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Abstract 

The puroindoline genes, Pina-D1 and Pinb-D1, have been shown to be linked to grain 

hardness, an important trait in the end-use quality of wheat and hence in international 

usage and trade of wheat.  Variations, in either or both genes, or lack of expression of 

either gene, result in a hard texture of common wheat, while the durum wheat that lacks 

both Pin genes is extremely hard.  Depending on the type of mutation, a range of 

hardness observed.  There has been a great interest to search for further genetic 

variations in these genes, firstly, to understand better the way these genes affect grain 

texture, and secondly, to introduce new variations into breeding programs in order to 

improve the end-use quality of wheat.  Landraces of wheat, particularly from China (the 

secondary centre of origin of wheat), were analyzed and a new Pina-D1 allele was 

discovered, in addition to confirmation of several other reported alleles.  Scanning 

electron microscopy analysis of various wheats with differences in their Pin alleles, 

showed more attachment between starch and protein matrix for those wheats either 

lacking Pins, or with potential truncation in either PIN, in comparison to the wheat with 

a single amino acid substitution in the Pin allele.  Analysis of the Pinb-2 genes showed 

that these comprised a multigene family and were greatly diverse.  Many new 

haplotypes were identified in hexaploid, tetraploid and dipoid wheats, including a new 

group designated Pinb-2v6.  Synthetic peptides, designed based on the truncated 

tryptophan rich domain (TRD) of the putative PINB-2 proteins, comprising of only two 

Trps, showed antibacterial and antifungal activity, suggesting that the PINB-2 proteins 

could be of importance in seed defense, as suggested for the PINs.  Many studies have 

suggested that the PIN proteins (PINA and PINB) were interdependent and interact to 

confer the grain softness trait.  Examination of this aspect using the yeast two-hybrid 

system showed that PINA and PINB did interact physically, thus shedding some light 

on their possible function and supporting suggestions that they co-operatively bind to 

lipids.  PINA was also able to interact with itself, which may be relevant to more 

number of Trps present at the TRD in comparison to PINB and GSP-1 which may have 

some association to its suggested ability to aggregate at the lipid membrane.  The 

observed interactions of GSP-1 with PINA or PINB, suggest that the GSP-1 could be a 

minor factor influencing grain hardness. 
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Abbreviations 

Standard chemical symbols, genetic notations, gene names and SI units are used without 
definition.  Full gene names are given at the first mention 

 

3-AT                         3-Amino-1,2,4-triazole 

Ade                             Adenine 

Ala (or A)                Alanine 

Asn (or N)                  Asparagine 

Asp (or D)                  Aspartic acid 

Arg (or R)                 Arginine 

BDT                          Big dye terminator 

bp                              Base pair (s) 

CAP                          Cleaved amplified polymorphic sequence 

CDS                         Coding sequence 

cDNA                      Complementary DNA 

CIAP                        Calf intestinal alkaline phosphatase 

C-terminal                Carboxyl terminal (of a protein) 

cv                               Cultivar 

Cys (or C)                Cysteine 

DNA                          Deoxyribonucleic acid  

dNTP                        Deoxyribonucleotide (any) 

DMSO                      Dimethyl sulfoxide 

DO                           Drop-out 

EST                          Expressed sequenced tag 

gDNA                        Genomic DNA 

Glu (or E)                  Glutamic acid 

Gln (or Q)                 Glutamine 

Gly  (or G)               Glycine 

GSP-1                        Grain softness protein-1 (a component of friabilin) 

His (or H)                 Histidine 

Ile   (or )                   Isoleucine 

IPTG                        Isopropyl β-D-1-thiogalactopyranoside 

K                             Keto; degenerate code for nucleotides T or G 
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Kb                        Kilobase pairs; 1kb= 1000 nucleotide bases 

kDa                             KiloDalton 

LB                              Luria-Bertani broth or medium 

Leu (or L)                  Leucine 

LiAc                          Lithium acetate 

Lys (or K)                   Lysine 

Met (or M)                  Methionine 

mRNA                        Messenger RNA 

MW                             Molecular weight 

n                                  Ploidy 

N-terminal                   Amino terminal (of a protein) 

OD                               Optical density 

ONP                             O-nitrophenol 

PCR                              The Polymerase chain reaction 

PEG                              Polyethylene glycol 

Phe (or F)                     Phenylalanine 

Pin                               Puroindoline genes 

Pina                             Puroindoline-a 

Pinb                             Puroindoline-b 

PIN                             Puroindoline proteins 

PINA                         Puroindoline-a protein (wild type) 

PINB                          Puroindoline-b protein (wild type) 

Pinb-2                          Puroindoline-b2 genes  

PINB-2                        Puroindoline-b2 protein  

Pro (or P)                     Proline 

QTL                             Quantitative trait locus 

RNA                             Ribonucleic acid 

RNase A                     Ribonuclease A 

Ser (or S)                  Serine 

SNP                           Single nucleotide polymorphism 

TAE                           Tris acetate ethlenediaminetetraacetic acid buffer 

Thr (or T)                  Threonine 

Tris                             Tris (hydroxymethyl)aminomethane 
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Tyr (or Y)                   Tyrosine 

Trp (or W)                  Tryptophan   

U                                 Units of enzyme activity 

UV                              Ultra-violet 

Val (or V)                   Valine 

X-gal                           5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside 

Y2H                            Yeast two-hybrid 

YPD                            Yeast peptone dextrose medium 

YSD                            Yeast selective defined medium 
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1.1 General introduction and literature review 

The background information in the literature review provides extensive information 

regarding the importance of the puroindoline genes as major determinants of the 

commercially important grain texture trait and the possible biological role of the 

puroindoline proteins as antimicrobials in wheat seeds.  The review provides updated 

information that allows the reader to appreciate the importance of: a) discovering new 

puroindoline alleles (Pina/Pinb) that can be incorporated into breeding programs for 

new wheat variety with more suited end-use, b) identifying further variations of the 

recently reported Pinb-2 genes that have been linked to a minor QTL of grain hardness, 

c) identifying the possibility of the Trp rich domain (TRD) of PINB-2 proteins being 

antimicrobial as identified for the TRD of PINA and PINB, d) investigating the 

possibility of physical interactions among the puroindolines, GSP-1 and PINB-2 

proteins based on the implicated interdependence or co-operation of the puroindolines 

in lipid binding and affecting grain hardness as observed through expression and 

transgenic studies. 
 

 

1.2 Wheat as a crop plant 

The wheat plant is a type of grass that originates from the Fertile Crescent region (Near 

East), but is now cultivated globally.  The primary use of wheat is to produce food for 

humans and wheat is staple food in many parts of the world.  Wheat is one of the main 

cereal crops (the other two being rice and corn) (http://faostat.fao.org/).  Wheat is 

cultivated widely, from 67°N in Scandinavia and Russia to 45 °S in Argentina and 

includes elevated regions in the tropics and sub-tropics (Feldman and Kislev, 2007).  

Wheats such as Triticum aestivum (bread wheat), and Triticum turgidum L. var. durum 

(pasta or durum wheat) are unique among crop plants because of their ability to produce 

a variety of nutritious food that are highly appealing (reviewed in Morris, 2002).  About 

95% of the wheat grown worldwide is hexaploid wheat and most of the remaining 5% is 

tetraploid wheat.  Durum wheat is more adapted to the dry Mediterranean climate than 

bread wheat and is primarily used to make pasta.  The success of wheat as a major crop 

plant can be attributed to several factors as reviewed in Shewry (2009) such as: a) there 

is sufficient genetic diversity in bread wheat (with more than 25,000 types) that are 

adapted to a wide range of temperate environments. b) with sufficient water and mineral 

nutrients, and  effective control of pest and pathogens, the crop yields are high (>10 

http://faostat.fao.org/
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tonnes ha-1), c) wheats are readily harvested using mechanical combine harvesters  or 

using traditional methods, d) the grains can be stored successfully, for a long period 

before consumption.  An important feature of this crop over others is its unique dough-

forming properties from flour, which allows a wide range of food products to be 

processed, that include a wide range of breads, noodles, other baked products and many 

more (reviewed in Shewry, 2009). 

 

 

1.3 Trade of wheat 

The four major traditional exporters of wheat are the United States, Argentina, 

Australia, and Canada.  Other exporting nations include the European Union, 

Kazakhstan, Russia, and Ukraine (Figure 1.1).  In total they export a 130 million metric 

tonnes (MMT)/year (five-year average) (Grain Research and Development Corporation 

(GRDC), Research Updates, http://www.grdc.com.au/director/events/research updates, 

viewed November 2011).   

 

 

 
Figure 1.1 Shares of world wheat exports. Source: GRDC, Research Updates 
(http://www.grdc. com.au/director/events/researchupdates, viewed October 2011) 
 

World wheat production is about 600MMT/year with nations in Figure 1.1 producing 

350MMT/year and India and China producing around 188MMT/year (GRDC, research 

updates).  The area for wheat plantation across the world is about 200 million hectares 

and has been invariable till now.  Due to this, yield growth has been necessary for 

increased world production.   
 

http://www.grdc.com.au/director/events/rese%20archupdates
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Figure 1.2 Import shares of major wheat importers. Source: GRDC, Research Updates 
(http:// www.grdc.com.au/director/events/researchupdates, viewed October 2011) 
 

About 118 countries have imported over 2000 tonnes on average over the five year 

period of 2004-2009, with Spain, Italy, Algeria, Brazil and Japan being the largest 

importers (Figure 1.2). 

 

 

 
Figure 1.3 World consumption and production of wheat. Source: International Grain 
Council, Grain Market Report, 2011, (http://www.igc.int/en/grainsupdate/sd.aspx?crop=Wheat, 
viewed October 2011) 

 

Global wheat trade seems to be on the rise because there are higher expected imports for 

a number of countries and larger exportable supplies in major exporting countries 

(http://www.usda.gov/oce/commodity/wasde/latest.pdf, viewed October 2011). The 

increase in wheat production and consumption (food and industrial) for 2011/2012 

(Figure 1.3), reflects the lift in global trade of wheat, with the total consumption 

growing at a faster than average pace (International Grain Council).  

http://www.igc.int/en/grainsupdate/sd.aspx?crop=Wheat
http://www.usda.gov/oce/commodity/wasde/latest.pdf
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1.4 Origin of wheat 

The earliest cultivation of wheat occurred about 10,000 years ago, during the ‘Neolithic 

Revolution’ (the beginning of agriculture).  The first cultivated forms were the diploid, 

einkorn (AA) and the tetraploid, emmer (AABB) and they most likely originate from 

south-eastern part of Turkey (Dubcovsky and Dvorak, 2007; Nesbitt, 1998).  Cultivation 

spread to the Near East about 9000 years ago, which was about the same time the first 

hexaploid wheats occurred (Feldman, 2001).  The early cultivated forms of wheat were 

mainly landraces which were selected from the wild populations, probably because of 

their superior yield and characteristics.  Till the late 19th century, all cultivated wheats 

were highly heterogeneous landraces and many landraces still exist today in fields in 

many regions around the world and in germplasm collections.  While einkorn and 

emmer wheats derived from the domestication of natural populations, bread wheat was 

a product of only cultivation (reviewed in Shewry, 2009).  

 

The bread wheat (T. aestivum) represents one of the best characterised examples of 

evolution thorough allopolyploidy.  The formation of tetraploid and hexaploid wheat is 

summarized in Figure 1.4.  Bread wheat is an allohexaploid, with the genomes 

AABBDD.  The genomes are homeologous (homologous but non-pairing genomes, 

seven pairs of chromosomes for genomes A, B and D; n = 21chromosomes, 2n = 6x = 

42 chromosomes (Feldman et al., 1995).  The hexaploid wheat has formed from 

hybridization, followed by chromosome doubling, between a tetraploid (genome 

AABB, n = 14 chromosomes) and a diploid (genome DD, n = 7 chromosomes) species 

around 9500 calibrated years ago.  The formation of bread wheat is most likely through 

the natural hybridization of cultivated emmer, T. turgidum ssp. dicoccoides (AABB), 

with the wild diploid wheat Aegilops tauschii (also called T. tauschii and Ae. squarosa) 

(Feldman, 2001; Feldman and Sears, 1981; McFadden and Sears, 1946).  This 

hybridization probably occurred several times independently with the new hexaploid 

wheat being selected by farmers for its superior characteristics (reviewed in Shewry, 

2009).  

 

The evolution of the T. turgidum lineage wheats, such as T. durum as crops was 

initiated with the domestication of T. turgidum subsp. dicoccoides (emmer wheat) 

(reviewed by Matsuoka, 2011).  The hybridization of two diploid wild grasses, T. urartu 
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(AA) and Aegilops searsii (BB) resulted in the formation of the wild emmer (AABB) 

which occurred in the wild and was driven by natural selection.  The A genome in 

tetraploid and hexaploid wheat is closely related to those of A genome diploid types 

which are the cultivated and wild forms of einkorn, T. monococcum (2n = 14) and the 

wild T. urartu.  Although the B genome donor is still uncertain, it is thought to have 

originated from the Sitopsis group (due to S genome being present in a number of 

diploid Aegilops species), with Ae. speltoides being the most related existing species 

(Blake et al., 1999; Feldman, 2001). 

 

The main characteristics of domesticated wheat are: 1) the loss of the spike shattering at 

maturity, which cause seed loss at harvesting, 2) the change from hulled forms to the 

free-thrashing naked forms (Dubcovsky and Dvorak, 2007). 

 

 

 

       

Figure 1.4 Proposed evolution of modern hexaploid wheat. Source: Griffiths et al. (2000) 

 

 

 

 

http://www.ncbi.nlm.nih.gov/books/n/iga/A4529/def-item/A4937/
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1.5 Structure of the wheat grain  

A majority of wheat products for human consumption is based on white flour, which is 

the powdered endosperm (reviewed in Shewry, 2002).  The white flour contains starchy 

endosperm cells with a high proportion of starch and gluten).  During milling, the 

embryo is removed as germ while the outer layer of the grain and the outermost layer of 

the endosperm, called the aleurone, are separated as bran (Figure 1.5).  When mixed 

into dough, it produces a complex polymer that is edible, with properties that allow it to 

be baked into a number of attractive and palatable products (New Zealand Flour Millers 

Association (NZFMA), http://www.flourinfo.co.nz/, viewed October 2011).  The 

behaviour of this polymer mixture is the one that makes wheat such a useful food 

substance. Thus, factors determining the quality and composition of the grain are of 

great importance in terms of nutrition and trade of wheat (reviewed in Morris, 2002). 

 

 

 
 
Figure 1.5 Composition of the wheat grain. Source: Wheat and Flour, 
(http://www.wheatandflour.com/wheat/about_wheat.php, viewed October 2011) 
 

 

 

 

 

 

http://www.flourinfo.co.nz/
http://www.wheatandflour.com/wheat/about_wheat.php
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1.6 Wheat quality 

Wheat quality may be defined in terms of its suitability for a particular end-use.  Variety 

is also a vital feature for grain quality and wheat generally is marketed according to 

class, with each class consisting of a group of varieties, with similar characteristics 

suited for the same end-use (reviewed in Pasha et al., 2010).  Several parameters such as 

milling, chemical, baking and rheological dough properties influence wheat quality.  

Grain vitreousness, colour, weight, shape and hardness are some of the important 

physical characteristics that influence grain quality (Gaines et al., 1996). 

 

 

1.7 Grain texture/hardness 

Grain texture is the single most important trait that determines the marketing and the 

technological utilization of wheat (reviewed in Morris, 2002).  It is a grading factor for 

the type of wheat and relates to the degree of hardness or softness of the grain and is 

required in wheat classification which is required by breeders, millers and bakers.  

Wheat hardness affects milling properties (Devaux et al., 1998).  In the flour industry, 

grain hardness significantly impacts milling and baking (Bettge et al., 1995). Examples 

of physical properties influenced by hardness are flour particle size, flour density, starch 

damage, water adsorption and milling yield (Martin et al., 2001).  The three distinct 

qualitative classes of grain hardness are the ‘soft’ hexaploid wheats, the ‘hard’ 

hexaploid wheats and the ‘very hard’ durum wheats.  Grain hardness also defines the 

quantitative variations within and across these three qualitative classes.  Wheats with 

intermediate hardness have been classified as ‘medium soft’ and ‘medium hard’.  Soft 

wheats are used to make biscuits, cakes, pastries while hard wheat is suited for breads 

and buns and other yeast raised products (reviewed in Morris, 2002). 

 

1.7.1 Differences between hard and soft wheats 

The differences between hard and soft wheats are the most important feature that 

determines the functionality and marketing of wheat.  Hardness can be defines as 

‘difficult to penetrate or reduce into smaller fragments’ (reviewed in Mikulikova, 2007).  

Hardness affects milling properties such as milling yield, flour particle size, shape and 

density of flour particles.  For example, the milled flour of hard wheats possesses more 

damaged starch granules while the milled soft wheat contains intact starch granules.  It 
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also affects baking quality.  For example the flour of hard wheats allows better water 

absorption of water, which is important in bread making.  Also there are more 

carbohydrates available to yeasts for fermentative activity which in turn affects gas 

production and loaf volume.  Variation in hardness affects interaction between 

carbohydrates and proteins and strongly influences the processing quality or milling of 

flour (Simmonds et al., 1973).  The degree of adhesion between the starch granules and 

the protein matrix are also different between hard and soft wheats (Csóti et al., 2005; 

Greenwell and Schofield, 1986).  Table 1.1 shows several differences between hard and 

soft wheats.  

 
Table 1.1 Differences between soft and hard wheat 

Soft  wheat Hard wheat Reference 
Cookies , cakes Common wheats:  

Leavened breads 
Very hard durum wheat: 

Italian styled pasta 

Morris (2002), 
Nadolska-Orczyk (2009) 

Kernels easily fracture, Less 
power to mill required 

More power to mill require  
Devaux et al. (1998), 
Ikeda et al. (2005), 
Jolly et al. (1993) Large number of intact starch 

granules produced from 
fracture 

Broken granules of starch 
fracture planes. High levels of 

starch damage 
‘Powder-like’ flour produced, 

friable 
Coarse textured flour 

produced 
Smaller particle size.  Lower 
values of mean particle size 

Greater particle size. Higher 
values of mean particle size 

Pomeranz  (1988) 

Absorbs less water, flours 
baked to low moisture 

content 

Absorb more water, readily 
hydrolysed by alpha amylase 

Brites et al. (2008) 

Less adhesion between 
starch granules and protein 

matrix 

Greater adhesion between 
starch granules and protein 

matrix 

Csóti et al. (2005), 
Simmons et al. (1973) 

 
SKCS values between 14-40 SKCS valued between 45-90 Beecher et al. (2002) 
 

1.7.2 Measurements of wheat grain texture 

Methods utilised for the measurement of wheat grain texture typically quantify the 

texture of bulk grain lots or individual kernels, and provide a discrete, numerical 

separation of the qualitative classes of wheat is obtained (reviewed in Morris, 2002).  

Methods such as modified particle size index (PSI), Brabender Quadrumat flour milling, 

near-infrared reflectance (NIR) spectroscopy, and the single-kernel characterization 

system (SKCS) are the three most common methods used to measure hardness.  PSI and 

NIR are methods that rely on particle size distribution, with PSI quantifying granularity 

through sifting the milled material and NIR indirectly assesses particle size through 
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optical reflectance of ground samples (Yamazaki, 1972).  The SKCS relies on the force 

required to crush individual kernels.  It is a rapid and accurate measurement that utilizes 

a small quantity of the sample (Morris, 2002). 

 

 

1.8 Classical genetics of hardness and the discovery of friabilin 

The genetic studies of grain texture inheritance had been initiated due to commercial 

interests and breeding of hard and soft wheats (reviewed in Morris, 2002).  Grain 

texture was linked to a single major gene (Mattern et al., 1973; Symes, 1965, 1969).  

The gene was localised to chromosome 5D (Mattern et al., 1973).  Following this, the 

locus was determined to be on the short arm of chromosome 5D and the gene was 

designated Hardness (Law et al., 1978).   

 

Simmonds et al. (1973) showed that the degree of adhesion between starch and proteins 

were varied between hard and soft wheats with stronger adhesion between starch 

granules and storage protein in hard wheat compared to soft wheat.  In soft wheat, 

starch separated easily from storage protein.  A 15kDa protein was discovered through 

electrophoretic separation of proteins extracted from the surface of water-washed starch 

granules (Greenwell and Schofield, 1986).  This protein was present in large amounts in 

soft wheats while hard wheat showed small amounts and durum wheats lacked it.  This 

starch granule associated protein was termed ‘friabilin’, to highlight that soft wheats 

were more friable than hard wheats (Morrison et al., 1992).  The biochemical linkage 

with grain texture and friabilin was also observed in other studies (Bettge et al., 1995; 

Glen and Saunders, 1990).  Friabilin (called grain softness proteins by other research 

groups) were found to be present in whole meal kernel extracts of both hard and soft 

wheats.  However, the amounts of this protein isolated from water washed starch 

differed in soft and hard wheats (Jolly, 1993; Jolly et al., 1996; Rahman et al., 1994).   

 

The occurrence of friabilin on starch granules were likely mediated by polar lipids 

(glycolipids and phospholipids).  The pattern of occurrence of these polar lipids on the 

surface of water washed starch granules, were the same as the occurrence of the friabilin 

phenomenon (more in soft wheats and less in hard wheats)  (Greenblatt et al., 1995).  

The interaction of friabilin with starch granules were shown to involve ionic and 
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hydrophobic characteristics (Greenblatt et al., 1992, 1995).  Friabilin was later found to 

be composed of multiple proteins (Morris et al., 1994; Oda, 1994; Oda and Schofield, 

1997; Rahman et al., 1994; Sulaiman et al., 1993).  Some of the proteins isolated from 

this 15 kDa friabilin were found to be antigenically related to α-amylase inhibitors 

(Jolly et al., 1993).    

 

 

1.9 Molecular basis of grain hardness 

1.9. 1 Discovery of the puroindolines (PINs) 

N-terminus amino acid sequencing of three of a 20 kDa, TritonX-114 (detergent used in 

extracting flour lipids and lipid binding proteins) soluble proteins from wheat flour, 

identified two protein sequences of high homology (Blochet et al., 1993).  Based on the 

presence of a tryptophan domain of one of the completely sequenced protein, it was 

called puroindoline, which is derived from the Greek term ‘puro’ for wheat and indoline 

for the indoline ring of tryptophan.  Gautier et al. (1994) isolated two types of cDNA 

(complementary DNA) clones of which their putative protein sequences corresponded 

to both the above proteins and were termed puroindoline-a and puroindoline-b.  Other 

studies showed that the two PIN proteins are primary components of friabilin (Jolly et 

al., 1993; Oda and Schofield, 1997).  The third protein of the TritonX-114 extract most 

likely corresponded to the grain-softness protein (GSP-1), another component of 

friabilin and is discussed in section 1.9.3. 

 

1.9.2 Biochemical properties of PINA and PINB proteins 

Puroindoline-a (PINA) and Puroindoline-b (PINB) are unique among other plant 

proteins because of the Cys rich backbone and the tryptophan rich domain (TRD) that 

are conserved (Blochet et al., 1993; Gautier et al., 1994).  The TRD of PINA consists of 

5 Trp residues (WRWWKWWK) while the TRD of PINB consists of 3 Trp residues 

(WPTKWWK).  The proteins are about 13 kDa, consisting of 148 amino acids and are 

highly basic with a pI of 10.5 for PINA and 10.7 for PINB (Gautier et al., 1994).  They 

are 59.5% identical and are 67.5% similar.   

 

Both are synthesized as pre-pro-proteins with the N-terminal cleavable peptide (the first 

28/29 amino acid residues) of which the potential processing for PINA occurs after the 
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28th amino acid residue and the potential processing for PINB occurs after the 29th 

amino acid residue.  These N-terminal cleavable peptides comprise the signal peptide 

that could play a role in intracellular targeting (reviewed in Bhave and Morris, 2008a; 

Gautier et al., 1994). C-terminal processing has also been suggested for both the PINs 

(Day et al., 2006).  The polymorphic forms at the C-terminus of PINA are either with or 

without the Ile-Gly extension, after Thr.  For PINB, the C terminus were found to be 

with or without a Tyr-Tyr after Ser-Gly (reviewed in Bhave and Morris, 2008a; Day et 

al., 2006) (see Figure 1.6).  Variation at the cleavage sites have also been attributed to 

the differences spots of 2-dimensional gel electrophoresis PINA and PINB spots, 

slightly different in molecular weight and isoelectric points (Branlard et al., 2003).  

 

 
                             Signal peptide                                                                                           H1 

                  
                 10         20         30         40         50         60                 
         ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
PINA     MKALFLIGLL ALVASTAFAQ YSEVVGSYDV AGGGGAQQCP VETKLNSCRN YLLDRCSTMK   
PINB     MKTLFLLALL ALVASTTFAQ YSEVGGWYNE VGGGGGSQQC PQERPKLSSC KDYVMERCFT  
 
 
  
                 TRD                               H2                                             H3                                  H4 
 
                  70         80         90        100        110        120              
         ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
PINA     DFPVTWRWWK WWKGGCQELL GECCSRLGQM PPQCRCNIIQ GSIQGDLGGI FGFQRDRASK   
PINB     MKDFPVTWPT KWWKGGCEHE VREKCCKQLS QIAPQCRCDS IRRVIQGRLG GFLGIWRGEV   
 
 
 
 
                 130        140           
         ....|....| ....|....| ....|.... 
PINA     VIQEAKNLPP RCNQGPPCNI PGTIGYYW*  
PINB     FKQLQRAQSL PSKCNMGADC KFPSGYYW*  
 

 
Figure 1.6 Structure of PINA and PINB. Red arrow downwards: potential N-terminal cleavage 
sites (after the 28th residue for PINA and after the 29th residue for PINB).  Black arrow 
downwards: potential C-terminal cleavage site for PINA, Black arrow upwards: potential C-
terminal cleavage site for PINB. The full length PIN protein structures were first described by 
Gautier et al. (1994).  The 4-alpha helices shown have been determined by Le Bihan et al. 
(1996).  The tertiary structure of PINs is discussed in section 1.15. 
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1.9.3 Biochemical properties of the GSP-1  

The Grain softness protein-1 (GSP-1) protein is a minor component of friabilin 

(Rahman et al., 1994).  The GSP-1 is closely related to the PINs and they belong to the 

same group of proteins that include the chloroform-methanol soluble proteins and the 

non-specific lipid transfer proteins (ns-LTPs) (Gautier et al., 1994).  The GSP-1 is 

approximately 164 amino acids long with 40% identity and 60% similarity to the PINs.  

Like the PINs, the GSP-1 has 10 conserved Cys residues and a TRD consisting of 2 Trp 

residues.  The N-terminus of GSP-1 is not known, however, the first 20 amino acid 

residues are suggested to form the signal peptide (reviewed in Bhave and Morris, 

2008a).  Transcripts of GSP-1 could be extracted from both soft and hard wheat grains 

from about half-way through grain filling (Rahman et al., 1994).  The GSP-1 protein 

sequence is shown in Figure 1.7. 

 

 
                  Predicted signal peptide  

 

                10        20        30        40        50        60            
        ....|....|....|....|....|....|....|....|....|....|....|....| 
GSP-1D  MKTFFLLAFLALVVSTAIAQYAEVPSPAAQAPTADGFGEWVAIAPSASGSENCEEEQPKV  
                      
                           TRD 
 
                 70        80        90       100       110       120         
        ....|....|....|....|....|....|....|....|....|....|....|....| 
GSP-1D  DSCSDYVMDRCVMKDMPLSWFFPRTWGKRSCEEVRNQCCKQLRQTTPRCRCKAIWTSIQG  
 
 
                130       140       150       160          
        ....|....|....|....|....|....|....|....|....| 
GSP-1D  DLSGFKGLQQGLKARTVQTAKSLPTQCNIDPKFCNIPITSGYYL*  
 
 
Figure 1.7 GSP-1 protein sequence. Adapted from Rahman et al. (1994). The predicted signal 
peptide is based on alignment with the PINs.  
 

 

1.9.4 Structure of the puroindoline (Pin) genes 

The puroindoline-a (Pina-D1) and puroindoline-b (Pinb-D1) isolated from common 

wheat are intronless.  Both genes are about 447bp long. The genes are 70.2% identical 

at the coding regions but only close to 53% identical in the 3’ untranslated region 

(Gautier et al., 1994).  A complete sequence of a 101-kb BAC clone from T. 

monococcum which includes Pina, Pinb and Gsp-1 was reported.  The genes Gsp-1, 
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Pina and Pinb are separated by 37kbp and 32kbp respectively and are organized in the 

same transcriptional orientation (Chantret et al., 2004).  

 

1.9.5 Gsp-1 genes 

The Gsp-1 genes are found on all of the three chromosome 5 genomes (A, B and D) in 

common wheat (Chantret et al., 2005; Jolly et al., 1996).  Like the Pins they are 

intronless genes of 495bp (48bp longer than the Pins in the coding region). The genes 

are approximately 42% identical to the Pin genes (Gollan et al., 2007; Massa et al., 

2004; Rahman et al., 1994).  The Gsp-1 genes comprise of a multigene family in some 

genomes of wheat (Gollan et al., 2007).  As these genes are found in durum wheats that 

lack the Pins, they could contribute to the minor variation in grain texture of this wheat 

type.  Interestingly, the N-terminal of GSPs (corresponding to positions 21-35 in Figure 

1.7) is identical to the arabinogalactan peptide (AGP) moiety, suggesting that the AGP 

peptides are processing products from GSPs (Van den Bulck et al., 2002; 2005).  The 

AGPs are a family of glycosylated hydroproline-rich glycoproteins possessing roles in 

plant growth and development, including a possible role in cell wall architecture of the 

wheat endosperm (Pellny et al., 2012; Showalter, 2001). 

 

1.9.6 Relationship between Pin and Gsp-1 genes and grain texture 

In soft wheat, both the Pina-D1 and Pinb-D1 are found in their wild and functional form 

(Morris, 2002).  In hard wheats, either of the genes is absent or possess mutations 

(Giroux and Morris, 1997; Giroux and Morris, 1998). Very hard durum wheats lack 

both the genes.  Both the Pin genes and Gsp-1, are localised at the Hardness locus, on 

the short arm of chromosome 5D (Jolly et al., 1993; Sourdille et al., 1996).  The tight 

linkage between the Pina and Pinb genes with grain texture has not been broken, that 

these genes are strongly associated with grain texture (Giroux and Morris, 1997; 

Lillemo and Morris, 2000; Lillemo and Ringlund, 2002; reviewed in Morris, 2002).  

The role of Gsp-1 in grain texture is vague, and altered dosage of Gsp-1 was not found 

to affect grain texture, like the Pin genes (Tranquilli et al., 2002).  Although Pina-D1 

and Pinb-D1 genes are found in Triticeae diploids, they are only present in the D 

genome of common wheat, and are absent in tetraploid wheats, T. turgidum ssp. durum 

(with A and B genomes) and T. timopheevii (with A and G genomes) (Gautier et al., 
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2000).   The soft textured Aegilops ventricosa, with the genomes D and N, was the first 

tetraploid wheat discovered to possess the Pin genes (Gazza et al., 2006).   

 

Pins have been deleted from chromosome 5A and 5B during the evolution of durum 

wheat which conferred the wheat with very hard texture.  BAC clone sequence from T. 

monococcum containing the Pina, Pinb and Gsp-1 contained repetitive elements 

(transposons), that are found mainly close to the Pina and Pinb genes (Chantret et al., 

2004).  The Ha locus is about 65kbp in the D genome of hexaploid wheat, and contains 

the three functional and intronless genes Gsp-1, Pina, Pinb, Pseudo Pinb and Pinb relic 

as well as several transposable elements.  Rearrangements involving these repetitive 

elements may explain the frequent deletions at this locus in genomes of polyploidy 

wheat species (Chantret et al., 2004, 2005).  Retro-element amplification and gene 

duplication led to the expansion of the Ha loci while inter-element recombination driven 

deletion led to the shrinkage of the Ha loci which affected the endosperm texture 

(Ragupathy and Cloutier, 2008).    

 

All three Gsp-1 genes (from genome A, B and D) are retained in common wheat (Jolly 

et al., 1996; Sourdille et al., 1996).  Most genes of common wheat, an allohexaploid 

exists as triplicate, homeologous sets (one for each genome), therefore the presence of a 

single major locus is in contrary to the allohexaploid nature of common wheat 

(reviewed in Mikulikova, 2007).  In common wheat, the soft texture was restored 

through the D genome donor, Ae. tauschii, and through this wheat introduced the Pina 

and Pinb genes during the formation of hexaploid wheat (Chantret et al., 2005; Gautier 

et al., 2000; Turnbull et al., 2003a).   

 

 

1.10 Allelic variation in the Pin genes  

The most common form of mutations in Pin genes are single nucleotide mutations in the 

coding sequence that results in: a) an amino acid substitution with another amino acid, 

b) an amino acid substitution with a premature stop codon, c) a frameshift  caused by a 

single base insertion or deletion (INDELs) (reviewed in Nadolska-Orczyk et al., 2009). 
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1.10.1 Nomenclature of Pins 

Based on the catalogue for Gene Symbols for wheat, puroindoline a and puroindoline b 

were abbreviated to Pina and Pinb, where the original name of the macromolecule is 

abbreviated to an italic symbol of 2 to 4 letters.  A hyphen is added, followed by the 

genome symbol for a homeologous series, e.g., Pina-D1 and Pinb-D1b.  Alleles are 

represented by lower case letter, e.g., the Pin alleles in Chinese Spring are Pina-D1a 

and Pinb-D1a.  This provides for orderly assignment of symbols to newly-identified 

alleles and allows ready comparisons of new variants with previously reported variants 

(Morris and Bhave, 2008).  

 

1.10.2 Wild-type Pin alleles 

The ‘soft’ phenotype requires the presence of both Pina-D1 and Pinb-D1 to be in the 

‘wild’ or functional forms.  The PINA and PINB proteins are a product of the wild Pin 

alleles designated, Pina-D1a and Pinb-D1b.  In hard wheats, the presence of either of 

these ‘wild’ forms of PIN proteins (products of either Pina-D1/Pinb-D1a) provide a 

partial ‘softening’ effect, either alone (in the absence of the other PIN protein), or in the 

presence of a variant form of the other PIN protein.  Kernels of wheats possessing these 

forms of PINs have intermediate levels of hardness (reviewed in Bhave and Morris, 

2008a).  

 

1.10.3 Point mutations in Pina-D1 

Point mutations reported in Pina-D1 include the ones that result in single amino acid 

substitution in the gene, premature stop codons as well as frameshifts in the PINA 

sequence (Chen et al., 2006; Gazza et al., 2005; Massa et al., 2004).  The frequently 

found point mutations among Pina-D1 alleles are SNPs (single nucleotide 

polymorphisms) resulting in a single amino acid substitutions or synonymous mutations 

that occur at a single point or several points in the coding region (Chen et al., 2006; 

Gedye et al., 2004; Massa et al., 2004;).  Examples of these are: a) Pina-D1d (two 

SNPs, leading to Arg58Gln and one synonymous mutation in the mature protein 

sequence), b) Pina-D1m (One SNP, leading to Pro35Ser in the mature protein 

sequence).  An example of Pina-D1 allele with a point mutation leading to a premature 

stop codon is Pina-D1n (Trp 43Stop codon in the mature protein sequence) (Chen et al., 

2006).   
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INDELs were infrequently found among the Pina-D1 alleles and examples of these are 

Pina-D1l (one base deletion leading to frameshift at Gln61 of the mature sequence) and 

Pina-D1p (one SNP on the signal peptide then one base deletion, leading to frameshift 

at Cys110 of the mature protein sequence (Chen et al., 2006).  Interestingly also 

Arg58Gln substitution was frequently found among these Pina-D1 alleles in Ae. 

tauschii, common wheats and synthetic wheats (Gedye et al., 2004; Massa et al., 2004).  

The substitution of the basic Arg58 residue with the uncharged Gln, a mutation 

occurring in the second helix could affect the charged interaction with lipid membranes.  

The point mutations in Pina-D1 alleles are summarised in Table 1.2. 

 
Table 1.2 Pina-D1 alleles with point mutations 

Pina-D1 
allele 

Description Wheat Reference 

SNPs leading to amino acid substitutions or synonymous mutations 
Pina-D1c 1 SNP, (Arg58Gln)# Ae. tauschii Massa et al. (2004) 
Pina-D1d 2 SNPs, (Arg58Gln and 1 

synonymous mutation)# 
Ae. tauschii Massa et al. (2004) 

Pina-D1e 2 SNPs, (Arg58Gln and 1 
synonymous mutation)# 

Ae. tauschii Massa et al. (2004) 

Pina-D1f 3 SNPs, (Arg58Gln and 2 
synonymous mutation)# 

T. aestivum Massa et al. (2004) 

Pina-D1g 1 SNPs, (1synonymous 
mutation)# 

Ae. tauschii Massa et al. (2004) 

Pina-D1h 2 SNPs, (Arg58Gln and 1 
synonymous mutation)# 

 
Synthetic wheat 

Gedye et al. (2004) 

Pina-D1i 2 SNPs, (Arg58Gln and 
Arg21Ser)# 

Synthetic wheat Gedye et al. (2004) 

Pina-D1j 3 SNPs, (Arg58Gln, Pro108Arg 
and one synonymous)# 

Synthetic wheat Gedye et al. (2004) 

Pina-D1m 1 SNP, (Pro35Ser)# T. aestivum Chen et al. (2006) 
Pina-D1o 2 SNPs,  (Arg58Gln and one 

synonymous mutation)# 
Ae. taushcii Huo et al. 

(unpublished) 
Pina-D1q 2SNPs,(Asn111Lys and 

Ile112Leu)# 
T. aestivum Chang et al. (2006) 

SNP resulting in premature stop codon 
Pina-D1n 1 SNP, (Trp43stopcodon) T. aestivum Chen et al. (2006) 
Point mutations due to INDELs 
Pina-D1l 1base deletion, (frameshift 

Gln61Lys)# 
T. aestivum Gazza et al. (2005) 

Pina-D1p 1SNP in signal peptide and 1 base 
deletion (frame-shitft at 
Cys110Ala)# 

T. aestivum Chang et al. (2006) 

Adapted from Bhave and Morris (2008a), # : mature protein sequence.  
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1.10.4 Duplications and deletions in Pina-D1 gene 

A partial Pina gene was identified in the long arm of chromosome 5D.  The gene was 

considered ‘partial’ because only a section in the putative mature protein sequence 

could be amplified which did not include the signal peptide and the sequence further 

upstream (Gazza et al., 2003).  A common Pina-D1 gene deletion that results in a 

PINA-null is Pina-D1b found mainly in North/South American and Australian wheats.  

The 15,380bp deletion starting from nucleotide 23 of the Pina-D1 coding sequence 

causes failure to produce a Pina-D1 amplicon. This allele has been reported widely 

among landraces and cultivars (Giroux and Morris, 1998; Ikeda et al., 2010; Lillemo 

and Morris, 2000; Morris, 2002; Pickering and Bhave, 2007).  Two other forms of Pina-

D1 that also results in PINA-null products were found in Asian wheats (Ikeda et al., 

2010).  The 4.4kb deletion was designated Pina-D1r and the 10.5kbp deletion was 

designated as Pina-D1s.  PINA null alleles have a harder texture than other prevalent 

hardness alleles (Morris, 2002).  The deletions in Pina-D1b, Pina-D1r and Pinb-D1s are 

illustrated in Figure 1.8.  

 
Figure 1.8 Schematic representation of Pina deletions. Source: Ikeda et al. (2010).  The 
positions of the deletions are numbered from the start of the coding sequence for Pina-D1.  
Dashed lines indicate deletion regions.  The arrows show primer positions used for PCR 
amplifications of these Pina-D1-null alleles. 
 
 

1.10.5 Point mutations in Pinb-D1 

The Pinb-D1b allele with an SNP leading to the Gly46Ser substitution was the first 

mutation associated with hard texture in common wheat (Giroux and Morris, 1997).  

The mutation was suggested to alter the tertiary structure of PINB at the TRD and affect 

lipid binding and starch granule interaction, thus causing grain hardness.  This mutation 
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is widely reported from wheats around the world (Chen et al., 2006; Lillemo et al., 

2006; Pickering and Bhave, 2007; Xia et al., 2005).  Wheats possessing this allele were 

slightly softer that the Pina-D1b/Pinb-D1a (PINA null) wheats (Morris, 2002). 

 

The Pinb-D1b and 5 other Pinb-D1 alleles (Pinb-D1c-Pinb-D1g) were the earliest 

reported Pinb-D1 alleles (Morris, 2002).  SNPs occurring at several points, causing 

amino acid substitutions or synonymous mutations are found in Pinb-D1 alleles from 

Ae. tauschii and synthetic wheats (Gedye et al., 2004; Massa et al., 2004).  Among the 

point mutation of Pinb-D1, mutation at position 44 of the mature protein sequence 

occurs more frequently and examples of these are, Pinb-D1d (Trp44Arg) (Lillemo and 

Morris, 2000), Pinb-D1f (Trp44stop codon) (Morris et al., 2001) and Pinb-D1q 

(Trp44Leu) (Chen et al., 2005a).  Pinb-D1p, Pinb-D1r, PinbD1s and Pinb-D1u and 

Pinb-D1aa possess deletions of a nucleotide, leading to frameshifts in the mature 

protein sequence (Chen et al., 2007b; Li et al., 2008; Ram et al., 2005; Xia et al., 2005).  

Point mutations identified to date in Pinb-D1 are listed in Table 1.3. 
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Table 1.3 Pinb-D1 alleles with point mutations 
Pinb-D1 allele Description Wheat Reference 
SNPs leading to amino acid substitutions or synonymous mutations (1-2 SNPs) 

Pinb-D1b 1 SNP (Gly46Ser)# T. aestivum Giroux and Morris, 
(1997) 

Pinb-D1c 1 SNP (Leu60Pro)# T. aestivum (European) Lillemo and Morris, 
(2000) 

Pinb-D1d 1 SNP (Trp44Arg)# Lillemo and Morris, 
(2000) 

Pinb-D1l 1 SNP (Lys45Glu)# T. aestivum Pan et al. (2004) 
Pinb-D1q 1 SNP (Trp44Leu)# T. aestivum Chen et al. (2005) 
Pinb-D1t 1 SNP (Gly47Arg)# T. aestivum Chen et al. (2006) 
Pinb-D1v 2 SNPs (Ala8Thr and Leu9Ile in 

the signal peptide) 
T. aestivum Chang et al. (2006) 

Pinb-D1w 1 SNP  (Ser115Ile)# T. aestivum Chang et al. (2006) 
SNPs leading to amino acid substitutions or synonymous mutations (more than 2, multiple SNPs) 

Pinb-D1h 29 SNPs, (12 a.a.s) Ae. tauschii Massa et al. (2004) 
Pinb-D1i 30 SNPs, (14 a.a.s) Ae. tauschii Massa et al. (2004) 
Pinb-D1j 19 SNPs, (9 a.a.s) Ae. tauschii Massa et al. (2004) 
Pinb-D1k 31 SNPs, (14 a.a.s) Ae. tauschii Lillemo et al. (2002) 
Pinb-D1m 28 SNPs,  (14 a.a.s) Synthetic wheat Gedye et al. (2004) 
Pinb-D1n 29 SNPs,  (14 a.a.s) Synthetic wheat Gedye et al. (2004) 
Pinb-D1o 28 SNPs, (14 a.a.s) Synthetic wheat Gedye et al. (2004) 

SNP resulting in premature stop codon 
Pinb-D1e 1 SNP (Trp39stop codon)# T. aestivum (American) 

 
Morris et al. (2001) 

Pinb-D1f 1 SNP (Trp44stop codon)# Morris et al. (2001) 
Pinb-D1g 1 SNP (Trp56stop codon)# Morris et al. (2001) 

Pinb-D1ab 1 SNP (Gln99stop codon#) T. aestivum Tanaka et al. (2007) 
Pinb-D1ac 2 SNPs (Cys57Tyr and Gln99 

stop codon)# 
T. aestivum Wang et al. (2008) 

Point mutations due to INDELs 
Pinb-D1p 1 base deletion (frameshift at 

Lys42Asn)# 
T. aestivum Xia et al. (2005) 

Pinb-D1r 1 base deletion, (frameshift at 
Glu14) 

T. aestivum, (Indian) 
 

Ram et al. (2005) 

Pinb-D1s 1 base deletion and 1 SNP, 
 (frameshift at Glu14) 

Ram et al. (2005) 

Pinb-D1u 1 base deletion  
(frameshift at Glu14)# 

T. aestivum Chen et al. (2007) 

Pinb-D1aa 1 SNP, 1 base deletion 
(frameshift at Lys42) 

T. aestivum Li et al. (2008) 

Adapted from Bhave and Morris, 2008a, #: mature protein sequence, a.a.s: amino acid 

substitutions 

 

1.10.6 Duplications and deletions in Pinb-D1 gene 

A Pina-D1a/Pinb-null allele was reported in a Chinese wheat, Jinguangmai (Chang et 

al., 2006).  The BAC sequencing of the Hardness locus identified two more Pinb-like 

genes, which are ‘Pseudo Pinb’ and Pinb relic’.  They are partial genes, with more 

variation.  These genes may have occurred through duplication events (Chantret et al., 

2005). 
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1.10.7 Mutations in both Pin genes 

Mutations in both Pin genes are rare; examples of such wheats are: a) cv. Red Egyption 

with Pina-D1b/Pinb-D1b haplotype, exhibiting hardness levels within the range of 

typical hard wheats (reviewed in Bhave and Morris, 2008a), b) common wheats, µu-61 

and µu-68 (Pina-null/Pinb-D1b) (Chang et al., 2006), and c) Tachun3 (Pina-null/Pinb-

D1v), and µu-27 (Pina-D1q/Pinb-D1b) (Chang et al., 2006). 

 

1.10.8 Limitation of variability of the Pin alleles in Australian wheat germplasm                                 

The various hardness types found in wheat benefit the grain and food industry 

greatly by providing with a range of food processing qualities.  Apart from that, grain 

hardness is an important criterion for plant breeding because if not taken into 

consideration, it can lead to unpredictable variation of hardness/softness and mixed 

cultivars.  In the event of searching for genetic diversity in Pin genes, previous studies 

have indicated there is lack of it among Australian hard wheat types to provide 

the degrees of product quality required by the grain and food industry (Cane et al., 

2004; Pickering and Bhave, 2007).  So far among the Australian cultivars studied, only 

the Pina-D1b and the common Pinb-D1b mutation types have been identified.  Thus, 

there is a real need for new genetic resources that can provide a range of genotypes 

for use in the domestic wheat market and to be competitive in export.   

 

 1.10.9 The search for diversity in grain hardness using genetic approach  

Assessing diverse landraces of wheats offer a greater understanding of grain hardness 

and the much needed dimensions and genetic resources for introduction into the 

Australian wheat industry.  The landraces of common wheat covering area of Europe 

and Asia, notably from the region of common wheat origin, provide further unexplored 

genetic resources.  As the relevance of differences in  grain hardness for certain food 

products has been well established, genetic approaches can be used to develop and 

identify a range of grain textures suitable for the food industry.  This can be achieved by 

integrating appropriate landraces or synthetic wheats into Australian wheat by breeding 

programmes.  Synthetic wheats are human-mediated T. turgidum × Ae. tauschii crosses 

that mimic the proposed natural hybridization events that produced bread wheat 

(CIMMYT, http://apps.cimmyt.org/Research/Economics/PDFs/cimimp98.pdf), 

potentially possess novel Pin alleles from the D genome of Ae. tauschii. 

http://apps.cimmyt.org/Research/Economics/PDFs/cimimp98.pdf
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1.10.10 Diversity of Pin genes in Chinese wheat 

There are many new Pin alleles discovered from Asian wheats, especially Chinese 

wheat and this indicates that these wheats contain a diverse Pin genes pool.  China is the 

secondary origin for wheat with a broad diversity in the germplasm. Chinese wheat 

germplasm differs from that of other countries in several aspects (He et al., 2001). There 

are about 13,370 landraces at the national gene bank which are unique resources 

because they were collected from various parts of China in the early 1950s.  More than 

2,000 cultivars have been released in China since 1949, and breeding efforts in the 

1950s and early 1960s were largely dependent on the crossing of outstanding Chinese 

landraces with elite introductions from USA, Italy, and other countries. Both Chinese 

landraces and historical cultivars are unselected populations for grain hardness since an 

intensive selection for quality improvement did not start until the late 1990s.  Due to 

this, the Chinese landraces and historical cultivars are excellent resources to study the 

allelic variation of PINA and PINB in bread wheat.  

 

 The current Chinese cultivars have narrow range of Pin based hard wheat although the 

genetic pool among the Chinese landraces appears diverse.  Most hard common wheats 

from China, Japan and North Korea are of the Pinb-D1b allelic type (Ikeda et al., 2005). 

Quite commonly found also are the Pina-D1b and Pinb-D1c among Japanese cultivars.  

One study showed that the PINA null wheats were the most common among hard 

Chinese landraces followed by Pinb-D1p while in historical cultivars; PINA nulls and 

Pinb-D1b were found more frequently (Chen et al., 2006).  Among the Chinese 

Shangdong wheats, the Pinb-D1p allele was more frequently found in comparison to the 

Pina-D1b and Pinb-D1b allele among the hard landraces, however the Pinb-D1b allele 

was the only hard genotype in the current cultivars (Li et al., 2008).  The list of Pin 

alleles discovered from Chinese and other Asian wheats are shown in Table 1.4.   
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Table 1.4 Allele diversity in Chinese, Japanese and Korean wheats 
Source Pin alleles Reference 

Chinese, Japanese and Korean 
cultivars Pina-D1b Ikeda et al. (2005), Chang et al. 

(2006) 
Chinese, Japanese and Korean 

cultivars Pinb-D1b Ikeda et al. (2005) 

Chinese cultivar 
GaoCheng 8901 Pinb-D1l Pan et al. (2004) 

Chinese landraces, historical 
cultivars Pina-D1l Chen et al. (2006) 

Chinese cultivar, Jingdong 11 Pina-D1a/Pinb-D1q Chen et al. (2005) 

Chinese winter wheats Pina-D1a/Pinb-D1p Xia et al. (2005) 
Ikeda et al. (2005) 

Korean cultivars 
 

Pina-D1k 
(Pina-D1b/Pinb-D1h(t)) 

 
Ikeda et al. 2005 

Japanese cultivars Pinb-D1c Ikeda et al. 2005 
Chinese cultivar 

µu-61, µu-68 PINA-null,Pinb-D1b Chang et al. (2006) 

Chinese landraces Pina-D1m/Pinb-D1a Chen et al. (2006) 
Chinese landraces Pina-D1l PINA null Chen et al. (2006) 
Chinese landraces Pina-D1n/Pinb-D1a Chen et al. (2006) 

Chinese 
Cultivar, µu-27 Pina-D1p/Pinb-D1b Chang et al. (2006) 

T. aestivum, Chinese cultivars, 
Yunnan wheats Pina-D1a/Pinb-D1u Chen et al. (2007) 

Chang et al. (2006) 
Chinese cultivar, Tachun 3 Pina-null/Pinb-D1v Chang et al. (2006) 
Chinese cultivar, Jing 771 Pina-D1a/Pinb-D1w Chang et al. (2006) 

Chinese landraces, historical 
cultivars Pinb-D1p, (PINB null) Li et al. (2008) 

Chinese landraces Pina-D1a/Pinb-D1t Chen et al. (2006) 
Chinese landraces Pinb-D1ac Wang et al. (2008) 
Chinese landraces Pinb-D1aa Li et al. (2008) 

Chinese and  Korean cultivars Pina-D1r Ikeda et al. (2010) 
Chinese and Japanese cultivars 

and Japanese landraces Pina-D1s Ikeda et al. (2010) 

Adapted from Bhave and Morris, (2008a) and Nadolska-Orczyk et al. (2009). 

 

1.10.11 The effects of different Pin alleles on end-use quality 

The effect of different Pin alleles on the processing quality is important for future 

quality. In determining the better wheat quality for Chinese raw white noodle, Pina-

D1a/Pinb-D1e and Pina-D1a/Pinb-D1g produced the best total noodle score in terms of 

noodle viscoelasticity while Pina-D1a/Pinb-D1d had a lower smoothness score, and the 

lowest value was observed in a Pina-D1b/Pinb-D1a genotype.  Pina-D1a/Pinb-D1d, 

however, had better milling qualities with the lowest grain hardness and starch damage, 

with higher break flour yield, and less reduction flour yield and flour colour whereas 

Pina-D1a/Pinb-D1e and Pina-D1a/Pinb-D1g had slightly superior qualities in 

comparison with other genotypes (Ma et al., 2009). The 'synthetic wheats' (D genome 

diploid species can be crossed with tetraploid T. turgidum) is useful in designing new 
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wheat types that can be incorporated into breeding programs.  Feiz et al. (2009a) used 

ethylmethane sulfonate mutagenesis, to create new Pin alleles in the soft wheat spring 

cultivar Alpowa which resulted in the creation of 18 new Pin alleles.  The grain 

hardness of seeds containing  4 of the new alleles were measured  and were found to 

account for up to 94% of the variation in grain hardness.  The percentages of function-

abolishing mutations (softness) were higher for PINB, suggesting that PINB has a major 

role in grain hardness (Feiz et al., 2009b).  Selection of new Pin alleles using direct 

phenotyping or direct sequencing has been shown to be a successful measure in 

increasing allelic diversity, improving wheat quality and is a useful approach in 

understanding the function of the Pin genes.   

 

1.10.12 Evidence of transgenic Pin genes altering grain hardness 

The PINS are the only available marker to improve wheat hardness in breeding 

programmes (Marion et al., 2007). Plants with genetic modifications of the Pin genes/ 

promoters are useful as experimental systems for more detailed, functional analysis of 

these genes.  In addition, it may also provide the plants with certain desired 

characteristics.  It is already known that the exploitation of natural variation in grain 

hardness in wheat has created market niches for the utilization of each major type of 

grain hardness.  Genetic transformation studies, as described below have showed a 

causal relationship between PINs and grain hardness.  This is an indication that 

modification of kernel texture, if introduced into cereals such as rice, corn and sorghum, 

through genetic transformation would enable new end product qualities with added 

value.  Although there is still a wide misconception in the general public regarding 

genetically modified (GM) foods (Dibden et al., 2011) the importance of GM foods 

could made clearer through more information and education.      

 

The Pin genes were useful in altering the grain hardness of other cereal crop such as rice 

(Oryza sativa), in which these genes are not naturally found.  When PINs were 

introduced into rice under the control of the maize ubiquitin promoter, the transgenic 

rice seeds texture indicated that the expression of PINA and/or PINB had reduced the 

hardness of the rice grains (Krishnamurthy and Giroux, 2001).  The transgenic 

expression of the Pinb gene in rice was found to alter the ultrastructure of the rice 

endosperm cells, and was found to affect the surface of the starch granules.  The hard 
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wheat ‘Hi-Line’ possessing the Pinb-D1b allele, when complemented transgenically 

with the wild, Pinb-D1a allele was found to result in softer kernels (Beecher et al., 

2002).   

 

The expression of PINA and/or PINB in the transgenic ‘Hi-Line’ showed that both PINs 

were individually able to reduce softness but expression of PINB resulted in softer 

kernel (Hogg et al., 2004).  A PINA-null wheat, ‘Bobwhite’, possessing the alleles 

Pina-D1b/Pinb-D1a, when transformed with Pina-D1a, was found to confer softness to 

the kernel of this wheat (Martin et al., 2006).  This work also showed that there was 

increase in starch bound PINA and PINB suggesting that both proteins are required for 

‘softness’ effect. The crossing of the transgenic ‘Hi-Line’ wheat with a soft wheat 

resulted in progenies expressing different levels of PIN proteins (Swan et al., 2006).  

The wheat that expressed added PINB was softer and was found to have more starch 

bound PINs.  Wheats expressing added PINA, had increase of only starch bound PINA.  

This work suggests that PINB has a role in assisting PINA’s binding to starch.  When 

transgenic wheats expressing either added PINs were crossed with PINA-null or PINB 

null wheats, the resulting progeny showed that each PIN was on its own able to bind to 

starch and caused intermediate hardness.  This work supports the requirement of both 

Pins in their wild form for the ‘soft’ effect.   

 

The effect of Pina on grain texture has been implicated with the over-expression of 

foreign Pina in a Chinese bread wheat cultivar. The over-expression led to the co-

suppression of the endogenous and exogenous Pina (silencing of Pina) and alteration of 

kernel hardness, with the transgenic lines exhibiting variability in hardness levels (Xia 

et al., 2008). While some lines were harder, others were softer than the non-transgenic 

soft wheat control.  Quite interestingly, Zhang et al. (2010) showed that Pin expression 

in transgenic corn had increased germ size, germ yield and seed oil content, suggesting 

that transgenic corn expressing Pins could also increase food and feed value.  

Transgenic rice flour expressing Pinb was found to have reduced grain hardness (Wada 

et al., 2010).  Interdependence of the Pina and Pinb gene expression was observed in 

transgenic wheat, using RNA interference (RNAi), in which the silencing of either Pin 

gene was found to decrease the expression of the other Pin gene, and increased grain 

hardness (Gasparis et al., 2011).   
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 1.11 Expression of Pin genes 

1.11.1 Seed specific localization 

The Pins seem to have an endosperm specific role based on their expression pattern in 

wheat seeds and in transgenic plants.  The Pins and Gsp-1 genes seem to be expressed 

during the development of wheat seed, with Pins possibly expressed actively during the 

middle stages (7-18 days post anthesis (DPA)), while the Gsp-1 genes are possibly 

expressed slightly earlier (3-9 DPA) (reviewed in Bhave and Morris, 2008b).  Although 

the transcription process is halted soon after, the presence of all three proteins PINA, 

PINB and GSP-1 were detected in mature seeds.  Several studies have reported the up-

regulated expression of Pin genes in developing wheat seeds (Amoroso et al., 2004; 

Digeon et al., 1999; Gautier et al., 1994; Turnbull et al., 2003b).  Transcriptome 

analysis of the wheat seeds has detected the early expression of Pin and Gsp-1 genes 

(Kan et al., 2006; Laudencia-Chincuanco et al., 2007). 

 

The transcripts of Pin were not present in the roots and hypocotyls of the seedlings 

(Dubreil et al., 1998; Gautier et al., 1994). Pin expression was found in wheat seed 

tissue of which Pinb transcription was specifically found in the endosperm, aleurone 

and pericarp of developing seeds, but not in embryo, leaf, root or shoot (Digeon et al., 

1999).  PINA and PINB proteins were located not only in the starch endosperm cell, but 

also in the aleurone layer in rehydrated mature seeds (Dubreil et al., 1998).  Capparelli 

et al. (2005) showed that both PINs are co-localized on the aleurone layer and the 

starchy endosperm of mature seeds. Gautier et al. (1994) have suggested that the PINs 

could be synthesized in the aleurone and transported to the endosperm.  In transgenic 

wheat, promoters of Pina and Pinb are mainly induced in the starch endosperm cells 

(Wiley et al., 2007).  Expression was low in the sub-aleurone cells containing little 

starch and transgenic expression was not found in other seed or vegetative tissue.  In 

transgenic rice, the promoter of Pina was found to induce expression in the embryo, 

roots of seedlings and the pollen of dehiscent anthers during flower development 

(Evrard et al., 2007).  Pinb gene promoter induced expression in the starchy endosperm, 

aleurone layer and seed epidermis (Digeon et al., 1999; Evrard et al., 2007).  

 

The promoter sequences of Pinb were found to contain regions essential for endosperm 

specific expression (Digeon et al., 1999).  Elements such as the TATA and CAAT 
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boxes, the (CA)n element that confers tissue specificity, the CANNTG motif (also 

known as E box) which is the recognition sequence of basic region/helix-loop-helix 

proteins and the CACA box  (first reported in genes encoding legume seed) were 

identified.  The prolamin box (endosperm box) was also identified (Digeon et al., 1999; 

Lillemo et al., 2002).  Interestingly also the promoter of Pina was shown to be induced 

by fungal wounding (Evrard et al., 2007). 

 

 1.11.2 Expression in hard and soft wheats 

The promoters of Pina-D1 and Pinb-D1 of soft wheat and the hard Pina-D1a/Pinb-D1b 

were found to be the same, which suggests that transcriptional regulation of the Pin 

genes was similar for both these wheat types (Simeone et al., 2006).  The transcript 

levels have been found to be the same for Pina-D1 and Pinb-D1 have been noted for 

soft wheats and Pina-D1a/Pinb-D1b hard wheats (Giroux and Morris, 1997).  In soft 

wheats the Pina transcripts and the amount of PINA was found to be higher than the 

Pinb transcripts and the amount of PINB protein (Amoroso et al., 2004; Giroux et al., 

1997).  Using cDNA microarray comparison of Pina-D1b/Pinb-D1a (PINA null) hard 

wheat and a soft wheat, major difference were found for Pina expression but Pinb 

expression were found to be not significantly different (Clarke and Rahman, 2005).  The 

amount of starch associated PINB was reported to be higher in soft wheats compared to 

hard wheats, while the amount of starch bound PINA was the same in wheats of 

different hardness (Corona et al., 2001).  PINA and PINB proteins in soft wheats were 

found to be slightly more than in Pina-D1a/Pinb-D1b hard wheats, however Pina-

D1b/Pinb-D1a (PINA null) wheats had greatly reduced amounts of PINB (Turnbull et 

al., 2000).   

 

Measurement of Pina transcripts in soft and hard wheats showed that the soft wheats 

had the highest level of Pina expression. Pina-D1a/Pinb-D1b wheats had reduced 

amounts of Pina expression and Pina-D1b/Pinb-D1a wheat had no Pina expression 

(Capparelli et al., 2003). Using flow cytometry and a specific monoclonal antibody that 

recognizes PINA and PINB, total PIN content was measured and soft wheats were 

found to have the highest amount of PINs that were mainly starch-associated.   Pina-

D1b/Pinb-D1a wheats had very low PIN amounts with none bound to starch.  The total 

PIN content in Pina-D1a/Pinb-D1b wheats was found to be heterogenous and its 



Chapter  1                                                                                                            Literature review 

 

28 
 

association with starch was also variable.  The amount of Pina transcripts seem to be 

affected by not only variation in the Pina gene but also the Pinb gene.  In addition the 

expression of Pina regulates the total amount of PINs in the wheat kernels and the 

association of PINs with starch.  Amoroso et al. (2004) found that Pinb expression in 

soft wheats and Pina-D1a/Pinb-D1b and Pina-D1b/Pinb-D1a were the same but were 

expressed lower than Pina.  Starch bound PINA was more than starch bound PINB in 

soft wheat.  In the Pina-D1b/Pinb-D1a hard wheat, the starch associated PINB was low 

even though the transcript levels were similar between this hard wheat and the soft 

wheat.  The presence of PINA seems important for the binding of PINB to starch 

granules, suggesting some interdependence between the PIN proteins.   

 

 

1.12 Pinb-2 genes 

Due to the significantly different food technological properties associated with grain 

texture differences, there is a quest for Pin sequence variants that may offer a novel 

range of textures within the main classes (soft, hard, very hard) and thus end-product 

quality.  In this context, the recently reported second Pinb gene on group 7 

chromosomes (Wilkinson et al., 2008), designated Pinb-2 (Chen et al., 2010a), is 

notable.  Transcripts for three variant forms of this gene (variants 1, 2 and 3) were 

identified from developing grains of common and durum wheat, the putative protein 

sequences sharing only 57-60% identity with wild type PINB.  All exhibit the 

conservation of the characteristic 10 Cys residues as well as the TRD, although 

abbreviated to two Trp compared to five in PINA and three in PINB; this change could 

affect their lipid binding properties (Figure 1.9).  
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                     10        20        30        40        50        60            
            ....|....|....|....|....|....|....|....|....|....|....|....| 
 PINB-2v1   MKTLFLLALLSLVVSTTFAQYKEVGGSYENGGGGFGSQNCPSEKTKLDPCKDYVMERCLA  
                    
                   TRD 
 
 
                     70        80        90       100       110       120         
            ....|....|....|....|....|....|....|....|....|....|....|....| 
 PINB-2v1   VKGFSIARLLKWWKGACEQEALDQCCQQLRPIAKKCRCEAIWRAVQGNLGGIFGFQQGQI  
 
 
                    130       140       150   
            ....|....|....|....|....|....|. 
 PINB-2v1   TKQIQRAMMLPSKCKLDSNCKFVANNGYY**  
 
Figure 1.9 PINB-2v1 putative protein sequence (Wilkinson et al., 2008) 
 

 

 Other Pinb-like non-functional genes, termed ‘Pinb duplicate’ and ‘pseudo Pinb’ have 

been noted at the Ha locus (Chantret et al., 2005).  However, the Pinb-2 genes, first 

mapped to chromosome 7AL and linked to a minor quantitative trait loci (QTL) for 

hardness (Wilkinson et al., 2008), are the first Pin-like functional genes to be reported 

from a remote locus.  Chen et al. (2010a) identified the same three variants from another 

hard wheat cultivar and renamed them Pinb-2v1, Pinb-2v2 and Pinb2-v3.  They also 

identified a fourth variant (Pinb-2v4), and localized Pinb-2v1 on chromosome 7D, Pinb-

2v2 on 7BL, Pinb-2v3 on 7B and Pinb-2v4 on 7AL.  The study proposed the genes to be 

a homeologous series, and interestingly, Pinb-2v2 and Pinb-2v3 to be allelic.  Further 

work (Chen et al., 2010b) showed that the Pinb-2v2 allelic types may have a greater 

impact on texture variations within soft wheats.  Further, the Pinb-2 genes were 

assessed for grain yield, an important trait with known QTLs on various chromosomes 

including 7AL, 7BL and 7D (Kuchel et al., 2007, McIntyre et al., 2010; Quarrie et al., 

2005), and Pinb2-v3 rather than Pinb-2v2 allelic types, were found to be associated with 

favourable grain yield (Chen et al., 2010b).  

 

Due to the discrepancy regarding the location of Pinb-2 genes on different group 7 

chromosomes (Chen et al., 2010a ; Wilkinson et al., 2008), the genes were re-mapped in 

Chinese Spring and a durum using nullisomic-tetrasomic and substitution lines (Chen et 

al., 2011).  Pinb-2v1 localised to chromosome 7D and was absent in durum, supporting 

Chen et al. (2010a).  Pinb-2v2, present in Chinese Spring and absent in durum, localised 

to 7B, Pinb-2v3, present in durum and not Chinese Spring, also mapped to 7B, while 

Pinb2-v4, present in both wheat types, to 7A.  Chen et al. (2011) surveyed 19 durum 
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cultivars and found most of these to have a Pinb-2v3 Pinb2-v4 genotype one with 

Pinb2-v2/Pinb2-v4, supporting Chen et al. (2010b) that Pinb2-v2 and Pinb2v3 are likely 

allelic.  They also reported SNPs within Pinb-2v3 in durum, the variants Pinb-2v3a 

differing from Pinb-2v3 by an SNP at position 6 (G to T- causing amino acid mutation 

K2N), which involves the signal peptide region and Pinb-2v3b by an SNP at 311 (T to 

C- showing an amino acid change V104A) at the C terminal section of the deduced 

protein sequence.  They also reported a novel Pinb-2 in durum, designated Pinb2-v5, 

with high identity to Pinb2-v1 and Pinb-2v4 (96 and 96.5% respectively).   

 

The presence Pinb2-v5 in this durum accession, which also showed Pinb-2v4 (on A 

genome) and Pinb-2v2 or Pinb-3v3 (on B genome), suggested that there are at least two 

copies in either genome, raising the possibility of the Pinb-2 genes comprising of a 

multigene family (>1 gene within a genome).  Similar discrepancies exist for the related 

genes, such as the Gsp-1, where some reports show them as a single copy at the Ha 

locus on all group 5 chromosomes (Chantret et al., 2004; 2005; Turnbull et al., 2003a) 

but others suggest a multigene family (Gollan et al., 2007; Jolly et al., 1996).  This 

strongly suggests the Pin/Gsp gene family to be large and ancient, with several diverged 

subfamilies.  However, most interestingly, despite other variations, all assumed wild-

type members within each subfamily exhibit a conservation of the characteristics of 

basic pI, the structurally important 10 Cys and the functionally important TRD with at 

least 2 Trp in it.  

 

 

1.13 Pin-like genes in related species 

Pin-like genes, or the orthologs of Pins are found within the Triticeae and Avenaceae 

tribes and have been isolated from barley, oats and rye and they were respectively 

named hordoindoline, avenoindoline and secaloindoline (Gautier et al., 2000; Tanchank 

et al., 1998; reviewed in Nadoslka-Orczyk et al., 2009).  The phylogenetic relationship 

between Pin-like genes is shown in Figure 1.10. These intronless Pin-like genes have 

been shown to be highly conserved in cereals.  These genes display above 90.5% 

identity to Pina and 93.0-94.8% to Pinb. Both Pina-like and Pinb-like sequences are 

found in barley and oats rye (Gautier et al., 2000; Simeone and Lafiandra, 2005). These 

Pin-like genes were not found in maize, rice and sorghum.  In addition, these Pin-like 
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genes have been shown to be seed specific (Digeon et al., 1999; Gautier et al., 1994; 

Tanchak et al., 1998).    

 

  

 

 
Figure 1.10 Phylogenetic tree of the Pin-like proteins. Source: Charles et al. (2009).  The 
proteins  involved in the alignment are the PINs from wheat,  Hordoindolines from barley, 
trptophanins from oats, secaloindoline from rye, the GSP-1 proteins and a Hardness-like protein 
from Brachypodium (Ha-Brachy) . 
 
       

Wheat and barley are closely related (Figure 1.11) containing Pin/Pin like genes at the 

Ha locus and express PIN/PIN-like and GSP-1 proteins.  They are members of the 

Pooideae family.  Members of the Panicoideae (sorghum and maize)   and 

Ehrhartoideae (rice) do not have these Ha associated genes, all possessing hard 

endosperms (Gautier et al., 2000; Morris, 2002).  The divergence time point between 

wheat and rice is 60 million years, maize and wheat, 100 million years (Martin et al., 

1989) and wheat and barley being only 10-14 million years (Wolfe et al., 1989).  The 

genealogical tree constructed based on morphology and nucleotide sequence of rRNA 

resulted in two clusters: one with rice and maize and the other with wheat and barley 

(Figure 1.11).   
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Figure 1.11 Phylogenetic tree of the Poaceae (grasses) that form the most important 
cereal crops.  Source: Kellogg (2001). 
 

Friabilin-like proteins and GSP have been found in rye (Jolly et al., 1993; Morrison et 

al., 1992). The hordoindolines genes are homologues of wheat Pin genes and they 

comprise of Hina, Hinb-1 and Hinb-2 (Darlington et al., 2001; Gautier et al., 2000).  

The Hinb gene from barley has been mapped to the short arm of chromosome 5H which 

also contains Hina and Gsp genes. This chromosomal location coincides with a small 

barley malt-extract QTL, showing correlation between hordoindoline genes and barley 

grain quality (Beecher et al., 2001).  A frameshift mutation causing an in-frame stop 

codon was identified in Hinb-2 and the allele was designated Hinb-2b. Barley lines 

possessing this mutation, lacked the HINB-2 protein, and were significantly higher in 

grain hardness (Takahashi et al., 2010).   

 

 

1.14 Evidence of PIN antimicrobial activity 

One of the earliest reports of PINA and PINB having antifungal activity in-vitro was by 

Dubreil et al. (1998). The PINs were shown to be active against Alternaria brassicola, 

Ascochyta pisi, Botrytis cineria, Fusarium culmorum and Verticillium dahlia.  The 

antifungal activity was found to be synergistic when both the PINs were added.  

Synthetic peptide, designed based on the TRD of PINA (PuroA- 

FPVTWRWWKWWKG) was shown to have bacteriocidal effect on both Gram positive 

and Gram negative bacteria (Jing et al., 2003).  Phillips et al. (2011) tested wild type 

and mutant forms (based on the TRD) of synthetic peptide against Gram positive and 

Gram negative bacteria as well as phyto-pathogenic fungi such as Collectotrichum 

graminicola, Drechslera brizae, Fusarium oxysporum, Rhizoctonia cerealis and R. 

solani.  This work showed the importance of conserved amino acid residues at the TRD 
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with substitutions of residues in this region resulting in variation of antimicrobial 

activity.   

        
The PINs could be applied in the control the resistance of plant to biotic stresses 

through genetic engineering and/or the design of new biolipopesticides (Marion et al., 

2007).  One of the earliest evidence of in vivo PIN expression was reported by 

Krishnamurthy et al. (2001).  Recombinant technologies such as the use of bacterial 

expression systems involving a translational fusion strategy as well as cleavage and 

purification procedures of the recombinant PINs/GSP would provide to be useful tools 

in investigating structure-function relationships of these proteins.   

 

 For cultivar improvement, genetic engineering provides new alternative.  The Pin genes 

expressed in transgenic rice exhibited enhanced resistance against Magnaportha grisea 

and Rhizoctonia solani which are causal agents of rice blast and sheath blight 

respectively (Krishnamurthy et al., 2001).  The in vitro growth of these two major 

fungal pathogens in rice, were reduced by 35% to 50%.  This was an indication that 

similar results could be achieved by introducing the Pins in other crops including durum 

wheat that lack the genes, against various pathogens.  In addition to that, the proposed 

method of protecting wheat crops against disease, would meet the environmental 

standards by minimizing the use of pesticides.  

 

Transgenic apple plants, expressing Pinb under the control of CaMV35S constitutive 

promoter was found to induce partial resistance of scab, a disease caused by Venturia 

inaequalis either alone or together with the natural resistance gene, Vf (Faize et al., 

2004).  This group reported partial resistance in apple cultivars induced by the 

expression of Pinb alone or in association with a natural resistance gene. Venturia 

inaqualis causing scab, a destructive disease of commercial apple orchards, have 

overcome the Vf resistance gene used in apple breeding for scab resistance.  When 

the  apple genotypes were transformed via Agrobacterium tumefaciens with Pinb under 

the control of the cauliflower mosaic virus 35S (CaMV35S) constitutive promoter, a 

high efficacy of PINB was observed among the two apple genotypes used in the study, 

the scab susceptible cultivar and the hybrid cultivar carrying the Vf resistance gene. 

However the protection levels varied according to the strains of V. inaqualis.  It was 
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suggested that the antifungal transgenic mechanism of Pinb to be synchronized with a 

single natural gene resistance to increase apple scab durability. 

 

Tetraploid wheat (AABB genome) expressing Pina have been found to have enhanced 

resistance to leaf rust (Luo et al., 2007). The tetraploid wheat varieties Luna and 

Venusia are known to have poor yield because of their disease sensitivity.  However, 

when transformed with the Pina gene by bombardment, they were able to express PINA 

constitutively and significantly increase resistance to Puccinia triticina that causes leaf 

rust. The Pina expression construct used was pUbi-PINA which was created by fusing 

the Pina gene with the constitutively expressed maize ubiquitin promoter and the 

nopaline synthase (NOS) terminator.  Using antimicrobial peptides, such as the PINS 

are potential tools in controlling a wide range of plant pathogen using genetic 

engineering strategies. 

 

 The PIN proteins seem to be promising agents in treating skin infection cause by 

Staphylococcus epidermidis (Capparelli et al., 2007).  The recombinant PIN proteins 

have been shown to exert antimicrobial activity on Staphylococcus epidermidis. 

Another favorable property is their demonstrated non-haemolytic activity and non-

toxicity in mammalian cell lines.  PINs seem to be effective in vivo and provide 

resistance to Cochliobolus heterostrophus, the corn southern leaf blight pathogen.  Pina 

and Pinb were introduced into corn under the control of a corn ubiquitin promoter and 

transgenic corn expressing the Pins was effective in reducing the symptoms by 42% 

(Zhang et al., 2011). 

 

Over-expression of the PINS have been shown to induce significant increase of plant 

resistance toward their microbial pathogens and seem to be a promising tool in 

improving agronomic performances and food quality of crops. The PINS also could be 

applied in preservation of food products. 
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1.15 Properties of the PINs  

1.15.1 Tertiary structure 

What makes them unique among plant proteins is the presence of the TRD, rich in 

amphiphilic Trp with high affinity for lipid binding (reviewed in Bhave and Morris, 

2008b; Blochet et al., 1993). PINA and PINB have similar structure based on Raman 

spectroscopy with 30% alpha helices, 30% beta-sheets and 40% unordered structure at 

pH7. The 4 helical regions of PINA and PINB are illustrated in Figure 1.6. The 

predictive modelling of PINA, showing the 5 predicted disulphide bonds using I-

TASSER and the protruding TRD is shown in Figure 1.12.  The PINs are highly basic, 

comprise of 4 alpha helices and a protruding TRD (Bhave and Morris, 2008b; Le Bihan 

et al., 1996). Similar to ns-LTPs, the four alpha helices are separated by loops and 

stabilised by disulphide binds.  PINs have five disulphide bonds while ns-LTPs have 

four.  The TRD of PINs is enclosed by the two additional Cys residues not found in 

LTPs (see Figure 1.13).  The TRD is an extension stabilized by Cys28/Cys48 disulphide 

bridge in PINA and Cys29/Cys/48 disulphide bridge in PINB (Le Bihan et al., 1996).  

 

There is a unique tyrosine residue present which is hydrogen bonded to water (Le Bihan 

et al., 1996).  PINA forms aggregates in acidic and high ionic conditions, with the TRD 

being involved in the aggregate formation.  The folding pattern is pointed out to be 

similar to ns-LTPs and some amylase-protease inhibitors. The PINs seem to be 

members of a homogeneous structural family of plant proteins, derived from a common 

helicoidal defence protein ancestor (Le Bihan et al., 1996). In planta functional analysis 

of PIN proteins using chemical mutagenesis showed that structure-disrupting mutations 

or mis-sense mutations near the TRD caused abolishment of function (softness) (Feiz et 

al., 2009b).  The structural analysis of PINs has limitations due to their strong 

aggressive properties at high protein concentration, affecting crystallization and NMR 

investigations (Marion et al., 2007).   
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Figure 1.12 Structure prediction of PINA using I-TASSER. Source: Lesage et al. (2011). 
(http://zhanglab.ccmb.med.umich.edu/I-TASSER) displaying the 5 disulphide bonds: 
Cys20/Cys55 and Cys56/Cys104 are connected; Cys11/Cys66 and Cys68/Cys110 are 
positioned at close proximity and the TRD is enclosed by two unconnected Cys (Cys28, Cys48).   
The protruding TRD is displayed on the right. 
 
 
1.15.2 Lipid binding properties  

Studies regarding the association of friabilin with starch granules led to new 

perspectives of biochemical and genetic control of endosperm texture where polar lipids 

were involved in the interaction. Friabilin components were found to interact with 

starch through lipid mediated hydrophobic and ionic interaction (Greenblatt et al., 

1995).  Due to the association with lipids, the PINs were first isolated from the wheat 

endosperm using Triton X-114 phase partitioning (Blochet et al., 1993).  In baking, the 

PIN–lipid complex has important implications, especially by overcoming foam 

destabilization by lipids (Dubreil et al., 2002; Wilde et al., 1993).   In bread dough, 

PINA was shown to be associated with lipids in the matrix of the dough.  Addition of 

PINA in the bread dough, were shown to control the lipid partitioning and consequently 

gas bubble expansion and gas cell formation, thus impacting the bread making process 

(Dubreil et al., 2002).   

 

Both PIN proteins have been shown to have greater affinity at air-water interface for 

anionic polar lipids in comparison to neutral polar lipids extracted from wheat seeds 

(Biswas and Marion, 2006).  PINA has strong electrostatic interaction with anionic 

phospholipids and the protein formed aggregates at air-liquid and lipid interfaces 

(Dubreil et al., 2003).  The work of Le Guerneve et al. (1998) showed partial 

penetration of PINA into the bilayer of the anionic phospholipids and disrupts acyl 
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chain packing.  Dubreil et al. (1997) observed increased binding of PINA to both wheat 

phospholipids and glycolipids while PINB formed loose lipoprotein complexes.  

Mutations in PIN such as the Gly46Ser and Trp44Arg were shown to have decreased 

selectivity towards anionic phospholipids, suggesting that the lipid binding properties 

were fundamental for the hardness trait (Clifton et al., 2007).  The decreased selectivity 

also suggests that the antimicrobial activity of these mutant forms of PINB could be 

lower. Feiz et al. (2009c) found that both PINs increase seed phospholipid and 

glycolipid levels and that the abundance of both PINs correlates with levels of both 

lipids. 

 

Endosperm hardness did not show significant effect on the polar lipid contents in wheat 

whole-meal. However, there was a significant influence on the polar lipid composition 

of the polar lipids located on the surface of wheat starch.  The greatest quantities of 

polar lipids on the starch-surface occurred when both PINs were present in their wild-

type form (Finnie et al., 2010a). Starch-surface polar lipid content dramatically 

decreased when there was a null PIN protein or if PINB was in the mutated form.  The 

following study showed, flour of soft wheat lines and hard wheat textured wheat lines 

differed in polar lipid composition and content with the soft wheats containing 

significantly greater concentrations of glycolipids and flour from the hard-textured 

wheat lines having significantly greater concentration of phospholipids (Finnie et al., 

2010b).  

 

The TRD of PINs seem to be directly involved in lipid binding and this association may 

have biological implications, e.g., preventing microbial attack of the starch granule.  

The direct involvement of the TRD region with the starch granule surface was identified 

using in situ tryptic digestion and mass spectrometry (Wall et al., 2010).  The way PINA 

and purothionin interact with lipid membranes and the degree of penetration were 

showed to be different (Clifton et al., 2011).  PINA interacted with the lipid head-group 

regions while purothionin not only penetrated the lipid acyl chain region, probably 

forming membrane spanning ion channel, but also removed lipids from the air/liquid 

interface as part of its lytic activity.  These differences were attributed to the variation in 

the hydrophobic regions of the two proteins. 
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The prolamins are a group of seed storage proteins that form the dominant storage 

proteins of cereals and other members of the grass family (Radauer and Breiteneder, 

2007).  The sub-group of sulfur-rich prolamins consists of a repetitive domain rich in 

prolamin and glutamine as well as a non-repetitive domain that contains the conserved 

Cys residues.  The identification of related proteins are based on this conserved Cys 

skeleton such as the sulfur-rich prolamins, α-amylase/trypsin inhibitors as well as the 2S 

albumins found in dicotyledonous seeds (Kreis et al., 1985).  Members of this group 

that include the PINs and the ns-LTPs are also major lipid binding proteins present in 

cereal seeds (Douliez et al., 2000).  The LTPs are ubiquitous plant proteins, but the 

PINs and PIN-like proteins are found only in the Triticeae and Aveneae tribes. The 

LTPs and PINs are related in their primary and secondary structure features with unique 

‘cysteine signatures’ and high level closeness in their helix content, suggesting similar 

folding properties (Marion et al., 2007).   Both PIN proteins contain the 10 Cys residue 

backbone (also found in GSP-1).  The Cys residue pairing also includes the Cys-Cys 

and Cys-X-Cys, also found in LTPs (Figure 1.13).    

 

 
Figure 1.13 Cys backbone of PINs and LTP. Adapted from Douliez et al. (2002).   The 
diagram also shows the pairing of the cysteine residues. Note: PINs have two additional Cys 
residues (boxed) that enclose the TRD (Le Bihan et al. (1996). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PINs 

LTP 
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1.15.3 The TRD of PINs 

The TRD of PINs The basic and tryptophan residues at the TRD seem specifically 

important for antimicrobial activity. For example, both Trp and Phe are aromatic 

residues; however substitution of these Trp residues with Phe, caused major loss of 

activity while substitution of Arg with Gly at this domain reduced activity greatly 

(Phillips et al., 2011).   Single residue substitution at the TRD of PINB (Gly46Ser and 

Trp44Arg) which are mutations associated with hard wheat texture, were found to have 

decreased selectivity towards anionic phospholipids (Clifton et al., 2007).  The lipid 

binding mechanism of PINs influences grain hardness and this property could also be 

pivotal for their antimicrobial activity.  The Trp residues can form hydrogen bonds with 

both water and components of the lipid bilayers when residing in the interfacial region 

(Peterson et al., 2005).  

  

Peptides that are rich in Trp and Arg, such as the indolicidin and tritrpticin, have broad 

and potent antimicrobial activity (Chan et al., 2006).  Trp residues prefer interfacial 

region of lipid bilayers. Indolicin, the mammalian antimicrobial peptide, has been 

reported to possess an unusually high amount of Trp with basic amino acids. Trp 

residues have been shown to be involved in the toxicity of cobra venom (Gatineau et al., 

1987).   Peptides rich in Trp residues are shown in Table 1.5. Arg residues provide the 

peptide with cationic charges and hydrogen bonding properties that is required for 

interaction with anionic components found abundantly on bacterial membranes (Chan et 

al., 2006).  
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Table 1.5 Amino acid sequences of Trp rich antimicrobial peptides. Source: Chan et al. 
(2006) 
Name  Sequence  PDB code 
Indolicidin ILPWKWPWWPWRR-NH2 1G89, 1G8C 

Tritrpticin VRRFPWWWPFLRR 1D6X 

PuroA FPVTWRWWKWWKG-NH2 - 

CycloCP-11  IC1LKKWPWWPWRRC1K-NH2 1QX9 

Cyclo-combi RRWWRF 1QVL, 1QVK 

LfcinB FKC1RRWQWRMKKLGAPSITC1VRRAF 1LFC 

 

 

The 3D structure of micelle bound PuroA shows that all positively charged residues are 

placed close to the Trp indole rings, forming energetically favourable cation-

interactions which allow PuroA to penetrate bacterial membrane deeply and disrupt 

membrane bilayer structure (Chan et al., 2006; Jing et al., 2003) (Figure 1.14).  Cation–

π interactions make the entry of Arg into the hydrophobic environment inside a lipid 

bilayer energetically more favourable.   

 

 

 

 
Figure 1.14 Structure of Puro-A in the presence of SDS (sodium dodecyl sulfate) 
micelles. Source: Chan et al. (2006). The cation–π arrangement between Trp and Arg residues 
on the left side of the peptide are shown. Trp residues are highlighted in green, Phe is show 
orange, and Lys and Arg residues are presented in blue colour. The disulfide bridges are shown 
in yellow stick representation.  
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The parallel arrangement between Arg and Trp residues is preferred and is proven to be 

energetically favourable in aqueous solution as shown in Figure 1.15.  PuroA also 

interacted strongly and penetrated deeper into negatively charged phospholipids 

compared to neutral vesicles that suggests interaction with microbial membranes (Jing 

et al., 2003). 
 

 

 
 

Figure 1.15 Interaction between Arg and Trp. Source: Chan et al. (2006). This is the most 
favourable, parallel cation–π interaction between an Arg and a Trp side chain. Only in this 
orientation is the Arg still capable of hydrogen bonding with other species. 
 

 

1.16 The possible mode of action for PINs as antimicrobials 

Although the PINs affect the commercially important trait of grain hardness due to their 

lipid-binding nature, the antimicrobial properties of PIN proteins and peptides observed 

(Capperelli et al., 2005; Dubreil et al., 1998; Jing et al., 2003; Krishnamurthy and 

Giroux, 2001; Phillips et al., 2011) have led to suggestions that the biological role of 

these proteins are in seed defence.  PINs seem to be promising antimicrobial agents and 

an understanding of their possible mode of action is essential.  Although not the focus of 

this work, the possible mode of action for PINs shall be briefly discussed because 

understanding the way possible mode of action for these proteins is important for 

establishing future applications. 
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1.16.1 The antimicrobial proteins and peptides in plants 

The wheat plant is rich in antimicrobial peptides and consists of many families based on 

their Cys motifs such as defensins, thionins, LTPs and many more (Egorov et al., 2005).  

Hevein- like peptide, with a 10 Cys motif was isolated from Triticum kiharae, matching 

the disulfide bonds in some plant chitinases and possessing antifungal and antibacterial 

activity (Dubovskii et al., 2011).   Antimicrobial peptides play an important role in plant 

defence.  They are involved in the plant defence system as part of pre-existing, 

developmentally regulated defence barriers as well as components of the defence 

responses that are induced with infection (Garcı´a-Olmedo et al., 1998).  A possible 

defence role is considered for a peptide when observations of diverse nature such as the 

following are  found: (a) antimicrobial activity in vitro; (b) gene expression, peptide 

distribution, and peptide concentrations in planta (before or after infection) that are 

matching with a defence role; (c) correlation of the variation of expression levels 

(natural or genetically engineered) with the severity of symptoms; (d) correlation of the 

variation of the pathogen resistance to plant peptides (natural or genetically engineered) 

with virulence. 

 

Most plant pathogens grow extracellularly and they become affected by antimicrobial 

peptides with plant cell interactions (Broekaert et al., 1997).  The way antimicrobial 

peptides interact with membranes of microbes and multicellular organisms are 

fundamentally different, as shown in Figure 1.16 (Zasloff, 2002).  Bacterial membranes 

have a different organization where the outermost layer is heavily populated with lipids 

having negatively charged phospholipid headgroups.  On the other hand, the outermost 

layer of the eukaryotic membrane is composed of lipids with no net charge, and most of 

the negatively charged headgroups are positioned into the inner layers, facing the 

cytoplasm.  Antimicrobial peptides from insect such as the thanatin, caused aggregation 

at the negatively charged phospholipid membrane and caused cell death by impeding 

membrane respiration, exhausting intracellular potential and releasing periplasmic 

material (Wu et al., 2010). 
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Figure 1.16 The membrane target of antimicrobial peptides of multicellular organisms 
and bacteria. Source: Zasloff (2002). 
 

 

 

Peptides that form alpha helices seem promising therapeutic agents and demonstrate in 

vitro potency, but it is important to note that they principally act through electrostatic 

interactions and hydrophobic partitioning into membranes of microbial targets. As a 

result, they could also bind to host components, such as extracellular proteins, 

lipoproteins, anionic constituents of cellular surfaces and of extracellular matrix and 

host cellular membranes too. In order to avoid harmful side effects,   the clinical 

application of such peptides is best suited for external local infections (Tossi et al., 

2000). 

 

1.16.2 Possible mode of action  

Several studies have indicated the possible mode of action of the PIN proteins.  It has 

been hypothesized that PINs may bind strongly to polar lipids and to membranes and 

could be a membranotoxin (Blochet et al., 1993).  Using electrophysiological 

experiments on oocytes and artificial planar bilayers, channel formation has been shown 

as a mechanism for antimicrobial activity (Charnet et al., 2003). Clifton et al. (2011) 

compared the lipid interaction of PINA and purothionin, another basic, amphiphilic and 

Cys-rich protein of wheat. Although both proteins interact strongly with anionic 

phospholipids, the purothionins, having a large number of Leu residues on the outer 

surfaces of the two helices, seem to penetrate the lipid acyl chain region and remove 
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lipids from the interphase, suggesting ion channel formation and membrane 

phospholipid removal as part of its lytic activity. 

 

The involvement of the TRD in lipid binding has been proven using fluorescence 

emission and near UV CD spectroscopy (Kooijman et al., 1997).  In PINA, the TRD is 

involved in insertion into the lipid biofilm and interact with the lipid head group region 

of anionic phospholipids mostly due to external hydrophobic residues and cationic side 

chains at the TRD (Kooijman et al., 1998).  Interactions involving yeast, membrane 

showed that two Trps in particular, Trp41 and Trp44 at the TRD to be essential for the 

PINA, whereas Lys residues at this region were required for yeast membrane interaction 

of PINB (Evrard et al., 2008).  While PINA is capable of interacting with phospholipids 

and glycolipids, PINB interacts only with negatively charged phospholipids and forms 

loose complexes with glycolipids which involve ionic, hydrogen and hydrophobic 

bonds, however the integrity of the highly hydrophobic TRD is required for interaction 

with neutral polar lipids (Dubreil et al., 1997).  

 

Binding of cationic peptides, which may also apply to the PINs, to negatively charged 

bacterial cell surface is suggested to result in the destabilization of the membrane and 

allow entry of the peptides into the plasma membrane (Sitaram and Nagaraj, 1999) 

(Figure 1.17).  When the interaction of several Trp-rich cationic antimicrobial peptides 

such as tritrpticin, indolicin and lactoferrin B with synthetic membranes were studied, it 

was found that these peptides preferentially disrupt large unilamellar vesicles with a net 

negative charge (Schibli et al., 2002).  This occurs following their insertion into the 

interfacial region of the phospholipids bilayer.  There was a greater degree of Trp side 

chains burial in vesicles containing phospholipids with the anionic phosphatidylglycerol 

headgroup.   
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Figure 1.17 Binding of cationic peptide to lipid molecules at membrane surfaces. Source: 
Sitaram and Nagaraj, (1999). 
 

 

1.17 Possible physical interactions among the PINs, GSP-1 and PINB-2 

1.17.1 Possible interactions between PINA and PINB  

The presence of both PINs in their functional form at the surface of starch is required 

for the soft phenotype (Hogg et al., 2004). Although PINA and PINB are able to bind to 

starch granules independently of each other, the resulting grain texture is not soft, but 

intermediate (Feiz et al., 2009c; Wanjugi et al., 2007). The presence of both PINs is 

required for better binding of both PINs to starch (Hogg et al., 2004; Swan et al., 2006; 

Wanjugi et al., 2007). PINB has been shown to be more specific, than PINA (Wanjugi 

et al., 2007) and the limiting factor in starch binding and grain softness (Swan et al., 

2006). Increased levels of PINB was shown to elevate the total PIN levels and caused 

decreased grain hardness more when compared to increased levels of PINA.  Based on 

SDS-PAGE analysis of PIN variation of several hard wheats, PINA has been suggested 

to play a major role in the interaction of PINB with starch (Chang et al., 2006). These 

findings led to the speculation that the PINs interact with one another, and their 

interaction affects their ability to bind to starch (Bhave and Morris, 2008b).  

 

The work by Amoroso et al. (2004), Caparelli et al. (2003), Corona et al. (2001), 

Turnbull et al. (2000) indicate that the expression and presence of both PINs are 

required for increased amount of total PINs as well as association with starch granules 

and suggesting some co-operative role for the two proteins.  A hard red spring wheat 

cultivar, Hi-Line (Pinb-D1b), was transformed with the wild-type Pin alleles and 
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decrease in hardness was seen more with the addition of PINB rather than PINA (Hogg 

et al., 2004). It seems that the total amount of PINs is not as important as the need for 

both functional forms of the PINS to be present which could explain the very hard Pina-

D1b mutant wheats.  The requirement of both PIN proteins in polar lipid binding was 

shown by over-expression of PINA in PINA null lines and over-expression PINB in 

PINB null lines. Although the PIN proteins were independent of each other in localizing 

to the surface of starch granules, greater binding levels of the proteins to polar lipids 

was observed only when both PINs were present (Feiz et al., 2009c). 

 

The PINA proteins have been shown to form micelles, with the self assembly of PINA 

being driven by hydrophobic forces that involves intramolecular interactions between 

the tryptophan residues at the TRD (Clifton et al., 2011).  The presence of both wild 

type PINs, increased the equilibrium surface pressure at air/water interphase and 

penetration of the proteins into anionic phospholipids (Clifton et al., 2007). The amino 

acid substitution at the TRD of PINB, affected the degree of penetrations, suggesting 

that PINB is the limiting factor in this synergistic interaction with lipids.  All these 

studies present some indication that the PIN proteins may physically associate for 

functional purposes. 

                                       

 Based on these reports, the synergism between wild type PINA and PINB seems 

important for grain hardness and possibly in their antimicrobial activity.  A useful way 

of studying physical interactions between two proteins is using the yeast two-hybrid 

system (Fields and Song, 1989).  Using this system, physical interaction between the 

wild type PINs will be tested in this work.  In addition, the effect of variation in either 

PIN proteins (other alleles), can be tested, e.g., how it may affect the way they interact 

for the better understanding of the way these proteins function.   

 

 

1.17.2 Possible interaction between GSP-1 and PINB-2 with PINs 

Due to significant similarities to the PIN proteins, GSP-1 proteins have also been 

suggested to affect the texture of durum wheat lacking the PINs (Gollan et al., 2007).  

Work involving synthetic wheats showed that variation in kernel texture could be 

attributed genetically to the durum parents where a role for GSP-1, or for other QTLs 
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has been proposed.  In this aspect, even the PINB-2 contribute to minor variation in 

grain texture, having QTLs at chromosome 7 genomes (Chen et al., 2010a; Wilkinson et 

al., 2008). Due to abbreviated TRD in the GSP-1 and the PINB-2, they may have small 

lipid binding properties which in turn could affect texture.  The Hardness locus 

interaction with the locus on chromosome 7 had been suggested (Sourdille et al., 1996). 

 

The possibility of physical interaction occurring between GSP-1 and the PINs, have 

been suggested by Bhave and Morris (2008b).  GSP-1 amount have been found to be 

relatively higher in a few wheat cultivars lacking PINA and in durum wheat (Ikeda et 

al., 2005).  Multigene families such as the Gsp-1 may have may be products of selection 

pressure, and the multigene nature may have functional implications (Gollan et al., 

2007).  The possibility of GSP-1 protein interacting with PINs will be investigated in 

this work.   

 

1.17.3 Formation of dimers and oligomers among proteins for optimal function 

The proposed PINA and PINB interactions in conferring grain softness and defence 

again pathogen in previous work (Amoroso et al., 2004; Capparelli et al., 2005, Clifton 

et al., 2007) maybe important for functional stability of the proteins.  The self-

association of proteins to form dimers and oligomers has been suggested to be a 

common phenomenon and could play a key factor in the regulation of proteins such as 

enzymes, in channels receptors and transcription factors (reviewed in Marianayagam et 

al., 2004). Dimerization and oligomerization can confer several different structural and 

functional advantages to proteins, such as improved stability, control over the 

accessibility and specificity of active sites and increased complexity.  The formation of 

dimers may be advantageous for small proteins in comparison to multi-subunit single 

chain proteins (Marianayagam et al., 2004).  Protein interactions have also been 

suggested to manifest from ‘obligate complexes’ (Nooren and Thorton, 2003).  In this 

type of interaction, the two proteins cannot form stable structure on their own in vivo.  

 

 

1.18 Summary of above literature and current research questions 

The association of the Pins with grain texture have led to the search for new Pin alleles 

which could provide to be crucial for genetic improvement of wheat of processing 
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quality and an increase in diversity of end-products.  Reports of Pin alleles identified in 

Chinese landraces appear diverse, with various forms of mutations in both Pina-D1 and 

Pinb-D1, such as, synonymous mutations, amino acid substitutions, INDELs as well as 

gene deletions (Section 1.10.10; Tables 1.2 to 1.4).  It will be useful to study the Pin 

genes in Chinese wheat germplasm, to see if other new variations could be identified 

which will contribute to the current knowledge of Pin alleles.  Some of these wheat 

samples for testing are obtained in limited amounts and it would be difficult to employ 

current methods such as SKCS and PSI, commonly used to determine their physical 

hardness.  The effectiveness of other methods such as scanning electron microscopy 

(SEM) to determine hardness for such limited amount of samples should be tested.   

 

The suggestion that the Pinb-2 genes could be multi-genic (Section 1.12) requires 

further investigation in common as well as durum wheats.  Previous observations of 

Pins and Gsp showed that they could be members of an ancient gene family with the 

conserved 10 Cys residues and a TRD.  The extensive analysis of Gsp-1 by Gollan et al. 

(2007) in common, durum and diploid wheat showed many haplotypes being present in 

a single plant.  It will be important to investigate the different wheat types to see if other 

variations of the Pinb-2 genes can be identified that could be functionally important, the 

number of haplotypes that could be found in single wheat plants, as well as if the Cys 

residues and the TRD are still conserved.   

 

The synthetic peptides of PINA and PINB based on their TRD have been shown to be 

antimicrobial, with some variations among the different PIN alleles (Jing et al., 2003; 

Phillips et al., 2011) and it will also be important to investigate this aspect in the 

synthetic peptides designed based on the TRD of the putative PINB-2 proteins, 

especially since the amino acid residues at the TRD of PINB-2v3 is distinctive from the 

other PINB-2 protein sequences. 

 

Many studies have suggested through expression, transgenic and lipid binding analysis 

that the PINA and PINB require some form of interaction/interdependence to confer the 

soft phenotype (section 1.17).  However, the possibility of these proteins to physically 

associate need to be determined, which will be an important contribution to the 

understanding of the way these proteins could possibly function in affecting hardness. 
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1.19 The aims of the project  

The aims of this project are as follows:  

a) to investigate the Pina and Pinb genes in hexaploid landraces of wheat, mainly 

Chinese landraces, in search for new Pin alleles.   

b) to determine the grain hardness of selected wheats using scanning electron 

microscopy (SEM) as an alternative technique for samples in limited amounts. 

c) to investigate the Pinb-2 genes in accessions of durum and common wheats as well 

as in diploid progenitors in order to assess the extent of sequence diversity and copy 

numbers.   

d) to test the antimicrobial activity of synthetic peptides based on the TRD of the 

PINB-2 protein  

e) to test the proposed physical interactions between the PINA and PINB using the 

yeast two-hybrid system.   

f) to test the interactions of the GSP-1 protein and a PINB-2 protein (PINB-2v1-1, 

from a common wheat) with the PINs.   

 

  

1.20 Strategy of study 

The molecular study of Pin and Pinb-2 genes will be undertaken with a range of 

analysis including: 

a) sequence analysis of PCR products (Pin genes) and cloned products (Pinb-2 

genes).  The focus of Pina, Pinb and Pinb-2 gene analysis will be in Chinese 

wheat.     

b) determining the grain hardness of selected wheats (with variation in their Pin 

alleles) using SEM (based on the amount of starch grains bound to the protein 

matrix).  This investigation will be useful to understand the association of 

variation in Pin alleles with variation in grain hardness.   

c) predictive modelling of various members of the putative PINB-2 proteins to 

determine their possible tertiary structure which may provide some indications 

to the functional characteristic of these proteins.  In addition, other bioinformatic 

methods such as that for the phylogenetic analysis of the Pinb-2 genes, will be 

carried out. 



Chapter  1                                                                                                            Literature review 

 

50 
 

d) synthetic peptides designed based on the TRD of PINB-2 (PINB-2v1 and PINB-

2v3)  protein will be tested against bacteria and a range of fungi.  Testing of 

these peptides is important since the abbreviated TRD of the PINB-2 protein 

seem to resemble the TRD of PINs that have been shown to possess 

antimicrobial activity. 

e) the yeast two-hybrid system, a powerful biological tool to discover protein-

protein interactions will be used to examine the possible interaction between the 

PINA and PINB.  PIN proteins possessing the Gly46Ser mutation (PINB-D1b) 

will be included to determine the effect of this variation in terms of physical 

association with PINA.  The GSP-1D protein (from Ae. tauschii) and a PINB-

2v1-1 will be used to investigate their possible interactions with the PINs.  Any 

observed interactions/non-interactions could provide some explanation to the 

possible functional mechanism of these proteins. 
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2.1 Equipments and materials 

2.1.1Equipment 

The instruments and apparatus used to carry out experiments are listed in Table 2.1 and 

the commercial kits and solutions used are listed in Table 2.2 

 
Table 2.1 Instruments and apparatus  

Equipment Manufacturer Purpose 

MyCyclerTM Bio-Rad, California, USA PCR 
Electrophoresis power 

supply-EPS301 
Minnie Gel  Unit 

General Electric (GE) 
Healthcare, 

Buckinghamshire, UK 

Agarose gel electrophoresis 

Chemidoc XRS 
documentation station 

Bio-Rad, California, USA Visualisation of agarose gels under 
UV light 

C3040 digital camera Olympus, Tokyo, Japan Taking images of UV  exposed gels 
UV light transilluminator UVP, USA Agarose gel  visualization  

GeneQuantTM Pro UV/Vis 
Spectrophotometer 

General Electric (GE), 
Healthcare, 

Buckinghamshire, UK 

Quantification of nucleic acid 
concentration, cell density and 
concentration of o-nitrophenyl 

produced from β-galactosidase 
activity 

Finnpipette (0.5-10, 5-50, 
20-200 and 100-1000µL) 

Thermo Electron, 
Madison, USA 

Dispensing liquid 

 Plant growth cabinet with 
light, temperature and 

humidity control 

Thermoline, Victoria, 
Australia 

Propagation of plants 

Microplate reader   Molecular Devices, 
Emax, USA 

Measuring absorbance  of microbial  
cultures 

Field –emission SEM (FE 
SE;) 40vp 

ZEISS SUPRA, 
Germany 

Observing surface structure of wheat 
seed endosperm sections 

 

 

2.1.2 Commercial kits and solutions 

Table 2.2 Commercial kits and solutions 
Kit/material/solution Manufacturer Purpose 

Restriction endonuclease, EcoR1 Promega, Alexandria, 
Australia 

Restriction digestion of  
pGEM®-T Easy clones,  and 
yeast vectors 

Restriction endonuclease, BamH1 
 

Promega, Alexandria, 
Australia 

Restriction digestion  of yeast 
vectors 

Restriction endonuclease, Bsrb1 NEB, (Genesearch) 
Arundel, Australia 

Restriction enzyme assay for 
screening Pinb-D1b genes 

Restriction endonuclease, PflM1 NEB, (Genesearch) 
Arundel, Australia 

Restriction enzyme assay for 
screening Pinb-D1p genes 

Restriction endonuclease, Pvu11 NEB, (Genesearch) 
Arundel, Australia 

Restriction enzyme assay for 
screening Pinb-D1c genes 

Wizard ® Genomic DNA 
Purification Kit (with nuclei lysis, 
protein precipitation and DNA 

rehydration solutions) 

 
Promega, Alexandria, 

Australia  Genomic DNA purification 

RNase A (from bovine pancreas) Sigma-Aldrich, St Louis, 
USA 
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Wizard® SV Plasmid DNA Miniprep 
Kit  (contains cell resuspension 

solution, cell lysis solution, 
neutralization solution, column 
wash solution, minicolumns, 

alkaline protease solution 

Promega, Alexandria, 
Australia 

Plasmid DNA isolation 
 

Perfectprep® Gel Cleanup Kit 
(contains binding buffer, wash 

buffer, elution buffer, spin columns) 

Eppendorf,  North Ryde, 
Australia Gel purification of DNA 

JETQUICK PCR Product 
Purification Spin Kit (contains 
buffers and microspin cups) 

Astral Scientific, 
Caringbah, Australia 

PCR product purification   
(from protein and RNA 

contaminations) 
pGEM®T Easy Vector System 1 
(contains pGEM®T Easy Vector, 
T4DNA ligase, 2× rapid ligation 

buffer 

Promega, Alexandria, 
Australia 

Cloning of Pinb-2 genes and 
Gsp-1 

CIAP (Calf intestinal alkaline 
phosphatase) 

Promega, Alexandria, 
Australia 

Dephosphorylation of DNA 
ends 

Biomix™ (2×) (contains 
BIOTAQ TM DNA Polymerase, 

(NH4)2SO4, Tris-HCL, Tween 20, 
dNTPs, MgCl2) 

Bioline, Alexandria, 
Australia PCR 

GeneRuler™ DNA Ladder Mix Fermentas, Ontario, 
Canada 

Molecular weight standards 
for agarose gel 
electrophoresis 

 
 

Hyperladder TM1 Bioline, Alexandria, 
Australia 

Sheep blood Amyl media, Kings 
Langley, Australia  

Haemolysis assay 
 

 

 

2.2 Prepared solutions and materials  

2.2.1 Sterilisation  

The sterilisation methods used were autoclaving (121°C for 20 min), or filter 

sterilisation through a 0.22 µM syringe filter (Millipore, Madison, USA).  All glassware 

and disposable plastic ware were also autoclaved as above.  The sterilisation method of 

the following solutions, buffers and media are autoclaved or filter sterilised (as 

indicated in the tables below).  

 

2.2.2 Buffers and solutions 

All buffers and solutions in Table 2.3, Table 2.4 and Table 2.5, with a few exceptions#, 

were prepared with sterile MilliQ water (Millipore).  General use buffers and solutions 

were prepared according to the compositions in Sambrook and Russell (2001 p. A2.1-

A2.12). 
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Table 2.3 Composition of general buffers and solutions  

Buffer/solution Composition Sterilization 
method 

Agarose gel 
electrophoresis loading 
dye, 6× 

30% (v/v) glycerol, 1 mg/mL xylene cyanol, 1 
mg/mL bromophenol blue autoclaved 

Glacial acetic acid 0.01% (w/v)  autoclaved 
TAE (Tris-acetate EDTA) 
buffer, 50× M Tris base, 6.5 M EDTA disodium salt, pH 8.0 autoclaved 

TB buffer 
(10 mM Hepes, 15 mM CaCl2, 250 mM KCl, pH 
6.7)*, then solid MnCl2 later added to final 
concentration of 55 mM 

*autoclaved 

CIP solution 50% phenol (v/v), 48% chloroform (w/v), 2% 
isoamyl alcohol (v/v), pH 8 - 

PBS (Phosphate-buffered 
saline) 

137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 
2mM KH2PO4. pH 7.4 autoclaved 

0.85% saline 0.85% (w/v) NaCL autoclaved 
Sodium acetate 3 M, pH 6 autoclaved 
Triton X-100 in PBS (7.4) 1% (w/v) in PBS autoclaved 
 

The solutions in Table 2.4 required for DNA sequencing were prepared according to 

instructions provided by AGRF (Australian Genome Research Facility Ltd, Melbourne, 

Australia 

(http://www.agrf.org.au/assets/files/PDF%20Documents/Guide%20to%20AGRF%20Se

quencing%20Service.pdf) :  

 

 
Table 2.4 Composition of buffers and solutions for sequencing 

Buffer/solution Composition Sterilization method 
BDT reaction buffer, 5× 400 mM Tris pH 9.0, 10 mM MgCl2 autoclaved 
MgSO4 stock solution 0.2 mM in 70% ethanol autoclaved 
 

The solutions in Table 2.5, required for yeast two-hybrid work, were prepared 

according to the protocols provided in the Yeast Protocols Handbook (Clontech, CA, 

USA; http://www.clontech.com/images/pt/PT3024-1.pdf; accessed October 2010):  

 
 
 
 
 
 
 
 
 

http://www.agrf.org.au/assets/files/PDF%20Documents/Guide%20to%20AGRF%20Sequencing%20Service.pdf
http://www.agrf.org.au/assets/files/PDF%20Documents/Guide%20to%20AGRF%20Sequencing%20Service.pdf
http://www.clontech.com/images/pt/PT3024-1.pdf
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Table 2.5 Buffers and solutions for yeast two-hybrid work 

Buffer/solution Composition Sterilization 
method 

Herring testes carrier DNA 10 mg/mL; denatured with 20 min boiling 
immediately prior to use. - 

10× Lithium Acetate (10× 
LiAc) 1 M lithium acetate, pH 7.5 autoclaved 

10× TE buffer 0.1 M Tris-HCl and 10 mM EDTA, pH 7.5 autoclaved 
50% PEG  (polyethylene 
glycol) 3350 50% (w/v). Dissolved with gentle heating filter sterilized 

1× LiAc/TE 1 mL 10× LiAc solution, 1 mL 10× TE buffer, 
made up to 10 mL  - 

#1× PEG/LiAc solution  1 mL 10× LiAc solution, 1 mL 10× TE buffer, 
made up to 10 mL with sterile 50% PEG 3350 - 

100% DMSO Analytical grade dimethyl sulfoxide - 
20% SDS 20% (w/v) sodium dodecyl sulphate - 

Z buffer 
Na2HPO4 • 7H2O 16.1 g/L, NaH2PO4 • H2O 
5.50 g/L, KCl 0.75 g/L, MgSO4 • 7H2O 0.246 g/L 
dissolved in water, pH 7.0 

autoclaved 

Z buffer with β-
mercaptoethanol 

0.27 ml of β-mercaptoethanol added per 100 mL 
of Z buffer. - 

ONPG (o-nitrophenyl β-D-
galactopyranoside) 

4 mg/mL ONPG in Z buffer, pH 7.0.  

 
- 

Na2CO3 
1M autoclaved 

 

 

2.2.3 Media and solutions for microbial growth   

The solutions and media used for culturing bacteria were prepared according to 

Sambrook and Russell (2001, p A1.1- A2.12) and are listed in Table 2.6.  Solutions and 

media required for yeast two-hybrid work (e.g., growth of yeast strains Saccharomyces 

cereviceae strains AH109 (a) and Y187α), were prepared according to the yeast 

protocols handbook (Clontech, CA, USA; http://www.clontech.com/images/pt/PT3024-

1.pdf; accessed October 2010) and are shown in Table 2.7.  All solutions and media 

were prepared in distilled water with a few exceptions#. 

 

Table 2.6 Solutions and media used for culturing bacteria 

Solutions and media Composition Sterilization 
method 

Ampicillin 20 mg/mL filter 
sterilization 

IPTG (isopropyl-β-D-
thiogalactopyranoside) 0.1 M filter 

sterilization 

Kanamycin 50 mg/mL  filter 
sterilization 

Luria broth (LB) 10 g/L tryptone, 5 g/L yeast extract, 5 g  
NaCl, 15 g/L agar (for plates only) autoclaved  

Mueller-Hinton Broth (MHB), 
Oxoid 21 g/L autoclaved 

http://www.clontech.com/images/pt/PT3024-1.pdf
http://www.clontech.com/images/pt/PT3024-1.pdf
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Nutrient agar (NA), Oxoid 23 g/L (for plates) autoclaved 
Potato Dextrose Agar (PDA), 
Difco 39 g/L autoclaved 

Potato Dextrose Broth (PDB) 24g/L autoclaved 

Super Optimal broth 9SOB 
medium) 

0.5% yeast extract, 2% tryptone, 10 mM 
NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 
MgSO4 

autoclaved 

Super Optimal broth 
with Catabolite repression (SOC 
medium) 

0.5% yeast extract, 2% tryptone, 10 mM 
NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 
MgSO4, 20 mM glucose 

autoclaved 

#X-gal (5-bromo-4-chloro-3-
indolyl-β-D-galactopyranoside) 

5% (w/v) in dimethylformamide filter sterilized 

2×YT 16 g/L tryptone, 10 g/L yeast extract, 5 g/L 
NaCl, pH 7.0 autoclaved 

 

 
Table 2.7 Solutions and media required for yeast two-hybrid work  
Solutions 
and media Composition Sterilization 

method 

Dextrose  40% w/v, dissolved with stirring and gentle heating in water*  
and added to YPD or YSD when required  *autoclaved 

Yeast 
Peptone 
Dextrose 
(YPD) 

20 g/L Difco peptone, 10 g/L yeast extract, 20 g/L agar (for 
plates only), 30 mg/L adenine hemisulfate* and dextrose  
added to a final concentration of 2% 

*autoclaved 

Yeast 
Selective 
Defined 
(YSD) 

6.7 g/L of yeast nitrogen base without amino acids (BD, New 
Jersey, USA), 20 g agar (for plates only),* dextrose added to a 
final concentration of 2%, and 100 mL of the appropriate sterile 
10× dropout solution (DO) per liter 

*autoclaved 

10× 
Dropouts 
(10× DO) 

prepared as media lacking Trp, Leu, Ade and His (-WLAH), or 
as -WL, or -L or -W.  10× dropouts contain 200 mg/L L-adenine 
hemisulfate salt, 200 mg/L L-arginine HCl, 200 mg/L L-histidine 
HCl monohydrate, 300 mg/L L-isoleucine, 1000 mg/L L-leucine, 
300 mg/L L-lysine HCl, 200 mg/L L-methionine, 500 mg/L L-
phenylalanine, 2000 mg/L L-threonine, 200 mg/L L-tryptophan, 
300 mg/L L-tyrosine, 200 mg/L L-uracil, 1500 mg/L L-valine. 

Autoclaved  

3-amino-
1,2,4-triazole 
(3-AT) 

stored at a concentration of 1 M* and added to 1mM after 
cooling of the solid medium to ~55°C 

  *Filter 
sterilized 

 

 

2.3 Microbial strains 

2.3.1 Strains of bacteria and yeast used for gene cloning 

Escherichia coli JM109 (Promega, Australia), was used in standard cloning procedures. 

The ‘chemically made competent’ cells were used for transformation of recombinant 

clones. These host cells were also used to maintain the clones.  The yeast two-hybrid 

work involved the use of two yeast strains, Saccharomyces cereviceae strains AH109 

(a) and Y187α, both supplied by Clontech (Otsu Shiga, Japan).  ‘Master plates’ of the 

yeast cultures (on YPD medium + 2% dextrose) were stored at 4 °C.  For short term 

http://en.wikipedia.org/wiki/Catabolite_repression
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storage, fresh plates of cultures were prepared on a monthly basis.  Cultures were 

freshly subculture prior to any yeast transformation.   For long term storage, all strains 

were kept at -80 °C.   

 

2.3.2 Microbial strains used for testing of antimicrobial activity of PIN peptides  

E. coli (ATCC 25922) and Staphylococcus aureus (ATCC 25923), were obtained from 

the culture collection at Swinburne University of Technology. Filamentous fungal 

cultures of Fusarium oxysporum, Collectotrichum graminicola and Rhizoctonia solani 

were obtained from the Department of Primary Industries (DPI), Victoria, Australia.  

Fresh bacterial strains were cultured on NA plates and incubated overnight at 37 °C.A 

single colony was used to inoculate LB which was incubated overnight at 37 °C. The 

fungal cultures were maintained on PDA. Fresh ‘master plates’ of the microbial strains 

were prepared on a monthly basis. 

 

2.4 Cloning vectors 

The cloning vectors used, their selection feature and their function are listed in Table 

2.8. 

 
Table 2.8 Cloning vector  

Vector Manufacturer 
Selection 
features  

Purpose 

pGEM®T- 

Easy 

Promega, 

Alexandria, 

Australia 

Ampicillin 

resistance 

marker 

cloning of PCR products of genes and sequencing 

of these products from the clones for: a) diversity 

analysis of the Pinb-2 genes (in chapter 4) and 

sequencing and maintenance of full length Pinb-2 

and the Gsp-1D gene (in chapter 5) 

pGBKT7 

Clontech, 

Otsu Shiga, 

Japan 

Kanamycin 

resistance 

marker 

Clontech, Otsu Shiga, Japan): standard bait 

vector in the yeast two-hybrid analysis 

pGADT7 

Clontech, 

Otsu Shiga, 

Japan 

Ampicillin 

resistance 

marker 

standard prey vector in the yeast two- hybrid 

analysis 
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2.5 Plant material  

2.5.1 Plant samples 

Seeds of wheat accessions listed below (Table 2.9) were kindly provided by Dr. Greg 

Grimes at the Australian Winter Cereals Collection (AWCC; Tamworth, NSW, 

Australia). 
 
Table 2.9 Wheat samples used in this study 

Cultivar/landrace accession Species Origin Genome 
22660, cv.Cranbrook Triticum aestivum Australia AABBDD 

v.Chinese Spring T. aestivum Australia AABBDD 
9914, cv. Rosella T. aestivum Australia AABBDD 

28220, Sarajevo 4 T. aestivum 
Sarajevo 

(Bosnia and 
Herzegovina) 

AABBDD 

27401 T. aestivum China AABBDD 
27402 T. aestivum China AABBDD 
27403 T. aestivum China AABBDD 
27404 T. aestivum China AABBDD 
27405 T. aestivum China AABBDD 
27406 T. aestivum China AABBDD 
27407 T. aestivum China AABBDD 
27408 T. aestivum China AABBDD 
28069 T. aestivum India AABBDD 
27394 T. aestivum China AABBDD 
27373 T. aestivum China AABBDD 
27374 T. aestivum China AABBDD 
27377 T. aestivum China AABBDD 
27378 T. aestivum China AABBDD 
27379 T. aestivum China AABBDD 
27420 T. aestivum China AABBDD 
27421 T. aestivum China AABBDD 
27423 T. aestivum China AABBDD 
27424 T. aestivum China AABBDD 
27425 T. aestivum China AABBDD 
27426 T. aestivum China AABBDD 
27430 T. aestivum China AABBDD 
27432 T. aestivum China AABBDD 
27434 T. aestivum China AABBDD 
27435 T. aestivum China AABBDD 
27390 T. aestivum China AABBDD 
27391 T. aestivum China AABBDD 
27392 T. aestivum China AABBDD 
27393 T. aestivum China AABBDD 
28018 T. aestivum Ukraine AABBDD 
27964 T. aestivum Portugal AABBDD 

27995 T. aestivum 
Sarajevo 

(Bosnia and 
Herzegovina) 

AABBDD 

27892 T. aestivum Leon (Spain) AABBDD 
27981 T. aestivum Romania AABBDD 
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2.5.2 Propagation of plants 

Seeds were soaked overnight in tap water, planted into seedling trays filled with soil 

and were grown in a Thermoline growth cabinet (16 hr light and 8 hr dark, 24 ºC 

temperature, 80% humidity).  Leaves of individual plants were harvested after 15-20 

days, snap-frozen in liquid nitrogen and stored at -80 ºC.   

 

 

2.6 Isolation and quantification of genomic DNA 

2.6.1 Purification of genomic DNA  

Genomic DNA (gDNA) was purified from single plants using the Wizard DNA 

Purification Kit (Promega), with the protocol ‘Isolating genomic DNA from plant 

tissue’ from the Wizard® Genomic DNA Purification Kit Technical Manual 

(http://www.promega.com/resources/protocols/technical-manuals/0/wizard-genomic 

dna-purification-kit-protocol/).  Briefly, 40mg leaf tissue from single plants was snap-

frozen in liquid nitrogen, crushed in a mortar and pestle and mixed with 600 μL of 

Nuclei Lysis Solution.  This was followed by incubation at 65 ºC for 15 min. Then 3 μL 

of RNase A (4 mg/mL) was added and the solution incubated at 37 ºC for 30 min.  

Upon adding Protein Precipitation Solution (200 μL), the mixture was centrifuged at 

14,100 × g for 6 min.  The supernatant was gently mixed with 600 μL of isopropanol 

and centrifuged as above.  The precipitated gDNA pellet was washed using 600 μL of 

70% ethanol, dissolved in 100 μL of DNA rehydration solution, and stored at -20°C.  

An aliquot (5 μL) of the gDNA solution was electrophoresed on a 1.0% agarose gel in 

TAE buffer to determine the DNA quality by looking for approximate molecular weight 

and evidence of any degradation.  

 

 

27880 T. aestivum Italy AABBDD 

27297 T. aestivum DZA 
(Algeria) AABBDD 

7721 Barba Negra Triticum turgidum subsp. 
durum Ecuador AABB 

11643 Marouani T. turgidum subsp. durum Algeria AABB 
9857 Candicans T. turgidum subsp. durum Hungary AABB 

21927 Ae.  tauschii Australia DD 
27032 Triticum urartu Australia AA 

http://www.promega.com/resources/protocols/technical-manuals/0/wizard-genomic%20dna-purification-kit-protocol/
http://www.promega.com/resources/protocols/technical-manuals/0/wizard-genomic%20dna-purification-kit-protocol/
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2.6.2 Spectrophotometric quantification of DNA  

Purified DNA (plasmid or gDNA) was diluted 1:50, with MilliQ water.  The DNA 

concentrations were determined based on wavelengths recorded at 230 nm, 260 nm and 

280 nm using the GeneQuant Pro Spectrophotometer (GE Healthcare).  The 

spectrophotometer displayed the concentration of DNA based on 1 A260 = 50 μg/mL of 

double stranded DNA. Sample integrity was estimated as a measure of DNA to protein 

absorbance ratio (A260/A280), values of ≥2.0 indicating high levels of purity (Sambrook 

and Russell, 2001 p 5.4-5.17) 

 

2.6.3 Agarose gel electrophoresis of DNA samples  

Agarose gel electrophoresis was used to for quantification of DNA as well as the 

qualitative examination (sample integrity) of the isolated DNA.  Agarose gels were 

prepared in 1.0-1.4% (w/v) concentrations in 1X TAE buffer, with 0.5 μg/mL ethidium 

bromide added to the cooled gel solution (Sambrook and Russell, 2001 p.5.4-5.17).  

Electrophoresis was carried out at 100 V for 60 min.  DNA samples were mixed with a 

6× loading dye.  A molecular weight marker, either HyperladderTM 1 (200-10,000 bp; 

Bioline), or GeneRulerTM, were used for estimating the size of DNA bands.  DNA 

concentrations were determined by comparing the intensity of the bands with the 

intensity of the marker fragments containing known amounts of DNA.  The gels were 

viewed under a UV transilluminator and photographed (Chemidoc XRS Documentation 

Station, Bio-Rad). 

 

 

2.7 The polymerase chain reaction (PCR)  

2.7.1 Design and synthesis of primers  

Primers listed in Tables 2.10 and 2.11 for polymerase chain reaction (PCR) were 

designed using NetPrimer (http://www.premierbiosoft.com/netprimer/index.html, last 

accessed February 2010) with the following criteria:  

• The gene specific annealing region was between 25-30 bases in length 

• % GC content was kept to as close to 50% as possible 

• A GC clamp at the 3’ end was  included when possible 

• Secondary structures, such as hairpins, self-dimers (formed by intermolecular 

interactions between the two, same sense primers, where the primer is homologous 

http://www.premierbiosoft.com/netprimer/index.html
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to itself) and cross-dimers (formed by intermolecular interaction between sense and 

antisense and are homologous) were minimized where possible. This ensures the 

availability of the primer for the reaction as well as minimizing the formation of 

primer dimer. 

• The difference in the primer melting temperature (Tm) calculated between the 

forward and reverse primers was allowed a maximum of 10 °C where possible. 

For directional cloning into the yeast two-hybrid vectors (pGBKT7 and pGADT7), the 

following modifications (McPherson and Moller, 2006) were applied: 

• The reading frames were taken into account when the protein coding DNA sequence 

was the target of PCR amplification   

• Incorporation of restriction enzyme sites: GAATTC (for EcoR1) and GGATCC (for 

BamH1) into the 5’ end of the forward and reverse primers respectively, designed for 

amplification of inserts (nucleotide sequences containing both these restriction sites 

and  encode mature protein sequences) that would eventually be cloned into both 

these vectors (Table 2.10, Figure 2.2). 

• Tri-adenine (AAA) spacers were incorporated adjacent to the restriction sites at the 

5’ primer terminus to enhance endonuclease activity, for cloning applications. 

 

The primers were synthesized commercially (Invitrogen, Australia) and supplied as 

dried pellets. These were dissolved in sterile MilliQ water at 2µg/mL stock (100-200 

mM).  The working stock solutions were made to a concentration of 0.1µg/mL (10mM - 

25mM). 
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Table 2.10 Primer pairs used for the Pin, Pinb-2 and Gsp-1 amplification  

The primers used to amplify: a) Pin genes, were based on the sequences reported by Gautier et 
al. (1994); b) Pinb-2 genes, were based on the sequences reported by Wilkinson et al. (2008); 
and c) Gsp-1D, was designed based on the sequence reported by Rahman et al. (1994). 
Nucleotides in bold are the start (column 2) and stop (column 4) codons. K is G or T in the 
degenerate reverse primers Pinb-2D1F and Pinb-2D2F. The forward primer for Gsp-1D 
excludes the first 11 nucleotides of the coding sequence. 
 
 
Table 2.11 Primer pairs used for directional cloning into yeast two-hybrid system cloning 
vectors  

a Underlined nucleotides are sequences of restriction sites (EcoR1 and BamH1). b Nucleotides 
in bold are gene sections corresponding to the first codon of mature protein (column 2) and stop 
(column 4) codon. *the amplified products are the gene sections corresponding to the mature 
protein sequence with restriction sites attached  
  

 

 

 

Amplicons 
Forward primers 

 
Reverse primers 

 Annealing 
temperature 
used for PCR 

Expected 
Product 
size** 

 Sequence Name Sequence Name 

Pina-D1 
5’ATGAAGGC
CCTCTTCCT

CA3’ 
Pina-D1F 

5’TCACCAGTA
ATAGCCAATA

GTG3’ 
Pina-D1R 54°C 

447bp 
(Genbank: 
DQ363911) 

Pinb-D1 
5’ATGAAGAC
CTTATTCCTC

CTA3’ 
Pinb-D1F 

5’TCACCAGTA
ATAGCCACTA

GGGAA3’ 
Pinb-D1R 54°C 

447bp 
(Genbank: 
DQ363913) 

Pinb-2D1 
5’ATGAAGAC
CTTATTCCTC
CTAGCTC3’ 

Pinb-2DF 

5’TCACTAGTA
ATAGCCATTAK
TAGCGACA3’ 

Pinb-2D1R 54°C 
453bp 

(Genbank: 
AM944731) 

Pinb-2D2 
5’TCAGTAGTA

ATAGCCATTAG
TAKGGACG3’ 

Pinb-2D1F 54°C 
453bp 

(Genbank: 
AM944733) 

Gsp-1D 
5’CTTCCTCC
TAGCTTTCC

TTG3’ 
Gsp-1DF 

5’ACATCACAA
GTAATATCCG

C3’ 
Gsp-1R 55°C 

487bp  
(Genbank: 

AF177219.) 

 

Amplico
ns* 

Forward  primersa,b Reverse primersa,b 
 Annealing 

temperature 
used 
 

Size of 
genes 
coding for 
mature 
protein 
sequence 

Sequence  
(EcoR1 site 
incorporated) 

Name Sequence(BamH
1 site 
incorporated) 

Name 

Pina(m+r) 
5’AAAgaattcG
ATGTTGCTG
GCG 3’  

Pinam+rF 5’AAAggatccTCA
CCAGTAATAGCC 
3’ 

Pinam+rR 10 cycles at 
40°C then 20 
cycles at 60°C 

363bp 
(coding for 
DVAGGG) 

Pinb(m+r) 
5’AAAgaattcG
AAGTTGGCG
GAG 3’ 

Pinbm+rR 5’AAAggatccTCA
CCAGTAATAGCC 
3’ 

Pinbm+rR 10 cycles at 
40°C then 20 
cycles at 60°C 

360bp 
(coding for 
EVGGGG) 

Pinb-
2v1(m+r) 

5’AAAgaattcA
ACGGTGGCG
GAG 3’ 

 
Pinb2v1m+r
F 

5’AAAggatccCTA
GTAATAGCCATT 
3’ 

 
Pinb-2v1m+rR 10 cycles at 

40°C then 20 
cycles at 60°C 

369bp 
(coding for 
IAPSAS…) 

Gsp-1 
(m+r) 

5’AAAgaattcA
TAGCGGCTA
GTGC 3’ 

Gsp1m+rF 
5’AAAggatccTCA
CAAGTAATATC 3’ 

Gsp1m+rR 
10 cycles at 
40°C (then 20 
cycles at 60°C 

363bp 
(coding for 
NGGGGF) 
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Table 2.12 Vector-based primers used for DNA sequencing 

Primer Source Primers 

*BDSeqR (Reverse) pGBKT7 vector 5’ TTTTCGTTTTAAAACCTAAGAGTC 3’ 

*ADSeqR (Reverse) pGADT7 vector 5’ AGATGGTGCACGATGCACAG 3’ 

T7 (Forward) pGEM®T- Easy 

 

5’ GTAATACGACTCAGGGC 3’ 

SP6 (Reverse) 5’ TTTAGGTGACACAGAATC 3’ 

These vector specific reverse primers were also used in combination with the forward primers in 
and PCR annealing conditions stated in Table 2.10 for screening recombinant pGBKT7 and 
pGADT7 with respective inserts before sequencing.  
 

2.7.2 Typical PCR conditions 

The following PCR conditions were typically applied for the amplification of full length 

Pina-D1, Pinb-D1, Gsp-1 and Pinb-2 genes prior to cloning them into pGEM®-T Easy 

vectors. The reactions were typically performed in 50μL volumes containing 200ng of 

gDNA template, 0.1 µg of each primer and 25µL of 2×BioMix (Bioline, Australia; 

contains dNTPs, MgCl2 and Taq DNA polymerase) and carried out in a MyCycler 

thermal cycler (Bio-Rad).  All amplifications involved initial denaturation at 94 °C for 

3-5 min.  This was followed by 35 cycles of denaturation at 94 °C (45s), annealing 

(45s), extension at 72 °C (1 min), and a final extension at 72 °C (5 min).  The annealing 

temperature was determined based on the Tm of both primers and generally 

temperatures between 5 °C below the theoretical annealing temperatures were used 

(Table 2.10 and Table 2.11).  The extension time was calculated using 2 kb/min 

(Biomix, Bioline) as the rate of polymerase activity at 72 °C.  Negative controls (no 

template) were included.  Five μL aliquots of the PCR products were mixed with 6× 

loading dye and electrophoresed as above for analysis.  

 

2.7.3 Restriction enzyme cleavage of Pinb-D1 genes for identification of specific 

mutations 

Restriction enzyme cleavage of PCR-amplified Pinb-D1 genes was used to determine if 

some of the commonly reported mutations were present among the wheat samples such 

as Pinb-D1b, Pinb-D1p (Chapter 3).  The analysis was carried out using these 

restriction enzymes to detect different Cleaved Amplified Polymorphic Sequences 

(CAPs) sites; BsrB1 was used to detect the codon change GGC to AGC, (gain of 

restriction site) in Pinb-D1b allele,  PvuII was used to detect the codon change CTG to 

CCG (loss of restriction site) in Pinb-D1c allele (Pickering and Bhave, 2005) and PflM1 
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was used to detect the single nucleotide deletion leading to  CCACAAATGG from the 

original CCACAAAATGG (loss of restriction site) (Li et al., 2008).  Digestions were 

typically carried out in a total volume of 15µL containing 10µL of Pinb-D1 PCR 

product s 5U of the restriction enzyme and 1.5µL of appropriate buffer.  The mixture 

was incubated at 37°C for an hr, followed by agarose gel electrophoresis of the digested 

products. 

 

2.7.4 Purification of PCR products 

The PCR products were purified either using the Jetquick PCR purification kit or with 

the PerfectPrep® Gel Cleanup according to the supplier’s instruction.  The DNA was 

eluted in 30 µL of MilliQ water and a 2µL aliquot was electrophoresed in an agarose 

gel for quantification (see section 2.6.3).  Purified PCR products of Pina and Pinb were 

directly subjected to sequencing according to the method described in section 2.11. This 

is because the Pin genes exists as single copies in chromosome 5D of common wheat 

(Pickering and Bhave, 2005; Morris, 2002)   

 

 

2.8 Cloning of inserts into pGEM®-T Easy vector 

Direct sequencing of purified PCR products such as the Pinb-2 genes would have been 

inappropriate, as they have been reported to comprise diverse genes (Chen et al., 2010a; 

Wilkinson et al., 2008).  Therefore, the pGEM®-T Easy vector was used to clone such 

PCR products before sequencing.  The cloning into pGEM®-T Easy vector is based on 

‘TA cloning’ (Figure 2.1) which is a method of cloning the amplified PCR product 

using Taq and other polymerases that lack the  5’-3’ proofreading activity and are 

capable of adding adenosine triphosphate residue to the 3’ ends of the double stranded 

PCR product.  These PCR products can then be cloned into linearized vectors with 

complementary 3’ T overhangs (http://www.premierbiosoft.com/technotes/TA_ 

Cloning.html ), such as the pGEM®-T/ pGEM®-T Easy vector.  The pGEM®-T Easy 

vector was used because the EcoR1 restriction enzyme sites flank the multiple cloning 

site (MCS) (Promega, details in Appendix 1) of  the vector therefore the digestion of the 

plasmid is easier, as only one enzyme is needed for routine screening of inserts. 

 

 

http://www.premierbiosoft.com/technotes/TA_%20Cloning.html
http://www.premierbiosoft.com/technotes/TA_%20Cloning.html
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                                                INSERT            3’ 

                             3’                                                                        
                                                                                         INSERT 

 

 

 
                                                                                VECTOR 

 
                     VECTOR 
                      

 
  Figure 2.1   Illustration of TA cloning (adapted from Bioinforx, http://bioinforx.com) 
 

To determine, the appropriate amount of PCR product (insert) to be included in a 

ligation reaction, the following equation (Promega) was used:   

 

 

 

 

 

Therefore for a 0.45 kb insert (Pinb-2), with insert to vector ratio of 3:1, and 50ng of 

vector, ~23ng of insert was required. Taking into account of the amount of PCR product 

required and the suggested volume in the Promega pGEM®-T Easy protocol for cloning, 

≤ 3 μL of insert DNA was used for ligation with 50ng of pGEM®-T Easy vector, 2× 

rapid ligation buffer (supplied), 1 μL T4 DNA Ligase (1-3 Weiss units/μL) in a total 

volume of 10 μL.  Incubation was carried out at 4° overnight, and the reaction mixes 

then transformed into E. coli JM109 cells. 

 

 

 

 

 

 

 A  

T 
A 

A 
T 

T 

T 

Amount of insert (ng)  = 

Amount of vector (ng)× size of insert (kb) × insert: vector molar ratio                       

          Size of vector (kb) 

 

 A  

http://bioinforx.com/
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2.9 Preparation of chemically competent E.coli JM109 cells and transformation 

2.9.1 Preparation of the competent cells 

Chemically competent E. coli JM109 cells were prepared by minor modifications of the 

method reported by Inoue et al. (1990).  A single E. coli JM 109 colony (LB plate 

without selection) was inoculated into 10mL LB medium and incubated overnight at 37 

°C on a shaker (180 rpm).  This culture was used to inoculate 500mL of SOB media and 

incubated at 18 °C with shaking until the OD600 reached 0.4.  The culture was cooled on 

ice for 10 min and the cells were transferred into 50mL tubes, followed by 

centrifugation at 2, 500 × g for 15 at 4 °C.  The cells were resuspended in 80 mL ice-

cold TB buffer and incubated on ice for 10 min.  The washing step was repeated and the 

cells were resuspended in 20 mL of TB.  This was followed by the addition of DMSO to 

a final concentration of 7 % (v/v) with gentle mixing.  The cells were again held on ice 

and dispensed in 0.1mL aliquots, which were then snap frozen in liquid nitrogen and 

stored at -70 °C.   

 

2.9.2 Tranformation 

For transformations, a tube containing 100µL of competent cells was thawed on ice and 

the ligation mixture (or 50 ng of a circular uncut plasmid) was added.  The cell 

suspension was held on ice for 10 min, followed by heat-shock at 42 °C for 50-60 s.  

The cells were held on ice for 2 min and then transferred into 500 µL 2×YT medium.  

The cells were incubated at 37 °C for 1.5 hr with shaking before spreading on selective 

medium with appropriate antibiotics.  

 

2.9.3 Growth of transformants  

Transformants containing the recombinant pGEM®-T Easy vector were spread (100 µL) 

on LB media containing 100µg/mL ampicillin/ 0.5mM IPTG/ 80 µg/mL X-gal for 

‘blue-white screening’. The pGEM®-T Easy plasmid contains the lacZ gene, encoding 

the α-peptide of β-galactosidase. Colonies with non-recombinant clones are blue, while 

colonies containing recombinant clones are white. The plates were incubated (for 16 hr) 

at 37 ºC. For plasmid purification of recombinant clones, if possible, at least six white 

colonies were picked from each blue-white screening plates and inoculated into 5mL 

LB broth containing 50 μg/μL of ampicillin and were grown overnight on a shaker (180 

rpm). 
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2.10 Screening of recombinant clones 

2.10.1 Colony PCR 

White colonies were picked from the blue-white screening plates for the colony PCR.  

A colony was carefully ‘touched’ with a sterile loop from the plates and resuspended in 

the mixture containing the PCR elements (25 µL Biomix, 100ng each of primer and 

made up to 50 µL with sterile MilliQ water).  The primers used were the pGEM®-T 

Easy vector specific T7 and SP6 primers).  The PCR conditions applied were as 

described in section 2.7.2.  A 5 µL aliquot was mixed with 6×loading buffer and 

electrophoresed to determine the presence of the amplified PCR product.  The colony 

PCR was only used for screening and not used for sequencing due to the possibility of 

Taq-polymerase introducing ‘errors’. 

 

2.10.2 Plasmid purification and digestion to identify recombinant clones 

 Plasmids were purified using the Wizard® Plus SV Minipreps DNA Purification 

System according to manufacturer’s instructions (Promega).  The overnight E. coli 

JM109 cells (5 mL), containing plasmids were pelleted by centrifugation at 14,100 × g 

for 5 min.  The pellets were resuspended in 250 μL of Cell Resuspension Solution and 

mixed with 250 μL of Cell Lysis Solution. Then, 10 μL of Alkaline Protease Solution 

was added and the mixture was incubated at room temperature for 5 min.  To this 

solution, 350 μL of Neutralization Solution was added and the lysate was centrifuged at 

14,100 × g for 10 min at RT. The supernatant was loaded onto a spin column assembly 

(provided with the kit) and centrifuged for 1 min at 14,100 × g to detain the plasmid 

DNA. The spin column was washed twice in the provided Wash Buffer and plasmid 

DNA was eluted in 100 μL of sterile MilliQ water.  Five microliters of the purified 

plasmids were added to 1 μL of 6 × loading dye and the product was electrophoresed in 

a 1.0% agarose gel.  

 

Restriction enzyme digestion of pGEM®-T Easy clones: The clones were subjected to 

EcoR1 restriction enzyme digest.  The standard method used was as follows.  In a total 

10µL volume, 3 µL of plasmid DNA, 1× Buffer H (Promega), 1 µL EcoR1 (12U/ µL) 

(Promega) and 5 µL of sterile MilliQ water was added.  The solution was briefly 

centrifuged and incubated at 37 °C for 1 hr.  The digested product was mixed with 6× 

loading dye and electrophoresed on a 1.0% agarose gel. 
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2.11 DNA sequencing reactions 

The DNA templates (PCR products and plasmid) used for sequencing were purified 

with kits described above. Recombinant pGEM®-T Easy vectors were sequenced using 

the vector specific primers, either T7 or SP6. The sequencing reaction was undertaken 

with ABI BigDye Terminator (BDT) version 3.1 (Applied Biosystems; California, 

USA) according to the instructions provided by AGRF. The reactions consisted of 1 µL 

BDT reagent, 2 µL 5× BDT buffer and 3.2 pmol sequencing primer (Table 2.12).  The 

template amount was 10-50ng for a PCR product while 500ng DNA was used for 

plasmids. The reaction volume was made up to10 µL with sterile MilliQ water. The 

cycling conditions for V3.1 BDT is as follows: (1) Initial denaturation (96 °C) for 1 

min, (2) denaturation (96 °C) for 10 s, (3) 50 °C for 5 s, (4) 60 °C for 4 min. Step (2) - 

(4) were repeated 30 times.  Following this, the samples were mixed with 75 µL of 0.2 

mM Mg2SO4 solution in 70% ethanol, incubated for 125 min and centrifuged at 14,100 

× g for 25 min. The pellets were air-dried and resuspended in 20 µL of sterile MilliQ 

water. The solution was sent to the AGRF (Melbourne) for capillary separation using a 

3730xl DNA analyser (Applied Biosystems).  Sequencing read electropherogram trace 

files were visually inspected in Bioedit V.7.0.9 

(http://www.mbio.ncsu.edu/BioEdit/bioedit.html) for quality. Only reads with low 

background noise and evenly spaced peaks were considered for downstream analysis. 

 

 

2.12 PCR and directional cloning of genes into yeast two-hybrid vectors (pGBKT7 

and pGADT7) 

2.12.1 PCR conditions 

Amplification of mature protein sections of inserts with restriction sites incorporated in 

the primers  (Table 2.10) attached  as carried using either of the following methods: 

a) directly amplifying from PCR products of full length gene sequences (this   

method was used to amplify the mature protein section of Pin genes from the 

accessions 28220-Sarajevo 4 and  28069-India. 

b)  producing pGEM®-T Easy clones containing full length gene sequences.  These 

clones were then used as a template to amplify the mature protein section with 

restriction sites incorporated in the primers.   

 

http://www.mbio.ncsu.edu/BioEdit/bioedit.html
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The PCR conditions used were: 

(i)  Initial denaturation at 94 °C for 3-5 min 

(ii) 10 cycles of denaturation (94 °C) for 40 s, annealing at 40 °C (temperature 

estimated excluding the AAA+restriction site sequence introduced in the 

primers; see Table 2.10) for 40 s, and extension (72 °C) for 40 s. 

(iii)  another 20 cycles of denaturation (94 °C) for 40 s, annealing at 60 °C 

(temperature estimated including the overhangs) for 40 s, and extension (72 °C) 

for 40 s. 

(iv)  a final extension at 72 °C for 5 min.  

 

2.12.2 Directional cloning into yeast vectors 

For the yeast two-hybrid assays, mature protein coding sequences were cloned into both 

bait (pGBKT7) (Appendix 11) and prey (pGADT7) (Appendix 111) according to the 

methods described below and an illustration is provided in Figure 2.2. 

Vector  preparation:  Five micrograms of each purified vector DNA (refer to plasmid 

purification of recombinant clones in section 2.12) were digested with 25 U of each 

restriction enzyme (BamH1 and EcoR1double digest) in a suitable 1× restriction 

enzyme buffer (Buffer E, Promega) in a volume of 100 µL for 3 hr at 37°C.  Following 

this, CIAP buffer was added to a 1× concentration and 1U of CIAP (Promega) was 

added per 50 pmol of 5’ DNA phosphate and incubated for at 37°C for 20 min followed 

by heat inactivation (85 °C for 15 min).  The digested DNA was loaded onto an agarose 

gel and electrophoresed for gel purification.  The DNA band was excised from the gel 

and purified using the PerfectPrep® Gel Cleanup kit and eluted in sterile MilliQ water 

(30 µL). A 2 µL aliquot was loaded into an agarose gel and electrophoresed to 

determine the quality and to estimate the DNA quantity.  

 

Insert DNA preparation: The entire column-purified (section 2.7.3) PCR product was 

double digested as above with 10U of each restriction enzyme (BamH1 and EcoR1).  

The digestion was carried out as above, but in a volume of 50 µL (~3 hr) at 37°C.  The 

digested PCR products were gel purified as above and a 2 µL aliquot loaded into a 

(1.4%) agarose gel and electrophoresed to determine the quality and estimate the DNA 

quantity using a quantitative DNA molecular weight marker (Hyperladder 1). 
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Ligation of DNA:  To determine the appropriate amount of PCR product (insert) 

required for ligation into the yeast vectors, the method described in section 2.8 was 

used.  The ligation reactions involved 50 ng of vector DNA, to ~10 ng insert (depending 

on size of insert; to 3 × the molar amount of vector DNA), 1 × Rapid Ligation buffer, 1 

U of T4 DNA ligase (1µL) andATP (to a final concentration of 1mM).    The reactions 

were carried out in a final volume of 10-15 µL and incubated at 4°C overnight. The 

ligation was then transformed into chemically competent E.coli JM109 cells.  
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Figure 2.2 Cloning of genes into pGBKT7 and pGADT7 vectors  
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gene that were cloned into the yeast two-hybrid vectors 
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2.12.3 Transformants containing the pGBKT7 and pGADT7 yeast vectors 

Transformants containing pGBKT7 clones were spread on LB plate containing 50 

µg/mL kanamycin and transformants containing pGADT7 clones were spread on LB 

plates containing 100 µg/mL ampicillin.  A volume of 100 µL was inoculated and 

spread on each plate.  The plates were incubated for 16 hr at 37 ºC. Since the 

recombinant colonies could not be distinguished from the non-recombinant colonies 

with colour selection, an initial screening with colony PCR was applied. 

 

2.12.4 Screening of pGBKT7 and pGADT7clones 

Colony PCR was applied to screen for recombinant pGBKT7 and pGADT7 vectors, 

containing the desired gene.  This method was preferred for initial screening because 

the growth plates do not have selection for vectors with and without inserts (all colonies 

are white) because it consumes less time/cost compared to clone purification with a kit 

followed by restriction enzyme digestion.  The primers used were a gene specific 

forward primer (Table 2.10) and a vector specific reverse primer (Table 2.12).  The 

PCR conditions applied was as described in section 2.12.1 with annealing conditions of 

10 cycles at 40 °C and 20 cycles at 60°C.  The PCR reaction consisted of 2× Biomix, 

100 ng of each of the forward and reverse primer, made up to a volume of 50µL with 

sterile MilliQ water before mixing the ‘touched’ colony with the help of a sterile loop.  

The PCR products were electrophoresed, and positive clones (amplified products) were 

chosen for overnight growth for purification of these clones. 

 

The remaining colony was picked and cultured overnight in 5mL LB broth containing 

the appropriate antibiotic (kanamycin for selecting pGBKT7 clones, and ampicillin for 

selecting pGADT7 clones) at 37°.  The cells were pelleted and purified using the 

Wizard® Plus SV Minipreps DNA Purification System according to manufacturer’s 

instructions (Promega). These purified clones were used for sequencing the inserts.   

Restriction digestion of pGBKT7 and pGADT7 clones:   The purified vectors were 

subjected to a double digestion with EcoR1 and BamH1 before sequencing the inserts 

(to reconfirm the presence of inserts).  The standard method used was as follows:  in a 

total of 10 µL volume,  3 µL of plasmid DNA, 1× Buffer E (Promega),  1×BSA, 1 µL 

of  EcoR1 (12U/ µL) and 1 µL of BamH1 (10 U/ µL), and sterile MilliQ water were 

added. The solution was briefly centrifuged and incubated at 37°C for 1 hr.  The 
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digested product was mixed with 6× loading dye and electrophoresed in a 1.0% agarose 

gel.  Sequencing of the recombinant yeast vectors (pGBKT7 and pGADT7), as 

performed using either T7 or the BDSeq R (pGBKT7) and ADSeqR (pGADT7)  using 

the method described in section 2.11. 

 

 

2.13 Methods specific to the yeast two-hybrid work 

2.13.1 Yeast transformation and selection 

The preparation of chemically competent yeast and transformation was performed 

according to the lithium acetate method, (LiAc)/polyethylene glycol (PEG)/dimethyl 

sulfoxide (DMSO) (Gietz et al., 1992).  The transformation was carried out according to 

the procedure in the Yeast Protocols Handbook (Clontech, CA, USA 

(http://www.clontech.com/images/pt/PT3024-1.pdf; accessed March 2008).  Single 

colonies of Saccharomyces cereviceae AH109 (a) and Y187α were taken from  freshly 

streaked plates (incubated for 3-5 days) and separately inoculated into 10 mL YPD, and 

grown at 30°C  for 16-18 hr with shaking (230-270rpm).  These cultures were used to 

inoculate 8mL of YPD media to an OD600 of 0.2, and was then grown at 30°C with 

shaking to an OD600 of 0.5 to 0.6 (approximately 3-5 hr).  The cultures were transferred 

into 50 mL centrifuge tubes and were gently centrifuged (1,000 ×g for 5 min).  The 

supernatant was discarded and the cells were resuspended in 50 mL sterile MilliQ 

water.  The suspensions were gently centrifuged (1,000 ×g for 5 min), and the pellets 

were gently resuspended in 1 mL of 1×LiAc/TE.  Each transformation consisted of 100 

µL suspension which was added to a mixture of 0.5 µg plasmid DNA, 10 µg of herring 

sperm DNA solution as carrier and 600 µL of PEG/LiAc/TE solution. The mixture was 

incubated at 30°C for 30 min with shaking, then 70 µL DMSO was added followed by 

incubation at 42°C for 15 min without shaking.  An aliquot (200 µL) of the suspension 

was plated on solid selective medium YSD lacking the appropriate amino acid (see 

below). Plates were incubated for 3 days at 30°C.  The transformed yeasts were selected 

on plates containing amino acid drop-outs as follows.  The isolated bait plasmid DNA 

(pGBKT7 clones) was transformed into freshly prepared competent cells of S. 

cereviceae AH109 (a) and the transformants selected on YSD media deficient in Trp 

(YSD -W).  The pGBKT7 carries the TRP1 nutritional marker for growth on this 

medium.  The prey plasmid DNA was transformed into S. cereviceae Y187α and the 

http://www.clontech.com/images/pt/PT3024-1.pdf
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transformants were selected on YSD medium deficient in Leu (YSD -L). The pGADT7 

plasmid carries the LEU2 nutritional marker for growth on this medium. 

 

2.13.2 Yeast mating 

Both the yeast strains containing the bait and prey vectors were mated overnight and 

plated on media deficient of both Trp and Leu (YSD -W-L).  The matings were carried 

out in a pairwise fashion and included empty vector controls to exclude the possibility 

of false positives.  One large colony of each yeast type was picked from freshly 

transformed plates and inoculated into 1.5 mL microcentrifuge tubes containing 0.5 mL 

YPD medium.  The tubes were vortex mixed to resuspend the cells and incubated at 30 

°C for 20-24 hr with shaking (200 rpm).  The mated cultures (100 µL aliquots) were 

spread on the YSD -W-L media that selects for both the bait and prey plasmids. The 

plates were incubated at 30 °C for 3-5 days to allow diploid cells to form visible 

colonies. 

 

2.13.3 Testing of protein interactions using plate assays 

After 3-5 days, colonies were picked from the YSD -W-L plates (3-5 small colonies) 

and inoculated into 1mL sterile MilliQ water. The tubes containing the cells were vortex 

mixed to disperse clumps.  Then 5 µL of this suspension was replica-spotted on plates 

containing selective media lacking Trp, Leu, Ade and His (YSD -W-L-A-H), which 

select for yeast expressing HIS3 and ADE2 reporter genes activated during bait-prey 

interactions.  In addition the cultures were spotted on duplicate plates containing YSD -

W-L-A-H and 1 mM 3-amino-1,2,4-triazole (3-AT) to  assess the strength of interaction 

between the proteins expressed by the bait and prey vectors. 3-AT is a competitive 

inhibitor of the yeast HIS3 protein, used to inhibit low levels of His3p.  This inhibitor is 

commonly added to YSD -W-L-A-H medium to increase the threshold of HIS3 

expression required to supply the cell with His (Durfee et al., 1993). 

 

2.13. 4 Measurement of β-galactosidase assay in yeast two-hybrid cell cultures 

The β-galactosidase activity in mated yeast cultures (AH109/Y187) was measured 

based on the detection of ONP produced in the reaction ONPG             ONP + galactose 

(Miller, 1972) by spectrophotometry.  Five mL overnight mated yeast cultures were 

grown in YSD -W-L medium.  The overnight cultures were vortexed to disperse cell 
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clumps.  These cultures were used to inoculate an 8mL YPD medium at an OD600 of 0.2 

and grown at 30 °C with vigorous shaking (250 rpm) to an OD600 of 0.5-0.8. The 

correct OD600 was recorded.  The culture (1.5 mL) was centrifuged for 30 s at 14,100 × 

g, and then the supernatant was removed.   The cells were washed in Z buffer, 

centrifuged again and resuspended in 500 µL of Z buffer.  Triplicates of cell suspension 

(100 µL) were prepared in fresh tubes for the enzyme assay.  The tubes were snap 

frozen in liquid nitrogen (30 s to 60 s) then  thawed in a 37 °C water bath (30 s to 60 s) 

and the freeze –thaw steps were repeated two more times to ensure that the cells were 

broken open. A blank tube containing 100 µL of Z buffer was set up.  Then 0.7 mL of Z 

buffer + β-mercaptoethanol was added to the reaction tubes and blank tubes. Upon 

adding 160 µL of ONPG (in Z buffer) to all the tubes, the time was recorded. The tubes 

were placed in a 30 °C incubator.   

 

The reaction was visually checked for yellow colour development intermittently (for the 

first 4 hr) then incubation was carried out for a further 12-15 h before adding 0.4 mL of 

1 M Na2CO3. The time elapsed was recorded in minutes. Before taking the absorbance 

at OD420, the cells were centrifuged for 10 min at 14,100 × g.  The following formula 

was used to calculate the enzyme activity where  1 unit of  β-galactosidase is defined as 

the amount which hydrolyzes 1 μmol of ONPG to o-nitrophenol and D-galactose per 

min per cell (Miller, 1992; Clontech Yeast Protocol manual): β-galactosidase units = 

1,000 x OD420/(t x V x OD600), where: t = elapsed time (in min) of incubation, V = 0.1 

mL x concentration factor (5),OD 600= A600 of 1 mL of culture. 
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2.14 Methods specific to the antimicrobial activity of PINB-2 peptides based on the 

TRD 

2.14 1 Design and synthesis of peptides 

Twelve-residue long synthetic peptides were designed based on the TRD region of 

PINB-2v1 (FSIARLLKWWKG-NH2) and PINB-2v3 (FPISTLLKWWKG-NH2) 

(Wilkinson et al., 2008).  The peptides were synthesized at >95 % purity by Biomatik 

Corp (Ontario, CA) by solid- phase methods using N-(9- fluorenyl) methoxycarbonyl 

(Fmoc) chemistry.  The peptides were amidated at the C-terminus.  The PuroA and 

PuroB peptides, based on the TRD of PINA and PINB (Gautier et al., 1994; Jing et al., 

2003; Phillips et al., 2010) were used as reference. Stock solutions of the peptides were 

prepared at 1mg/mL in 0.01 % glacial acetic acid and stored at -20 °C. The isoelectric 

point (pI) of the peptides were calculated using the ‘compute pI/MW Tool’ at the Expert 

protein Analysis System (ExpAsy) site (http://au.expasy.org/tools/pi_tool.html).  

 

2.14.2 Preparation of bacterial and fungal culture for antimicrobial activity 

determination 

The antibacterial assays involved two bacterial strains, E. coli (ATCC 25922) and S. 

aureus (ATCC 25923).  The bacterial cultures were prepared according to the method 

described by Wiegand et al. (2008).  Bacterial suspension from an overnight culture 

were adjusted in MHB to 1×108 cfu mL-1 using a spectrophotometer (OD625 = 0.08-

0.13).  The bacterial suspension was vortex mixed and adjusted to 5 × 105 CFU mL-1 by 

diluting it 1:200 in MHB.  The correlation between the spectrophotometric values 

obtained and the number of colonies was determined by plating 100 µL volumes 

of1:100 and 1:1000 dilutions of the bacterial suspension used for testing on NA plates.  

The filamentous fungi, C graminicola, F. oxysporum and R. solani, were grown on 

PDA media for 7 days.  A loop from the plate cultures were inoculated into 50 mL PDB 

and the fungi cultures were grown for 7 days at 25 °C with shaking.  The mycelia were 

vigorously vortex mixed and the resulting suspension was adjusted to 0.4-5 × 104 

mycelia fragments mL-1 using a spectrophotometer at 530 nm (0.15-0.17) with PDB 

media. 

 

 

 

http://au.expasy.org/tools/pi_tool.html
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2.14.3 Antibacterial assays  

The minimum inhibitory concentration (MIC), defined as the lowest concentration of 

antimicrobial agent that prevents visible growth of microorganisms under defined 

conditions.  The MIC of the peptides was determined using the microtitre broth dilution 

method described by Wiegand et al. (2008) with some modifications.  A single bacterial 

colony was inoculated into 3 mL of MHB and incubated at 37 °C overnight. The 

peptides (25 µL), were added to the wells of sterile 96-well microtitre plates.  A two-

fold serial dilution was carried out across each row (concentrations ranging from 250-

0.5 µg/mL). Following this, the wells were inoculated with 75 µL of diluted bacterial 

culture (5 × 105 CFU mL-1) and incubated overnight at 37 °C.  The MIC of bacterial 

growth was determined visually and was also measured using a Microplate reader (Bio-

Rad, USA). The peptides were tested in triplicates. 

 

2.14.4 Antifungal assay 

The antifungal activity of the peptides was determined by microbroth assay (Broekaert 

et al., 1990) with modifications.  The peptides (25 µL) were added to the first empty 

well and a two-fold dilution was applied across each row (250 µg/mL -2 µg/mL). The 

diluted mycelia fragments prepared as described above was inoculated into the test 

wells (75 µL) and incubated for 7 days.  The MIC was noted visually as well as with the 

use of a Microplate reader to determine the lowest concentration to completely inhibit 

fungal hyphal growth.  The peptides were tested in triplicates. 

 

2.14.5 Haemolytic activity assay 

The haemolytic activity assay was carried out as described in Phillips et al. (2010). The 

activity was determined accordingly to Dathe et al. (1996).  Sheep red blood cells 

(RBC), isolated from defibrinated blood was prepared by centrifuging whole blood at 

200 × g for 10 min at 4 °C. The RBC were washed trice with phosphate-buffered saline 

(PBS, pH 7.4) and resuspended in PBS. Then, 25 µL aliquots of the RBC were 

incubated with different concentration of peptides (250-4 µg/mL) for 1 hr at 37 °C with 

gentle shaking.  The samples were centrifuged at 1,100×g for 5 min and absorbance 

measurements of supernatant were taken at 540nm.  A blank that consisted of only PBS 

(zero haemolysis) and 1% Triton X-100 in PBS (100 % haemolysis) was included as 
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positive and negative controls.  Haemolysis was defined as the concentration of the 

peptides required to haemolyse 50 % of RBC (HD 50). 

 

 

2.15 Scanning electron Microscopy (SEM) of wheat samples  

2.15.1 Sample preparation 

The wheat seeds were dissected longitudinally and were fixed onto glass slides using 

double-sided adhesive tape.  The samples were placed on the slides such that the starchy 

endosperm was exposed.  Two seeds of the same wheat sample were prepared for SEM 

analysis. 

 

2.15.2 SEM analysis 

SEM has been previously used to analyse soft and hard wheats (Chen et al., 2005b).  In 

the current work, SEM analysis of wheat seeds was conducted at Swinburne University 

of Technology with the kind help of Dr. James Wang.  All samples were mounted on 

pin type aluminium SEM  mounts with double sided conducting carbon tape and then 

coated in Dynavac CS300 coating unit with carbon and gold to achieve better 

conductivity of the seed surface.  Images were captured at 500×, 1500× and 3000× 

magnification and analysed in relation to the Pina-D1 and Pinb-D1 allelic type of the 

wheat samples. 

 

 

2.16 Bioinformatics methods 

2.16. 1 Sequence alignments 

The Bioedit v 7.0.9 sequence alignment editor program was used for analysis of gene 

sequences of Pina-D1, Pinb-D1 and Pinb-2.  Alignments were optimally displayed 

using plot identities to the first sequence in the alignment with a ‘dot’.  This method of 

nucleotide sequence alignment provided useful for the identification of:  

1) single nucleotide polymorphisms (SNPs) for the classification of Pina-D1 and Pinb-

D1 genes based on the previously identified Pin sequences found  in Genbank, as well 

as to identify new SNPs, and for the identification of new Pin alleles.
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2) Pinb-2 haplotypes.  Haplotypes are unique combinations of nucleotides 

polymorphisms (Schwartz et al., 2004) for the classification of the genes; 3) correct 

DNA sequence of inserts of prey and bait clones used in the yeast two-hybrid analysis.  

Putative amino acid sequences were translated from the nucleotide sequence data and 

aligned as above and the ‘dot’ alignment allowed the identification of sequences that 

resulted in amino acid variation. 

 

2.16.2 Identity of DNA sequences 

The % identity for each  DNA sequence to the published Pinb-2v1, Pinb-2v2, Pinb-2v3, 

Pinb-2v4, Pinb-2v5  and the Pinb-2v6  sequence (from this study), was calculated.  The 

% identity data was generated using the ‘Sequence identity matrix icon’ in Bioedit. 

 

2.16.3 Phylogenetic analysis of Pinb-2 genes 

The DNA coding sequences of Pinb-2 haplotypes, Pina-D1a, Pinb-D1a and Gsp-1D 

were aligned using with the ‘CLustal W Multiple alignment’ program in Bioedit.  The 

alignment file was opened in the MEGA4 program 

(http://www.megasoftware.net/mega4/mega.html; last accessed May 2011).  

  

2.16.4 Protein and peptide analysis of putative PINB-2 proteins 

Prediction of pI: The isoelectric point (pI) of the PINB-2 mature protein sequences and 

the peptides designed based on their TRD were determined using the ‘compute pI/MW 

Tool’ at the Expert Protein Analysis System (ExPAsy) site 

(http://au/expasy.org/tools/pi_tool.html).  

 

Prediction of Signal peptide for PINB-2 putative protein sequences: The signal peptides 

were determined based on the alignment of PINB-2 sequences with PINA-D1 and 

PINB-D1 conducted using the Bioedit program.  

 

2.16.5 Structure prediction of putative PINB-2 putative proteins 

The structure prediction of the PINB-2 putative protein sequences was carried out using 

iterative threading assembly refinement (I-TASSER) server 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER).  Using this method, three 

dimensional (3D) atomic models were generated from multiple threading alignments of 

http://www.megasoftware.net/mega4/mega.html
http://au/expasy.org/tools/pi_tool.html
http://zhanglab.ccmb.med.umich.edu/I-TASSER
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amino acid sequences and iterative structural assembly simulations (Roy et al., 2010; 

Zhang, 2008).  The protein structures were visualized and edited using Deepview/Swiss 

PDB Viewer v.4.0 (http://spdbv.vital-it.ch/; last accessed May 2011).  The modelled 

structures and alignments were used to determine the positions of the tryptophan rich 

region (TRD), the disulphide bonds as well as the amino acid residues characteristic to 

each of the main groups of the putative PINB-2 protein groups identified.  Due to 

unavailability of a suitable template, the ab initio method of structure prediction was 

applied in which the search returned proteins with close structural homology to PINB-2 

proteins.   

The output of the I-TASSER server include: five full length atomic models (ranked 

based on cluster density); estimated accuracy of the predicted models (that includes 

confidence score of all models and prediction of TM-score and RMSD for the first 

model; GIF images of the predicted models; predicted secondary structures; predicted 

solvent accessibility; and 10 proteins in PDB (Protein Data Bank) which are structurally 

closest to the predicted models.  The predicted models are given a ‘C-score’ which is a 

confidence score for estimating the quality of the predicted models by I-TASSER.  The 

score is calculated based on the significance of the threading template alignments and 

the convergence parameters of the structure assembly simulations. The C-score of 

higher value (usually ranging from -5 to +2) signifies a model with a high confidence 

and vice-versa.  The C-score is highly correlated with the TM (template modelling)-

score and RMSD (root-mean-square-deviation).  The TM-score and RMSD are known 

standards for measuring structural similarity between two structures which are useful in 

determining the accuracy of structure modelling when the native structure is known.  A 

TM-score > 0.5 indicates a model of correct topology and TM-scores < 0.17 indicates 

random similarity (Roy et al., 2010). 

http://spdbv.vital-it.ch/
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 3.1 Abstract 

The Pin genes greatly influence the hardness of wheat grains and variations in the Pin 

genes affect the degree of grain hardness, which in turn determines the end-use.  

Discovery of new Pin alleles not only proves to be useful in studying the linkage 

between these genes and grain hardness, but some of these variations could also be 

selected and incorporated into breeding programs.  Previous studies have found that the 

Pin alleles are extremely diverse among the Chinese wheat germplasm.  Therefore, in 

this study of Pin genes in hexaploid wheat landraces, Chinese wheats were screened for 

new alleles.  Among the 14 Chinese wheat landraces studied, six different alleles were 

identified, indicating the Pin genes among these wheats are diverse.  The six Pin allelic 

types found were; Pina-D1a/Pinb-D1a, Pina-D1a/Pinb-D1b, Pina-D1l/Pinb-D1a, Pina-

D1a/Pinb-D1p, Pinb-D1ab and new Pina allele, Pina-D1t (Pina-D1t/Pinb-D1a).  This 

new allele has a premature stop codon at position 41 of the mature protein sequence, 

suggesting that it is could be non-functional.  In this study, scanning electron 

microscopy (SEM) was used to determine the linkage between hardness (based on the 

amount of protein matrix bound to starch granules) with the various types of Pin alleles 

found among the wheats.  The wheats with Pina-D1a/Pinb-D1a showed free starch 

granules, unbound to protein matrix, the Pina-D1a/Pinb-D1b (with SNP in Pinb causing 

a single amino acid substitution) had intermediate amounts of protein-bound starch 

granules, while wheats with Pin alleles showing stop codons or frameshifts in their 

putative protein sequences (Pina-D1l/Pinb-D1a, Pina-D1a/Pinb-D1p, Pina-D1t/Pinb-

D1a)  had more protein-bound starch granules.  These observations support previous 

observations that suggest both Pins are required in their functional form to confer 

softness. 

        

 

3.2 Introduction 

The Pin genes, Pina-D1 and Pinb-D1, have been shown to greatly influence grain 

hardness (Sections 1.10; 1.11).  Soft wheats possess the wild Pin genes (Pina-

D1a/Pinb-D1a), both of which are functional.  Softness has been attributed to factors 

such as lipid binding and interactions between the functional PIN proteins (sections 

1.15; 1.17).  The TRD of PINA has five Trp residues, while PINB has three Trp 

residues located among basic amino acid residues that are vital in lipid binding 
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(Kooijman et al., 1997, 1998).  Mutations involving SNPs and deletions are associated 

with hardness.  Biochemically, the variation introduced by mutations affect lipid 

binding properties and possibly interactions between the two PIN proteins (Giroux and 

Morris, 1997, 1998; Hogg et al., 2004).  The differences in grain hardness greatly 

influence the grain quality and end-use properties and are factors that are of paramount 

interest to wheat breeders and processors.  Due to this, there has been increased focus 

on finding new Pin alleles that may provide new variation in grain texture (Chang et al., 

2006; Ikeda et al., 2005 Massa et al., 2004).  Many of these new alleles have been 

discovered in Chinese cultivars and landraces, China being the secondary origin for 

wheat with a broad diversity in the germplasm (Chen et al., 2006; Xia et al., 2005).  

This study involves the analysis of T. aestivum landraces, mostly of Chinese origin, in 

the search for new mutations that may add to further variations in texture. 

 

 

3.3 Results 

3.3.1 Genomic DNA extraction and amplification of Pin genes in various wheat samples 

The plant material used in this work is listed in Chapter 2 (Table 2.8). Genomic DNA 

was extracted from ‘single plants’ (plant from a single seed and not pooled from other 

seeds) using the Wizard DNA Purification Kit (Promega). The method used for genomic 

(gDNA extraction) is detailed in section 2.6.  The Pina and Pinb genes were amplified 

using the PCR techniques describe in section 2.7 using the primer pairs Pina-D1 and 

Pinb-D1 listed in Table 2.9.  Both these primer pairs, designed based on the coding 

sequence and first reported by Gautier et al. (1994), amplify the entire coding sequence 

of Pina and Pinb.  The PCR products were analysed with agarose gel electrophoresis to 

determine the presence or absence of Pina or Pinb PCR products.  The lack of 

amplification of a Pina PCR product is an indication of Pina null alleles, such as the 

Pina-D1b, Pina-D1r and Pina-D1s alleles (Giroux and Morris, 1998; Ikeda et al., 2010; 

Lillemo and Morris, 2000).  The Pina PCR product was found to be present for all the 

wheats used in this study. 
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                                                             1    2    3    4     5    6    7    8     9  10   11   12  13  14 

  
 Figure 3.1 Example of Pina-D1 PCR products.  Lane1: Marker, Hyperladder 1, lanes 2-13: 
PCR products amplified from samples 27401, 27402, 27403, 27404, 27405, 27406, 27407, 
27408; 27373, 27374, 27377, 27379, lane 14:  Pina-D1 negative control.  

 
 
 

                                                                     1    2    3    4    5    6    7    8    9   10  11  12  13  14 

   
Figure 3.2 Example of Pinb-D1 PCR products. Lane1: Marker, Hyperladder 1, lanes 2-13: 
PCR products amplified from samples 27401, 27402, 27403, 27404, 27405, 27406, 27407, 
27408; 27373, 27374, 27377, 27379, lane 14:  Pinb-D1 negative control. 
 

 

The amplified products of Pina and Pinb are shown in Figures 3.1 and 3.2.  The 

expected product length for both Pina-D1 and Pinb-D1 were 447bp based on the report 

by Gautier et al. (1994) (Figure 3.3).  The PCR products were purified and directly 

sequenced without involving a cloning step. This is because the genes occur as single 

copies on chromosome 5D at the Ha locus, unlike other genes that exist in triplicate 

homeologous set, as found with the Gsp-1 genes (Gollan et al., 2007; Jolly et al., 1996). 

Of the 35 wheat landraces used in this study, 16 were subjected to sequencing as 

described in section 2.11.  Sequencing of both strands was carried out to obtain clear 

sequence data of the Pina/ Pinb alleles.   

 

 

 

 

600bp 
400bp 
200bp 

600bp 
400bp 
200bp 
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               10        20        30        40        50        60        70        80                
      ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
Pina  ATGAAGGCCCTCTTCCTCATAGGACTGCTTGCTCTGGTAGCGAGCACCGCCTTTGCGCAATATAGCGAAGTTGTTGGCAG 
 
Pinb  ATGAAGACCTTATTCCTCCTAGCTCTCCTTGCTCTTGTAGCGAGCACAACCTTCGCGCAATACTCAGAAGTTGGCGGCTG  
 
               90       100       110       120       130       140       150       160         
      ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
Pina  TTACGATGTTGCTGGCGGGGGTGGTGCTCAACAATGCCCTGTAGAGACAAAGCTAAATTCATGCAGGAATTACCTGCTAG  
 
Pinb  GTACAATGAAGTTGGCGGAGGAGGTGGTTCTCAACAATGTCCGCAGGAGCGGCCGAAGCTAAGCTCTTGCAAGGATTACG  
 
              170       180       190       200       210       220       230       240        
      ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
Pina  ATCGATGCTCAACGATGAAGGATTTCCCGGTCACCTGGCGTTGGTGGAAATGGTGGAAGGGAGGTTGTCAAGAGCTCCTT  
 
Pinb  TGATGGAGCGATGTTTCACAATGAAGGATTTTCCAGTCACCTGGCCCACAAAATGGTGGAAGGGCGGCTGTGAGCATGAG  
 
              250       260       270       280       290       300       310       320        
      ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
Pina  GGGGAGTGTTGCAGTCGGCTCGGCCAAATGCCACCGCAATGCCGCTGCAACATCATCCAGGGGTCAATCCAAGGCGATCT 
  
Pinb  GTTCGGGAGAAGTGCTGCAAGCAGCTGAGCCAGATAGCACCACAATGTCGCTGTGATTCTATCCGGCGAGTGATCCAAGG  
 
              330       340       350       360       370       380       390       400        
      ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
Pina  CGGTGGCATCTTCGGATTTCAGCGTGATCGGGCAAGCAAAGTGATACAAGAAGCCAAGAACCTGCCGCCCAGGTGCAACC  
 
Pinb  CAGGCTCGGTGGCTTCTTGGGCATTTGGCGAGGTGAGGTATTCAAACAACTTCAGAGGGCCCAGAGCCTCCCCTCAAAGT  
 
              410       420       430       440          
      ....|....|....|....|....|....|....|....|....|.. 
Pina  AGGGCCCTCCCTGCAACATCCCCGGCACTATTGGCTATTACTGGTGA  
 
Pinb  GCAACATGGGCGCCGACTGCAAGTTCCCTAGTGGCTATTACTGGTGA  
 

 
Figure 3.3 Sequence of Pina-D1a and Pinb-D1a with primer binding sites.                   
                         : Pina primers,                : Pinb primers. Using these primer pairs, a product 
length of 447bp should be obtained for both Pina and Pinb PCR products. 
         

 

 

3.3.2 Restriction enzyme digestion for identification of specific mutations 

Screening of known and common mutations in Pinb-D1 genes was carried out using the 

Cleaved Amplified Polymorphic Sequences (CAPS) technique of analysing Pinb 

products, described by Pickering and Bhave (2005) (Section 2.7.3).  CAPS analysis is 

based on differences in restriction fragment lengths are generated due to mutations such 

as SNPs and INDELs (insertion/deletions of nucleotides) that create or 

abolish restriction endonuclease recognition sites in PCR amplicons which are  

produced by locus-specific oligonucleotide primers.   

 

 

 

 

http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/Glossary.shtml#re
http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/TechPCR.shtml
http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/Glossary.shtml#primer
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Based on reports of the common occurrence of Pinb-D1b (possessing the Gly46Ser 

mutation in the protein sequence) among wheat cultivars and landraces (Martin et al., 

2001; Pickering and Bhave, 2005; Wang et al., 2008), selected T. aestivum wheats were 

analysed for the presence of Pinb-D1b allele. The Pinb-D1b mutation containing the G 

to A substitution at position 223 of the coding region (Giroux and Morris, 1997) was 

distinguished from the non–Pinb-D1b alleles using BsrB1 (GGCGAG) (the change from 

GGC to AGC causes gain of another restriction site in the Pinb-D1b sequence).  The 

447bp Pinb-D1PCR products containing non-Pinb-D1b alleles result in 318bp 

fragments (1 restriction site).  However, products with   the Pinb-D1b mutation result in 

222bp and 225bp fragments (2 restriction sites) (Figure 3.4).  T. aestivum landraces 

selected for this analysis are shown in Table 3.1 and the gel analysis of all except for 

27297 is shown in Figure 3.5. 

 

 

 

          130bp fragment                        317bp fragment         
 

 

                                                           

         130bp fragment          94bp fragment                          223bp fragment 
 
 
   Figure 3.4 BsrB1 restriction sites in Pinb-D1.   
  
  

 

 

 

 

 

 

 

 

 

 

 

 Non-Pinb-D1b 

Pinb-D1b (SNP at position 224 (G to A) of coding sequence) 
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                                           1      2      3       4       5       6       7       8      9      10      11   

      
                                     1       2      3      4     5      6      7     8      9    
 
Figure 3.5  BsrB1 digested PCR products of selected T. aestivum landraces.  Top Row  
Lane 1: Marker, Hyperladder 1, lanes 2,4,6,8,10: Pinb PCR products in the order of  of Janz 
(positive control), 27964, 27995, 28069, 27892, lanes 3, 5, 7, 9, 11: BsrB1 digested  Pinb 
products in the order of  of Janz (positive control), 27964, 27995, 28069, 27892. Bottom Row 
Lane 1: Marker, Hyperladder 1,  lanes 2, 4, 6, 8: PCR products in the order of 27981, 27880, 
27378, 27394, lanes 3, 5, 7, 9: BsrB1 digested products, in the order of 27981, 27880, 27378, 
27394.  
 

 

Of these nine T. aestivum landraces, Pinb products of 28069 (India) and 27394 (China) 

exhibited the pattern of the BsrB1 restriction digestion pattern of the positive control 

(Janz), possessing the Pinb-D1b allele (Janz) (Table 3.1, Figure 3.5).  The Pinb PCR 

product of 28069 (India) was purified and sequenced (Section 2.7.4 and 2.11)  to 

confirm the CAPS analysis.  The sequencing result showed the presence of the expected 

SNP (G to A at position 223 of the coding sequence), with no other SNPs observed 

elsewhere. The remaining seven samples were subjected to Pvu11 (CAGCTG) enzyme 

restriction digestion to determine if Pinb-D1c alleles (Lillemo and Morris, 2000) were 

present.  The Pvu11 restriction enzyme was used to detect the presence of Pinb-D1c 

among the Pinb products.  The Pvu11 enzyme recognizes the sequence ‘CAGCTG’ that 

occurs at one site in non-Pinb-D1c sequences (Pickering and Bhave, 2005).  In Pinb-

D1c products, the SNP at position 266 (T to C) causes the loss of this restiction site and 

the PCR product remains uncut (Figure 3.6). 

 

 

600bp 
400bp 
200bp 

600bp 
400bp 
200bp 
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                                        264bp                              183bp 
 

 

 

 

 

  Figure 3.6 Pvu11 restriction sites in Pinb-D1. Loss of restriction site in Pinb-D1c due to  
  SNP  
 
 
 
 
 
 
 
                                             1       2       3       4       5       6        7      8         9      10     11     12 

 
                                   1         2       3       4      5       6 
 
Figure 3.7 Pvu11 digested PCR products of selected T. aestivum landraces. Top 
Row Lanes 1 and 12: Marker, Hyperladder 1, lanes 2, 4, 6, 8, 10: Pinb PCR products in the 
order of 27297, 27964, 27995, 27892, 27981, lanes 3, 5, 7, 9, 11: Pvu11 digested Pinb PCR 
products in the order of 27297, 27964, 27995, 27892, 27981. Bottom Row  Lanes 2 and 4:  
PCR products in the order of 27880, 27378, 3 and 5 are Pvu11 digested PCR products in the 
order of 27880, 27378, lane 6: Marker, Hyperladder 1.       
 
 
 
 

Non-Pinb-1c 

  Pinb-D1c (SNP at position 266 (T to C) of coding sequence) 

600bp 
400bp 
200bp 

600bp 
400bp 
200bp 
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None of samples (Table 3.1) subjected to Pvu11 digest displayed the restriction digest 

pattern of the Pinb-D1c allele (Figure 3.7).  Pickering and Bhave (2005) showed the 

presence of this allele in the Pinb PCR product of the T. aestivum landrace, Iraq 42, 

which was not digested by Pvu11 due to loss of restriction site as shown in Figure 3.6. 

 

Table 3.1 T. aestivum landraces, selected for CAP analysis of Pinb PCR products 
T. aestivum 
landraces 

Origin Pina PCR 
product 

Pinb 
PCR product 

Pinb BsrB1 
digest 

Pinb Pvu11 
digest 

27964 Portugal √ √ × ×× 

27995 Sarajevo √ √ × ×× 

28069 India √ √ √√ - 

27892 Leon Esp √ √ × ×× 

27981 Rumania √ √ × ×× 

27880 Italy √ √ × ×× 

27297 DZA √ √ × ×× 

27378 China √ √ × ×× 

27394 China √ √ √√ ×× 

(√): presence of Pina and Pinb PCR Products, (√√ ): Digestion pattern of Pinb-D1b, (×): 
Digestion pattern of non-Pinb-D1b, (××):Digestion pattern of non-Pinb-D1c 
 

 

3.3.3 Analysis of Pin genes among Chinese landraces of wheat 

Due to the numerous reports on the diversity of Pin genes, among Chinese wheats, 

China being the secondary centre for wheat origin (section 1.10.10), the Chinese 

hexaploid wheat landraces were screened for new Pin alleles.  The PCR products (Pina 

and Pinb) of 13 Chinese wheats were directly sequenced without analysing the products 

first with restriction enzymes, since this method was found to be time consuming in 

searching for new alleles.  These samples are listed in Table 3.2. 

 

 

 

 

 

 

 

 



Chapter 3                                                                                                    Analysis of Pin genes                                                                                          
 

90 
 

Table 3.2 Pina-D1 and Pinb-D1 alleles discovered in the T. aestivum Chinese landraces  

* complete sequence data available,   ** partial sequence data available, 1Based on restriction 
digestion profile using Bsrb1, 2 PCR amplicon present  
 

 

3.3.4 Discovery of a new Pina-D1 allele in a Chinese landrace 

Sequencing of the Pina-D1 allele from the landrace T. aestivum 27405-China showed a 

G207A substitution at the coding sequence.  The PCR was repeated two more times and 

the products of these reactions were also sequenced to confirm this new mutation.  The 

sequencing reaction was carried out on both strands to confirm the presence of this 

mutation.  Sequencing results revealed a new Pina-D1 allele, possessing a G207A 

substitution in the nucleotide sequence (Figure 3.8). This SNP results in a change of a 

tryptophan residue to a stop codon at position 41 of the mature protein sequence starting 

from DVAGGG... (Gautier et al., 1994) (Figure 3.9).  This allele was designated Pina-

D1t (Genbank accession: JN680739) following the Pin nomenclature (Morris and 

Bhave, 2008) with the last reported Pina-D1 allele being Pina-D1s (Ikeda et al., 2010).  

The sample possessing this new Pina-D1 allele also has the soft type Pinb-D1 allele 

(Table 3.2).  

 

 

 

Wheat Pina-D1 Pinb-D1 Description 
T. aestivum 27401-China a* a* wild type alleles 
T. aestivum 27402-China a* a* wild type alleles 

T. aestivum 27403-China l* a* 
one base deletion, 

frameshift  from 
Gln61onwards for PINA 

T. aestivum 27404-China a* a* wild type alleles 

T. aestivum 27405-China New(t)* a* Trp41Stop codon 
T. aestivum 27406-China a* a* wild type alleles 
T. aestivum 27407-China a* a* wild type alleles 
T. aestivum 27408-China a* a* wild type alleles 
T. aestivum 27373-China a* a* wild type alleles 

T. aestivum 27374-China a* p* 
one base deletion, 

frameshift from Lys42 
onwards for PINB 

T. aestivum 27377-China a* a* wild type alleles 
T. aestivum 27379-China a* b* Gly46Ser in PINB 

T. aestivum 27390-China not determined2  ab** Gln99Stop codon 

T. aestivum 27394-China not determined2 b1 Gly46Ser in PINB 
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3.3.5 Composition of Pin alleles among the Chinese wheats  

Among the 13 T. aestivum Chinese landraces analysed, sequencing results showed that 

8 samples displayed the soft wheat alleles (Pina-D1a/Pinb-D1a).  The remaining six 

wheats possessed hard alleles that consisted of two Pina-D1a/Pinb-D1b (Giroux and 

Morris 1997), one Pina-D1a/Pinb-D1p (Xia et al., 2005), one likely Pinb-D1ab (Tanaka 

et al., 2007), one Pina-D1l (Chen et al., 2006) and the new Pina-D1t/Pinb-D1a (see 

section 3.3.5) (Figure 3.8, Table 3.2).  The Pina-D1l, Pinb-D1p and Pinb-D1ab 

previously reported in Chinese cultivars and landraces were identified in the Chinese 

common wheat landraces in this study (Chen et al., 2006; Giroux and Morris, 1997; Li 

et al., 2008; Tanaka et al., 2007; Xia et al., 2005).   
  

 

 

Figure 3.8 Composition of Pin alleles in the Chinese wheat landraces  
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7% 
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                             10         20         30         40         50         60                 
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pina-D1a DQ363911   ATGAAGGCCC TCTTCCTCAT AGGACTGCTT GCTCTGGTAG CGAGCACCGC CTTTGCGCAA   
Pina-D1t            .......... .......... .......... .......... .......... ..........   
Pina-D1l            .......... .......... .......... .......... .......... ..........   
 
                             70         80         90        100        110        120              
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pina-D1a DQ363911   TATAGCGAAG TTGTTGGCAG TTACGATGTT GCTGGCGGGG GTGGTGCTCA ACAATGCCCT   
Pina-D1t            .......... .......... .......... .......... .......... ..........   
Pina-D1l            .......... .......... .......... .......... .......... ..........   
 
                            130        140        150        160        170        180           
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pina-D1a DQ363911   GTAGAGACAA AGCTAAATTC ATGCAGGAAT TACCTGCTAG ATCGATGCTC AACGATGAAG   
Pina-D1t            .......... .......... .......... .......... .......... ..........   
Pina-D1l            .......... .......... .......... .......... .......... ..........   
 
                            190        200        210        220        230        240           
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pina-D1a DQ363911   GATTTCCCGG TCACCTGGCG TTGGTGGAAA TGGTGGAAGG GAGGTTGTCA AGAGCTCCTT   
Pina-D1t            .......... .......... ......A... .......... .......... ..........   
Pina-D1l            .......... .......... .......... .......... .......... ..........   
 
                            250        260        270        280        290        300           
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pina-D1a DQ363911   GGGGAGTGTT GCAGTCGGCT CGGCCAAATG CCACCGCAAT GCCGCTGCAA CATCATCCAG   
Pina-D1t            .......... .......... .......... .......... .......... ..........   
Pina-D1l            .......... .......... ....A..TGC .AC.GCA.TG C.GCTGCA.C ATCATC.AG.   
 
                            310        320        330        340        350        360           
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pina-D1a DQ363911   GGGTCAATCC AAGGCGATCT CGGTGGCATC TTCGGATTTC AGCGTGATCG GGCAAGCAAA   
Pina-D1t            .......... .......... .......... .......... .......... ..........   
Pina-D1l            ..TCA.TC.A .G.CGATCTC G.TG.CATCT .CG.AT..CA GCGTGATCG. .CA.GCA..G  
 
 
                            370        380        390        400        410        420           
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pina-D1a DQ363911   GTGATACAAG AAGCCAAGAA CCTGCCGCCC AGGTGCAACC AGGGCCCTCC CTGCAACATC   
Pina-D1t            .......... .......... .......... .......... .......... ..........   
Pina-D1l            TGATACA.GA .GC.A.GA.C .TGC.GC..A G.TGCA.C.A G..C..TC.. TGCA.CATC.   
 
                            430        440           
                    ....|....| ....|....| ....|.. 
Pina-D1a DQ363911   CCCGGCACTA TTGGCTATTA CTGGTGA  
Pina-D1t            .......... .......... .......  
Pina-D1l            ..G.CACTAT .G.CTAT.AC TG.TGA   
 
Figure 3.9 Alignment of the nucleotide sequences of Pina-D1 alleles found in the T. 
aestivum Chinese landraces. Dots (.) indicate nucleotides identical to the top sequence. 
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                                                                                                                               HI 

                             10         20         30         40         50         60                 
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
PINA-D1a DQ363911   MKALFLIGLL ALVASTAFAQ YSEVVGSYDV AGGGGAQQCP VETKLNSCRN YLLDRCSTMK   
PINA-D1t            .......... .......... .......... .......... .......... ..........   
PINA-D1l            .......... .......... .......... .......... .......... ..........  
 
                                              TRD                     H2                              H3                         H4 
 
                             70         80         90        100        110        120              
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
PINA-D1a DQ363911   DFPVTWRWWK WWKGGCQELL GECCSRLGQM PPQCRCNIIQ GSIQGDLGGI FGFQRDRASK   
PINA-D1t            ........*. .......... .......... .......... .......... ..........   
PINA-D1l            .......... .......... ........KC HRNAAATSSR .QSKAISVAS SD.SVIGQA.   
 
 
 
 
                            130        140           
                    ....|....| ....|....| ....|.... 
PINA-D1a DQ363911   VIQEAKNLPP RCNQGPPCNI PGTIGYYW*  
PINA-D1t            .......... .......... ........*  
PINA-D1l            *YKKPRTCR. GATRAL.ATS .ALLAITG   
 
Figure 3.10 Alignment of the putative protein sequences of Pina-D1 alleles in the T. 
aestivum Chinese landraces.  Dots (.) indicate nucleotides identical to the top sequence. TRD: 
Tryptophan rich domain. H: Helix 
 

 

DNA sequence alignments of the Pina-D1 alleles found in this study are shown in 

Figure 3.9 and the putative protein sequence alignments are showed in Figure 3.10.  The 

Pina-D1l allele is characterized by the C265 deletion in the nucleotide sequence of 

Pina, causing a frameshift from position 61 onwards in the putative mature protein 

sequence, PINA-D1l (Figure 3.10).  The protein product is most likely non-functional as 

the structure from H2 onwards is affected.  This Pina-D1 allele results in PINA-null and 

wheats having this allele have hard endosperms (Chen et al., 2006).  The allele has been 

previously reported in common wheat cultivars and Chinese historical cultivars and 

landraces (Chen et al., 2006; Gazza et al., 2005).  The PINA-D1t protein is truncated 

due to stop codon at the TRD (Figure 3.10).  The pI of its mature protein is 7.94, which 

is lower than the soft Pina allele (Table 3.3).     
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                              70         80         90        100        110        120              
                     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pinb-D1a             TACTCAGAAG TTGGCGGCTG GTACAATGAA GTTGGCGGAG GAGGTGGTTC TCAACAATGT   
Pinb-D1b             .......... .......... .......... .......... .......... ..........   
Pinb-D1p             .......... .......... .......... .......... .......... ..........   
27390 Pinb-D1ab      .......... .......... .......... .......... .......... ..........   
   
                             130        140        150        160        170        180           
                     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pinb-D1a             CCGCAGGAGC GGCCGAAGCT AAGCTCTTGC AAGGATTACG TGATGGAGCG ATGTTTCACA   
Pinb-D1b             .......... .......... .......... .......... .......... ..........   
Pinb-D1p             .......... .......... .......... .......... .......... ..........   
27390 Pinb-D1ab      .......... .......... .......... .......... .......... ..........   
 
                             190        200        210        220        230        240           
                     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pinb-D1a             ATGAAGGATT TTCCAGTCAC CTGGCCCACA AAATGGTGGA AGGGCGGCTG TGAGCATGAG   
Pinb-D1b             .......... .......... .......... .......... ..A....... ..........   
Pinb-D1p             .......... .......... .......... ..TG.TG.A. G..CG.CTGT GAGCATGAG.   
27390 Pinb-D1ab      .......... .......... .......... .......... .......... ..........   
   
                             250        260        270        280        290        300           
                     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pinb-D1a             GTTCGGGAGA AGTGCTGCAA GCAGCTGAGC CAGATAGCAC CACAATGTCG CTGTGATTCT   
Pinb-D1b             .......... .......... .......... .......... .......... ..........   
Pinb-D1p             T.CG..AGA. GTGCTGCA.G CAGCTGAGC. AGATAGCAC. ACA.TGTCGC TGTGAT.CTA   
27390 Pinb-D1ab      .......... .......... .......... .......... .......... ..........  
  
                             310        320        330        340        350        360           
                     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pinb-D1a             ATCCGGCGAG TGATCCAAGG CAGGCTCGGT GGCTTCTTGG GCATTTGGCG AGGTGAGGTA   
Pinb-D1b             .......... .......... .......... .......... .......... ..........   
Pinb-D1p             TC.G.CGAGT GATC.A.G.C AG.CTCG.TG .CT.CT.G.. CAT..G.CGA G.TGAG.TAT   
27390 Pinb-D1ab      .......... .......... .......... .......... .......... ..........  
  
                             370        380        390        400        410        420           
                     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
Pinb-D1a             TTCAAACAAC TTCAGAGGGC CCAGAGCCTC CCCTCAAAGT GCAACATGGG CGCCGACTGC   
Pinb-D1b             .......... .......... .......... .......... .......... ..........   
Pinb-D1p             .CA..CA.CT .CAGAG..C. .AGAGC.TC. ..TCA..GTG CA.CATG..C GC.GACTGCA   
27390 Pinb-D1ab      .......... .......... .T........ ..N....... .......... ..........  
  
                             430        440           
                     ....|....| ....|....| ....|.. 
Pinb-D1a             AAGTTCCCTA GTGGCTATTA CTGGTGA  
Pinb-D1b             .......... .......... .......  
Pinb-D1p             .GT.C..TAG TG.CTAT.AC TG.TGA   
27390 Pinb-D1ab      .......... .......... .......  
 
Figure 3.11 Alignment of nucleotide sequences of Pinb-D1 alleles found in the T. 
aestivum Chinese landraces. Dots (.) indicate nucleotides identical to the top sequence. 
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                                                                              HI 
 
 
                              10         20         30         40         50         60                 
                     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
PINB-D1a             MKTLFLLALL ALVASTTFAQ YSEVGGWYNE VGGGGGSQQC PQERPKLSSC KDYVMERCFT   
PINB-D1b             .......... .......... .......... .......... .......... ..........   
PINB-D1p             .......... .......... .......... .......... .......... ..........   
PINB-D1ab            ---------- ---------- .......... .......... .......... ..........  
 
  

                             TRD                     H2                              H3                           H4 
 
                              70         80         90        100        110        120              
                     ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
PINB-D1a             MKDFPVTWPT KWWKGGCEHE VREKCCKQLS QIAPQCRCDS IRRVIQGRLG GFLGIWRGEV   
PINB-D1b             .......... ....S..... .......... .......... .......... ..........   
PINB-D1p             .......... NGGRAAVSMR FGRSAASS*A R*HHNVAVIL SGE*SKAGSV ASWAFGEVRY   
PINB-D1ab            .......... .......... .......... .......... .......... ..........  
 
  
 
                             130        140           
                     ....|....| ....|....| ....|.... 
PINB-D1a             FKQLQRAQSL PSKCNMGADC KFPSGYYW*  
PINB-D1b             .......... .......... ........*  
PINB-D1p             SNNFRGPRAS .QSATWAPTA SSLVAITG   
PINB-D1ab            .......*.. X......... ........*  
  
 
Figure 3.12   Alignment of the putative protein sequences of Pinb-D1 alleles found in the 
T. aestivum Chinese landraces. Dots (.) indicate nucleotides identical to the top sequence. (x) 
indicates an uncertain amino acid residue.  TRD: Tryptophan rich domain. H:Helix 
 

 

Pinb-D1 alleles found in this study are shown in Figure 3.11 while the putative protein 

sequences are shown in Figure 3.12.  The Pinb-D1b allele found among a few wheats in 

this study has a point mutation in the nucleotide sequence that results in an amino acid 

substitution (Gly46Ser) and causes intermediate hardness of the hexaploid grain (Giroux 

and Morris, 1997; Morris 2002).  The pI for the putative mature protein sequences of 

the Pinb-D1a and Pinb-D1b alleles are the same, with both possessing pI values of 9.10 

(Table 3.2).The Pinb-D1p allele is characterised by deletion of A213, causing a 

frameshift from position 42 at the TRD of the mature PINB protein sequence and a pI of 

9.07 (Table 3.3).  This mutation results in a PINB-null and the wheats possessing this 

allele (Pina-D1a/Pinb-D1p) are hard grain textured, and are prevalent among Chinese 

landraces and cultivars of the Shandong and Xinjiang regions (Ikeda et al., 2005; Wang 

et al., 2008; Xia et al., 2005).  The Pinb-D1ab is characteristic due to a point mutation 

(C382T) in the coding sequence that results in truncated PINB protein sequence 

(Gln99Stop codon) (Tanaka et al., 2007).  This is a rare allele detected in introduced 

cultivars and landraces from China (Wang et al., 2008). 
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Table 3.3 pI of putative protein sequences encoded by the Pin alleles found in this study 

Pin allele Pina-D1a Pina-D1l Pina-D1t Pinb-D1a Pinb-D1b Pinb-D1p Pinb-

D1ab 

pI of 
mature 
protein  

8.75 9.08 7.94 9.10 9.10 9.07 9.18 

 
 

3.3.6 Use of restriction enzymes to analyse additional Chinese wheat landraces  

The Pinb-D1b and Pinb-D1p alleles were screened in 13 other Chinese hexaploid 

landraces of wheat listed in Table 3.3.  Figure 3.13 shows six of these wheats, screened 

for the presence of Pinb-D1b and Pinb-D1p.    

 
                          27420          27421        27423       27430          27432       27434 

 
        1      2        3        4       5       6       7        8        9     10     11      12    13                              14    15    16 

                                     
Figure 3.13 Example of PCR products digested with BsrB1 and PflM1 for identification of 
Pinb-D1b and Pinb-D1p. Lanes 1 and 14: Marker, Hyperladder 1, lanes 2, 4, 6, 8, 10, 12: PCR 
products digested using the restriction enzyme BsrB1. Lanes 3, 5, 7, 9, 11, 13: PCR products 
digested with PflM1. Lanes 15 is a positive control (sequenced Pinb-D1p product of 27374) for 
PflM1 digestion and lane 16 is a negative control (the sequenced Pinb-D1b product of 27379) 
for PflM1 digestion.  The positive control for Pinb-D1b (Janz) is shown in Figure 3.5. 
 

 

These two Pinb alleles were chosen to be screened because they were commonly found 

among Chinese landraces (Ikeda et al., 2005; Li et al., 2008, Wang et al., 2008).  To 

determine the presence of the Pinb-D1p allele, the enzyme PflM1 was used (Figure 

3.14).  This restriction enzyme recognizes ‘CCACAAAATGG’, at position 212 of the 

coding region of non-Pinb-D1p (loss of restriction site for Pinb-D1p products).  None of 

the Pinb products of the 13 samples listed in Table 3.4 showed the presence of Pinb-

D1b and Pinb-D1p.  
 

600bp 
400bp 
 
200bp 

600bp 
400bp 
 
200bp 
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                           212bp fragment                               235bp fragment 
 

 

 

 
Figure 3.14 PflM1 restriction sites.  Other Pinb-D1 has one site and Pinb-D1p has no site due 
to deletion of A at position 213 
 
 
Table 3.4 Additional Chinese hexaploid wheat landraces used for Pina and Pinb analysis  

T. aestivum Chinese wheat Pina PCR 
product 

Pinb PCR 
product 

BsrB1 digest  
(Pinb-D1b) 

PflM1 digest 
(Pinb-D1p) 

27420 √ √ × ×× 

27421 √ √ × ×× 

27423 √ √ × ×× 

27424 √ √ × ×× 

27425 √ √ × ×× 

27426 √ √ × ×× 

27430 √ √ × ×× 

27432 √ √ × ×× 

27434 √ √ × ×× 

27435 √ √ × ×× 

27390 √ √ × ×× 

27391 √ √ × ×× 

27392 √ √ × ×× 

27393 √ √ × ×× 

(√): presence of Pina and Pinb PCR Products, (×): Digestion pattern of non-Pinb-D1b as 
shown in figure 3.4, (××): Digestion pattern of non-Pinb-D1p as shown in figure 3.8. Example of 
Pinb PCR products of these wheats digested by the restriction enzymes BsrB1 and PflM1 are 
shown in figure 3.14. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      Non-Pinb-1p 

     Pinb-1p 
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3.3.7 Presence of the Pinb-D1b allele in other landraces  

 Sequencing of the Pinb gene T. aestivum 28069-India (with a Pina-D1a allele) 

confirmed the BsrB1 restriction digestion data (Figure 3.5, Table 3.5). The Pinb-D1b 

allele was also found in another wheat landrace, T. aestivum 28018-Ukraine (Pina PCR 

product present but not sequenced).  The Pinb-D1b allele is also commonly found in 

North American, Chinese and Australian wheats (Chang et al., 2006; Chen et al., 2005a; 

Giroux and Morris, 1997; Morris et al., 2001; Pickering and Bhave, 2007; Xia et al., 

2005). 

 
              Table 3.5 Sequence analysis of additional wheat landraces 

Wheat Pina-D1 Pinb-D1 

T. aestivum 28069-India a* b* 

T. aestivum 28018-Ukraine not determined1 b** 

               * complete sequence data available.  ** Based on partial sequence data,  
               1PCR amplicon present 
 

3.3.8 SEM (Scanning electron microscopy) analysis of selected wheats 

SEM was used to determine the hardness of the wheat grains by determining the amount 

of starch granules bound to the protein matrix (Figure 3.15).   

 

            
A                                                                               B 
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                               C                                                                         D 
 
 

       
                                 E                                                                          F 
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                                        G                                                                      H 
    
Figure 3.15 SEM images of selected wheat. Magnification: X 3000, A: Soft wheat control, T. 
aestivum, cv. Rosella (Pina-D1a/ Pinb-D1a), B: Hard wheat control, T. aestivum cv. Cranbrook 
(Pina-D1b/Pinb-D1a), C: Durum wheat control, T. durum 11643-Barba Negra, D: T. aestivum 
27402-China (Pina-D1a/Pinb-D1a), E: T. aestivum 27403-China (Pina-D1l/Pinb-D1a), F: T. 
aestivum 27405-China (Pina-D1t/Pinb-D1a), G: T. aestivum 27407-China (Pina-D1a/Pinb-D1a), 
H: T. aestivum 28069-India (Pina-D1a/Pinb-D1b) 
 
 
Although grain texture can be determined using the SKCS or PSI, these methods were 

not employed due to the limited number of seeds available for the wheat germplasm in 

this study.  The control samples used were as follows:  T. aestivum cv. Rosella (soft 

wheat) (Figure 3.15A), T. aestivum cv. Cranbrook (hard wheat) (Figure 3.15B) and the 

durum T. durum Barba Negra (Figure 3.15C).  The soft wheat control showed clear 

separation of the protein matrix from the starch granules. The hard wheat control (Pina-

D1b/Pinb-D1a, PINA-null) showed adherence of the protein matrix to the starch 

granules.  Figures 3.15 D and G are SEM images of T. aestivum 27402 and T. aestivum 

27407, respectively, both possessing the soft type Pin alleles.  Both these wheats show 

separation of the protein matrix from the starch granules.  Figures 3.15E and 3.15F 

show SEM images of T. aestivum 27403-China and T. aestivum 27405 which have the 

Pin alleles Pina-D1l/Pinb-D1a (NULL PINA) and Pina-D1t/Pinb-D1a (identified in 

this study), respectively.  SEM images of these wheats show strong adherence of the 

protein matrix to the starch granules. This indicates that the wheat possessing the new 

Pina-D1t/Pinb-D1a, is most likely a hard wheat, supporting all the observations that 

mutations in either Pins cause hardness (Bhave and Morris, 2008a; Chen et al., 2006; 

Giroux and Morris, 1997; Lillemo and Morris, 2000).  Figure 3.15H shows the SEM 
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image of the Indian common wheat landrace 28069 possessing the Pina-D1a/Pinb-D1b 

allele.  Interestingly, this wheat showed intermediate hardness (less adherence of the 

protein matrix to the starch granules) compared to wheats with PINA-null (Pina-

D1b/Pinb-D1a) and wheats with truncation in the putatative PINA sequence (Pina-D1l/ 

Pinb-D1a and Pina-D1t/Pinb-D1a). 

 
 

3.4 Discussion 

3.4.1 Importance of variation in Pin alleles for suitable end products 

To date, 20 Pina (including the Pina-D1t in this study) and 26 Pinb alleles have been 

identified (Bhave and Morris, 2008a; Chen et al., 2005a, b; Giroux and Morris, 1997, 

1998; Ikeda et al., 2010; Li et al., 2007; Morris 2002; Ram et al., 2005).  Differences in 

Pina and Pinb alleles provide variation in grain texture which in turn has different 

effects on milling and the processing quality of food (Cane et al., 2004; Martin et al., 

2001).  For example, soft wheats, possessing the wild Pin alleles, are suited for cakes 

and biscuits, hard wheat for leavened bread and durum wheat (no Pins) for pasta 

(Morris, 2002)  In China, wheat with the Pinb-D1b allele is preferred for steamed bread, 

dry white noodles and pan bread (Chen et al., 2007a).  The discovery of new Pin alleles 

can contribute to the quality improvement of the end product.  For example the Pina-

D1a/ Pinb-D1d allele was found to have good milling qualities, while the Pina-

D1a/Pinb-D1e and Pina-D1a/Pinb-D1g was shown to have slightly superior Chinese 

raw white noodle (CRWN) quality in comparison to other genotypes (Ma et al., 2009) 

 

3.4.2 Diversity in the Chinese wheat landraces 

China is the secondary centre for the origin of common wheat (reviewed in He et al., 

2004).  Chinese wheat germplasm is characterized by a broad diversity and adaptation 

to different environments with little germplasm exchange between China and other 

countries until recently. Hard, medium or mixed, and soft types are found in various 

parts of China.  This is because there has been little effort to select for quality 

parameters (He et al., 2004).  The most popular Pin alleles worldwide are the Pina-D1b 

and Pinb-D1b, however a high proportion of Pinb-D1p were found in Chinese landraces 

and historical cultivars (Chen et al., 2006; Li et al., 2008; Xia et al., 2005).  The current 

study demonstrates that the Chinese landraces do show diversity among the wheats.  

Sequencing of Pina and Pinb PCR products from 13 Chinese landraces, revealed five 

http://www.sciencedirect.com/science/article/pii/S0733521007001221#ref_bib6
http://www.sciencedirect.com/science/article/pii/S0733521007001221#ref_bib28
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different Pin alleles (Table 3.2).  In addition, Pina-D1t with a point mutation 

(Trp41Stop codon) was discovered. It is quite likely that this Pina allele also forms a 

NULL-PINA based on the observation that Pina-D1n (Trp43Stop codon) results in a 

NULL PINA.  Pina-D1b, Pinb-D1b and Pinb-D1p are among the most common alleles 

found among Chinese wheat germplasm (Li et al., 2008; Wang et al., 2008; Xia et al., 

2005). However, Pina-D1b was not discovered in this study.  Previously, six to eight 

different Pin alleles in germplasm from a single wheat region were reported (Wang et 

al., 2008). 

 

3.4.3 Detection of Pin alleles with point mutations 

The most frequent type of mutations noted among the Pin alleles are the single 

nucleotide (single point) mutations that result in the substitution of one amino acid in 

the putative protein sequence or cause a null mutation. There are two types of null 

mutations that result from point mutation: 1) base deletion or insertion (INDELS) 

causing a frameshift in the resulting protein sequence 2) point mutation that results in a 

stop codon.  Previous studies showed that the wild type Pina-D1a/Pinb-D1a genotype 

determined soft endosperm texture, and nucleotide mutations causing amino acid 

substitutions/premature stop codons and frame shifts resulted in hard textured wheat 

(Chen et al., 2005a, b; Chen et al., 2006; Giroux and Morris, 1997, 1998; Ikeda et al., 

2005; Lillemo and Morris, 2000; Morris, 2002).  

 

Many of the point mutations found in Pina are null alleles, with truncated PINA 

products due to frameshifts or premature stop codons.  The Pina-D1l and Pina-D1n are 

alleles with point mutations. The former results in a frameshift, after the sixth conserved 

Cys residue (past the TRD), while the latter results in a stop codon in the TRD 

(Trp43Stop codon).  Wheats with these alleles have hard endosperms and have no Pina 

expression (PINA null).  Both these alleles were found in Chinese common wheat 

landraces (Chen et al., 2006).  The landrace T. aestivum 27405-China, with the new 

Pina-D1t allele (Trp41Stop codon), also showed features of a hard grain based on SEM 

analysis.  It is also likely that this allele is a null genotype like the Pina-D1n. The Pina-

D1m (Pro35Ser) is among the few with a point mutation that results in expressed 

protein (Chen et al., 2006). 
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The most drastic effect on grain hardness is caused by the PINA-null allele.  Several 

studies have shown that these alleles confer a harder endosperm than those with the 

single residue substitution for example, the Pinb-D1b allele (Cane et al., 2004; Giroux 

et al., 2000; Martin et al., 2001). PINA-null alleles are attributed to large deletions of 

the Pina gene (Ikeda et al., 2010, Morris, 2002) as well as point mutations causing 

frameshifts and in-frame stop codons (Chen et al., 2006).  These null alleles have been 

evidenced by absence of bands corresponding to PINA on protein gels, absence of 

mRNA transcripts and a failure to amplify the coding region of Pina (Cane et al., 2004; 

Chen et al., 2006; Giroux and Morris, 1998).  Expression of genes, measured with RT-

PCR, have shown that soft wheats have the highest expression of Pina, Pina-D1a/Pinb-

D1b showed lower expression and Pina-D1b/Pinb-D1a did not express Pina (Amoroso 

et al., 2004; Capparelli et al., 2003). 

 

The Pinb-D1b mutations have been found extensively among hard wheats.  It is 

common among North American, Australian and Chinese wheats (Cane et al., 2004; 

Morris et al., 2001; Pickering et al., 2007; Wang et al., 2008; Xia et al., 2005).  The 

protein sequence of this allelic type causing a Gly46Ser substitution of the mature 

protein is at the TRD (Giroux and Morris, 1997).  Although kernels possessing this 

allele are hard, they are softer than the Pina-D1b allele.  This expressed allele has been 

shown to affect the interaction of PINB with the starch granule (Corona et al., 2001) and 

the amino acid substitution is suggested to result in a slightly negative membrane 

affinity that could affect lipid binding (Giroux and Morris, 1997) involving the TRD 

region.  In this study, in addition to the Chinese landraces, an Indian and Eastern 

European landrace were both found to possess this allele.  One Chinese landrace was 

found to possess the rarely occurring Pina-D1a/Pinb-D1ab alleles previously reported 

in wheats from Afghanistan and Chinese landraces (Tanaka et al., 2007; Wang et al., 

2008).  The point mutation at position 382 of the coding sequence that causes a 

premature stop codon in the mature protein sequence (Gln99Stop codon) is conserved 

between the alleles Pinb-D1ab and Pinb-D1ac, however Pinb-D1ac also has a point 

substitution at position 257 (resulting in a Cys57Tyr substitution) (Wang et al., 2008).  
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3.4.4 Point mutations affecting the functionally important TRD 

The wild type Pin alleles, Pina-D1a and Pinb-D1a, confer softness to wheat (reviewed 

in Bhave and Morris, 2008a; Chen et al., 2006; Giroux and Morris, 1997).  Both genes 

encode the lipid-binding proteins, PINA and PINB, containing 10 Cys residues that 

form 5 disulphide bonds and a protruding TRD.  Quite interestingly, in common wheat, 

point mutations in either or both genes confer hardness to the wheat grain by disrupting 

the lipid-binding properties of these proteins (Gautier et al., 1994; Morris, 2002). The 

TRD has been shown to comprise the lipid-binding site (Kooijman et al., 1997, 1998).  

The TRD contains tryptophan residues (five for PINA and three for PINB). The 

preference of tryptophan residues for membrane interfaces is most likely due to its size 

and shape that favours its placement in the electrostatically complex interface 

environment (Yau et al., 1998).  Mutations at this region, such as those found in the 

putative protein sequences of the Pina-D1l, Pina-D1m, Pina-D1n (Figure 3.16), could 

have a profound effect on lipid-binding ability and hardness.  Previously, another Pina-

D1 allele, Pina-D1n, possessing a mutation at the TRD region (Trp43Stop codon) of the 

putative protein sequence of PINA was discovered in hard wheat.  Mutations at TRD 

are also found in the protein sequence of PINB of hard wheat such as Pinb-D1b 

(Gly46Ser), Pinb-D1d (Trp44Arg), Pinb-D1e (Trp39Stop codon) and Pinb-D1q 

(Trp44Leu) (Chen et al., 2005a; Chen et al., 2006; Morris et al., 2001) (Figure 3.17).  

Point mutations forming stop codons and mutations involving deletions of nucleotide 

residues such as that found in Pina-D1l and Pinb-D1p produce no protein products 

(NULL-PINA and NULL-PINB) (Chen et al., 2006; Ikeda et al., 2005; Xia et al., 2005).  

These mutations may have adverse effects compared to point mutations resulting in the 

substitution of amino acids (PIN proteins expressed) (Chen et al., 2006; Giroux and 

Morris, 1997). 
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Figure 3.16 Nucleotide and deduced amino acid sequence changes of Pina-D1 alleles detected in Chinese wheat landrace (adapted 
from Chen et al., 2006) 
 
 

 

 

 

 

 

 

 

 

  
 

 
 
Allele 
 

Position 

34 35 36 37 38 39 40 41 42 43 ... 51 52 53 54 55 56 57 58 59 60 61 62 

Pina-D1a TTC CCG GTC ACC TGG CGT TGG TGG AAA TGG ... CTC CTT GGG GAG TGT TGC AGT CGG CTC GGC CAA ATG 

(Soft) F P V T W R W W K W ... L L G E C C S R L G Q M 
Pina-D1l TTC CCG GTC ACC TGG CGT TGG TGG AAA TGG ... CTC CTT GGG GAG TGT TGC AGT CGG CTC GGC –AAA TG 
(Hard) F P V T W R W W K W ... L L G E C C S R L G K  

Pina-D1m TTC TCG GTC ACC TGG CGT TGG TGG AAA TGG ... CTC CTT GGG GAG TGT TGC AGT CGG CTC GGC CAA ATG 
(Hard) F S V T W R W W K W ... L L G E C C S R L G Q M 
Pina-D1n TTC CCG GTC ACC TGG CGT TGG TGG AAA TAG ... CTC CTT GGG GAG TGT TGC AGT CGG CTC GGC CAA ATG 
(Hard) F P V T W R W W K * ... L L G E C C S R L G Q M 
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 Position 

Allele 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 

Pinb-D1a TGG CCC ACA AAA TGG TGG AAG GGC GGC TGT GAG CAT GAG GTT CGG GAG AAG TGC TGC AAG GAG CTG AGC CAG 

(Soft) W P T K W W K G G C E H E V R E K C C K Q L S Q 

Pinb-D1b TGG CCC ACA AAA TGG TGG AAG AGC GGC TGT GAG CAT GAG GTT CGG GAG AAG TGC TGC AAG GAG CTG AGC CAG 

(Hard) W P T K W W K S G C E H E V R E K C C K Q L S Q 

Pinb-D1d TGG CCC ACA AAA TGG AGG AAG GGC GGC TGT GAG CAT GAG GTT CGG GAG AAG TGC TGC AAG GAG CTG AGC CAG 

(Hard) W P T K W R K G G C E H E V R E K C C K Q L S Q 

Pinb-D1e TGA CCC ACA AAA TGG TGG AAG GGC GGC TGT GAG CAT GAG GTT CGG GAG AAG TGC TGC AAG GAG CTG AGC CAG 

(Hard) * P T K W W K G G C E H E V R E K C C K Q L S Q 

Pinb-D1p TGG CCC AC-A AAT GGT GGA AGG GCG GCT GTG AGC ATG AGG TTC GGG AGA AGT GCT GCA AGG AGC TGA GCC AG 

(Hard) W P T N G G R A A V S M R F G R S A A S S * A  

Pinb-D1q TGG CCC ACA AAA TGG T TG AAG GGC GGC TGT GAG CAT GAG GTT CGG GAG AAG TGC TGC AAG GAG CTG AGC CAG 

(Hard) W P T K W  L  K G G C E H E V R E K C C K Q L S Q 

Figure 3.17 Nucleotide and deduced amino acid sequence changes of Pinb-D1 alleles detected in Chinese wheat landrace (adapted 
from Chen et al., 2005b).
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3.4.5 Mutations in either Pin could affect their overall function 

 The soft wheats result from the presence of both Pins in their wild form and both are 

required for better lipid binding and reducing hardness of grain (Bhave and Morris, 

2008b; Feiz et al., 2009; Morris, 2002). Pinb expression was found to be drastically 

reduced in wheats possessing the Pina-D1b allele (PINA-null) having no Pina 

expression (Corona et al., 2001).  Using microarray analysis, Pina was shown to be 

more highly expressed compared to Pinb in soft wheat lines suggesting Pina maybe an 

important determinant of grain texture and the limiting factor (Clarke and Rahman 

2005). Other work has shown Pinb to be the functional limiting factor, with functional 

abolishing mutations (including structure disrupting/missense mutations) occurring near 

the TRD (Feiz et al., 2009b; Swan et al., 2006).  PINA and PINB have been suggested 

to physically interact, based on previous observations of interdependence of both the 

Pins in causing softness with expression and transgenic work (Amoroso et al., 2004; 

reviewed in Bhave and Morris, 2008b; Hogg et al., 2004).  Therefore, variation in the 

PIN proteins could also possibly affect their interactions with one another and affect 

their overall functionality with respect to lipid-binding ability. 

 

3.4.6 Relationship between Pin genes and grain hardness based on SEM data 

Wheats (27402 and 27407) that possessed the wild Pin alleles, Pina-D1a/Pinb-D1a 

showed lack of starch granules bound to the protein matrix. Wheats that possessed 

variation in either Pin had starch granules attached to the protein matrix (27403, 27405, 

India-28069).  Interestingly, India-28069 with the Pinb-D1b allele (Gly46Ser), had less 

starch granules attached to the protein matrix in comparison to the wheats that had that 

the PINA-null or a truncated PINA protein sequence (27403, 27405, Cranbrook).  The 

durum wheat, void of both Pins, showed a dense protein matrix with more starch 

granules bound.  These observations support the need for both Pina-D1 and Pinb-D1 to 

be in their wild form to confer the soft phenotype (Amoroso et al., 2004; Martin et al., 

2006), in this case, free starch granules from the protein matrix.  The absence of PINA 

(Pina-D1b) or the presence of a non-functional PINA (Pina-D1l, Pina-D1t) causes 

more starch granules to be bound to the protein matrix, suggesting that the presence of 

the wild type PINB (Pinb-D1a) alone is not sufficient for the ‘soft’ (no starch bound to 

protein) phenotype and some form of ‘interaction’ is required between the wild PINA 

and PINB proteins to confer softness.  The Pinb-D1b wheat (India-28069) showed 
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intermediate amounts of starch bound to the protein matrix, showing that the Gly46Ser 

mutation of PINB does not disrupt the protein structure, thus ‘partially’ conferring 

softness. This mutation has been suggested to affect lipid binding (Giroux and Morris, 

1997).   

 

From this work, SEM seems a useful method of differentiating wheats that are very 

hard (durum-lacking Pin genes), hard (PIN-nulls), have intermediate hardness (amino 

acid substitutions) and soft (wild Pins) (broad range of kernel hardness).  A quantitative 

approach was initially attempted (by measuring the amount of starch granules attached 

to the protein matrix in a defined area of the magnified image).  However, the 

quantitative approach using SEM was not helpful in differentiating between wheats 

with certain allelic combinations such as Pina-D1l/Pinb-D1a and Pina-D1t/Pinb-D1a.    

 

3.4.7 The use of restriction enzymes for screening of some common Pin alleles   

DNA sequencing is costly and time-consuming for allele screening of frequently 

occurring alleles.  In such cases, it is useful to carry out screening using CAPS which 

are differences in restriction fragment lengths caused by SNPs or INDELs through the 

creation or abolition of restriction endonuclease recognition sites in PCR amplicons 

produced by locus-specific oligonucleotide primers.  Restriction enzymes such as PflMI 

were validated as reliable indiscriminating Pinb-D1p from the other alleles based on 

their DNA sequence characteristics and Bsrb1and Sap1 were found to be useful to 

discriminate Pinb-D1b alleles (Pickering et al., 2007; Wang et al., 2008).  However, 

direct sequencing of purified PCR products is recommended when novel mutations are 

being investigated. 

 

 

 

 
 
 
 
 
 
 

 
 
 

http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/Glossary.shtml#snp
http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/Glossary.shtml#indel
http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/Glossary.shtml#re
http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/TechPCR.shtml
http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/Glossary.shtml#primer
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CHAPTER 4 

  

DIVERSITY OF Pinb-2 GENES IN WHEAT 
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4.1 Abstract 

The Pin genes, Pina-D1 and Pinb-D1, located at the Ha locus on chromosome 5D of 

common wheat, have been shown to be the most important genetic determinants of 

wheat grain hardness (texture), which is an important trait in the food industry and 

wheat trade globally.  The recent identification and mapping of Pinb-2 genes to all three 

genomes on chromosome 7, and the linkage of this gene to grain hardness, emphasises 

the need for further analysis of the genetics for this important trait.  This study focussed 

on analysis of Pinb-2 genes from accessions of hexaploid and tetraploid and diploid 

wheat, to investigate their diversity and also to obtain some clues regarding their 

possible roles.  Extensive DNA sequence heterogeneity was identified in the form of 

single nucleotide polymorphisms (SNPs), leading to seventeen reproducible haplotypes, 

of which thirteen are new.  The results also confirmed the known groups Pinb-2v1 to 

Pinb-2v5 and identified a new group Pinb-2v6.  These results also showed that the 

Pinb-2 genes comprised a small multigene family, at least in some genomes.  Several 

other sequences of probable haplotypes, containing more variations such as deletions 

and insertions were also identified.  The putative proteins showed discrepancy at the 

important TRD, at one of the conserved Cys residue regions for PINB-2-6 group, as 

well as regions of other basic and hydrophobic residues.  Additionally, peptides 

designed on PINB-2 proteins displayed activity against bacteria and phyto-pathogenic 

fungi suggesting a possible role in seed defence.  The data strongly support the Pinb-2 

genes being functionally relevant in influencing grain texture. 

 

 

4.2 Introduction  

There is a quest for Pin sequence variants that may offer a novel range of textures 

within the main classes (soft, hard, very hard) and thus influence end-product quality.  

This due to the significantly different food technological properties associated with 

grain texture variation.  In this context, the recently reported second Pinb gene on group 

7 chromosomes (Wilkinson et al., 2008), designated Pinb-2 (Chen et al., 2010a), is 

notable.  Section 1.12 in Chapter 1 discussed in further detail the: a)  identification of 

transcripts of the three variant forms of this gene (variants 1, 2 and 3) from developing 

grains of common and durum wheats (Wilkinson et al., 2008), b) identification of a 

fourth variant and the renaming of these genes (Pinb-2v1, Pinb-2v2 and Pinb2-v3, and 
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Pinb-2v4 (Chen et al., 2010a), c) proposed existence of these genes as a homeologous 

series, the allelic nature of Pinb-2v2 and Pinb-2v3 and the influence of Pinb-2v3 to 

grain yield (Chen et al., 2010a, b), d) re-mapping of  the Pinb-2 genes in Chinese Spring 

and a durum using nullisomic-tetrasomic and substitution lines due to the discrepancy 

regarding the location of Pinb-2 genes on different group 7 chromosomes, and the 

identification of Pinb-2v5 (Chen et al., 2011).  The most recent study (Chen et al., 

2011) also proposed that the Pinb-2 genes could consist of a multigene family 

especially since up to three variants were discovered in durum (AABB).  The 

similarities of the Pinb-2 genes to the Pin/Gsp gene family such as the conservation of 

the 10 Cys and the functionally important TRD with at least two Trp (Wilkinson et al., 

2008) is an important indication that these genes may have important implications in 

influencing grain texture, that may involve their lipid binding ability.  Also the proven 

antimicrobial activity of the PINs, involving the TRD (Dubreil et al., 1998; Jing et al., 

2003; Phillips et al., 2011), provides an indication that this same region of the Pinb-2 

could show antimicrobial activity. 

 

The present work investigates the Pinb-2 genes in a number of accessions of durum and 

common wheats as well as diploid progenitors with a view to assess the extent of 

sequence diversity and gene copy numbers.  Since many of the Pina-D1 and Pinb-D1 

alleles have been reported from germplasm from China (Chen et al., 2006; Xia et al., 

2005), the present study included several Chinese landraces.  In addition, synthetic 

peptides based on the TRD of PINB-2 were tested for their antimicrobial activity.  The 

results indicated diverse forms of Pinb-2 genotypes, established Pinb-2 to be a 

multigene subfamily, and lead to some new theories as to their origins and function.  

Sections 4.3.2 to 4.3.5 and sections 4.3.7 to 4.4.2 of this work had been included in 

Ramalingam et al., (2012). 

 

 

4.3 Results 

4.3.1 Isolation of Pinb-2 genes 

Six Chinese landraces of common wheat (Triticum aestivum, 6n, AABBDD); Australian 

Winter Cereals Collection (AWCC) numbers, 27373, 27402, 27404, 27405, 27406, and 

27408, two lines of durum wheat (T. turgidum ssp. durum, 4n, AABB); Candicans 
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(Hungary) and Barba Negra (Ecuador), and the diploid wheat, Aegilops tauschii (2n, 

DD), were selected to analyse the diversity of the Pinb-2 genes.  Additional wheat 

samples involved in the analysis of the Pinb-2 genes include the two common wheat 

cultivars (Chinese Spring and Cranbrook), the Chinese common wheat landraces 

(27403, 27374, and 27407), the durum wheat landrace, Marouani (Algeria) and the 

diploid wheat, Triticum urartu (AA).  Genomic DNA (gDNA) was extracted from 

seedlings and three degenerate primers (Section, 2.7.2, Table 2.10) designed as per 

Wilkinson et al. (2008), were used as pair D1 (Pinb-2F/Pinb-2D1R) or D2 (Pinb-

2F/Pinb-2D2R) to amplify the Pinb-2 genes.  Due to the possibility of multiple 

sequence types (Chen et al., 2010b), all Pinb-2 PCR products were cloned into pGEM®-

T Easy (Promega, Australia), using E. coli JM109 as the host and then sequenced.  Six-

twelve clones were sequenced for each polyploid accession in the first round of PCR 

and cloning.   

 

Depending on the progress of the acquired data, at least two more independent PCRs 

were carried out for a number of samples, of which the products were cloned, and 4-10 

additional clones were sequenced.  The repeated PCR and cloning was carried out to 

confirm the DNA sequences, obtain a more comprehensive picture of the haplotype 

diversity and to reduce any PCR-introduced errors.   

 
 
 
 
                                     1     2     3     4     5      6     7     8     9    10   11   12   13   14   15    16    17          18 

            
Figure 4.1 Example of Pinb-2 PCR products used for cloning and sequencing. Lanes 1 
and 18: Marker, Hyperladder 1, lanes 2-8: Pinb-2 PCR products generated using primer pair 
D1, lane 9: negative control for primer pair D1, 10-16: Pinb-2 PCR products generated using 
primer pair D2, lane 17: negative control for primer pair D2. 
 

 
600bp 
 
400bp 
200bp 
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Amplicons of approximately 450 base pairs (bp) (Figure 4.1) were obtained for all 

PCRs (including independent replications) for all wheat accessions using both primer 

pairs, except for Ae. tauschii which yielded in PCR products only with pair D1. 

 

 
 

 
 

                                
Figure 4.2 Digestion of Pinb-2 clones.  Clones of Pinb-2 as such were selected for 
sequencing. M: Hyperladder1 
                                             
 

 
 
 
 
                                                         1       2        3        4        5        6         7        8       9 

                              
 
Figure 4.3 Colony PCR to screen Pinb-2 inserts.  Colony PCR on E. coli JM109 bacteria was 
used to amplify inserts from pGEM®-T Easy vector using the T7 and SP6 primer pair. Lane 1: 
Marker, Hyperladder 1, lanes 2-8: amplified inserts, lane 9: negative control  
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The screening of pGEM®-T Easy vectors containing inserts were screened either using 

digestion of inserts using EcoR1 (Section 2.10.2) (a gel containing digested vectors with 

inserts, is shown in Figure 4.2) or amplifications of inserts in pGEM®-T Easy vector 

using colony PCR with T7/SP6 primer pairs (Section 2.10.1) (example of colony PCR 

is shown in Figure 4.3).  The expected size of the Pinb-2 insert, using this primer pair is 

~630bp (450bp: size of Pinb-2 product + 79bp: size of T7 primer annealing region)+ 

98bp : size of SP6 primer annealing region).  Selected clones were sequenced and only 

sequences with clear chromatograms were used for analysis and both strands sequenced 

to resolve any ambiguities.  

   

4.3.2 Sequence diversity in the Pinb-2 genes  

The sequences were aligned manually with the reported Pinb-2v1 (AM944731, 

GQ496616), Pinb-2v2 (AM944732, GQ496617), Pinb-2v3 (AM944733, GQ496618) 

(AM944731-AM944733: Wilkinson et al., 2008; GQ496616-496618: Chen et al., 

2010a), Pinb-2v4 (GQ496619, Chen et al., 2010a) and Pinb-2v5 (HM245236; Chen et 

al., 2011), using Bioedit.  The sequences from the various samples and the above 

published sequences were aligned with the Pinb-2v1 being the reference (the other 

sequences being displayed as plot identities to this DNA sequence).  This allowed 

preliminary assessment of the extent of divergence, indicating regions that were unique 

and/or shared with other sequences.  Sequencing of the complementary strand was used 

to resolve any ambiguity among the sequences.  Only clones with reproducible DNA 

sequences that had a chromatogram with clearly visible and easily distinguishable peaks 

were selected for alignment (Figure 4.4, Table 4.1).   The diversity of Pinb-2 genes in 

wheats selected for the analysis is shown in Table 4.2 and the diversity of these genes in 

the additional wheat samples are shown in Table 4.3.  Identification of additional Pinb-

2 genes (possible haplotypes that were observed only once, in any of the wheat 

accessions) is detailed in section 4.3.6.    
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                               10         20         30         40         50         60                 
                      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616     ATGAAGACCT TATTCCTCCT AGCTCTCCTT TCTCTTGTAG TGAGCACAAC CTTTGCGCAA   
Pinb-2v1-1            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-2            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-3            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-4            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-5            .......... .......... .......... .......... .......... ..........   
AM944732/GQ496617     .......... .......... .......... .......... .......... ......A...   
Pinb-2v2-1            .......... .......... .......... .......... .......... ......A...   
Pinb-2v2-2            .......... .......... .......... .......... .......... ......A...   
AM944733/GQ496618     .......... .......... .......... .......... .......... ..........   
Pinb-2v3-1            .......... .......... .......... .......... .......... ..........   
Pinb-2v3-3            .......... .......... .......... .......... .......... ..........   
Pinb-2v3-4            .......... .......... .......... .......... .......... ..........   
GQ496619 Pinb-2v4-1   ---------- ---------- -......... .......... .......... .A........   
Pinb-2v4-2            .......... .......... .......... .......... .......... .A........   
Pinb-2v4-3            .......... .......... .......... .......... .......... .A........   
Pinb-2v4-4            .......... .......... .......... .......... .......... .A........   
HM245236 Pinb-2v5-1   .......... .......... .......... .......... .......... .A........   
Pinb-2v5-2            .......... .......... .......... .......... .......... .A........   
Pinb-2v6-1            .......... .......... .......... .......... .......... .A....A...   
Pinb-2v6-2            .......... .......... .......... .......... .......... .A....A...   
Pinb-2v6-3            .......... .......... .......... .......... .......... .A....A...   
 
                               70         80         90        100        110        120              
                      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616     TACAAAGAGG TTGGTGGCAG CTATGAGAAC GGTGGCGGAG GGTTTGGTTC TCAAAACTGC   
Pinb-2v1-1            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-2            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-3            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-4            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-5            .......... ......A... .......... .......... .......... ..........   
AM944732/GQ496617     .......... ....C..... .......... .....TA... .......... ..........   
Pinb-2v2-1            .......... ....C..... .......... .....TA... .......... ..........   
Pinb-2v2-2            .......... ....C..... .......... .....TA... .......... ..........   
AM944733/GQ496618     .G........ .......... .........T .....T.... .......... ..........   
Pinb-2v3-1            .G........ .......... .........T .....T.... .......... ..........   
Pinb-2v3-3            .G........ .......... .........T .....T.... .......... ..........   
Pinb-2v3-4            .G........ .......... .........T .....T.... .......... ..........   
GQ496619 Pinb-2v4-1   .......... ....C..... .......... .......... .......... ..........   
Pinb-2v4-2            .......... ....C..... .......... .......... .......... ..........   
Pinb-2v4-3            .......... ....C..... .......... .......... .......... ..........   
Pinb-2v4-4            .......... ....C..... .......... .......... .......... ..........   
HM245236 Pinb-2v5-1   .......... ....C.A... .......... ....A..... .......... ..........   
Pinb-2v5-2            .......... ....C..... .......... .......... .......... ..........   
Pinb-2v6-1            .......... ....C..... .......... .......... .......... ..........   
Pinb-2v6-2            .......... ....C..... .......... .......... .......... ..........   
Pinb-2v6-3            .......... ....C..... .......... .......... .......... ..........   
 
                              130        140        150        160        170        180           
                      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616     CCATCGGAGA AGACGAAGCT AGACCCTTGC AAGGATTATG TGATGGAGCG GTGCTTGGCT   
Pinb-2v1-1            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-2            .......... .......... .......... .......... .......... .........G   
Pinb-2v1-3            .......... .......... .......... .......... .......... .........G   
Pinb-2v1-4            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-5            .......... .......... .......... .......... .......... .........G   
AM944732/GQ496617     ...C...... .......... G...T..... .......... .......... .........G   
Pinb-2v2-1            ...C...... .......... G...T..... .......... .......... .........G   
Pinb-2v2-2            ...C...... .......... G...T..... .......... .......... .........G   
AM944733/GQ496618     ...C...... .......... G...T..... ........C. .......... A........G   
Pinb-2v3-1            ...C...... .......... G...T..... ........C. .......... A........G   
Pinb-2v3-3            ...C...... .......... G...T..... ........C. .......... A........G   
Pinb-2v3-4            ...C...... .......... G...T..... ........C. .......... A........G   
GQ496619 Pinb-2v4-1   ...C...... .......... G...T..... .......... ........T. .........G   
Pinb-2v4-2            ...C...... .......... G...T..... .......... ........T. .........G   
Pinb-2v4-3            ...C...... .......... G...T..... .......... ........T. .........G   
Pinb-2v4-4            ...C...... .......... G...T..... .......... ........T. .........G   
HM245236 Pinb-2v5-1   ...C...... .......... G...T..... .......... .......... .........G   
Pinb-2v5-2            ...C...... .......... G...T..... .......... .......... .........G   
Pinb-2v6-1            ...C...... .......... G...G..... .......... .......... .........G   
Pinb-2v6-2            ...C...... .......... G...G..... .......... .......... .........G   
Pinb-2v6-3            ...C...... .......... G...G..... .......... .......... .........G   
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                              190        200        210        220        230        240           
                      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616     GTGAAGGGTT TTTCGATCGC TAGGCTTTTG AAATGGTGGA AGGGCGCCTG TGAACAAGAA   
Pinb-2v1-1            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-2            .......... .......... C......... .......... .......... ..........   
Pinb-2v1-3            .......... .......... C......... .......... .......... ..........   
Pinb-2v1-4            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-5            .......... .......... C......... .......... .....A.... ..........   
AM944732/GQ496617     .......... .......... C..A...... .......... .......... .........G   
Pinb-2v2-1            .......... .......... C..A...... .......... .......... .........G   
Pinb-2v2-2            .......... .......... C..A...... .......... .......... .........G   
AM944733/GQ496618     T......... ..C.....T. C.C....... .......... ....T..... ...G.....G   
Pinb-2v3-1            T......... ..C.....T. C.C....... .......... ....T..... ...G.....G   
Pinb-2v3-3            T......... ..C.....T. C.C....... .......... ....T..... ...G.....G   
Pinb-2v3-4            T......... ..C.....T. C.C....... .......... ....T..... ...G.....G   
GQ496619 Pinb-2v4-1   .......... ....A..... C......... .......... .......... .........G   
Pinb-2v4-2            .......... ....A..... C......... .......... .......... .........G   
Pinb-2v4-3            .......... ....A..... C......... .......... .......... .........G   
Pinb-2v4-4            .......... ....A..... C......... .......... .......... .........G   
HM245236 Pinb-2v5-1   .......... ....A..... C......... .......... .......... .........G   
Pinb-2v5-2            .......... ....A.C.A. C......... .......... .......... .........G   
Pinb-2v6-1            .......... ....A..... C......... .......... .......... .........G   
Pinb-2v6-2            .......... ....A..... C......... .......... .......... .........G   
Pinb-2v6-3            .......... ....A..... C......... .......... .......... .........G   
 
                              250        260        270        280        290        300           
                      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616     GCCCTAGACC AGTGTTGCCA GCAACTACGA CCGATAGCAA AAAAGTGCCG ATGTGAGGCC   
Pinb-2v1-1            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-2            .......... .......... .........G .......... .G........ ..........   
Pinb-2v1-3            .......... .......... .........G .......... .G........ ..........   
Pinb-2v1-4            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-5            .......... .......... .........G .......... .G........ ..........   
AM944732/GQ496617     .......... .A........ .........C ...G...T.. .G........ ..........   
Pinb-2v2-1            .......... .A........ .........C ...G...T.. .G........ ..........   
Pinb-2v2-2            .......... .A........ .........C ...G...T.. .G........ ..........   
AM944733/GQ496618     .T........ .........T .........C ...G...... .G........ ..........   
Pinb-2v3-1            .T........ .........T .........C ...G...... .G........ ..........   
Pinb-2v3-3            .T........ .........T .........C ...G...... .G........ ..........   
Pinb-2v3-4            .T........ .........T .........C ...G...... .G........ ..........   
GQ496619 Pinb-2v4-1   .......... .......... .........C .......... .G........ T.........   
Pinb-2v4-2            .......... .......... .........C .......... .G........ T.........   
Pinb-2v4-3            .......... .......... .........C .......... .G........ T.........   
Pinb-2v4-4            .......... .......... .........C .......... .G........ T.........   
HM245236 Pinb-2v5-1   .......... .......... .......T.C .......... .G........ T.........   
Pinb-2v5-2            .......... .......... .........C .......... .G........ T.........   
Pinb-2v6-1            .......... ......A... .........C .......... .G........ T.........   
Pinb-2v6-2            .......... ......A... .........C .......... .G........ T.........   
Pinb-2v6-3            .......... ......A... .........C .......... .G........ T.........   
 
                              310        320        330        340        350        360           
                      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616     ATTTGGAGAG CCGTCCAAGG GAACCTTGGT GGCATCTTTG GTTTTCAGCA AGGCCAGATA   
Pinb-2v1-1            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-2            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-3            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-4            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-5            .......... .......... .......... .......... .....T.... ..........   
AM944732/GQ496617     ........G. .T........ C......... ...G...... .C........ ....A.....   
Pinb-2v2-1            ........G. .T........ C......... ...G...... .C........ ....A.....   
Pinb-2v2-2            ........G. .T........ C......... ...G...... .C........ ....A.....   
AM944733/GQ496618     ........G. TT........ C.....G... .......... .C........ ...TA.....   
Pinb-2v3-1            ........G. TT........ C.....G... .......... .C........ ...TA.....   
Pinb-2v3-3            ........G. .T........ C.....G... .......... .C........ ...TA.....   
Pinb-2v3-4            ........G. .T........ C.....G... .......... .C........ ...TA.....   
GQ496619 Pinb-2v4-1   .......... .......... C......... .......... .......... ..........   
Pinb-2v4-2            .......... .......... C......... .......... .......... ..........   
Pinb-2v4-3            .......... .......... C......... .......... .......... ..........   
Pinb-2v4-4            .......... .......... C......... .......... .......... ..........   
HM245236 Pinb-2v5-1   .......... .......... C......... .......... .......... ..........   
Pinb-2v5-2            .......... .......... C......... .......... .......... ..........   
Pinb-2v6-1            .......... .......... C......... .......... .......... ..........   
Pinb-2v6-2            .......... .......... C......... .......... .......... ..........   
Pinb-2v6-3            .......... .......... C......... .......... .......... ..........   
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                              370        380        390        400        410        420           
                      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616     ACCAAACAAA TTCAGAGGGC CATGATGTTG CCCTCCAAAT GCAAACTGGA TTCCAACTGC   
Pinb-2v1-1            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-2            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-3            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-4            .......... .......... .......... .......... .......... ..........   
Pinb-2v1-5            .......... .......... .......... .......... .......... ..........   
AM944732/GQ496617     ..G....... .......... .......... .......... .....A.... C....G....   
Pinb-2v2-1            ..G....... .......... .......... .......... .....A.... C....G....   
Pinb-2v2-2            ..G....... .......... .......... .......... .....A.... C....G....   
AM944733/GQ496618     .......... .......... .......... .......... .....A.... ...T.G....   
Pinb-2v3-1            .......... .......... .......... .......... .....A.... ...T.G....   
Pinb-2v3-3            .......... .......... .......... .......... .....A.... ...T.G....   
Pinb-2v3-4            .......... .......... .......... .......... .....A.... ...T.G....   
GQ496619 Pinb-2v4-1   .......... .......... .......... ..G....... .....T.... ..........   
Pinb-2v4-2            .......... .......... .......... ..G....... .....T.... ..........   
Pinb-2v4-3            .......... .......... .......... ..G....... .....T.... ..........   
Pinb-2v4-4            .......... .......... .......... ..G....... .....T.... ..........   
HM245236 Pinb-2v5-1   .......... .......... .......... ..G....... .....T.... ..........   
Pinb-2v5-2            .......... .......... .......... ..G....... .....T.... ........T.   
Pinb-2v6-1            .......... .......... .......... .TG....... .....T.... ..........   
Pinb-2v6-2            .......... .......... .......... .TG....... .....T.... ..........   
Pinb-2v6-3            .......... .......... .......... .TG....... .....T.... ..........   
 
                              430        440        450       
                      ....|....| ....|....| ....|....| ... 
AM944731/GQ496616     AAGTTTGTCG CTAATAATGG CTATTACTAG TGA  
Pinb-2v1-1            .......... .......... .......... ...  
Pinb-2v1-2            .......... .......... .......... ...  
Pinb-2v1-3            .......... ...C...... .......... ...  
Pinb-2v1-4            .......... ...C...... .......... ...  
Pinb-2v1-5            .......... ...C...... .......... ...  
AM944732/GQ496617     .....C...C A..C...... .........C ...  
Pinb-2v2-1            .....C...C A..C...... .........C ...  
Pinb-2v2-2            .....C...C ...C...... .........C ...  
AM944733/GQ496618     .....C...C ...C...... .........C ...  
Pinb-2v3-1            .....C...C ...C...... .........C ...  
Pinb-2v3-3            .....C...C ...C...... .........C ...  
Pinb-2v3-4            .....C...C A..C...... .........C ...  
GQ496619 Pinb-2v4-1   .....C.... ...C...... .......... ...  
Pinb-2v4-2            .......... ...C...... .......... ...  
Pinb-2v4-3            .......... .......... .......... ...  
Pinb-2v4-4            .....C...C ...C...... .........C ...  
HM245236 Pinb-2v5-1   .....C.... .......... .......... ...  
Pinb-2v5-2            .......... ...C...... .......... ...  
Pinb-2v6-1            .......... ...C...... .......... ...  
Pinb-2v6-2            .......... .......... .......... ...  
Pinb-2v6-3            .....C...C ...C...... .........C ...  
 
 
Figure 4.4 The reproducible Pinb-2 haplotypes.  Dots (.) indicate nucleotides identical to the 
top sequence in that particular group. A dash (-) indicates unsequenced areas/ sequence data 
unavailable. 
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Table 4.1 Characteristics of Pinb-2 haplotypes and putative proteins  
 

 
 
 
 
 
 

DNA 
haplotypea, 
Genbank 

accession # 

Putative 
protein 

type 
Source of sequenceb 

SNPs defining the 
haplotypec, d 

 

Characteristic 
amino acid(s) 

 
pIe 

Hydro-
phobic 

residuesf 

Pinb-2v1-1 
AM944731, 
GQ496616 

 
 

PINB-2v1-
1 
 

Published sequence 

 
T124, A141, C145, 

A240, G321 S42, P49 9.18 52 

27402 (2XD1); 
27404 (1XD1); 

27405 (1XD1+2XD1), 
Barba Negra (1XD1). 

Identical to above Identical to 
above 9.18 52 

Pinb-2v1-2 
(JN585981) 

 

PINB-2v1-
2 
 
 

27373 (1XD1); 
27406 (1XD1); 
27408 (1XD1). 

T180G, T201C, 
A270G, A282G 

Identical to 
above 9.18 52 

Pinb-2v1-3 
(JN585984) 

 
 

PINB-2v1-
3 

27373 (2XD1); 
27405 (4XD1); 
27408 (2XD1). 

T180G, T201C, 
A270G, A282G, 

A434C 
N145T 9.18 52 

Pinb-2v1-4 
(JN626913) 

 
 

PINB-2v1-
4 
 

27404 (2XD1+1XD1); 
27405 (1XD1+4XD1); 
Barba Negra (1XD1). 

A434C N145T 9.18 52 

Pinb-2v1-5 
(JQ619934) 

 

PINB -
2v1-5 

 

Ae. tauschii 
(1XD1+1XD1). 

G77A, T180G, T201C, 
G226A, A270G, 
A282G, C346T, 

A434C 

G26D, A76T, 
Q116stop 

codon. 

Partial 
ORF 

Partial 
ORF 

Pinb-2v2-1 
AM944732, 
GQ496617 

 

PINB -
2v2-1 

Published sequence 

 

A57, C75, T96, A97, 
C124, G141, T145, 
G180, C201, A204, 
G240, A252, C270, 
G274, T278, G282, 
G309, T312, C321, 
G334, C342, A355, 
G363, A406, C411, 
G416, C426, C430, 
A431, C434, C450. 

33R, 42P, 
49S, 92V, 
93V, 112V, 

119K, 136M, 
139S, 144H, 
145T, 150Y 

9.35 52 

27402 (4XD2); 
27405 (2XD2); 

Candicans 
(1XD2+4XD1). 

Identical to above Identical to 
above 9.35 52 

Pinb-2v2-2 
JN626920 

PINB -
2v2-2 

27402 (1XD2); 
Candicans (2XD2) A431C A144P 9.35 52 

Pinb-2v3-1 
AM944733, 
GQ496618 

 
 
 

PINB -
2v3-1 

 
 
 
 

Published  sequence 

G62, T90, T96, C124, 
G141, T145, C160, 
A171, G180, T181, 
C194, T199, C201, 
C203, T225, G234, 
G240, T242, G252, 
T260, C270, G274, 
G282, G309, T311, 
T312, C321, G327, 
C342, T354, A355, 
A406, T414, G416, 
C426, C430, C434, 

C450. 

21C (signal 
peptide) 

61L, 65P, 
67S (caused 

by two 
SNPs), 68T, 

81V, 87L, 
92V, 119K, 

136M, 139S, 
144P, 145T, 

150Y 

9.16 52 

27408 (2XD2); 
Barba Negra (3XD2). Identical to above Identical to 

above 9.16 52 

Pinb-2v3-2 
(Pinb-2v3a; 
Chen et al., 

2011; 
(Genbank # na) 

PINB -
2v3-2 

Published  sequence 

(not identified in the 
present work) 

 
G6T K2N (signal 

peptide) 9.16 52 
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aDefined as ‘characteristic combination of single nucleotide polymorphisms (SNPs), that are 
inherited together as a single gene’ (Schwartz et al., 2004).  
bNumbers in brackets indicate the number of clones obtained for primer pairs D1 or D2. The (+) 
indicates clones from another independent PCR reaction.  The 27373, 27402, 27404, 27405, 
27406 and 27408 are T. aestivum (6n) landraces, Candicans and Barba Negra are T. turgidum 
ssp. durum lines (4n) and Ae. tauschii (DD) is the diploid progenitor of the D genome of wheat 
(see methods).   
cThe first cell in a group (shaded), shows the combination of SNPs unique to this haplotype as 
published- Pinb-2v1, Pinb-2v2, Pinb-2v3, Pinb-2v4 and Pinb-2v5 (Wilkinson et al., 2008; Chen 
et al., 2010a) or as discovered here (Pinb-2v6), and all subsequent rows show unique SNPs in 
relation to this sequence.  
dSNPs shown in bold: those that result in amino acid substitutions; the rest are silent mutations.   
eThe signal peptide cleavage site was predicted to be between E29 and N30, by alignment with 
PINB (Gautier et al., 1994), and the pI of the putative mature proteins was then determined 

Pinb-2v3-3 
(Pinb-2v3b;  
Chen et al., 
2011; 
(Genbank # 
na) 

 
PINB -2v3-
3 
 

27404 (1XD2);  
27405 (2XD2). T311C V104A 9.16 52 

Pinb-2v3-4 
(JN626926)  

PINB -2v3-
4 
 
 

27373 (5XD2);  
27404 (1XD2+3XD2).  T311C,  C431A V104A, 

A144H 9.16 52 

Pinb-2v4-1 
(GQ496619)  

PINB -2v4-
1 

Published sequence 

(not identified in the 
present work) 
 

A52, C75, C124, 
G141, T145, T169, 
G180, A195, C201, 
G240, C270, G262, 
T291, C321, G393, 
T406, C426, C434. 

18I, 42P, 
49S, 57W 9.07 53 

Pinb-2v4-2g 
(JN585978) 
 
 

PINB -2v4-
2 
 
 

27373 (1XD1);  
27404 (1XD1);  
27405 (3XD1); 
Candicans (1D1+1D1). 

 C426T - 9.07 53 

Pinb-2v4-3 g 
(JQ619935) 

PINB -2v4-
3 

27404 (1XD1) ; 
Candicans (1XD1). C426T, C434A T145N 9.09 53 

Pinb-2v4-4 g 
(JN626933) 
 

PINB -2v4-
4 

27373 (1XD2); 
Candicans (1XD2).  G430C, G450C A144P, stop 

codon150Y. 9.06 53 

Pinb-2v5-1 
 (Pinb-2v5) 
HM245236  

PINB -2v5-
1 

Published sequence 
(not identified in the 
present work) 
 

A52, C75, A77, A95, 
C124, G141, T145, 
G180, A195, C201, 
G240, T268, C270, 
G282, T291, C321, 
G393, T406, C426 

18I, 26D, 
G32, C90 8.91 53 

Pinb-2v5-2 
JN626928 
 

PINB -2v5-
2 
 
 
 

27404 (1XD2); 
27405 (1XD1); 
Candicans (1XD1). 

A77G,  A95G, T197C,  
G199A, T268C, 
G419T, C426T, A434C 

D26G, 
D32G, I66T, 
A67T, 
C90R, 
C140F, 
N145T  

9.25 50 

Pinb-2v6-1 
JN585979 
New group. 
 
 
 

PINB -2v6-
1 
 
 
 

27373 (3XD1) ; 
27404 (1XD1); 
27405 (1XD1) ; 
Candicans 
(2XD1+4XD1+2XD1).  

A52, A57, C75, C124, 
G141, G145, G180, 
A195, C201, G240, 
A257, C270, G282, 
T291, C321, T392, 
G393, T406, T426, 
C434 

18I, 42P, 
49A 86Y, 
131L  
 

9.23 54 

Pinb-2v6-2 
(JQ619936) 
 

PINB -2v6-
2 

27404 (1XD1);  
27405 (1XD1).  C434A  T145N 9.34 54 

Pinb-2v6-3 
JN626945 
 

PINB -2v6-
3 

27373 (1XD2); 
27402 (1XD2) ; 
Candicans (1XD2). 

T426C, G430C, 
G450C A144P 9.22 54 



Chapter 4                                                                                                 Diversity of Pinb-2 genes  

 

120 
 

using the ‘compute pI/MW’ tool (http://au/expasy.org/tools/pi_tool.html; last accessed May 
2011). 
fInclude F, I, W, L, V, M, Y, C, A and is based on hydrophobicity index at pH 2 and 7 (Nelson 
and Cox, 2005; and http://www.sigmaaldrich.com/life-science/metabolomics/learning-
center/amino-acid-reference-chart.html).   
gThe first 21 nucleotides are not reported in GQ496619 (Pinb-2v4; Chen et al., 2010a).  The first 
21 nucleotides found in all Pinb2-v4 subgroup sequences in this study are 
ATGAAGACCTTATTCCTCCTA, also noted for another Pinb-2v4-1 allele Genbank # 
HM780498.1 (Gazzelloni et al., unpublished data). 
 
 
 
The first 51 nucleotides of the Pinb-2 genes seemed highly conserved while the 3’ gene 

sections showed numerous SNPs (Figure 4.4).  Most of the sequences showed multiple 

variations, unlike the numerous single point mutation alleles in Pina-D1 or Pinb-D1 

(reviewed in Bhave and Morris, 2008a) but similar to the multiple variations reported in 

the related Gsp-1 genes (Gollan et al., 2007) (Figure 4.4; Table 4.1).  The genes thus 

formed haplotypes, each having a ‘characteristic combination of SNPs that are inherited 

together as a single gene’ (Schwartz et al., 2004).  Previously, such variations were 

noted in EST analysis of the Pinb-2 genes (Wilkinson et al., 2008).  Sequences that 

were identical at every nucleotide were assigned the same haplotype and those that 

differed at one or more nucleotides were designated as separate haplotypes.  In this 

manner, a total of 17 highly reproducible (from independent PCR reactions) haplotypes 

were identified, of which 16 were identified from both, bread and durum wheat, and one 

was isolated from Ae. tauschii (Table 4.1, 4.2; Figure 4.4) (Genbank accessions 

provided in Table 4.1).   

 

The phylogenetic tree identified six major groups (Figure. 4.5).  The members of a 

group have been designated according to Chen et al. (2010a; 2011) with a slight 

modification.  For example, Pinb-2v1 was numbered Pinb-2v1-1, and encodes the 

putative protein PINB-2v1-1 (Table 4.1; Figure 4.4, 4.5).   The reported Pinb-2 genes 

such as Pinb-2v1, Pinb-2v2, Pinb-2v3, Pinb-2v4v4 and Pinb-2v5 haplotypes was 

redesignated Pinb-2v1-1, Pinb-2v2-1, Pinb-2v3-1, Pinb-2v4-1 and Pinb-2v5-1 and the 

Pinb-2v3a and Pinb-2v3b (Chen et al., 2011) was renamed Pinb-2v3-2 and Pinb-2v3-3, 

for consistency and convenience (e.g., additions of further alleles).   The primer pair D1 

could amplify members of the Pinb-2v1, Pinb2-v3 and Pinb2-v5 groups, while the pair 

D2 could amplify members of Pinb-2v2 and Pinb-2v3, as noted by Wilkinson et al. 

(2008), as well as members of the Pinb-2v4 and Pinb-2v6 groups.   

http://au/expasy.org/tools/pi_tool.html
http://www.sigmaaldrich.com/life-science/metabolomics/learning-center/amino-acid-reference-chart.html
http://www.sigmaaldrich.com/life-science/metabolomics/learning-center/amino-acid-reference-chart.html
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Figure 4.5 Phylogenetic analysis of the 17 reproducible Pinb-2 DNA sequence 
haplotypes.  The tree was constructed using the alignment shown in Figure 4.4, by the 
UPGMA (unweighted pair group method using arithmatic averages) method (with bootstraps) in 
MEGA 4.1 (http://www.megasoftware.net/mega4/mega.html, last accessed February 2012). 
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Table 4.2 Diversity of Pinb-2v haplotype sequences in diploid, tetraploid and hexaploid wheat accessions 
Wheat 
Accession 

Pinb-2 genotypesa, b, c, d, e 
 Other wheat accessions that exhibit the haplotyped, e Additional haplotypesf 

(seen only once: in any accession) 

T. aestivum 
27373 (AABBDD) 
China 
(Pina-D1a, Pinb-
D1a) 

Pinb-2v1-2 (1XD1) (1XD1; 27406), (1XD1; 27408) 
Pinb-2v1-8 (1XD1) 

Pinb-2v1-3 (2XD1) (4XD1; 27405), (2XD1; 27408) 

Pinb-2v3-4 (5XD2) (1XD2 + 3XD2; 27404) , (1XD2; 27407) Pinb-2v3 (partial sequences) (3XD2) 

Pinb-2v4-2 (1XD1) (1XD1; 27404), (3XD1; 27405), (1D1+1D1; Candicans), (1XD1; Cranbrook), 
(1XD1; 27374) Pinb-2v4-5 (1XD1), Pinb-2v4-6 (1XD1) 

Pinb-2v4-4 (1XD2) (1XD2; Candicans),(3XD2; C. Spring) 

Pinb-2v6-1 (3XD1) (1XD1; 27404), (1XD1; 27405), (2XD1 + 4 XD1+2D1; Candicans) Pinb-2v6-6 (1XD1) 
 Pinb-2v6-3 (1XD2) (1XD2; 27402), (1XD2;  Candicans) 

T. aestivum 
27402 
(AABBDD) 
China 
(Pina-D1a, Pinb-
D1a) 

Pinb-2v1-1 (2XD1) (1XD1; 27404), (1XD1 + 2XD1; 27405), (2XD1; 27407), (1XD1; Barba 
Negra); and published sequences Genbank # AM944731, GQ496616 - 

Pinb-2v2-1 (4XD2) (2XD2; 27405), (1XD2 + 4XD1; Candicans); 
and published sequences AM944732, GQ496617 Pinb-2v2-3 (1XD2), Pinb-2v2-4 (1XD2) 

 Pinb-2v2-2 (1XD2) (2XD2;  Candicans) 

Pinb-2v6-3 (1XD2) (1XD2; 27373), (1XD2;  Candicans) - 

T. aestivum 
27404, China 
(AABBDD) 
(Pina-D1a, Pinb-
D1a) 

Pinb-2v1-1 (1XD1) 
(2XD1; 27402), (1XD1 + 2XD1; 27405), (1XD1; Barba Negra),(2XD1; 27407);  
and published sequences AM944731, GQ496616 
 
 

Pinb-2v1-9 (1XD2), Pinb-2v1-10 
(1XD2), Pinb-2v1-12 (1XD2), 
Pinb-2v1-13 (1XD1) Pinb-2v1-4 (1XD1 + 1XD1) (1XD1+4XD1; 27405), (1XD1; Barba Negra), (2XD1; 27403),  (1XD1; 27407), 

(1XD1; Cranbrook), (3XD1; C. Spring), 3XD1; Marouani) 

Pinb-2v3-3 (1XD2) (1XD2; 27403), (1XD2; 27407), (2XD2; 27374), (2XD2; 27405) 
- 

Pinb-2v3-4 (1XD2 + 3XD2) 
 

(5XD2; 27373), (1XD2; 27407) 
 
 Pinb-2v5-2 (1XD2) (1XD1;27405), (1XD1;  Candicans) 
 

- 
Pinb-2v4-2 (1XD1) 
 
 

(1XD1; 27373), (3XD1; 27405), (1D1 + 1D1; Candicans), (1XD1; Cranbrook), 
(1XD1; 27374) Pinb-2v4-11 (1XD1) 

 
Pinb-2v4-3 (1XD1) (1XD1; Candicans) 

Pinb-2v6-1 (1XD1) (3XD1; 27373), (1XD1; 27405), (2XD1 + 4 XD1 + 2D1; Candicans ) 
- 

Pinb-2v6-2 (1XD1) (1XD1; 27405) 



Chapter 4                                                                                                 Diversity of Pinb-2 genes  

 

123 
 

T. aestivum 
27405, China 
(AABBDD) 
(Pina-D1t,  
Pinb-D1a) 

Pinb-2v1-1 (1XD1+2XD1) 
 

(2XD1; 27402), (1XD1; 27404), (1XD1; Barba negra), (2XD1; 27407); and 
published sequences AM944731, GQ496616 

Pinb-2v1-11 (1XD1) 
 

Pinb-2v1-3 (4XD1) (2XD1; 27373), (2XD1; 27408) 

Pinb-2v1-4 (1XD1 + 4D1) (1XD1+1XD1; 27404), (1XD1; Barba Negra), (2XD1; 27403),  (1XD1; 27407), 
(1XD1; Cranbrook), (3XD1; C. Spring), 3XD1; Marouani) 

Pinb-2v2-1 (2XD2) 
 

(4XD2; 27402)  (1XD2 + 4XD2; Candicans); and published sequences 
AM944732, GQ496617 - 

Pinb-2v3-3 (2XD2) (1XD2; 27404),(1XD2; 27403), (1XD2; 27407), (2XD2; 27374) 
 Pinb-2v3-7 (2XD2) 

Pinb-2v5-2 (1XD1) (1XD2; 27404), (1XD1; Candicans) - 

Pinb-2v4-2 (3XD1) (1XD1; 27373), (1XD1; 27404), (1D1 + 1D1;Candicans), (1XD1; Cranbrook), 
(1XD1; 27374) - 

Pinb-2v6-1 (1XD1) (3XD1; 27373), (1XD1; 27404), (2XD1 + 4 XD1 + 2XD1; Candicans) 
- 

Pinb-2v6-2 (1XD1) 
 (1XD1; 27404) 

T. aestivum 
27406 
(AABBDD) 
(Pina-D1a,  
Pinb-D1a) 

Pinb-2v1-2 (1XD1) (1XD1; 27373), (1XD1; 27408) 

Pinb-2v1-7 (1XD1) 
 
Pinb-2v3-6 (1XD2) 
 
Pinb- 2v5-3 (1XD2), Pinb-2v5-6 (1XD2) 

T. aestivum 
27408 
(AABBDD) 
(Pina-D1a,  
Pinb-D1a) 

Pinb-2v1-2 (1XD1) (1XD1; 27373) ,(1XD1; 27406) - 

Pinb-2v1-3(2XD1) 
 
 

(2XD1; 27373), (4XD1; 27405) - 

Pinb-2v3-1 (2XD2) (3XD2; Barba Negra), and published sequences AM944733, GQ496618 
 - 
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aThe Pinb-2 genes were amplified from respective genomic DNAs using two degenerate primer pairs: pair 1 (clones of these PCR products are 
designated D1) or pair 2 (clones designated D2).  bThe DNA sequence data obtained (Figure 4.4 ) indicated 17 reproducible  haplotypes; a haplotype 
being defined as a characteristic combination of single nucleotide polymorphisms (SNPs), that are inherited together as a single gene (Schwartz et al., 
2004).  cThe haplotypes fell into 6 major groups based on % identities and phylogenetic analysis (Figure 4.5). dNumbers in bracket indicate the number of 
clones for primer pairs D1 and D2. eThe (+) indicates products of another PCR reaction. #No PCR product obtained with the D2 primer pair for this 
accession; del: Ha locus is deleted in durum wheat. fThese Pinb-2 sequences are products of a single PCR reaction and have not been reproduced in 
subsequent reactions.  The criteria applied to define these sequences as possible haplotypes are as follows: (i) clean chromatogram and sequencing of 
both strands in case of ambiguities; (ii) SNPs  observed only once (see Table 4.5 ) were ignored for haplotyping, in order to take into consideration the 
small possibility of Taq-introduced errors and ensure that no haplotype is classified incorrectly. 

T. turgidum v. 
durum (AABB) 
Candicans 9857, 
Hungary; 
(Ha locus deletion) 

Pinb-2v2-1 (1XD2 + 4XD1) 
 

(4XD2; 27402), (2XD2; 27405) 
and published sequences AM944732, GQ496617 - 

Pinb-2v2-2 (2XD2) 
 

(1XD2; 27402) - 

Pinb-2v5-2 (1XD1) (1XD2; 27404), (1XD1; 27405) - 

Pinb-2v4-2 (1XD1 +1XD1) (1XD1; 27373), (1XD1; 27404), (3XD1; 27405) 
Pinb-2v4-9 (1XD2),  Pinb-2v4-
10(1XD1) Pinb-2v4-3 (1XD1) (1XD1; 27404) 

Pinb-2v4-4 (1XD2) 
 

(1XD2; 27373), (3XD2; C. Spring) 
Pinb-2v6-1 (2XD1 + 4XD1 
+ 2XD1) 
 

(3XD1; 27373), (1XD1; 27404), (1XD1; 27405) Pinb-2v6-4 (1XD1), Pinb-2v6-7 
(1XD2),  Pinb-2v6-8 (1XD2) 
 Pinb-2v6-3 (1XD2) (1XD2; 27373), (1XD2; 27402) 

T. turgidum v. 
durum (AABB) 
Barba Negra 
7721, Ecuador 
(Ha locus deletion) 

Pinb-2v1-1 (1XD1) (2XD1; 27402), (1XD1; 27404),  (1XD1 + 2XD1; 27405), (2XD1; 27407); and 
published sequences AM944731, GQ496616 Pinb-2v1-14(1XD1) 

Pinb-2v1-4 (1XD1) 
 

(1XD1+1XD1; 27404), (1XD1 + 4XD1; 27405), (2XD1; 27403),  (1XD1; 
27407), (1XD1; Cranbrook), (3XD1; C. Spring), (3XD1; Marouani) 
 Pinb-2v4 (2XD1) (partial  sequences) 

Pinb-2v3-1 (3XD2) 
(2XD2; 27408), 
and published sequences AM944733, GQ496618 
 

#Ae. tauschii (DD) 
(Pina-D1a, Pinb-
D1a) 

Pinb-2v1-5 (1XD1 + 1XD1) - - 
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      Table 4.3 Diversity of Pinb-2 haplotypes in additional wheat accessions  

 
 

 

Wheat 
Accession 

 
 
Pinb-2 
genotypesa, b, c, d, e 
 

Other wheat accessions that exhibit the haplotyped, e 
Additional haplotypes 
(seen only once: in any 
accession) 

T. aestivum 
27403 
(AABBDD) 
(Pina-D1l, Pinb-
D1a) 

Pinb-2v1-4 (2XD1) 
 

(1XD1+4XD1; 27405), (1XD1+1XD1; 27404), (1XD1; Barba Negra),  (1XD1; 27407), 
(1XD1; Cranbrook), (3XD1; C. Spring), (3XD1; Marouani) Pinb-2v3-8 (1XD2), 

Pinb-2v3-9 (1XD2) 
Pinb-2v3-3 (1XD2) (1XD2; 27404), (1XD2; 27407), (2XD2; 27374), (2XD2; 27405) 

T. aestivum 
27407 
(AABBDD) 
(Pina-D1a, Pinb-
D1a) 

Pinb-2v1-1   (2XD1) (2XD1; 27402),  (1XD1; 27404),  (1XD1+ 2XD1; 27405) 
(1XD1; B. Negra) 

Pinb-2v1-6  (1XD1) Pinb-2v1-4 (1XD1) (2XD1; 27403),  (1XD1+1XD1; 27404), (1XD1+ 4XD1; 27405), (1XD1; Cranbrook), (3XD1; 
C. Spring),  (1XD1; B. Negra), (3XD1; Marouani) 

Pinb-2v3-3 (1XD2) (1XD2; 27403), (1XD2; 27404), (2XD2; 27405), (2XD2; 27374) 
 
 Pinb-2v3-4 (1XD2) (1XD2+ 3D2; 27404), (5XD2; 27373) 

T. aestivum 
27374 
(AABBDD) 
(Pina-D1a, Pinb-
D1p) 

Pinb-2v3-
3   (2XD2) (1XD2; 27403), (1XD2; 27404), (2XD2; 27405), (1XD2; 27407)  

Pinb-2v4-2 (1XD1) 
 

(1XD1; 27404), (3XD1; 27405),  (1XD1; 27373), 
(1XD1; Cranbrook), (1XD1+ 1XD1; Candicans) 
 

Pinb-2v6-5 (1XD1) 

T. aestivum 
cv. Cranbrook, 
Australia 
(AABBDD) 
(Pina-D1b, Pinb-
D1a) 

Pinb-2v1-4 (1D1) 
 

2XD1; 27403), (1XD1+1XD1; 27404), (1XD1+ 4XD1; 27405), (1XD1; 27407), (3XD1; C. 
Spring), (1XD1; B. Negra), (3XD1; Marouani) Pinb-2v3-5 (1D2) 

Pinb-2v4-8 (1D2) 
 Pinb-2v4-2 (1D1) (1XD1; 27404), (3XD1; 27405), (1XD1; 27373), 

(1XD1; 27374), (1XD1+ 1XD1; Candicans) 
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aThe Pinb-2 genes were amplified from respective genomic DNAs using two degenerate primer pairs: pair 1 (clones of these PCR products are 
designated D1) or pair 2 (clones designated D2).  bThe DNA sequence data obtained (Figure 4.4 ) indicated 17 reproducible  haplotypes; a haplotype 
being defined as a characteristic combination of single nucleotide polymorphisms (SNPs), that are inherited together as a single gene (Schwartz et al., 
2004).  cThe haplotypes fell into 6 major groups based on % identities and phylogenetic analysis (Figure 4.5). dNumbers in bracket indicate the 
number of clones for primer pairs D1 and D2. eThe (+) indicates products of another PCR reaction. #No PCR product obtained with the D2 primer pair 
for this accession; del: Ha locus is deleted in durum wheat.  fThese Pinb-2 sequences are products of a single PCR reaction and have not been 
reproduced in subsequent reactions.  The criteria applied to define these sequences as possible haplotypes are as follows: (i) clean chromatogram 
and sequencing of both strands in case of ambiguities; (ii) SNPs  observed only once (see Table 4.5 ) were ignored for haplotyping, in order to take 
into consideration the small possibility of Taq-introduced errors and ensure that no haplotype is classified incorrectly.  gA possible haplotype and only 
nucleotide1-329 of this haplotype was used in the alignment with the other haplotypes.  

  
 
 
 
 
 
 

  

T. aestivum 
v. Chinese Spring 
(AABBDD) 
(Pina-D1a, Pinb-
D1a) 
 

Pinb-2v1-4(3XD1) 2XD1; 27403),  (1XD1+1XD1; 27404), (1XD1+ 4XD1; 27405), (1XD1; 27407), (1XD1; 
Cranbrook), (1XD1; B. Negra), (3XD1; Marouani 

 
Pinb-2v4-4 
(3XD2) 

(1XD2; 27373), (1XD2; Candicans) 
 

T. durum 
Marouani  11643, 
Algeria 
(Ha locus 
deletion) 

Pinb-2v1-4 
(3XD1) 

2XD1; 27403), (1XD1+1XD1; 27404), (1XD1+ 4XD1; 27405), (1XD1; 27407), (3XD1; C. 
Spring), (1XD1; B. Negra), (1XD1; Cranbrook) Pinb-2v4-7 (1XD2) 

T. urartu 
(Pina-D1a, Pinb-
D1a) 

- - 

Pinb-2v5-4 (1XD1), Pinb-
2v5-5 (1XD2), Pinb-2v5-7 
(1XD1),  Pinb-2v5-8g 
(1XD1, partial sequence) 
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4.3.3 Sequence identity analysis of the reproducible Pinb-2 

 
Table 4.4 Percentage identity (at DNA level) of the reproducible Pinb-2 haplotypes to the 
reported sequences 

 

The percentage identities of these reproducible haplotypes to the published sequences 

and to Pinb-2v6-1 (identified from this study) were determined.  Haplotypes Pinb-2v1-2 

to Pinb-2v1-5 had the highest identity (98.0-99.7%) to Pinb-2v1-1 (GQ496616) and 

Pinb-2v2-2 had the highest identity (99.7%) to Pinb-2v2-1 (GQ496617) (Table 4.4).  

No sequence was identical to the published Pinb-2v3-2 (Pinb-2v3a; Chen et al., 2011), 

but Pinb-2v3-3 and Pinb-2v3-4 had the highest identity (99.5-99.7%) to it, and Pinb-

2v3-3 was identical to Pin-2v3b (Chen et al., 2011).  No haplotype was 100% identical 

to Pinb-2v4 (GQ496619; Chen et al., 2010a), however Pinb-2v4-2 to Pinb-2v4-4 had 

the highest identity (99.3-99.7%) to it.  No haplotype was 100% identical to Pinb-2v5 

(HM245236; Chen et al., 2011); however, Pinb-2v5-2 exhibited high identity (98.2%) 

to it.  Although Pinb-2v5-2 had the highest identity (98.8%) to Pinb-2v4, it did not have 

the characteristic T169 of PINB-v4 members.  Pinb-2v6-1, Pinb-2v6-2 and Pinb-2v6-3 

Pinb-2 genes 
and 

haplotypes 

Pinb-2v1-1 
AM944731/ 
GQ49916 

(%) 

Pinb-2v2-1 
AM944732/ 
GQ49917 

(%) 

Pinb-2v3-1 
AM944733/ 
GQ49918 

(%) 

Pinb2-v4-1 
GQ496619 

(%) 

Pinb-v5-1 
HM245236 

(%) 

Pinb-
2v6-1 
(%) 

Pinb-2v1-1 100.0 93.1 91.8 95.8 95.8 95.8 
Pinb-2v1-2 99.1 93.8 92.4 96.5 96.4 96.4 
Pinb-2v1-3 98.8 94.0 92.7 96.7 96.2 96.6 
Pinb-2v1-4 99.7 93.3 92.0 96.0 95.5 96.0 
Pinb-2v1-5 98.0 93.1 91.8 95.8 95.8 95.8 
Pinb-2v2-1 93.1 100.0 94.2 94.4 94.0 94.2 
Pinb-2v2-2 93.3 99.7 94.4 94.6 94.2 94.4 
Pinb-2v3-1 91.8 94.2 100.0 92.5 92.2 92.0 

Pinb-2v3-3 92.0 94.4 99.7 92.8 92.4 92.2 
Pinb-2v3-4 91.8 94.7 99.5 92.5 92.2 92.2 
Pinb-2v4-2 96.2 94.4 92.7 99.7 98.6 98.8 
Pinb-2v4-3 96.2 94.0 92.2 99.3 98.6 98.4 
Pinb-2v4-4 95.5 95.1 93.3 99.5 98.4 98.2 
Pinb-2v5-2 95.8 94.0 92.4 98.8 98.2 98.4 
Pinb-2v6-1 95.8 94.2 92.0 98.6 98.0 100.0 
Pinb-2v6-2 95.8 93.8 91.6 98.1 98.0 99.5 
Pinb-2v6-3 95.1 94.9 92.7 98.3 97.7 99.3 



Chapter 4                                                                            Diversity of Pinb-2 genes  

 

128 
 

share a unique SNP (A257) and were allotted a new group, with most identity (97.7-

98.6%) to Pinb-2v4 and Pinb-2v5.  

 

4.3.4 Sequence diversity in the putative PINB-2 proteins  

Translation of the reproducible haplotypes led to ten new and five known putative 

PINB-2 protein types.  Two of the published putative protein types, PINB-2v3-2 and 

PINB-2v5-1 (Chen et al., 2011) were not found.  Alignment with PINA-D1 and PINB-

D1 encoded by the Ha-locus Pin genes (Gautier et al., 1994) (Figure 4.6), and Signal-

BLAST analysis (Appendix 11) predicted 29 residue long signal peptides with highly 

conserved sequences, with only the following substitutions noted: (i) F18 shared by 

PINB-2v1, PINB-2v2 and PINB-2v3 members, replaced by I18 in PINB-2v4, PINB-

2v5 and PINB-2v6 members; (ii) Y21C in all PINB-2v3 members (Table 4.1; Figure 

4.7).  A number of silent mutations were noted in the signal peptide, suggesting 

functional importance of these residues.  Most interestingly a clear demarcation of the 

six major groups was noted based on characteristic amino acids (Table 4.1; Figure 4.7).   
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                                  Signal peptide:                          Mature protein: 
                                  PINA(M1toY28)                            PINA   (DVAGGG..) 
                                  PINB(M1 to N29)                          PINB   (EVGGGG..) 
                                  PINB-2 (M1 to E29)                       PINB-2 (NGGGGF..)           
  
 
 
 
                                          
  
                                              10          20          30          40           50           60          70          80                       
                                ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
DQ363911 Pina-D1a               MKALFLIGLL ALVASTAFAQ YSEVVGSY-D VAGGGGAQQC PVET-KLNSC RNYLLDRCST MKDFPVTWRW WKWWKGGCQ-   
DQ363913 Pinb-D1a               ..T...LA.. ......T... ....G.W.NE .G....S... .Q.RP..S.. KD.VME..F. ........P- T.......EH   
AM944731 and GQ496616 Pinb-2v1  ..T...LA.. S..V..T... .K..G...EN GG..F.S.N. .S.KT..DP. KD.VME..LA V.G.SIARL- L.....A.EQ   
AM944732 and GQ496617 Pinb-2v2  ..T...LA.. S..V..T... .K..G...EN GGR.F.S.N. .P.KT..D.. KD.VME..LA V.G.SIARL- L.....A.EQ   
AM944733 and GQ496618 Pinb-2v3  ..T...LA.. S..V..T... CK..G...EN GG..F.S.N. .P.KT..D.. KD.VME..LA L.G..ISTL- L.....A.EQ   
GQ496619 Pinb-2v4a1             -------A.. S..V..TI.. .K..G...EN GG..F.S.N. .P.KT..D.. KD.VMEW.LA V.G.SIARL- L.....A.EQ   
HM245236 Pinb-2v5a1             ..T...LA.. S..V..TI.. .K..GD..EN GD..F.S.N. .P.KT..D.. KD.VME..LA V.G.SIARL- L.....A.EQ   
Pinb-2v6-1                      ..T...LA.. S..V..TI.. .K..G...EN GG..F.S.N. .P.KT..DA. KD.VME..LA V.G.SIARL- L.....A.EQ 
 
   
 
                                         90        100        110        120        130        140        150                
                                ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| .. 
DQ363911 Pina-D1a               ELLGECCSRL GQMPPQCRCN IIQGSIQGDL GGIFGFQRDR ASKVIQEAKN LPPRCNQGPP CNIPGTIGYY WX  
DQ363913 Pinb-D1a               .VREK..KQ. S.IA.....D S.RRV...R. ..FL.IW.GE VF.QL.R.QS ..SK..M.AD .KF.S--... ..  
AM944731 and GQ496616 Pinb-2v1  .A.DQ..QQ. RPIAKK...E A.WRAV..N. .......QGQ IT.Q..R.MM ..SK.KLDSN .KFVANN... X.  
AM944732 and GQ496617 Pinb-2v2  .A.DQ..QQ. RPVVKK...E A.WRAV..N. ..V....QGK IT.Q..R.MM ..SK.KMDSS .KFVH.N... Y.  
AM944733 and GQ496618 Pinb-2v3  .V.DQ..LQ. RPVAKK...E A.WRVV..N. .......QGK IT.Q..R.MM ..SK.KMDSS .KFVP.N... Y.  
GQ496619 Pinb-2v4a1             .A.DQ..QQ. RPIAKK...E A.WRAV..N. .......QGQ IT.Q..R.MM ..SK.KLDSN .KFVA.N... X.  
HM245236 Pinb-2v5a1             .A.DQ..QQ. CPIAKK...E A.WRAV..N. .......QGQ IT.Q..R.MM ..SK.KLDSN .KFVANN... X.  
Pinb-2v6-1                      .A.DQ.YQQ. RPIAKK...E A.WRAV..N. .......QGQ IT.Q..R.MM .LSK.KLDSN .KFVA.N... X.  
 
 Figure 4.6 Alignment of protein sequences for PINA, PINB, PINB-2 variants 1,2,3,4 and 5.    Red arrow indicates the N terminal of the PINA and PINB 
mature protein sequence (Gautier et al., 1994) and also the possible N terminal for thePINB-2. 
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                                                                        H1 
 
 
                               10         20         30         40         50         60                 
                      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616     MKTLFLLALL SLVVSTTFAQ YKEVGGSYEN GGGGFGSQNC PSEKTKLDPC KDYVMERCLA   
PINB-2v1-1            .......... .......... .......... .......... .......... ..........   
PINB-2v1-2            .......... .......... .......... .......... .......... .........A   
PINB-2v1-3            .......... .......... .......... .......... .......... .........A   
PINB-2v1-4            .......... .......... .......... .......... .......... ..........   
PINB-2v1-5            .......... .......... .....D.... .......... .......... .........A   
AM944732/GQ496617     .......... .......... .......... ..R....... .P......S. ..........   
PINB-2v2-1            .......... .......... .......... ..R....... .P......S. ..........   
PINB-2v2-2            .......... .......... .......... ..R....... .P......S. ..........   
AM944733/GQ496618     .......... .......... C......... .......... .P......S. ..........   
PINB-2v3-1            .......... .......... C......... .......... .P......S. ..........   
PINB-2v3-3            .......... .......... C......... .......... .P......S. ..........   
PINB-2v3-4            .......... .......... C......... .......... .P......S. ..........   
GQ496619 Pinb-2v4-1   -------... .......I.. .......... .......... .P......S. ......W...   
PINB-2v4-2            .......... .......I.. .......... .......... .P......S. ......W...   
PINB-2v4-3            .......... .......I.. .......... .......... .P......S. ......W...   
PINB-2v4-4            .......... .......I.. .......... .......... .P......S. ......W...   
HM245236 Pinb-2v5-1   .......... .......I.. .....D.... .D........ .P......S. ..........   
PINB-2v5-2            .......... .......I.. .......... .......... .P......S. ..........   
PINB-2v6-1            .......... .......I.. .......... .......... .P......A. ..........   
PINB-2v6-2            .......... .......I.. .......... .......... .P......A. ..........   
PINB-2v6-3            .......... .......I.. .......... .......... .P......A. ..........   
 
 
 
 
 
 
                             TRD                                   H2                                      H3 
 
                               70         80         90        100        110        120              
                      ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616     VKGFSIARLL KWWKGACEQE ALDQCCQQLR PIAKKCRCEA IWRAVQGNLG GIFGFQQGQI   
PINB-2v1-1            .......... .......... .......... .......... .......... ..........   
PINB-2v1-2            ......A... .......... .........R ...K...... .......... ..........   
PINB-2v1-3            ......A... .......... .........R ...K...... .......... ..........   
PINB-2v1-4            .......... .......... .......... .......... .......... ..........   
PINB-2v1-5            ......A... .....T.... .........R ...K...... .......... .....*....   
AM944732/GQ496617     .......... .......... .......... .VV....... .......... .V......K.   
PINB-2v2-1            .......... .......... .......... .VV....... .......... .V......K.   
PINB-2v2-2            .......... .......... .......... .VV....... .......... .V......K.   
AM944733/GQ496618     L...P.ST.. .......... V.....L... .V........ ...V...... ........K.   
PINB-2v3-1            L...P.ST.. .......... V.....L... .V........ ...V...... ........K.   
PINB-2v3-3            L...P.ST.. .......... V.....L... .V........ .......... ........K.   
PINB-2v3-4            L...P.ST.. .......... V.....L... .V........ .......... ........K.   
GQ496619 Pinb-2v4-1   .......... .......... .......... .......... .......... ..........   
PINB-2v4-2            .......... .......... .......... .......... .......... ..........   
PINB-2v4-3            .......... .......... .......... .......... .......... ..........   
PINB-2v4-4            .......... .......... .......... .......... .......... ..........   
HM245236 Pinb-2v5-1   .......... .......... .........C .......... .......... ..........   
PINB-2v5-2            .....TT... .......... .......... .......... .......... ..........   
PINB-2v6-1            .......... .......... .....Y.... .......... .......... ..........   
PINB-2v6-2            .......... .......... .....Y.... .......... .......... ..........   
PINB-2v6-3            .......... .......... .....Y.... .......... .......... ..........   
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                        H4 
 
                              130        140        150     
                      ....|....| ....|....| ....|....| . 
AM944731/GQ496616     TKQIQRAMML PSKCKLDSNC KFVANNGYY* *  
PINB-2v1-1            .......... .......... .........* *  
PINB-2v1-2            .......... .......... .........* *  
PINB-2v1-3            .......... .......... ....T....* *  
PINB-2v1-4            .......... .......... ....T....* *  
PINB-2v1-5            .......... .......... ....T....* *  
AM944732/GQ496617     .......... .....M..S. ...HT....Y *  
PINB-2v2-1            .......... .....M..S. ...HT....Y *  
PINB-2v2-2            .......... .....M..S. ...PT....Y *  
AM944733/GQ496618     .......... .....M..S. ...PT....Y *  
PINB-2v3-1            .......... .....M..S. ...PT....Y *  
PINB-2v3-3            .......... .....M..S. ...PT....Y *  
PINB-2v3-4            .......... .....M..S. ...HT....Y *  
GQ496619 Pinb-2v4-1   .......... .......... ....T....* *  
PINB-2v4-2            .......... .......... .F..T....* *  
PINB-2v4-3            .......... .......... .F.......* *  
PINB-2v4-4            .......... .......... ...PT....Y *  
HM245236 Pinb-2v5-1   .......... .......... .........* *  
PINB-2v5-2            .......... .........F ....T....* *  
PINB-2v6-1            .......... L......... ....T....* *  
PINB-2v6-2            .......... L......... .........* *  
PINB-2v6-3            .......... L......... ...PT....Y *  
 

Figure 4.7 Putative protein sequences of the reproducible wheat PINB-2 groups.  The 
putative protein sequences translated from the respective DNA sequences (Figure. 4.4) were 
aligned using Bioedit.  A dot (.) indicates residue identical to that in the top sequence of that 
group. A dash (-) indicates unsequenced areas. Underlined residues indicate synonymous 
mutations.  Boxed (green) residues indicate areas where most of the Cys residues are 
conserved.  The four characteristic alpha helices (H1, H2, H3, H4) of the puroindoline family (Le 
Bihan et al., 1996), predicted using I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/) (Figure 4.11) are shown in grey bars and the Trp-rich domain (TRD) is shown in 
black bars above the sequences.  
 
 

The counting of the amino acid residues was applied from the initiator Met, rather than 

the mature protein sequence (ENGGGG).  The PINB-2v1 group shared S42 and P49, 

while PINB-2v6 group had characteristic A49, Y86 and L131.  The residues LLKWWK 

were highly conserved within the TRD, which supports its importance.  Members of the  

PINB-2v3 however, PINB-2v3 showed the conservation of FPISTLLKWWKG, at the 

TRD, with Thr replacing the characteristic Arg noted in all other groups (and in PINA).  

The ten Cys, forming five disulphide bonds in PINs (Le Bihan et al., 1996), were 

completely conserved with an exception for the PINB-2v6 members that exhibited a 

C86Y mutation (in the CC doublet).  Further, a hydrophobic residue Y53 in the 

predicted helix 1 (H1) was conserved all putative proteins (Figure. 4.7), which seem to 

correspond to the conserved and likely functionally important Tyr in both PINs (Le 

Bihan et al., 1996).  

 

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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Several Arg and Lys residues in the H1, H3 and H4 were also highly conserved.  The 

predicted pI of the putative mature proteins encoded by sequences isolated in this work 

ranged from 8.91 to 9.35 (Table 4.1).  The PINB-2v2 members had the highest pI (9.35) 

amongst all including PINB-2v3 members, probably due to the unique R33 of the 

PINB-2v2.  The presence of W57 in all PINB-2v4 members, instead of Arg, may 

likewise explain their lower pI (9.06-9.09).  The PINB-2v4 and PINB-2v6 members 

(and the published PINB2-v5-1) had 1-2 additional hydrophobic compared to other 

putative proteins.  The C-termini displayed four patterns, with either ANN/ATN at 144-

146, then GYY followed by a stop codon, or PTN/HTN, then GYYY and a stop codon.  

 

4.3.5 The unique distribution of Pinb-2 in wheat of different ploidy  

Only one haplotype, Pinb-2v1-5 was confirmed in Ae. tauschii.  Up to nine Pinb-2 

haplotypes occurred in single plants of some common wheat accessions, and eight 

haplotypes were found in the durum accession Candicans.  Pinb-2v1 sequences were 

identified in the durum wheat Barba Negra as originally reported (Wilkinson et al., 

2008) but later mapped to 7D (Chen et al., 2010a; 2011).  The haplotypes Pinb-2v2-1 

and Pinb-2v2-2 were also found in Candicans, unlike the reported absence of Pinb-2v2 

in durum (Chen et al., 2011; Wilkinson et al., 2008).  Pinb-2v3-3 was also identified in 

common wheat and was 100% identical to Pinb-2v3b reported only in durum (Chen et 

al., 2011).  Interestingly, Pinb-2v2-1 was found to occur together with Pinb-2v3-3 in T. 

aestivum 27405, contradicting the reports that the Pinb-2v2 and Pinb-2v3 did not co-

exist (both variants mapped to 7B; Chen et al., 2010a; 2011). 

 

Some interesting observations also emerged regarding the highly similar Pinb-2v4, 

Pinb-2v5 and Pinb-2v6 groups.  Some common wheats not only had the Pinb-2v4 type 

sequences (mapped to 7A; Chen et al., 2011) but also the Pinb-2v5 (~98% identity to 

Pinb-2v4; GQ496619) and Pinb-2v6 types (98-99% identity).  The Pinb-2v5 sequences 

exhibited more identity to the A-genome located Pinb-2v4 than to the B-genome located 

Pinb-2v2/v3 (92-94%) (Table 4.4), suggesting A-genome location for the Pinb-2v5 

group.  The new Pinb-2v6 group of haplotypes also appears most related to Pinb-2v4 

and co-exist with it (Table 4.1, 4.2).  The presence of these groups (Pinb-2v4, Pinb-

2v4v5, Pinb-2v4v6) indicates high variability within the A genome.  In addition, 
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members of these three groups also occurred together in the common wheats 27404 and 

27405 as well as the durum accession Candicans (Table 4.1, 4.3).  

 

4.3.6 Discovery of further possible Pinb-2 haplotypes 

The additional ‘haplotypes’ shown in Figure 4.8 and listed in Table 4.5, are Pinb-2 

sequences discovered in the first round of PCR and cloning,  but not reproduced in 

subsequent reactions. These sequences are possible haplotypes that require further 

investigation.  They are considered possible haplotypes  based on:  (i) their clean 

chromatogram and sequencing of both strands in case of ambiguities; (ii) SNPs that 

were observed only once were ignored for haplotyping, in order to take into 

consideration the small possibility of Taq-introduced errors.  Using these criteria, thirty 

three additional ‘haplotypes’ were identified (Table 4.5; Figure 4.8).  
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                               10        20        30        40        50        60            
                      ....|....|....|....|....|....|....|....|....|....|....|....| 
AM944731/GQ496616     ATGAAGACCTTATTCCTCCTAGCTCTCCTTTCTCTTGTAGTGAGCACAACCTTTGCGCAA  
Pinb-2v1-6            ............................................................  
Pinb-2v1-7            ............................................................  
Pinb-2v1-8            ...................................................A....A...  
Pinb-2v1-9            ............................................................  
Pinb-2v1-10           ............................................................  
Pinb-2v1-11           ............................................................  
Pinb-2v1-12           ............................................................  
Pinb-2v1-13           .........................A..................................  
Pinb-2v1-14           ............................................................  
AM944732/GQ496617     ........................................................A...  
Pinb-2v2-3            ------.............................................A....A...  
AM944733/GQ496618     ............................................................  
Pinb-2v3-5            ............................................................  
Pinb-2v3-6            ............................................................  
Pinb-2v3-7            ............................................................  
Pinb-2v3-8            ............................................................  
Pinb-2v3-9            ............................................................  
GQ496619 Pinb-2v4-1   ---------------------..............................A........  
Pinb-2v4-5            ...................................................A........  
Pinb-2v4-6            .........................C.........................A........  
Pinb-2v4-7            .................T.................................A........  
Pinb-2v4-8            ...................................................A........  
Pinb-2v4-9            ------------------------------------------------------------  
Pinb-2v4-10           .........................C.........................A........  
Pinb-2v4-11           .C.................................................A........  
HM245236 Pinb-2v5-1   ...................................................A........  
Pinb-2v5-3            ...................................................A........  
Pinb-2v5-4            ...................................................A........  
Pinb-2v5-5            ...................................................A........  
Pinb-2v5-6            ---................................................A........  
Pinb-2v5-7            .........................A.........................A........  
Pinb-2v5-8            ...................................................A........  
Pinb-2v6-1            ...................................................A....A...  
Pinb-2v6-4            ...................................................A....A...  
Pinb-2v6-5            ...................................................A....A...  
Pinb-2v6-6            ............................................................  
Pinb-2v6-7            ........................................................A...  
Pinb-2v6-8            ...................................................A....A...  
 
 
                               70        80        90       100       110       120         
                      ....|....|....|....|....|....|....|....|....|....|....|....| 
AM944731/GQ496616     TACAAAGAGGTTGGTGGCAGCTATGAGAACGGTGGCGGAGGGTTTGGTTCTCAAAACTGC  
Pinb-2v1-6            ............................................................  
Pinb-2v1-7            ............................................................  
Pinb-2v1-8            ..............C.............................................  
Pinb-2v1-9            ............................................................  
Pinb-2v1-10           .........................G..................................  
Pinb-2v1-11           ....G.......................................................  
Pinb-2v1-12           ............................................................  
Pinb-2v1-13           ............................................................  
Pinb-2v1-14           ............................................................  
AM944732/GQ496617     ..............C....................TA.......................  
Pinb-2v2-3            ..............C.............................................  
AM944733/GQ496618     .G...........................T.....T........................  
Pinb-2v3-5            .G...........................T.....T........................  
Pinb-2v3-6            .G...........................T.....T........................  
Pinb-2v3-7            .G...........................T.....T........................  
Pinb-2v3-8            .............................T.....T........................  
Pinb-2v3-9            .G............C..............T.....T........................  
GQ496619 Pinb-2v4-1   ..............C.............................................  
Pinb-2v4-5            ..............C.............................................  
Pinb-2v4-6            ..............C.............................................  
Pinb-2v4-7            ..............C.............................................  
Pinb-2v4-8            ..............C.............................................  
Pinb-2v4-9            ..............C.............................................  
Pinb-2v4-10           ..............C.............................................  
Pinb-2v4-11           ..............C.............................................  
HM245236 Pinb-2v5-1   ..............C.A.................A.........................  
Pinb-2v5-3            ..............C.A...........................................  
Pinb-2v5-4            .G............C.A.............A....T........................  
Pinb-2v5-5            .G...G........C.A.............A....T........................  
Pinb-2v5-6            ..............C.............................................  
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Pinb-2v5-7            ..............C.............................................  
Pinb-2v5-8            ..............C..........................................A..  
Pinb-2v6-1            ..............C.............................................  
Pinb-2v6-4            ..............C.............................................  
Pinb-2v6-5            ..............C.............................................  
Pinb-2v6-6            ............................................................  
Pinb-2v6-7            ..............C....................TA.......................  
Pinb-2v6-8            ..............C.............................................  
 
                              130       140       150       160       170       180      
                      ....|....|....|....|....|....|....|....|....|....|....|....| 
AM944731/GQ496616     CCATCGGAGAAGACGAAGCTAGACCCTTGCAAGGATTATGTGATGGAGCGGTGCTTGGCT  
Pinb-2v1-6            ............................................................  
Pinb-2v1-7            ...........................................................G  
Pinb-2v1-8            ...........................................................G  
Pinb-2v1-9            ............................................................  
Pinb-2v1-10           ............................................................  
Pinb-2v1-11           ............................................................  
Pinb-2v1-12           ............................................................  
Pinb-2v1-13           ....................G.......................................  
Pinb-2v1-14           ...........................................................G  
AM944732/GQ496617     ...C................G...T..................................G  
Pinb-2v2-3            ...C................G...G..................................G  
AM944733/GQ496618     ...C................G...T.............C...........A........G  
Pinb-2v3-5            ...C................G...T.............C...........A........G  
Pinb-2v3-6            ...C................G...T.............C...........A........G  
Pinb-2v3-7            ...C................G...T.............C...........A........G  
Pinb-2v3-8            ...C................G...T.............C...........A........G  
Pinb-2v3-9            ...C................G...T..................................G  
GQ496619 Pinb-2v4-1   ...C................G...T.......................T..........G  
Pinb-2v4-5            ...C................G...T.......................T..........G  
Pinb-2v4-6            ...C................G...T.................G.....T..........G  
Pinb-2v4-7            ...C................G...T.......................T..........G  
Pinb-2v4-8            ...C................G...T.......................T..........G  
Pinb-2v4-9            ...C................G...T.......................T..........G  
Pinb-2v4-10           ...C................G...T.......................T..........G  
Pinb-2v4-11           ...C................G...T.......................T..........G  
HM245236 Pinb-2v5-1   ...C................G...T..................................G  
Pinb-2v5-3            ...C................G...T.................................TG  
Pinb-2v5-4            ...C................G...T..................................G  
Pinb-2v5-5            ...C................G...T..................................G  
Pinb-2v5-6            ...C................G...T..C...............................G  
Pinb-2v5-7            ...C................G...T..................................G  
Pinb-2v5-8            ...C................G...T..................................G  
Pinb-2v6-1            ...C................G...G..................................G  
Pinb-2v6-4            ...C................G...G..................................G  
Pinb-2v6-5            ...C................G...G..................................G  
Pinb-2v6-6            ...C................G...G..................................G  
Pinb-2v6-7            ...C................G...T..................................G  
Pinb-2v6-8            ...C................G...G..................................G  
 
                              190       200       210       220       230       240      
                      ....|....|....|....|....|....|....|....|....|....|....|....| 
AM944731/GQ496616     GTGAAGGGTTTTTCGATCGCTAGGCTTTTGAAATGGTGGAAGGGCGCCTGTGAACAAGAA  
Pinb-2v1-6            ............................................................  
Pinb-2v1-7            ....................C.......................................  
Pinb-2v1-8            ....................C.......................................  
Pinb-2v1-9            ............................................................  
Pinb-2v1-10           ............................................................  
Pinb-2v1-11           ............................................................  
Pinb-2v1-12           ............................................................  
Pinb-2v1-13           ............................................................  
Pinb-2v1-14           ....................C.......................................  
AM944732/GQ496617     ....................C..A...................................G  
Pinb-2v2-3            ..............A.....C......................................G  
AM944733/GQ496618     T...........C.....T.C.C.....................T........G.....G  
Pinb-2v3-5            T...........C.....T.C.C..............................G.....G  
Pinb-2v3-6            T.....A.....C.....T.C.C.....................T........G.....G  
Pinb-2v3-7            T...........C.....T.C.C.....................T........G.....G  
Pinb-2v3-8            T.................T.C.C.....................T..............G  
Pinb-2v3-9            ..............A...T.C......................................G  
 
 
GQ496619 Pinb-2v4-1   ..............A.....C......................................G  
Pinb-2v4-5            ....................C.......................................  
Pinb-2v4-6            ..............A.....C......................................G  
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Pinb-2v4-7            ....................C......................................G  
Pinb-2v4-8            ..............A.....C......................................G  
Pinb-2v4-9            ..............A.....C......................................G  
Pinb-2v4-10           ..............A.....C......................................G  
Pinb-2v4-11           ..............A.....C......................................G  
HM245236 Pinb-2v5-1   ..............A.....C......................................G  
Pinb-2v5-3            ..............A.....C..............................A.......G  
Pinb-2v5-4            ..............A...A.C......................................G  
Pinb-2v5-5            ..............A.C...C......................................G  
Pinb-2v5-6            ..............A.....C...G..................................G  
Pinb-2v5-7            ..............A.C...C......................................G  
Pinb-2v5-8            ..............A.....C......................................G  
Pinb-2v6-1            ..............A.....C......................................G  
Pinb-2v6-4            ..............A.....C.....................A................G  
Pinb-2v6-5            ..............A.....C......................................G  
Pinb-2v6-6            ..............A.....C......................................G  
Pinb-2v6-7            ....................C..A...................................G  
Pinb-2v6-8            ..............A.....C......................................G  
 
                              250       260       270       280       290       300      
                      ....|....|....|....|....|....|....|....|....|....|....|....| 
AM944731/GQ496616     GCCCTAGACCAGTGTTGCCAGCAACTACGACCGATAGCAAAAAAGTGCCGATGTGAGGCC  
Pinb-2v1-6            ............................................................  
Pinb-2v1-7            .............................G...........G..................  
Pinb-2v1-8            .............................G...........G..................  
Pinb-2v1-9            ............................................................  
Pinb-2v1-10           ..................................................G.........  
Pinb-2v1-11           ............................................................  
Pinb-2v1-12           ............................................................  
Pinb-2v1-13           ............................................................  
Pinb-2v1-14           ............................................................  
AM944732/GQ496617     ...........A.................C...G...T...G..................  
Pinb-2v2-3            .............................C...G...T...G..................  
AM944733/GQ496618     .T.................T.........C...G.......G..................  
Pinb-2v3-5            .T.................T.........C...G.......G..................  
Pinb-2v3-6            .T.................T.........C...G.......G..................  
Pinb-2v3-7            .T.................T.........C...G.......G..................  
Pinb-2v3-8            .T.................T.........G...........G........T.........  
Pinb-2v3-9            ...................T.........G...........G..................  
GQ496619 Pinb-2v4-1   .............................C...........G........T.........  
Pinb-2v4-5            .............................G...........G..................  
Pinb-2v4-6            .............................C...........G........T.........  
Pinb-2v4-7            .............................C...........G........T.........  
Pinb-2v4-8            .............................C...........G........T.........  
Pinb-2v4-9            ................A............C...........G........T.........  
Pinb-2v4-10           .............................C...........G........T.........  
Pinb-2v4-11           ............................................................  
HM245236 Pinb-2v5-1   ...........................T.C...........G........T.........  
Pinb-2v5-3            .............................C...........G........T.........  
Pinb-2v5-4            .............................C...........G........T.........  
Pinb-2v5-5            .............................C...........G........T.........  
Pinb-2v5-6            ...................CAGC.ACTACG..CGATAGC...G.AGTG.CG.TGTGA.G.  
Pinb-2v5-7            .............................C...........G........T.........  
Pinb-2v5-8            .............................C...........G........T.........  
Pinb-2v6-1            ................A............C...........G........T.........  
Pinb-2v6-4            ................A............C...........G........T.........  
Pinb-2v6-5            ................A............C...........G........T.........  
Pinb-2v6-6            ................A............C...........G........T.........  
Pinb-2v6-7            ................A............C...........G........T.........  
Pinb-2v6-8            ................A............C...........G........T.........  
 
                              310       320       330       340       350       360      
                      ....|....|....|....|....|....|....|....|....|....|....|....| 
AM944731/GQ496616     ATTTGGAGAGCCGTCCAAGGGAACCTTGGTGGCATCTTTGGTTTTCAGCAAGGCCAGATA  
Pinb-2v1-6            ............................................................  
Pinb-2v1-7            ............................................................  
Pinb-2v1-8            ............................................................  
Pinb-2v1-9            ............................................................  
Pinb-2v1-10           ............................................................  
Pinb-2v1-11           ............................................................  
Pinb-2v1-12           ............................................................  
Pinb-2v1-13           ............................................................  
Pinb-2v1-14           ............................................................  
AM944732/GQ496617     ........G..T........C............G.......C............A.....  
Pinb-2v2-3            ........G..T........C............G.......C............A.....  
AM944733/GQ496618     ........G.TT........C.....G..............C...........TA.....  
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Pinb-2v3-5            ........G..T........C.....G..............C...........TA.....  
Pinb-2v3-6            ........G..T........C.....G..............C...........TA.....  
Pinb-2v3-7            ........G..T........C.....G..............C...........TA.....  
Pinb-2v3-8            ...........T........C.......................................  
Pinb-2v3-9            ....................C.....G.................................  
GQ496619 Pinb-2v4-1   ....................C.......................................  
Pinb-2v4-5            ............................................................  
Pinb-2v4-6            ....................C.......................................  
Pinb-2v4-7            ....................C.......................................  
Pinb-2v4-8            ....................C.......................................  
Pinb-2v4-9            ....................C.......................................  
Pinb-2v4-10           ....................C.......................................  
Pinb-2v4-11           ............................................................  
HM245236 Pinb-2v5-1   ....................C.......................................  
Pinb-2v5-3            ....................C.......................................  
Pinb-2v5-4            ....................C.......................................  
Pinb-2v5-5            ....................C........................T..............  
Pinb-2v5-6            CA..T.GAGAG.CGT.C.A..C.A.C.TTGT.GCATC..T.G...TCAGC.A.G.CAGAT  
Pinb-2v5-7            .......A............C........................T..............  
Pinb-2v5-8            ....................C........                                 
Pinb-2v6-1            ....................C.......................................  
Pinb-2v6-4            ....................C.......................................  
Pinb-2v6-5            ....................C.......................................  
Pinb-2v6-6            ....................C......................C................  
Pinb-2v6-7            ....................C.......................................  
Pinb-2v6-8            ....................C.......................................  
 
                              370       380       390       400       410       420      
                      ....|....|....|....|....|....|....|....|....|....|....|....| 
AM944731/GQ496616     ACCAAACAAATTCAGAGGGCCATGATGTTGCCCTCCAAATGCAAACTGGATTCCAACTGC  
Pinb-2v1-6            ............................................................  
Pinb-2v1-7            ............................................................  
Pinb-2v1-8            ............................................................  
Pinb-2v1-9            ............................................................  
Pinb-2v1-10           ............................................................  
Pinb-2v1-11           ............................................................  
Pinb-2v1-12           ............................................................  
Pinb-2v1-13           ..................A.........................................  
Pinb-2v1-14           .....................................T......................  
AM944732/GQ496617     ..G..........................................A....C....G....  
Pinb-2v2-3            ..G..........................................A....C....G....  
AM944733/GQ496618     .............................................A.......T.G....  
Pinb-2v3-5            .............................................A....C..T.G....  
Pinb-2v3-6            .............................................A.......T.G....  
Pinb-2v3-7            .....................................G.......A.......T.G....  
Pinb-2v3-8            .............................................T.......T.G....  
Pinb-2v3-9            .............................................T.......T.G....  
GQ496619 Pinb-2v4-1   ................................G............T..............  
Pinb-2v4-5            ............................................................  
Pinb-2v4-6            ............................................................  
Pinb-2v4-7            ................................G............T..............  
Pinb-2v4-8            .............................................A.......T.G....  
Pinb-2v4-9            ................................G............T..............  
Pinb-2v4-10           ................................G............T..............  
Pinb-2v4-11           ............................................................  
HM245236 Pinb-2v5-1   ................................G............T..............  
Pinb-2v5-3            ................................G............T..............  
Pinb-2v5-4            ................................G............T..............  
Pinb-2v5-5            ................................G............T..............  
Pinb-2v5-6            .A.C..AC..A.TCAGA..G.CATGATG.TG..GT.C..ATGC..A.T.GA.T.C.ACTG  
Pinb-2v5-7            ..............A.................G............T..............  
Pinb-2v5-8                                                                          
Pinb-2v6-1            ...............................TG............T..............  
Pinb-2v6-4            ...............................TG............T..............  
Pinb-2v6-5            ...................................................C........  
Pinb-2v6-6            ...........C...................TG............T..............  
Pinb-2v6-7            ...............................TG............T..............  
Pinb-2v6-8            ...............................TG............T............T.  
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                              430       440       450   
                      ....|....|....|....|....|....|... 
AM944731/GQ496616     AAGTTTGTCGCTAATAATGGCTATTACTAGTGA  
Pinb-2v1-6            ........................-........  
Pinb-2v1-7            .......................--........  
Pinb-2v1-8            .............C...................  
Pinb-2v1-9            .....C...C...C...............C...  
Pinb-2v1-10           .....C...C...C...............C...  
Pinb-2v1-11           .............................----  
Pinb-2v1-12           .....C...C...C............-------  
Pinb-2v1-13           .............C...................  
Pinb-2v1-14           .........C.......................  
AM944732/GQ496617     .....C...CA..C...............C...  
Pinb-2v2-3            .....C...C...C.............------  
AM944733/GQ496618     .....C...C...C...............C...  
Pinb-2v3-5            .....C...C...C...............C...  
Pinb-2v3-6            .....C...C...C...............C...  
Pinb-2v3-7            .....C...C...C...............C...  
Pinb-2v3-8            .....C...C...C...............C...  
Pinb-2v3-9            .....C...C...C...............C...  
GQ496619 Pinb-2v4-1   .....C.......C...................  
Pinb-2v4-5            .............C...................  
Pinb-2v4-6            .................................  
Pinb-2v4-7            .....C...C...C...............C...  
Pinb-2v4-8            .....C...C...C...............C...  
Pinb-2v4-9            .....C...C...C...............C...  
Pinb-2v4-10           .............C...................  
Pinb-2v4-11           .............C...................  
HM245236 Pinb-2v5-1   .....C...........................  
Pinb-2v5-3            .............C...................  
Pinb-2v5-4            .............C...................  
Pinb-2v5-5            .....C...C...C...............C...  
Pinb-2v5-6            C.AG..CGTC.CT.CT.AT.GCTA.TACTACTG  
Pinb-2v5-7            .............C...................  
Pinb-2v5-8                                               
Pinb-2v6-1            .............C...................  
Pinb-2v6-4            .............C...................  
Pinb-2v6-5            .............C...................  
Pinb-2v6-6            .................................  
Pinb-2v6-7            .....C...C...C...............C.A.  
Pinb-2v6-8            .....C...C...C...............C...  
 
Figure 4.8 The additional possible Pinb-2 haplotypes aligned with published sequences 
(.) indicates matching nucleotides to the top sequence. Nucleotides that are shaded and in 
italics are those not considered for haplotyping. Underlined nucleotide for at position 260 for 
haplotype Pinb-2v5-6 indicates an inserted nucleotide that causes a frame shift. 
 
 

 In addition to the numerous SNPs identified among these sequences other variations 

such as insertion of nucleotides (Pinb-2v5-6) and deletions of nucleotides   (Pinb-2v1-6, 

Pinb-2v1-7, Pinb-2v1-11, Pinb-2v1-12 and Pinb-2v2-3) were noted at the 5’ and 3’ end 

of the sequences (Table 4.5 and Figure 4.8).  These sequences were identified in 

different plant accessions such as in the bread wheats, 27402, 27404, 27405, 27406 and 

27407.  The sharing of deletion regions between members of different groups, suggests 

an ancient origin of such events. Sequence identities of these possible haplotypes in 

relation to the five published sequences are shown in Table 4.6.  The phylogenetic 

relationships between these additional sequences show that the sequences group into 6 

clusters (Figure 4.9).   
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The putative protein sequences of these additional haplotypes (Figure 4.10) show that 

the 10 Cys residues are also conserved in these sequences.  In addition to the amino acid 

substitutions, N terminal and C terminal deletions were observed.  The heterogeneity 

and deletions were noted at the Gly-Tyr-Tyr-Tyr.  Deletions at the region did not affect 

the Gly residue, although the Tyr residues were substituted or deleted.  These 

observation, suggest C-terminal processing at these region as previously noted for the 

PINs (Blochet et al., 1993). 
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Table 4.5 Characteristics of additional Pinb-2 DNA haplotypes and putative proteins  

DNA 
haplotypea, 
Genbank 
accession 

# 

Putative 
protein type 

Source of 
sequenceb 

SNPs defining the 
haplotypec, d, e, f 

 

Characteristic 
amino acid(s) 

 
pIg 

Hydro-
phobic 

residues
h 

PINB-2 variant group 1 
 

AM944731, 
GQ496616 
Pinb-2v1-1 

PINB-2v1-1 (see Table 
4.1.1) 

Published sequence 

T124, A141, C145, A240, 
G321 

S42, P49 9.18 52 

 
Pinb-2v1-6 

 

PINB-2v1-6 
(1XD1; 27407) del 445 

Loss of stop 
codon, 
frameshift at 
last amino acid 
Y149T, ORF 
continued. 

9.20 52 

Pinb-2v1-7 PINB-2v1-7 (1XD1;27406) 
T180G, T201C, A270G, 

A282G, del 444-
445 

Y148stop 
codon 9.21 52 

Pinb-2v1-8 PINB-2v1-8 (1XD1; 27373) 
T52A, G57A, T75C,  T180G, 

T201C, A270G, A282G, 
A434C 

F18I, N145T 9.18 52 

Pinb-2v1-9 PINB-2v1-9 (1XD2; 27404) T426C, G430C, A434C, 
G450C 

A144P, 
N145T, stop 
codon150Y, 

stop codon at 
151 

9.17 51 

Pinb-2v1-
10 PINB-2v1-10 (1XD2; 27404) (A86G), A291G, T426C, 

G430C, A434C, G450C 

(E29G), 
A144P, 

N145T, stop 
codon150Y, 

stop codon at 
151 

9.17 52 

Pinb-2v1-
11 PINB-2v1-11 (1XD1; 27405) (A65G), del 450-453 

(K22R), 
deletion of 
stop codon 

9.18 52 

Pinb-2v1-
12 PINB-2v1-12 (1XD2; 27404) T426C, G430C, A434C, del 

447-453 

A144P, 
N145T, del of 
Y149, Y150 

and stop 
codon 

9.20 50 

Pinb-2v1-
13 PINB-2v1-13 (1XD1; 27404) T26A, A141G, (G379A), 

A434C 
L9H, (A127T), 

N145T 9.18 52 

Pinb-2-v1-
14 PINB-2v1-14 (1XD1; Barba 

Negra) 
T180G, T201C, (A398T), 

G430C 
(K133I), 
A144P 9.09 51 

PINB-2 variant group 2 
 

AM944732, 
GQ496617 
Pinb-2v2-1 

PINB-2v2-1 
 

(see Table 
4.1.1) 

Published sequence 

A57, C75, T96, A97, C124, 
G141, T145, G180, C201, 
A204, G240, A252, C270, 
G274, T278, G282, G309, 
T312, C321, G334, C342, 
A355, G363, A406, C411, 
G416, C426, C430, A431, 

C434, C450. 

33R, 42P, 
49S, 92V, 

93V, 112V, 
119K, 136M, 
139S, 144H, 
145T, 150Y 

 

9.35 52 

Pinb-2v2-3 PINB-2v2-3 (1XD2; 27402) 
Del 1-6, T52A, T96C, A97G, 

T145G, G195A, A204G, 
A252G, del 448-453 

Del of 1M, 2K, 
F18I, 

S49A, deletion 
150Y and stop 

codon 

9.27 52 
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PINB-2 variant group 3 
 

AM944733, 
GQ496616 
Pinb-2v3-1 

PINB-3-1 (see Table 
4.1.1) 

Published  sequence 

G62, T90, T96, C124, G141, 
T145, C160, A171, G180, 
T181, C194, T199, C201, 
C203, T225, G234, G240, 
T242, G252, T260, C270, 
G274, G282, G309, T311, 
T312, C321, G327, C342, 
T354, A355, A406, T414, 
G416, C426, C430, C434, 

C450. 

21C (signal peptide) 
61L, 65P, 67S, 68T, 

81V, 87L, 92V, 119K, 
136M, 

139S,144P,145T, 
150Y 

 

9.16 52 

Pinb-2v3-5 PINB-2v3-5 (1XD2; 
Cranbrook) T225C, T311C, T411C V104A 9.16 52 

Pinb-2v3-6 PINB-2v3-6 (1XD2; 
27406) G187A, T311C G63S, V104A 9.16 52 

Pinb-2v3-7 PINB-2v3-7 (2XD2; 
27405) T311C , A398G V104A,K133R 9.17 52 

Pinb-2v3-8 PINB-2v3-8 (1XD2; 
27403) 

G62A, C193T, G234A, G274A, 
A291T, G309A, T311C, G327T, 
C342T, T354C, A355C, A406T 

C21Y, P65S, V92I, 
K119Q, M136L 9.06 52 

Pinb-2v3-9 PINB-2v3-9 (1XD2; 
27403) 

T75C, C159T, A171G, T181G, 
C193T, G195A, C203G, 
T225C, G234A, T242C, 

C270G, G274A G309A, T311C, 
T312C, C342T, T354C, A355C, 

A406T 

L61V, P65S, T68R, 
V81A, V92I, K119Q, 

M136L 
9.17 52 

PINB-2 variant group 4 
 

GQ496619 
Pinb-2v4a1 Pinb-2v4a (see Table 

4.1.1) 

Published sequencei 

A52, C75, C124, G141, T145, 
T169, G180, A195, C201, 
G240, C270, G262, T291, 
C321, G393, T406, C426, 

C434. 

18I, 42P, 49S, 57W 
 9.07 53 

iPinb-2v4-5 PINB-2v4-5 (1XD1; 
27373) 

A195G, G240A, C270G, 
T291A, C321G, G393C, 

T406C, C426T. 
- 9.07 53 

iPinb-2v4-6 PINB-2v4-6 (1XD1; 
27373) 

T26C, (A163G), G393C, 
T406C, C434A L9P, (M55V), T145N 9.07 53 

iPinb-2v4-7 PINB-2v4-7 (1XD2; 
Marouani) (C18T), A195G, C430C, G450C A144P, stop codon 

150Y 9.06 53 

iPinb-2v4-8 PINB-2v4-8 (1XD2; 
Cranbrook) 

G393C, T406A, C414T, 
A416G, G430C, G450C 

L136M, N139S, 
A144P, stop codon 

150Y 
9.06 53 

 
iPinb-2v4-9 

(first 60 
nucleotides 

not included) 

 
PINB-2v4-9 

(first 21 
amino acid 
residues of 
the signal 

peptide not 
included) 

(1XD2; 
Candicans) G257A, G430C, G450C C86Y, A144P, stop 

codon 150Y 9.11 53 

iPinb-2v4-10 
 

PINB-2v4-10 
 

(1XD1; 
27404) T26C, C426T L9P 9.07 53 

iPinb-2v4-11 PINB-2v4-11 (1XD1; 
27404) 

(T2C), C270A, G282A, T291A, 
C321G, G393C, T406C, C426T (M1T) 9.07 53 
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PINB-2 variant group 5 
 

Hm245236 
(Pinb-2v5) 
Pinb-2v5-1 

Pinb-
2v5a (see Table 4.1.1) 

Published, 
sequence 

A52, C75, A77, 
A95, C124, G141, 
T145, G180, A195, 
C201, G240, T268, 
C270, G282, T291, 
C321, G393, T406, 

C426 

18I, 26D, 
G32,C90 8.91 53 

Pinb-2v5-3 PINB-
2v5-3 (1XD2; 27406) 

A95G, (C179T), 
(G232A), T268C, 

A434C 

D32G, (A62V), 
(E78K), C90R, 

T145N 

 
9.37 

 
52 

Pinb-2v5-4 PINB-
2v5-4 (1XD1; T. urartu) 

A62G, G91A, 
A95G, C96T, 

G199A, T268C, 
C426T, A434C 

Y21C, G31S, 
A67T,  C90R , 

N145T 
9.18 51 

Pinb-2v5-5 PINB-
2v5-5 (1XD2; T. urartu) 

A62G, (A66G), 
G91A, A95G, C96T, 

T197C, T268C, 
C346T, G430C, 
A434C, C450C 

Y21C, G31S, 
I66T,  C90R, 

Q116stop 
codon, A144P, 

N145T 

9.17 52 

Pinb-2v5-6 PINB-
2v5-6 (1XD1; 27406) 

del1-3, A77G, 
A95G, T148C, 

C205G, insert C260 

Del M1, D26G, 
C50R, L69V, 

frame shift after 
C86 

Partial 
ORF 

Partial 
ORF 

Pinb-2v5-7 PINB-
2v5-7 (1XD2; T. urartu) 

T26A, A77G, A95G, 
T197C, T268C, 
(G308A), C346T 

L9H, D26G, 
D32G,  I66T, 

C90R,  (R113K), 
Q116stop codon 

Partial 
ORF 

Partial 
ORF 

jPinb-2v5-8 
 

PINB-
2v5-8 (1XD1; T. urartu) A77G, A95G, 

T118A, T268C 
D26G, 

D32G,C40S, 
C90R 

Partial 
sequence 
of 329bp 

Partial 
sequence 
of 329bp 

PINB-2 variant group 6 

Pinb-2v6-1 
JN585979 
New 
group. 
 

 
 

PINB 
-2v6-1 
 
 
 

27373 (3XD1) ; 
27404 (1XD1); 
27405 (1XD1) ; 
Candicans 
(2XD1+4XD1+2XD1).  

A52, A57, C75, 
C124, G141, G145, 
G180, A195, C201, 
G240, A257, C270, 
G282, T291, C321, 
T392, G393, T406, 
T426, C434 

18I, 42P, 49A 
86Y, 131L  
 

9.23 54 

Pinb-2v6-4 PINB-
2v6-4 (1XD1; Candicans) G223A G75S 9.23 54 

Pinb-2v6-5 PINB-
2v6-5 (1XD1; 27374) T392C, G393C, 

T406C, (T412C) L131P, (S138P), 9.23 53 

Pinb-2v6-6 PINB-
2v6-6 (1XD1; 27373) 

A52T, A57G, C75T, 
(T344C), (T372C), 

C434A 

I18F, (F115S), 
T145N 9.23 53 

Pinb-2v6-7 PINB-
2v6-7 (1XD2; Candicans) 

A52T, C96T, A97A, 
G145T, A195G, 
G204A, T426C, 
G430C, G450C 

I18F, 
G33R,A49S, 

A144P 
9.32 53 

Pinb-2v6-8 PINB-
2v6-8 (1XD2; Candicans) G419T, T426C, 

G430C, G450C C140F, A144P 9.28 54 
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aDefined as ‘characteristic combination of single nucleotide polymorphisms (SNPs), that are 
inherited together as a single gene’ (Schwartz et al., 2004).  
bNumbers in brackets indicate the number of clones obtained for primer pairs D1 or D2. The (+) 
indicates clones from another independent PCR reaction.  The 27403, 27407, 27374  are T. 
aestivum (6n) landraces, Chinese Spring and Cranbrook are T. aestivum  (6n) cultivars, 
Maruoani is a T. turgidum ssp. durum line (4n) and T. urartu (AA) is one of the diploid progenitor 
of the A genome for wheat.  
cThe first cell within a group (shaded), shows the combination of SNPs unique to this haplotype 
and/or to the published -Pinb-2v1, Pinb-2v2, Pinb-2v3, Pinb-2v4 and Pinb-2v5 (Chen et al., 
2010a; Wilkinson et al., 2008), and the new Pinb-2v6 (identified in this study) DNA sequences. 
All subsequent rows show SNPs unique in relation to this sequence.  
 dSNPs shown in bold: result in amino acid changes; the rest result in silent mutations or no 
changes.   
eNucleotides shown in bold and underline indicate deletions (del).   
fSNPs in italics and parentheses indicate those observed only once and hence ignored for 
haplotyping, in order to take into consideration the small possibility of Taq-introduced errors and 
ensure that no haplotype is classified incorrectly.   
g Mature protein sequence based on putative signal peptide cleavage site being between E29 
and N30, predicted by alignment with PINB mature protein sequence (Gautier et al., 1994).   
hIncludes F, I, W, L, V, M, Y, C, A  (based on hydrophobicity index at pH 2 and 7) (Nelson and 
Cox, 2005; http://www.sigmaaldrich.com/life-science/metabolomics/learning-center/amino-acid-
reference-chart.html).   
iThe first 21 base pairs are not sequenced in the published wheat GQ496619 (Pinb-2v4; Chen 
et al., 2010a). The first 21 nucleotides as found in all the Pinb-2 variant 4 subgroups in this 
study as well as in HM780498.1 (Gazzelloni et al., 2010, unpublished) are 
ATGAAGACCTTATTCCTCCTA. 
 jPartial sequence data presented for this haplotype due to unclear chromatogram from 330bp 
onwards. 
 
 
  

http://www.sigmaaldrich.com/life-science/metabolomics/learning-center/amino-acid-reference-chart.html
http://www.sigmaaldrich.com/life-science/metabolomics/learning-center/amino-acid-reference-chart.html
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Figure 4.9 Phylogenetic analysis of the additional possible Pinb-2 DNA sequence 
haplotypes   The tree was constructed using the alignment shown in Figure 4.8, by the 
UPGMA (unweighted pair group method using arithmatic averages) method (with bootstraps) in 
MEGA 4.1 (http://www.megasoftware.net/mega4/mega.html, last accessed February 2012). 
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Table 4.6 Percentage identity (at DNA level) of the additional Pinb-2 haplotypes to the 
reported sequences 

Pinb-2 
genes and 
haplotypes 

Pinb-2v1-1 

AM944731/ 

GQ49916 

 (%) 

Pinb-2v2-1 
AM944732/ 
GQ49917 

(%) 

Pinb-2v3-1 
AM944733/ 
GQ49918 

 (%) 

Pinb2-v4-1 
GQ496619 

(%) 

Pinb-v5-1 
HM245236 

(%) 

Pinb-
2v6-1  
(%) 

 Pinb-2v1-6 99.7 92.9 91.6 95.6 95.5 95.5 
   Pinb-2v1-7 98.6 93.3 92.0 96.0 96.0 96.0 
 Pinb-2v1-8 98.2 94.2 92.0 96.9 96.4 97.3 
 Pinb-2v1-9 99.1 94.0 92.7 95.8 95.3 95.3 

 Pinb-2v1-10 98.6 93.5 92.2 95.6 95.1 95.1 
 Pinb-2v1-11 98.8 92.2 90.9 94.6 94.7 94.7 
 Pinb-2v1-12 97.7 92.4 91.1 94.4 94.0 94.0 
Pinb-2v1-13 99.1 93.1 91.8 91.3 95.3 95.8 
Pinb-2v1-14 99.1 93.5 92.2 91.3 95.8 95.8 
 Pinb-2v2-3 91.3 95.5 91.6 94.6 92.9 93.5 
 Pinb-2v3-5 92.0 94.9 99.3 92.8 92.4 92.2 
 Pinb-2v3-6 91.8 94.2 99.5 92.5 92.2 92.0 
  Pinb-2v3-7 91.8 94.2 99.5 92.5 92.2 92.2 
 Pinb-2v3-8 93.8 94.0 97.1 95.1 94.7 94.4 
 Pinb-2v3-9 94.7 94.9 95.8 96.5 96.0 95.8 
 Pinb-2v4-5 97.5 94.4 92.7 98.1 97.1 97.3 
 Pinb-2v4-6 96.4 94.0 92.2 98.6 98.0 97.7 
 Pinb-2v4-7 95.5 95.1 93.3 99.3 98.0 97.7 
 Pinb-2v4-8 95.3 95.5 94.2 98.6 97.5 97.3 
 Pinb-2v4-9 82.3 82.1         80.1 90.2 84.9 85.4 
Pinb-2v4-10 96.0 94.2 92.4 94.9 98.4 98.6 
Pinb-2v4-11 97.3 94.0 92.2 93.8 97.1 97.3 
 Pinb-2v5-3 95.8 94.0 92.2 98.8 98.6 98.4 
 Pinb-2v5-4 95.3 94.0 92.9 98.3 98.2 98.0 
 Pinb-2v5-5 94.2 94.9 93.5 98.3 98.2 96.9 
 Pinb-2v5-6 94.2 93.8 92.0 98.3 97.1 96.9 
Pinb-2v5-7 95.3 93.5 91.8 93.8 97.7 98.0 
Pinb-2v5-8 95.7 96.0 93.0 93.0 98.7 98.7 
 Pinb-2v6b1 95.5 94.0 91.8 98.3 97.7 99.7 
 Pinb-2v6c1 96.2 94.4 92.2 98.1 97.5 99.1 

    Pinb-2v6d1 96.2 93.3 92.0 97.6 97.5 98.6 
 Pinb-2v6f1 94.7 96.0 92.9 97.2 96.6 97.7 
 Pinb-2v6h1 94.9 94.7 92.4 98.1 97.5 99.1 
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                            10         20         30         40         50         60         70         80                       
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  
AM944731/GQ496616   MKTLFLLALL SLVVSTTFAQ YKEVGGSYEN GGGGFGSQNC PSEKTKLDPC KDYVMERCLA VKGFSIARLL KWWKGACEQE   
PINB-2v1-6          .......... .......... .......... .......... .......... .......... .......... ..........   
PINB-2v1-7          .......... .......... .......... .......... .......... .......... .......... ..........   
PINB-2v1-8          .......... .......I.. .......... .......... .......... .......... .......... ..........   
PINB-2v1-9          .......... .......... .......... .......... .......... .......... .......... ..........   
PINB-2v1-10         .......... .......... ........G. .......... .......... .......... .......... ..........   
PINB-2v1-11         .......... .......... .R........ .......... .......... .......... .......... ..........   
PINB-2v1-12         .......... .......... .......... .......... .......... .......... .......... ..........   
PINB-2v1-13         ........H. .......... .......... .......... .......... .......... .......... ..........   
PINB-2v1-14         .......... .......... .......... .......... .......... .......... .......... ..........   
AM944732/GQ496617   .......... .......... .......... ..R....... .P......S. .......... .......... ..........   
PINB-2v2-3          --........ .......I.. .......... .......... .P......A. .......... .......... ..........   
AM944733/GQ496618   .......... .......... C......... .......... .P......S. .......... L...P.ST.. ..........   
PINB-2v3-5          .......... .......... C......... .......... .P......S. .......... L...P.ST.. ..........   
PINB-2v3-6          .......... .......... C......... .......... .P......S. .......... L.S.P.ST.. ..........   
PINB-2v3-7          .......... .......... C......... .......... .P......S. .......... L...P.ST.. ..........   
PINB-2v3-8          .......... .......... .......... .......... .P......S. .......... L.....ST.. ..........   
PINB-2v3-9          .......... .......... C......... .......... .P......S. .......... ......S... ..........   
GQ496619            -------... .......I.. .......... .......... .P......S. ......W... .......... ..........   
PINB-2v4-5          .......... .......I.. .......... .......... .P......S. ......W... .......... ..........   
PINB-2v4-6          ........P. .......I.. .......... .......... .P......S. ....V.W... .......... ..........   
PINB-2v4-7          .......... .......I.. .......... .......... .P......S. ......W... .......... ..........   
PINB-2v4-8          .......... .......I.. .......... .......... .P......S. ......W... .......... ..........   
PINB-2v4-9          ---------- ---------- .......... .......... .P......S. ......W... .......... ..........   
PINB-2v4-10         ........P. .......I.. .......... .......... .P......S. ......W... .......... ..........   
PINB-2v4-11         T......... .......I.. .......... .......... .P......S. ......W... .......... ..........   
HM245236            .......... .......I.. .....D.... .D........ .P......S. .......... .......... ..........   
PINB-2v5-3          .......... .......I.. .....D.... .......... .P......S. .........V .......... .......K..   
PINB-2v5-4          .......... .......I.. C....D.... S......... .P......S. .......... ......T... ..........   
PINB-2v5-5          .......... .......I.. C....D.... S......... .P......S. .......... .....T.... ..........   
PINB-2v5-6          -......... .......I.. .......... .......... .P......SR .......... ........V. ..........   
PINB-2v5-7          ........H. .......I.. .......... .......... .P......S. .......... .....T.... ..........   
PINB-2v5-8          .......... .......I.. .......... .........S .P......S. .......... .......... ..........   
PINB-2v6-1          .......... .......I.. .......... .......... .P......A. .......... .......... ..........   
PINB-2v6-4          .......... .......I.. .......... .......... .P......A. .......... .......... ....S.....   
PINB-2v6-5          .......... .......I.. .......... .......... .P......A. .......... .......... ..........   
PINB-2v6-6          .......... .......... .......... .......... .P......A. .......... .......... ..........   
PINB-2v6-7          .......... .......... .......... ..R....... .P......S. .......... .......... ..........   
PINB-2v6-8          .......... .......I.. .......... .......... .P......A. .......... .......... ..........   
 

TRD 
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                             90        100        110        120        130        140        150              
                    ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| . 
AM944731/GQ496616   ALDQCCQQLR PIAKKCRCEA IWRAVQGNLG GIFGFQQGQI TKQIQRAMML PSKCKLDSNC KFVANNGYY* *  
PINB-2v1-6          .......... .......... .......... .......... .......... .......... ........X* *  
PINB-2v1-7          .......... .......... .......... .......... .......... .......... .......XX* *  
PINB-2v1-8          .......... .......... .......... .......... .......... .......... ....T....* *  
PINB-2v1-9          .......... .......... .......... .......... .......... .......... ...PT....Y *  
PINB-2v1-10         .......... .......... .......... .......... .......... .......... ...PT....Y *  
PINB-2v1-11         .......... .......... .......... .......... .......... .......... .........X -  
PINB-2v1-12         .......... .......... .......... .......... .......... .......... ...PT...X- -  
PINB-2v1-13         .......... .......... .......... .......... ......T... .......... ....T....* *  
PINB-2v1-14         .......... .......... .......... .......... .......... ..I....... ...P.....* *  
AM944732/GQ496617   .......... .VV....... .......... .V......K. .......... .....M..S. ...HT....Y *  
PINB-2v2-3          .......... .VV....... .......... .V......K. .......... .....M..S. ...PT....- -  
AM944733/GQ496618   V.....L... .V........ ...V...... ........K. .......... .....M..S. ...PT....Y *  
PINB-2v3-5          V.....L... .V........ .......... ........K. .......... .....M..S. ...PT....Y *  
PINB-2v3-6          V.....L... .V........ .......... ........K. .......... .....M..S. ...PT....Y *  
PINB-2v3-7          V.....L... .V........ .......... ........K. .......... ..R..M..S. ...PT....Y *  
PINB-2v3-8          V.....L... .......... .......... .......... .......... ........S. ...PT....Y *  
PINB-2v3-9          ......L... .......... .......... .......... .......... ........S. ...PT....Y *  
GQ496619            .......... .......... .......... .......... .......... .......... ....T....* *  
PINB-2v4-5          .......... .......... .......... .......... .......... .......... ....T....* *  
PINB-2v4-6          .......... .......... .......... .......... .......... .......... .........* *  
PINB-2v4-7          .......... .......... .......... .......... .......... .......... ...PT....Y *  
PINB-2v4-8          .......... .......... .......... .......... .......... .....M..S. ...PT....Y *  
PINB-2v4-9          .....Y.... .......... .......... .......... .......... .......... ...PT....Y *  
PINB-2v4-10         .......... .......... .......... .......... .......... .......... ....T....* *  
PINB-2v4-11         .......... .......... .......... .......... .......... .......... ....T....* *  
HM245236            .........C .......... .......... .......... .......... .......... .........* *  
PINB-2v5-3          .......... .......... .......... .......... .......... .......... ....T....* *  
PINB-2v5-4          .......... .......... .......... .......... .......... .......... ....T....* *  
PINB-2v5-5          .......... .......... .......... .....*.... .......... .......... ...PT....Y *  
PINB-2v5-6          ......PATT .DS.EVPL*G HLESRPRQPL WHLW.SARPD NQTNSEGHDV AVQMQIGFQL QVRPY*WLLL L  
PINB-2v5-7          .......... .......... ..K....... .....*.... .......... .......... ....T....* *  
PINB-2v5-8          .......... .......... .........                                                 
PINB-2v6-1          .....Y.... .......... .......... .......... .......... L......... ....T....* *  
PINB-2v6-4          .....Y.... .......... .......... .......... .......... L......... ....T....* *  
PINB-2v6-5          .....Y.... .......... .......... .......... .......... .......P.. ....T....* *  
PINB-2v6-6          .....Y.... .......... .......... ....S..... .......... L......... .........* *  
PINB-2v6-7          .....Y.... .......... .......... .......... .......... L......... ...PT....Y *  
PINB-2v6-8          .....Y.... .......... .......... .......... .......... L........F ...PT....Y *  
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Figure 4.10 Putative protein sequences of the additional possible PINB-2 aligned with published sequences. The putative protein sequences 
translated from the respective DNA sequences (Figure. 4.8) were aligned using Bioedit.  A dot (.) indicates residue identical to that in the top sequence of that 
group. A dash (-) indicates unsequenced areas. Underlined residues indicate synonymous mutations.  Boxed (green) residues indicate areas where most of 
the Cys residues are conserved.  The Trp-rich domain (TRD) is shown in a black bar above the sequences.  
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PINB-2v1-1 
 

 

 

 
PINB-2v2-1 

Sequence 

                  20                  40                  60                  80                 100                 120 
                   |                   |                   |                   |                   |                   |   
NGGRGFGSQNCPPEKTKLDSCKDYVMERCLAVKGFSIARLLKWWKGACEQEALDQCCQQLRPVVKKCRCEAIWRAVQGNLGGVFGFQQGKITKQIQRAMMLPSKCKMDSSCKFVHTNGYYY 

Prediction CCCCCCCCCCCCHHHCCCCHHHHHHHHHHCCCCCCCCCHHHHHCCCCCHHHHHHHHHHHHHHCCHHHHHHHHHHHHHHHHHHCCCCCHHHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCCC 

Conf.Score 9988765445853420544789999998302358761323576177317999999999998647111389999999998841036334389999999871871359899998888888769 

 Secondary structure elements are shown as H for Alpha helix,S for Beta sheet & C for Coil 

 

PINB-2v3-1 

Sequence 

                  20                  40                  60                  80                 100                 120 
                   |                   |                   |                   |                   |                   |   
NGGGGFGSQNCPPEKTKLDSCKDYVMERCLALKGFPISTLLKWWKGACEQEVLDQCCLQLRPVAKKCRCEAIWRVVQGNLGGIFGFQQGKITKQIQRAMMLPSKCKMDSSCKFVPTNGYYY 

Prediction CCCCCCCCCCCCHCCCCCCHHHHHHHHHHHCCCCCCCCCSSSSCCCCCHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHHHCHCCCCHHHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCCC 

Conf.Score 9877666455951014433789999997340468875551454488607999999999987047433469999999998850325107899999999861751029999887799888769 

 Secondary structure elements are shown as H for Alpha helix,S for Beta sheet & C for Coil 

 
PINB-2v4-1 

Sequence 

                  20                  40                  60                  80                 100                 120 
                   |                   |                   |                   |                   |                   |  
NGGGGFGSQNCPPEKTKLDSCKDYVMEWCLAVKGFSIARLLKWWKGACEQEALDQCCQQLRPIAKKCRCEAIWRAVQGNLGGIFGFQQGQITKQIQRAMMLPSKCKLDSNCKFVATNGYY 

Prediction CCCCCCCCCCCCHHHCCCCHHHHHHHHHHCCCCCCCCCHHHHHCCCCCHHHHHHHHHHHHHHCCHHHHHHHHHHHHHHHHHCCCCCCCCHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCC 

Conf.Score 987756544594231154478999999820245876123567606731799999999999864744439999999999872313534316899999987087346999999878888889 

 Secondary structure elements are shown as H for Alpha helix,S for Beta sheet & C for Coil 

 

 

Sequence 

                  20                  40                  60                  80                 100                 120 
                   |                   |                   |                   |                   |                   |  
NGGGGFGSQNCPSEKTKLDPCKDYVMERCLAVKGFSIARLLKWWKGACEQEALDQCCQQLRPIAKKCRCEAIWRAVQGNLGGIFGFQQGQITKQIQRAMMLPSKCKLDSNCKFVANNGYY 

Prediction CCCCCCCCCCCCCHHCCCCHHHHHHHHHCCCCCCCCHHHHHHHCCCCCHHHHHHHHHHHHHHCCHHHHHHHHHHHHHHHHHHHCCCCCHHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCC 

Conf.Score 987756533480032022389999999753667885134666405830699999999998856898889999999999987361624016889999986187023989998868888889 

 Secondary structure elements are shown as H for Alpha helix,S for Beta sheet & C for Coil 
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PINB-2v5-1 

Sequence 

                  20                  40                  60                  80                 100                 120 
                   |                   |                   |                   |                   |                   |  
NGDGGFGSQNCPPEKTKLDSCKDYVMERCLAVKGFSIARLLKWWKGACEQEALDQCCQQLCPIAKKCRCEAIWRAVQGNLGGIFGFQQGQITKQIQRAMMLPSKCKLDSNCKFVANNGYY 

Prediction CCCCCCCCCCCCHHHCCCCHHHHHHHHHHCCCCCCCCCCCSSSCCCCCHHHHHHHHHHHHHCCCHHHCHHHHHHHHHHHHHCCCCCCCCHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCC 

Conf.Score 998867634495331143378999999820346876333034427851899999999998626811156999999998862320423107999999986187235999998848888879 

 Secondary structure elements are shown as H for Alpha helix,S for Beta sheet & C for Coil 

   
PINB-2v6-1 

Sequence 

                  20                  40                  60                  80                 100                 120 
                   |                   |                   |                   |                   |                   |  
NGGGGFGSQNCPPEKTKLDACKDYVMERCLAVKGFSIARLLKWWKGACEQEALDQCYQQLRPIAKKCRCEAIWRAVQGNLGGIFGFQQGQITKQIQRAMMLLSKCKLDSNCKFVATNGYY 

Prediction CCCCCCCCCCCCCCCCCCCHHHHHHHHHHHCCCCCCCCCCSSCCCCCCHHHHHHHHHHHHHHCCHHHHHHHHHHHHHHHHCCCCCCCCCHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCC 

Conf.Score 987766644586114553478999999865045886433022047850999999999998723887749999999988760401522207899999987177135999998848887879 

 Secondary structure elements are shown as H for Alpha helix,S for Beta sheet & C for Coil 

  
Figure 4.11. Secondary structure prediction for putative PINB-2 protein sequences.  The prediction was done using I-TASSER 
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/ ) (Roy et al., 2010; Zhang, 2008) 

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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4.3.7 Conserved tertiary structures of the putative PINB-2 proteins 

Modeling of representatives of each group generated using I-TASSER (Figure 4.11) 

showed very similar structures (Figure 4.12).  Like the predicted structure for PINA 

(Lesage et al., 2011), the models showed homology to the 2S albumin storage protein, 

RicC3 of Ricinus communis and exhibited four alpha helices, with the TRD likely 

forming a loop.  Some of the Cys formed readily connecting disulphide bonds, others 

were placed at close proximity, and the C58 and C77 enclosing the TRD (corresponding 

to C29 and C48 of PINB), were placed further apart (Figure 4.12).  Overall, the 

structural similarity with PINs, despite sequence variations, indicates that the PINB-2s 

may have common biochemical properties.  The C86Y substitution in PINB-2v6-1 

disrupts the bond with C134.  This substitution may have functional implications. 
 

 

 

       

PINB-2v1-1     PINB-2v2-1 
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PINB-2v3-1     PINB-2v4-1 

 

       

PINB-2v5-1     PINB-2v6-1 

Figure 4.12 Three-dimensional models of PINB-2 proteins.  The models were constructed 
using representative sequences of each group with I-TASSER 
(http://zhanglab.ccmb.med.umich.edu/I-TASSER) (Zhang, 2008; Roy et al., 2010). 
PINB-2v1-1: C-score= 0.13; TM score = 0.73 ± 0.11. TRD: FSIARLLKWWKG; unique residues: 
(13S, 20P). Three readily connected disulphide bonds (yellow): C11-C67, C57-C105, C56-C21, 
C69-C111 placed at close proximity, C29-C48 not connected PINB-2v2-1: C-score= 0.21; TM 
score = 0.74 ± 0.11. TRD: FSIARLLKWWKG; unique residues: (13P, 20S, 63V, 64V, 83V, 90K, 
107M, 110S). Four readily connected disulphide bonds (yellow): C11-C67, C57-C105, C56-C21, 
C69-C111, C29-C48 not connected. 
PINB-2v3-1: C-score= 0.22; TM score = 0.74± 0.11. TRD: FPISTLLKWWKG; unique residues: 
(13P, 20S, 32L, 36P, 38S, 39T, 52V, 58L, 63V, 90K, 107M, 110S). Possible disulphide bonds 
from the Cys residues placed at close proximity: C11-C67, C57-C105, C56-C21, C69-C111. 
C29-C48 not connected. 
PINB-2v4-1: C-score= 0.22; TM score = 0.74 ± 0.11. TRD: FSIARLLKWWKG; unique residues: 
(13P, 20S, 28W). One readily connected bond C57-C105.  Three possible disulphide bonds 
from the Cys residues placed at close proximity: C11-C67, C56-C21, C69-C111. C29-C48 not 
connected. 
PINB-2v5-1: C-score= 0.45; TM score = 0.77 ± 0.10. TRD: FSIARLLKWWKG; unique residues: 
(13P, 20S). Four possible disulphide bonds from the Cys residues placed at close proximity: 

http://zhanglab.ccmb.med.umich.edu/I-TASSER
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C11-C67, C57-C105, C56-C21, C69-C111.  C29-C48 not connected. TRD (green): consisting of 
FSIARLLKWWKG. 
PINB-2v6-1: C-score= 0.44; TM score = 0.77 ± 0.10. TRD: FSIARLLKWWKG; unique residues: 
(13P, 20A, 57Y, 102L). One bond readily connected C11-C67.  Four possible disulphide bonds 
from the Cys residues placed at close proximity: C57-C105, C56-C21, C69-C111. C29-C48 not 
connected. 
 
 

The poor prediction of the TRD region is due a similar protein not being available in the 

protein databank.  Although the PINB-2 and PINs possess the same 8 Cys residues as 

2S albumin storage protein, ns-LTPs and alpha amylase inhibitors, they also have 

additional Cys residues (C28/C29 and C48/C49), and the TRD region.  Overall, the 

similarity in tertiary structure with PINs indicates that the PINB-2s could function 

similarly and may have importance in lipid binding.  

 

4.3.8 Antimicrobial and haemolytic activity of the PINB-2 TRD-based peptides  

The peptides based on the sequences of the TRDs of PINB-2v1 and PINB-2v3 were 

tested for antibacterial and antifungal activity, using the PuroA and PuroB peptides 

(based on PINA and PINB sequences) as references (Jing et al., 2003; Phillips et al., 

2011).  The MIC of PINB-2v1 peptide was comparable to that of PuroA for S. aureus 

and E. coli, while the PINB-2v3 peptide was less effective than PINB-2v1 but better 

than PuroB (Table 4.7).  Among the phyto-pathogenic fungi, all four peptides showed 

highest activity against R. solani, however the PINB-2 peptides were the most effective.  

Both PINB-2 peptides also had 3-fold better activity against C. graminicola and F. 

oxysporum.  These observations confirm their in vitro antimicrobial abilities. 

 

The haemolytic activities of the PINB-2 peptides were determined as a measure of 

toxicity to eukaryotic cells. The PINB-2v1 peptide was found to show notable 

haemolytic activity (HC50 = 16µg/mL) while PINB-2 v3 had 4-fold lower activity and 

was the same as the control (PINA) (See appendix 1V).  The haemolytic activity 

reported here for PINA (HC50 = 250 µg/mL) is higher than that observed by Phillips et 

al. (2011) (HC50 >500 µg/mL).     
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Table 4.7 Antimicrobial activity of PINB-2v1 and PINB-2v3 peptides 

 

aCalculated using the ‘compute pI/MW Tool’ (http://au/expasy.org/tools/pi_tool.html; bdefined as the lowest concentration that completely inhibited bacterial 
growth or fungal hyphal growth; cdata from our previous work (Phillips et al., 2011) included for comparison. HC50, concentration required for 50% haemolysis 
of red blood cells. 
 

 
 

 

 

 

 
 

 

Pin allele; 
GenBank 

Accession 
Peptide 

ID Peptide sequence 
pIa 

MIC (µg/mL)b Haemolysis 
(HC50) 

((µg/mL) 
S. 

aureus 
E. 

coli 
F. 

oxysporum 
C. 

graminicola 
R. 

solani 
Pinb-2v1 

AM944731 PINB-2v1 FSIARLLKWWKG-NH2 11.17 21 (±9) 13 (±5) 32 (±0) 32 (±0) 16 (±0) 16 

Pinb-2v3 
AM944733 PINB-2v3 FPISTLLKWWKG-NH2 10.0 125 (±0) 43 (±18) 21 (±9) 27 (±9) 8 (±0 ) 250 

Pina-D1a 
DQ363911 PuroA 

FPVTWRWWKWWKG-
NH2 

 

11.17 16 (±0) 16 (±0) >250c 250 (±0)c 32 (±0)c 250 

Pinb-D1a 
DQ363913 PuroB FPVTWPTKWWKG-NH2 

 10.00 >250c >250c >250c >250c 64 (±0) c - 

http://au/expasy.org/tools/pi_tool.html
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4.4 Discussion  

The investigation of the Pinb-2 genes was required due to the following reasons: a) 

presence of Pinb-2 genes on all group 7 chromosomes, b) the association of Pinb-2v1 

with a minor QTLs for hardness on 7A (Wilkinson et al., 2008), c) the contribution of 

Pinb-2v2 to textural variations within soft wheats and to yield (Chen et al., 2010b) and 

d) possibilities of multigenes and/or alleles (Chen et al., 2011).  The present work 

involved molecular analysis of Pinb-2 genes from wheats of different ploidy levels and 

geographic origins (mainly China).  A number of polymorphisms were identified that 

seem to have implications for the structure and function of the putative proteins.  These 

observations make these genes probable qualitative as well as quantitative moderators 

of textural phenotypes.   

 

This study is the first to provide detailed analysis of the Pinb-2 haplotypes with multiple 

co-inherited SNPs.  The ability to identify diverse Pinb-2 genes may be related to the 

choice of primers, the number of clones and the wheat samples analysed.  The primers 

used were those of Wilkinson et al. (2008) that had identified three Pinb-2 genes 

(variants 1, 2, and3).  These degenerate primers thus seem optimal in allowing 

amplification of variant forms of the Pinb-2 genes and excluding Pina-D1or Pinb-D1.  

In contrast, the Chen et al. (2010a) primers identified two other variants but allowed 

amplification of Pina-D1 and Pinb-D1, while the gene-specific primers (Chen et al., 

2010a, b) may have been too stringent, leading to the speculations of the existence of 

single gene per genome.  Previously Wilkinson et al. (2008) had identified the presence 

of different SNPs for each variant in the Genbank ESTs.  Our re-analysis of the same 

ESTs showed some of these corresponded to sequences identified in the current study.  

For example, AL812097 represents haplotype Pinb-2v3-3, later reported as Pinb-2v3b 

(Chen et al., 2011) and CA707187 and BU607175 represent the haplotype Pinb-2v1-4 

found in the current work, suggesting this haplotype is also expressed in developing 

seeds (putative proteins encoded by the wheat ESTs is shown in Figure. 4.13).   

 

The Pinb-2v3 gene has been associated with preferable grain yield related traits (Chen 

et al., 2010b). Thus, the discovery of other Pinb-2v3 genes in this study could provide 

to be useful, by contributing to the development of studying the influence of this gene 

on grain yield traits.  
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                                        10        20        30        40        50        60        70        80                
                                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
AM944731 and GQ496616 PINB-2v1  MKTLFLLALLSLVVSTTFAQYKEVGGSYENGGGGFGSQNCPSEKTKLDPCKDYVMERCLAVKGFSIARLLKWWKGACEQE  
gi|32674813|gb|CD900485.1|      ..............MHNLCTIQRGWLCSYENWW*R                                               
gi|49520531|gb|AL814830.1|      .....................T......X..R............RS*TLARIM                             
gi|25434641|gb|CA712848.1|      ~~~~~~~~~~~~~~~~~~X.XGLX.SFENG.X.FDSXKMPIX.DEG*TLARIMCL.X.......X...............  
gi|25428980|gb|CA707187.1|      ~~~~............................................................................  
gi|23270450|gb|BU607175.1|      ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GTGXPPXXSXGXDKXXXRIP..................*1 
gi|32683224|gb|CD908900.1       ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
gi|32676304|gb|CD901976.1|      ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
AM944732 and GQ496617 PINB-2v2  ................................R........P......S...............................  
gi|32683586|gb|CD909262.1|      ................................R........P......S...............................  
gi|32650400|gb|CD885294.1|      *RPYSS*LSFL.**AQX...............R........P......S...............................  
gi|32650434|gb|CD885317.1|      *RPYSS*LSFL.**AQX...............R........P......S...............................  
gi|32692595|gb|CD918271.1|      XED.............................R........P......S...............................  
gi|32674814|gb|CD900486.1|      ................................R........P......S...............................*2 
gi|32767665|gb|CD919901.1|      KED..............L..............R........P......SG.......G......................  
gi|32768942|gb|CD921178.1|      ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.....P......S...............................  
AM944733 and GQ496618 PINB-2v3  ....................C....................P......S...........L...P.ST............  
gi|20311433|gb|BQ167247.1|      ARA.................C....................P......S...........L...P.ST............  
gi|49518798|gb|AL812097.1|      ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~TR.........P......S...........L...P.ST............*3 
 h5 Pinb2-v6                    .................I.......................P......A...............................  
HM245236 PINB-2v5               .................I.......D.....D.........P......S...............................  
GQ496619 PINB-2v4               XXXXXXX..........I.......................P......S.......W.......................  
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                                         90       100       110       120       130       140       150        
                                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|. 
AM944731 and GQ496616 Pinb-2v1  ALDQCCQQLRPIAKKCRCEAIWRAVQGNLGGIFGFQQGQITKQIQRAMMLPSKCKLDSNCKFVANNGYY**  
gi|32674813|gb|CD900485.1|                                                                           
gi|49520531|gb|AL814830.1|                                                                           
gi|25434641|gb|CA712848.1|      ................................X....................................**  
gi|25428980|gb|CA707187.1|      .................................................F.PNANW........T....**  *1/*5 
gi|23270450|gb|BU607175.1|      ................................................................T....**  
gi|32683224|gb|CD908900.1|      ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~PRV..........M..S....HT....Y*  
gi|32676304|gb|CD901976.1|      ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~HASE.............M..S....HT....Y*  
AM944732 and GQ496617 Pinb-2v2  ...........VV..................V......K................M..S....HT....Y*  
gi|32683586|gb|CD909262.1|      ...........VV...P..............V......K................M..S....HT....Y*  
gi|32650400|gb|CD885294.1|      ...........VV..................V......K................M..S....HT....Y*  
gi|32650434|gb|CD885317.1|      ...........VV..................V......K................M..S....HT....Y*  
gi|32692595|gb|CD918271.1|      ...........VV..................V......K................M..S....HT....Y*  
gi|32674814|gb|CD900486.1|      ...........VV..................V......K................M..S....HT....Y*  
gi|32767665|gb|CD919901.1|      ...........VV..................V......K................M..S....HT....Y*   *2 
gi|32768942|gb|CD921178.1|      ...........VV..................V......K................M..S....HT....Y*  
AM944733 and GQ496618 Pinb-2v3  V.....L....V...........V..............K................M..S....PT....Y*  
gi|20311433|gb|BQ167247.1|      V.....L....V...........V..............K................M..S....PT....Y*  
gi|49518798|gb|AL812097.1|      V.....L....V..........................K................M..S....PT....Y*   *3 
h5  Pinb2-v6                    .....Y............................................L.............T....**  
HM245236 PINB-2v5               .........C...........................................................**  
GQ496619 PINB-2v4               ................................................................T....** 

 
Figure 4.13 Grouping of the putative PINB-2 proteins encoded by the wheat ESTs in Genbank.  
The putative products of ESTs in Genbank (initially analyzed by Wilkinson et al., 2008; with unknown groups at the time), were aligned with the published 
PINB-2 sequences (Wilkinson et al., 2008; Chen et al., 2010a; Chen et al., 2011). *1/*5: sequences that may relate to PINB-2v group 1 or group 5. *2: 
sequence that may relate to PINB-2v group 2; *3: sequence that may relate to PINB-2 group 3.
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The PIN proteins are synthesized as precursors, but sequencing of purified mature 

proteins had shown heterogeneity, with apparently nonspecific cleavage of the leader 

and/or processing at both termini (Blochet et al., 1993; Gautier et al., 1994).  Branlard et 

al., (2003), using 2-D gel electrophoresis, had identified multiple spots in the very basic 

zone of amphiphilic proteins (composed of GSP-1, PINs and LTPs), some of which 

could not be characterized, and had also noted the PINB content to be highly variable.    

It could be possible that some of the spots in 2-D gels or heterogeneity in protein 

sequencing may have represented PINB-2, which was unknown then.  The putative 

PINB-2s exhibit C-terminal GYY or GYYY (Figure 4.7 and 4.10).  Among the 

additional haplotype sequences, deletions were noted in with PINB-2v2-3 and four 

PINB-2v1 types at the terminal Tyr residues. 

 

It will be also important in further studies to determine the Pinb-2 genotypic 

composition in multiple seedlings, as well as to include transcript analysis, to determine 

the haplotypes that are expressed or those that represent pseudogenes. 

 

4.4.1 Possibility of gene duplication events in the evolution of the Pinb-2 multigene 

family  

The diversity observed has been restricted to the number of clones sequenced.  It is 

quite likely that there would be greater variation observed among the Pinb-2 genes, 

when more clones are sequenced. 

 

In genome evolution, gene duplications are regarded as important events, as they may 

provide raw material for variations which allows a species to evolve new physiologies, 

morphologies, functions and adaptations (Zhang, 2003).  Duplicated genes lead to 

relaxation on selection of one gene copy, allowing divergence between the duplicated 

genes which has evolutionarily significance (Wendel, 2000).  Multiple copies of the 

Pinb-2 genes were identified using DNA extracted from single plants of 4n and 6n 

polyploid wheat, as well as in T. urartu, greatly exceeding the ploidy levels.  These 

observations, confirm multigenes of Pinb-2, possibly in the A and/or B genomes, 

supporting Chen et al. (2011).     
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The sharing of certain polymorphisms between different groups supports several 

duplications events within this family which are ancient.  For example, P42 and S49 

found in PINB-2v2s, PINB-2v3s, PINB-2v4s, PINB-2v5s and PINB-2v6s, as well as 

the 18I for PINB-2v4, PINB-2v5 and PINB-2v6, suggest the SNP event to have 

occurred in a copy of an already-duplicated gene, prior to further mutations that caused 

divergence of the groups.  This phenomenon also applies for the terminal deletions in 

some of the PINB-2v1 and PINB-2v2 members.  Multiple isoforms of the Pinb-2 genes 

of which their putative PINB-2 protein contain in-frame stop codons in 2n wheats had 

been reported (Wilkinson et al., 2008); this was also noted in the same positions for the 

putative PINB-2v1-5 in Ae. tauschii and some members of PINB-2v5 of T. urartu 

suggesting these possibly arose in a common ancestor.  Some of these PINB-2 members 

possessing premature stop codons could be pseudogenes which are functionally 

redundant genes, produced through gene duplication that causes the gene to be 

functionless or unexpressed as it may not be advantageous to have two identical genes 

(Zhang, 2003).  

 

The presence of Pinb-2v1 sequences in durum supports Wilkinson et al. (2008), who 

genetically mapped Pinb-2v1 to 7A, but contradicts the physical mapping of Chen et al., 

(2010a, c) placing it on 7DL. Wilkinson et al. (2008) showed that Pinb-2v1 was 

amplified in the gDNA extract of the durum cultivar Ofanto, although it was not found 

in the PCR amplification of mRNA indicating that it may not be expressed.  These 

apparent differences could be explained by highly related copies of Pinb-2v1 

indistinguishable by certain molecular methods being present in both A and D genomes.  

Analysizing further accessions of Ae. tauschii and T. urartu may address this issue.   

 

Pinb-2v4 type sequences were identified in T. timopheevii (AAGG) and T. zhukovskyi 

(AAGGGG) (Genbank HM780500 and HM780501, respectively), which provide an 

indication that they are probably a contribution of the A genome and predate the 

appearance of the two polyploid wheat lines.  It is also interesting to note that Pinb-2v4, 

Pinb-2v5 and Pinb-2v6 existed together in both durum and common wheat, which 

suggests copies on the same chromosome.  Previous work also showed that the Pinb-

2v2 and Pinb2-v3 were allelic (Chen et al., 2010a; b; c).  Chen et al. (2010a) found that 

among the small population of hexaploid wheat that they had studied, two sets of 
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haplotypes were identified among the wheat type, either those with Pinb-2v1/ Pinb-

2v2/Pinb4 or Pinb-2v1/Pinb2-v3/Pinb-2v4 based on the usage of gene-specific primers, 

pointing to the possibility that Pinb-2v2 and Pinb-2v3 were allelic. However, they also 

found bothPinb-2v2 and Pinb-2v3 haplotypes present among the Pinb-2 clones from the 

bread wheat cultivar, Winsome that suggested that the genes were not allelic.  Quite 

interestingly in the present study, while most of the durum or common wheats did not 

show the co-existence of Pinb-2v2 and Pinb-2v3 sequences, this was found in T. 

aestivum 27405.  While identification of this rare sequence could be related to the 

inherent drawback of the technique used (dependence on clones; due to lack of genome 

data), the co-occurrence in 27405 contradicts the suggestion (Chen et al., 2010a; b; 

2011) that Pinb-2v2 and Pinb2-v3 may be allelic.    

 

Retroposition, a process where mRNA is retrotranscribed to complementary DNA 

(cDNA) and then inserted into the genome, can cause gene duplication (Zhang et al., 

2003).  The wheat genome is fraught with retrotransposons, and gene copies inserted 

via retrotransposition-associated events often become pseudogenes due to lack of cis-

elements in the new genomic context.  Retrotransposons have been associated with Ha-

locus losses or expansions and the locus has the presence of two non-functional Pinb 

copies (Chantret et al., 2005; Ragupathy and Cloutier, 2008).  It is possible that some of 

the Pinb-2 copies may have been created similarly and may be non-functional.  In 

support of this, the 5’ upstream regions of Pinb2-v1, Pinb-2v2 and Pinb2-v3 were 

significantly different from those of Pinb-2v4 and Pinb-2v5 (Chen et al., 2010a; 2011).  

Understanding such evolutionary events and determining gene copy numbers will be 

possible once the wheat genome sequence data are available. 

 

4.4.2 Amino acid variation in PINB-2 sequences and copy numbers may influence 

membrane-binding abilities, hence grain texture and antimicrobial potential 

Certain sequence areas appear most relevant to the functionality of PINs.  The first is 

the TRD containing Trp residues.  The TRD has been shown to be important in 

interactions with lipids and the antimicrobial abilities of PIN peptides (reviewed in 

Bhave and Morris, 2008b; Jing et al., 2003; Kooijman et al., 1997).  In cationic 

antimicrobial peptides, Trps have a preference for the interfacial region of lipid bilayers 

(Yau et al., 1998).  Wall et al. (2010) also show the TRD of PINs directly binds to the 
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starch granule surface.  Secondly, the vicinity to Arg is considered significant for 

membrane-activity of Trps, and Arg provides cationic charges as well as H-bonding for 

interaction with the anionic bacterial membranes (Chan et al., 2006).  In addition, Leu 

and Lys residues have been shown to possess strong antimicrobial activity (Beven  et 

al., 2003). 

 

Also, membrane-binding in case of the zwitterionic eukaryotic membranes is proposed 

to be controlled by hydrophobic, rather than ionic interactions (Lee et al., 2011). 

Hydrophobic residues are also involved in weak, non-specific interactions with other 

proteins and/or lipids.  Further, the presence of multiple copies, and sequence 

combinations, could enhance unique quantitative features to different durum and 

common wheat genotypes.  As noted before, both wild type PIN proteins are required 

for a soft kernel phenotype (Wanguji et al., 2007; Xia et al., 2008).  Thus the Arg, Trp 

and other hydrophobic residues would be more relevant to antibacterial properties, 

while Trp (with Arg likely assisting membrane association of Trps) and other 

hydrophobic residues would be more relevant to binding to the membranes of fungi 

(hence to antifungal effects) and  to starch granules/amyloplasts as well as other PINs 

(possibly affecting grain texture).   

 

Peptide hydrophobicity has been shown to correlate with haemolytic activity, such that 

the more hydrophobic the peptide, the stronger the haemolytic activity (Lee et al., 2011; 

Strøm et al., 2002).  It is important to take note here that the PINB-2v1 and PINB-2v3, 

unlike the PINs have two highly hydrophobic residues, Leu and an Ile at the TRD and 

their presence could be reason for the observed haemolytic activity.  Stable amphiphilic 

structures have been linked to increases in haemolytic activity and this relationship has 

been suggested to be important for some lipopeptides (Findlay et al., 2010).  Further 

investigation in required regarding the observed haemolytic activity of the PINB-2 

peptides, which could make them unsuitable for certain applications.   

 

An Arg residue is found in the TRD-based peptides PINB-2v1 and PuroA that is absent 

in PINB-2v3 and PuroB, and both PINB-2v1 and PuroA exhibited superior activity 

against bacteria.  Further, the additional hydrophobic residues Ile and Leu in both 

PINB-2 peptides compared to PuroA or PuroB may explain their better activities against 
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fungi.  Interestingly, all peptides were most effective against one of the three fungi, 

suggesting specific mode of action.  By deduction, the PINB-2 proteins may also have 

antimicrobial properties like the PINs.  Further, it will be of interest to explore the 

location of Pinb-2 relative to the Fusarium head blight resistance QTL on 7A (Kumar et 

al., 2007).  There will be a need also to investigate whether the minor effects of PINB-

2v2 (compared to PINB-2v3) on soft wheat textures (Chen et al., 2010b) may be due to 

the presence of the conserved Arg in the TRD of PINB-2v2, or the effect of other 

variation elsewhere.  The W57 (instead of R57) found only in PINB-2v4 members may 

reduce their pI but improve hydrophobicity.  It has been noted from this study that the 

PINB-2v4 and PINB-2v6 members have 1-2 additional hydrophobic residues compared 

to other groups.  Fundamental hydrophobic residues may allow PINB-2 proteins to 

interact with PINs.  On the other and it is possible that these residues may interfere with 

PINA-PINB interactions, and variants with altered hydrophobicity may influence such 

interactions.  These aspects require further investigation; for example, using 

mutagenesis, in-planta studies and model membranes. 
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DETERMINATION OF INTERACTIONS OF PINA, PINB, PINB-2 AND GSP-1 

PROTEINS USING THE YEAST TWO-HYBRID SYSTEM 
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5.1 Abstract 

The biochemical basis of soft grain texture in wheat requires the presence of both wild 

type PINA and PINB and the lipid-binding ability of these proteins are the cause of 

their starch surface granule association.  Recent studies have provided considerable 

information for understanding the functional relationship between the two proteins and 

its relevance to grain texture.  Transcript and protein level investigations showed that 

PINA has an important role in adhering to starch granules and co-operatively supports 

the binding of PINB to the granules.  Other transgenic work showed that both proteins 

are required for the soft phenotype with PINB being the restrictive factor and assists the 

binding of PINA to starch.  Using the yeast two-hybrid system, the association between 

PINA and PINB was tested for physical interaction.  The study also included the PINB 

mutant (PINB-D1b) to determine if this protein, with variation at the TRD of PINB 

(Gly46Ser) and linked with grain hardness, affected interaction with PINA.  In addition, 

the GSP-1 and PINB-2v1 proteins were included in this study to determine if these 

proteins are additional factors that interact with the PINs and contribute to further 

variation in grain hardness.  Various combination of bait and prey proteins were tested.  

Results based on the selective media correlated well with the β-galactosidase assays, for 

the various interaction combinations. The PINA-PINA and the PINA(bait)–PINB (prey) 

interactions were the strongest.  The GSP(bait)-PINA(prey) and GSP(bait)-PINB(prey) 

demonstrated moderate level of interactions.  The weakest interactions were the PINB-

PINB, PINB-2v1-PINB-2v1 and GSP1-GSP-1. The study supports the suggestion that 

the PINA-PINA and PINA-PINB interactions are functionally crucial in affecting grain 

hardness and in defence against wheat pathogens, with a minor role for GSP-1. 

 

 

5.2 Introduction 

The association of both PINA and PINB with biological membranes through lipid-

binding has been suggested to be important for their role in seed defence against 

microbial pathogens and has been supported by previous work (Gautier et al., 1994; 

Jing et al., 2003; Le Bihan et al., 1996; Kooijman et al., 1997, 1998).  It is probable that 

the lipid-binding property also influences their role as grain hardness determinants 

(Bhave and Morris, 2008b).  Up till now, the underlying biochemical basis of grain 

softness is the requirement for both PINA and PINB to be present.  The functional ‘soft’ 
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trait requires the presence of both PINs in their wild form and mutation in either gene 

leads to grain hardness (Morris, 2002).  Based on this observation, the PINs seem to 

‘function in concert’ to cause grain softness.  The membrane-active properties (starch 

granule binding) have been suggested to be the product of synergistic action between 

the two PIN proteins.  Expression studies (Amoroso et al., 2004; Capparelli et al., 2003; 

Corona et al., 2001) and transgenic studies (Hogg et al., 2004; Krishnamurthy and 

Giroux, 200; Martin et al., 2006; Swan et al., 2006) have shown that the lipid-binding 

properties of PINs require some interaction between the proteins. The inter-

relationships between PINA and PINB in affecting their binding to starch granules and 

influencing grain hardness are discussed in sections 1.10.12; 1.11.2 and 1.17.  

Interestingly also, increased amount of GSP-1 proteins were observed in PINA-null 

wheats (Ikeda et al., 2005).  Also, a variation of the Pinb-2 gene, Pinb-2v2 has been 

associated with ‘softer’ wheats’ (Chen et al., 2010b).  These reports suggest that the 

PINs could interact with other proteins apart from themselves.  An understanding of the 

interactions between these proteins would help elucidate their biological function.  In 

this study, the yeast two-hybrid system was used to study physical interactions between 

PINA, PINB as well as GSP-1 and PINB-2v1 proteins. 
 

 

Figure 5.1 Principle of the yeast two-hybrid system (Promega, Protein interaction 

guide, http://www.promega.com/resources/product-guides-and-selectors/protein-interaction-

guide/)  

http://www.promega.com/resources/product-guides-and-selectors/protein-interaction-guide/
http://www.promega.com/resources/product-guides-and-selectors/protein-interaction-guide/
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The yeast two-hybrid system is a powerful and sensitive technique to identify genes that 

code for proteins which interact in a biologically significant way with a protein of 

interest (Gietz et al., 1997). The principles of the yeast two hybrid system (Figure 5.1) 

involves the cloning of the  protein coding sequence of the bait protein into a vector that 

contains the  DNA binding sequence (DBD-X(bait fusion). The protein coding sequence 

of the prey protein is cloned into a vector containing the sequence for transcription 

activation (AD-Y (prey) fusion).  In addition, both vectors should contain the necessary 

elements for protein expression in yeast and growth of the yeast cells. Then the 

recombinant vectors are introduced into the appropriate yeast strain. The DBD and AD 

are brought together only if proteins X and Y physically interact with one another to 

reconstitute a functionally active factor that binds to upstream specific sequences of the 

reporter gene and activates expression (Promega Interaction Guide).  Figure 5.2 show 

the pGBKT7 (bait) and pGADT7 (prey) vectors used to express the PINs, GSP-1 and 

PINB-2v1 proteins.  

       
Figure 5.2 Bait (pGBKT7) and prey (pGADT7) vectors (Clontech, Clontech, Otsu Shiga, 

Japan).  

 

 

5.3 Results 

5.3.1 Amplification of full-length Pin genes 

The full-length coding sequences of Pina-D1a, Pinb-D1a and Pinb-D1b (Gautier et al., 

1994; Giroux et al., 1997) (as shown in Figure 3.3, Chapter 3) were amplified using the 

primers in Table 2.10.  Two ‘soft’ (Pina-D1a/Pinb-D1a) hexaploid wheats, var. 

Chinese Spring and Sarajevo 4 (Table 5.2) were used to amplify the full length Pina-
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D1a and Pinb-D1a PCR products (both 447 bp; results not shown).  The hexaploid 

wheat India-28069 (Pina-D1a/Pinb-D1b) was used to amplify the full length Pina-D1a 

and Pinb-D1b genes (see section 3.3.7, Table 3.5).  These PCR products were then used 

for amplifying internal sections encoding the putative mature proteins, for studying the 

protein-protein interactions (see below).   
                                                                

5.3.2 Amplification of near full-length Gsp-1 and Pinb-2v1-1 genes 
 
                                                                                   1         2        3 

                                                                                                                                                                                                     

Figure 5.3 PCR product of near full-length Gsp-1 gene.  Lane 1: Marker, Hyperladder 1, lane 
2: Gsp-1D PCR product, amplified from A. tauschii, lane 3: negative control. 

 

The near full-length Gsp-1 gene (Rahman et al., 1994) was amplified from Ae. tauschii 

using the forward primer starting at nucleotide 12 of the coding sequence and the 

reverse primer extending past the stop codon (Table 2.10).  The expected product of 487 

bp (instead of the full-length 495 bp) was observed (Figure 5.3; Table 5.1).  This PCR 

product was then cloned into the pGEM®-T Easy vector and sequenced, as described in 

section 2.8.  The sequence was confirmed to be Gsp-1D gene based on 100% identity 

with the Gsp-1 sequence from Ae. tauschii (Genbank, AF177219).    A sequenced clone 

containing the Gsp-1D insert was then used as template for the second round PCR of 

the section encoding the putative mature protein (see below).  The full length insert in 

the Pinb-2v1-1 clone (see Chapter 4; Table 4.1) (Genbank: AM944731) was similarly 

used as a template for the second round PCR (see below).  Wheat samples used in this 

work to amplify Pins, Gsp-1D, and Pinb-2v1-1from their gDNA are listed in Table 5.2.  

 

  

 

        

          
          600bp 
                 
         400bp 
         
         200bp 
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Table 5.1 Genes cloned into pGBKT7 and pGADT7 
Genbank accession Gene Sizes of full 

length/ near 
full-length 

genes 

 mature protein section of gene 
that was cloned into 

pGBKT7/pGADT7 

         DQ363911 Pina-D1a 447bp (full 
length) 

363bp (coding for DVAGGG) 

DQ363913 Pinb-D1a 447bp (full 
length) 

360bp (coding for EVGGGG) 

DQ363914 Pinb-D1b 447bp (full 
length) 

360bp (coding for EVGGGG) 

CR626926 Gsp-1D 487bp (near full-
length) 

369bp (coding for IAPSAS) 

AM944731/GQ496616 Pinb-2v1 453bp 363bp (coding for NGGGGF) 
 

5.3.3 Cloning of mature gene section of Pins, Gsp-1 and Pinb-2v1-1 genes into 

pGBKT7 and pGADT7  

The gene sections corresponding to the mature proteins were amplified from the 

following templates: a) PCR products of full length genes (in case of Pina-D1and Pinb-

D1 genes); or b) pGEM®-T Easy clones of full length gene (in case of Pinb-2v1-1) and 

near full-length gene (in case of Gsp-D1).  The principles of cloning of these sections 

into the yeast vectors are illustrated in Figure 2.2 (Chapter 2). 

    
Table 5.2 Clones of Pins, Pinb-2v1-1 and Gsp-1 in pGBKT7 and pGADT7 

Plant Vector Gene Sequence of 
mature protein 
section of the 

gene  
T. aestivum, 

Sarajevo4 AWCC# 28220 
pGBKT7 Pina-D1a √ 
pGBKT7 Pinb-D1a √ 
pGADT7 Pina-D1a √ 
pGADT7 Pinb-D1a √ 

T. aestivum Chinese Spring pGBKT7 Pina-D1a √ 
pGBKT7 Pinb-D1a √ 
pGADT7 Pina-D1a √ 
pGADT7 Pinb-D1a √ 

T. aestivum India AWCC# 28069 pGBKT7 Pina-D1a √ 
pGBKT7 Pinb-D1b √ 
pGADT7 Pina-D1a √ 
pGADT7 Pinb-D1b √ 

A. tauschii pGBKT7 Gsp-1 √ 
pGADT7 Gsp-1 √ 

Chinese landrace AWCC# 27402 pGBKT7 Pinb-2v1 √ 
pGADT7 Pinb-2v1 √ 

√: sequence data availability of cloned inserts of mature protein section from the gene in 
pGBKT7/pGADT7 
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                                                1           2             3                                                     4    5    6    7    8    9   10   11  12 

                                                                         

                                                A                                                                        B                                                                                                                                            
Figure 5.4 PCR amplification of mature protein section of the Pin, Pinb-2v1-1 and Gsp-1 
with primers containing restriction sites introduced & isolation of yeast vectors. Gel 
image A  Lane 1: Marker, Hyperladder1, lane 2: PCR product of Pina-D1a (Sarajevo 4) (mature 
protein section), lane 3: PCR product of Pinb-D1a (Sarajevo 4) (mature protein section),  Gel 
image B, Lane 4: Marker, Hyperladder 1, lane 5: PCR product of Pinb-2v1-1(mature protein 
section), lane 6: PCR product of Pina-D1a (28069) (mature protein section), lane 7: PCR 
product of Pinb-D1b (28069) (mature protein section), lane 8: PCR product of Gsp-1 (mature 
protein section), lanes 9 and 10: pGADT7 vector isolated from E. coli JM109 cells, lanes 11 and 
12: pGBKT7 vector isolated from E. coli JM109 cells. 
 

The PCR products of mature protein-encoding section that include the restriction sites 

(EcoR1 in the 5’ section and BamH1 in the 3’ section) are shown in Figure 5.4.  These 

PCR products were column-purified, double digested with EcoR1 and BamH1, gel-

purified and then cloned into both the yeast vectors, pGBKT7 (bait) and pGADT7 

(prey) vectors (see section 2.12) (Fig. 5.5).   Both the pGBKT7 and pGADT7 vectors 

contain EcoR1 restriction site at the N-terminal section of the multiple cloning site and 

BamH1 at its C-terminal section.  The purified pGBKT7 and pGADT7 from E. coli 

JM109 cells are also shown in Figure 5.4B. 
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                         1                2                        3                                                           4            5           6 

                                                    
                                            A                                                                           B 
Figure 5.5 Examples of double digested yeast vectors (A) and gel-purified vector and 
insert (B).  Lanes 1 and 4: Marker, Hyperladder 1; lane 2: pGADT7 vector with a mature 
protein-encoding section of Pina, double-digested with EcoR1 & BamH1; lane 3: pGBKT7 
vector with a mature protein-encoding section of Pina, double-digested with EcoR1 & BamH1.  
Lane 5; an aliquot of the gel-purified pGBKT7 vector band from panel A, to be used for ligation 
with other inserts.  Lane 6: an aliquot of the gel-purified insert (mature protein-encoding section 
of Gsp-1D) such as that shown in Fig. 5.4. 
 

For purposes of cloning, the clones of mature protein-encoding section of Pina-D1 and 

Pinb-D1 genes constructed initially in pGBKT7 and pGADT7 vectors by Dr Mark 

Ziemann in our laboratory (Ziemann et al., 2008) were subjected to double digestion 

with BamH1 and EcoR1.  Double digestion of the vectors would release the insert (a 

band around 400bp) which would provide an indication that the digestion was complete 

(Figure 5.5A).  The gel-purified vectors and inserts were then loaded into an agarose gel 

and electrophoresed to qualitatively determine the concentration of vector and insert, 

based on the concentration of the marker bands (Figure 5.5B).  The appropriate amount 

of PCR product (insert) to be included in a ligation reaction is based on the equation 

described in section 2.8.  For example, for 50ng of a 7.3kb vector (pGBKT7), with 

insert: vector ratio of 3:1, the amount (ng) of insert (Gsp-1-mature protein section of the 

gene) required is 8ng.  The purified vector bands were also used for ligation of other 

inserts as desired. 

 

The cloned products were grown on appropriate selective media.  pGBKT7 clones were 

selected on LB plates with kanamycin while pGADT7 clones were selected on LB 

plates with ampicillin.  Screening of clones containing inserts were carried out using 

colony PCR (section 2.12.4; Figure 5.6) for preliminary selection of clones.                                                                                
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                                                        1        2        3        4       5       6         7        

 

Figure 5.6 Colony PCR for preliminary selection of clones. The PCR reactions involved the 
forward primer of the gene section and the reverse primer of the vector sections 
(pGBKT7/pGADT7). Lanes 1: Marker, Hyperladder 1, lanes 2 and 3: pGBKT7Pina product 
(amplified using Pina-m+rForward and BDSeqReverse primers, expected product size: 
~560bp), lanes 4 and 5: pGADT7Pina product (amplified using Pina-m+rForward and 
ADSeqReverse, expected product size:~460bp ), lane 6: pGBKT7Pinb product (amplified using 
Pinb-m+rForward and BDSeqReverse primers, expected product size~560bp), lane 7: 
pGADT7Pinb product (amplified using Pinb-m+rForward and ADSeqReverse primers, expected 
product size ~460bp) 
 

For the colony PCRs, a forward primer of the gene section and a reverse primer of the 

vector section were used.  For example, to screen pGBKT7-Pina constructs, the primer 

pairs, Pina-m+rforward and BDSeqR were used (Table 2.10 and 2.11, Figure 5.6). 

Based on this technique, the colony PCR product sizes expected for a pGBKT7-

(Pin/Gsp-1/Pinb-2v1-1) construct is ~580bp and pGADT7-(Pin/Gsp-1/Pinb-2v1-1) 

construct is ~480bp (Figure 5.6). 

 

Positive colonies (clones with inserts) were grown in LB media containing appropriate 

antibiotics.  These clones were isolated from the E. coli JM109 cells and were subjected 

to double digestion (BamH1 and EcoR1) (Figure 5.7).   Bait (pGBKT7) and prey 

(pGADT7) vectors containing insert, were selected for sequencing (see below) (Section 

2.11). 
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                                   1     2      3     4     5     6      7    8     9     10   11    12   13  14   15   16   17   18    19   20 

                         
Figure 5.7 Example of double digests for screening clones containing inserts.  Lanes 1 
and 20: Marker, Hyperladder 1, lanes 2, 4, 6: undigested pGBKT7 vectors, lanes 3, 5, 7: double 
digested pGBKT7 vectors, with released inserts, lanes 8, 10, 14, 16, 18 are undigested 
pGADT7 vectors and lanes 9, 11, 15, 17 and 19 are double digested pGADT7 vectors with 
released inserts.  Lanes 12 and 13: may be pGEM®-T Easy constructs (contaminants). 

 

5.3.4 Sequencing results  

The sequencing results for the Pins (Pina-D1a, Pinb-D1a and Pinb-D1b), Pinb-2v1-1 

and Gsp-1D genes exhibited 100% sequence identity with the corresponding sections 

(Gautier et al., 1994; Giroux and Morris, 1997; Rahman et al., 1994, Wilkinson et al., 

2008) and encode the putative mature protein products starting with the amino acid 

sequences shown in Table 5.1.  The bait and prey constructs were transformed into the 

appropriate yeast strains.  The bait constructs were transformed into S. cereviceae 

strains AH109 and the prey constructs were transformed into S. cereviceae strains 

Y187.  The yeast cells were mated in various orientations (Table 5.3) and investigated 

for interactions between the PIN, GSP-1 and PINB-2 proteins in various orientations 

(see Chapter 2, section 2.13).  

 

5.3.5 Analysis of the protein-protein interactions 

The presence of bait and prey plasmids, in all the mated pairs were confirmed by 

observation of yeast growth on the YSD -W-L media.  The yeast cells containing the 

plasmids were mated in different combinations to exclude any false positives.  Growth 

of yeast cells on  YSD (-W-L-A-H) media  indicates interaction between the tested 

proteins expressed by the bait and prey plasmids and growth of yeast cells on YSD (-W-
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L-A-H+1mM 3AT) indicates the strength of interaction (stronger) between the 

expressed proteins.  These plate assays were scored between 0 (no growth observed) to 

3 (strong growth observed) for cultures spotted on the interaction plates YSD (-W-L-A-

H) and YSD (-W-L-A-H+1mM 3AT).  Quantification of the reporter protein activity is 

commonly used to estimate the strength of protein-protein interactions in systems such 

as the yeast two-hybrid. Here, the β-galactosidase activity in the mated yeast cultures 

was measured. 

 

5.3.6 Interactions involving vector controls 

Mated yeast cultures with various combinations of empty vector controls did not show 

any growth on the YSD (-W-L-A-H). It was clear that the reporter gene activity could 

not be induced by the expression of the expressed proteins (PINs, GSP-1 or PINB-2v1-

1) on their own.    As with the plate assays, the β-galactosidase activity with vector 

controls were generally low, in comparison to the interaction involving protein-protein 

interactions with PIN, GSP or PINB-2v1-1.  
 

5.3.7 Interactions involving PINs (PINA, PINB and PINB-D1b) 

The PIN protein interaction analysis was first carried out with the wild type Pin genes, 

(Pina-D1a and Pinb-D1a) isolated from the cultivar Chinese Spring.  The plate assays 

are shown in Figure 5.9 and the analysis the plate assays are summarized in Table 5.3. 

 

 

                              A                                                      B                                                         C 

Figure 5.8 Yeast two-hybrid interactions of wild type PIN proteins (T. aestivum cv. 
Chinese Spring) tested on selective plates.  The growth of yeast transformed with plasmids 
expressing PINs or empty vector controls and mated in different combinations are tested on 
selective media: A (YSD-W-L), B (YSD-W-L-A-H) and C (YSD-W-L-A-H+1mM 3AT)  
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Table 5.3. Analysis of wild type PINs protein-protein interactions based on plate assays  
Interaction YSD (-W-L) YSD (-W-L-A-H) YSD (-W-L-A-H 

+1mM3AT) 
1 bait (ev)-prey (ev) √ 0 0 
2 bait (ev)- prey (PINA) √ 0 0 
3 bait (ev)-prey(PINB) √ 0 0 
4 bait (PINA)-prey(ev) √ 0 0 
5 bait (PINA)-prey(PINA) √ 3 2 
6 bait(PINA)-Prey(PINB) √ 3 2 
7 bait (PINB)-prey(ev) √ 0 0 
8 bait(PINB)-prey(PINA) √ 2 0 
9 bait(PINB)-prey(PINB) √ 2 0 

(ev): empty vector, (√): growth on YSD(-W-L) media.  The growth of spotted cultures were 
scored between 0 to 3. Based on Figure 5.8 

 

After 3 days, strong growth on the YSD (–W-L-A-H) media of the mated yeast 

containing PINA clones in the prey and bait plasmids indicated that the wild form of 

PINA was able to interact with itself (Figure 5.8, Table 5.3). Strong growth was also 

observed for interactions with PINA in the bait plasmid and PINB in the prey plasmid. 

Quite interestingly the interactions with PINB in the bait plasmid and PINA in the prey 

plasmid and the PINB-PINB interactions were weaker (no growth at all on the YSD –

W-L-A-H+1mM 3AT) showing a reduced overall inter-protein affinity. 
 

 

Figure 5.9 β-galactosidase activities of wild type PINA and PINB interactions.  The 
interactions involved the same bait and prey vector combinations as with the selective plate 
assay X axis labels:  b-bait, p-prey, ev- empty vector. 
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The β-galactosidase activity of the reporter genes for these interactions, (Figure 5.9; 

tested in triplicates), revealed a similar pattern of results as that of the plate assays.  

Maximum activity was observed for the PINA-PINA interactions as well as the 

PINA(bait)- PINB (prey). The PINA(prey)-PINB(bait) and PINB-PINB interactions 

were very low.  To confirm these observations in the plate assays as well as the 

biochemical assays, all these combination of interactions involving bait and prey 

constructs of  mature protein section of Pina-D1a and Pinb-D1a from C. Spring, were 

retested, along with  a new set of interactions which included: a) bait and the prey 

constructs containing the inserts of wild type, mature protein section of Pina-D1a and 

Pinb-D1a, isolated from Sarajevo4, b) the mature protein section of Pina-D1a and 

Pinb-D1b isolated from India 26089.  

 

 

Figure 5.10 Yeast two-hybrid interactions of wild type PINs and PINB-D1b, tested on 
selective plates.  Source of PIN proteins: PINA and PINB from T. aestivum cv. Chinese Spring, 
PINA and PINB from Sarajevo4 and PINA and PINB-D1b from India- 26089. Labels on plate 
(detailed in Table 5.4) are as follows: B: Bait, A: Prey, a: PINA, b: PINB, S: Sarajevo4, I: India-
28069), C: C. Spring The growth of yeast transformed with plasmids expressing PINs or empty 
vector controls and mated in different combinations are tested on selective media, A: YSD(-W-
L), B:YSD (-W-L-A-H) and C: YSD(-W-L-A-H+1mM 3AT).  

A B 
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The plate assays were tested in duplicate and an example of a set is shown in Figure 

5.10 with the analysis summarised in Table 5.4.  As before, the PINA-PINA and the 

PINA(bait)-PINB (prey) were the strongest interactions, indicating that the PINA can 

interact with itself and also that the PINA and PINB are able to interact with each other 

in this orientation (Figure 5.10B, Table 5.4).  On the 1mM 3-AT selective plates, 

reduced growth was found for these combinations, suggesting weak interactions (Figure 

5.10C).  There was overall reduced growth on the YSD-W-L-A-H media for the PINA-

PINB interactions expressed in the reverse prey/bait orientation. This could be due to 

the interference of the PINA (prey) localization into the yeast nucleus.  

 

Reduced growth on the plates was also found for the cultures with PINB expressed as 

bait and prey proteins, showing little, if any, PINB-PINB interactions. Interestingly, on 

the YSD-W-L-A-H selective media, the PINA (bait) from Sarajevo4 and PINB-D1b 

(prey) was as intense as the wild type PINA (bait)-PINB(prey) interactions (Table 5.4) 

indicating that the Gly46 Ser mutation does not have a drastic effect on the interaction 

of the PIN proteins.  However, the PINA (bait)-PINB-D1b (prey) interaction, where 

both the PINs were from the same wheat (India 26089) was slightly lower. 
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Table 5.4. Analysis of wild type PINs and PINB-D1b protein-protein interaction based on 
plate assays  

(ev): empty vector, (√): growth on YSD(-W-L) media.  The growth of spotted cultures were 
scored between 0 to 3. Example of plate assay is shown in Figure 5.10 

 

 

 
Wheat type 

 
Interaction 

YSD (-W-
L) 

YSD(–W–L–
A–H) 

YSD(–W–
L–A–H) + 

3AT 
Combinations Plate 

label 
Set 
1 

Set 2 Set1 Set2 Set1 Set2 

 
 
 

Chinese Spring 
(CS) 

(PINA-D1a, 
PINB-D1a) 

bait (ev)–prey (ev) B-A √ √ 0 0 0 0 
bait (ev)–preyPINA B-AaC √ √ 0 0 0 0 
bait(ev)–preyPINB B-AbC √ √ 0 0 0 0 
baitPINA–prey(ev) Ba-AC √ √ 0 0 0 0 

baitPINA–preyPINA Ba-AaC √ √ 3 3 1 1 
baitPINA–preyPINB Ba-AbC √ √ 3 3 2 2 
baitPINB–prey(ev) Bb-AC √ √ 0 0 0 0 

baitPINB–preyPINA Bb-AaC √ √ 1 0 0 0 
baitPINB–preyPINB Bb-AbC √ √ 1 1 0 0 

 
 
 

Sarajevo 4 (S4) 
 

(PINA-D1a, 
PINB-D1a) 

bait(ev)–preyPINA B-AaS √ √ 0 0 0 0 
bait(ev)–preyPINB B-AbS √ √ 0 0 0 0 
baitPINA–prey(ev) Ba-AS √ √ 0 0 0 0 

baitPINA–preyPINA Ba-AaS √ √ 3 3 2 2 
baitPINA–preyPINB Ba-AbS √ √ 3 3 1 1 
baitPINB–prey(ev) Bb-AS √ √ 0 0 0 0 

baitPINB–preyPINA Bb-AaS √ √ 0 1 0 0 
baitPINB–preyPINB Bb-AbS √ √ 2 2 0 0 

 
 

India-26089 
(Ind) 

(PINA-D1a, 
PINB-D1b) 

bait(ev)–preyPINA B-AaI √ √ 0 0 0 0 
bait(ev)–preyPINB B-AbI √ √ 0 0 0 0 
baitPINA–prey(ev) Ba-AI √ √ 0 0 0 0 

baitPINA–preyPINA Ba-AaI √ √ 3 3 2 2 
baitPINA–preyPINB Ba-AbI √ √ 2 1 1 1 
baitPINB–prey(ev) Bb-AI √ √ 0 0 0 0 

baitPINB–preyPINA Bb-AaI √ √ 1 1 0 0 
baitPINB–preyPINB Bb-AbI √ √ 1 1 0 0 

S4 (PINA-D1a), 
Ind (PINB-D1b) 

baitPINAS4–preyPINBInd BaS-AbI √ √ 3 3 2 2 
baitPINBInd–preyPINAS4 AaS-BbI √ √ 0 1 0 0 

S4 (PINA-D1a), 
Ind (PINA-D1a) 

 

baitPINAS4–preyPINAInd BaS-AaI √ √ 2 3 2 1 
baitPINAInd–preyPINAS4 AaS-BaI √ √ 2 3 1 1 

S4 (PINB-D1a), 
Ind (PINB-D1b) 

 

baitPINB S4-
preyPINBInd 

BbS-AbI √ √ 1 1 0 0 

baitPINBInd–preyPINBS4 AbS-BbI √ √ 1 1 0 0 
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Figure 5.11 β-galactosidase activities of PINA, PINB and PINB-D1b interactions.                                           
b: bait (pGBKT7), p:prey (pGADT7), ev: empty vector, PINACS: PINA-D1a (Chinese Spring), 
PINBCS: PINB–D1a (Chinese Spring), PINAS4: PINA-D1a (Sarajevo4), PINBS4: PINB-D1a 
(Sarajevo4) PINAIN: PINA-D1a (India 28069), PINBIN: PINB-D1b (India 28069). 
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c) PINA-PINA and PINB-PINB interactions 
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The β-galactosidase activity of the reporter gene (lac Z) for the mated yeast cultures 

involving PINA and PINB and PINB-D1b in various bait or prey vector combinations 

were measured (tested in triplicates) (Figure 5.11).  Interactions with vector controls 

showed activity less than 0.4 Miller Units (Figure 5.11a). The PINA-PINA 

combinations were found to be high (4.5-6.8 Miller Units) (Figure5.11b), once again 

showing that PINA interacts with itself. The PINA(bait)–PINB(prey) combinations also 

showed that PINA and PINB have affinity for each other in this orientation (3.2–

5.1Miller Units) (Figure 5.11c).  In the opposite orientation PINB (bait)–PINA (prey), 

β-galactosidase activity was found to be greatly reduced (1-1.7 Miller Units) as 

observed in the culture growth on selective media. This again showed that the 

orientation of the protein expressed was important for interaction. The PINB–PINB 

interactions were also low (0.8–1.5 Miller Units) supporting the observations from the 

selective plate (YSD–W–L–A–H).  Most importantly, the strength of PINA (bait)-

PINB-D1b (prey) interaction involving the PINB with the Gly46ser mutation were the 

same as with interactions involving PINA with the wild type PINB protein in this 

orientation. 

 

5.3.8 Physical interactions between GSP-1, PINB-2v1, wild type PINs and PINB-D1b 

proteins 

The Gsp-1 and Pinb-2v1, mature protein sections were cloned into the bait and prey 

vectors (both orientation) and the protein-protein interactions for these were tested with 

the previous bait and prey constructs of: PINA (C. Spring), PINB (C. Spring) and 

PINB-D1b (India 26089). 
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Figure 5.12 Set 1 (selective plate assay) of interactions involving PINs, GSP-1 and     
PINB-2v1-1.  A: YSD(-W-L), B: YSD (-W-L-A-H) and C : YSD(-W-L-A-H+1mM 3AT) . The 
interactions are labelled on the plates in the order of ‘bait-prey’ and are detailed in Table 5.5.  
e:empty vector,  A: PINA (wild) , B: PINB (wild), gsp: Gsp-1, v1:PINB-2v1-1 

 

 

 

 

 

 

A 

B C 



 
 
 

Chapter 5                                                        Yeast two-hybrid interactions of the puroindolines                                                                     

 
 

181 
 

                                                                                                                         

 

Figure 5.13 Set 2 (selective plate assay) of interactions involving PINs, GSP-1 and PINB-
2v1-1. A: YSD(-W-L), B: YSD (-W-L-A-H) and C : YSD(-W-L-A-H+1mM 3AT) . The interactions 
are labelled on the plates in the order of ‘bait-prey’ and are detailed in Table 5.5.  e:empty 
vector,  A: PINA (wild) , B: PINB (wild), gsp: Gsp-1, v1:PINB-2v1-1, Bi:PINB-D1b 
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Table 5.5 PINs, PINB-2v1 and GSP-1 interactions based on plate selection assay  

Wheat 

Interactions YSD(-W-L) YSD(-W-L-A-H) YSD(-W-L-A-H  
+1mM3AT) 

 
 

Plate 
label 

Set 
1 

Set 
2 

Set 
3 

Set 
1 

Set 
2 

Set 
3 

Set 
1 

Set 
2 

Set 
3 

bait (ev)–prey (ev) e-e √ √ √ 0 0 0 0 0 0 

C.spring 
(PINA-D1a,PINB-D1a) 

bait (PINA)–
prey(ev) A-e √ √ √ 0 0 0 0 0 0 

bait(PINB)–
prey(ev) B-e √ √ √ 0 0 0 0 0 0 

A.tauschii (GSP-1D) bait(GSP)–
prey(ev) GSP-e √ √ √ 0 0 0 0 0 0 

27402(PINB-2v1-1) bait(PINB2-V1)-
prey (ev) V1-e √ √ √ 0 0 0 0 0 0 

C.spring 
(PINA-D1a, PINB-D1a) 

bait(ev)-
prey(PINA) e-A √ √ √ 0 0 0 0 0 0 

bait(ev)-
prey(PINB) e-B √ √ √ 0 0 0 0 0 0 

A.tauschii (GSP-1D) bait(ev)-
prey(GSP) e-GSP √ √ √ 0 0 0 0 0 0 

27402 (PINB-2v1-1) bait(ev)-
prey(PINB-2V1) e-V1 √ √ √ 0 0 0 0 0 0 

India-28069 
(PINA-D1a, PINB-D1b) 

bait(ev)-
prey(PINB-D1b) e-Bi √ √ - 0 0 - 0 0 - 

bait(PINB-D1b)-
prey(ev) Bi-e √ √ - 0 0 - 0 0 - 

C. spring 
(PINA-D1a, PINB-D1a) 

 

bait(PINA)-
prey(PINA) A-A √ √ - 3 3 - 2 2 - 

bait(PINA)-
prey(PINB) A-B √ √ √ 3 3 3 2 2 2 

C.spring (PINA-D1a), 
A.tauschii (GSP-1) 

 

bait(PINA)-
prey(GSP) A-GSP √ √ √ 1 0.5 0.5 0 0 <0.5 

bait(PINA)-prey 
(PINB-2v1) A-V1 √ √ √ 0 0 0 0 0 0 

C.spring (PINA-D1a) , 
India-28069 (PINB-D1b) 

bait(PINA)-prey 
(PINB-D1b) A-Bi √ √ - 3 3 - 2 2 - 

C.Spring 
(PINA-D1a, PINB-D1a) 

 

bait(PINB)-
prey(PINA) B-A √ √ √ 2 2 2 0 0 0 

bait(PINB)-
prey(PINB) B-B √ √ - 0.5 0.5 - 0 0 - 

C.spring (PINB-D1a), 
A.tauschii (GSP-1) 

 

bait(PINB)-
prey(GSP) B-GSP √ √ √ 0 0 0 0 0 0 

C.Spring (PINB-D1a), 
27402 (PINB-2v1-1) 

bait(PINB)-prey 
(PINB-2v1) B-V1 √ √ - 0 0 - 0 0 - 

C.Spring (PINA), 
A.tauschii (GSP-1) 

bait(GSP)-
prey(PINA) GSP-A √ √ √ 2 2 2 1 1 1 

bait(GSP)-
prey(PINB) GSP-B √ √ √ 2 1 1 0 0 0 

A.tauschii (GSP-1) bait(GSP)-
prey(GSP) 

GSP-
GSP √ √ - 1 0 - 0 0 - 

A.tauschii (GSP-1), 
27402 (PINB-2v1-1) 

bait(GSP)-prey 
(PINB-2v1) 

GSP-
V1 √ √ - 0 0 - 0 0 - 

C.Spring (PINA), 
27402 (PINB-2v1-1) 

bait(PINB-2v1)-
prey (PINA) V1-A √ √ √ 0 0 0 0 0 0 

bait(PINB-2v1)-
prey (PINB) V1-B √ √ - 0 0 - 0 0 - 

A.tauschii (GSP-1), 
27402 (PINB-2v1-1) 

bait(PINB-2v1)-
prey (GSP) 

V1-
GSP √ √ - 0 0 - 0 0 - 

27402 (PINB-2v1-1) bait(PINB-2v1)-
prey (PINB-2v1) V1-V1 √ √ - 0 0 - 0 0 - 

C.spring (PINA), 
India-28069 (PINB-D1b) 

bait(PINB-D1b)-
prey(PINA) Bi-A √ √ - 0 0.5 - 0 0 - 

(ev): empty vector, (√): growth of yeast on YSD(-W-L) media.  The growth of spotted cultures 
were scored between 0 to 3 based on plates assay as shown on Figure 5.12 and Figure 5.13 
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The plate assays were tested in triplicates.  Examples are shown in Figures 5.12 and 

5.13 and the scoring of the plates are shown n Table 5.5. As before, the PINA-PINA, 

PINA (bait)-PINB (prey) interactions, PINA (bait)- PINB-D1b (prey) had the highest 

score of 3.  Next in line were the PINB (bait) - PINA (prey), GSP (bait)-PINA (prey), 

GSP (bait)-PINB (prey) with a score of 2. The PINA (bait)-GSP (prey) and GSP-1-

GSP-1 interactions were scored 1. The PINB-PINB and PINB-D1b (bait)- PINA (prey) 

interactions were the weakest on these plates which were scored <1. The following 

interactions were scored 0 (no growth on YSD-W-L-A-H):  PINA-PINB-2v1 and 

PINB-PINB-2v1, GSP-1-PINB-2v1 in both orientations and PINB-2v1-PINB-2v1. 
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Figure 5.14 β-galactosidase activities of PINs, GSP-1 and PINB-2v1-1 interactions.  b: bait 
(pGBKT7), p:prey (pGADT7), PINA: PINA-D1a (C. Spring), PINB: PINB–D1a (C. Spring), 
PINBIN: PINB-D1b (India 28069), GSP: GSP-1D (A. tauschii) , V1: PINB-2v1 (China 27402) 

 

Figure 5.14 shows the results of the β-galactosidase assays for interactions (tested in 

triplicates). The control interactions with empty vector controls were ≤ 1 Miller Unit 

(Figure 5.14a). Parallel to the plate assays, the highest interaction observed were the 

PINA-PINA (7.7Miller Units), PINA bait-PINB prey (7.0 Miller Units) and the PINA 

bait(C. Spring)-PINB prey (India 28069) (6.4 Miller Units). The GSP (bait) –PINA 

(prey) and GSP (bait) –PINB (prey) interactions were nearly only half as intense with 

Miller unit values of 3.8 and 3.3 respectively. Unlike the previous interaction involving 

PINA and PINB, where intensity of interaction differed greatly by the orientation of the 

PINs in the bait and prey vectors, the interaction levels in the reverse order for the GSP-

PINA was similar (3.2 Miller Units) (Figure 5.14b). The interactions below were found 

to be less than 2 Miller Units: PINA-PINB-2v1 (in both orientations), PINB-PINB-2v1 

(in both orientations), GSP-PINB-2v1 (in both orientations), PINB (bait) – PINA (prey), 

PINB (India-26089) (bait) - PINA (prey) and PINB (bait) - GSP-1 (prey), PINB- PINB, 

GSP-GSP and PINB-2v1 and PINB-2v1.  
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5.4 Discussion 

A number of researchers have shown that the ability of PINA and PINB to bind to 

lipids. Their insertion into the lipid bilayers (association with starch granules) seems to 

require co-operation between the two proteins (reviewed in Bhave and Morris, 2008b; 

Feiz et al., 2009; Wanguji et al., 1997) and the biochemical basis for soft grain texture is 

the presence of both PINA and PINB in their native form (Morris, 2002).  Several 

studies have shown either of the PINs have a primary role, and assist the other in 

binding to starch granule (Amoroso et al., 2004; Capparelli et al., 2003; Corona et al., 

2001; Gazza et al., 2005; Swan et al., 2006).  The requirements of both native proteins 

to confer the soft phenotype have also been demonstrated in transgenic work (Hogg et 

al., 2004; Martin et al., 2006).  The PINs seem to individually associate to starch 

granules, resulting only in intermediate hardness. Together, however, they lead to full 

friabilin function and soft endosperm texture (Wanguji et al., 2007), stressing the 

importance of co-operative role of PINs. Their antimicrobial activity also may involve a 

mutual role as they are co-localised in the aleurone and endosperm and could 

synergistically fight pathogens (Capperelli et al., 2005). The PINs have been shown to 

co-localise to the starch granule surface and increase seed-bound lipid content (Feiz et 

al., 2009c), suggesting that their occurrence together has functional importance.  Giroux 

and Morris (1998) have suggested heterodimer formation of the PIN proteins. 

 

5.4.1 The additional Trp residues at the TRD of PINA may be the reason for greater 

PINA-PINA and PINA(bait)-PINB(prey) interactions 

 Being a member of the prolamin family (Charles et al., 2009) and related to other lipid-

binding proteins such as ns-LTPs, purothionins and alpha amylase inhibitors, the PINs 

are unique because of their TRD that occupies a surface loop, an extension that is 

stabilised by disulphide bridges (Le Bihan et al., 1996). The TRD of PINA has five 

tryptophan residues compared to PINB which has only three (Gautier et al., 1994).  It 

was proposed that the Trp residues in this domain as well as the basic amino acid 

residues positioned among them are important for their lipid-binding and membrane 

insertion (Kooijman et al., 1997).  The lipid-binding has been shown to be caused by 

hydrophobic interactions of the Trp residues as well as the electrostatic interactions 

between the Arg/Lys residues with lipids (Kooijman et al., 1997, 1998; Le Guerneve et 

al., 1998; Schibli et al., 2003).  Of this, Trp residues were shown to be essential for 
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PINA, while Lys were important for PINB (Evrard et al., 1998).    The TRD of PINA 

contains more hydrophobic residues such as Phe, Val, Trp, in comparison to PINB.  

Also the PINA protein overall has a higher number of hydrophobic residues such as 

Leu, Ile, and Val than PINB (PINA has 19 and PINB has 16 residues).  The pI for the 

TRD of PINA (FPVTWRWWKWWKG) is 11.17 while the pI for the TRD of PINB 

(FPVTWPTKWWKG) is 10.00 (Phillips et al., 2010), indicating that the domain is 

highly basic.  Previously, hydrophobic and ionic interactions have been proposed to be 

important for the binding of PINs to lipid membranes.  While PINA could bind tightly 

to both wheat phospholipids and glycolipids, PINB interacts tightly only with 

negatively charged phospholipids (Dubreil et al., 1997; 2003).  The more hydrophobic 

domain of PINA could explain the interaction with itself.   

 

In the current study, it was shown that the PINA (bait)-PINB (prey) interactions were 

nearly as strong as the PINA-PINA interaction. Firstly, in this orientation, there seems 

to be no interference of the localization of the PINB (prey) protein at the nucleus to 

interact with the PINA (bait). The presence of additional hydrophobic residues, such as 

the two more Trp residues in the TRD of PINA, may aid the interaction with the PINB 

protein at the TRD.  Quite interestingly also is that the PINA (bait)-PINB-D1b (prey) 

interactions were at similar levels to the wild type PINA-PINB interactions in this 

orientation. It is worthwhile to note here that the number of hydrophobic residues in the 

TRD of PINB (wild) and PINB-D1b is the same.  The Gly46Ser mutation may not 

affect the hydrophobicity at this region as well as the protein-protein interaction, 

although the interaction at the lipid membrane may be affected.  These results may 

explain the observed inter-dependence of PINA and PINB in starch binding in which 

PINA could have a major role and PINB’s association with PINA could assist the 

binding. 

 

5.4.2 The PINA-PINA interactions may have importance in lipid binding 

The ability of PINA to associate with itself as well as PINB may be connected to its 

lipid-binding properties.  PINA is able to penetrate the lipid membranes deeper than 

PINB (Kooijman et al., 1998).  Le Bihan et al. (1996) showed that PINA tends to form 

aggregates and the TRD plays an important role here.  The ability of PINA to form 

aggregates at low pH and at high salt concentrations resembles the molten globule state 
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(Dickinson and Matsumura, 1994; Le Bihan et al., 1996; Ohgushi and Wada, 1983).  

This molten globular state may explain the ability of PINA, a water soluble protein, to 

bind to polar lipids and that the aggregated state is a result of hydrophobic residues of 

the protein being exposed and favouring protein-protein interactions (Le Bihan et al., 

1996).  Their work showed that the TRD of PINA exhibited high ellipticity using near-

ultraviolet circular dichroism measurements.  Regions of the PIN containing residues 

such as Cys and Phe did not show as many changes as the TRD region suggesting that 

these residues are not directly involved in the aggregation phenomenon (Le Bihan et al., 

1996).   Also, this variation was not observed for PINB. Based on these observations, 

Le Bihan et al. (1996) suggested that there could be intermolecular interactions between 

monomers of PINA in which the TRD would directly be involved and that the PINB has 

higher tendencies to form small auto-association structures. Indolicidin, a small Trp-rich 

peptide, has the property to self associate (Ahmad et al., 1995).   

 

5.4.3 A possible relationship between observed PINA-PINB interactions and grain 

texture      

The PINA-PINB interaction could resemble protein-protein interactions that result from 

‘obligate complexes’, where two proteins cannot form stable structure on their own in 

vivo and generally such complexes are also functionally required (Nooren and Thorton, 

2003).  This phenomenon may explain the resulting hardness of the grain when there is 

a mutation or a lack in either PIN proteins (Giroux and Morris, 1997, 1998).  The     

PINA-PINB interaction may also favour the aggregation of PINA and contribute to its 

lipid-binding properties.  Feiz et al. (2009) showed that, although the PINs 

independently localised to the surface of the starch granules, the co-localization of the 

PINs to the surface of the starch granule increased seed-bound polar lipid content, 

showing the importance of the presence of both the proteins.  

 

 Of the two Trp residues (W41 and W44) at the TRD that appear mandatory for 

interaction of PINA with the yeast plasma membranes (Evrard et al., 2008), only W44 

is found in PINB, which may explain the weaker interaction of PINB with lipids in 

comparison to PINA. Therefore, the synergy between the two proteins in exhibiting 

their antimicrobial activity (Capparelli et al., 2005; Dubreil et al., 1998) as well as 

affecting grain hardness (Hogg et al., 2004; Martin et al., 2006) is based on PINA being 
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the main interactor with lipid molecules while the interaction of PINB with lipid 

molecules maybe weaker and is greatly dependent on its interaction with PINA. This 

could also explain the extremely hard Pina-D1b (PINA null) mutant wheats, where 

PINB is the only interactor, with weaker affinity for the lipid membrane. 

 

The self-association of proteins to form dimers and oligomers is a very common 

phenomenon and this association plays a key factor in the regulation of proteins, such as 

enzymes, in channels receptors and transcription factors (Marianayagam et al., 2004).  

Dimerization and oligomerization can confer several different structural and functional 

advantages to proteins, such as improved stability, control over the accessibility and 

specificity of active sites and increased complexity.  Protein dimerization (homodimers 

and heterodimers) has evolved to optimize association for biological function, structure 

and control, and this association has been implicated to be under selective pressure to be 

maintained (Jones and Thorton, 1996; Marianayagam et al., 2004; Ofran and Rost, 

2003).  This self-association can help minimize genome size.  Dimers may be 

advantageous for small proteins in comparison to multisubunit single chain proteins as 

the proteins can dissociate in mechanisms that permit activation or deactivation 

(reviewed in Marianayagam et al., 2004).   These concepts could also apply to the PINs, 

where interactions between them could be functionally advantageous and provide 

stability to the proteins.  

 

Based and the experimental results from this work and functional importance for 

protein-protein interactions mentioned above, the proposed interaction interface 

between PINA-PINA and PINA-PINB are at the TRD region as shown in Figure 5.15 A 

and B. This region is also important in lipid-binding and PINA-PINA and PINA-PINB 

complexes may increase the surface are for lipid-binding. 
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Figure 5.15 The proposed model for PINA homodimers (A) and PINA-PINB 
heterodimer(B) complexes and their binding to lipid membranes  

     

5.4.4 Possible reasons for low PINB-PINB and PINB(bait)-PINA(prey) interactions 

The TRD of PINB contains less hydrophobic residues and the basic residue Arg is not 

found, which may explain its weaker interaction with the lipid membrane.  The fewer 

Trp residues at the TRD of PINB may explain its weaker interaction with itself.  Also, 

PINB is less likely to form large aggregates like PINA (Le Bihan et al., 1996).                   

 

As seen before, PINA-PINB interactions were strong when the PINA is the bait protein 

and PINB is the prey protein.  Interestingly, in the reverse orientation, where the PINB 
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was the bait and PINA was the prey, protein interactions were less strong. This may be 

because the prey-PINA may have difficulty in penetrating through the yeast nucleus 

membrane to interaction with the bait-PINB.  Phospholipids are present in the nuclear 

envelope of eukaryotic cells as well as within the cells (Irvine, 2003).  Since PINA can 

significantly interact with lipids, the affinity of PINA for PINB is reduced in this 

orientation, because PINA interaction with lipids surrounding or within the yeast 

nucleus is higher. Therefore, there is interference of localisation of prey-PINA protein 

to interact with the bait-PINB protein at the nucleus.  The PINs are not membrane-

integrated proteins and have been successfully expressed in E.coli (Capparelli et al., 

2007) and yeast cells (Issaly et al., 2001). 

 

5.4.5 Ability of GSP-1 to interact with PINA, PINB and with itself 

The two Trp residues at the TRD, that correspond to W38 and W 44 of PINA, and the 

10 Cys residues (Rahman et al., 1994) are conserved, suggesting that the gene is under 

selective pressure.  These genes, comprising of a multigene family (Gollan et al., 2007), 

may have some specialized roles and specialisation of function have been suggested for 

multigene families (Zhang, 2003).  The Gsp-1 genes could be affecting grain hardness 

in a smaller way compared to the Pin genes, especially in:  1) common wheat cultivars 

with identical Pina and Pinb alleles displaying different levels of grain hardness, 2) 

medium soft common wheats (Lillemo and Ringlund, 2002), 3) durum wheats having 

significant differences in grain hardness (Dessalegn et al., 2006), when these wheats 

lack the Pin genes.   

 

Unlike the Pina-D1 and Pinb-D1 genes, that have been found to be limited in their 

range of sequence variation from thousands of cultivars and landraces of common 

wheat (Bhave and Morris, 2008a; Morris, 2002), the Gsp-1 genes are diverse (Gollan et 

al., 2007). GSP-1 isoforms have been found to be higher in common wheat lacking the 

PINA protein and also in durum wheat (Ikeda et al., 2005). Previous work involving 

synthetic wheat (Gedye et al., 2004) has shown that variation in kernel texture of durum 

wheat could be caused by genetic factors, probably involving genes such as the Gsp-1. 

The milder PIN-GSP interaction suggests that GSP-1 can associate with PINA and 

PINB, although this association may have a minor impact in grain hardness.  It may be 

that the GSP-1 protein could have other functional importance such as in cell wall 
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architecture or cell adhesion, associated with the AGP, the peptide component encoded 

by the Gsp-1 gene (Pellny et al., 2012; Van den Bulck et al., 2002).  

 

It is also possible that the GSP-1 (prey) protein may mildly interact with lipid molecules 

surrounding the yeast nuclear membrane, affecting interaction with PINA and PINB in 

this orientation. The GSP-1 protein has the presence of W38, also found in PINA (a 

better lipid binder than PINB) and not in PINB.  These properties could favour the 

better lipid-binding ability of GSP-1 in comparison to PINB.  The GSP-1-GSP-1 

interaction was also found to be low, possibly due to the interference of GSP-1 

localisation at the yeast nucleus.  Due to this, it is uncertain if the self-association of the 

GSP-1 protein has any significance.  If the GSP-1s have any self-association, it would 

be important in lipid-binding and would affect grain hardness, particularly in wheat 

such as durum that lacks the presence of both PIN proteins.  The mild association of 

GSP-1 with PINB observed here may have some significance in wheat lacking the 

PINA protein. Ikeda et al. (2005) observed that GSP-1 levels were higher in PINA null 

wheats.  Also, the association of GSP-1 with PINs may be significant in soft wheats that 

have variation in their grain hardness index.  The proposed interaction of GSP-1 with 

either PINs or both PINs is shown in Figure 5.16A and C, respectively. 

 

The GSP-1 may be an important antimicrobial component where it could self-associate 

and form smaller aggregates to penetrate lipid membranes.  The GSP-1 proteins are 

diverse, based on previous gene analysis (Gollan et al., 2007). It is also possible that the 

GSP-1 protein may require other GSP-1 proteins to interact.  Future interaction testing 

involving GSP-1 proteins should include other GSP-1 proteins (probably those found on 

other genomes).  Figure 5.16B shows the proposed interactions for GSP-1(GSP-1X) 

with other GSP-1s (GSP-1Y) at the lipid membrane. 

 

 

 

 

 

 

 



 
 
 

Chapter 5                                                        Yeast two-hybrid interactions of the puroindolines                                                                     

 
 

192 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.16 The proposed model for GSP interactions. (A)GSP- PINA/B, (B) GSP-GSP and 
(C) GSP-PINA-PINB interactions for lipid binding 
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5.4.6 Possible reasons for weak/low-association of PINB-2v1-1 with PINS and GSP-1  

The biochemical approach at studying the PINB-2 proteins is difficult for the following 

reasons.  The Pinb-2 genes have high sequence identity to Pinb-D1 and they have low 

sequence abundance as found from transcript analysis (Wilkinson et al., 2008).  

Wilkinson et al. (2008) have suggested that they could correspond to minor peaks in the 

PINB region of capillary electrophoresis separation of TX-114-extracted proteins or 

minor spots resolving close to PINA and PINB in 2D gel analysis of amphiphilic 

proteins.  Interestingly, the factor for hardness on chromosome 7A has also been shown 

to have interactive effects (Sourdille et al., 1996).  Based on all this, the use of the yeast 

two-hybrid system as a biochemical means to study the PINB-2v1 protein and to see if 

it interacts with the PIN proteins was proposed in the current study, which could be 

functionally significant.   

 

The interactions of PINB-2v1-1 with PINA and PINB are very low and can almost be 

considered negligible, possibly indicating that interaction between them is not 

functionally required.  This may relate to their specific function since Pinb-2 genes are 

actively expressed in developing seeds (Wilkinson et al., 2008), while the Pin genes are 

most active during the middle stages of endosperm development and are found in the 

mature endosperm (Capparelli et al., 2005; Gautier et al., 1994). Their expression at 

different stages may correspond to defence mechanisms of the wheat seed at different 

stages such as developing seeds (grain filling), mature endosperm and the young plant 

(seedlings).  No interactions were observed between the GSP-1 and PINB-2V1 probably 

indicating no functional importance for both proteins. Both, PINB-2v1 and GSP-1 

proteins are most likely potent without the need to interact with PINA or PINB. In 

Chapter 4, peptides based on the TRD of PINB-2 exhibited greater antibacterial and 

antifungal activity than PINA and PINB.  

 

The PINB-2 variant proteins like GSP-1 seem to have greater significance as 

antimicrobial proteins and contribute in a small way in affecting grain hardness. Their 

roles as defence components are likely to be important during these stages:1) In the 

inflorescence-seed formation, where GSP-1 may be a more active component and 2)  in 

the stages of seed development, where the PINB-2 proteins may be important. Like the 

GSP-1 proteins, future interaction studies involving the PINB-2 proteins should include 
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other variants of PINB-2 to determine if interaction is required functionally. However, 

based on this work, the association of PINB-2 with PINA and PINB seem to be 

functionally insignificant.   

 

In conclusion, the results of this study showed that the PINs do interact in vivo and that 

the PINA-PINA and PINA-PINB interactions are crucial for aggregation of the proteins 

at the lipid membrane. This is an important characteristic that allows greater 

understanding of how their co-operation and interdependence affect grain texture, thus 

supporting previous studies. This interaction may also be important for the 

antimicrobial properties of these proteins. The GSP-1 and PINB-2 are proteins that are 

probably functional on their own. 
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6.1 General discussion and conclusions 

The main aims of this research project were to investigate: a) Pina-D1 and Pinb-D1 

alleles that may be the major determinants of grain hardness, in wheat landraces in 

search of new alleles that may have an effect on wheat grain hardness; b) application of 

scanning electron microscopy to detect any variations in the phenotype of amount of 

starch granule attachment to protein matrix of selected wheat exhibiting different Pin 

alleles with a view to developing this as an alternative method for predicting grain 

hardness in the future; c) the extent of sequence diversity of the Pinb-2 gene in 

hexaploid wheat as well as its tetraploid and diploid progenitors; d) whether the 

synthetic peptides based on the TRD region of PINB-2 also exhibit any antimicrobial 

activity, as noted for PINA and PINB; e) any protein-protein interactions occurring 

between the related proteins PINA, PINB, PINB-2 and GSP-1, in terms of their 

potential relevance to grain hardness and seed defence.  The results presented in this 

thesis show a number of new findings that have significant contributions and these 

points are discussed in the sections below. 

 

6.1.1 Discovery of a new Pin allele in a Chinese wheat line 

This work supports the observation that many new Pin alleles exist in Chinese landraces 

and the wheat landraces in general are useful in identifying new alleles (Chen et al., 

2006; Li et al., 2008; Wang et al., 2008).  Six different Pina/Pinb allelic types were 

identified from landraces of wheats, mostly from China.  Most wheats had the soft 

alleles (Pina-D1a/Pinb-D1a), while others displayed the following alleles: Pina-

D1a/Pinb-D1b, Pina-D1l/Pinb-D1a, Pina-D1a/Pinb-D1p, Pina-D1a/Pinb-D1ab and 

Pina-D1t/Pinb-D1a.  A new Pina-D1t allele, discovered in this study, is an SNP that 

changes Trp41 in the putative mature protein sequence to a stop codon, which is 

predicted to result in a truncated PINA.  Based on the hardness of wheats exhibiting 

other such mutations in PINA (e.g., Pina-D1n) or Pina gene deletion, it is expected that 

this wheat would have a hard texture.  However, the limited amount of seed for this 

wheat precluded any testing by methods such as SKCS or PSI; hence the method of 

SEM was applied which showed great amounts of starch granules attached to the 

protein matrix, as observed for all other hard wheats in this study (see Chapter 3) and 

other published work (Chen et al., 2005b; Rakszegi et al., 2008; Turnbull et al., 2003b; 

Xia et al., 2008). 
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6.1.2 Association between variations in Pin genes and grain hardness  

The SEM data of cross-sectioned wheat seeds (chapter 3) showed that wheats with the 

genotype Pina-D1a/Pinb-D1a, i.e., both PIN proteins in their wild type, had free starch 

granules, unattached to the protein matrix.  In contrast, wheats that lacked both the Pin 

genes (i.e., durum wheats) had a greatest amount of starch bound to the protein matrix.  

Wheats with PINA-null or a truncated PINA sequence had a greater amount of starch 

bound to the protein matrix compared to wheats with the Pina-D1a/Pinb-D1a and Pina-

D1a/Pinb-D1b, but lesser than the durum wheats, lacking PINs.  Thus the wild-type 

PINB protein (encoded by Pinb-D1a) in wheats with truncated PINA (encoded by Pina-

D1l or Pina-D1t) or lack of PINA (encoded by Pina-D1b), does not appear sufficient on 

its own in completely preventing the starch granule-protein matrix association.  

Similarly, although the technique was not entirely quantitative, the SEM micrographs 

showed that the Pina-D1a/Pinb-D1b type wheat had intermediate amounts of starch 

bound to the protein matrix.  Thus the Gly46Ser mutation in PINB, although found to 

have an effect on the binding of starch granules to the protein matrix and has been 

suggested to influence the lipid binding ability (Giroux and Morris, 1997), does not 

seem to have the profound effect of starch granule binding to protein matrix observed in 

wheats with the truncated PINA,.  These observations support reports (Amoroso et al., 

2004; Hogg et al., 2004; Martin et al., 2006; Swan et al., 2006) that there is some form 

of interdependence between the two PIN proteins and both PINs are required in their 

wild type to confer the ‘soft’ phenotype’. 

 

Overall, this work has shown that the SEM is a useful method for differentiating the 

extent of binding between starch granules and protein matrix in the three broad ranges: 

very tight (indicative of very hard wheats such as durum or PINA-null), or of an 

intermediate extent (such as hard wheats with amino acid substitutions likely causing 

proteins with altered biochemical properties) or not present (such as in soft wheats with 

wild-type Pin alleles). Thus the technique could be very important for analysing grain 

texture when the amount of sample available or the costs of methods such as NIR of 

SKCS are restrictive. 
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6.1.3 Multigenetic basis of Pinb-2 genes and conserved PINB-2 protein structure 

The work by Chen et al. (2011) suggested that the Pinb-2 genes could comprise a 

multigene family in at least some genomes when they discovered a 5th variant of the 

Pinb-2 gene and the presence of more than two Pinb-2 genes in durum wheat.  This 

aspect and the extent of Pinb-2 diversity in various wheat types were investigated in this 

work.  Thirteen reproducible Pinb-2 haplotypes were identified with a clear 

demarcation of six major groups, the sixth group being identified for the first time in 

this work.  In addition, many other likely haplotypes were identified that require further 

confirmation.  Most of the putative protein sequences (except PINB-2v6 members) 

exhibited the 10 conserved Cys residues as found in the PINA, PINB and GSP-1.  The 

TRD consisting of the residues LLKWWK was also conserved, suggesting functional 

relevance.  As shown in Chapter 4, the predicted tertiary structure of representatives of 

the six groups also appeared conserved, and like the PINA and PINB, exhibited four 

alpha helices and a protruding TRD.  These commonalities suggest a similarity of 

effects (such as those on texture), or biological functions (such as the defence of seeds 

from microbial pathogens, as suggested for PINA and PINB). 

 

This is the first detailed report of the Pinb-2 genes comprising multigene families in 

hexaploid, tetraploid and diploid wheats.  The polymorphisms shared between different 

groups support several duplication events within this ancient gene family.  Also the 

many synonymous mutations and conservation of certain residues between the groups 

suggests some selection pressures.  Retro-transposon activity has been associated with 

gene deletions and expansions at the Hardness locus on chromosome 5D that contains a 

number of transposable elements (Chantret et al., 2004, 2005).  This locus also exhibits 

two other duplicated forms of Pinb that are non-functional (Pinb-relic and Pseudo-

Pinb).  It is thus possible that the Pinb-2 genes could have been created in this way.  

  

 6.1.4 Antimicrobial activity at the TRD of the PINB-2  

Peptides designed based on the TRD of the putative PINB-2v1 and PINB-2v3 proteins 

showed antibacterial and antifungal activity, and were effective against the bacteria S. 

aureus and E. coli and the phyto-pathogenic fungi, C. graminicola and F. oxysporum 

and R. solani.  Both these peptides were found to be more effective than the PuroB 

peptide.  The additional hydrophobic residues Ile and Leu in both PINB-2 peptides 
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compared to PuroA or PuroB may explain their higher activities against fungi, as Leu 

and Lys are shown to possess strong antimicrobial activity (Beven et al., 2003).  A 

Fusarium head blight resistance QTL on 7A had been reported previously (Kumar et al., 

2007).  It would be interesting to study the location of this QTL in relation to the Pinb-2 

locus.  The peptide based on PINB-2v1 also showed notable haemolytic activity.  

Peptide hydrophobicity has been shown to be correlated with haemolytic activity (Lee 

et al., 2011).  Thus these peptides seem promising tools in applications concerning 

microbial defence, and could be applied in-vitro for applications such as food safety.  

However, their haemolytic activity needs further investigation, as they could be toxic to 

mammalian cells, which will make them inappropriate for certain applications such as 

ectopic use against skin infections or for preventing biofilms on surgical implants.  

 

6.1.5 Physical interactions between PINA and PINB and GSP-1 

Based on a number literature reports, the soft phenotype is suggested to require the 

presence of PINs, the lack of, or variation in, either PIN protein result in hardness.  

Several studies involving transgenics have shown the interdependence of PINA and 

PINB in conferring the ‘soft’ phenotype’ (Beecher et al., 2002; Hogg et al., 2004; 

Wanjugi et al., 2007).  The physical interactions of PINA-PINA and PINA-PINB were 

observed in this work using the yeast two-hybrid system.  This may explain the 

interdependence of the two proteins relevant to their effect, e.g., conferring ‘softness’, 

most likely through optimal ability in lipid binding.  The interactions may involve the 

TRD region which is rich in Trp and other hydrophobic residues.  While some of the 

Trp residues have been shown to be essential in lipid binding (Evrard et al., 2008), 

others could be available for interactions to form oligomers of PINA and/or PINB.  The 

weaker physical interactions of GSP-1 with itself or PINs seem to support the view that 

GSP-1 could have only a minor influence on grain texture in common and durum 

wheats (Gollan et al., 2007).  These observations also suggest that the GSP-1 proteins 

could be minor antimicrobial components in durum wheat that lacks PIN proteins, and 

further investigations such as comparison of different durums are required on this 

matter. 
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6.2 Future directions 

6.2.1 Screening for new Pin alleles in search of diversity of grain texture 

The landraces at centres of origin of wheat are a great source of Pin allele diversity, and 

many alleles have already been noted.  Thus the search for novel Pin alleles can be 

focused on landraces from the Fertile Crescent in the Middle East, or from China, the 

suggested primary and secondary centres of origin of wheat, respectively.  New alleles 

of great interest with essential residues that are involved in lipid binding, or influence 

grain texture variation can be identified.  Further, the use of chemical mutagenesis has 

proven to be a useful technique in identifying new Pin alleles (Feiz et al., 2009a, b).  

Any new alleles which offer variations in kernel texture and better suited end-use 

properties can then be introduced into wheat breeding programs transgenically or by 

traditional breeding methods. Synthetic wheat lines are also useful for screening for 

new Pin alleles, since they are newly generated lines without being pre-selected 

(generations of back-crossing/specific breeding programs).  

 

6.2.2 Further investigations of the Pinb-2 genes 

The 5’ regulatory sequences of the Pinb-2 genes require investigation to predict and 

determine their individual spacial expression patterns and how these may relate to their 

effect on grain hardness and their proposed antimicrobial defence activities.  It would be 

useful to analyse the promoter region of individual Pinb-2 genes in different genome or 

ploidy levels, due to observations of extensive sequence diversity yet conservation of 

certain residues, the proposed allelic nature of Pinb-2v2 and Pinb-2v3, the proposed 

functional associations of Pinb-2v2 with softness in soft wheats and of Pinb-2v3 with 

grain yield), the low level of expression of Pinb-2 genes in comparison to the Pina and 

Pinb, and the linkage of Pinb-2 genes to a minor QTL on chromosome 7 for grain 

hardness (Chen et al., 2010b; Chen et al., 2011; Wilkinson et al., 2008).  Inverse PCR 

can be used to capture regions that may be essential for the expression and/or tissue 

specificity for the different Pinb-2 genes, as for the Pinb promoter (Digeon et al., 1999).   

 

The identification of promoter regions provides possibilities for detailed analysis of 

these genes with grain texture and antimicrobial traits.  For example, localization 

studies could involve fusing of the promoter regions of the different Pinb-2 genes to 

reporter genes in transgenic plants lacking these genes and observing/measuring the 
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activity of the reporter genes in different tissues or in response to pathogens.  From an 

evolutionary viewpoint, the conservation of some residues/regions but variations at 

others observed in the coding regions among members of the Pinb-2 family may be 

products of selection pressure for sub-functionality, functional redundancy or 

pseudogene formations (Lawton-Rauh, 2003; Zhang, 2003).  Also, several 

retroposition-mediated duplicated genes are suggested to be expressed when inserted 

downstream of a promoter sequence.  The promoter regions and expression patterns 

may shed some light to the specific functionality as well as events related to the origin 

of this multigene family.  It will also be useful to identify any starch association of 

PINB-2 using a proteomic/immunochemical approach to detect if the proteins are 

present in the mature endosperm and accumulate on starch granules.  These methods 

have been used to analyse starch-bound PINs (Feiz et al. 2009c; Wanjugi et al., 2007).  

       

This work has provided some evidence that the TRD of PINB-2 has antibacterial and 

antifungal properties.  The effectiveness in treating fungal infection in leaves and seeds 

could thus be tested, although the costs may prohibit their commercial application in 

agriculture.  However, it will be useful to determine such activities for the complete 

mature protein of PINB-2 and any specificities towards the pathogens, providing a path 

for transgenic applications for in planta defence, as shown for the PINs (Krishnamurthy 

et al., 2001; Luo et al., 2007). 

       

Barley is also a major cereal crop, and its grain texture (classified as malting and non-

malting varieties) is reported to affect malting characteristics and foam stability 

(reviewed in Byung-Kee and Ullrich, 2008; Darlington et al., 2001; Fox et al., 2007), 

which have significant economic implications to the brewing industry.  An orthologous 

Hardness locus containing hordoindoline and Gsp genes has been identified in barley, 

and duplicated hordoindoline b genes were reported (Beecher et al., 2001; Darlington et 

al., 2001).  With barley and wheat being closely related, it would be useful to 

investigate if the Pinb-2 like gene family is also present in barley.  If so, it may have 

implications on the textural variations as well as the above-stated commercial 

implications of these.  Based on reports where Pin-like genes had been identified in 

other members of the grass family, other members of the Triticeae tribe and the 

Agropyrons could also be screened for novel Pinb-2 like genes.   
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6.3.3 Determination of functionally important residues   

From this work, the PINA and PINB proteins as well as GSP-1 have been shown to 

physically interact, which may be important concerning their roles in grain texture and 

their antimicrobial properties.  It will be interesting to identify amino acid residues 

essential for protein-protein interactions.  Site-directed mutagenesis could be used to 

introduce single amino acid changes or deletions could be introduced into the gene 

sequences using PCR, and then these cloned into the yeast vectors for in vitro 

interaction studies.  In-planta expression systems will be required for further critical 

testing of any interactions in vivo, and the effects thereof on grain texture or any 

biological roles of these proteins such as in defence of the seed or seedling. 
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Appendices  

Appendix 1 pGEMT-Easy vector system 

A) Cloning vector 

 

B) Vector sequence 

 

Cloning vector and sequence: 
(http://www.promega.com/~/media/Files/Resources/Protocols/Technical%20Manuals/0/pGEM-
T%20and%20pGEM-T%20Easy%20Vector%20Systems%20Protocol.ashx) 

 

 

http://www.promega.com/~/media/Files/Resources/Protocols/Technical%20Manuals/0/pGEM-T%20and%20pGEM-T%20Easy%20Vector%20Systems%20Protocol.ashx
http://www.promega.com/~/media/Files/Resources/Protocols/Technical%20Manuals/0/pGEM-T%20and%20pGEM-T%20Easy%20Vector%20Systems%20Protocol.ashx
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Appendix 11 pGBKT7 vector  
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Appendix 111 pGADT7 vector  
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Appendix 1V Haemolysis assay  

                                

                            

Figure 1Va: Haemolysis assay  
NC: Negative control, PC; Positive control 

 

 

                  

Figure 1Vb: Haemolysis assay  
NC: Negative control, PC; Positive control 
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