
Introduction

Wheat is among the most important cereals culti-
vated (FAO 2006). No other cereal makes a satis-
factory pasta or leavened bread and these unique
grain properties were selected for (Stoddard
1999). Grain starch and storage protein constitu-
tion largely determines wheat nutritional value
and downstream use and varies markedly among
cultivated and natural-growing species. Wild
wheat species have smaller grains because they
contain visibly less starch, and in some species
they have fewer of the small starch (B- and C-)
granules (Stoddard 1999), but have a higher pro-
tein content with more diverse polypeptides than

in the cultivated wheat (Kan et al. 2006). Selective
forces from human agrarian activity therefore
have led to drastic changes in grain biochemistry.

Domestication and genetic selection also re-
duced genetic polymorphism in cereals (Flint-
Garcia et al. 2003). Since the nutritional makeup
of the grain was significantly modified, it follows
that these genes should be disproportionately af-
fected. Storage protein genes are rich in sequence
diversity, copy number and isoform-types among
wild wheat species. That richness, however, is
greatly reduced in bread wheat (Haudry et al.
2007). In contrast, starch biosynthetic gene prod-
ucts are metabolically active and may have greater
evolutionary constraints to maintain functionality.
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There is generally little sequence diversity among
starch pathway genes when examined in maize
cultivars and landraces (Whitt et al. 2002). Still, in
some instances, polymorphisms within starch
genes that discriminate between wild and culti-
vated wheat have been identified (Caldwell et al.
2004; Konik-Rose et al. 2009; Shapter et al. 2009),
and several starch genes show strong purifying se-
lection in maize (Manicacci et al. 2007; Whitt
et al. 2002), sorghum (Hamblin et al. 2007) and
rice (Tian et al. 2009). These studies focused on a
limited subset of genes. A more global overview
of the starch and carbohydrate biosynthetic path-
way may reveal greater sequence and gene expres-
sion differences caused by domestication. Several
aspects of starch transcriptional regulation are
poorly understood and perhaps under-studied and
thus more effort is needed in this area (Sun et al.
2005; Tanaka et al. 2009).

One way to identify potential genetic differ-

ences between organs that vary in seed storage

products is to compare their transcriptional pro-

files (Hazen and Kay 2003). The differential ex-

pression of a suite of genes could be the basis for

compositional divergence found between wild and

cultivated cereal grain (Stoddard and Sarker

2000). This is important because of the aforemen-

tioned lack of diversity in the starch metabolic

genes compared to that seen in other pathways

(Whitt et al. 2002). Identifying allelic diversity in

starch genes would be useful for increasing yield,

or the physico-chemical properties of starch that

affect functionality and downstream use of cereals

in the food and non-food industries (Wilson et al.

2006).

In this study we used a custom cDNA macro-

array to compare the transcriptional patterns of

storage product genes in bread wheat and the re-

lated wild species, Ae. crassa and Ae. tauschii.

There have been several descriptions of

multi-stage transcript activity in developing wheat

grain (Gregersen et al. 2005; Laudencia-

Chingcuanco et al. 2007; Wan et al. 2008; Wilson

et al. 2004), some that looked at the correlations

between storage product composition and gene ac-

tivity (Shewry et al. 2009; Stamova et al. 2009a)

and one that made comparisons with wild wheat at

a single developmental stage (Kan et al. 2006).

However, a more comprehensive approach that

compares wild species at different developmental

stages, and that makes some connection between

starch and protein content, can complement and

fill an important gap in knowledge, that has not yet

been explored. We characterized the storage pro-

tein and carbohydrate profiles of mature grain of

these wheat species, providing a starting point

from which to interpret the transcriptional differ-

ences we observed. Transcripts at two or three

stages of development were compared and those

that did not behave similarly between species were

identified. The basis for these differences could be

due to sequence, copy number or expression

polymorphisms. Partial fragments of two

thus-identified starch genes were sequenced to de-

termine the potential basis for the diverged expres-

sion pattern. The results are reported below.

Materials and methods

Plant material

Seeds of Aegilops crassa var. crassa TA2217

(AE847) and Aegilops tauschii were a kind gift

from Dr. Steven Reader, the John Innes Centre,

Norwich, UK. Triticum aestivum cv. Hi-Line

wheat plants were grown as described previously

(Leterrier et al. 2008). Aegilops crassa var. crassa

and Aegilops tauschii were grown similarly, ex-

cept for the fact that plants were vernalized for 6

weeks at 4–6°C in the dark once they reached the

two-leaf stage. This was an absolute requirement

for flowering in these species. The vernalized

plants were transplanted into gallon-pots and were

frequently treated with Marathon granular insecti-

cide (Olympic Horticultural Products, Mainland,

PA) and a mix of Flusilazole/KQ926 fungicide

(DuPont Crop Protection, Wilmington, DE).

Triticum aestivum cv. Hi-Line wheat plants were

also treated with these chemicals as needed to

maintain plant health and to ensure that all species

reached maximum yield potential. All plants were

fertilized with one application of Sierra 17-6-12

slow release fertilizer (Scott’s-Sierra Horticultural

Products Co., Marysville, OH).

Caryopses were sampled based on mass, as it was

difficult to accurately determine when anthesis oc-

curred in the wild species. For T. aestivum days

post-anthesis (DPA) corresponded to caryopsis

mass, approximately as follows: 13 mg, 5–10

DPA; 16 mg, 10–15 DPA and 22 mg, 15–20 DPA.

Developing caryopses were harvested, weighed,

the endosperm was dissected from the embryo and

pericarp and was then flash-frozen in liquid nitro-

gen and stored at –80C until used. The mass of the

caryopses harvested for Ae. crassa was 10, 15 and

20 mg and for Ae. tauschii 10 and 15 mg, respec-

tively. These stages corresponded to early and

mid-development.
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Starch estimation, starch isolation and starch

particle size analysis

Starch was assayed using 50–500 mg of endo-

sperm using a hexokinase assay kit from Sigma

(St. Louis, USA), as described by (Luengwilai and

Beckles 2009a, 2010). Starch was purified from

approx. 20–25 grains, which were homogenized in

3 volumes of extraction buffer (MOPS

([N-morpholino]-propanesulfonic acid pH 7.5, 25

mM MgCl2 and 2 mM EDTA). The extract was fil-

tered through 3 layers of muslin and then clarified

by centrifugation at 15 000 g for 3 min. The pellet

was re-suspended in 1.5 mL water and layered on

a cushion of 5 mL 80% (w/v) cesium chloride in a

10 mL tube. After centrifugation at 1000 g for 10

min. the supernatant was removed and the starch

pellet was recovered and washed by centrifugation

in water repeated 3 times. Starch was then washed

in 2% (w/v) SDS followed by 8–12 washes in wa-

ter. The washed pellet was suspended in 80% (v/v)

acetone at –20C and stored overnight in a watch

glass. Particle size analysis of the washed starch

was performed with a Mastersizer 2000 Particle

Size Analyzer (Malvern Instrument Ltd., Malvern,

UK). For light microscopy a 1-mL suspension of

purified starch was stained with Lugol’s solution

and examined. Two separate extractions were con-

ducted for each sample.

Total Carbon (C) and Nitrogen (N) analysis

Three batches of 5 fully mature wheat caryopses

from each species were milled separately in an

UDY mill (UDY Corporation, Fort Collins, CO,

USA). Total C and N were determined using a

flash combustion system coupled with gas chro-

matography and a thermal conductivity detection

system .

SDS-PAGE analysis of grain proteins

Approximately 10 mg of milled whole grain flour

used for C and N analysis were vortexed in a

buffer containing 50 mM Tris-HCl pH 7.8, 100

mM KCl, 5 mM EDTA, as described by (Hurkman

and Tanaka 2007). The procedure for SDS-PAGE

of KCl-insoluble proteins was previously pub-

lished .

cDNA Macroarray analysis

Total RNA extraction and mRNA amplification

Total RNA from tissue samples (ranging from

0.1–1g) was extracted as described in Leterrier

et al. (2008). Total RNA was further purified by

precipitation with 0.5 volumes of 7 M ammonium

acetate and 3.5 volumes of ethanol. The RNA pre-

cipitate was washed twice with 75% (v/v) ethanol,

re-suspended at 0.5 mg mL–1 in water, LiCl was

added to 2 mM, and the solution was incubated at

4oC for 2 h. The solution was centrifuged at 15000

g for 15 min and the precipitate was washed twice

with 75% (v/v) ethanol and re-suspended in 10

mM Tris-HCl, pH 8.5. Poly A+ amplification was

performed with Message Amp (Ambion, Texas,

USA); the amplified RNA (aRNA) was checked

for integrity using gel electrophoresis.

Wheat cDNA array construction

Wheat cDNA clones were selected primarily from

caryopsis libraries contained within the DuPont

(Wilmington, DE) EST database; these sequences

and details of the libraries have been deposited at

NCBI (Genbank) (http://www.ncbi.nlm.nih.gov/).

Briefly, examples of libraries from which the

clones were selected included those of wheat de-

veloping kernels at an early stage of development

3-7 DPA - stage 1 (wdk1); wheat kernels malting

(wkm) and wheat leaves normalised (wl1n),

among others (details for each clone are found at

NCBI). Our sampling was biased towards clones

representing genes involved in carbohydrate and

storage protein biosynthesis, but approx. 200 of

the 1050 clones were randomly selected. As many

clones representing the same gene as possible

were used whenever it was feasible. Clone inserts

were PCR-amplified and spotted onto the array as

described by (Lee et al. 2002). The entire set of

clones was duplicated on the slide. The cDNAs

discussed in this article were re-sequenced to con-

firm their identity. The annotation of all sequences

mentioned in this publication was re-checked us-

ing BLAST at NCBI on November 20th 2008.

cDNA hybridization and data processing

Endosperm samples were from 6 individual

plants. RNA was extracted individually and then

pooled and subsequently used for 4 technical rep-

licates with 2 flip-dye experiments. A common

reference design was used, where the endosperm

from T. aestivum weighing 22 mg was the refer-

ence sample and all hybridizations were per-

formed against this. Probe labeling, purification

and washing were performed as described by Lee

et al. (2002). Slides were scanned using

ARRAYVISION 4.0 software (Molecular Dy-

namics and Imaging Research, Ontario, Canada).
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The average background intensity was calculated

using empty spots and was subtracted from the in-

tensity measured in the clones as described in Lee

et al. (2002). The means of the duplicated spot in-

tensities within slides were calculated. The data

was normalized both within and between slides,

using a linear transformation and error coeffi-

cients were calculated. Files containing raw data

from the Scanner, the normalized data, and inten-

sity data averaged across experiments can be

found in the Supplemental datasheet. Principal

component analysis was performed by log10-trans-

formation of normalized transcript data as de-

scribed previously (Stamova et al. 2009b).

Gene cloning for sequence analysis

Genomic DNA was isolated from each of the

wheat genotypes using Genelute kits (Sigma

Aldrich, St. Louis, MS). PCR amplification was

performed with GC- Advantage polymerase

(Clontech, Palo Alto, CA) exactly as described in

Leterrier et al. (2008). The primers used to am-

plify the SbeIIa promoter were designed using se-

quence AY357072 isolated from Triticum

aestivum cultivar Yumai-18. The primers were

5’-TATTGCGCCATGCTAAGTTCTG-3’ and

5’-CACACCACTCTGCTCCAAAA-3’ for Ae.

crassa and 5’-GATTGGTTTGGTATGTGATT

ATTCC-3’ and 5’-AGTGTGCCGTGTGTGAG

TGT-3’ for Ae. tauschii. Primers used to amplify

the genomic clone of Brittle-1 were designed us-

ing EST Genbank ID BT008958. A single clone

was amplified from both species using primers

5’-GGCCAGTGAGGGAGTGAAGGAC-3’ and

5’-AAGGCGCCACTTCCAGCTTAGG-3’, which

were then sequenced using primers 5’-CCG

AGTCAGGAGCTTGGAC-3’, 5’-ATGCAGAA

GGACGTGTACGA-3’, and 5’-CACCATCG

AGGTGAACACACA-3’. PCR fragments were

subcloned and sequenced as described in Leterrier

et al. (2008). Sequence Genbank Accession num-

bers are as follows: Ae. crassa SBEIIa (AcSBEIIa)

promoter GQ356785, Ae. tauschii (AtSBEIIa)

promoter GQ356786, genomic clone for Brittle-1:

T. aestivum (TaBt1) GQ916634; Ae. crassa

(AcBt-1) GQ916635. Cis-elements in the SBEIIa

promoter regions were identified using

PLANTPAN (Plant Promoter Analysis Navigator)

http://plantpan.mbc.nctu.edu.tw/. All other

bioinformatic analyses were as described in

Leterrier et al. (2008).

Results

Biochemical properties of starch and protein

isolated from wheat endosperm

Light microscopy of starch showed that Ae. crassa

and Ae. tauschii had larger A-granules (10 μm or

greater and lenticular in shape) and fewer of the

small of B-granules (less than 10 μm and spheri-

cal) than T. aestivum at maturity (data not shown).

These distributions were supported by laser dif-

fraction of starch (data not shown). Triticum

aestivum accumulated more than double the car-

bon per caryopsis compared to Ae. tauschii and

Ae. crassa, respectively (Figure 1). In contrast, a

greater percentage of nitrogen was found in the

primitive wheat compared to T. aestivum, but ni-

trogen content per seed was the same (Figure 1).
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Figure 1. Storage product accumulation in wheat

caryopses. A). Total carbon (C) and nitrogen (N) of fully

mature endosperm of Triticum aestivum, Aegilops crassa

and Aegilops tauschii. Error bars indicate mean ± SEM of

3 replicates containing 3 mature caryopses. Caryopses

were milled and the powder analyzed using AOCC

methods. Values are expressed as a percentage of grain

mass as well as mass per grain.



The profiles of KCl-insoluble proteins, i.e. the

high and low molecular mass (H- and LMW)

glutenin subunits and the gliadins which make up

the gluten complex, were investigated using

SDS-PAGE (Hurkman and Tanaka 2004). The

amount of protein and the number of different mo-

lecular weight constituents were higher in Ae.

crassa compared to T. aestivum and Ae. tauschii

(Supplemental (Suppl.) Figure S1) consistent with

the higher percentage of nitrogen in the caryopses

of Ae. crassa (Figure 1).

Comparison of transcriptional profiles

To detect diverged sequences and differences in

the expression of storage product genes in the de-

veloping endosperm tissue of wild and cultivated

species, ~1000 clones from wheat cDNA libraries

were arrayed onto a chip. Expression patterns of

ten T. aestivum transcripts were also determined

by semi-quantitative RT-PCR with the same RNA

samples to confirm transcript changes in this spe-

cies (Suppl. Figure S2A). Where possible, a mini-

mum of two different clones representing the same

gene isoform were spotted onto the array and were

used to serve as controls: if both (or all) of these

clones showed a similar hybridization pattern,

then the possibility that the result arose by chance

or an experimental error would be reduced.
To identify the structure of the data principal

component analysis (PCA) was used (Figure 2A).
Each symbol represents a sample and symbols that
cluster together indicate that the transcriptional
profiles of those samples are similar. The data par-
titioned into three sets, based more on grain mass
rather than genotype (Figure 2A). The relationship
between the groups (samples) and the variables
(transcriptional expression) can be found by ana-
lyzing the PCA loading plot (Figure 2B). Outlying
transcripts have a greater impact on PCA separa-
tion and included Low Molecular Weight
glutenins and hordeins (Figure 2B). The
transcriptional activity of actin, a constitutively
expressed gene, was almost identical across devel-
opmental stages and species (Suppl. Figure S2B).
This suggests that housekeeping genes may be
similarly expressed in the tissues examined and
that the differences in transcriptional profiles ob-
served may be associated with physiological, bio-
chemical processes that differ between samples,
rather than by genetic differences in agreement
with the PCA profile (Figure 2A).

Transcriptional profiles of storage protein

genes. The expression level and the rate of change

for twenty-two of the twenty-five storage protein

clones identified during caryopsis maturation

were higher in Ae. crassa and Ae. tauschii than in

T. aestivum (Suppl. Figure 3). Exceptions to that

typical pattern were seen in an a-gliadin clone

(wdk2c.pk018.d2; Suppl. Figure S3A) and a

b-amylase clone (wdk2c.pk011.f20; Suppl. Fig-

ure S3C), both of which were expressed more

strongly in T. aestivum than in the wild wheat spe-

cies. In most instances, Ae. crassa expression was

similar to Ae. tauschii, although some exceptions

were found.

Transcriptional profiles of carbohydrate me-

tabolism genes. Transcripts associated with starch

biosynthesis were focused on. The aim was to

identify similar patterns between the wild rela-

tives, but which differed from those in bread wheat

and would be associated with the differences in

starch metabolism.
ADPglucose pyrophosphorylase catalyzes the

first committed step in the starch biosynthetic
pathway. It is a tetramer of two small subunits
(SSU) that are conserved across species, and two
large (LSU) subunits, that are more divergent and
are plastidic and cytosolic isoforms (Beckles et al.
2001). The levels of the AGPase plastidic LSU
transcripts cloned from leaf (LSUL) and cytosolic
SSU were similar; however, there were marked
differences in the transcriptional profiles of the
cytosolic LSUs cloned from the endosperm
(LSUE). Four-fold increases in the transcript in
T. aestivum and Ae. tauschii were recorded, while
there was minimal change in Ae. crassa (Fig-
ure 3A).

There were no substantive differences in ex-
pression patterns associated with the G6P/Pi and
ADP/ATP transporter clones among the cultivated
and wild wheat species (Figure 3B), only the
ADPglucose- (ADPG), (Brittle-1) gene showed
differences. In Ae. crassa Bt-1 decreased, it
showed a small increase in Ae. tauschii, while in
T. aestivum it increased almost three-fold.

Starch synthases (SSs) are alpha-1,4-glyco-

syltransferases that extend amylopectin and

amylose glucans that make up starch, of which

there are 5 isoforms (Leterrier et al. 2008). Our ar-

ray contained SSI, SSIII and granule bound starch

synthase (GBSSI) and the patterns were similar

between the different wheat species (Figure 3C).

The alph� 1,6-glycosidic branchpoints of
amylopectin and amylose are catalyzed by starch
branching enzymes (SBEs). There are four charac-
terized isoforms in wheat – SBEI, SBEIc, SBEIIa
and SBEIIb (Peng et al. 2000). The change in
transcriptional abundance associated with SBEIIb
and especially SBEIIa was greater in T. aestivum
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than that seen in the wild wheat species, while for
SBEI it was generally the same (Figure 3D).

The starch debranching enzymes, isoamylase

and pullulanase, exhibit two types of alph�
1,6-glycosidic debranching activity and both may
influence granule size (Burton et al. 2002; Stahl
et al. 2004). Pullulanase showed higher levels of
expression in T. aestivum, although the change
through development was similar in all the three

species. Isoamylase expression increased some-
what in both of the wild species, but decreased
during T. aestivum endosperm development (Fig-
ure 3E).

Sequence analysis of SBEIIa promoter in bread

wheat and Aegilops species

The expression profiles of some carbohydrate

genes differed and we wished to obtain sequence
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Figure 2A. Multivariate analysis of the macroarray dataset by Principal Component Analysis. PCA provides an

overview of the structure of the data and allows relationships between samples to be detected. Normalised signal

intensities were log10-transformed and the principal components extracted. The first two principal components (PC 1 and

PC 2) accounted for 87% and 5% of variation within data. The key is as follows: The number indicates the mass of

caryopses (in mg) from which the endosperm was sampled. For example 13 is endosperm sampled from grain of mass 13

mg. The colour of the circle represents one of three wheat species as shown on the graph.

Figure 2B. Multivariate analysis of the macroarray dataset by Principal Component Analysis. Loading scores of the PCA

plot to show variables (transcripts) that contributed most to PCA separation. Transcripts that cluster close the origin are

considered to have minimal influence on PCA separation, while those that are farther apart contribute most to the

separation of the PCA plot.



data to identify potential polymorphisms. We

chose SBEIIa and Bt1 for two reasons. SBEIIa has

been shown to have biotechnological significance

in wheat and the promoter sequence is available

(Regina et al. 2006). The Bt-1 gene has not yet

been cloned from wheat, even though these trans-

porters may have a high degree of control over

starch biosynthesis (Kirchberger et al. 2007).

The promoter region of the SBEIIa gene was

amplified by PCR from Ae. crassa and

Ae. tauschii to see if differences in the regulatory

motifs could be identified. The fragment from Ae.

tauschii (GQ356786.1) was 2791 bp and aligned

from nucleotide (nt) 78 to 2873 of the T. aestivum

sequence in the database (AY357072.1). This se-

quence was derived from a single PCR product.

Additional PCRs produced two overlapping frag-

ments and the contigs developed were almost

identical to the single clone. Sequence homology

with bread wheat was 99%, as there were only 16

SNPs over the 2791 nucleotides compared (data

not shown). The most notable disparity between

Ae. tauschii and T. aestivum was a (CT)2

microsatellite inserted at position 2805 in bread
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Figure 3 A–C. Transcriptional profiles of starch biosynthetic genes obtained using a cDNA macroarray. Key is as follows: On

the X-axis A -Triticum aestivum, C - Aegilops crassa ; T - Aegilops tauschii. The number indicates the mass of the caryopses

(in mg) from which the endosperm was sampled. For example, A13 is Triticum aestivum sampled from caryopses of mass 13

mg. Each graph shows the changes in relative gene expression in developing caryopses of Tritium aestivum (A13, A16 and

A22), Aegilops crassa (C10, C15, C20) and Aegilops tauschii (T10, T15). A) Expression of genes encoding ADPglucose

pyrophosphorylase (AGPase) subunits. SSU- Small subunit, LSUE-Large subunit cloned from endosperm, LSUL-Large

subunit cloned from leaf. B) Expression of genes encoding plastidic transporters: ADPglucose transporter (Brittle-1),

ADP/ATP Transporter and the G-6-P/Pi Transporter. C) Expression of genes encoding Starch Synthases. Clone names are

shown on each graph e.g. wl1n.pk0111.g11 is a clone from a wheat leaf library that was normalized (wl1n). The name also

indicates that the clone was on 96-well plate # 111 at position g11. Other examples of libraries from which clones were

selected include: wdk - wheat developing kernel; wle - wheat leaf etiolated; wpi - wheat pistil; wre - wheat root; wkm - wheat

kernel malting library. For more details see Materials and methods.



wheat, which was absent in Ae. tauschii (Fig-

ure 4A).

The fragment from Ae. crassa (GQ356785.1)

was derived from 2 overlapping fragments, which

gave a contiguous length of 2277 nucleotides and

aligned to nucleotides 33 to 2286 of bread wheat.

Several indels and SNPs (30) were found in this

sequence compared to Ae. tauschii and bread

wheat. The regions of greatest ambiguity were

found towards the 3’ end of the sequence (from nt

2136 to 2382 in bread wheat) and are shown in

Figure 4B. This region also included a 56 bp dele-

tion in Ae. crassa.
These sequences were scanned for

cis-elements previously identified in wheat and
barley using PlantPan (Chang et al. 2008), and
they were highlighted (Figure 4C). This simple
analysis illustrates the potential effect of the many
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Figure 3D–E. Transcriptional profiles of starch biosynthetic genes obtained using a cDNA macroarray. D) Expression of

genes encoding Starch Branching Enzymes. E) Expression of genes encoding Starch Debranching Enzymes: Isoamylase

and Pullulanase.

Figure 4A. Analysis of Starch Branching Enzyme IIa promoters from Ae. crassa, Ae. tauschii and T. aestivum.

A microsatellite (shown in the green box) identified in T. aestivum, but absent in Ae. tauschii. There was no sequence

available for Ae. crassa over this region.



indels in Ae. crassa on the transcriptional activity
of the gene. Based on this analysis there would be
little alteration in AtSBEIIa compared to the
hexaploid bread wheat. In contrast, AcSBEIIa po-
tentially lacks a GAMYB element found at nts
2156 and 2235 in AtSBEIIa and TaSBEIIa, respec-
tively, a CBFHV found at nts 2295 and 2374 in
AtSBEIIa and TaSBEIIa, respectively. In addition,
only AcSBEIIa has an ABA responsive element
(ABRE)" of wheat and rice at nt 1986.

Sequence analysis of ADPG Transporter

(Brittle-1)

The Brittle-1 genomic clone isolated from

T. aestivum and Ae. crassa by PCR is the first de-

scription of the genomic sequence from cereals.

The sequences isolated include all of the exons,

but lack the 5’ upstream non-coding region (Fig-

ure 5A). The partial clone from T. aestivum

(GQ916634; TaBt1) is 2223 bp with 4 exons and 3

introns, while that from Ae. crassa (GQ916635;

AcBt1) is 2329 bp (Figure 5A). The introns

showed a high degree of homology (91, 96 and

87% for introns 1, 2 and 3, respectively) between

species. There were two wheat cDNA sequences

containing almost all of the coding regions of Bt1

(BT008958) from T. aestivum cv. Hi Line and

AK333981.1 from T. aestivum cv. Chinese Spring.

The predicted amino acid of TaBT1 from T.

aestivum and AcBt1 were compared to other

orthologues in Genbank using Clustal W (Fig-

ure 5B). Functional motifs and conserved regions

were identified using the sequence annotation

published for the maize orthologue (Kirchberger

et al. 2007). The AcBT1 sequence was most

similar to the Chinese Spring cultivar (Score 98),
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Figure 4B–C. Analysis of Starch Branching Enzyme IIa promoters from Ae. crassa, Ae. tauschii and T. aestivum.

Selection of indels identified between AcSBEIIa, and, AtSBEIIa and TaSBEIIa. Sequences were aligned over common

overlapping regions and the extent of sequence differences determined. C). An overview of predicted cis-elements found

in the SBEIIa promoter regions. This analysis was performed using PLANTPAN, which scanned for known

transcription factor binding sites previously identified in wheat and barley. Shown are elements found only on the

positive strand of identical regions between species. The symbols are as follows: + is loss of motif in Ae. tauschii,

triangles show elements missing or inserted in Ae. crassa and asterisks show elements not present in T. aestivum, but

found in the other two species. The most commonly identified elements were GAMyb - gibberellin-regulated Myb;

PYRIMIDINEBOXOSRAMY1A - Pyrimidine box found in rice (O.s.) alpha-amylase (RAmy1A) gene;

-300ELEMENT



while the other T. aestivum sequences were more

similar to each other (Score 96). These

polymorphisms were synonymous, resulting in

very few amino acid sequence differences be-

tween these species (Figure 5B). When the highly

conserved regions were compared AcBT1 differed

by only one amino acid - a glycine was substituted

for serine at amino acid 128, which did not appear

to be in a region that defined Bt1 function.

Discussion

The aim of this work was to identify genes which
have different patterns of expression between wild
and cultivated genotypes and which may contrib-
ute to differences in seed composition. These tran-
scripts may be candidates for the biotechnological
modification of bread wheat. The hypothesis
tested is that a wheat cDNA macroarray can be
used to identify the expression level and sequence
variants of genes encoding starch enzymes and
storage proteins between cultivated and wild
wheat. Such variation was lost under selective
pressure during domestication and plant breeding
in cultivated wheat, and might contribute to the
differences in seed composition when compared
to wild wheat species. This study identified stor-
age product clones that showed different hybrid-
ization patterns between wild and cultivated
species.

To test our central hypothesis it is necessary to

have sufficient homology between transcriptomes

of the different species examined to allow hybrid-

ization on the cDNA array. Bread wheat is an

allohexaploid with a genome designation of

AABBDD (2n = 6x = 42) (Feldman and Sears

1981; Mcfadden and Sears 1946). The Ae. crassa

accession used in this study is a hexaploid

(DDDDMM; 2n = 6x = 42) and Ae. tauschii is the

diploid progenitor of the D-genome in hexaploid

wheat (DD; 2n = 2x = 14). Both Ae. crassa and Ae.

tauschii can spontaneously hybridize with bread

wheat in natural populations; therefore the

genomes share enough genetic features to allow

paring of homeologous chromosomes at meiosis

(Sharma and Gill 1983). In addition, these three

species each have the D-genome in common, and

published data would suggest that the M-genome

of Ae. crassa will hybridize to the A, B and

D-genomes of bread wheat (Provan et al. 2004).

Important differences in gene expression among

these species may be detected by variation in hy-

bridization strength and/or patterns of expression

through development (Hazen and Kay 2003).

Such variation could be due to (i) a disparity in the

relative levels of gene expression, (ii)

polymorphisms due to diverged sequences of the

genes under study which could create mismatches,

(iii) the additional homeologous copies of a gene

present in bread wheat or Ae. crassa, but absent in

Ae. tauschii, and (iv) novel paralogues. These are

not mutually exclusive possibilities and all of

these factors may have roles in producing hybrid-

ization patterns that differ between these three spe-

cies. Regardless of the source of the variation,

unique expression signatures could still indicate

evolutionary differences that may have functional

significance. While the hexaploid nature of wheat

usually exaggerates difficulties associated with in-

terpreting cDNA arrays because of

cross-hybridization (Poole et al. 2007), in this ex-

periment it is an advantage, since we are not

strictly interested in expression differences, but

rather in detecting sequence and copy number

polymorphisms. It is more likely that using this ar-

ray will make it possible for us to identify only

great disparities in gene expression or sequence

between species, rather than creating artifacts or

exaggerating small differences.

Wheat endosperm development

We decided to use grain mass as the basis for com-
paring endosperms of different species. It was ex-
tremely difficult to sample tissues at identical
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Figure 5A. Sequence analysis of Brittle-1 genes from T. aestivum and Ae. crassa. Genomic sequence showing the intron

(narrow lines) and exon (rectangles) arrangement of TaBT1 (top) and AcBT1 (bottom). Arrows show the position of

primers used to sequence the clones.



developmental stages because of sporadic flower-
ing in the wild wheat. Still, similar Days Post
Anthesis may not reflect analogous developmen-
tal stages if the period of caryopsis development
differs in wild species which has been shown
(Uauy et al. 2006). The advantage of our approach

was that we had a clear measurable benchmark for
comparison. Fresh weight correlates with starch
content, so it is likely that our samples of equal
mass were also similar in starch contents. While
the PCA pattern reflected grain mass more than
genetic background; it, however, did not fall
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Figure 5B. Sequence analysis of Brittle-1 genes from T. aestivum and Ae. crassa. Comparison of the predicted amino

acid sequence of BT1 orthologues from cereals. Sequences were aligned using Clustal W. The predicted transit peptide

sequence (demarcated with a bar above the sequence) and the three highly conserved mitochondrial energy transfer

motifs of the mitochondrial carrier family (highlighted boxes) and the highly conserved cysteine residues (arrowheads)

are shown. CS, HL, and BW refer to the different wheat cutivars – Chinese Spring, Hi Line and Bobwhite.



strictly along lines of grain weight (Figure 2B).
For example, sample A16 is nearly identical in
mass to C15 and T15, but these samples grouped
with Sets 1, 2 and 3, respectively, and samples T10
and T15 grouped with C15 and C20, respectively
(Figure 2A). The loading scores showed that stor-
age protein expression was the primary reason for
the PCA separation (Figure 2B). The natural con-
clusion from this observation is that the disparity
in storage protein gene expression which we found
(Suppl. Figure 3) occurred only because we used
similar grain mass (starch content) as a criterion,
and not development, i.e. DPA. This may not be
true. Kan et al. (2006) compared wild and culti-
vated wheats at the same DPA (14 DPA) and
found that several storage proteins were signifi-
cantly different, while only a single starch
biosynthetic gene varied in expression between
species (Kan et al. 2006). This matches our overall
data, i.e. larger changes in storage proteins and
fewer in starch genes (Suppl. Figure 3 and
Figure 3). Therefore, evaluating caryopses of sim-
ilar mass may not present a great disadvantage as
compared to evaluating them using DPA.

Wheat endosperm storage product composition

There is a lack of explicit information on the bio-

chemical makeup of wild wheat endosperm. The

two wild relatives and bread wheat studied here

have dramatically different storage carbon and ni-

trogen profiles and accumulate different types of

starch granules. We confirmed that the wild spe-

cies had a greater proportion of the large

A-granules and fewer of the small B- granules.

The biological basis for the A- and B-granules

seen in the Triticeae is not known. It does not seem

far-fetched to propose that in cultivated wheat a

higher rate of starch synthesis may necessitate a

tighter packaging of granules within the endo-

sperm that can be achieved by smaller spherical

B-type granules. This was proposed to explain in

part the correlation between the appearance of B-

and C-granules with the rate of starch synthesis

(Stamova et al. 2009a). This dilemma would not

be found in wild wheat species, where less starch

accumulation would make continued apposition

on a larger-surface area feasible.

Our SDS-PAGE 1D gels showed that the wild

wheat accumulated more polypeptides when the

grain was compared on an equal mass basis and

also contained a different catalogue of storage pro-

teins, especially gliadins and glutenins when com-

pared to T. aestivum (Suppl Figure S1). This was

matched by the higher proportion of N measured

in the seeds of wild wheat (Figure 1).

Storage product gene expression

Storage protein genes. There was a good correla-

tion between storage protein content and corre-

sponding transcript levels. Many storage protein

clones especially from Ae. crassa showed higher

signal intensities and a greater rate of increase

over the stages examined. These transcripts may

be present in higher copy numbers, or may contain

novel sequences not found in bread wheat that

cross-hybridized to the target on the chip. Some

may be good candidates for further study, as stor-

age proteins and especially glutenins, are major

determinants of the technological quality of wheat

gluten.

Starch genes. The overall correlation between

the expression of starch genes and caryopsis starch

content among species is weaker than that of stor-

age proteins. Our data show some similarities to

that published by Kan et al. (2006), where the vast

majority of differences between wild and culti-

vated wheat were connected with storage proteins

and only one starch gene changed.

Post-transcriptional modification may be a pri-

mary driver in the regulation of starch

biosynthesis (Hannah and James 2008), but

long-term regulation by transcriptional mecha-

nisms is also in force (Keeling and Myers 2010). It

has even been argued that even though changes af-

ter transcription will shape the final phenotype, it

still remains of fundamental importance to know

when, where and to what extent these genes are ex-

pressed (Street et al. 2008). One may predict,

based on our sampling method, that starch

biosynthetic genes should generally be more simi-

lar in the expression between samples and this was

more or less observed (Figure 3). However, some

starch genes showed a different pattern of expres-

sion between the wild and the cultivated wheat.

The ADPglucose transporter (Brittle-1), Starch

Branching Enzymes IIa and IIb, and Isoamylase,

were identified as potentially having unique ex-

pression patterns and in some instances also hy-

bridisation strength among the species (Figure 3).

Another set of clones that gave distinct patterns

between species included those of the LSU of

ADPglucose pyrophosphorylase. Aegilops crassa

clones were marked by low expression levels,

while Ae. tauschii and T. aestivum were almost

identical. This probably indicates species-specific

sequence differences between Ae. crassa vs. Ae.

tauschii and bread wheat, rather than a functional

polymorphism that may explain differences in

starch amounts. Although we were unable to vali-

date the expression of the genes from the wild spe-
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cies, the patterns of several genes in T. aestivum

seen here are similar to those in both cDNA and

oligonucleotide arrays . This creates confidence in

the reliability of the macroarray data we gener-

ated.

Comparative analysis of SBEIIa and Bt-1 gene

sequence

Deviations in expression patterns may result from

sequence polymorphisms - deletions, insertions,

nucleotide differences between the hybridizing

transcript and the clones on the array. Such dispar-

ities in sequence may underscore differences in

starch structure or amount, as it was recently dem-

onstrated in rice (Tian et al. 2009). We found po-

tential sequence polymorphisms in the SBEIIa

promoter region in Ae. crassa that may explain

different expression patterns compared to T.

aestivum (Figure 4). Promoter sequence differ-

ences between these species could lead to changes

in the regulatory motifs with repercussions for

transcriptional control. In contrast to expression

patterns, few differences were found between Ae.

tauschii and T. aestivum in the same region and if

there is variation in SBEIIa activity between these

two species stemming from the nucleotide se-

quence, then it would most likely be captured in

another homeologue of T. aestivum that was not

cloned in this study. We therefore conclude that

SBEIIa expression differences may have resulted

from the number of homeologous copies in bread

wheat (three) compared to the single copy in Ae.

tauschii, but from promoter sequence differences

in Ae. crassa.

In bread wheat all three Bt-1 clones increased

in the samples we looked at, while expression lev-

els were lower and decreased in the Ae. crassa en-

dosperm (Figure 3B). The isolated genomic

sequences were over 90% identical and the pre-

dicted amino acid sequences were identical (Fig-

ure 5). The dissimilar transcriptional expression

patterns may be from promoter activity encoded

within the regulatory regions (Doebley and

Lukens 1998) that we were unable to clone. Inter-

estingly, the predicted amino acid sequence of Ae.

crassa was more similar to that of another bread

wheat sequence from Chinese Spring (TaBt1_CS)

and they were both distinct from the two other

cultivars Hi-Line (TaBt1_HL) and Bobwhite

(TaBt1_BW) (Figure 5B). It is possible that other

homeologues were cloned from the latter.

Conclusions

The aim of this work was to identify the genes

which are differentially expressed between wild

and cultivated genotypes and which may under-

score differences in seed composition. These tran-

scripts may be candidates for the biotechnological

modification of bread wheat. Storage proteins

were highly polymorphic between species; how-

ever, there were fewer differences in carbohydrate

genes in the samples we studied. A detailed exami-

nation of the sequence of the Bt-1 ADPglucose

transporter among these species suggests that ex-

pression differences may be encoded in the pro-

moter and not in the gene structure in the former.

Expression differences in SBEIIa between bread

wheat and Ae. tauschii may be due to the

homeologue number, but sequence diversity may

explain the differences with Ae. crassa. A more

sensitive tool, such as a wheat oligonucleotide ar-

ray, and a broader collection of wild species could

be useful in the identification unique expression

signatures, which may point to larger genetic vari-

ation among carbohydrate genes. The functional

significance of this genetic variation can be deter-

mined and may be useful when designing ap-

proaches for Association Mapping studies or for

exploiting TILLING resources.
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Suppl. Figure 1. SDS-PAGE of KCl-insoluble proteins

from fully mature caryopses of wheat and Aegilops sps.

Aliquots of milled flour (10 mg) were extracted and

separated into the KCl soluble and insoluble fractions.

The KCl-insoluble fraction was loaded and separated on a

12% (w/v) SDS-PAGE gel. The amount of protein in each

lane is representative of the total amount in an equal mass

of tissue from each species. The positions of molecular

markers (in kDa) are listed on the right and the

approximate positions of the storage protein groups, based

on electrophoretic mobility, are shown on the left.

Suppl. Figure 2A. Semi-quantitative Reverse-

Transcription PCR of Starch biosynthetic genes in

Triticum aestivum. Conditions were exactly as described

by Leterrier et al (2008). RNA amounts used as templates

were 400 ng for GAPDH, SSIV, SSIIb, AGPLSL; 50 ng

for all others.Key: SS- starch synthase; GBSSI- Granule

Bound Starch Synthase; AGP- ADPglucose

pyrophosphorylase; LSE –Large Subunit cloned from

Endosperm; SSE- Small Subunit cloned from Endosperm;

LSL-Large Subunit cloned from Leaf; SSL –Small

Subunit cloned from Leaf; GAPDH – Glyceraldehyde

phosphate dehydrogenase.

Suppl. Figure 2B. Relative expression of actin gene in bread and wild wheat. On the X-axis A -Triticum aestivum, C -

Aegilops crassa ; T - Aegilops tauschii. The number indicates the mass of the grain (in mg) from which the endosperm

was sampled. For example, A13 is Triticum aestivum sampled from grain of mass 13 mg. Approximate DPA is: A13,

5-10 DPA; A16, 10-15 DPA A22, 15-20 DPAEach graph shows the changes in relative gene expression in developing

caryopses of Tritium aestivum (A13, A16 and A22), Aegilops crassa (C10, C15, C20) and Aegilops tauschii (T10, T15).
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Figure Suppl. 3 A–C. Transcriptional profile of a subset of storage protein genes in the developing endosperm of three

wheat species identified using a macroarray. Key is as described previously. A) Glutenins, gliadins and purolindoline;

B) Avenin, Grain Softness Protein, Serpin, Hordein B; C) Alpha amylase, Beta-amylase and Subtilisin. Chymotrypsin

Inhibitor


