
Introduction

Polyphenol oxidases (PPO; EC 1.14.18.1)

catalyse the oxidation of endogenous phenolic ac-

ids, and produce short-chain polymers that de-

crease the whiteness of noodles made from flours

of many bread wheat and durum wheat varieties.

The darkening takes place after the noodles have

been made. This darkening process in noodles is

associated with PPO activity and its correspond-

ing substrates (Miskelly 1984; Kruger et al. 1992;

Baik et al. 1995). A major genetic effect on PPO

activity has been reported to be located on chro-

mosomes 2A and 2D in hexaploid wheat (Zeven

1972; Wrigley and McIntosh 1975; Souza et al.

1998; Jimenez and Dubcovsky 1999; Raman et al.

2005; Sun et al. 2005). Wrigley and McIntosh

(1975) found that the gene influencing the phenol

colour reaction of grain was located on the long

arm of chromosome 2A. In tetraploid wheat,

Jimenez and Dubcovsky (1999) also found that

the gene affecting PPO activity was located on

the long arm of chromosome 2A. Nair and Tomar

(2001) found that the genes conferring the phenol

colour reaction in grain and in glumes were not

linked, and at least 2 genes determined the phenol

colour reaction of grains in tetraploid wheat.

Simeone et al. (2002) reported a major genetic ef-

fect on PPO on the long arm of chromosome 2A

in tetraploid wheat. Watanabe et al. (2004)

mapped the genes (Tc1 and Tc2) responsible for

the high phenol colour reaction of kernels on the

long arms of chromosomes 2A and 2B, respec-

tively. The map distances were estimated to be

46.8 cM for Tc1 and 40.7 cM for Tc2 from

the centromere in durum wheat.

The aim of our study was to identify markers

that could facilitate selection of genotypes with

lower PPO activity in durum wheat populations

in the West Asia and North Africa (WANA) re-

gion, to reduce pasta darkening. The set of 110 re-

combinant inbred (RI) lines used in this study was
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derived from a cross between durum wheat

(Triticum turgidum ssp. durum) cultivars.

This population was previously successfully used

to determine the association of a lipoxygenase lo-

cus, Lpx-B1, with variation in lipoxygenase activ-

ity (Hessler et al. 2002). Reducing PPO activity in

varieties having other high-quality attributes is

highly desirable to maintain fresh quality.

Materials and methods

Plant materials

The set of 110 recombinant inbred (RI) lines was

derived from a cross between Jennah Khetifa and

Cham 1. Jennah Khetifa is a local genotype col-

lected in 1990 on the southeast plateau of the Atlas

Mountains of Morocco (Nachit et al. 2001). It was

especially adapted to the North African continen-

tal dryland and is moderately resistant to drought

and winter cold. Cham 1 was selected from

the crosses ‘Pelicano / Ruff // Gaviota / Rolette’

at the International Centre for Agricultural Re-

search in the Dry Areas (ICARDA) in Syria, and

became a main commercial cultivar in several

countries of the Mediterranean region. The RI

population was developed by the ICARDA, too.

Both the parents and the RI lines were grown in

Gifu, Japan, in 2004.

Determination of polyphenol oxidase (PPO)

activity

PPO activity of 110 RI lines (Nachit et al. 2001)

and their parents was assessed following the meth-

ods proposed by Mahoney and Ramsay (1992) and

Bernier and Howes (1994) with minor modifica-

tions. Both methods were based on a spectropho-

tometric assay in the presence of tyrosine as

a substrate. Three whole seeds for each line were

incubated in 5 ml of 0.01 M disodium tyrosinate

solution with 0.2% Tween 80 at 37°C for 19 hours.

After removing the seeds, the absorbance of the

solution at 405 nm was measured with a UV/VIS

spectrophotometer (Lambda 40, Perkin Elmer,

USA). Experiments were done with 3 replications.

Genetic analysis and linkage mapping

Broad-sense heritability (h2) for PPO activity was

calculated as h2 = �g
2/ (�g

2 + �e
2/ n), where �g

2 and

�e
2 were the estimates of genetic and environmen-

tal variances, respectively, derived from the ex-

pected mean squares of the analysis of variances,

and n was the number of replications. The genetic

linkage map for this population of RI lines consists

of 138 restriction fragment length polymorphisms

(RFLPs), 26 simple sequence repeats (SSRs),

134 amplified fragment length polymorphisms

(AFLPs), 5 seed storage proteins (SSPs)

and 3 known genes (1 pyruvate decarboxylase

and 2 lipoxygenases) spaced on average

12 centimorgans (cM) apart (Nachit et al. 2001).

Single-point analysis, followed by interval regres-

sion analysis, were performed by the QGene soft-

ware (Nelson 1997), to identify the linked loci

associated with the quantitative loci (QTL) for

PPO activity. A threshold (LOD = 3) in this RI

population yields a significance level of P = 0.05

(Lander et al.1987).

Results and discussion

PPO activity, measured by spectrophotometric

absorbance at 405 nm, was 0.185 ± 0.01 for

Cham 1 and 0.302 ± 0.02 for Jennah Khetifa. PPO

activity of lines in the RI population ranged from

0.15 to 0.4. The mean value of the population was

0.239 ± 0.005. The analysis of variance did not

show any significant differences between replica-

tions, but revealed highly significant differences

among the RI lines for PPO activity at P = 0.001

(data not shown). Figure 1 shows the frequency

distribution of the trait of the RI lines, as well as

the mean values of parental lines. The histogram

shows the profile of this qualitative trait with 2 dif-

ferent groups of lines. The histogram suggests that

the trait is regulated by a single major gene.

The broad-sense heritability (h2) of PPO activity

was 69.9%.

As shown in Figure 2, the chromosome

segment exceeded LOD = 3 for chromosome 2A.

The stepwise multiple regression analysis

revealed that these loci were responsible for

49.1% of the variation in PPO activity among RI

lines (Table 1). The loci for PPO activity were

significantly associated with the SSR marker

Xgwm312@2A, which has been mapped on

the long arm of chromosome 2A (Nachit et al.

2001). It indicated that the loci for PPO activity

linked with Xgwm312@2A can be treated as a

major gene.

Simeone et al. (2002) found that a major QTL

for higher PPO activity was highly associated with

the RFLP marker Xutv1427-2A (LOD = 29.84)

in 65 T. durum Messapia/T. dicoccoides RI lines.

It should be noted that, in their study,
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Figure 2. Map of the loci for polyphenol oxidase activity on chromosome 2A derived from interval mapping. A vertical

line indicated the threshold (LOD = 3), which yielded a significance level of P = 0.05. The saturated molecular-marker

linkage map for chromosome 2A was constructed by Nachit et al. (2001).

Figure 1. Distribution of polyphenol oxidase activity measured by spectrophotometric absorbance at 405 nm

in the Jennah Khetifa × Cham 1 recombinant inbred population. Arrows indicate the mean values of the population

(x = 0.239 ± 0.005) and two parental lines, Jennah Khetifa (0.302 ± 0.02) and Cham 1 (0.185 ± 0.01).



Xutv1427-2A was found to be a closer marker for

Xgwm312 in Messapia/T. dicoccoides RI lines.

Sun et al. (2005) developed co-dominant STS

markers for PPO activity associated with SSR

markers, Xgwm312 and Xgwm294 in bread wheat.

These molecular markers could be used for a faster

and easier selection of plants during breeding for

low PPO activity.

Many researchers have found that genes lo-

cated in homeologous group 2 play a major role in

PPO activity in wheat. Substitution lines of chro-

mosome 2A of the hexaploid varieties Cheyenne,

Thatcher and Timstein in Chinese Spring showed

significantly higher PPO activity than all other

substitution lines. Moreover, substitution lines of

chromosome 2A of Triticum turgidum var.

dicoccoides and of chromosome 2D of Chinese

Spring in the durum wheat variety Langdon

showed a significant increase in PPO activity

(Jimenez and Dubcovsky 1999; Watanabe et al.

2004). Jimenez and Dubcovsky (1999) found that

the gene(s) responsible for high PPO activity in

chromosome 2D from Chinese Spring on the long

arm was within a deletion that represents 24% of

the distal part of the arm. Udall (1996) pointed out

a major effect on PPO activity associated with an

RFLP marker from homeologous group 2 and

smaller effects associated with RFLP markers

from homeologous group 3 and 5 by means of

QTL analysed in a cross between NY6432-18 and

Clark’s Cream. Souza et al. (1998) mapped the

RFLP markers associated with genetic effects as-

sociated with PPO activity on chromosome 2D.

However, Li et al. (1999) found loci for PPO activ-

ity on chromosomes 5B and 7D and on chromo-

somes of homeologous group 6 by using

nullisomic-tetrasomic lines of Chinese Spring and

a PPO maize probe.

In conclusion, in this study, a major locus re-

sponsible for high PPO activity was mapped on

the long arm of chromosome 2A, by using a set

of RI lines derived from a cross between the

cultivars Jennah Khetifa and Cham 1. These find-

ings coincided with the results of recent re-

searches, which provided evidence that the

localization of the gene responsible for high PPO

activity is on chromosome 2A in wheat (Jimenez

and Dubcovsky 1999; Simeone et al. 2002; Sun

et al. 2005). The identification of a molecular

marker (Xgwm312@2A) linked to high PPO activ-

ity has the potential to accelerate selection for re-

duced pasta darkening by carrying out negative

selection for this trait in durum wheat breeding for

the WANA region.
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