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Abstract Oligonucleotide primers and competitive
templates were developed so that competitive reverse
transcriptase-polymerase chain reaction (RT-PCR)
techniques could be used to measure the accumulation
of transcripts corresponding to individual low-molecu-
lar-weight glutenin subunit (LMW-GS) genes in devel-
oping wheat (¹riticum aestivum) grains. Primers were
based on LMW-GS genes previously cloned and se-
quenced from the cultivar ‘Cheyenne’ or on the
N-terminal amino acid sequences of the major LMW-
GSs accumulated in the cultivar ‘Yecoro Rojo’. Com-
petitive templates varied from the LMW-GS target
genes by either a restriction site or a small deletion
between the primer binding sites. Amounts of indi-
vidual LMW-GS transcripts were quantified by titrat-
ing the amplification products produced from RT-PCR
of RNA against amplification products produced from
known amounts of the corresponding competitive tem-
plate. Competitive RT-PCR analysis revealed that
transcripts for the different LMW-GS genes varied
only 4.5-fold in their levels of accumulation in develop-
ing ‘Cheyenne’ grains 15 days post-anthesis (DPA).
Nucleotide sequencing of two of the amplification
products revealed LMW-GS genes not previously de-
scribed in ‘Cheyenne’. Both of these genes encode pro-
teins with a single cysteine residue in the repetitive
region. Clones corresponding to these new sequences
were not represented in a cDNA library prepared from
‘Cheyenne’ endosperm RNA even though the se-
quences were abundant in developing seeds and present
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in the RNA population from which the library was
prepared. Competitive RT-PCR was shown to be a sen-
sitive method for quantifying the expression of closely
related members of complex gene families that cannot
be readily distinguished by hybridization analysis. Such
techniques should provide insight into the regulation of
LMW-GS genes that are critical for wheat flour qual-
ity.
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Introduction

Wheat flour forms the basis of a variety of food
products largely because of the unique viscoelastic
properties conferred by the major storage proteins ac-
cumulated in the endosperm. The wheat gluten pro-
teins consist of a complex array of proteins that are
classified as either glutenin subunits, proteins that form
large polymers by virtue of their ability to form inter-
molecular disulfide bonds, or gliadins, monomeric pro-
teins having exclusively intramolecular disulfide bonds
or no disulfide bonds. The glutenin subunits are further
divided into high-molecular-weight glutenin subunits
(HMW-GS) and low-molecular-weight glutenin
subunits (LMW-GS) on the basis of their mobilities in
SDS-PAGE, while the gliadins are subdivided into a, c,
and x subclasses. Although the specific complement of
gluten proteins is important in determining the techno-
logical properties of the flour, the molecular interac-
tions of the various gluten proteins and the manner in
which individual protein species influence dough prop-
erties is not well understood.

The gluten proteins are encoded by large families of
closely related genes. Clones representative of the
HMW-GS and LMW-GS and the a- and c-gliadin
gene families have been isolated and sequenced. The



HMW-GS gene family consists of 6 genes in most
bread wheat cultivars, while the LMW-GS gene family
may contain 30—40 members (Sabelli and Shewry 1991,
Cassidy et al. 1998), and the a-gliadin gene family may
be composed of as many as 150 different genes, many of
which are pseudogenes that are not expressed (Ander-
son et al. 1997). Both glutenin subunits and gliadins are
rich in glutamine (about 30—50 mol%) and proline
(about 10—30 mol%) (Shewry et al. 1994) as determined
from amino acid compositions of the different proteins
as well as amino acid sequences derived from the nu-
cleotide sequences of both cDNA and genomic clones.
Proteins from both classes contain regions in which
multiple glutamine residues are interspersed with short
repeating sequences. Differences among members of
the same gene family often result from deletions or
additions of nucleotides in the repetitive portions of the
coding regions.

Because of the complexity of the gluten gene families
and the interrelatedness of the members, hybridization
probes used to assess the levels of transcripts generally
measure the expression of multiple genes. Conse-
quently, changes in the expression of specific genes
within a gluten gene family during seed development
that might impact the quality of the resulting flour may
be masked. Methodologies based on the polymerase
chain reaction (PCR) provide a way to study the ex-
pression of individual genes of known sequence within
complex gene families. Such techniques also facilitate
expression studies of genes that have not yet been
cloned and provide a means for identifying genes with
expression patterns of interest from cDNA and
genomic libraries. Moreover, such techniques can be
made quantitative (Wang et al. 1989) and thus provide
a means to compare the expression of individual gluten
genes throughout seed development in plants that have
been grown under defined environmental conditions.
In this paper, a set of oligonucleotide primer pairs that
specifically amplify a number of individual LMW-GS
genes in the bread wheat cultivar ‘Cheyenne’ is present-
ed, and a competitive RT-PCR (reverse-transcriptase
polymerase chain reaction) assay is described that
allows the levels of specific transcripts from this impor-
tant gene family to be monitored in developing grains.

Materials and methods

Growth and collection of plant material

Wheat plants (¹riticum aestivum cvs ‘Cheyenne’ and ‘Arapahoe’)
were grown in a climate-controlled greenhouse following an 8-week
period of vernalization at 4°C. The average daytime temperature
was 21°C and the average nighttime temperature was 17°C. Natural
light was supplemented with 100-W high-pressure sodium lights to
maintain a daylength of 16 h. Flowering spikes were tagged at the
beginning of anthesis. Whole grain or endosperm tissue was har-
vested at defined times after anthesis, frozen in liquid nitrogen, and
stored at !80°C.

Extraction of RNA and DNA

For RNA extraction, 0.1—1 g of tissue from developing grains was
ground to a fine powder in liquid nitrogen using a precooled mortar
and pestle. The powder was transferred to a tube containing 10 ml of
extraction buffer (10 mM NaCl, 10 mM TRIS-Cl, pH 9.0, 1 mM
EDTA, 1% SDS) and extracted twice with 10 ml of phenol : CHCl

3
:

isoamyl alcohol (25 : 24 : 1), pH 7.9, and once with 10 ml of CHCl
3
.

Cold 8 M LiCl was added to the aqueous phase to a final concentra-
tion of 2 M. Following incubation at !20°C overnight, the precipi-
tated nucleic acid was collected by centrifugation at 8000 rpm for
20 min in a Sorvall SS-34 rotor, and the resulting pellet was washed
with 5 ml of cold 2 M LiCl. After centrifugation, the final pellet was
air-dried and resuspended in 200 ll of sterile water. DNA was
removed from the sample by treatment with 10 units RQ1 RNase-
free DNase (Promega, Madison, Wis.) in 40 mM TRIS, pH 8.0,
10 mM NaCl, 6 mM MgCl

2
, 10 mM CaCl

2
at 37°C for 10—15 min.

RNA was further purified using a RNeasy column (QIAGEN, Santa
Clarita, Calif.) according to the manufacturer’s instructions.

For genomic DNA extraction, a 4-g sample of young leaf tissue
was ground to a fine powder in liquid nitrogen using a precooled
mortar and pestle. The resulting powder was added to 20 ml of lysis
buffer (100 mM TRIS-Cl, pH 9.5, 2% hexadecyltrimethyl am-
monium bromide, 1.4 M NaCl, 1% polyethylene glycol 6000, and
20 mM EDTA) prewarmed to 74°C. Following the addition of 50 ll
b-mercaptoethanol and 4 mg RNase A (QIAGEN, Santa Clarita,
Calif.), the sample was incubated at 74°C for 20 min with intermit-
tent shaking. The sample was then cooled to room temperature and
extracted with 25 ml CHCl

3
: isoamyl alcohol (24 : 1). After centrifu-

gation, nucleic acids were precipitated from the aqueous fraction by
the addition of 1 volume of isopropanol and incubation at room
temperature for 30 min. The DNA was collected by centrifugation
for 20 min at 6000 rpm in a Sorvall SS-34 rotor. The resulting pellet
was dissolved in 5 ml 1 M NaCl at 62°C for 30 min. The DNA was
purified further using a QIAGEN tip-100 column (QIAGEN, Santa
Clarita, Calif.) according to the protocols of the manufacturer.

RT-PCR

RT-PCR was performed according to the basic protocols accompany-
ing the reagents and enzymes supplied by Perkin Elmer (Foster City,
Calif.). Between 50 and 200 ng of total RNA was reverse- transcribed
in a reaction containing 50 mM KCl, 10 mM TRIS-Cl, pH 8.3, 5 mM
MgCl

2
, 1 mM of each dNTP, 2.5 lM random hexamers, 1 unit/ll

RNase inhibitor, and 2.5 units/ll MuLV reverse transcriptase in
a final volume of 20 ll. The sample was incubated at room temper-
ature for 10 min, followed by 15 min at 42°C, 5 min at 99°C, and
5 min at 5°C in a Perkin Elmer Cetus DNA Thermal Cycler 480.

Amplifications were performed in 100-ll reaction volumes con-
taining 20 ll of the reverse transcription mix, 2.5 units AmpliTaq
DNA polymerase, and 20 pmoles of each oligonucleotide primer.
The concentrations of TRIS-Cl, pH 8.3, and KCl in the final reaction
were adjusted to 10 mM and 50 mM, respectively. Primers were
synthesized by National Biosciences Incorporated/Genovus
(Plymouth, Minn.). For competitive RT-PCR assays, 10-ll volumes
containing serial dilutions of the competitive templates were added
to the amplification reactions. Amplifications were carried out at
95°C for 90 s, followed by 25 cycles of 95°C for 1 min, 60°C for 1 min
and 72°C for 2 min. A final extension was carried out at 72°C for
7 min, and the samples were incubated at 4°C until analysis.

Amplification of each RNA sample without prior reverse tran-
scription confirmed the absence of contaminating DNA.

Construction of competitive templates

Genomic clones for the F23A, F15A, and F24B LMW-GS genes
(GenBank Accession Numbers U86027, U86028 and U86026,
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respectively) were kindly provided by Dr. O. Anderson (USDA-
ARS, Albany, Calif.). EcoRI fragments containing the complete
coding regions of these LMW-GS genes were first subcloned into the
plasmid pBlueScript SK(#) (Stratagene Cloning Systems, La Jolla,
Calif.). A unique NcoI site contained within the coding region of
each gene was then removed by digesting the plasmids with NcoI,
making the DNA ends blunt with the Klenow fragment of DNA
polymerase I and religating the ends of the plasmids. The resulting
plasmids are called F23-C, F15-C, and F24-C (Table 1). DNA frag-
ments resulting from amplification of these plasmids with gene-
specific primers are not cleaved by NcoI and therefore can be
distinguished from amplification products obtained from RT-PCR
of RNA.

For LMW-GS genes that had not been cloned previously, a por-
tion of each gene was amplified by RT-PCR from ‘Cheyenne’ RNA
using the appropriate primer pairs. After purification of the amplifi-
cation products on a 2% agarose gel and elution of specific frag-
ments using the GENECLEAN II kit (BIO101, La Jolla, Calif.), the
resulting DNA was reamplified using Pfu DNA polymerase (Strat-
agene Cloning Systems, La Jolla, Calif.) and inserted into the plas-
mid pCR-Script SK(#) (Stratagene Cloning Systems, La Jolla,
Calif.) according to the manufacturer’s instructions. The resulting
DNA was used to transform Epicurian Coli XL1-BLUE MRF’KAN
competent cells (Stratagene Cloning Systems, La Jolla, Calif.). Many
of the resulting clones had the correct primer binding sites but
contained small internal deletions. These deleted plasmids were used
as competitive templates without further modification.

Analysis of amplification products

Ten-microliter aliquots of amplification reactions were analyzed in
2% agarose gels in TBE buffer following standard procedures. For
competitive assays to quantify levels of transcripts corresponding to
F23A, F15A or F24B LMW-GS genes, the amplification products
were digested with NcoI prior to electrophoresis. Gels were scanned,
and the amount of material in each band was quantified using an
IS1000 bioimaging system (Alpha Innotech Corp, San Leandro,
Calif.).

DNA sequencing

DNA sequencing was performed by the University of California
Berkeley DNA Sequencing Facility. Nucleotide sequence analyses
were performed using GENEWORKS 2.5 software (Oxford
Molecular Group, Campbell, Calif.).

Amplification of cDNA library

A wheat endosperm cDNA library containing 1.0]106 primary
plaques was constructed in the vector lambda ZAP II by Stratagene
Cloning Systems (La Jolla, Calif.). Equal amounts of endosperm
RNA from 5, 10, 15, 20, 25 and 30 days post-anthesis (DPA)
developing ‘Cheyenne’ grains were pooled and used as the starting
material to ensure that a representative endosperm library was
obtained. Aliquots of the library were heated to 70°C for 5 min prior
to amplification with primer pairs specific for LMW-GS genes.

Results

Primer selection and validation

The nucleotide sequences of LMW-GS genes F23A,
F15A and F24B were aligned, and oligonucleotideT

ab
le

1
L
M

W
-G

S
ge

n
es

th
at

ha
ve

be
en

di
st

in
gu

is
he

d
b
y

P
C

R
an

al
ys

is
,
pr

im
er

s
an

d
p
ri
m

er
se

qu
en

ce
s

d
es

ig
n
ed

to
am

p
lif

y
ea

ch
ge

n
e,

si
ze

s
of

am
p
lifi

ca
ti
on

p
ro

du
ct

s
ob

ta
in

ed
fr
o
m

R
T

-P
C

R
o
f
R

N
A

fr
om

d
ev

el
op

in
g

‘C
h
ey

en
ne

’g
ra

in
s,

m
et

ho
ds

u
se

d
to

co
nfi

rm
id

en
ti
ti
es

o
f
am

p
lifi

ca
ti
o
n

p
ro

du
ct

s,
an

d
co

m
p
et

it
iv

e
te

m
pl

at
es

co
rr

es
po

n
di

ng
to

ea
ch

L
M

W
-G

S
ge

ne
.

G
en

e
F
or

w
ar

d
pr

im
er

R
ev

er
se

pr
im

er
P
ro

du
ct

C
o
nfi

rm
at

io
n

C
o
m

pe
ti
ti
ve

te
m

p
la

te
si
ze

F
23

A
F
2

R
10

65
9

bp
R

es
tr

ic
ti
o
n

d
ig

es
ti
o
n

F
23

-C
A

G
A

C
C

T
T

C
C

T
C

A
T

T
G

G
A

T
G

G
A

A
C

w
it
h

H
ph

I,
M

sp
A

1I
,D

de
I,

N
co

I
si
te

re
m

ov
ed

fr
om

G
T

C
T
T
T
G

C
C

C
C

T
G

A
A

C
C

Sp
eI

ge
n
om

ic
cl

o
ne

F
15

A
F
2

R
13

64
0

bp
R

es
tr

ic
ti
o
n

d
ig

es
ti
o
n

w
it
h

F
15

-C
A

G
A

C
C

T
T

C
C

T
C

G
T
C

A
C

C
T
T

G
A

C
C

T
G

A
C

T
H

ph
I,

M
un

I,
S
fc

I,
A

lu
I,

N
co

I
si
te

re
m

ov
ed

T
T
T

G
C

C
G

T
T
G

G
G

Sp
eI

fr
o
m

ge
n
om

ic
cl

o
ne

F
24

B
F
2

R
17

64
1

bp
R

es
tr

ic
ti
o
n

d
ig

es
ti
o
n

w
it
h

F
24

-C
A

G
A

C
C

T
T

C
C

T
C

G
T
C

G
T

T
G

G
T
A

G
A

G
A

C
C

A
lw

N
I,

M
un

I,
A

ci
I,

H
in

fI
,

N
co

I
si
te

re
m

ov
ed

T
T
T

G
C

C
T
T
G

A
A

C
C

G
Sp

eI
fr
o
m

ge
n
om

ic
cl

o
ne

M
E
T
S
H

IP
F
5

R
27

50
0,

52
5,

Se
qu

en
ce

an
al

ys
is

F
5/

R
27

-5
25

-6
A

T
G

G
A

G
A

C
T

A
G

C
C

A
G

C
T

G
C

T
G

G
A

G
G

A
A

57
0

bp
of

50
0-

bp
fr
ag

m
en

t,
F
5/

R
27

am
p
lifi

ca
ti
on

C
A

T
C

C
C

T
A

C
T
T
T

G
C

R
es

tr
ic

ti
o
n

d
ig

es
ti
o
n

w
it
h

pr
o
du

ct
cl

o
ne

d
,i

n
te

rn
al

D
de

I,
R

sa
I

de
le

ti
o
n

in
cl

on
e

G
L

E
R

P
S

F
7

R
27

57
5

bp
Se

qu
en

ce
an

al
ys

is
,

F
7/

R
27

-5
-2

-1
4

T
G

G
T
T
T

G
G

A
G

A
G

G
C

T
G

C
T
G

G
A

G
G

A
A

re
st

ri
ct

io
n

dg
es

ti
o
n

w
it
h

F
7/

R
27

am
p
lifi

ca
ti
on

A
C

C
A

T
C

G
T
A

C
T
T
T

G
C

R
sa

I
pr

o
du

ct
cl

o
ne

d
,

in
te

rn
al

de
le

ti
o
n

in
cl

on
e

415



Fig. 1 RT-PCR products
produced from increasing
amounts of total RNA from 15
DPA grains with primer pairs
specific for LMW-GS genes. The
amount of RNA (ng) and the
primer pairs used in each RT-
PCR reaction are indicated
above each lane

primers specific for each gene were designed. Selected
primer pairs F2/R10, F2/R13, and F2/R17 span the 5@
coding regions of the genes where the repetitive se-
quences vary among gene family members. These
primers range in size from 19 to 21 nucleotides with GC
contents between 47% and 55% and Tms between
59°C and 61°C. The primer sequences are shown in
Table 1. When RNA from developing ‘Cheyenne’
grains was used as the template for RT-PCR, all three
primer pairs amplified single fragments of the expected
sizes (Fig. 1). The resulting amplification products were
further characterized by digestion with a variety of
restriction enzymes that distinguish products resulting
from the desired gene from those obtained from related
sequences (Table 1).

Non-degenerate primers were also designed that cor-
respond to the amino acid sequences METSHIP and
GLERPS which are found in the N-terminal regions of
some of the most predominant LMW-GSs incorpor-
ated into the glutenin polymer of the cultivar ‘Yecoro
Rojo’ (Lew et al. 1992). These primers were tested in
combination with a number of primers homologous to
conserved regions of the cloned LMW-GS genes.
Primer pair F7/R27 amplified a single 575-bp band,
while primer pair F5/R27 amplified three bands of 500,
525 and 570 bp when ‘Cheyenne’ RNA was used as the
template for RT-PCR (Fig. 1). The 500-bp fragment
amplified by F5/R27 and the F7/R27 amplification
product were confirmed by nucleotide sequence analy-
sis to be encoding LMW-GS (Fig. 2).

Reaction conditions for RT-PCR were optimized for
all primer pairs. Figure 1 demonstrates that increasing
the amounts of RNA template from 50 to 200 ng result-
ed in corresponding increases in the amounts of ampli-
fication products for all primer pairs.

Cloning of DNA fragments amplified by F5/R27 and
F7/R27

For precise quantification of transcript levels, plasmids
were constructed that could be used as competitors in
RT-PCR reactions. The starting plasmids had the same
sequences as the target genes to ensure that competitive
templates and target genes amplified with equal ef-

ficiencies. However, the plasmids were modified so that
they either missed restriction sites or contained small
deletions between the primer binding sites. Thus, am-
plification products resulting from the competitive tem-
plates could be distinguished from products resulting
from RT-PCR of RNA in the same reaction.

When the 500-bp fragment amplified by the F5/R27
primer pair was cloned for preparation of a competitive
template, the resulting clones contained the correct
primer binding sites (Fig. 3a, lanes 7—11). However,
most clones also contained small internal deletions
(Fig. 3a, lanes 1—5), suggesting that the F5/R27 amplifi-
cation product was unstable in the plasmid vector.
Only plasmid F5/R27-4-4-5 contained an insert of the
expected size (lanes 5 and 7). All plasmids also con-
tained inserts with internal deletions when the F7/R27
amplification product was cloned. Since the plasmids
F5/R27-525-6 containing a 430-bp insert and F7/R27-
5-2-14 containing a 425-bp insert were suitable tem-
plates for competitive RT-PCR, no further attempts
were made to isolate clones containing inserts the size
of the original amplification products. However, an
attempt was made to identify cDNA clones corres-
ponding to the F5/R27 and F7/R27 amplification prod-
ucts from a cDNA library prepared from ‘Cheyenne’
endosperm RNA since these genes had not been char-
acterized previously from this cultivar. Primer pairs
F5/R27 and F7/R27 amplified distinct fragments from
either genomic DNA or the RNA preparation from
which the cDNA library was constructed. However, the
same primers did not amplify the corresponding se-
quences from an aliquot of the cDNA library, indicat-
ing that these genes were not represented in the library
(Fig. 3b). In contrast, sequences corresponding to the
F15A, F23A, and F24B LMW-GS genes were amplified
from genomic DNA, RNA, and the cDNA library with
the appropriate primer pairs.

Competitive RT-PCR of RNA from developing wheat
grains

Competitive RT-PCR assays were carried out using
100 ng of RNA from 15 DPA developing wheat grains
(cv ‘Cheyenne’) and twofold dilutions of the competi-
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Fig. 2a,b Partial nucleotide sequences and deduced amino acid
sequences of LMW-GS genes amplified from ‘Cheyenne’ RNA by
F5/R27 and F7/R27 primer pairs. a Nucleotide sequence of F5/R27
500-bp amplification product determined from sequencing of
F5/R27-4-4-5 clone. The locations of the 23-bp and the 29-bp perfect
direct repeats are boxed and underlined, respectively. Sequences
corresponding to the F5 and R27 primers are indicated in lowercase.
The 72-bp region between the arrowheads is missing in the clone
F5/R27-525-6 that was used for the competitive template. b Nucleo-
tide sequence of F7/R27 amplification product determined by direct
sequencing. The 42-bp perfect repeats are underlined. Sequences
corresponding to F7 and R27 primers are indicated in lowercase.
Modifications in clone F7/R27-5-2-14 used for the competitive tem-
plate include a 24-bp insertion at the position of the open arrowhead
and a 174-bp deletion between the closed arrowheads. The deduced
amino acid sequence is shown below each DNA sequence in single
letter abbreviation, and the cysteine residue within the repetitive
region of each protein is enclosed in a box

tive templates within the range of 0.05 pg to 2 pg,
depending on the plasmid (Fig. 4). The levels of indi-
vidual LMW-GS transcripts were determined by com-
parison with the amount of amplification products
obtained from known amounts of the competitive tem-
plate, with the amount of transcripts being equivalent
to the concentration at which the products from the

competitive template equal the products produced
from the target RNA (Gilliland et al. 1990). This value
is expressed in aMoles/lg RNA, thereby taking into
account differences in the sizes of amplification prod-
ucts and competitive templates and facilitating com-
parisons of transcript levels. Transcripts amplified by
the primer pairs F7/R27 (Fig. 4e) and F5/R27 (500-bp
fragment) (Fig. 4d) were present in the greatest
amounts (2.25 aMoles/lg), while F15A transcripts were
the least abundant (0.5 aMoles/lg) (Fig. 4b). Tran-
scripts corresponding to the F5/R27 570-bp fragment
(Fig 4d), the F24B gene (Fig. 4c), the F5/R27 525-bp
fragment (Fig 4d), and the F23A gene (Fig 4a) were
present in intermediate amounts (0.6, 0.8, 1.2, and 1.7
aMoles/lg, respectively).

Sample to sample variation was assessed by subject-
ing seven different preparations of endosperm RNA
from 20 DPA developing grains (cv ‘Arapahoe’) to RT-
PCR with each of the five primer pairs. The amounts of
amplification products produced from 100 ng of each
RNA sample with each of the five primer pairs were
compared. The most variability was detected among
PCR products obtained using the F2/R17 primer pair
(data not shown). Consequently, all seven RNA prep-
arations were evaluated by competitive RT-PCR using
the F2/R17 primer pair (Fig. 5). In the seven samples,
the amount of transcripts corresponding to the F24B
LMW-GS ranged from 0.85 aMoles/lg to 1.45
aMoles/lg with an average value of 1.2 aMoles/lg.

Discussion

Gene-specific primers were developed so that the levels
of individual LMW-GS transcripts could be quantified
in developing wheat grains. For studying the expres-
sion of genes within complicated multigene families,
such as those encoding the wheat gluten proteins, com-
petitive RT-PCR offers distinct advantages over blot-
ting techniques. First of all, hybridization probes take
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Fig. 3a,b Cloning of LMW-GS sequences. a Direct cloning of
F5/R27 amplification products. The 500-bp F5/R27 amplification
product was ligated to the vector pCR-Script SK(#), and the
resulting clones were characterized by restriction digestion and PCR
analysis. Lanes 1—5 Digestion of five representative plasmids with
BssHII which cleaves out the insert plus 171 bp of polylinker. DNA
from clone F5/R27-4-4-5 which contains an insert of the expected
size is shown in lane 5. Lanes 7—11 Amplification of plasmids from
lanes 1—5 with F5/R27 primer pairs. The amplification product from
clone F5/R27-4-4-5 (lane 7) comigrates with the 500-bp amplifica-
tion product obtained from RT-PCR of seed RNA (not shown).
Lanes 8—11 show amplification products resulting from clones in
lanes 1—4, respectively. A 50- to 1000-bp molecular-weight ladder
(FMC Bioproducts, Rockland, Me.) used as molecular-weight stan-
dards is shown in lane 6, and the sizes of the fragments in basepairs
are indicated on the right. b Identification of LMW-GS gene se-
quences in an endosperm cDNA library. Genomic DNA, endosperm
RNA, and a cDNA library were amplified with primer pairs specific
for individual LMW-GS genes. The primer pairs used for the ampli-
fications are indicated above the lanes. The first lane in each set
contains amplification products from 1 lg genomic DNA (D), the
middle lane contains amplification products from 500 ng of the RNA
sample from which the library was constructed (R), and the third lane
contains amplification products from a 10-ll aliquot of the amplified
cDNA library (¸)

Fig. 4a–e Competitive RT-PCR of LMW-GS genes from cv
‘Cheyenne’. RNA (100 ng) from 15 DPA grain was reverse-tran-
scribed and amplified with gene-specific primers along with known
amounts of competitive templates specific for each LMW-GS gene.
a F2/R10 primer pairs plus F23-C template, b F2/R13 primer pairs
plus F15-C template, c F2/R17 primer pairs plus F24-C template,
d F5/R27 primer pairs plus F5/R27-525-6 template; e F7/R27 primer
pairs plus F7/R27-5-2-14 template. The amount of competitive tem-
plate in picograms added to each reaction is shown above each lane.
The first lane in each panel contains amplification products resulting
from RT-PCR of RNA alone. In panels a, b and c, amplification
products digested with NcoI prior to electrophoresis are indicated
with a bracket. The positions of amplification products produced
from the competitive templates (F23-C, F15-C, F24-C, F5/R27-525-
6, and F7/R27-5-2-14) and from RT-PCR of the RNA are noted on
the right of each panel

into account only the relatedness of gene sequences.
While hybridization probes have been used to divide
cloned members of the gluten gene families into sub-
groups of closely related sequences (Okita et al. 1985), it
is impossible to determine how many family members
are detected by a given probe in the absence of cloned
sequences from the entire set of genes within a cultivar.
In addition, there is not only high homology among

family members but also interrelatedness between
members of the different gluten gene families, parti-
cularly among the LMW-GS and the a- and c- gliadins
(Colot et al. 1989). Thus, some hybridization probes
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Fig. 5 Competitive RT-PCR analysis of transcripts corresponding
to the F24B LMW-GS gene from seven different preparations of
RNA from cv ‘Arapahoe’. Endosperm RNA (100 ng) from 20 DPA
developing grains was reverse-transcribed and amplified with the
F2/R17 primer pair along with known amounts of the F24-C com-
petitive template. Amplification products were digested with NcoI
prior to electrophoresis. The amount of F24-C in picograms added
to each reaction is shown above each lane. Each panel represents the
analysis of a different RNA preparation. The positions of amplifica-
tion products produced from the competitive template F24-C and
from RT-PCR of the RNA are noted on the right of each panel

may cross-hybridize with members from different glu-
ten gene families (Anderson et al. 1997; Bartels and
Thompson 1983). In contrast, PCR techniques can
distinguish very closely related genes on the basis of
small sequence changes. By using primers that span the
repetitive regions, we can distinguish transcripts from
genes that differ by only small changes in repeat length.
Restriction digestion of the amplification products can
further differentiate similar transcripts, and sequencing
can be used to verify their identities. In this paper,
RT-PCR was used to distinguish seven individual

LMW-GS transcripts. Two of these genes, F15A and
F24B, share some 87% homology in the coding region
and 90% homology in the 3@ flanking sequence. RT-
PCR assays using competitive templates also allow for
the quantification of individual transcripts. Competi-
tive RT-PCR revealed that transcripts for seven of the
LMW-GS are accumulated to similar levels in develop-
ing ‘Cheyenne’ grains, showing only a 4.5-fold differ-
ence in amounts.

RT-PCR facilitated analysis of the expression of
LMW-GS genes that had not yet been cloned in
‘Cheyenne’. By designing primers based on the N-ter-
minal amino acid sequences of the most abundant
LMW-GSs in another cultivar, we were able to identify
several new transcripts. The sequence of the F7/R27
amplification product does not correspond to any
LMW-GS gene reported thus far, while a sequence very
similar to that of the F5/R27 amplification product was
amplified from genomic DNA of the cultivar ‘Chinese
Spring’ by Van Campenhout et al. (1995) (GenBank
Accession Number X84960). The F5/R27 sequence dif-
fers from this sequence in four nucleotides that result in
four changes in the amino acid sequence of the resulting
protein. D’Ovidio et al. (1997) also used PCR to ident-
ify a LMW-GS with a similar sequence from durum
wheat. The proteins encoded by both the F5/R27 and
F7/R27 amplification products have a single cysteine in
the midst of the repetitive region that distinguish them
from the other LMW-GSs characterized in ‘Cheyenne’
(Table 2). Proteins encoded by the F23A, F15A, and
F24B genes and the B11-33 cDNA (GenBank Acces-
sion Number M11077) (Okita et al. 1985) all have
a cysteine preceding the repetitive region 5 amino acids
from the N-terminus, whereas the protein encoded by
the L4 gene (GenBank Accession Number U86030)
does not have any cysteine residues in the N-terminal
half of the protein. The number and arrangement of
cysteine residues in these proteins is likely to be impor-
tant in the formation of glutenin polymers and thus
may influence quality parameters. Although this type of
LMW-GS is among the most abundant LMW-GSs
incorporated into the glutenin polymer in the cultivar
‘Yecoro Rojo’ (Lew et al. 1992), the F5/R27 and F7/R27
transcripts were only slightly more abundant in devel-
oping ‘Cheyenne’ grain than the other LMW-GS genes
sampled.

The difficulty encountered in cloning the F5/R27 and
F7/R27 amplification products coupled with their ab-
sence from the cDNA library helps to explain why the
clones thus far identified from libraries do not corres-
pond to the predominant LMW-GS sequences in the
glutenin polymer fraction (Lew et al. 1992). In addition,
it suggests that PCR techniques may be essential for
characterizing sequences representative of the entire
gene family. It is tempting to speculate that the regular-
ity of repetitive sequences in the 5@ portion of the
LMW-GS genes amplified by F5/R27 and F7/R27 are
to blame for problems in cloning these genes. A 241-bp
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Table 2 N-terminal amino acid
sequences of LMW-GSs from
the cultivar ‘Cheyenne’ deduced
from nucleotide sequences of
cDNA clones, genomic clones,
or amplification products.
Signal peptide sequences were
omitted. Cysteine residues are
underlined

LMW-GS N-terminal sequence

F15A! METSCISGLERPWQQQ PLPPQQSFSQQPPFSQQQQQPLPQQPSFSQQQPP
F23A! METRCIPGLERPWQQQPLPPQQTFPQQPLFSQQQQQQLFPQQPSFSQQQP
F24B! METSCIPGLERPWQQQPLQQKETFPQQPPSSQQQQPFPQQPPFLQQQPSF
B11-33" METSCISGLERPWQQQPLPPQQSFSQQPPFSQQQQQPLPQQPSFSQQQPP
L4! ISQQQQQPPFSQQQQPQFSQQPPFSQQQQPPFSQQQQQPPFAQQQQPPFS
F5/R27# METSHIPSLEKPLQQQPLPLQQILWYQQQQPIQQQPQPFPQQPPCPQQQQ
F7/R27# GLERPSQQQPLPPQQTLSHHQQQQPIQQQPQPFSQQQPCSQQQQQPLSQQ

! Genomic clone (Cassidy et al. 1998)
" cDNA clone (Okita et al. 1985)
# Amplification product; additional residues may precede sequence

region of the F5/R27 amplification product contains
two 23-bp perfect repeats and three 29-bp perfect re-
peats (Fig. 2a). In the F7/R27 amplification product,
three 42-bp perfect repeats are found in a 151-bp region
(Fig. 2b). Interestingly, one of the 29-bp repeats was
absent, and a 23-bp repeat was interrupted in the clone
F5/R27-525-6 while two of the 42-bp repeats were
absent from the F7/R27-5-2-14 clone. While the repeti-
tive regions of the F15A, F23A, and F24B genes all
have some perfect repeats, these are not nearly as long
or as frequent as those found in the F5/R27 and
F7/R27 amplification products. The repetitive regions
of several other LMW-GS genes, in particular, L4 and
LP1211 (GenBank Accession Number X07747) (Pitts
et al. 1988) are about 100 bp longer than those in the
genes amplified by F5/R27 and F7/R27. The repetitive
regions from these clones are quite complicated and
contain a number of long perfect repeats, some of which
are overlapping. Genomic clones for these genes have
been obtained, suggesting that the arrangement as well
as the number of direct repeats may impact the success-
ful cloning of LMW-GS genes.

The gluten proteins are extremely complex and the
repetitive structures as well as the position and number
of cysteine residues in the various protein species could
have dramatic effects on the functional properties of the
resulting flour. Initial RT-PCR studies focused on dis-
tinguishing LMW-GS transcripts in the cultivar
‘Cheyenne’ because a number of cloned sequences were
available from this cultivar (Okita et al. 1985; Cassidy
et al. 1998). However, the same primer pairs detect
transcripts for homologous LMW-GS genes in a num-
ber of other cultivars, including ‘Arapahoe’, a hard red
winter wheat, ‘Butte’, a hard red spring wheat, and
‘Bobwhite’, a hard white spring wheat (data not
shown). Thus, primer pairs and competitive templates
should be of use for evaluating levels of specific LMW-
GS transcripts in a variety of wheat cultivars. Competi-
tive RT-PCR techniques now offer a way to quantify
the expression of individual genes that encode the ma-
jor gluten proteins in developing grains and should
provide new information on the importance of indi-
vidual components in flour quality.

Acknowledgments Thanks to Kent Suyenaga and Sitsari Kitisakkul
for excellent technical assistance, Dr. O. Anderson for making clones
and sequences available prior to publication, Charlene Tanaka for
preparing RNA for the cDNA library, Drs. W. Hurkman and F.
DuPont for helpful discussions and review of manuscript, and Drs.
D. Kasarda and R. D’Ovidio for critical review of manuscript. This
work was supported by USDA-ARS CRIS 5325-43000-023-00D.
Mention of a specific product name by the United States Depart-
ment of Agriculture does not constitute an endorsement and does
not imply a recommendation over other suitable products.

References

Anderson OD, Litts JC, Greene FC (1997) The a-gliadin gene family:
I. Characterization of ten new wheat a-gliadin genomic clones,
evidence for limited sequence conservation of flanking DNA, and
southern analysis of the gene family. Theor Appl Genet
95 : 50—58

Bartels D, Thompson RD (1983) The characterization of cDNA
clones coding for wheat storage proteins. Nucl Acids Res 11 :
2961—2977

Cassidy B, Dvorak J, Anderson OD (1998) The wheat low-molecu-
lar-weight glutenin genes: characterization of six new genes and
progress in understanding gene family structure. Theor Appl
Genet (in press)

Colot V, Bartels D, Thompson R, Flavell R (1989) Molecular char-
acterization of an active wheat LMW glutenin gene and its
relation to other wheat and barley prolamin genes. Mol Gen
Genet 216 : 81—90

D’Ovidio R, Simeone M, Masci S, Porceddu E (1997) Molecular
characterization of a LMW-GS gene located on chromosome 1B
and development of primers specific for the Glu-B3 complex
locus in durum wheat. Theor Appl Genet 95 : 1119—1126

Gilliland G, Perrin S, Blanchard K, Bunn HF (1990) Analysis of
cytokine mRNA and DNA: Detection and quantitation by com-
petitive polymerase chain reaction. Proc Natl Acad Sci USA 87 :
2725—2729

Lew E J-L, Kuzmicky DD, Kasarda DD (1992) Characterization of
low molecular weight glutenin subunits by reversed-phase high-
performance liquid chromatography, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and N-terminal amino acid
sequencing. Cereal Chem 69 : 508—515

Okita TW, Cheesbrough V, Reeves CD (1985) Evolution and hetero-
geneity of the a-/b-type and c-type gliadin DNA sequences.
J Biol Chem 260 : 8203—8213

Pitts EG, Rafalski JA, Hedgcoth C (1988) Nucleotide sequence
and encoded amino acid sequence of a genomic gene region for
a low molecular weight glutenin. Nucleic Acids Res
16 : 11376—11376

420



Sabelli PA, Shewry PR (1991) Characterization and organization of
gene families at the Gli-1 loci of bread and durum wheats by
restriction fragment analysis. Theor Appl Genet 83 : 209—216

Shewry PR, Tatham AS, Halford NG, Barker JHA, Hannappel U,
Gallois P, Thomas M, Kreis M (1994) Opportunities for manipu-
lating the seed protein composition of wheat and barley in order
to improve quality. Transgenic Res 3 : 3—12

Van Campenhout S, Vander Stappen J, Sagi L, Volckaert G (1995)
Locus-specific primers for LMW glutenin genes on each of the
group 1 chromosomes of hexaploid wheat. Theor Appl Genet
91 : 313—319

Wang AM, Doyle MV, Mark DF (1989) Quantitation of mRNA by
the polymerase chain reaction. Proc Natl Acad Sci USA
86 : 9717—9721

421


