0.88  cd 0.45  e 0.27  fg

9 1.14  a 1.03  b 0.3    fg 0.26  g
2

13 0.93  c 0.82  d 0.35  f 0.28  fg

1 0.71  cd 0.69  cd 0.23  g 0.26  g

5 0.68  cd 0.6    d 0.24  g 0.3  fg

9 0.7    cd 0.75  c 0.37  ef 0.4  ef
4

13 0.95  b 1.13  a 0.43  e 0.41 e

1 0.86  bc 0.84  bcd 0.29  g 0.26  g

5 0.88  ab 0.79  cd 0.29  g 0.34  efg

9 0.96  a 0.77  d 0.34  fg 0.43  e
5

13 0.9    ab 0.9    ab 0.35  efg 0.41  ef

1 0.73  ab 0.66  ab 0.35 de 0.32  de

5 0.62  b 0.62  b 0.29  e 0.37 cde

9 0.75  a 0.68  ab 0.4    cd 0.42  cd
22

13 0.63  b 0.7    ab 0.46  c 0.42  cd

1 0.58  d 0.66  cd 0.3  ef 0.26  f

5 0.59  d 0.58  d 0.31  ef 0.31  ef

9 0.62  cd 0.74  ab 0.33  ef 0.37  e
23

13 0.68  bc 0.77  a 0.37  e 0.37  e

1 0.79  bc 0.77  c 0.34  defg 0.32  efg

5 0.76  bc 0.81  bc 0.27  g 0.31  fg

9 0.89  b 0.85  bc 0.4    def 0.46  d
‘Stach’

13 0.91  ab 0.82  bc 0.43  de 0.4    def
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Table  3.  Mean phenolic content (mg g-1 FW) in leaves and crowns of two groups
of winter rye lines susceptible (S) and resistant (R) to M. nivale 1, 5, 9 and 13 days

after inoculation

Days after ino-
culation

Control (C)
Group S                   Group R

Infected (I)
Group S                   Group R

Leaves
1 0.723                       0.775 0.720                      0.778
5 0.697                       0.753 0.663                      0.748
9 0.777                       0.893 0.730                      0.855
13 0.737                       0.903 0.790                      0.873

Crowns
1 0.313                      0.280 0.280                      0.255
5 0.297                      0.320 0.340                      0.300
9 0.357                      0.363 0.407                      0.380
13 0.393                      0.403 0.400                      0.370

The results obtained in studies conducted on plants grown under abiotic and
biotic stress are usually difficult to interpret due to combined plant reaction to both
stresses. We attempted to separate the influence of darkness, high humidity, and
cold from fungus infection. The results were obtained by subtracting the value of
phenolic content estimated for the first day after the inoculation from the values for
consecutive days (Table 4). This calculation was performed for leaves and crowns
of both groups: resistant (R) and susceptible (S) to M. nivale. It was assumed that
changes of mean values of phenolic content in susceptible breeding lines (lines 5,
22 and 23) as well as the resistant ones (cv. ‘Stach’ and lines 1, 2 and 4) which
took place between the 1st and 9th day of pathogenesis (measured in control plants)
illustrate their reaction to specific growth conditions, which are necessary to the
development of the infection (darkness, cold, high air humidity). Furthermore, it
was assumed that changes in phenolic content in seedlings of inoculated plants
(measured in inoculated plants), demonstrated combined effects of the stress of
growth conditions and stress resulting from pathogenesis. Thus the difference of
these changes between control and inoculated plants describes the effects on phe-
nolic content of the stress of snow mould pathogen infection itself without the ef-
fect of growth conditions stress.

In the leaves of control plants of R group, growth conditions induced an in-
crease of phenolic content, while in S group nonspecific and significantly weaker
changes of the compounds took place. The infection with snow mould fungus re-
sulted in both more and less sensitive plants in a small decrease of phenolic con-
tent. In the crowns of control plants the abiotic stresses resulted in an increase of
phenolic content, which was higher in more resistant lines than in the sensitive
ones. Similarly, inoculation with the fungus followed by the development of
pathogenesis resulted in a small increase of phenolic content.
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Table 4.  Fluctuations in phenolic content in the leaves and crowns of winter rye lines
susceptible (S) and resistant (R) to M. nivale, influenced by plant growth conditions

(in control plants) and by infection process (in inoculated plants)

The influence of growth conditions The influence of M. nivale infectionDays after
inoculation Group S Group R Group S Group R

Leaves
5 ↓ (0.026) ↓ (0.022) ↓ (0.031) ↓ (0.008)
9 ↑ (0.054) ↑ (0.118) ↓ (0.044) ↓ (0.041)

13 ↑ (0.014) ↑ (0.128) ↑ (0.056) ↓ (0.033)
Crowns

5 (0.016) ↑ (0.040) ↑ (0.076) ↑ (0.005)
9 ↑ (0.044) ↑ (0.083) ↑ (0.083) ↑ (0.042)

13 ↑ (0.080) ↑ (0.123) ↑ (0.040) ↓ (0.008)
 Calculations:

1. The influence of plant growth conditions (darkness, low temperature, high air humidity) on phenolic
content in control plants was calculated through subtraction of phenolics content on the 1st day from
phenolics content 5, 9 or 13 days after inoculation (data in Table 3), separately in S and R plant groups.

2. The influence solely of fungal infection was calculated separately for S and R plant groups according to
the formula: (It − I1) − (Ct − C1), where t = 5, 9 or 13 (data in Table 3).

Changes in low molecular antioxidants (LMA) content in leaves
Table 5 presents LMA content, while Table 6 shows mean values for both R

and S groups of the breeding lines studied. Generally, growth conditions applied
during inoculation procedure did not influence LMA content in the control seed-
lings. Only in plants of line 1, 2 and cv. ‘Stach’ LMA amount increased during 13
days of the inoculation (Table 5). In infected plants LMA level decreased during
pathogenesis in lines 1, 2, 5 and 22, while it did not change in cv. ‘Stach’. In both
control and infected plants mean LMA content was lower in the lines belonging to
R group compared to S group, though at the last day of the analyses (13th day of
pathogenesis) a strong decrease of antioxidant content took place in both groups
independently of their pathogen susceptibility level (Table 6).

Similarly to phenolic content analysis (Table 4), Table 7 presents an attempt to
separate the influence of plant growth conditions from the influence of fungal in-
fection on the dynamics in the changes of LMA. The specific stresses accompany-
ing plant growth conditions necessary for successful fungus inoculation caused an
increase in antioxidant content, though in the resistant group this increase remained
till the last day of the analysis, while in more susceptible lines a marked decrease
of LMA level was observed on the 13th day of the analysis.

The snow mould fungus infection process, separated from the influence of plant
growth conditions stress, resulted in the seedlings of both more and less sensitive
lines in a decrease of antioxidant content. The observed decline was particularly
noticeable in the more resistant lines. This result can be connected with different
susceptibility to infection of the breeding lines studied.
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Table 5. The changes in low molecular antioxidant content expressed as Trolox equivalent
[μmol Trolox g-1 DW] in leaves of winter rye breeding lines and cv. ‘Stach’ 1, 5, 9 and 13
days after seedling inoculation with M. nivale. Values marked with the same letter within

each breeding line and cultivar do not differ statistically according to multiple range
Duncan’s test (p<0.05)

Line Days after inoculation Control Infected

1 23.55     c 29.54     b
5 24.54     c 28.40     b
9 29.77     b 27.85     b1

13 34.17     a 24.13     c
1 31.88     b 31.30     b
5 31.66     b 33.04    ab
9 36.58     a 31.89     b2

13 23.93     c 21.15     c
1 30.33    ab 21.41     c
5 31.14     a 27.49     b
9 29.10    ab 29.60    ab4

13 31.91     a 23.36     c
1 33.98    cd 41.47     a
5 38.67   abc 35.69    bc
9 39.61    ab 35.49    bc5

13 33.72    cd 29.64    d
1 34.10    ab 32.07    bc
5 31.33    bc 32.54   abc
9 32.50   abc 35.84     a22

13 28.99    cd 27.16     d
1 24.68    cd 28.97     b
5 26.77   bcd 27.53    bc
9 29.76     b 35.47     a23

13 24.02     d 28.76     b
1 25.80     b 39.93     a
5 32.84     a 33.47     a
9 32.93     a 39.64     a„Stach”

13 34.17     a 31.42     a

Table  6. Mean content of low molecular antioxidant content expressed
as Trolox equivalent [μmol Trolox g-1 DW] in leaves for two groups of winter rye lines

susceptible (S) and resistant (R) to M. nivale 1, 5, 9 and 13 days after inoculation

Control (C) Infected (I)Days after
inoculation Group S                   Group R Group S                   Group R

1 30.92                     27.89 34.17                       30.55
5 32.26                     30.05 31.92                       30.60
9 33.96                     32.10 35.60                       31.25
13 28.91                     31.05 28.52                       25.02
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It is possible that the resistant lines utilized more of their antioxidants to de-
compose (inactivate) molecules of ROS secreted by pathogenic fungi in the course
of the pathogenesis, which supports the hypothesis about the protective role of
these compounds against pathogen attack. Our results related to LMA content in
control plants grown only under abiotic stresses are similar to those presented by
other authors who have shown an increase in LMA under abiotic stresses. An in-
crease in antioxidant pools in maize seedlings under short-term osmotic stress was
observed by Kolarovic et al. (2009). Kellos et al. (2008) found that not only os-
motic stress but also treatment with salicylic acid or hydrogen peroxide increased
the level of low molecular antioxidants, especially in the stress tolerant maize
genotype. Guo et al. (2006) also reported that antioxidant content decreased greatly
in drought-sensitive cultivars under drought stress and in chilling-sensitive culti-
vars under chilling stress in contrast to resistant cultivars.

Table  7. Fluctuations in phenolics content in the leaves of winter rye lines susceptible (S)
and resistant (R) to M. nivale, influenced by plant growth conditions (in control plants) and

by infection process (in inoculated plants)

The influence of growth conditions The influence of M. nivale infectionDays after
inoculation Group S Group R Group S Group R

Leaves
5 ↑ (1.34) ↑ (2.16) ↓ (3.59) ↓ (2.11)
9 ↑ (3.04) ↑ (4.21) ↓ (1.61) ↓ (3.65)
13 ↓ (2.10) ↑ (3.16) ↓ (3.63) ↓ (8.69)

Calculations as described in Table 4.

A small but statistically significant negative correlation (r = -0.245; p<0.05)
between ARI index and phenolic content in the leaves was found. This fact indi-
cates that greater phenolic amount is accompanied by higher resistance to the
pathogen in breeding lines of rye. A correlation between ARI and leaf antioxidant
content was found (r = 0.306; p<0.05). Taking in account the fact that a higher
value of ARI indicates higher elevated susceptibility of seedlings to fungal infec-
tion, it could be assumed that greater antioxidant amount is accompanied by higher
pathogen sensitivity. Significant though not excessively high correlation (r = 0.264;
p<0.05) between antioxidant and phenolic content in leaves was also found. This
correlation seems to arise from the fact that phenolics belong to low molecular
antioxidants. This correlation coefficient is relatively small, which may indicate
that phenolics may react to infection somewhat differently from other antioxidative
molecules and furthermore, the share of phenolics in total antioxidant pool may
vary in particular winter rye lines studied. It is worth mentioning that Javanmardia
(2003) found a strong positive relationship between the antioxidant activity and
total phenolic acids content in the tested basil accessions. However, this specific
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plant material is characterized by the dominance of phenolics (concentration
40-times higher as compared to rye seedlings) and relatively small amount of other
antioxidants (total antioxidants amount similar to those observed in rye seedlings).
This proves that rye plant material is relatively more abundant in antioxidants other
than phenolics. This is confirmed by the finding that in winter rye resistance is
linked to defence response expressed by higher activity of such antioxidant
enzymes as catalase, superoxide dismutase, and non-specific peroxidase (Pociecha
et al. 2013).
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