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Abstract Grain hardness is an important quality char-
acteristic of wheat grain, and considerable research ef-
fort has focused on characterising the genetic and
biochemical basis underlying the hardness phenotype.
Previous research has shown that the predominant dif-
ference between hard and soft seeds is linked to the
puroindoline (PIN) proteins. In this study the near-iso-
genic lines of Heron and Falcon, which differ only in the
grain hardness character, were compared using a cDNA
microarray consisting of approximately 5,000 unique
cDNA clones that were isolated from wheat and barley
endosperm tissue. Our analysis showed that major dif-
ferences in gene expression were evident for puroindo-
line-a (Pina), with a minor but not consistent change in
the expression of puroindoline-b (Pinb). These obser-
vations were confirmed using a 16,000 unique cDNA
microarray in a comparison of hard wheats with either
the Pina null or Pinb mutation.

Introduction

Grain hardness in hexaploid wheat (Triticum aestivum
L.) is a major determinant of the end-use properties for
the grain. The hardness of the grain determines the
starch damage during milling, and this in turn largely
determines the optimum water requirement during the
baking process; hard and soft wheats are used for dif-
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ferent types of products (Morris 2002; Turnbull and
Rahman 2002). Hardness is usually measured using the
single kernel characterisation system (SKCS), which
measures the force required to crush grain between a
toothed rotor and a progressively narrowing crescent
gap. However, more indirect measurements have also
been used, such as the particle size index, which is a
measure of the particle size distribution after grinding
the grain (Symes 1961) and the electron microscopy of
cross-sections of the grain, which was used to differen-
tiate soft and hard wheats (Bechtel and Wilson 1997;
Turnbull et al. 2002). Differences in hardness can be
detected in the developing grain after air-drying, dem-
onstrating that it is a property that is observable early in
development (Bechtel et al. 1996; Turnbull et al. 2002).

The genetic basis of hardness has been investigated
for some time. Symes (1965), using the particle size index
as a measure for grain hardness, demonstrated the seg-
regation of a major gene for this trait between the wheat
cultivars Heron and Falcon. Results obtained in the
same study from seven other crosses between hard and
soft wheat also indicated that a single gene was
responsible for most of the difference in hardness. The
gene influencing hardness, named Ha, was subsequently
mapped to the short arm of chromosome 5D (Mattern
et al. 1973). Although the locus is referred to as
“Hardness” (Ha), “Softness” is the trait actually con-
ferred by this locus.

The biochemical basis of grain hardness is less well
understood. An important advance came with the
observation of Greenwell and Schofield (1986) that the
presence of a 15-kDa protein on water-washed wheat
starch was correlated with grain softness for 150 differ-
ent wheats. These authors found that there was more of
the 15-kDa protein associated with water-washed starch
from soft wheat, less with hard and none with durum (7.
turgidum spp. durum) (very hard) wheats. The 15-kDa
protein was named “friabilin”, indicating the fact that
soft wheats are more easily crumbled than hard
(Greenwell and Schofield 1989). Jolly et al. (1993)
showed that the 15-kDa “protein’ was in fact composed
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of a number of polypeptides. They raised antibodies
against this 15-kDa polypeptide mixture and showed
that it occurred in soft and hard wheat endosperm in
approximately equal amounts. However, during the
aqueous isolation of wheat starch as little as 1% of the
original friabilin partitions with the starch of soft wheats
and much less with hard ones. Greenblatt et al. (1995)
devised a method for the selective extraction of the
components of the 15-kDa friabilin protein and also
observed that hard wheats have less friabilin attached to
the washed starch granules than soft wheats. Blochet
et al. (1993) used the N-terminal amino acid sequence of
Triton-X-extractable proteins from wheat endosperm
and obtained two major sequences, which they called
puroindoline-a (PINA) and puroindoline-b (PINB).
These sequences were found to correspond to those
determined by Jolly et al. (1993) for the major compo-
nents of the 15-kDa protein. A third protein, grain
softness protein (GSP-1), was also identified as a com-
ponent of the 15-kDa fraction by Rahman et al. (1994)
using immunological screening of cDNA expression li-
braries. More recently, Oda and Schofield (1997), using
two-dimensional electrophoresis, identified the 0.19 and
the 0.53 alpha-amylase inhibitors in addition to the
PINA and PINB polypeptides in friabilin. Thus, the 15-
kDa protein complex identified by Greenwell and
Schofield (1986) consists of at least five components:
PINA, PINB, GSP-1 and the alpha-amylase inhibitors
0.19 and 0.53.

The genes Pina, Pinb and Gsp-1 have been shown to
be tightly linked to the Ha locus on chromosome 5D
(Giroux and Morris 1997, 1998; Giroux et al. 2000; Jolly
et al. 1996; Sourdille et al. 1996). Detailed analysis of a
bacterial artificial chromosome (BAC) covering that
region showed that the genes were in the order Pinb,
Pina and Gsp-1 within a 60-kb fragment from the
D genome donor of wheat (Aegilops tauschii) (Turnbull
et al. 2003). Interestingly, this same arrangement has
been observed in T. monococcum ( Chantret et al. 2004;
Tranquilli et al. 1999), which is more closely related to
the A-genome donor of wheat. A significant advance in
the understanding of the nature of the Ha locus came
with the demonstration that in the hard wheats exam-
ined there was a mutation in either Pina or Pinb (but not
in Gsp-1), and a direct functional role for the Pin genes
has been shown by transformation experiments. Krish-
namurthy and Giroux (2001) and Beecher et al. (2002)
reported that rice and wheat transformed with the Pin
genes were softer than untransformed controls. How-
ever, the biochemical basis of action of the PIN proteins
is not known. In addition, other loci separate from the
Ha locus may also be involved in modifying grain
hardness. For example, chromosomes 1A and 6D also
affect grain hardness (Perretant et al. 2000).

The introduction of cDNA microarray technology
has enabled the simultaneous comparison of thousands
of genes. Using this system, the transcription profile and
differential gene expression of two otherwise similar
cultivars that vary in a particular trait can be examined.

As a source of genes, the wheat and barley endosperm
cDNA libraries (Ali et al. 2000; Clarke et al. 2000)
provide an extensive range of genes for analysis. Also,
the near-isogenic lines (NIL) of Heron and Falcon (Sy-
mes 1969), which vary in the presence or absence of
grain hardness, are valuable material for studying the
genetic basis of the hardiness trait. The Falcon parent
used in the generation of these stocks is known to be
missing the Pina gene (Giroux and Morris 1998).
However, differences in the expression of other compo-
nents cannot be ruled out, especially as there are
apparent differences in the timing of the appearance of
grain hardness and the onset of Pin expression.

Given the complex mixture that comprises friabilin,
and the indication that other chromosomal locations
may be involved in the hardness phenotype, a genomic
approach to the analysis of grain hardness may give new
insights into this important characteristic. In this study
we use cDNA microarray technology to investigate the
transcriptional profiles and differential gene expression
between hard and soft seed in both the Heron and
Falcon backgrounds. The expression profiles are evalu-
ated for three stages of endosperm development. A
comparison is then made among transcription profiles
from a range of hard and soft wheat cultivars at an early
stage of endosperm development.

Materials and methods
Plant materials

The two sets of soft and hard NILs of Triticum aestivum
in the Falcon and Heron backgrounds (Symes 1961,
1969) were used. To generate these NILs, the hard and
soft phenotypes were backcrossed seven times using ei-
ther Falcon or Heron as the recurrent backcross parent,
and at this stage it is expected that less than 0.5% of the
donor genome should remain. The seed planted from
this backcrossed material was Heron hard AUS90277
and soft AUS90286, and Falcon hard AUS 90264 and
soft AUS 90252. In addition, T. aestivum cv. Heron
(AUS 322), Falcon (AUS 206), Corrigin (AUS 24850),
Cook (AUS 20275), Kulin (AUS 23163), Janz (AUS
24794), Hartog (AUS 21533), Egret (AUS 16037) and
Sunstar (AUS 22177) were used.

Establishment of non-redundant cDNA clones
for microarray

Clones were selected from three cDNA libraries for the
construction of the microarray. These libraries were a
non-normalised endosperm library from 7. aestivum cv.
Wyuna (Clarke et al. 2000) and two normalised endo-
sperm libraries; one from 7. aestivum cv. Hartog and the
other from Hordeum vulgare cv. Himalaya (Ali et al.
2000). The isolated cDNA clones were sequenced and
annotated using BLAST as detailed in Clarke et al. (2000).



To establish the non-redundant gene set, the clipped
sequences were assembled with GcpHrar (P. Green,
University of Washington Genome Centre, unpublished;
see  http://www.genome.washington.edu/UWGC/ana-
lysistools/phrap.htm), and assembled sequence align-
ments were viewed with the Gap4 programme (Staden
et al. 1998). The cDNA containing the longest tran-
script, identified from the sequence alignments, was se-
lected for the array. To further reduce redundancy, the
BLAST output from the selected sequence was used to
remove those sequences with the same BLAST annotation,
but only if the similarity between the sequences was 80%
or greater. Following this analysis, a total of 5,047 un-
ique clones were obtained.

Construction of endosperm array

The non-redundant set of cDNA clones were grown
overnight in 250 ml TYPGN medium [20 g tryptone,
19 g yeast extract, 10 ml 80% (v/v) glycerol, 5¢g
Na,HPO,, 10 g KNO; per litre] supplemented with
100 pg/ml ampicillin, in 96-well microtiter plates. These
plates were replicated in 150 pl of fresh medium and
grown overnight. The replicate plate was stored at 80°C
after the addition of 100 pl 80% (v/v) glycerol. Plasmid
preparations were made from cultures following stan-
dard alkaline lysis procedures, and the inserts were
amplified by PCR using the M13/pUC forward and re-
verse sequencing primers (New England Biolabs, Bev-
erly, Mass.). For quantitative and qualitative evaluation
of the amplification procedure, 1 pl of the PCR reaction
was run on a 2% (w/v) agarose gel in Tris-borate buffer,
pH 8, and the image recorded. The remainder of the
PCR products were ethanol-precipitated, resuspended in
6 ul 50% (w/v) dimethyl sulfoxide and transferred from
the 96-well plates to 384-well microtiter plates for
printing. The PCR products were printed onto CMT-
GAPS-coated microscope slides (Corning, USA) using
an Omnigrid Microarrayer (Genemachines, San Carlos,
Calif.) with ChipMaker2 quill pins (TeleChem, Sunny-
vale, Calif.). Prior to hybridisation the slides were baked
at 80°C for 2 h.

The New South Wales centre for agricultural genomics
(NSWCAG) array

This array was constructed following the same proce-
dure as that used for the construction of the endosperm
array. The array consisted of the following cDNA
clones: (1) approximately 6,000 expressed sequence tag
(EST) clones which mapped to the wheat genome
(kindly supplied by O. Anderson, Western Region Re-
search Centre, USDA, Albany, Calif., USA); (2) a uni-
gene set of 9,000 EST clones from Bristol University (see
http://www.cerealsdb.uk.net/wheat.htm for details of
the libraries used) that were kindly supplied by Keith J.
Edwards, School of Biological Sciences, University of
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Bristol. Bristol, UK; (3) a collection of 400 ESTs from
drought-stressed wheat seedlings (kindly supplied by
Heather Way and Xue Gang-Ping, CSIRO PI, St. Lucia,
Brisbane, Australia); (4) the 5,047 mid-development-
stage wheat and barley endosperm clones discussed
above.

This new array contained approximately 22,000
clones of which 16,000 were unique (unique = less than
80% sequence similarity at the nucleotide level).

RNA isolation labelling and slide hybridisation

For both the Heron and Falcon NILs, whole wheat
heads were harvested at 6, 15 and 25 days post-anthesis
(DPA) from glasshouse-grown material and stored at
80°C. For the other wheat cultivars analysed, heads at
approximately 9-10 DPA were used. Eight to ten
developing caryopses at the same age and morphological
stage of development were selected from a head to rep-
resent a sample. Seed collected from a different head
represented a replicate sample. Total RNA was isolated
from the whole seed following the method of Higgins
et al. (1976) with the following modification to remove
starch. Following the lithium chloride precipitation, the
RNA pellet was resuspended in 250 pl water. Then
3.5 ul 3 M sodium acetate (pH 5.3) and 125 pl ethanol
were added and the sample centrifuged for 10 min at
4°C. The supernatant was transferred to a fresh tube and
the RNA precipitated by the addition of 21.5 ul 3 M
sodium acetate (pH 5.3) and 375 pl ethanol. The
recovery of RNA varied from 0.06 pg RNA to 0.5 pg
RNA per milligram tissue, and this variation was
dependent on the developmental stage of the seeds used
for extraction of the RNA.

For the labelling procedure, 50 pg of total RNA was
used for both the Cy3 and Cy5 dyes (Amersham Phar-
macia, UK), following the two-step labelling method of
Schenk et al. (2000). The dye labelling of the control and
test samples were swapped among the replicate experi-
ments to minimise any bias in cDNA incorporation and
photo-bleaching of the fluorescent dyes. The pre-hy-
bridisation of the microarray slides, hybridisation of the
target cDNA and subsequent washing of the slides to
remove unbound target was performed following the
protocol for the CMT-GAPS-coated microscope slides
provided by the manufacturer (Corning, USA). The
slides were scanned with a GenePix 4000 A microarray
scanner (Axon Instruments, Union, Calif.). The features
were analysed using the GENEPIX PRO4 software, and
unsatisfactorily segmented features were either manually
adjusted or discarded to ensure the integrity of the data
obtained.

Statistical analysis of microarray data

The analysis of the microarray data files was carried out
using functions contained in the TRMA statistical pack-
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age. These functions operate as part of a statistical
software package called r (http://www.r-project.org/). A
detailed description of TRMA (tools for R microarray
analysis; Wilson et al. 2003) is available online (http://
www.csiro.au/gena/trma). The data sets generated from
the GENEPIX software were loaded into TRMA using the
LOADGENEPIXFILE function. Normalisation of log, ratio
values was performed using the SPATIALLYNORMALISE
function. This method of normalisation corrected for
spatial and intensity-dependent effects of fluorescence
across the microarray slide (Wilson et al. 2003). In
addition, the possible biases in fluorescence due to dif-
ferences in the efficiency of incorporation of the two dyes
and unequal loading of cDNA samples were also cor-
rected. Using the median values of the normalised log
ratios for each gene in each replicate, we determined
differentially expressed genes using the FINDDIFFEXPGENES
function. Differentially expressed genes are selected as
outliers in a Gaussian distribution of the entire data set.
Therefore, a ratio cut-off was empirically computed
from the normalised log, ratio data, which were rescaled
and centred in order to make direct comparisons be-
tween slides in all four replicates. The COMPAREINTER-
ESTINGGENES function was used to compare the
differentially expressed genes among the replicates. The
stringency was set to 100%—i.e. only those genes dif-
ferentially expressed in all of the replicates tested, with a
consistent direction of expression were selected.

Microarray analysis of wheat cultivars according
to the Pin mutation causing hardness

Endosperm from seed at 9-10 DPA was compared for
the hard-seed cultivars, Falcon and Hartog, which have
the null Pina mutation and for Cook, Janz and Sunstar,
which have a mutation in the Pinb gene, to the following
soft cultivars: Heron, Corrigin, Kulin and Egret. Using
the NSWCAG array the following comparisons were
made: (1) for the null Pina mutation, Heron versus
Falcon (dye swap); Heron versus Falcon (no dye swap);
Kulin versus Hartog (no dye swap); (2) for those lines
carrying a mutation in the Pinb gene, Corrigin versus
Cook (dye swap); Heron versus Cook (no dye swap);
Kulin versus Janz (dye swap); Egret versus Sunstar (dye
swap). For all of these comparisons the hard line is
considered the control and labelled with Cy3; this is
listed as no dye swap. If the soft wheat is labelled with
Cy3, it is listed as a dye swap.

Sequence confirmation of clones

To confirm the identity of the differentially expressed
genes, these genes were sequenced from the 5" ends of
the cDNA clones using the M13/pUC reverse primer
and Big Dye Terminator Cycle Sequencing (ABI, Foster
City, Calif.) with 0.12 pg of the PCR-amplified insert
from the cDNA clone as the template.

Analysis of RNA

The RNA was extracted from the caryopsis and 10 pg of
total RNA was separated on a 1.4% agarose-formalde-
hyde gel (w/v) and transferred to Hybond N+ mem-
brane (Amersham) using standard alkaline transfer
protocols (Sambrook et al. 1989). Hybridisation of
probes was at 65°C in Khandjian hybridisation buffer
(Khandjian 1987). The membrane was washed once for
30 min at 65°C with 2x SSC, 0.1% (w/v) sodium dodecyl
sulphate (SDS) and 2x 40 min at 65°C with 0.2x SSC,
0.1% (w/v) SDS and then exposed overnight at 80°C with
Kodak MR X-ray film using an intensifying screen.

Probes used for hybridisation

Probes used for the RNA hybridisations were made by
amplifying the inserts from the cDNA clones. The PCR
SuperMix (Invitrogen, Carlsbad, Calif.) was used with
3 pmol of each primer and 50 ng template DNA. The
probes were amplified under the following conditions:
one cycle of 94°C for 5 min; 35 cycles of 94°C for 30 s,
55°C for 30 s and 72°C for 2 min; one cycle of 25°C for
1 min. The inserts were labelled using the Mega-
primeDNA labelling system (Amersham Biosciences,
Piscataway, N.J.).

Quantitative real-time PCR

The level of differential gene expression observed from
the microarray was verified by quantitative real-time
PCR (RT-PCR) using a Rotor-Gene 2000 (Corbett
Research, Mortlake, Australia). An alpha-tubulin gene
was used as a control. The alpha-tubulin gene was se-
lected from the microarray data using the SELECTHOUS-
KEEPINGGENES function in TRMA. This programme selects
genes with a low differential expression and a low vari-
ability across the slides.

For the analysis, 1 pg of total RNA was used to
produce cDNA using the Access RT-PCR System
(Promega, Madison, Wis.), and 25 ng was used as a

Table 1 Primers used for the RT-PCR analysis

Gene to  Primers®  Primers (5" — 3')*
amplify
Alpa F GCAAGATAGCCTGCCAGC
thionin R CCTTAGGGCAGCTTAGGC
Gsp-1 F GCGATCTAAGTGGCTTCAAG
R GCTAGTGATGGGGATGTTGC
Pinb F ATGAAGACCTTATTCCTCCTA
R TCACCAGTAATAGCCACTAGGGAA
Alpha- F GGCTTGTGTCTCAGGTTATCTCATC
tubulin R CATGGAGGATGGCTCGAAGG
Pina F ATGAAGGCCCTCTTCCTCATAGG
R TCACCAGTAATAGGCAATAGTGCC

“Primers: F, forward; R, reverse. The primers for Pinb are from
Gautier et al. (1994)



template for RT-PCR following the method described in
Jan Klok et al. (2002). Gene-specific primers were de-
signed using sequence information from the arrayed
genes to give a T, between 55°C and 60°C and a product
length of 150-300 bp. The primers used to amplify the
selected genes are listed in Table 1.

Results
Comparison of Heron NIL

For the first analysis, four replicate microarray slides
were compared at each of three time points—6, 15 and
25 DPA. The comparison was made between the hard
and soft seeds, and the dyes used to label these pheno-
types were swapped for two of the replicates at each time
point. The microarray results were analysed using TRMA,
and the genes identified as significantly differentially
expressed in all four replicate samples were identified
(Table 2). Two clones are listed as mixed in Table 2.
Sequence analysis and hybridisation of these clones
showed that the hybridising fragment on the array cor-
responded to hordoindoline-a (the barley equivalent of
puroindoline-a) in both cases, indicating that these array
features had been incorrectly annotated in the database.

At the early time point, there were no transcriptional
changes that were consistent among all replicates. At the
middle and latter stages, the only genes identified were
Pina and Pinb, which were up-regulated in soft NILs. As
there were no genes differentially expressed in all four
replicates at the early stage, these slides were analysed
under less stringent conditions. The comparisons were
made between two dye-swapped replicates at 100%
stringency. From the four possible pair-wise compari-
sons, a total of 48 differentially expressed genes were
identified. Using the GENEPIX software, we examined the
fluorescent intensity of all these features on the indi-
vidual microarrays. Examination of the individual slides
revealed that in two of the replicates there was increased

Table 2 TRMA results from the microarray analysis of the Heron
NIL comparison using four replicates

Identification Name Log," Standard
deviation
Middle: 15 DPA
BQ606719 Puroindoline-a (Pina) 4.16 0.35
CV065963 Puroindoline-b (Pinb) 1.16 0.09
MIXED" Hordoindoline-a (Pina) 3.4 0.55
MIXED Hordoindoline-a (Pina) 2.84 0.23
BQ605639 Puroindoline-b (Pinb) 0.92 0.19
Late: 25 DPA
BQ606719 Puroindoline-a (Pina) 3.41 1.54
MIXED Hordoindoline-a (Pina) 2.84 1.61
MIXED Hordoindoline-a (Pina) 2.32 1.06

“The data are expressed as Log to base 2 transformed ratios; po-
sitive values indicate up-regulation of the gene in soft seed
°MIXED indicates that two different genes were at the same
location on the array; the gene listed is the one that hybridised to
the probe
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expression in the hard seed for these genes and that in
the other two the expression was decreased. Because of
this inconsistent expression, ten genes were selected from
the 48 genes identified and their level of expression in
both hard and soft seeds determined using a Northern
analysis. For the Northern analysis, RNA was isolated
from fresh replicate samples of 6-DPA endosperm tis-
sue. The Northern results showed that in the majority of
cases these ten genes did not follow the expression pat-
tern obtained from the two array comparisons (Table 3),
thereby confirming the variable expression observed
among the four microarray slides.

Comparison of Falcon NIL

For this analysis, two replicates with a dye swap were
examined, and the results are listed in Table 4. The
clones listed as mixed in this table were shown by se-
quence analysis and hybridisation to be hordoindoline-a
(see above).

As in the case for the Heron NIL, the main gene
differentially expressed at both the middle and late
stages was Pina, up-regulated in soft seed, but in this
comparison there was no change for Pinb. One gene, a
Bowman-Birk trypsin inhibitor, was down-regulated in
the soft seed at the late developmental stage. At the early
developmental stage, all of the differentially expressed
genes, which included three alpha-purothionins and one
grain softness protein, were down-regulated in the soft
NILs. There were no genes in common between the
genes seen in the TRMA comparisons using two replicates
of the Heron NILs, mentioned above, and those seen
here for the Falcon comparison.

Table 3 TRMA results comparing the microarray analysis of the
Heron NIL, two replicates, using RNA from 6-DPA endosperm
and the results from a Northern analysis of these genes

Identification Gene Nonscaled® Northern

analysis®
BQ605601 Protease inhibitor 2.7 Down, soft
AW448662  Cell division protein 2.1 Equal
BQ609053 Hypothetical protein 2 Up, soft
AL022198
BQ607333  TRFA (AB009080) 1.8 Equal
BQ609037 Gama-gliadin 1.7 Equal, but extra
band in soft
BQ605797 Glutaminyl tRNA 2.5 Equal
synthase
BQ609138 o/f-gliadin 1.5 Equal
BQ607866 Sucrose synthase 2.1 Up, soft
CV066675 Putative protein 1.5 Down, soft
(AL035602)
CV064591 Putative blue copper 1.7 No hybridisation
(AC003105)

“The nonscaled ratio gives the actual difference in expression be-
tween soft and hard seeds as observed on the microarrays. Positive
values indicate up-regulation of the gene in soft seed

®The description indicates the level of expression observed for the
probe when comparing the hybridisation intensity from the RNA
of the soft and hard seed
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Table 4 TRMA results from the microarray analysis of the Falcon
NIL comparing two replicate arrays

Table 5 TRMA results from the microarray analysis of the Pina null
cultivars

Identification Name Log," Standard  Identification Name Log," Standard
deviation deviation
Early BF428929 Puroindoline-a (Pina) 2.75 0.86
BQ606978 Alpha-purothionin —1.08 0.00 BQ606719 Puroindoline-a (Pina) 1.97 0.74
BQ607864 Alpha 2 purothionin —1.27 0.08 BQ608212 HSP 70 (AF005993) 1.05 0.38
BQ608643 Alpha-purothionin —1.06 0.24 CV066040 No hit* 0.88 0.16
BQ609391 Grain softness protein —1.25 0.17 UNKNOWN?® UNKNOWN —0.82 0.23
(GSP-1) 8101 8104 9 23
Middle AL811585 proteasome Z subunit —0.87 0.42
MIXED® Hordoindoline-a (Pina) 2.40 0.17 BQ605670 No hit —1.04 0.52
MIXED Hordoindoline-a (Pina) 2.63 0.13 BQ609159 Bril-associated —-1.37 046
BQ606719 Puroindoline-a (Pina) 5.87 0.10 receptor-like kinase
Late BF424643 No hit -3.04 1.23
MIXED Hordoindoline-a (Pina) 1.35 0.04
MIXED Hordoindoline-a (Pina) 1.25 0.21 4The data are expressed as Log to base 2 transformed ratios; po-
BQ606719 Puroindline-a (Pina) 1.84 0.32 sitive values indicate up-regulation of the gene in soft seed
BQ608545 Bowman Birk trypsin —1.78 0.72 PUNKNOWN indicates that no sequence was obtained for this

inhibitor

“The data are expressed as Log to base 2 transformed ratios; po-
sitive values indicate up-regulation of the gene in soft seed
°MIXED indicates that two different genes were at the same
location on the array; the gene listed is the one that hybridised to
the probe

A comparison of wheats containing the Pinb
and null Pina mutation

These comparisons were made between soft and hard
wheats, where the hardness of the seed was attributed to
either the Pina null or the Pinb mutation. The material
labelled for the array was total RNA obtained from 9- to
10-DPA endosperm tissue. The comparisons made were
those listed in the Materials and methods section. As
with the previous experiment, the hard line was con-
sidered to be the control and labelled with Cy3 (no dye
swap). These comparisons were made using the NSW-
CAG array, which contains the same endosperm clones
as present on the array used for the Heron and Falcon
NIL experiments but with an additional 11,000 clones
from a range of tissues (see Materials and methods).

For the two Pina null lines, those genes differentially
expressed in both comparisons are listed in Table 5. The
major change was associated with expression of Pina,
which was up-regulated in soft seeds. Several other genes
are listed in Table 5 which had an approximate twofold
up or down difference in expression level compared to
the hard seed. Not one of these clones, however, was
identified in the Heron and Falcon NIL comparisons.
Following sequence verification of these clones and a
blast comparison, the majority were unknown se-
quences. However, as these clones were identified from
only two replicates, and given the variability of gene
expression seen at this early development stage, we did
not characterise them any further.

When lines with the Pinb mutations were compared
with soft wheats (four microarrays at 100% stringency)
no genes were identified as being differentially expressed
at 9-10 DPA.

feature on the array
“No hit means that no match was found for the gene sequence of
that feature with either a BLASTX or BLASTN search

6-8 DPA seed RNA
H S

15-18 DPA seed RNA

H S H S H S

Pina Pinb

Alpha-
purothionin

Gsp-1

Fig. 1 Total RNA from wheat cv. Heron hybridised, from left to
right, with alpha-purothionin, Gsp-1, Pina and Pinb probes. The
time of exposure of the autoradiographs varied for each probe. The
difference in the level of endosperm expression for these genes
between the NILs of Heron is shown. H Hard seed, S soft seed
RNA

The complete data sets used for these analyses are on
the GENA database at http://www.pi.csiro.au/gena/. All
of the clones identified on the array were sequence-ver-
ified from the cDNA used for the microarray.

Northern analysis to verify expression

Total RNA was prepared from fresh batches of seed
from the soft and hard Heron NIL. For the Northern
analysis, RNA from the same developmental stage as
that used in the microarray experiments was used for
validation of the genes: from the early stage, alpha-
purothionin and GSP-I; from the middle stage, Pina
and Pinb. At the early developmental stage, GSP-I1 was



Table 6 Quantitative RT-PCR results® for genes identified in the
microarray experiments as being differentially expressed. The re-
sults represent average values from four repeated experiments

Heron NIL Falcon NIL

Early® Middle® Early Middle
Alpha-thionin 1.3 1.2 1.1 1.7
Pinb 4 1.5 1.1 2.1
Gsp-1 3 0.6 1.0 2.1

“Ratio values are given: positive values indicate up-regulation of
the gene in soft seed

®Early RNA is from 6-DPA endosperm tissue; Middle RNA is
from 15-DPA endosperm tissue

up-regulated and alpha-purothionin was down-regu-
lated in hard seed. At the middle stage, Pina was only
expressed in the soft seed, and Pinb was equally ex-
pressed in both types of seed (Fig. 1). These results
confirmed the expression pattern observed on the
microarray, except for the alpha-purothionin gene which
showed the opposite expression pattern.

RT-reverse PCR

The expression changes observed on the Northern
analysis were quantified using RT-PCR for Pina and
Pinb, Gsp-1 and the alpha-purothionin genes. For this
analysis, RNA was extracted from both the Heron and
Falcon NILs at the early and middle developmental
stages. The RT-PCR reaction was repeated four times
for each gene using the same RNA sample. The results
for the Pina gene are not presented because no product
was amplified from the hard seed and it was conse-
quently not possible to give a ratio value. Also, at the
early stage using the Heron hard seed RNA, the Pinb
and Gsp-1 genes gave practically no measurable product,
and this skewed the results towards soft seed expression
(Table 6).

Discussion

Microarrays offer the opportunity to directly compare
the gene transcription profile of a “test” and a “control”
phenotype and identify those genes that are associated
with the difference in phenotype. Microarray compari-
sons are limited, however, by the gene coverage of the
species under investigation and the level of differential
gene expression that can be accurately determined.

In the first study presented here we evaluated the
differences in gene transcription between soft and hard
seed NIL of wheat at three time points. The genes used
for this analysis were approximately 5000 unique cDNA
clones isolated from wheat and barley endosperm tissue.
An evaluation by Clarke et al. (2000) has demonstrated
that 4000-8000 genes would be expressed in developing
endosperm at an early to middle grain filling stage.

1265

The results for the Heron and Falcon NILs show that
the Pin genes were not differentially expressed at the
early stage of grain filling—6 DPA—in either the Falcon
or Heron background. At 15 DPA, the Pina and Pinb
genes showed increased expression in the soft grain of
Heron, and this persisted into the late stage of devel-
opment, 25 DPA. In the Falcon background, only Pina
was differentially expressed at the middle and late
developmental stages; the expression of Pinb at these
same time points was inconsistent among the replicate
microarrays tested. In the RT-PCR analysis of the
Heron and Falcon samples, at mid-endosperm devel-
opment, a 1.5-2-fold increase in soft seed expression was
demonstrated for the Pinb gene. These findings are
similar to those of Turnbull et al. (2002) who measured
the amount of the puroindoline proteins. Using enzyme-
linked immuno-absorbent assay (ELISA), they showed
that at 10 DPA they were unable to detect PINA protein
in either the soft or hard grains of the Falcon or Heron
lines. From 15 DPA onwards, there was a 30-fold in-
crease in the amount of PINA and about a twofold in-
crease in the amount of PINB in the soft grain and this
difference was maintained until grain maturity.

Although Pinb has been associated with grain soft-
ness in many studies (Beecher et al. 2002; Krishnamur-
thy and Giroux 2001), the transcript abundance did not
vary significantly between soft and hard seeds in any of
the wheats tested here. These observations and the ab-
sence of any other significant transcriptional changes
would lead one to conclude that the Pin genes are the
primary cause of grain softness and that both these
genes need to be present for the grain texture to be soft.
The model proposed by Giroux and Morris (1998) in
which they speculate that both puroindoline proteins
need to be present and functional in order for the grain
to be soft is in agreement with this observation. A more
recent study by Capparelli et al. (2003) also demon-
strated that the level of friabilin associated with starch is
regulated by the level of expression of the Pina tran-
script. These researchers concluded that for fully func-
tional friabilin (which determines grain softness) both
PINA and PINB are required. In contrast, for rice it has
been shown that the expression of Pinb alone is sufficient
to bring about increases in grain softness (Krishna-
murthy and Giroux 2001). This observation represents
an important difference between the model proposed for
wheat and experimental results reported for rice. These
differences could be due to the very different composi-
tion of the rice and wheat endosperm (Kavakli et al.
2000).

In this study, we observed inconsistent gene expres-
sion among the replicates at the early stage of endo-
sperm development. At this early stage, differential gene
expression was identified for a variety of genes in the
TRMA analysis, but only when two biological replicates
were compared. A Northern analysis of several of these
clones on RNA isolated from new plant material con-
firmed the inconsistent expression patterns at this early
stage of endosperm development (Table 3). This incon-
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sistent gene expression profile observed among the rep-
licates at 6 DPA probably means that the gene changes
observed are not involved with grain texture but that
they are more likely associated with differences in grain
development. Although every effort was made to select
only seeds for each replicate at the same developmental
stage, inevitably 1-day to 2-day differences in develop-
ment may have been missed. This variation in seed
development is especially critical for the early time
points when so many changes are taking place in a rel-
atively short time frame. For instance, between 1 DPA
and 5 DPA the seed progresses from fertilisation
through nuclear division to form a multinucleate cyto-
plasmic matrix around the periphery of the central cell.
Cell-wall formation then takes place to form large vac-
uolate cells (Simmonds and O’Brien 1981). During these
rapid changes, many genes would be expected to be
active for short periods of time. The fact that the genes
observed as being differentially expressed in the early
Falcon NIL comparison were not the same as those
observed in the early Heron NIL comparisons tends to
give weight to this conclusion.

In a second study, we evaluated differences in
transcription between a range of soft and hard wheat
cultivars which either had the Pina null or a Pinb
mutation causing hardness. For this study, the array
contained the same 5,000 endosperm clones as used in
the first study but with an additional 11,000 unique
sequences from a range of wheat tissue types. The
logic behind this comparison was the assumption that
the underlying mechanism influencing grain texture
would be the same among the cultivars compared, the
Pina null or the Pinb mutation. It was assumed that
gene expression representing cultivar differences would
be removed by comparing the arrays in the analysis at
100% stringency—i.e. only those genes that occurred
in all of the arrays would be considered to be differ-
entially expressed. With the Pina null comparison,
only two cultivars were available and, hence, the large
number of additional genes observed. However, with
the exception of Pina, none of the other genes iden-
tified were in either the Heron or Falcon NIL com-
parisons, Therefore, it was assumed that these genes
were not linked to grain hardness. No genes were
identified as being differentially expressed in the Pinb
null comparison.

Our results indicate that it is necessary to do more
biological replication at early developmental time points
in order to differentiate between those genes that are
involved in the trait of interest and those that are in-
volved in development. A greater level of replication,
however, could mask those genes active for short time
periods, unless the developmental stages of the biologi-
cal replicates are accurately synchronised.

Another complicating factor for wheat microarray
experiments is the hexaploid nature of its genome. With
three homoeologous genomes and many multi-gene
families, most genes on the array are the target for at
least three and possibly more related genes from the test

and control RNA. These genes, although related by se-
quence similarity, could carry out different but related
functions in the plant. However, the sequence similarity
could lead to cross-hybridisation, which would mask or
distort the ratio of differential gene expression observed.
The hybridisation conditions that we used in the
microarray experiments allow genes with an 80%
sequence similarity to anneal. Therefore, cross-hybridi-
sation may occur among gene family members. This
cross-hybridisation may partly explain the differences
observed between the microarray and the Northern
analysis because in the Northern analysis more stringent
hybridisation conditions were used to discriminate
between the target and probe sequences. Another reason
for the differences could be that RNA from slightly
different developmental time points was evaluated in the
Northern analyses than in the microarray (as discussed
above).

The similarity of the genomic DNA between the hard
and soft seed in both the Heron and Falcon back-
grounds is evident from the small number of genes listed
as being differentially expressed in this microarray
analysis. These results suggest that it is the presence of
functional Pina and Pinb genes, rather than their
expression level, which is the major determining factor
in grain texture. In addition, if other genes are involved
in the hardness character their function is not influenced
by transcriptional regulation, or the genes were not
present on the microarray.
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