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Abstract

A total of 10 field experiments were carried out during the 1998 and 1999 growing seasons both in the north (Lleida) and the

south (Granada and Jerez) of Spain. In Lleida and Granada, the experiments were conducted under both irrigated and rainfed

conditions, while the Jerez trials were carried out only under rainfed conditions. Ten durum wheat genotypes were used in this

study. Quality determinations consisted of 1000-kernel weight (TKW), test weight, vitreousness, ash content, protein content,

pigment content and SDS sedimentation test. The influence of environment was predominant in determining the majority of

quality traits, although pigment content and SDS volume were also genetically controlled. Environmental effects, studied by the

mean of the climatic patterns influencing each trial, showed that total water input during grain filling appears to negatively affect

grain quality by reducing test weight, grain vitreousness, and SDS volume, and by increasing ash content. High seasonal

temperatures increased pigment content in the grain, but reduced TKW. From the correlations between quality parameters, an

inverse and interesting relationship was found between protein content and SDS volume. Relationships between quality traits

appear to be influenced to a certain extent by climatic conditions during grain filling and, depending on temperatures and water

input during this phase, correlation coefficients can be either positive, negative or close to zero.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Grain quality is well known as one of the most

interesting breeding objectives in Mediterranean

countries. It still has great importance in wheat mar-

kets because of the increased demand by consumers

for high-quality end-products of durum wheat such as

pasta, couscous and burghul.

The performance of many quality characteristics

depends greatly on environmental conditions, which

result in differential expression of grain quality from

site to site. In fact, grain protein content, perhaps the

most important quality feature for wheat, is known to

be influenced by climatic parameters, cultivar, nitro-

gen fertilizer rate, time of nitrogen application, resi-

dual soil nitrogen and available moisture during grain

filling (Campbell et al., 1981; Rao et al., 1993; Uhlen

et al., 1998; Rharrabti et al., 2001a). Vitreousness is

mainly affected by nitrogen and water availability, and

humid environments reduce the percentage of vitreous
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grains and increase the incidence of black point

(Robinson et al., 1979). Environmental conditions

can also influence ash content, which increases under

high-transpiration environments (Araus et al., 1998).

Thousand-kernel weight and test weight are greatly

determined by climatic parameters, particularly high

temperature during the final phase of grain filling.

Gluten strength, evaluated by the SDS test, can also be

reduced in dry and hot environments (Blumenthal

et al., 1991; Graybosh et al., 1995).

Relationships between quality traits have been inves-

tigated in many studies on bread (Bhatt and Derera,

1975; Matsuo and Dexter, 1980; Peterson et al., 1992)

and durum wheat (Novaro et al., 1997; Rharrabti et al.,

2000, 2001b). Associations between quality parameters

are of great interest in defining optimal values of grain

quality for a particular region and to help breeders to

produce varieties with good quality.

The objectives of this study were: (i) to investigate

the influence of climatic parameters on the expression

of different grain quality characteristics; (ii) to study

the relationships between quality traits; (iii) to eval-

uate the effect of environmental conditions on these

relationships.

2. Materials and methods

2.1. Field experiments and methodology

The genetic material and different field experiment

details are described in the first paper of this series

(Rharrabti et al., 2003), and are summarised here: 10

field trials (considered as environments in the statis-

tical analysis) were carried out during two seasons

(1998 and 1999) both in the north (Lleida) and in the

south (Granada and Jerez) of Spain. At Lleida and

Granada; experiments were conducted both under

irrigated and rainfed conditions, whereas the Jerez

trials were carried out only under rainfed conditions.

Ten durum wheat genotypes were used, including four

Spanish commercial varieties and six advanced lines

from the durum wheat breeding programme of CIM-

MYT–ICARDA. Genotypes were sown in a rando-

mised complete block design with four replications.

Seed rate was adjusted for a density of 350 seeds m�2

in Granada and Jerez, and 550 seeds m�2 in Lleida.

Plot size was 12 m2 (six rows, 20 cm apart).

Quality determinations consisted of the following

parameters: 1000-kernel weight (TKW), test weight,

vitreousness, ash content, protein content, pigment

content, and SDS volume.

2.2. Climatic variables

For each trial, total water input was calculated as the

sum of rainfall and irrigation (when applicable) for the

following periods: from sowing to anthesis, from

anthesis to physiological maturity (grain filling),

and from sowing to physiological maturity (growing

season). Maximum, minimum and mean temperatures

for the same periods were also assessed.

2.3. Statistical analysis

Environment, genotype and genotype � environment

variance components were computed using the Var-

comp procedure of the SAS/STAT (SAS Institute

Inc., 1997). Mean comparisons between trials for each

quality characteristic were performed and least signifi-

cant difference (LSD) values were calculated at the 5%

probability level. Climatic variables were plotted

against each quality parameter and relevant relation-

ships are presented graphically in the results. Correla-

tions were performed between both genotype mean

values ðn ¼ 10Þ and trial mean values ðn ¼ 10Þ. In

order to study the effect of environmental conditions

on the relationships between quality parameters, corre-

lation coefficients were calculated in each trial and the

relation of these correlation coefficients between each

possible pair of parameters and the climatic variables

was studied.

3. Results

3.1. Effects of environment and genotype and

their interaction

A ratio of the variances associated with environ-

mental effects ðs2
eÞ to the variances associated with

genetic effects ðs2
gÞ provides a mean for examining the

relative influences of genotype and environment on

different quality traits of durum wheat. A ratio larger

than 1 indicates the greater influence of environmental

factors on variability; a ratio of less than 1 indicates
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the relatively greater influence of genetic factors.

Thus, in this study, ratios larger than 1 were encoun-

tered for TKW, test weight, vitreousness and ash and

protein contents, indicating the greater influence of

environment on these traits (Table 1). Pigment content

showed a ratio of less than 1 and thus exhibited more

genetic control than environmental effects. SDS

volume was relatively under equal influence of envir-

onment and genotype (ratio close to 1).

The magnitude of the genotype � environment

interaction in relation to genetic effects can be shown

through the use of the variance component ratio

s2
g=s

2
g�e (Table 1). A ratio greater than 1 indicates a

greater influence and stability of genetic factors rela-

tive to the variability associated with the interaction of

genotype and environment. TKW, test weight, protein

and pigment contents and SDS volume showed larger

ratios and appeared to be less affected by genotype�
environment interaction effects. In contrast, vitreous-

ness and ash content with very small ratios experi-

enced a high genotype � environment interaction

influence and less genotypic stability.

3.2. Influence of climatic variables

As stated above, the effect of environment was pre-

dominant on all quality traits. Environmental effects

were especially investigated in terms of climatic para-

meters. Thus, trial means for both climatic variables and

quality characteristics were used to determine which

variable affected a particular quality trait most. The

results are presented in Fig. 1. TKW was positively

affected by grain filling duration ðr ¼ 0:735�Þ, which

interacted negatively with maximum temperature dur-

ing the same period ðr ¼ �0:607Þ. Therefore, condi-

tions that shorten grain filling period as a result of high

temperatures (trials in Granada and to some extent

Jerez) tend to diminish TKW (Table 2). On the other

hand, the trials in Lleida showed higher TKW due to the

long duration of grain filling favoured by cool tempera-

tures during this phase. Test weight was negatively

influenced by the total water input during grain filling

ðr ¼ �0:548Þ, with the exception of the irrigated trial in

Lleida during the 1999 growing season. It seems that

water availability during grain growth (found in irri-

gated trials and some rainfed trials in Lleida), favoured

better filling of grains, resulting in lower test weights

due to reduced packing efficiency (Table 2). Total water

input during grain filling negatively affected grain

vitreousness ðr ¼ �0:648�Þ, and consequently rainfed

trials in the three zones of study showed high percen-

tages of vitreous grains (Table 2). For ash content, with

the exception of the irrigated trial in Lleida during 1999,

the relationship with water input during grain filling

showed a positive regression ðr ¼ 0:597Þ. This indi-

cated that increased water input leads to higher accu-

mulation of ash in the grain. Hence, the irrigated trials

and some rainfed trials in Lleida revealed higher values

of ash content (Table 2). Water input during grain filling

also had a negative influence on SDS volume

ðr ¼ �0:608Þ, and consequently rainfed trials showed

high SDS volumes (Table 2). Pigment content was

predominantly controlled and positively affected by

mean temperatures ðr ¼ 0:911���Þ during the whole

season (particularly conditioned by maximum tempera-

tures). This is probably the reason why the trials in Jerez

and Granada in the south, characterised by higher

seasonal temperatures, showed better yellow pigmenta-

tion of the grain in comparison with trials in the north

(Table 2).

3.3. Relationships between quality parameters

As mentioned above, correlation coefficients were

calculated on genotype and trial mean values consid-

ering the 10 trials in Lleida, Granada and Jerez

Table 1

Ratios of environmental to genetic variance components ðs2
e=s

2
gÞ and genetic variance to genotype by environment interaction components

ðs2
g=s

2
g�eÞ for the studied quality parameters of 10 durum wheat genotypes grown in different zones in Spain (Lleida, Granada and Jerez)

during two growing seasons (1998 and 1999)

TKWa Test weight Vitreousness Ash content Protein content Pigment content SDS volume

s2
e=s

2
g 4.9 3.9 23.9 140.2 10.6 0.4 1.1

s2
g=s

2
g�e 2.0 1.8 0.1 0.1 11.7 2.2 4.2

a Thousand-kernel weight.
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Fig. 1. Regression of some quality parameters on the considered climatic variables. TKW: 1000-kernel weight, ð�Þ ¼ data not used in the

regression.  ¢ = Lleida; ò= Granada;  p= Jerez.
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(combination of experiment and year). Correlation

coefficients were in general non-significant, although

some interesting relationships can be highlighted

(Table 3). Among genotypic correlations, TKW was

negatively related to vitreousness. Vitreousness had a

positive association with both test weight and pigment

content. For environmental correlations, TKW was

positively correlated with protein content. Test weight

interacted negatively with ash content, but positively

with pigment content. Genotypic and environmental

correlation coefficients indicated that an increase in

TKW was associated with a decrease in pigment

content. Similarly, a high percentage of protein in

the grain was related to both higher ash content and

a low SDS volume.

3.4. Effect of climatic variables on relationships

between quality parameters

Climatic conditions during the grain filling period

affected several correlations between quality traits, as

displayed in Fig. 2. The relationship between TKW

and protein content was negatively affected by mean

temperatures during grain filling. Thus, in trials with

moderate temperatures at the end of the plant cycle

(particularly those of Lleida), the relationship was

positive or close to zero. On the other hand, in trials

with a warm grain filling period (e.g. those of Gran-

ada), TKW was negatively correlated with protein

content. Associations between test weight and ash

content were also negatively influenced by mean

Table 2

Trial means averaged over 10 durum wheat genotypes for the considered quality parameters

Zone Trial moisture

regime

Season TKWa

(g)

Test weight

(kg hl�1)

Vitreousness

(%)

Ash

content (%)

Protein

content (%)

Pigment

content (ppm)

SDS

volume (ml)

Granada Irrigated 1998 46.2 81.1 92.3 1.99 12.94 4.59 5.33

Rainfed 1998 32.1 78.4 98.4 2.20 11.92 4.27 6.97

Irrigated 1999 40.8 81.8 91.8 1.97 15.46 4.60 5.08

Rainfed 1999 42.9 84.2 96.2 1.35 12.21 4.40 7.34

Jerez Rainfed 1998 44.7 83.9 93.9 1.82 13.86 4.75 5.80

Rainfed 1999 42.4 84.4 97.1 1.58 13.22 5.06 6.70

Lleida Irrigated 1998 47.1 79.2 97.0 2.85 15.36 3.88 6.10

Rainfed 1998 55.9 83.5 88.4 2.00 14.73 4.07 4.44

Irrigated 1999 49.2 82.0 99.4 2.39 15.84 3.84 8.07

Rainfed 1999 52.9 80.9 96.7 2.03 17.08 4.09 4.49

LSDb 0.5 0.3 0.9 0.03 0.37 0.24 0.41

a Thousand-kernel weight.
b Least significant difference at P < 0:05.

Table 3

Correlation coefficients among quality parameters obtained from genotypic mean values (above diagonal, n ¼ 10) and trial mean values

(below diagonal, n ¼ 10)

TKWa Test weight Vitreousness Ash content Protein content Pigment content SDS volume

TKW �0.425 �0.560 0.110 �0.168 �0.500 �0.068

Test weight 0.310 0.512 0.160 0.594 0.310 �0.195

Vitreousness �0.389 �0.331 0.391 0.255 0.583 �0.249

Ash content 0.129 �0.758* 0.212 0.746* �0.368 �0.680*

Protein content 0.655* �0.125 �0.036 0.475 �0.340 �0.683*

Pigment content �0.414 0.503 �0.192 �0.701* �0.500 0.232

SDS volume �0.466 0.023 0.749* �0.021 �0.398 �0.060

a Thousand-kernel weight.
* Significant at 0.05 probability level.
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Fig. 2. Effect of climatic variables during grain filling on the relationships between some quality parameters. r: coefficient of correlation,

TKW: 1000-kernel weight, TW: test weight, VITR: vitreousness, ASH: ash content, PROT: protein content, PIGM: pigment content, SDS:

SDS volume, Tmean: mean temperature, Tmax: maximum temperature.
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temperature during grain filling. It appears that in

trials with moderate temperature during this phase,

correlations between these two quality traits were

positive or close to zero, whereas in trials with high

temperature during the same phase, these two traits

were negatively associated.

The effect of mean temperature during grain filling

on the relationship between vitreousness and ash

content followed a similar pattern. Water input during

grain filling positively affected the correlations

between test weight and pigment content and conse-

quently a positive, but non-significant, relationship

was found in trials with higher water input. An inverse

relationship was encountered between correlation

coefficients of content pigment with SDS volume

and water input during grain filling, leading to the

conclusion that in trials with higher water input the

correlation between these two quality parameters

tended to be negative. Finally, maximum temperature

during grain filling positively influenced the relation-

ships between ash content and pigment content and,

therefore, in trials with warm grain filling period, these

two quality traits showed positive correlations.

4. Discussion

Environmental effects were the predominant in

determining the majority of quality traits, although

pigment content and SDS volume were also under

genetic control. Environmental influence was studied

in terms of climatic characteristics of each trial (com-

bination of zone, moisture regime and year) and

showed that climatic conditions during grain filling,

and particularly total water input, appear to affect

grain quality negatively by reducing test weight, grain

vitreousness and SDS volume and increasing ash

content. High temperatures during the season increase

the pigment content in the grain, but lead to lower

TKW as a result of short grain filling duration. The

study of the effect of climatic variables on grain

quality revealed that although the hot and dry seasons

of southern Spain cause a large fluctuation in yield,

they often provide the opportunity for a good expres-

sion of quality parameters, in accordance with the

findings of Borghi et al. (1997).

Relationships between quality parameters revealed

the positive correlation between vitreousness and both

test weight and pigment content. Such associations

were also found by Novaro et al. (1997) and Kaan et al.

(1995). The significant and positive environmental

correlation between TKW and protein content was

due mainly to growing conditions in the north, which

simultaneously enhanced these two parameters. An

inverse and interesting relationship was found in our

study between protein content and SDS volume, thus

confirming the results of several authors (Michelena

et al., 1995; Boggini et al., 1997; Novaro et al., 1997)

under Mediterranean conditions. Furthermore, Blu-

menthal et al. (1991) and Graybosh et al. (1995)

indicated that SDS volume was negatively associated

with the number of hours with temperatures above

32 8C and relative humidity below 40% during grain

filling (conditions that increased protein content in our

study). Thus, it appears that increasing protein content

could lead to a decrease in gluten strength and quality

under the conditions of our study. Therefore, efforts

might be concentrated on breaking this relationship

through the release of new genetic material with good

expression of both types of quality parameters.

Relationships between quality parameters appear to

be influenced, to a certain extent, by climatic condi-

tions during grain filling. Thus, depending on tem-

peratures and water input during this phase,

correlation coefficients between some quality traits,

such as TKW and protein content, test weight and ash

or pigment content, and pigment content and SDS

volume, can be either positive, negative or close to

zero. Consequently, breeders may need to take into

account these climatic variables during grain filling in

order to identify the best genotypes with acceptable

technological quality.

5. Conclusions

Climatic conditions during grain filling appear to be

crucially important in determining grain quality in

Mediterranean environments. Moreover, southern and

rainfed zones in this environment seem to favour a

better expression of all quality parameters. Negative

association between protein quality (gluten strength)

and quantity (percentage of total proteins) could make

the simultaneous selection for both characters diffi-

cult. Attempts must be made to breed varieties with

high protein content and increased gluten strength.

Y. Rharrabti et al. / Field Crops Research 80 (2003) 133–140 139



Acknowledgements

This work was financed by Spanish INIA under

project SC97-039-C2 and CICYT project AGF99-

0611-CO3. The authors thank Dr. J. Marinetto, L.F.

Roca and A. Cabello for management of field trials in

Granada, Dr. J. Zarco and the staff of the ACE of the

Centre UdL-IRTA for their skilled technical assis-

tance, and Dr. M.M. Nachit of the CIMMYT/ICARDA

durum breeding program for providing genetic mate-

rials. We also wish to thank Dr. G. Ball ester (Instituto

Nacional de meteorologı́a) for supplying the meteor-

ological data of Granada.

References

Araus, J.L., Amaro, T., Casadesús, J., Asbati, A., Nachit, M.M.,
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