
In Poland, like in other countries of Central Eu-

rope, periodical water deficits and nitrogen and

phosphorus imbalances on the prevailing perme-

able podzolic soils are known to be the major

yield-reducing factors. Thus, the strategy to breed

more efficient wheat cultivars better fitted to such

environmental shortages is justified. Due to the

commonly known economic and ecological limi-

tations, much interest has been recently shown

in searching for wheat cultivars better suited to ag-

riculture of more optimal input technology

(Czembor 1989; Malepszy 1992; Oracka et al.

2000).

However, there are several reasons for which

a progress in such breeding programs on winter

wheat may be limited. Firstly, numerous endo-

and exogenous characteristics and mechanisms

are involved in the complex plant response to wa-

ter and nutrient shortages, but the most appropriate

selection criteria are not always clearly defined.

Secondly, there is a lack of detailed information

either on the genetic nature or variation ranges

in the complex utilization efficiency and adapta-

tion to reduced soil resources among the native

wheat germplasm. The hitherto published data on

this collection of winter wheat concern the vegeta-

tive growth phase or pot-growing plants only,

so the reported results may lead to less reliable

conclusions (Górny 1996; Mendel and Górny

1996; Górny and Garczyñski 2002). Therefore,
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field experiments were performed to assess the

pattern and range of genotypic variation in N utili-

zation efficiency under varied N nutrition and to

examine whether the old and modern wheat

cultivars, as primarily developed under contrast-

ing fertilization regimes and cultivation practices,

may serve as potential donors of enhanced toler-

ance to lower N input and/or improved efficiency

of N utilization.

Twenty-three old (released 1881–1963)

and modern cultivars (released 1969–2003)

of winter wheat (Triticum aestivum L.) representa-

tive for the native breeding collection were inves-

tigated under field conditions. The cultivars were

mostly of Polish origin, but some from other Euro-

pean countries were included as well. The factorial

experiment (randomised blocks with 3 replica-

tions; plots of 2.0–2.13 m2 each) was performed

in three various locations of different soil status

and nitrogen fertilization rates (110, 90 and

80 kg N ha–1). A special net was extended over

the plots to eliminate plant lodging during genera-

tive growth phases.

At the heading/anthesis phase (60/63 Zadoks’

stage), the photosynthetic rate (A), transpiration

rate (E), stomatal conductance (gS) and efficiency

of gas exchange (A/E) were measured in flag

leaves of 16 cultivars by using a portable infrared

gas analyser (LCA-4, ADC Ltd., UK) with

a PLU-2 light source (Tungsten 3000oK; stable

1050–1100 � mol m–2 s–1 PAR at the leaf surface)

and a PLC-N leaf chamber supplied with standard-

ized air, drawn 4 m above ground. The measure-

ments of middle parts of fully developed leaf

blades were taken in the morning of cloudless days

(3–6 hours after sunrise, 22/23–25/27oC,

50–40% RH). Nine randomly chosen leaves were

measured in each experimental unit during

4–5 runs on subsequent days. Leaf blade area

and stay-green duration of flag leaves (days be-

tween heading and leaf senescence, i.e. yellowing

of 2/3 of the leaf lamina) were also determined.

At the full plant maturity, the vegetative bio-

mass and grain yields (dry matter), and major

physiological and agronomic indices of the effi-

ciency of N utilization in grain formation, i.e.

N content in grains and straw, total N uptake,

N harvest index (NHI), grain weight per grain

N unit, the physiological N efficiency ratio (NER),

and the economic N utilization efficiency (NUE)

were determined according to the methods pro-

posed by Siddiqi and Glass (1981) and Moll et al.

(1982). Tolerance (T) to nutrient shortage was de-

termined on the basis of grain dry weight by using

the standard Fischer and Maurer’s equation modi-

fied as described elsewhere (Górny and Garczyñski

2002).

As presented in Table 1, significant genotypic

variation was observed among the wheat cultivars

for all characters examined. There were distinct

differences between the old and modern cultivars

for most characteristics. In general, the modern

cultivars tended to form flag leaves of higher

and longer photosynthetic activity and to utilize

N more efficiently than the older ones.

The proportion of genotypic variance in the to-

tal phenotypic variance (i.e. broad-sense

heritabilities) for a majority of characters ranged

from 0.80 to 0.93, being the highest for the

stay-green duration of flag leaves, nitrogen harvest

index (NHI) and N efficiency ratio (NER). It is

noteworthy, however, that the range of genetic

variation for the photosynthetic rate (A) and gas

exchange efficiency (A/E) of flag leaves as well as

for the agronomic measure of N utilization effi-

ciency (NUE) was relatively narrow in this wheat

collection (h2
BS = 0.37– 0.67). No genetic varia-

tion was found for the transpiration rate and

stomatal resistance of the leaves. Knowledge of the

manner in which these photosynthetic characteris-

tics are really inherited in winter wheat is still lim-

ited to few reports on the vegetative growth phases,

at which contrasting results were obtained (Carver

et al. 1989; Simón 1994; Malik et al. 1999). Never-

theless, our observations suggest that the use of

photosynthetic parameters in breeding practice may

be reduced due to their narrow genotypic variation

among the native wheat germplasm, considerable

environmental influences on the leaf characters,

and methodological questions when measuring

photosynthesis of numerous leaves of extensive

plant populations (Górny and Garczyñski 2002).

In this study, cultivar-by-fertilization interac-

tions were insignificant for some photosynthetic

leaf characteristics (A and A/E), NHI, and NER,

i.e. the physiological measure of N utilization effi-

ciency (Table 1). However, the interactions con-

tributed to a significant variation in flag leaf area,

grain N content and the agronomic efficiency

of N utilization in grain formation (NUE), sug-

gesting that field examinations under diverse fer-

tilization regimes would be rather necessary when

searching among the native wheat germplasm for

most efficient genotypes better adapted to a lower

N fertilization. The results provide further evi-

dence that selection for an efficient yield is more

appropriate under a suboptimal nutrient supply

(Ceccarelli et al. 1998; Ma and Dwyer 1998;
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Table 1. Mean genotypic effects, summarized results of the analysis of variance and heritabilities for the photosynthetic characteristics of flag leaves and main components of the efficiency 
of nitrogen utilization in winter wheat 

 
Photosynthetic activity of flag leaves Utilization efficiency components 

N content Leaf area Photosyn-
thetic rate 

Gas exchange 
efficiency 

Stay-green 
duration grain  straw

Grain weight per 
grain N unit 

N harvest 
index 

N efficiency 
ratio 

N utilization 
efficiency 

Variation source Short 
name  

Release year b 

(country) 

cm2 µmol/m2s mmol/mol          days c % % g g–1 % g g–1 kg2 kg–1 
Old cultivars             
Selekcyjna 

        
        

            

            

        
          

        
           
           
           
           
           
            

           
           

           
             

           
           

           
      

Sel 1881 PL – – – – 3.00 0.87 33.3 76.6 26.0 13.5 
Ostka Mikulicka Ost 1895 PL 22.6 16.1 7.00 26.0 3.43 0.79 29.2 78.1 23.1 10.6
Dańk. Graniatka DGr 1912 PL 25.2 15.7 7.41 27.2 2.78 0.80 36.0 76.4 27.6 16.5
Banatka Ban 1930 PL 21.7 17.5 7.30 28.8 3.18 0.77 31.5 81.1 25.9 12.1
Wysokolitewka Szt. WyS 1953 PL 20.7 16.3 7.01 27.4 2.96 0.81 33.8 78.5 26.9 14.3 
Małgorzatka Udycka Mał 1958 PL 18.1 18.2 7.49 29.2 2.85 0.78 35.1 80.9 28.7 17.4
Wysokolitewka Miej. WyM 1960 PL – – – – 2.79 0.86 35.8 71.6 26.2 14.7 
Eka Nowa Eka 1962 PL – – – – 3.07 0.75 32.6 79.4 26.0 13.4 
Mironovska 808 Mir 1963 UKR 18.0 16.0 6.41 27.9 2.98 0.72 33.6 82.3 27.9 14.9
Modern cultivars   
Maris Huntsman MHu 1969 GB 16.4 16.9 7.12 29.2 2.72 0.80 36.8 81.1 30.0 13.2
Grana Gra 1971 PL 19.0 17.5 7.21 30.6 2.69 0.79 37.2 81.2 30.2 15.6
Begra Beg 1978 PL 17.2 17.4 6.98 28.7 2.76 0.87 36.2 80.1 29.1 14.8
Emika Emi 1985 PL 19.1 17.4 6.94 33.1 2.59 0.81 38.6 79.8 31.0 17.1
Kobra Kob 1992 PL 16.2 17.2 6.98 30.5 2.60 0.80 38.5 83.4 32.2 16.3
Wilga Wil 1994 PL 15.9 18.0 6.91 32.7 2.77 0.81 36.1 80.8 29.6 14.2
Drifter Dri 1999 D 17.7 18.3 7.26 30.2 2.82 0.79 35.5 82.9 29.6 12.0
Kris Kri 1999 GB 16.1 18.0 7.54 31.6 2.52 0.88 39.7 82.2 32.7 18.1
Zyta Zyt 1999 PL 16.0

 
 17.8

 
6.81 29.4 2.80 0.84 35.7 79.7 28.6 12.7

Clever Cle 2001 GB – – – – 2.51 0.80 39.8 85.2 34.1 14.4
Tonacja Ton 2001 PL – – – – 2.49 0.81 40.2 81.1 32.8 17.7
Turnia Tur 2001 PL – – – – 2.68 0.75 37.3 82.7 31.1 15.6
Finezja Fin 2002 PL 16.7 18.1 6.94 29.3 2.72 0.76 36.8 81.8 30.4 18.0
Slade Sla 2003 GB

 
 – – – – 2.54 0.90 39.4 82.8 32.7 13.0

LSD0.05 2.7 1.3 0.61 0.9 0.18 0.07 2.3 2.1 2.0 2.2
ANOVA (significance of mean squares):           
Fertilization levels (N)  ** ** ** – ** ** ** ** ** ** 
Cultivars (C)  ** ** + ** ** ** ** ** ** ** 
N × C interaction            

          
* ns ns – * ns * ns ns **

Heritability, h2
BS 0.80 0.66 0.37 0.92 0.87 0.63 0.87 0.91 0.93 0.67

 

a short name of a cultivar, used in figures, b or registration year in PL, c under low N only, in days after heading, +,*,** significant at P=0.10, P=0.05 and P=0.01, respectively 
 



Ehdaie et al. 1999; Górny 2001; Annicchiarico

2002).

A search for genotypes of lower metabolic re-

quirements for nitrogen is considered to be a major

objective of programmes concerned with cereal

adaptation to less favourable fertilization

(e.g. Sattelmacher et al. 1994). These genotypes

would be able to maintain their major metabolic

processes under reduced N content of their tissues.

The ability to retain a possibly high photosynthetic

activity and efficient gas exchange of the upper-

most leaves and internodes at a lower plant N sta-

tus would certainly be of adaptive value.

The photosynthetic efficiency, measured either

at the leaf and/or whole-plant level, is known to

be significantly affected by the plant N status

(Evans 1989; Wojcieska 1994; Starck 1995; Paul

and Foyer 2001; Lawlor 2002). The major propor-

tion of the total leaf N is contained in photosynthetic

proteins, such as the key Rubisco enzyme, so leaf

photosynthesis may be strongly dependent upon

the N content in leaf tissues. Thus the possible

genotypic differences in expression of the relation-

ships between plant N status and leaf photosynthe-

sis may have a substantial impact on the dry matter

formation and adaptation to N shortage.

In our study, the smaller leaves of the most

modern cultivars tended to be more photo-

synthetically active per unit area than those

of older ones, as indicated by the slightly higher

photosynthetic rates (Table 1, Figure 1). Although

this tendency was less evident for the efficiency

of gas exchange, our observation seems to cor-

roborate that a negative relationship between leaf

area and photosynthetic rate exists in wheat

(e.g. Austin 1989; Del Blanco et al. 2000; Górny

and Garczyñski 2002). Moreover, flag leaves

of the modern cultivars were found to stay green

for 37 days longer under low N fertilization than

those of the older ones (Table 1). Considering that

flag leaves are known to be an important source

of assimilates and nitrogen for grains during the fi-

nal growth phases (Ehdaie and Waines 1996;

Starck 2001), this leaf characteristic appears to be

a crucial component of the enhanced N efficiency

found in some modern wheats.

As indicated by the physiological measure of

N efficiency (NER-ratio), the total N taken up was

more efficiently utilized in grain mass formation

in modern cultivars than in the older ones (Ta-

ble 1). Although protein concentrations were dis-

tinctly lower in their grains, modern cultivars

exhibited an enhanced ability to redistribute N into

grains (a higher NHI) and formed more grain dry

matter per grain N unit. According to Moll et al.

(1982), these physiological characteristics are crit-

ical for efficient N utilization.

In general, no close relationships between

the N utilization efficiency components and toler-

ance to N shortage were observed in the present

study (Table 2). Under a low N regime only,

the efficiency characteristics were found to corre-

late with the tolerance level, and the most tolerant

genotypes tended to yield more grains with higher

NHI, NER and NUE. The results combined over

both moderate and low N treatments suggested

that the utilization efficiency indices and tolerance

to limited N supply were partly interrelated in this

wheat collection (Figure 2).
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Figure 1. Dependence of the photosynthetic rate (� mol m–2s–1) and gas exchange efficiency (mmol mol–1) upon the flag

leaf area (cm2) in winter wheat cultivars (averaged over all N-treatments)



We were unable to identify a tolerance donor

among the older cultivars, and it is a rather

unexpected result of the study. Almost all old

cultivars were classified as less tolerant and

inefficient (Figure 2). On the other hand,

an enhanced tolerance to N shortage was observed

in some modern cultivars of Polish origin (e.g.

Turnia, Finezja, Tonacja) and the British cv. Maris

Huntsman. Simultaneously, the above-mentioned

Polish cultivars showed several attributes of
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Table 2. Phenotypic correlations between plant tolerance (T) to N shortage and various

components of N utilization efficiency in winter wheat under moderate and low N

fertilization

Character
Tolerance (T) to

moderate N low N

Grain N content (%) –0.08 –0.40

Grain weight per grain N unit 0.07 0.40

N harvest index 0.06 0.52*

N efficiency ratio 0.09 0.48*

N utilization efficiency 0.27 0.74**

*,** significant at P = 0.05 and P = 0.01, respectively
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indices of N utilization efficiency in winter wheat at the generative stage



N efficiency (Table 1, Figure 2). It is noteworthy

that the relatively old (registered in 1969) British

cv. Maris Huntsman is known to develop a deep

and vigorous root system (Górny et al. 1994) and

about 25–20 years ago this cultivar was frequently

used as a parental form in Polish breeding

programs. Considering the other foreign cultivars,

only the British cvs. Kris and Clever were

distinguished by a high efficiency of N utilization,

but they were less tolerant to N shortage. It is an

open question whether such genotypic

differentiation is a result of environmental forces

and/or more or less conscious man-made selection

pressures during their development in breeding

stations. Nevertheless, it should be pointed out

that the average N fertilization rates used in Polish

agriculture appear to be distinctly lower than in

most other European countries.

As far as the native wheat collection examined

is concerned, our results suggest that the extent

of the available genetic variation in the efficiency

of N utilization is sufficient to warrant a progress

in respective breeding programs. There is an ad-

vantage for breeding practice that at least some

modern wheat genotypes may serve as sources

of desirable genes in breeding for more optimal in-

put technology. Necessary studies are under way

to evaluate the manner in which these characteris-

tics are inherited in this wheat collection. Con-

sidering that the relatively narrow variability

in photosynthetic capacity may be a crucial factor

here, a strong care is needed to introduce some

novel genetic variation in the photosynthetic ac-

tivity of the uppermost foliage into the native win-

ter wheat germplasm.
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