
There are essential economic and ecological rea-

sons, for which the primary systems of cereal pro-

duction in Europe and other regions worldwide

have recently tended to move towards sustainable

agriculture and/or more optimal input technology.

Much interest has been currently shown in search-

ing for cultivars more efficient in the utilization of

soil resources and better fitted to water and nutri-

ent limitations. Hence, breeding for cultivars of

broader adaptation to less favourable and/or more

optimised fertilization regimes has become of spe-

cial importance (Ceccarelli 1996; Le Gouis et al.

1999; Phillips and Wolfe 2005; Muurinen et al.

2006; Lammerts van Bueren et al. 2008). In Po-

land, as in other countries of Central Europe, such

breeding strategy is also substantiated by the pre-

vailing light-textured and permeable podzolic

soils, on which periodical droughts and/or nitro-

gen and phosphorus imbalances frequently cause

critical reductions and instabilities in grain yield.

Efficiency of nitrogen and phosphorus fertil-

ization and plant adaptation to less favourable

availability of nutrients is extremely complex, and

characters associated with uptake efficiency and

the efficiency of nutrient utilization in grain mass

formation seem to be crucial here (Moll et al.

1982; Marschner 1995). Although the hitherto re-

ported data on the genotypic variation in various

components of N and P efficiency clearly suggest

potential applications of this knowledge for barley

improvements (Ceccarelli and Grando 1991;

Górny 1994, 2001; Grando and Ceccarelli 1995;

Römer and Schenk 1998; Krzemiñska and Górny

2003; Sinebo et al. 2004), relatively few efforts

have been made to specifically breed barley for

these traits. There appear to be two major reasons

for the slow progress in such barley breeding.

Firstly, our knowledge on the inheritance mode of

morpho-physiological components of nutrient ef-

ficiency in barley under diverse environmental
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conditions is still extremely limited (Kjær and

Jensen 1995, Górny 1999a, 2004; Górny and

Sodkiewicz 2001; Mickelson et al. 2003). Sec-

ondly, modern cultivars and breeding lines actu-

ally collected in most breeding centres appear to

be representative for a limited pool of adaptive

genes, since a majority of them were developed

under favourable or even luxury fertilization re-

gimes without conscious selection pressure for

physiological components of the efficiency and

adaptation to nutrient shortages. Due to a narrow

genotypic variation in the efficiency and stress tol-

erance among modern barleys, their use in cross-

ing programs with a continuation of conventional

selection strategies may limit opportunities for

making further barley improvements here. There-

fore, searching for donors of a novel variation

among wild relatives, primitive forms and land-

races, i.e. among the more or less exotic barley

germplasms, appears to be an alternative.

Results of our earlier investigations indicated

that at least some barleys originating from the

harsh conditions of the Middle East, North Africa

and/or Tibet could serve as sources of a novel vari-

ation in major components of the efficiency and

tolerance to water and nutrient limitations. Con-

sidering that these barleys do exhibit various at-

tributes (e.g. earliness, juvenile vigour, proper

rooting capacity, increased photosynthetic activity

of leaves and/or enhanced water and nutrient effi-

ciency) likely to enable them to perform well un-

der the harsh conditions of the Middle East and/or

the Mediterranean region (Ceccarelli and Grando

1991, Grando and Ceccarelli 1995, Górny 1997,

1999b, 2001; Ceccarelli et al. 1998; Krzemiñska

and Górny 2003), their representatives were used

in a crossing program conducted to validate

whether the barleys might be suitable for domestic

and/or European breeding initiatives.

For this purpose, all possible crosses were

made between the four European and seven ‘ex-

otic’ inbred lines (S6-7) of spring barley using a

factorial 4 females 7 males crossing design. The

four European maternal lines were representative

for the Dutch cv. Maresi, German cv. Trumpf,

British cv. Georgia and Polish cv. Lubuski, while

the seven ‘exotic’ paternal lines were representa-

tive for the two Ethiopian cvs. ETH 281/8 and

Hiproly, Moroccan cv. Moroc 9–75, Tibetan cv.

Himalaya and three Syrian cvs. Cam/B1//

CI08887//CI05761 (hereafter referred to as

Cam/B1/CI), Maris Dingo/Deir Alla 106 (hereaf-

ter referred to as MD/DA106) and Harmal. The

latter were kindly supplied in the 1990’s for our re-

search by Drs. S. Grando and S. Ceccarelli from

the Syrian ICARDA in Aleppo. The obtained F2

and F3 hybrid generations were assessed in the

present study performed (i) to evaluate the range

and causes of genetic variation in major compo-

nents of the efficiency of nutrient utilization

among hybrid progenies grown under reduced NP

fertilization, and (ii) to identify the most interest-

ing parental forms of the highest combining abili-

ties under nutrient limitation.

The materials were evaluated in 2006 and 2007

under field conditions. There were favourable

weather conditions in 2006, whereas low tempera-

tures during the first 6/7 weeks of plant vegetation,

followed by hot weather and rainfall deficit till the

middle grain filling phase, did not favour plant

growth in 2007. The trials were carried out on ex-

perimental fields of the Institute of Plant Genetics

in Poznañ (poor locations; sandy-loam soils classi-

fied as the domestic IVb/V class) with a low con-

tent of plant-available N and P in the soil A

horizon (< 21 ppm N and < 31 ppm P; by a modi-

fied Spurway’s method; Nowosielski 1974). In

each year, the trials were arranged as randomised

complete block designs with 28 entries and three

micro-plot replications. Each plot consisted of up

to six 1m-long rows spaced 12.5 cm apart with

inter-plant spacing of 5 cm in each row. Reduced

rates of NP fertilizers, i.e. 65 and 70 N plus 30 and

35 P2O5 (kg ha–1), were applied in 2006 and 2007,

respectively. If required, other fertilizers (K and

Mg sulfates + trace elements) were also dressed at

optimal rates.

At harvest, dry weights of separated vegetative

and generative (grains) plant parts were deter-

mined by oven drying (65oC for 72 h). Nitrogen

concentration in dried and ground grains and veg-

etative parts was measured by high-temperature

combustion in a VarioMax elemental analyser

(Elementar GmbH, Hanau, D), while that of phos-

phorus (P2O5) – using the molibdenian method

(Nowosielski 1974). As described elsewhere (e.g.

Górny et al. 2006), the following efficiency com-

ponents were determined: dry weights of the vege-

tative biomass and grain yield (g m–2), total

amounts of N and P taken up by plants (NUp and

PUp; g m–2), N and P concentrations in vegetative

tissues and grains (grain N% and grain P%), N and

P harvest indices (NHI and PHI; %), grain d.w.

produced per unit of N and P accumulated in

grains (Gw/Ng and Gw/Pg; mg mg-1), physiologi-

cal indices of the N and P utilization efficiency

(syn. utilization efficiency ratios; NER and PER;

g g–1) and agronomic indices of the efficiency of N
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and P utilization in grain mass formation (NUtE

and PUtE; kg2 kg–1). Standard methods were used

for statistical data computations. The analysis of

variance (mixed model) was performed on the ba-

sis of individual plot observations (MSTAT-C

package, Michigan Univ. 1990). Variance compo-

nents and the general (GCA) and specific (SCA)

combining abilities were estimated according to

the Kempthorne’s concept for factorial mating de-

signs (parents excluded; Singh and Chaudhary

1979, Hallauer and Miranda 1988).

There were significant differences between the

examined hybrid progenies for all characters (Ta-

ble 1). Partitioning of cross mean squares into gen-

eral combining abilities of females and males

(female and male GCAs) and effects of their inter-

action, i.e. specific combining abilities (SCAs),

showed that the former parental abilities tended to

dominate over the specific effects of hybrid com-

binations. This corroborates a preponderance of

additive gene action in the inheritance of these

characters in barley (Górny and Sodkiewicz

2001). The GCA effects were found to be signifi-

cant for all characters, while those of SCA –

mainly for the N and P concentrations in grains

(grain N%, grain P%, Gw/Ng and Gw/Pg), physio-

logical indices of utilization efficiency (NER and

PER) and, to a lesser extent, for agronomic effi-

ciency of P utilization (PUtE). No significant SCA

effects were found for the plant abilities to take up

both nutrients (NUp and PUp) and for the mecha-

nisms to allocate nitrogen and phosphorus into

grains, i.e. N and P harvest indices (NHI, PHI),

suggesting that dominance effects did not affect

the characters. Hence, an advantage of

additivity-dependent variance over that caused by

dominance or epistatic interactions of genes was

evident for most characters. The average degree of

dominance was little varied, from 0.03 to 0.30, and

suggested partial dominance of genes. As a conse-

quence, narrow-sense heritabilities for the exam-

ined characters were relatively high, ranging from

0.47 and 0.51 for Gw/Ng and Gw/Pg to 0.69 and

0.72 for NHI and the agronomic NUtE, respec-

tively (data not shown).

Numerous complex processes contribute to

grain yield under soil resource limitations. Among

them, both source and sink capacities may be cru-

cial here. Availability of assimilates (nutrients)

from vegetative sources, their allocation into gen-

erative parts and the ability of the grain sink to ac-

cumulate nutrients and other assimilates, as

measured e.g. by nutrient harvest indices, have

commonly been recognized as decisive for grain

mass formation and the final yield (e.g. Austin et

al. 1980; Schnyder 1993; Voltas et al. 1997). In the

present study on barley, positive associations be-

tween grain yield and N and P harvest indices were

observed (r = 0.50** and 0.41*, respectively), thus

corroborating the grain sink capacity and

source-sink interaction to significantly affect grain

filling and final yield under less favourable NP

fertilization.

Grain weight is affected by the triploid endo-

sperm genotype, and maternal influences on either

endosperm size or qualitative grain characteristics

were reported in numerous species (e.g. Roach and

Wulff 1987; Giles 1990). In the present study on

barley, only for N and P uptake the relative female

contribution tended to be higher that that of male

lines (Table 1), suggesting that maternal influ-

ences might be involved in the expression of these

traits (Wricke and Weber 1986). In essence, how-

ever, most of the variation that contributed to the

increased female effects may not reflect true

causes of the effect of extranuclear genes on the N

and P uptake. It should be stressed that averaged

NHI and PHI indices demonstrate about 81 and

86% of the total nitrogen and phosphorus taken up

by barley plants, respectively, to be allocated into

grains. In consequence, strong positive correla-

tions (r�0.61** in F2 and r�0.74** in F3) were ob-

served between total N and P uptake and grain

yield. Thus, a broader genetic variation in the up-

take among the female parents and/or simple

phenotypic interrelationships between the possi-

bly maternally-affected grain (endosperm) size,

nutrient harvest indices and total nutrient accumu-

lation in plants seems rather to contribute mainly

to the enhanced female effect in N and P uptake.

Nevertheless, it is notable that in the present study

most of the variance in residual efficiency compo-

nents could be ascribed to effects of the more or

less exotic male lines, reflecting their considerably

greater contributions to the variation observed

among the examined hybrid populations.

To evaluate the relative contribution of addi-

tive and non-additive genetic effects to genotypic

variation, percentage proportions of the sum of

squares (SS) due to general and specific combin-

ing abilities, i.e. the ratios of female SS, male SS

and (female � male) SS per crosses SS, were cal-

culated for each character (see Singh and

Chaudhary 1979). As presented in Table 1, the

general abilities of both parental sets accounted

for 63–86% of genetic variation in efficiency com-
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ponents and grain yield. The proportions corrobo-

rate that the additive gene action was relatively

more important in controlling these characters

than the non-additive one. However, the ‘exotic’

male lines contributed to most of the additive vari-

ation in N efficiency found among the hybrid

progenies and their contributions were found to be

from 8-times (for NUtE) to 16-times (for grain

N%) greater than those of the European females.

In turn, the advantage of male effects for the varia-

tion in components of P efficiency and grain yield

was distinctly smaller. These observations appear

to be a symptom of the limited magnitude of addi-

tive variance in the N and P utilization efficiency,

previously observed among F2 progenies of diallel

crosses between European barleys (Górny and

Sodkiewicz 2001).

When the observed variation was partitioned

into respective effects, almost all characters exhib-

ited significant differences between both years, in

which the F2 and F3 generations were studied suc-

cessively. In general, means for most characters

tended to decline in 2007 (with F3s). Phosphorus

uptake, grain N concentration and the related

Gw/Ng were the only traits without this effect.

Considering that heterozygosity is known to be

important for barley productivity, some inbreed-

ing depression was rather expected in the F3 as a

logical expectation from the loss of heterozygosity

in advanced hybrid generations. However, since
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Table 1. Mean squares from the pooled analysis of variance and relative contributions (%) of females, males and

their interactions to the total genotypic variance for grain yield, nutrient uptake (NUp, PUp), N and P concentration

in grains (grain N, grain P), nutrient harvest indices (NHI, PHI), grain weights per unit of N and P accumulated in

grains (Gw/Ng, Gw/Pg) and physiological (NER, PER) and agronomic (NUtE, PUtE) indices of utilization

efficiency in factorial barley crosses

Variation source d.f. NUp Grain N NHI Gw/Ng NER NUtE Grain yield

mg m–2 % % mg mg–1 g g–1 kg2 kg–1 g m–2

(�10–3)

Years (Y) 1 574.60** 0.028 864.5** 3.2 139.8** 842.3** 719.1**

Crosses 27 6.08** 0.137** 45.0** 26.7** 33.8** 12.4** 6.7**

Females (GCAF) 3 26.38** 0.047 28.5 10.8 15.5 10.8* 17.6**

Males (GCAM) 6 6.42 0.377** 143.0** 69.9** 103.2** 41.4** 17.0**

F � M (SCA) 18 2.58 0.072** 15.1 15.0** 13.7* 3.1 1.4

Crosses � Years 27 4.65* 0.060** 21.3* 12.5** 14.1** 4.9** 3.0*

GCAF � Y 3 9.69 0.110 7.4 23.8 23.7 13.8* 8.9*

GCAM � Y 6 3.13 0.088 39.1 16.6 16.4 6.1 3.4

SCA� Y 18 4.32 0.043 17.7 9.2 11.8 3.0 1.9

Error 110 2.95 0.030 13.2 5.7 7.3 2.4 1.7

Relative contribution of:

Female effects 48.2 3.8 7.0 4.5 5.1 9.5 29.4

Male effects 23.5 61.3 70.6 58.1 68.0 74.0 56.6

F � M interaction 28.3 34.9 22.4 37.4 26.9 16.5 13.9

Variation source d.f. PUp
mg m–2

Grain P
%

PHI
%

Gw/Pg
mg mg–1

PER
g g–1

PUtE
kg2 kg–1

–

(�103)# (�10–3)# (�10–3)# (�10–3)#

Years (Y) 1 0.517 677.01** 10369** 203.79** 397.51** 143.64** –

Crosses 27 0.184** 4.59** 52** 1.91** 2.32** 0.68** –

Females (GCAF) 3 0.731** 3.67 34 3.13 4.09* 0.53 –

Males (GCAM) 6 0.246* 11.17** 142** 3.96* 4.97** 1.94** –

F � M (SCA) 18 0.072 2.56** 26 1.03** 1.14** 0.28* –

Crosses � Years 27 0.134* 1.59** 36* 0.95** 1.22** 0.34** –

GCAF � Y 3 0.160 6.33** 13 3.74** 3.40* 1.03** –

GCAM � Y 6 0.089 0.67 67 0.90 1.48 0.62** –

SCA � Y 18 0.144* 1.11 29 0.50 0.76 0.14 –

Error 110 0.071 0.77 22 0.36 0.47 0.14 –

Relative contribution of:

Female effects 44.2 8.9 7.2 18.2 19.6 8.8 –

Male effects 29.8 54.0 60.5 46.0 47.6 63.4 –

F � M interaction 26.0 37.1 32.3 35.8 32.8 27.8 –

*,** significant at P=0.05 and P=0.01 levels, respectively.



the F2- and F3-progenies were examined in differ-

ent years and the F3s were grown under less fa-

vourable weather conditions of 2007, it would be

difficult to discriminate between the inbreeding

and environmental effects here. Nevertheless,

there were significant cross-by-year interactions

(Table 1). Hence, relative ranking among crosses

was not entirely consistent across years. Except

for P uptake, no SCA-by-year interactions were

observed. In contrast, growth seasons showed a

weak influence on parental GCAs, as indicated by

the presence of GCA-by-year interactions mainly

for female effects in P efficiency and the agro-

nomic measure of N efficiency. Generally, how-

ever, the range of these effects was limited. If

significant, the interactions did alter the magni-

tude of the parental combining abilities only, but

not their directions. Therefore, pooled parental

GCA effects are presented in Table 2.

The averaged parental GCAs indicate that

progenies of the Syrian cv. MD/DA106 and the

Moroccan cv. Moroc 9-75 were distinguished by

the most efficient utilization of N and P in grain

mass formation (Table 2). Simultaneously, hybrid

populations of both these parents exhibited an en-

hanced yielding capacity under limited fertiliza-

tion. In contrast, the high-yielding hybrid

progenies of the Dutch cv. Maresi and the Ethio-

pian cv. Eth 281/8 did not demonstrate an en-

hanced physiological capacity to utilize N and P

efficiently. Moreover, the high GCA of the Ethio-

pian cv. Eth 281/8 for grain yield was accompa-

nied by its low GCA effect in the physiological

utilization efficiency. In turn, the British cv. Geor-

gia was found to be one of the best combiners for

efficiency, but its importance, in the agronomic

sense, distinctly decreased due to its negative ef-

fects on grain yield. On the other hand, negative

GCAs for grain yield and nutrient efficiency in the

mutant line Hiproly were combined. What is note-

worthy, only weak correlations between grain

yield and physiological measures of utilization ef-

ficiency (NER and PER) were identified in the

study, the associations being found significant

only in the less favourable 2007 season (r=0.48**

and 0.41*), but not in 2006 (r=0.26 and 0.15). The

lack of a close association between physiological

efficiencies and yielding capacities suggest that

substantial portions of genetic factors affecting

both complex characteristics act separately.

Hence, selection in barley may, at least partially,

alter both plant features independently, especially

under favourable, if not abundant, fertilization re-

gimes, usually used in most breeding centres,

where selection pressure for enhanced yield pre-

vails and may not necessarily contribute towards

an increased expression of genes of really efficient

utilization of soil resources. This observation is in

contrast with the common idea that there should be

a trade-off between nutrient efficiency and yield-

ing and it suggests instead that a conscious selec-

tion pressure could likely combine most of the

genes in a desired barley genotype.
In conclusion, the present study proved that

there is a remarkable opportunity to utilize genetic
diversity among exotic barley germplasms in Eu-
ropean breeding programs aiming at improved
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Table 2. General combining abilities of parental lines for grain yield and components of N and P utilization

efficiency based on progenies of factorial barley crosses

Parents
Nutrient uptake Nutrient harvest

index
Grain weight per unit

of grain N or P
Physiological uti-
lization efficiency

Agronomic utilization
efficiency

Grain yield

NUp PUp NHI PHI Gw/Ng Gw/Pg NER PER NUtE PUtE

g m–2 g m–2 % % mg mg–1 mg mg–1 g g–1 g g–1 kg2 kg–1 kg2 kg–1 g m–2

Females:

Maresi 0.71** 0.10** 0.9* 0.5 –0.4 –3.0 –0.0 –2.0 0.6** 3.7** 21.9**

Lubuski 0.41* 0.06* –0.5 –0.3 –0.1 –5.4** –0.3 –5.5* 0.2 0.8 10.4*

Trumpf –0.02 0.03 –0.9* –1.2* –0.3 –4.5* –0.6* –6.9** –0.4* –4.9** –7.6

Georgia –1.10** –0.19** 0.5 0.8 0.8** 12.7** 0.9** 14.5** –0.4* 0.4 –24.7**

Males:

Himalaya –0.08 0.04 –1.4** –1.4* 0.5 –3.3 –0.1 –6.0 –0.2 –3.2 –4.3

Cam/B1/CI –0.39 –0.06 2.4** 1.9** 0.5 3.7 1.2** 7.5* 0.2 1.1 –2.2

MD/DA106 –0.22 –0.02 0.7 –1.0 2.2** 19.4** 2.1** 15.6** 1.1** 9.3** 13.3*

Harmal 0.08 –0.08* 0.6 1.0 –0.3 9.7** –0.1 10.9** –0.0 4.5** 2.3

Moroc 9-75 0.23 0.05 1.9** 3.4** 1.4** 1.4 1.8** 7.7* 1.5** 6.3** 25.5**

Hiproly –0.60* –0.12** –4.8** –4.1** –2.8** –18.3** –4.0** –24.7** –2.7** –18.1** –54.6**

Eth 281/8 0.99** 0.18** 0.7 0.1 –1.4** –12.6** –0.9* –11.0** 0.2 0.2 20.2**

*,** significant at the P=0.05 and P=0.01 levels, respectively, by two-tailed t-test.



barley adaptation to less favourable fertilization
regimes. Some genotypes from such collections
appear to be very attractive sources of such adap-
tation. In our study, for instance, the Syrian cv.
M.Dingo/D.Alla106 and Moroccan cv. Moroc
9-75 were found to be the most promising
combiners in crosses with European barleys. Un-
doubtedly, this result is of great interest, since the
exotic lines we used as male parents cannot simply
be categorized as particularly attractive donors, as
they rather did not exhibit a high vigour or yield
potential. Based on these data, it could also be con-
cluded that both additive and non-additive modes
of gene action are involved in the inheritance of
major components of N and P utilization effi-
ciency. The preponderance of additive effects and
relatively high narrow-sense heritabilities of the
components suggest that early selection for the ef-
ficiency should be successfully practiced in re-
spective breeding programs. Considering the
reduced scope of the study, however, further in-
vestigation into the precise physiological and ge-
netic mechanisms responsible for the observed
variation seem advisable. Clearly, marker-assisted
studies of the variation over a wider range of fertil-
ization regimes and broader genetic materials
need to be conducted.
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