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Abstract Members of the aldo–keto reductase family

including aldose reductases are involved in antioxidant

defense by metabolizing a wide range of lipid peroxida-

tion-derived cytotoxic compounds. Therefore, we produced

transgenic wheat genotypes over-expressing the cDNA of

alfalfa aldose reductase gene. These plants consequently

exhibit 1.5–4.3 times higher detoxification activity for the

aldehyde substrate. Permanent drought stress was gener-

ated in the greenhouse by growing wheat plants in soil with

20 % water capacity. The control and stressed plants were

monitored by a semi automatic phenotyping platform

providing computer-controlled watering, digital and ther-

mal imaging. Calculation of biomass values was based on

the correlation (R2 = 0.7556) between fresh weight and

green pixel-based shoot surface area. The green biomass

production by plants of the three transgenic lines was

12–26–41 % higher than the non-transgenic plants’ grown

under water limitation. Thermal imaging of stressed non-

transgenic plants indicated an elevation in the leaf tem-

perature. The thermal status of transformants was similar at

both normal and suboptimal water regime. In drought, the

transgenic plants used more water during the growing

season. The described phenotyping platform provided a

comprehensive data set demonstrating the improved

physiological condition of the drought stressed transgenic

wheat plants in the vegetative growth phase. In soil with

reduced water capacity two transgenic genotypes showed

higher seed weight per plant than the control non-trans-

genic one. Limitation of greenhouse-based phenotyping in

analysis of yield potential is discussed.

Keywords Aldo–keto reductase � Biomass � Digital

and thermal imaging � Seed production �
Transformation � Water usage

Introduction

As a consequence of global warming the increase in the

frequency of drought episodes threatens the sustainability

of the world’s crop production. Therefore, there is an

urgent need to develop adaptive agricultural strategies to

reduce the devastating economic and social impacts. In

these attempts, plant breeding has a pivotal role by con-

tinuous supply genotypes with improved water use effi-

ciency and other yield- or drought tolerance-related traits.

Nowadays, breeding of crops for stress tolerance and yield

stability is efficiently supported by identification of quan-

titative trait loci (QTLs), association mapping to correlate

genetic markers with phenotypes, cloning of resistance

genes used for production of transgenic plants (Tuberosa
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D. Dudits (&)

Institute of Plant Biology, Biological Research Center HAS,
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and Salvi 2006; Takeda and Matsuoka 2008; Zhao et al.

2008, Deikman et al. 2012).

Bhatnagar-Mathur et al. (2008) reviewed a large set of

isolated genes that has been tested in transgenic plants to

analyze drought responses. These genes encode proteins

involved in the perception and transduction of stress sig-

nals, activation of stress genes (Hsieh et al. 2002; Pelle-

grineschi et al. 2004; Karaba et al. 2007; Xu et al. 2007).

The enhanced synthesis of osmoprotectants such as amino

acids (proline), quaternary amines (glycinebetaine, poly-

amines) sugars and sugar alcohols (trehalose, mannitol) has

been achieved and resulted in higher stress tolerance of

transgenic plants (Abebe et al. 2003; Capell et al. 2004;

Valliyodan and Nguyen 2006). Among other approaches,

the over-expression of late embryogenesis abundant (LEA)

proteins could provide an increased tolerance to dehydra-

tion (Rohila et al. 2002). Publications report on the

improvements in grain yield of maize under water-limited

conditions in the field. Expression of maize CAAT box

transcription factor (ZmNF-YB2) or bacterial RNA chap-

erones (CSPs) opens a way towards engineering crop plants

for yield stability under drought stress (Nelson et al. 2007;

Castiglioni et al. 2008).

The decrease in plant productivity under suboptimal

growing conditions such as drought largely originates from

structural or physiological damages caused by the forma-

tion of reactive oxygen species (ROS) and their products

from reactions with cellular constituents including lipids

(Smirnoff 1993; Moran et al. 1994). Detoxification of lipid

peroxidation-derived cytotoxic aldehydes (e.g., 4-hy-

droxynon-2-enal, HNE) can be a basic mechanism in

reduction of stress-generated damages and maintaining

physiological functions such as cell division, growth or

photosynthesis. As other organisms, plants have a family of

aldo–keto reductases (AKRs) that catalyze the NADPH-

dependent reduction of different carbonyl metabolites

(Bartels 2001). Previously we have shown that ectopic

synthesis of the alfalfa aldose reductase (MsALR) enzyme

in tobacco plants can prevent the increase of drought-

induced formation of lipid peroxidation products (TBARs),

OH� radical and H2O2; furthermore, this function has

improved the photosynthetic activity (Oberschall et al.

2000; Hideg et al. 2003).

The development of phenomics as an independent dis-

cipline opens new dimensions for plant sciences by the

acquisition and the interpretation of high-dimensional

phenomic data from different levels of organization such as

morphology, physiological state and molecular scale (Ho-

ule et al. 2010; Fabre et al. 2011, Salekdeh et al. 2009).

Growth retardation is a direct stress symptom that can be

monitored by phenotyping platforms based on the non-

invasive imaging methods without physical damaging of

analyzed plants. Green biomass is an integrative

phenotypic character depending on both morphological

traits such as plant height, leaf and head size and physio-

logical parameters such as transpiration and photosynthe-

sis. The biomass prediction can be based on RGB images

taken through red, green, and blue filters to determine the

pixel-based shoot surface area. Image analysis is one of the

basic components of plant phenotyping (Golzarian et al.

2011; Hartmann et al. 2011). Monitoring the leaf growth

rate can provide quantitative data about the functionality of

stressed plants (Chenu et al. 2008). Various information

systems have been developed for image analysis of digital

RGB pictures or storage of environmental and plant

watering data (Hartmann et al. 2011; Fabre et al. 2011).

Stomatal closure is a key mechanism in plant response to

drought stress and without transpirational cooling the

canopy temperature is expected to increase relative to air

temperature. Therefore, phenotyping platforms are gener-

ally equipped with thermal imaging facilities (Merlot et al.

2002; Munns et al. 2010; Berger et al. 2010).

In the present paper, we have quantified the green bio-

mass of wheat plants on the basis of the green pixel-based

shoot surface area recorded by digital photography. Based

on the thermal imaging data plants from the transgenic

(AKR 284, AKR 302, AKR 322) genotypes could maintain

the transpiration function. Subsequently in comparison to

non-transgenic genotype these plants used more water and

produced higher biomass at suboptimal soil water content.

The described data extend the previous observations to

cereal crops such as wheat that the increase in the protec-

tive aldose reductase enzyme activity could ensure

improvement in physiological functions under the reduced

water supply in vegetative growth phase. We have identi-

fied transgenic wheat lines with a potential for better

adaptation capability that resulted in higher seed weight per

plants. The presented data support the future use of the

described transgenic genotypes in studies to uncover the

molecular events in the aldo–keto reductase-based stress

tolerance.

Materials and methods

Wheat transformation

Immature embryos of the ‘CY-45’ spring wheat (Triticum

aestivum L.) cultivar previously selected by Felföldi and

Purnhauser (1992) for high morphogenic potential in

somatic tissue cultures were used in the present gene

transfer experiments. Protocols of biolistic transformation,

selection and regeneration of transformants were described

by Áy et al. (2012). We bombarded the pAHALR construct

(see Supplementary Fig. 1) that was based on the pAHC25

vector (Christensen and Quail 1996). The b-glucuronidase
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(GUS) reporter gene was removed by SmaI-SacI enzyme

digestion and similarly digested fragment of the Medicago

sativa MsALR cDNA (Acc. number: X97606; Oberschall

et al. 2000) was inserted between these sites. This vector

contains two copies of promoters as the 50-untranslated

exons and the introns of the maize ubiquitin (Ubi-I) gene

and the terminator sequence from the nopaline synthase

(NOS) gene. These regulators insure the expression of the

M. sativa MsALR (aldose reductase) and the BAR or PAT

gene encoding phosphinothricin acetyltransferase from

Streptomyces hygroscopicus. The pUC8 part of the vector

contains the TEM-1 b-lactamase gene (bla) of E. coli. The

presence of the transformed resistance gene (BAR) was

tested by 0.5 % Finale 14 SL� spraying and gene-specific

PCR amplification. Wheat plants of the AKR transgenic

lines were consequently self-pollinated and all of the

generations (T2–T3) were treated with the herbicide (Finale

14 SL�). From the Hungarian Gene Technology Authority

the laboratories of the Biological Research Centre and the

Cereal Research Non-profit Ltd. have permission for the

closed system experiments (35476/2009). In total, 1,797

immature embryos were bombarded, and regeneration of

127 plantlets was achieved after applying the selective

concentration of the herbicide.

Plant cultivation and stress treatment

In the present study seeds of plants from the transgenic

wheat genotypes (AKR 284; AKR 304, AKR 322) were

sown and after germination at two-leaf-stage seedlings were

treated with 0.5 % Finale 14 SL� (effective molecule: 14 %

glufosinate ammonium) to ensure the use of transgenic

plants. We exposed the survived plants to cold-treatment at

3–4 �C for 1–2 weeks to synchronize their development.

During this growing period we also tested the presence of

MsALR transgene by PCR method. From each transgenic

lines 10 MsALR gene positive plantlets were transferred into

pots containing the mixture of 50 % Terra peat soil and

50 % sandy soil (Maros). Equal quantities of chemical

fertilizer (SUBSTRAL� Osmocote Plus�) were added to

each pot (2.8 g/1,870 g soil in pot) at the time of potting.

The fertilizer was a complex fertilizer prepared by GAR-

DENA Hungary Ltd. Budapest, included macro elements

(10 % N, 10 % P2O5, 12 % K2O, 2 % MgO) supplemented

with microelements (0.02 % B, 0.05 % Cu, 0.4 % Fe,

0.06 % Mn, 0.02 % Mo, 0.015 Zn). Single application

serves 6 month continuous nutrition for the plants.

In the drought test, five pots from each genotype were

exposed to water deficit and five others were treated as

controls. We planted one plantlet/plastic pot in phenotyp-

ing experiments with our Complex Stress Diagnostic Sys-

tem. In the greenhouse, after planting all pots were

irrigated with 100 cm3 water and then the stress treatment

was started. Plants were first weighted by a computer-

controlled balance (GSE model 350, 6,000 ± 1 g), and the

amount of water which was necessary to keep the relative

water content of the soil at either 20 % (water limitation)

or 60 % (control, optimal water supply) was provided. The

water capacity of the soil was determined before the

present experiment. First the water from the soil was

basically eliminated and this value represented the zero

water capacity. We calibrated the maximum water capacity

by adding water until saturation level. The 20 and 60 %

water capacity values were calculated from these data and

used for watering regimes in the Complex Stress Diag-

nostic System (Majer et al. 2008). The required amounts of

water were added using computer-controlled peristaltic

pump (Gilson Minipuls 3), while the pot was still on the

balance. Each pot had a radiofrequency identifier (RF

proximity tag), therefore, watering data could be stored

automatically on the computer.

Digital imaging of plants

Growth of wheat plants was monitored by digital photogra-

phy. Individual plants, planted into radio-tagged pots, were

photographed by an Olympus C-7070WZ (Olympus Ltd.,

UK) digital camera from eleven different sideway positions,

produced by 32�–33� step rotation of the pot. The plant pixels

were determined by subtracting the homogenous back-

ground from the image. Monitoring of plant growth was

performed during the whole growth period in every 2 weeks

and in a weekly interval after heading. In separate experi-

ment, a calibration curve has been constructed to establish

correlation between the green pixel-based shoot surface area

and the actual fresh weight of wheat plants determined after

cutting the photographed plants.

Thermal imaging of plants

The water evaporation was estimated by measuring leaf

temperature using a sensitive thermo camera (VarioSCAN

3021ST, 0.03 �C temperature resolution). These measure-

ments were performed in a closed chamber in the morning

hours within the greenhouse. The temperature of leaves of

the tillering stage plants was determined as difference

relative to the surrounding air. Air temperature data were

obtained from a reference surface, which is in thermal

equilibrium with air in the background of the plant. The

relative humidity was ca. 60–65 %, and the air temperature

was in the 17.4–19.7 �C range during the measurements.

Data management and analysis

Data analysis was performed by a home constructed soft-

ware package based on Matlab software tools (version
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2008b) with the Image Processing ToolboxTM (The

MathWorks Inc., Natick, MA, USA). The experiments

were carried out with at least three plants as replications,

but in analysis of grain weight per plants five replications

were used. Two-way ANOVA was used to analyze the

effect of genotypes and treatment combinations (optimal-

and suboptimal water supply). The statistical analysis was

carried out by MICROSOFT� EXCEL 2002 statistical

software package developed by Microsoft (Redmond, WA,

USA) and shows the average thermal values of ‘plant

pixels’ and the background.

RNA isolation and quantitative real-time PCR

The cDNAs for the quantitative-PCR reactions were syn-

thesized from the total RNA of control and MsALR

expressing transgenic wheat lines isolated according to the

AGPC (acid guanidinium thiocyanate-phenol chloroform)

method (Chomczynski and Sacchi 1987). 1 lg of total

RNA was used for cDNA synthesis, following the First

Strand cDNA Synthesis Kit manual (Fermentas Life

Sciences).

For the quantitative RT-PCR reactions, we used the

following primers: MsALR Fwd: 50-GGTGTTGTTGCCAA

AGCTGTC-3; MsALR Rev: 50-TGATCCATAACTCCTC

GCGC-30. These were designed by the Primer Express

Software from Applied Biosystems. The Q-PCR reactions

were carried out in the ABI PRISM 7000 Sequence

Detection System using the SYBR Green PCR Master Mix

and the reaction conditions were the same as described by

Lendvai et al. (2007). The 2-DDCT method was used to

analyze the real-time PCR data (Livak and Schmittgen

2001) and the expression of examined genes was normal-

ized to the reference gene (b-actin).

Western blot analysis

For Western analysis, proteins were extracted by grinding

samples with quartz sand in a homogenization buffer

containing 25 mM Tris–HCl pH 7.6, 15 mM MgCl2,

15 mM EGTA, 75 mM NaCl, 1 mM phenylmethylsulfonyl

fluoride (PMSF), and 2 mM DTT. Equal protein loading

was determined by Bradford protein assay (Bio-Rad,

USA). 20–20 lg of protein was separated on 12 % SDS–

polyacrylamide gels. The separated proteins were trans-

ferred onto polyvinylidene difluoride (PVDF) membranes

(Sigma, USA) using the TRANS-BLOT SD Semy-Dry

Transfer Cell (Bio-RAD, USA). A polyclonal antibody

previously produced in rabbits has been used for the

detection of the Medicago sativa L. aldose reductase as

described by Oberschall et al. (2000). The goat anti-mouse

IgG-peroxidase conjugated secondary antibody was pur-

chased from Sigma (USA). The antigen–antibody complex

was detected using the Lumi-Light Western Blotting Sub-

strate (Roche, Switzerland) and X-ray films (AGFA, Ger-

many). Relative band intensities were determined using the

Image J software (http://rsbweb.nih.gov/ij/). The used

antibody recognized the putative wheat aldose reductase

protein in the extracts and its band intensity was used as a

reference (=1).

Assay of aldose reductase (ALR) enzyme activities

Wheat leaves were homogenized on ice in extraction buffer

(0.1 M Na-phosphate buffer pH 7.0, containing 1 mM

PMSF and 1 % polyvinylpyrrolidone). The homogenate

was centrifuged for 20 min at 15,0009g at 4 �C and the

supernatant (crude extract) was used for enzymatic mea-

surements. Aldose reductase activity was estimated by

monitoring the oxidation of NADPH in the reaction mix-

ture at 340 nm according to Vander Jagt et al. (1995).

0.1 M sodium phosphate buffer pH 7.0 contained 0.1 lmol

NADPH, 0.1 lmol 2-naphthalene carboxaldehyde (NA)

substrate and 50 ll crude extract in a total volume of

1 cm3. The decrease of NADPH was measured between the

3rd and 4th min, the non-specific NADPH decrease was

corrected using additional measurements without substrate.

In calculations, the molar extinction coefficient of NADPH

at 340 nm was 6.22 mM-1 cm-1, the specific activity was

expressed as oxidized NADPH lmol min-1 g-1 fresh

weight.

Results

Production and molecular characterization of transgenic

wheat plants with constitutively increased aldose

reductase activity

For detailed studies, we have selected three transgenic lines

(AKR 284; AKR 304; AKR 322) with plants carrying both

the BAR (PAT) and the MsALR genes in their genome.

Expression of the introduced MsALR gene in the trans-

formed wheat plants was shown by the quantification of its

mRNA products (Supplementary Fig. 2). The relative level

of MsALR transcripts was the highest in plants from the

genotype AKR 284 followed by that of AKR 304 and AKR

322. Considerable differences in the expression level of the

introduced MsALR gene could be detected between indi-

vidual plants within the selected transgenic genotypes (data

not shown).

The Western blot analysis of leaf protein extracts

detected an increased ALR protein accumulation in leaves

of the T1 plants (Fig. 1a, b). This analysis revealed a low

amount of cross-reacting protein in leaves from the control,

non-transgenic (CY-45) plants. The highest ALR protein
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amount was present in samples from plants of the trans-

genic line AKR 284. The enzyme assay measuring alde-

hyde/aldose reductase activity in crude cell extracts

provided further evidence that the transgenic plants have

1.5–4.3 times higher activities than the untransformed

control plants (Fig. 1c).

Phenotyping of the vegetative growth of the control

and the transgenic wheat plants

Our phenotyping platform uses a computer-controlled

water supply system to keep the soil water capacity con-

tinuously at 60 % (reference condition with optimal

watering) and at 20 % water capacity (water scarcity

condition). As shown in the Supplementary Fig. 3, the

overall responses of the studied wheat plants to the applied

stress resulted in considerable growth retardation but it was

not lethal.

Since biomass accumulation is one of the most com-

prehensive indicators of stress response, this parameter was

monitored by recording green pixel-based shoot surface

area of wheat plants. The biomass values were calculated

with the calibration curve between the normalized plant

pixel numbers and the fresh weights of areal plant organs

(Fig. 2). In a separate experiment, CY-45 plants were

photographed and weighed (see ‘‘Materials and methods’’):

comparison of calculated plant fresh weights from the

different lines under non-stressed condition revealed that

plants of the transgenic line AKR 322 produced higher

biomass than plants of other genotypes (Fig. 3a). Under

stress conditions all transgenic lines produced higher bio-

mass than the control plants during the whole vegetative

growth. At the last time point of the analysis, the average

weight of plants from the control genotype (CY-45) was

2.7 ? 0.04 g. Plants of the aldose reductase-overproducing

transgenic lines exhibited moderate drought damage as

Fig. 1 Synthesis of the alfalfa (MsALR) aldose reductase enzyme in

transgenic wheat lines. a and b Quantification of ALR protein in

leaves of genotypes by Western blot analysis. c Specific aldose

reductase activity in leaves of the wheat lines was estimated by

monitoring the oxidation of NADPH in the presence of the

naphthalene carboxaldehyde as substrate. The mean ± SD were

calculated from the data of at least three measurements performed on

three different plants. *, ***Significant differences between the

control and transgenic plants at P B 0.05 and 0.001 levels, respec-

tively (Student’s t test)

Fig. 2 Correlation between fresh weight and green pixel-based shoot

surface area in wheat plants. Plants were photographed and their

above ground fresh weight was measured as described in ‘‘Materials

and methods’’
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shown by the average weight values as AKR

284 = 3.4 ? 0.03; AKR 304 = 3.01 ? 0.01 g; AKR

322 = 3.8 ? 0.03 g. (Fig. 3b, c). As an example, the

improved growth characteristics of transgenic plants can be

seen by comparing them to recipient control plants (Fig. 4).

Over-expression of the aldose reductase detoxification

enzyme ensures optimal water use

As suggested by Collins et al. (2008) the stress avoidance

may originate from maintaining or even increasing the rate

of transpiration and photosynthesis by the excessive use of

water. Here we monitored the transpiration function of

different genotypes by thermal imaging that allowed

determining the temperature difference (DT) between the

leaf and surrounding air. In the case of well-watered plants,

the normal rate of water evaporation resulted in a larger air

temperature minus leaf temperature values as shown by

DT values (3.2–3.6 �C) in Fig. 5. The limitation in water

supply increased the leaf temperature of control (CY-45)

plants that was reflected by the lower DT value (2.7 �C).

The thermal imaging data clearly showed the maintenance

of transpiration in the case of transgenic plants under water

limitation. The DT values of these plants remained higher

than 3 �C indicating cooler leaf temperature. The described

differences in thermal status of tested plants from different

genotypes are demonstrated by thermal images shown by

Fig. 6.

The improved physiological status of wheat genotypes

synthesizing the alfalfa aldose reductase under drought

stress is expected to be consistent with an increase in the

water utilization of transgenic plants. The watering system

allowed the calculation of the total water amounts used

during the life cycle of individual wheat plants. As shown

by Fig. 7 in an optimal condition, plants from all genotypes

have consumed 2,000 cm3 water during the cultivation

period. Under water limitation plants from CY-45 genotype

could utilize 430 cm3 water. Plants of all the transgenic

lines showed higher water use. These plants absorbed

470–530 cm3 water from the soil with low water capacity.

Grain weight data show an increased productivity

of aldose reductase overproducer plants

under permanent drought stress in the greenhouse

After maturation seeds were harvested from five plants per

treatment representing plants grown in pots with either

optimal or suboptimal water regime. The box-plot figure

indicates a strong effect of the different water management

and differential responses of the control and the transgenic

genotypes to drought (Fig. 8). As shown by analysis of the

average grain weight data there was no significant differ-

ence among the tested genotypes if the plants were grown

in soil with constant 60 % water capacity. The applied

water stress caused 59 % reduction in seed production of

the control (CY-45) plants. Similar loss (57 %) could be

Fig. 3 Monitoring the biomass production of the control and of the

aldose reductase-overproducing transgenic plants by measuring the

green pixel-based fresh weight of areal plant organs under optimal

(a) and water deficit (b) conditions (means–SE = standard error.

Empty square CY-45 (control), cross symbol AKR 284, empty circle

AKR 322, empty triangle AKR 304. c Box-plots illustrate the

maximum and the minimum values of fresh weight of areal plant

organs as well the medians for the different genotypes grown for 9

weeks after planting under water limitation Pooled St Dev = 0.02932

668 Acta Physiol Plant (2014) 36:663–673

123



recorded in seed yield in the case of plants from the

transgenic AKR 322 genotype. Plants from the other two

transgenic genotypes (AKR 284 and AKR 304) yielded

significantly higher grain weight than the control or AKR

322 plants (at 0.05 probability level). The statistical ana-

lysis (ANOVA) revealed the significant effect of treatments

(optimal- and suboptimal irrigation) and genotypes CY-45

and AKR overproducer lines at 0.001 probability level on

the yield data (Supplementary table 1). The effect of

treatment and genotype interaction was also significant at

the 0.001 probability level showing that water scarcity had

a significant effect on the control and tested AKR lines,

respectively. This drought-induced damage was moderated

by an improved physiology of two (AKR 284 and AKR

304) transgenic genotypes carrying the functional alfalfa

aldose reductase cDNA.

Discussion

The aldo–keto reductase enzyme family attracts increasing

attention as an antioxidant defense system also in plants

(Bartels 2001). Overproduction of the Medicago sativa L.

aldose reductase (MsALR) in tobacco plants could reduce

the accumulation of thiobarbituric acid reactive species

(TBARS) and H2O2; furthermore, this enzyme detoxified

the 4-hydroxynon-2-enal and the methylglyoxal (Obersc-

hall et al. 2000; Hideg et al. 2003). The vegetative organs

of these transformants recovered from a severe drought

after rewatering. The present study extends the test of this

enzyme into a cereal crop such as wheat by analyzing both

green biomass and seed yield parameters of transgenic

lines exhibiting elevated aldose reductase activity. Recog-

nizing the key role of wheat production in ensuring sus-

tainable food supply worldwide, there is a great need for

the functional analysis of genes with potential agronomic

benefits also in wheat, despite limitations in the method-

ology of gene transfer and the regeneration of transformed

plants (Zhao et al. 2008).

In the present study we used a morphogenic wheat

cultivar (CY-45) for gene bombardment and sufficient

number of the Finale 14 SL� resistant plants could be

regenerated from immature embryo-derived callus tissues.

This method is frequently used for cereal transformation,

but the Agrobacterium-mediated transformation is gaining

increasing significance (Tamás-Nyitrai et al. 2012). In our

study, the selected transgenic wheat genotypes showed

high variability in the synthesis of transgene mRNAs

(Supplementary Fig. 2) and the accumulation of Medicago

MsALR protein (Fig. 1a, b). Expression of this cDNA in

wheat plants resulted in higher NADPH-dependent aldose

reductase activities in leaf extract (Fig. 1c). In both

parameters, we detected considerable variation between the

transgenic lines and individual plants but the presented data

Fig. 5 The temperature differences (DT) between leaves and sur-

rounding air indicate a cooler thermal status of leaves of the

transgenic plants with better leaf evaporation function. In the control

(CY-45) plants, the water deficit resulted in an increase in leaf

temperature as shown by the lower DT value (2.7 �C). Deviations are

marked on the top of columns. Filled bar 60 % soil water capacity.

Open bar 20 % soil water capacity

Fig. 4 Morphology of plants from the control (CY-45; a) and the

transgenic genotype (AKR 284; b) after 8 weeks of drought stress

treatment. The improved physiology is reflected by the plant height

and advanced development stage in the case of transgenic plants
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support a general trend that GM plants exhibit an enhanced

detoxification capability for removing stress-generated

toxic metabolites. These opened a unique way to evaluate

multiple changes caused by the transgene at phenotypic

level and test its potential protective function.

The growth, photosynthetic and yield responses to

drought stress are highly complex and flexible (Chaves

et al. 2008; Passioura 2007). At phenotypic level, the

stress exposure of higher plants can alter morphological

traits, growth parameters and seed productivity. As

reported the large-scale phenotyping of stressed plants

could be based on digital image analysis to measure the

leaf area and relative growth rate (Granier et al. 2006;

Berger et al. 2010). In our studies, we have established a

calibration curve to predict the weight of areal plant

organs as a major indicator for water deficit tolerance

during vegetative growth phase. As shown by Fig. 2, this

approach can be safely used in the earlier phase of plant

life cycle. During the maturation phase, the senescence of

plant organs may influence the quality of pictures; there-

fore, the correlation between the pixel number and fresh

weight becomes lower (Fig. 2). According to the pixel

number-derived weight data, the wheat plants carrying the

alfalfa detoxification gene were less affected by drought

treatment than the control non-transgenic plants (Figs. 3b,

4). At this stage, we have no explanation for the consid-

erably better green biomass production of the plants from

the AKR 322 line under optimal growing conditions

(Fig. 3a). This side effect may originate from changes

caused by the integration of foreign DNA into the wheat

genome. The moderate stress tolerance of transgenic

plants was shown by variable increase in biomass relative

to the control plants. The 12 and 26 % higher plant weight

in AKR 284 and 304 lines is expected to be linked with

the protective function of the MsALR enzyme. The 41 %

improvement in biomass of plants from AKR 322 line

cannot be explained by the enzyme data (Fig. 1a, b),

Fig. 7 Plants from the transgenic genotypes (AKR 284; AKR 322; AKR

304) present a better water usage capability than the non-transgenic

(CY-45) plants under water stress during the whole life cycle. The

standard deviations are marked on the top of the columns. Light grey bars

60 % soil water capacity. Dark grey bars 20 % soil water capacity

Fig. 6 Cooler leaves of the

transgenic (AKR 284, AKR

304) plants were detected by the

thermal imaging. Under drought

condition the leaf of the control

(CY-45) wheat plant exhibits an

increased temperature according

to the artificial color scale

representing a 5 �C range with

the temperature decrease in the

white–red–green–blue direction

(color figure online)
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therefore, the influence of additional factor may be

involved in the case of this genotype.

Among the remote-sensing technologies, the thermal

imaging has been successfully applied to monitor leaf

temperature being indicative for changes in the leaf tran-

spiration and stomatal closure (Jones 2004). In the control

CY-45 wheat plants, the temperature difference between

leaves and surrounding air was reduced by near to 0.8 �C

after drought treatment. This shows that water limitation

caused an increase in canopy temperature (Fig. 5). This

leaf temperature status could originate from the stomatal

closure and reduced water evaporative activity. In contrast

the DT values of leaves from plants carrying the transgene

did not change significantly during water withdrawal

compared to leaf temperatures at optimal water supply

(Figs. 5, 6). We can conclude that water metabolism of

these plants was functionally less damaged by the drought

stress. The computer-controlled water supply system

allowed the calculation of the cumulative water use during

the complete growing season (Fig. 7). In accordance with

the thermal imaging data, this study shows that plants of

the GM lines used extra water in comparison with the

control CY-45 plants. The higher water usage could con-

tribute to the increased biomass production of these

transgenic plants (Fig. 3). The presented green biomass

values in conjunction with the canopy temperature and the

water use data indicate an improved physiology of the

analyzed transgenic plants under non-lethal drought stress.

All these observations strengthen the previous results with

the transgenic tobacco plants as an example for dicot

species (Oberschall et al. 2000).

The present characterization of wheat genotypes was

carried out under stabilized soil water content as in other

studies (Yu and Setter 2003; Granier et al. 2006). Based on

the degree of growth retardation (46 % inhibition in the

case of CY-45 plants) the reduction of soil water capacity

to 20 % can be considered as an intermediate stress effect,

since the wheat plants could survive the treatment (see

Supplementary Fig. 3). The degree of stress exposure is a

key factor in the analysis of stress tolerance of different

genotypes. Skirycz et al. (2011) reported that transgenic

Arabidopsis plants with stress tolerance genes showed

improved survival under severe drought, whereas these

plants failed to grow better under mild drought conditions.

This observation emphasizes the need for the precise reg-

ulation of the soil’s water status that translates to different

degrees of stress. The described phenotyping platform with

the computer-controlled water supply ensured the precise

regulation of the watering regime. Maintaining the stress

exposure during the whole growing period can provide

advantages for genotypes with the capability of long-term

adaption and efficient use of limited water.

The majority of phenotyping facilities are established in

greenhouse and crop plants are cultivated with small

amounts of soil in pots. Under these artificial circumstances

the cultivation parameters can be standardized but the

agronomic value of the tested genotypes cannot be pre-

dicted. Acknowledging this limitation we present the seed

weight per plant data as physiological parameters indicat-

ing the level of stress tolerance. As shown by Fig. 8, the

seed production was significantly reduced in the stressed

wheat plants. In the case of wild-type plants, seed yield was

lowered by the drought stress to 41 % of well-watered

plants. Only two (AKR 284, AKR 304) out of three

transgenic genotypes could produce significantly more

seeds than the control plants. Plants from the AKR 322

genotype showed similar degree of yield loss (57 %) as the

CY-45 plants (59 %). Interestingly, this genotype yielded

the highest biomass both under optimal and suboptimal

conditions (Fig. 3). In phenotyping of drought response of

barley genotypes, we failed to detect correlation between

shoot surface parameters and seed yield (r2 = 0.249)

(Cseri et al. 2013). The seed productivity may require the

functionality of green organs, but another level of control is

represented by the reproductive organs.

The described wheat genotypes overproducing the

aldose reductase enzyme extend the list of examples for

transgenic approaches successfully used to improve the

drought tolerance in wheat (Zhao et al. 2008). The man-

nitol accumulating transgenic line produced 92 % dry

weight under mild water stress (88 % soil water capacity)

if they were compared to the non-stressed plants (Abebe

et al. 2003). The biomass production has been increased by

constitutive expression of the ABA-responsive barley

HVA1 gene in transgenic wheat lines (Sivamani et al.

2000). Under moderate water deficit conditions, both

growth characteristics and water use efficiency were

improved as the result of transgenic function. The

expression of the Arabidopsis DREB1A transcription factor

gene in wheat resulted in the delayed development of water
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Fig. 8 Box-plot is from data of the grain weight (g) per plants grown

under optimal or suboptimal water conditions. 1–4: plants were

cultured in pots with normal irrigation; 5–8: plants were cultured in

pot with reduced water supply 1 and 5: CY-45 control; 2 and 6: AKR

284; 3 and 7: AKR 304; 4 and 8: AKR 322. LSD5 % = 0.02812
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stress symptoms and improved root system (Pellegrineschi

et al. 2004). The listed publications are primarily focused

on the improved drought response of vegetative organs. In

the case of AKR genotypes field studies will be required

for the analysis of potential breeding values of these wheat

plants with elevated aldose reductase activities.
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