
Introduction

Wheat cultivars are categorized as soft or hard

based on their kernel texture. The main discrimi-

nation of this trait is between tetraploid species

with the A and B genomes and hexaploid species

with the A, B and D genomes. Cultivars of the

tetraploid species are very hard, while those of the

hexaploid species are soft. In Europe, the first cat-

egory is represented by Triticum turgidum var.

durum, cultivated only in the regions of Mediterra-

nean Sea, and the second by T. aestivum, whose

cultivars are adapted to a wide range of climatic

conditions. Another discrimination of the grain

hardness can be found in different cultivars of the

hexaploid T. aestivum, albeit not so distinctly as

with the tetraploid/hexaploid difference.

Grain hardness is an attractive breeding trait

associated with different end-product properties.

It has a strong effect on milling properties, baking

quality, flour granularity, and starch granule integ-

rity (the softer the grain, the less starch damage oc-

curs). Soft wheat requires less energy to mill,

yields smaller flour particles with less starch dam-

age, and absorbs less water than the hard wheat.

Hard kernels of T. turgidum var. durum are mainly

used for Italian-style pasta (macaroni, noodles).

The kernels of the various T. aestivum cultivars

that have harder grains are best suited for breads,

and those that are soft are best for cookies, cakes
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and pastries (Dubreil et al. 1998b; Igrejas et al.

2001).

The first biochemical marker of grain softness

was friabilin, a 15-kDa marker protein. It was

found in high amounts on the surface of wa-

ter-washed starch from soft wheat. Small amounts

of the protein were detected in hard hexaploid

wheat starch but was absent in tetraploid durum

wheat starch (Greenwell and Schofield 1986).

Amino acid sequencing has indicated that friabilin

is a mixture of two polypeptides, puroindoline a

(PINA) and puroindoline b (PINB) (Jolly et al.

1993; Gautier et al. 1994; Morris et al. 1994).

These proteins are unique among plant proteins,

having a cysteine-rich backbone and tryptophan-

rich domain, both showing 60% identity (Blochet

et al. 1993; Gautier et al. 1994). The tryptophan-

rich domain is highly hydrophobic and has an af-

finity for binding lipids (Wilde et al. 1993; Dubreil

et al. 1997). Isoforms of puroindolines a and b are

present in the starch endosperm of the Triticeae

and Aveneae tribes (Morris 2002) and are synthe-

sized specifically in the endosperm during the ker-

nel development of wheat (Gautier et al. 1994;

Dubreil et al. 1998a), oat (Tanchak et al. 1998),

and barley (Darlington et al. 2000). The interac-

tion of puroindolines with starch granules and

with biological membranes is responsible for their

specific properties, such as endosperm softening

and antimicrobial activity (Blochet et al. 1993;

Krishnamurthy et al. 2001a; Morris 2002).

Puroindolines a and b are coded by Puroindoline

a (Pina) and Puroindoline b (Pinb), genes located on

the Hardness locus (Ha) of wheat (Jolly et al. 1993;

Sourdille et al. 1996; Giroux and Morris 1998). The

dominant locus controls the soft phenotype. A lack

of the genome D in tetraploid durum wheat

(AABB) means a lack of puroindolines, thus the

hard phenotype. All the other variations in the

grain texture of these cereal species are predomi-

nantly dependent on the presence of the locus it-

self and mutations in the Puroindoline genes.

Puroindoline-like genes are similar to

Puroindolines a and b in terms of their

seed-specific expression and the lack of introns.

In this review, we summarize the data on the

genetic determination of cereal grain texture,

allelic variations including their place of origin,

and the molecular characterization of the physical

and biochemical properties of the puroindolines

and their localization as well as the possibilities of

genetic modification of the trait. We briefly pres-

ent research methodologies that were applied. Pre-

vious reviews on cereal/wheat grain hardness

were presented by Douliez et al. (2000) and Morris

(2002). A very comprehensive two-part review by

Bhave and Morris (2008a,b) has been published

recently wherein the first part describes allelic di-

versity (Bhave and Morris 2008a) and the second

one – regulation of expression, biochemical prop-

erties and applications of puroindolines and re-

lated genes in wheat and other grasses (Bhave and

Morris 2008b).

The genetic determination of grain texture

Puroindoline-like genes are present in most cereal
species within the Triticeae and Aveneae tribes
(Tanchank et al. 1998; Gautier et al. 2000). The
genomes of these two groups differ in their ploidy
level and organization. There are diploid,
autotetraploid and allopolyploid species possess-
ing two or three sets of related but not identical
genomes (Table 1). Presence of both the genes on
the hardness locus is specific to the set of the ge-
nome.

The Pina and Pinb genes are present in all of the

thus far tested diploid wheat species containing the

A, S, M, C or U genome but absent in the tetraploid

species carrying the A, B (T. dicoccoides,

T. dicoccum and T. turgidum ssp. durum) or A, G

genomes (T. timopheevii) (Gautier et al. 2000;

Lillemo et al. 2002; Pogna et al. 2002). The result-

ing species are characterized by an extra-hard ker-

nel texture. Analysis of puroindoline genes and

proteins in six tetraploid: 5 T. turgidum (AB) and 1

T. timopheevii (AG) and four hexaploid: 3 T.

aestivum (ABD) and 1 T. kiharae (AGD) taxa of

Triticum by Rakszegi et al. (2008) are in agree-

ment with the earlier data. Western blotting with

highly specific antibodies showed that

puroindoline proteins were absent from the

tetraploids (AB and AG genomes) but present in

the hexaploids containing D genome. The first evi-

dence of a soft-type tetraploid in which four

puroindoline genes were expressed was Aegilops

ventricosa, containing the D and N genomes

(Gazza et al. 2006). Common bread wheat

(T. aestivum L.) is an allohexaploid (2n = 6x = 42)

with three genomes (A, B and D) originating from

three diploid progenitor species. The previous hy-

bridization of T. urartu (AA) and Ae. searsii (BB)

resulted in the creation of the tetraploid wheat

T. turgidum (AABB) (McFadden and Sears 1946;

Chantret et al. 2005), which subsequently lost the

function of all its Ha loci (Gautier et al. 2000). Hy-

bridization of hard T. turgidum with soft-type

Ae. tauschii (DD), created T. aestivum resulting in

the introduction of the only donor of the
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puroindoline genes in wheat (McFadden and

Sears 1946; Gautier et al. 2000). Since most of the

genes of allohexaploid wheat exist in triplicate

homeologous sets, one from each diploid genome,

the presence of one set of Pin genes is not typical

for this species. The loss of puroindoline-coding

genes from the A, B or G genome in polyploid

wild or domesticated Triticum species is currently

explained as a classical example of gene elimina-

tion induced by polyploidy (Chantret et al. 2005).

However, the same has not occurred in

Ae. ventricosa, which contains the D and N

genomes (Gazza et al. 2006). All the examined

common soft wheat cultivars carry identical

Pina-D1a and Pinb-D1a alleles. Medium-hard

wheats carry a mutation in one or both of their

puroindoline genes.

The sequences of the Pina and Pinb genes of

T. aestivum cv. Penawawa, which is a soft

hexaploid cultivar, were compared to those of

T. monococcum, T. urartu, Ae. speltoides and Ae.

tauschii. The highest sequence identity was ob-

served for Ae. tauschii, the donor of the D-genome

in hexaploid wheat. The most divergent was the

sequence for Ae. speltoides (Lillemo et al. 2002).

The whole Ha locus was sequenced in

T. monococcum (Chantret et al. 2004), T. aestivum

(Chantret et al. 2005) and barley (Caldwell et al.

2004). Nucleotide and amino acid sequences of

Ae. tauschii and T. aestivum puroindoline se-

quences are 100% homologous. Comparison of

T. monococcum with T. aestivum showed 98.2%

(Puroindoline a) and 93.5% (Puroindoline b)

homology at the nucleotide level.
Puroindoline genes in common wheat are lo-

calized in the simply inherited Hardness locus, lo-
cated on the distal end of the short arm of
chromosome 5D (Jolly et al. 1993; Sourdille et al.
1996; Giroux and Morris 1998). The locus con-
tains both Pina, Pinb and grain softness protein
(Gsp) genes (Baker 1977; Jolly et al. 1993;
Sourdille et al. 1996; Giroux and Morris 1998).
Gsp has not been functionally linked to grain hard-
ness as altered dosages of this gene were not found
to affect the trait (Tranquilli et al. 2002). A de-
tailed analysis of the bacterial artificial chromo-
some (BAC) covering the hardness region of Ae.
tauschii showed that the genes were in the order
Pinb, Pina and Gsp-1 within a 60 kb fragment of
the D genome (Turnbull et al. 2003). The same ar-
rangement was observed in the sequenced hard-
ness locus of the T. monococcum Am genome,
which is closely related to the A genome of wheat
(Chantret et al. 2004). The genes Gsp-Am1 and
Pina-Am1 are separated by 37 kb, and Pina-Am1
and Pinb-Am1 by 32 kb, and are arranged in the
same transcriptional orientation.
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Table 1. Genomes (bold) containing puroindoline and puroindoline-like genes and proteins in cultivated cereal

species and their progenitors

Species Genome formula /
ploidy

Chromosomes / hardness
genes

Puroindolines and
puroindoline-like pro-

teins

References

Aegilops tauschii DD / diploid
2n = 2x = 14

Pina-D1 and Pinb-D1 PINA + PINB Giroux and Morris 1997;
Gautier et al. 2000

Triticum monococcum A
m

A
m

2n = 2x = 14
Pina-Am1 and Pinb-Am1 PINA + PINB Gautier et al. 2000

Triticum turgidum var.
durum

AABB
– –

Sourdille et al. 1996

Triticum aestivum AABBDD /
allohexaploid
2n = 6x = 42

Pina-D1 and Pinb-D1 PINA + PINB
Giroux and Morris 1997;
Gautier et al. 2000

Aegilops ventricosa D
v
D

v
N

v
N

v / tetraploid
2n = 4x = 28

5Dv / Pina-D1a and
Pinb-D1h
5Nv / Pina-N1a and
Pinb-N1a

PINA2 + PINB1
PINA1 + PINB2

Gazza et al. 2006

Secale cereale RR / diploid
2n = 2x = 14

Pina-R1 and PinbR1 later
designated as Sina-R1
and Sinb-R1

secaloindoline-a
secaloindoline-b

Gautier et al. 2000;
Simeone and Lafiandra
2005; Li et al. 2006

x Triticosecale Wittmack AABBRR
allohexaploid
2n = 6x = 42

as above as above as above

Hordeum vulgare HH / diploid
2n = 2x = 14
short arm of chromo-
some 5H

hinA, hinB

hordoindoline-a
hordoindoline-b

Gautier et al. 2000;
Beecher et al. 2001;
Darlington et al. 2001

Avena sativa AACCDD
allohexaploid
2n = 6x = 42

Avenoindoline-a
Avenoindoline-b

Avenoindoline-a
avenoindoline-b
tryptophanins

Tanchak et al. 1998;
Gautier et al. 2000



Thorough analysis of the Hardness locus in 90

diploid and 300 polyploid accessions of Triticum

and Aegilops spp. has revealed that Pin genes are

conserved in all diploid species (Li et al. 2008).

However, recurrent and independent deletion

haplotypes were detected in all polyploid Triticum

and most of the polyploid Aegilops spp. The au-

thors have hypothesized that the dosage-driven in-

crease in expression levels of Pin genes in

polyploid genomes might be deleterious on seed

germination because their products belong to

�-amylase inhibitors. These proteins play an im-

portant role in the natural defence of plants against

biotic stress (see chapter 4) but in high amount

would block nutrition of the embryos by endo-

sperm.

Puroindoline-like genes are highly conserved

within cereal species other than wheat. Their

orthologs are also present in barley, rye and oats

(Gautier et al. 2000). The similarity between ce-

real Puroindoline-a-like DNA sequences ranges

from 90.5 to 100% (85.1 to 100% at the amino acid

level) and that of Puroindoline-b-like sequences

from 93 to 94.8% (90.5 to 93.2% at the amino acid

level). The conservation of Puroindoline-a DNA

sequences is particularly high between wheat, rye

and oat, ranging from 99.3 to 100%. In oat, two

groups of puroindoline-like proteins were re-

ported, which are: avenoindolines (Gautier et al.

2000) and tryptophanins (Tanchak et al. 1998).

Avenoindolines were found to be more closely re-

lated to puroindolines than tryptophanins. How-

ever, tryptophanins isolated from developing

seeds were found to have fragments specific for

the tryptophan-rich domain of puroindolines. This

group of proteins is encoded by a multi-gene fam-

ily. Cross-hybridizing RNAs of puroindolines are

also present in developing wheat rye and barley

seeds, but not in rice seeds (Tanchak et al. 1998).

Similar to rice, puroindoline-like genes are absent

in maize and sorghum, which do not have a soft

endosperm, with the exception for the specific mu-

tants opaque-2 and zeins in maize. This is in agree-

ment with the known molecular evolution of

monocots (Li et al. 2008, reviewed by Bhave and

Morris 2008a).

Additional genetic regions with genes causing

small variations in kernel texture have been local-

ized on chromosomes 1A, 1B, 1D, 2A, 2B, 2D,

3A, 3B, 3D, 4B, 5AL, 5B, 5DL, 6B, 6D and 7A

(Sourdille et al. 1996; Campbell et al. 1999;

Perretant et al. 2000; Galande et al. 2001; Igrejas

et al. 2002; Turner et al. 2004; Breseghello et al.

2005; Weightman et al. 2008). QTLs affecting

grain hardness were located on the 2A, 2D, 5B and

6D chromosomes (Sourdille et al. 1996). Another

major QTL for grain texture was identified on

5DL in the ITMI population (Igrejas et al. 2002).

Also, the loci for storage protein content located

on chromosome 6D (Sourdille et al. 1996), 2B, 6B

(Galande et al. 2001) and 5DS (Turner et al. 2004)

were shown to be associated with kernel hardness.

Transcripts encoding three novel variant forms of

puroindoline b were lastly identified in developing

seeds of wheat (Wilkinson et al. 2008). The

gene(s) show linkage to novel QTLs for hardness

and were mapped to the long arm of chromosome

7A. The transcripts abundance was low, causing

difficulty in product identification and suggesting

low effect on grain hardness.

Allelic variation and molecular characterization

The soft endosperm texture of common wheat

cultivars is the result of the presence of both

wild-type alleles (Pina-D1a, Pinb-D1a) of

puroindolines. Mutation in either Pina or Pinb is

associated with medium-hard or hard texture

(Giroux and Morris 1997, 1998; Lillemo and Mor-

ris 2000; Morris et al. 2001a, b). The types of

known alleles and phenotypes of grain texture in

wheat (T. aestivum L.) cultivars, breeding lines

and germplasm including regions of the world are

listed in Table 2. Detailed lists of Pina-D1 and

Pinb-D1 alleles, in T. aestivum and Ae. tauschii

haplotypes including genebank accessions, are

presented in the review by Bhave and Morris

(2008a) and reconciliated list of these alleles in

T. aestivum, Ae. tauschii and synthetic hexaploids

(× Aegilotriticum) with current DNA sequence

data has been recently published by Morris and

Bhave (2008).

The most frequent types of Pin mutation are

single nucleotide mutations (one point) in the cod-

ing sequence resulting in the substitution of one

amino acid with another or with a null allele: a

frame shift determined by a base deletion or inser-

tion, or a point mutation to the stop codon. A typi-

cal example of the former is the previously

described and commonly occurring Pinb-D1b al-

lele with a glycine to serine change at position 46

(Giroux and Morris 1997) which leads to low lev-

els of friabilin on the starch surface and a hard

grain texture. This Pinb-D1b allele is the most

common mutation in North American hard wheats

(Morris et al. 2001b), and Chinese (Chen et al.

2006; Xia et al. 2005) and Australian wheat

cultivars (Cane et al. 2004). Two other mutations

188 A. Nadolska-Orczyk et al.



189

Table 2. The types of known allele and the phenotypes of grain texture in wheat (T. aestivum L.) cultivars, breeding

lines and gerplasm from different regions of the world

Germplasm / genotype Alleles / mutation type Phenotype References

1 2 3 4

T. aestivum common wheat
cultivars

Pina-D1a; Pinb-D1a
wild-type alleles

soft grains; high amounts of
PINA and PINB

Giroux and Morris
1997

T. aestivum common wheat
cultivars

Pina-D1a; Pinb-D1b
glycine to serine change (Gly-46 to
Ser-46)

hard grain texture; low levels
of starch surface friabilin

Giroux and Morris
1997, 1998

T. aestivum
common wheat cultivars

Pina-D1b null allele;
Pinb-D1a absence of mRNA transcript

hard, no traces of PINA on
the surface of starch granules
and reduced amounts of
PINB

Giroux and Morris
1998, Lillemo and
Morris 2000

Northern European varieties, breed-
ing lines and landraces, CIMMYT
materials and gerplasm from China

Pina-D1a; Pinb-D1c
leucine-60 to proline,
Pina-D1a; Pinb-D1d
tryptophan-44 to arginineloss of func-
tion

hard endosperm Lillemo and Morris
2000; Lillemo and
Ringlund 2002

French bread wheat cultivars Pina-D1a; Pinb-D1d*
Pina-D1b; Pinb-D1d*
(homonym Pinb-D1b1)
tryptophan to arginine change in the
tryptophan rich domain

medium-hard
hard

Corona et al. 2001a

North American historical wheats Pina-D1a Pinb-D1e
Trp-39 to a stop codon,
Pina-D1a Pinb-D1f
Trp-44 to a stop codon
Pina-D1a Pinb-D1g
Cys-56 to a stop codon

hard, PINB null Morris et al. 2001b

North American and Korean com-
mon wheat cultivars

Pina-D1k*
(homonym Pina-D1b; Pinb-D1h(t))
double null mutation

hard, absence of PINA and
PINB

Ikeda et al. 2005

Chinese wheat cultivars Pina-D1a; Pinb-D1p*
(homonym Pinb-D1i(t))
frameshift mutation at Lys-42, stop
codon at 60

hard, PINB null Ikeda et al. 2005

Common wheat cultivars, Chinese
landraces and historical cultivars

Pina-D1c = Pina-D1l
(McIntosch et al. 2005) null allele due
to a cytosine deletion at position 265

hard, PINA null Gazza et al. 2005;
Chen et al. 2006

Chinese winter wheats Pina-D1a Pinb-D1p
base deletion in Lys-42, frame shift to
a stop codon at 60

hard, PINB null Xia et al. 2005

Indian wheat cultivars Pina-D1a Pinb-D1r
base insertion in Glu-14 - frame shift
Pina-D1a Pinb-D1s
base insertion in Glu-14 - frame shift +
Ala-40 to Thr-40

hard, PINB null Ram et al. 2005

Chinese winter wheat cultivar
Jingdong 11

Pina-D1a Pinb-D1q
tryptophan to leucine substitution at
position 44

hard Chen et al. 2005

Landraces and historical cultivars
from China

Pina-D1a Pinb-D1t
glycine to arginine substitution at posi-
tion 47
Pina-D1m Pinb-D1a
proline to serine substitution at posi-
tion 35
Pina-D1n Pinb-D1a (PINA null)
tryptophan to a stop codon substitution
at position 43

hard

hard

hard

Chen et al. 2006



in Pinb associated with a hard endosperm were re-

ported by Lillemo and Morris (2000). One is a

leucine to proline substitution at position 60

(Pinb-D1c), and the second a tryptophan to

arginine at position 44 (Pinb-D1d). The former is

widely distributed in germplasm around the world

and has been found in European cultivars,

CIMMYT materials, and germplasm from China

(Lillemo and Morris 2000; Lillemo and Ringlund

2002). The tryptophan to arginine substitution

(Pinb-D1d) was only found in winter wheats from

Sweden and the Netherlands (Lillemo and Morris

2000; Lillemo and Ringlund 2002) and north Ital-

ian cultivars (Gazza et al. 2008).

Among the known mutations in Pinb, position

44 occurs with a higher rate than others. Three mu-

tated alleles have already been detected at this po-

sition: the earlier presented Pinb-D1d (Trp-44 to

Arg-44) and two others, Pinb-D1f (Trp-44 to stop

codon) and Pinb-D1q (Trp-44 to Leu-44) (Lillemo

and Morris 2000; Morris et al. 2001b; Chen et al.

2005). Pinb-D1f was found in North American

historical wheats (Morris et al. 2001b) and

Pinb-D1q in the Chinese winter wheat cultivar

Jingdong 11 (Chen et al. 2005). All other muta-

tions in Pinb occurred at different positions.

Pinb-D1e and Pinb-D1g, which are like Pinb-D1f

null mutations because of the one point substitu-

tion to the stop codon (positions 39 and 56 respec-

tively), were found in the same American

historical wheats (Morris et al. 2001b). Other

Pinb-D1 null mutations, Pinb-D1h and Pinb-D1i

(Ikeda et al. 2005), Pinb-D1p (Xia et al. 2005),

Pinb-D1r and Pinb-D1s (Ram et al. 2005), and

Pinb-D1u (Chang et al. 2006; Chen et al. 2007) are

of the frame shift type (Table 2). Pinb-D1u has a

different effect on grain hardness in different

cultivars (hard or mixed grain texture). These mu-

tations mainly occur in Chinese wheat germplasm

(cultivars, landraces and endemic wheats) and dif-

fer from those of the other countries because

China is the secondary centre of wheat origin with

a broad diversity in the germplasm. In addition,

two substitution mutations, Pinb-D1t (Chen et al.

2006) and Pinb-D1v (Chang et al. 2006) were re-

cently reported in this germplasm.

The Pina null (Pina-D1b) was the previous

hardness mutation known at the Pina-D1 locus

(Giroux and Morris 1997, 1998; Lillemo and Mor-

ris 2000; Morris et al. 2001a,b). This mutation was

less frequent in North American hard wheats than

Pinb-D1b (Morris et al. 2001b). However, it was

the most frequent hardness allele present in 283 of

the 328 studied hard bread lines from the breeding

program at CIMMYT. The Pina-D1c (renamed as

Pina-D1l) allele is a variant of the Pina null with a

cytosine deletion at position 265 (Gazza et al.

2005; Chen et al. 2006). The name Pina-D1c, des-

ignated by Gazza et al. (2005), was in conflict with

a previous report for an allele in Ae. tauschii

(Gedye et al. 2004) and has since been renamed

Pina-D1l (McIntosch et al. 2005). This mutation

occurred in common American wheat cultivars

(Gazza et al. 2005) and Chinese landraces from

three provinces (Chen et al. 2006). A second vari-

ant of the Pina null, Pina-D1n, was detected with a

single nucleotide, tryptophan, to stop codon sub-

stitution at position 43. The occurrence of this al-

lele was identified in six genotypes of the Chinese

Jiangsu province (Chen et al. 2006). Another al-

lele of Pina-D1 is Pina-D1m. It is the result of a

proline to serine substitution at position 47 and it

was found in the same germplasm.

Characterization of Ae. tauschii and synthetic

hexaploid wheats led to the identification eight

different Pina alleles and six unique Pinb alleles

that are all associated with a soft endosperm

(Gedye et al. 2004; Massa et al. 2004).

The allelic variation of Pina and Pinb is com-

monly verified by PCR amplification using differ-
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Table 2 cont.

1 2 3 4

T. aestivum cultivars
T. aestivum ssp. spelta

Pina null / Pinb-D1v
alanine (8) to threonine
leucine (9) to isoleucine
Pina-D1p / Pinb-D1b
asparagine (139) to lysine and
isoleucine (140) to leucine
Pina-D1a / Pinb-D1u
single nucleotide deletion at position
127, frame-shift to a stop codon at 18
Pina-D1a / Pinb-D1w
serine (144) to isoleucine

hardhardmixed or hardhard Chang et al. 2006
Chen et al. 2007
Chang et al. 2006

T. aestivum ssp. yunnanense King
32 Yunnan endemic wheats

Pinb-D1u single nucleotide (G) dele-
tion at position 127, leading to a shift
of the ORF

hard Chen et al. 2007

a allele – wild type; * allele designations updated in the Wheat Gene Catalogue 2007 Supplement (McIntosh et al. 2007)



ent allele-specific primers designed for the known

alleles (Giroux and Morris 1998; Lillemo and

Morris 2000; Corona et al. 2001a; Guo et al. 2004;

Chen et al. 2006). Chang et al. (2006) proposed the

amplification of the whole coding sequence. Se-

quencing the amplified PCR fragments identified

allelic variants corresponding to single gene muta-

tions.

The kernels of the null mutants, lacking either

PINA or PINB, are harder than those with single

base substitutions, able to produce some of the

proteins (Giroux et al. 2000; Martin et al. 2001;

Cane et al. 2004; Clarke and Rahman 2005; Chang

et al. 2006). This data is in agreement with the ex-

pression of the genes measured by RT-PCR. Soft

Italian wheat cultivars (T. aestivum wild alleles

Pina-D1a/Pinb-D1a) exhibited the highest level

of expression of Pina. Among the hard cultivars,

those with the wild-type allele of Pina-D1a and

mutant Pinb-D1b showed a lower level of expres-

sion, while those with the Pina-D1b null allele and

wild Pinb-D1a genotype did not express Pina

(Capparelli et al. 2003; Amoroso et al. 2004).

Pinb-D1a kernels had very low puroindoline b

content with no puroindoline bound to starch.

A null mutation for Pina (allele Pina-D1b) with no

protein or mRNA present (Giroux and Morris

1998) was found to drastically reduce the amount

of Pinb (Corona et al. 2001a; Pogna et al. 2002).

Medium-hard Pina-D1a/Pinb- D1b cultivars were

very highly heterogeneous with respect to

puroindoline content and the level of their associa-

tion with starch. Hard wheat with the Pinb-D1b al-

lele accumulated the Pinb transcript in variable

amounts (Amoroso et al. 2004). Similar differ-

ences in hardness were found by Chen et al. (2006)

for Pinb-D1b and Pinb-D1p. Microarray analysis

showed that Pina was more highly expressed than

Pinb in the soft grain lines of the hard and soft

isolines (Clarke and Rahman 2005). It was hy-

pothesized that Pina may be more important than

Pinb in determining grain texture.

Physical and biochemical properties of the

puroindolines and their localization

The amino acid sequence and three-dimensional

structure of puroindolines indicated their relation-

ship to the non-specific lipid transfer proteins,

�-amylase inhibitors, and other members of the

prolamin superfamily (reviewed by Shewry et al.

2004). The main difference is the presence of a

tryptophan motif containing five tryptophan resi-

dues in a seven-residue sequence in PINA and

three tryptophan residues in a six-residue se-

quence in PINB. This tryptophan-rich domain

confers a strong affinity to lipids (Gautier et al.

1994; Greenblatt et al. 1995; Dubreil et al. 1997;

Giroux and Morris 1997). Both proteins are

isoforms, 60% identical in their amino acid se-

quence, with a high number of cysteine and lysine

residues.

Wheat grain hardness is probably determined

by the degree of adhesion between the starch gran-

ules and the protein matrix. This starch-protein in-

teraction is regulated by the protein complex

friabilin (Beecher et al. 2002), which was origi-

nally described by Greenwell and Schofield

(1986) as a water-washed starch-granule protein

associated with wheat grain texture.

It is still not clear as to which puroindoline

plays a more crucial role in reducing grain hard-

ness in soft wheat. According to the latest re-

search, the ratio of PINA and PINB in soft texture

cultivars is relatively constant (6:5) (Swan et al.

2006; Gazza et al. 2008). It was suggested that

both PINA and PINB bind to starch in an

equimolar manner, and the lack of one was ex-

pected to limit grain softness. For example,

cultivars lacking PINA showed a very low amount

of PINB on the surface of the starch granules, with

a significant effect on the grain texture (Capparelli

et al. 2003; Turnbull et al. 2003; Gazza et al.

2005). Experiments by Swan et al. (2006) demon-

strated that the reduction in grain hardness does

not correlate with the total puroindoline content,

but with functional PINA and PINB. Additionally,

it was shown that overexpression of friabilin PINB

in soft wheat led to an increased amount of starch

granule-bound PINB and PINA, while

overexpression of friabilin PINA only increased

the amount of PINA. According to this research,

the reduction in grain hardness in soft wheat is

limited by the expression of PINB.

Discriminations of PINA and PINB are possi-

ble through the application of different extraction

methods. Extraction with a Tris buffer containing

1% Triton X-114 (Giroux and Morris 1998)

yielded a relatively high amount of PINA relative

to PINB. The amount of PINA extracted with this

buffer from soft wheat cultivars was at least twice

the amount of PINB (Turnbull et al. 2000, 2003).

The finding that 1% SDS preferentially extracts

PINB from starch granules as compared with

PINA (Corona et al. 2001a; Pogna et al. 2002;

Gazza et al. 2005) suggests that the 15-kDa band,

previously described by Greenwell and Schofield

(1986), corresponds to PINB. The A-PAGE frac-

tionation of proteins associated with starch gran-
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ules provided a clear separation of PINA and

PINB compared with SDS-PAGE (Corona et al.

2001b; Pogna et al. 2002).

Hardness is usually measured using the single

kernel characterization system (SKCS) developed

by Martin et al. (1993), and the particle size index

(Symes 1965). The SKCS method was commer-

cialized by Parten Instruments, and is widely used

for measuring the degree of hardness or wheat ker-

nel texture. Wheat lines homozygous, for the

Pinb-D1b allele, measured by SKCS, were about

six units softer than lines homozygous for

Pina-D1b in a recombinant inbred population

(Martin et al. 2001). Hardness is positively corre-

lated with the protein content (Slaughter et al.

1992; Bushuk 1998; Giroux et al. 2000; Martin

et al. 2001; Igrejas et al. 2002) and negatively with

the kernel weight (Giroux et al. 2000; Martin et al.

2001). This indicates that an increase in the pro-

tein content is often paralleled by increased SKCS,

while the higher kernel weight correlates with a

lower SKCS index. Hardness is a trait largely un-

affected by environment. Variation in grain

weight is dependent on environmental factors af-

fecting grain texture in both soft and hard wheats

(Gazza et al. 2008). Drought increase the amounts

of PINs in the grain of winter wheat, however ca.

78% of the variation in hardness is explained by

puroindoline a:b peak height ratio (Weightman

et al. 2008).

Localization

Previously published research has revealed that

PINA and PINB are accumulated on the surface of

starch granules in the developing endosperm

(Blochet et al. 1993; Gautier et al. 1994; Morris

et al. 1994). Immunochemical studies have con-

firmed that both PINA and PINB are located not

only in the starch endosperm cells but also present

in the aleurone of mature kernels (Dubreil et al.

1998). The aleurone localization was also studied

and proven by Capparelli et al. (2005). Both pro-

teins have the same distribution in the kernel, and

they always co-localize. Other localization studies

were performed using the promoter regions of the

Pina and Pinb genes fused to the uidA (GUS) re-

porter gene in transgenic wheat. Immuno-

localization of GUS protein showed that the

promoters of Pina and Pinb are mainly induced in

the starchy endosperm cells and to a much lesser

extent in the sub-aleurone cells, which contain less

starch. Transgenic expression was not observed in

any other seed or vegetative tissue (Wiley et al.

2007). The same Pin promoters driving GUS in

transgenic rice showed different expression

patterns. The Pina gene promoter also drove ex-

pression in the embryo and to a lower extent, in

non-seed tissues: the roots of seedlings, the vascu-

lar tissues of palea, and the pollen grains of

dehiscent anthers during flower development

(Evrard et al. 2007). The Pinb gene promoter

drove the expression of the GUS in the starch en-

dosperm, aleurone layer and seed epidermis

(Digeon et al. 1999; Evrard et al. 2007). The dif-

ference between these observations may be the re-

sult of less strict specificity of the wheat

regulatory sequences (Pin promoters) used in

heterologous rice system.

Other functions/properties of puroindolines

The most important function determined by

puroindolines is the grain hardness, influencing

the crumb structure of bread and the rheological

properties of wheat dough (Gautier et al. 1994;

Giroux and Morris 1997, 1998; Dubreil et al.

1998b; Igrejas et al. 2001). Their lipid-binding

properties additionally influence dough quality

(Dubreil et al. 1997) and plant resistance to patho-

gens (Dubreil et al. 1998a; Krishnamurthy et al.

2001a). The permeabilizing effect of puro-

indolines on bacterial and fungal membranes was

previously implied by Blochet et al. (1993) and

confirmed by others (Dubreil et al. 1998a;

Krishnamurthy et al. 2001a; Jing et al. 2003). The

puroindolines are structurally related to several

other plant proteins that have microbiological

properties such as thionins and nsLTPs (Broekaert

et al. 1997). They are small, basic (pI > 10), and

cysteine rich, which confers a high affinity for

lipids, and they have five disulfide bounds. An-

other, hydrophobic, tryptophan-rich and lipid-

binding domain might contribute to the

antimicrobial activity of the puroindolines by dis-

rupting lipid bilayer membranes.

PIN proteins are inhibitory to plant pathogenic

fungi when tested in vitro (Capparelli et al. 2005;

Dubreil et al. 1998a) or expressed in transgenic

plants: rice, wheat and apple (Faize et al. 2004;

Giroux et al. 2003; Krishnamurthy et al. 2001a;

Luo et al. 2008). PIN extracted from the leaves of

transgenic rice with constitutive expression of

Pina and Pinb reduced the in vitro growth of two

major fungal pathogens of rice, Magnaporthe

grisea (rice blast) and Rhizoctonia solani (sheath

blight), respectively by 35 and 50%. Transgenic

rice plants expressing Pina and Pinb showed sig-

nificantly increased tolerance to both M. grisea

and R. solani (Krishnamurthy et al. 2001a). Trans-
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genic plants of two tetraploid Chinese varieties ex-

pressing PINA constitutively showed enhanced

resistance to leaf rust caused by Puccinia triticina

in greenhouse and field (Luo et al. 2008). In other

research, the two polypeptides PINA and PINB re-

vealed antimicrobial activity in vitro against six

different bacterial strains, two human and four

plant pathogens (Capparelli et al. 2005). The com-

bination of the puroindoline peptides together

(Capparelli et al. 2005) or with another antifungal

protein, �-PTH (Dubreil et al. 1998a) enhanced

each other’s toxicity.

The expression of wheat Pinb reduced scab

susceptibility in transgenic apple (Faize et al.

2004). Furthermore, the expression of the Pina

gene promoter was induced by wounding or infec-

tion with a fungal pathogen (Evrard et al. 2007).

The presence of the putative cis-elements in the

Pina promoter may be related to wounding and/or

pathogen response by forming complexes with nu-

clear extracts isolated from wounded leaves

(Evrard et al. 2007).

Both functions/properties of puroindolines

concerning their role in the grain texture and their

antimicrobial properties are the result of protein

interactions and the formation of protein com-

plexes. The evidence of physical in vivo protein

interactions of PINB-PINB and PINA-BINB us-

ing the yeast two-hybrid system has been provided

by Ziemann et al. (2008).

Genetic modification

Plants with genetic modifications of the

puroindoline genes and/or their promoters serve as

a useful experimental system allowing the detailed

functional analysis of these genes. It might also

provide the plants with certain desired characteris-

tics. Most of the examples of research in which

transgenic plants were used for analysis have al-

ready been presented in this review. Additional

evidence and further confirmation of pin responsi-

bility for variation in grain texture was provided in

complementation studies with genetically modi-

fied lines of wheat. With the hard spring wheat va-

riety (Hi-Line) containing the Pinb glycine to

serine mutation (Pinb-D1b allele), transgenic

complementation of the wild type Pinb-D1a gave

a soft phenotype (Beecher et al. 2002). Phenotypic

variation resulting from the expression of one or

two transgenically introduced wild type genes in

the same Hi-Lane background was shown by

Hogg et al. (2004). The expression of Pinb or both

Pina and Pinb gave a soft phenotype while adding

Pina alone gave a grain intermediate in texture. In

other studies by the same group, complementation

of the hard wheat cultivar Bobwhite containing the

Pina-D1b null mutation with the wild type

Pina-D1a allele was tested (Martin et al. 2006).

The authors obtained three transgenic soft grain

lines with increased levels of starch bound

friabilin. Conclusion from these complementation

studies was that both PINA and PINB proteins

need to be present to form friabilin yielding the

softest grains. Additionally, friabilin abundance

was not correlated with total puroindoline abun-

dance. Biolistic transformation of bread wheat

with an overexpression of Pina transgene resulted

in transgenic lines lacking PINA proteins (Xia

et al. 2008), what was interpreted as a

co-suppression by the overexpression of the Pina

transgene. This conclusion however should be

supported by the analysis of the transgenic expres-

sion since biolistic transformation often causes

major transgene rearrangements which them-

selves might induce silencing.

Another group of experiments was performed

with cereals non-accumulating puroindoline-like

proteins. Rice (Oryza sativa), which is the model

cereal crop, has no puroindoline homologues. Ex-

pression of wild-type Pina-D1a and Pinb-D1a, in-

troduced to rice by genetic transformation,

generated a softer grain texture than in the untrans-

formed control. This trait was also correlated with

less starch damage and smaller particle size

(Krishnamurthy et al. 2001b).

Another experimental approach is to modify

the trait by RNA interference (RNAi) based si-

lencing of the native gene(s). This is a powerful

tool allowing to modulate gene expression and to

obtain plants with altered characteristics. Since it

has been already shown for some polyploid spe-

cies, this technique can be used to silence a single

gene, several genes from a gene family, or multi-

ple orthologs of particular genes (Lawrence and

Pikaard 2003). This approach creates the experi-

mental basis for the detailed analysis of gene func-

tion in cereals and it has yet to be applied to study

grain texture in cereal species.
Genetic modification is a very potent source of

plants with novel traits. Expression of the Pina and
Pinb genes generates softer grain texture in both
non-accumulating (i.e. rice, maize) and accumu-
lating puroindoline cereal species (i.e. common
wheat, triticale, oat cultivars). The alternative –
the silencing approach – can be used to alter
widely cultivated allohexaploid wheat cultivars
with grains that are too soft for some applications.
Silencing the Pin genes in such species might re-
sult in wheat with grains as hard as in Triticum
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turgidum var. durum. This would also give the op-
portunity to study other traits related to grain tex-
ture.

Conclusions

Since the past several years, a large set of new data

has been gathered. Novel allelic variations confer-

ring new phenotypes have been found and de-

scribed in different regions in the world. These

new variations can be used in breeding programs

to obtain cultivars better suited for the end-users.

Another set of potentially interesting agronomical

traits might originate from the microbiological

properties of puroindolines. This can be also used

by breeders and in certain biotechnological appli-

cations.

The hardness locus identified in different spe-

cies of the Triticeae and Aveneae tribes has been

sequenced. Bioinformatical analysis of these se-

quences has enriched our understanding of cereal

evolution. The isolation and sequencing of the

coding regions and identification of the promoters

opened the possibilities of genetic modification,

which can be used for further detailed analysis of

the trait and has already considerably increased

our knowledge of the genetics of grain hardness in

cereals. The discovery of RNAi-mediated gene si-

lencing has opened the new possibilities of modi-

fication of native gene expression. This approach

can be used for the precise manipulation of the

puroindoline genes.
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