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A b s t r a c t  High-molecular-weight (HMW) glutenin sub- 
units are a particular class of wheat endosperm proteins 
containing a large repetitive domain flanked by two short 
N- and C-terminal non-repetitive regions. Deletions and 
insertions within the central repetitive domain has been 
suggested to be mainly responsible for the length varia- 
tions observed for this class of proteins. Nucleotide se- 
quence comparison of a number of HMW glutenin genes 
allowed the identification of small insertions or deletions 
within the repetitive domain. However, only indirect evi- 
dence has been produced which suggests the occurrence of 
substantial insertions or deletions within this region when 
a large variation in molecular size is present between dif- 
ferent HMW glutenin subunits. This paper represents the 
first report on the molecular characterization of an unusu- 
ally large insertion within the repetitive domain of a func- 
tional HMW glutenin gene. This gene is located at the 
Glu-D1 locus of a hexaploid wheat genotype and contains 
an insertion of 561 base pairs that codes for 187 amino 
acids corresponding to the repetitive domain of a HMW 
glutenin subunit encoded at the same locus. The precise 
location of the insertion has -been identified and the mo- 
lecular processes underlying such mutational events are 
discussed. 
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Introduction 

High-molecular-weight glutenin subunits (HMW-GS) are 
wheat endosperm proteins coded by genes located at the 
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Glu-1 loci on the long arms of the group-1 chromosomes 
of hexaploid wheat (for review see Shewry et al. 1992). 
Their structures include large repetitive domains flanked 
by short N- and C-terminal non-repetitive domains. The 
repeating structure of the central domain is composed of 
tandem and interspersed repeats of 6-, 9- and 15-peptides 
motifs, all rich in proline and glutamine (Shewry et al. 
1989; Kasarda et al. 1994). Secondary structural or molec- 
ular modelling analyses of this region suggest the occur- 
rence of a ]3-spiral conformation (Tatham et al. 1984) or a 
spiral based on inverse )' turns (Kasarda et al. 1994), re- 
spectively. It has also been demonstrated that the repeat- 
ing structure of the central domain contributes to the anom- 
alous slow migration of HMW-GS, as compared to globu- 
lar proteins, when analyzed by SDS-PAGE (D' Ovidio et al. 
1996). 

HMW-GS are under continuing study, both at the bio- 
chemical and the molecular level, because of their primary 
role in determining the viscoelastic properties of wheat 
flour (Payne 1987; Shewry et al. 1992). These studies have 
shown the occurrence of allelic variation at each Glu-1 lo- 
cus (Payne et al. 1981; Payne and Lawrence 1983) and have 
indicated that length polymorphism is mainly due to size 
variation of the repetitive domain (D'Ovidio et al. 1994, 
1995). Molecular analysis has also shown that two differ- 
ent genes, identified as x and y, are present at each com- 
plex locus (Harberd et al. 1986). 

Nucleotide-sequence comparisons of these genes have 
demonstrated the occurrence of small insertions and dele- 
tions within their repetitive domain, and unequal crossing- 
over or slippage during replication have been suggested as 
possible explanations for such mutational events (Shewry 
et al. 1989). 

The detection, at the Glu-D1 locus of the hexaploid 
wheat accession MG 315, of a 1Dx2.2* gene (Margiotta et 
al. 1993) coding for an HMW-GS having biochemical, mo- 
lecular and conformational characteristics similar to those 
of the polypeptide encoded by the 1Dx2 gene (Margiotta 
et al. 1993; Buonocore et al. 1996), but with a larger mo- 
lecular size of the repeating domain (D'Ovidio et al. 1994), 
provided suitable material for studying the molecular ba- 



sis under ly ing  the or igin of  the large length  var ia t ion  of  the 
repet i t ive  domain  in H M W - G S .  The results  of  this ana ly-  
sis are repor ted  in the present  palJer. 

Fig. 1 SDS-PAGE of glutenin 
subunits from Cheyenne (1), 
Chinese Spring (2) and MG315 
(3). Numbers on the gel desig- 
nate allelic HMW-GS corre- 
sponding to the Glu-D1 locus 
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Materials and methods 

Materials 

The analysis was carried out on the common wheat cultivars 
Cheyenne and Chinese Spring, and the hexaploid wheat accession 
MG 315, which were provided by the Germplasm Institute, Nation- 
al Research Council, Bari, Italy. 

SDS-PAGE analysis 

Total proteins were extracted from flour using'a buffer containing 
0.125 M Tris-HC1 pH 6.8, 2.75% (w/v) sodium dodecyl sulphate 
(SDS), 10% (v/v) glycerol, 1% (w/v) dithiothreitol (DTT) in a 1:5 
ratio (mg/gl). Protein extracts (5 gl) were analyzed on a Protean II 
Cell (Bio-Rad, Richmond, Calif., U.S.A.). Electrophoresis was car- 
ried out by SDS-PAGE (T=10%, C=1.28%) and the running buffer 
contained 0.2 M glycine, 0.05 M Tris pH 8.3, 0.1% SDS. Gels were 
stained overnight with 12%(w/v) trichtoroacetic acid solution con- 
taining 0.05% Comassie Brilliant Blue R-250 in absolute ethanol 
(5% w/v) and de-stained in tap water. 

Molecular weights were determined by using globular proteins 
as molecular-weight standards (myosin, fl-galactosidase, phosphor- 
ylase B, serum albumin and ovalbumin). 

DNA extraction 

Genomic DNA was isolated from 5 g of leaves from single plants as 
previously reported (D'Ovidio et al. 1992). 

PCR amplification and restriction digestions 

PCR reactions were performed in a final reaction volume of 100 gl 
using 100 ng of genomic DNA, 2.5 units of Taq DNA polymerase 
(Boehringer), 1 • Taq PCR buffer (Boehringer), 250 ng each of the 
two primers and 200 gM of each deoxyribonucleotide. Amplifica- 
tion conditions were those reported in D'Ovidio et al. (1994) using 
primers based on the nucleotide sequence of the 1Dx5 gene of cul- 
tivar Cheyenne (Anderson et al. 1989) and having the following se- 
quences: (1) 5'CCGAGATGGCTAAGCGGTTA 3'; (2) 5' CTG- 
GCTGGCCGACAATGCGT 3'. 

Aliquots (10 gl) of the amplification products were digested with 
HindIII, NcoI and PstI restriction enzymes using standard conditions 
(Sambrook et al. 1989). Undigested and digested PCR products were 
fractionated on a 1.5% agarose gel in 1 • TBE buffer following stan- 
dard procedures (Sambrook et al. 1989). 

Cloning and nucleotide sequence of the NcoI insertion 

The NcoI fragment from the amplification product of MG315 was 
cloned into the NcoI site of de-phosphorylated pGEM 5zf(+) plas- 
mid vector (Promega) and subjected to nucleotide sequence analy- 
sis using the chain-terminator method (Sanger et al. 1977). De-phos- 
phorylation of the pGEM vector was carried out by using standard 
procedures (Sambrook et al. 1989). The PC/GENE computer pro- 
gram (IntelliGenetics, Inc., USA) was used to analyze the sequence 
data. 

Results 

SDS-PAGE of  endosperm proteins from the hexaploid  wheat  
genotypes  Cheyenne,  Chinese Spring and M G  315 showed 
the presence of  a very slow migrat ing Dx H M W - G S  in 
M G  315 (Fig. 1). S D S - P A G E  analysis ,  carr ied out in the 
presence of  g lobular  prote ins  as molecu la r -we igh t  stan- 
dards,  made  it poss ib le  to es t imate  that the size of  the 
Dx2.2* subunit  of  M G  315 is about  25000  dal tons  larger  
than the al lel ic  subunits  5 and 2 of  Cheyenne  and Chinese  
Spring,  respec t ive ly  (Fig. 1 and Table 1). 

The gene coding  for subunit  Dx2.2* f rom M G  315 was 
ampl i f i ed  by  PCR using o l igonuc leo t ide  pr imers  ampl i fy -  
ing for the comple te  coding  region of  genes encoding  Dx 
glutenin  subunits  ( D ' O v i d i o  et al. 1994), and the ampl i f i -  
ca t ion product  compared  with those obta ined  f rom al lel ic  
genes o f  Cheyenne  and Chinese  Spring.  PCR results  were  
in agreement  with those obta ined  on the prote ins  in that 
the 1Dx gene f rom M G  315 was about  560 bp larger  than 
those f rom Cheyenne  and Chinese  Spring.  

Table 1 Molecular weight (Mr) of the Dx HMW-GS of the anal- 
yzed genotypes as determined from SDS-PAGE and deduced amino- 
acid sequences. HMW-GS designation is according to Payne and 
Lawrence (1983) and Margiotta et al. (1993) 

Genotype Dx Mr on Mr from deduced 
HMW-GS SDS-PAGE amino-acid sequence 

Cheyenne Dx5 106.500 88.128 
Chinese Spring Dx2 109.500 87.009 
MG315 Dx2.2* 133.500 106.826 

(87.009 + 19.817) 
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Fig, 2a -d  1.5% agarose gel 
of the amplification product 
corresponding to the 1Dx gene 
from Cheyenne (1), Chinese 
Spring (2) and MG315 (3) un- 
digested (a) and subjected to 
restriction digestion with Hin- 
dIII (b) PstI (e) and NcoI (d). 
In panel d the NcoI fragment 
from the 1Dx2.2" gene cloned 
into the pGEM 5zf(+) vector 
(4) is also reported 

Amplification products obtained from the three geno- 
types were subjected to restriction-digestion analysis in or- 
der to investigate the cause of the larger size of the Dx glu- 
tenin subunit from MG 315. Analyses carried out by using 
three different restriction enzymes, HindIII ,  PstI  and NcoI,  
whose positions are known for the 1Dx2 (Sugiyama et al. 
1985) and 1Dx5 (Anderson et al. 1989) genes, showed dif- 
ferent restriction patterns for the three genotypes (Fig. 2 

Table 2 Molecular weights of undigested and digested PCR prod- 
ucts corresponding to the Dx HMW-GS of the analyzed genotypes. 
The exact size of the PCR fragments were calculated on the basis of 
the nucleotide sequences of the 1Dx2 (Sugiyama et al. 1985) and 
1Dx5 (Anderson et al. 1989) genes. The uncut PCR products were 
digested with HindIII, PstI and NcoI restriction enzymes. The frag- 
ment length is reported in base pairs. The NcoI insertion is reported 
in bold 

Genotype Cheyenne Chinese Spring MG315 
HMW-GS 1Dx5 1Dx2 1Dx2.2* 
gene 

Undigested 2547 2517 3078 

HindIII 2164 2137 2698 
383 380 380 

PstI 1663 1219 1780 
635 65O 65O 
249 399 399 

249 249 

Ncol 1975 1927 1927 
572 590 590 

561 

(2517 + 561) 

and Table 2). However, the restriction patterns obtained 
from Chinese Spring and MG 315 showed some common 
fragments; in particular, NcoI  digestion produced the same 
pattern in both genotypes except for the presence of an ad- 
ditional band of about 561 bp in MG 315 (Fig. 2 d, Ta- 
ble 2). This result made it possible to infer that the larger 
size of the complete 1Dx2.2* gene, as compared to 1Dx2, 
should be entirely due to the additional NcoI  fragment. 

The cloning and sequencing of the NcoI  fragment 
showed that its length is 561 bp and that it encodes 187 
amino acids, equivalent to a molecular weight of 19.817 
(Fig. 3). The calculated isoelectric point of this polypep- 
tide is 7.77 and the hydropathicity value (GRAVY) is 
-18.42. Sequence comparison between the NcoI  fragment 
from 1Dx2.2* and other HMW glutenin genes demon- 
strated the existence of an almost perfect similarity 
between the NcoI  fragment and the central repetitive do- 
main of the 1Dx2 gene (Sugiyama et al. 1985) (Fig. 4 a). 
It is worth noting that an almost perfect similarity between 
the 1Dx2.2* and 1Dx2 genes was also observed for the first 
400 bp of their coding regions (data not shown). 

On the basis of these results and those obtained from 
restriction-pattern analyses of PCR products from Chinese 
Spring and MG 315, which proved to be identical except 
for the presence of the additional band of 561 bp, it is pos- 
sible to conclude that the NcoI  fragment represents an in- 
sertion within the repetitive domain of a HMW gene re- 
lated to the 1Dx2 gene. 

By taking into consideration the sequence similarity 
between the 1Dx2.2* and 1Dx2 genes, and the distribution 
of the sequence identity between the NcoI  fragment and 
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CCA GCA CAA GGG CA/{ CAA GGG CAG CAA CTA GCA CAA GGG CAA CAA 

P A Q G Q Q G Q Q L A Q G Q Q 

370 380 390 400 

F 
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G Q Q P A Q V Q Q G Q Q P A Q 

410 420 430 440 450 

I J ] 1 I 
GGG CAA CAA GGT CAG CAG CTA GGA CAA GGG CAA CAA GGT CAG CAG 
G Q Q G Q Q L G Q G Q Q G Q Q 

460 470 480 490 

i I 
CCA GGA C~ GGG CAG CAA CCA GCA CA~t GGG C4AA C~d% GGT CAG CAG 
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I I l I 1 
CCA GGA CAA GGG ~ CAA GGT CAG CAG CCA GGA CAA GGG CAG CAA 
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550 560 

CCG GGA CAA GGG CAG CCA TGG 
P G Q G Q P W 

Fig. 3 Nucleotide and deduced amino-acid sequence of the NcoI 
fragment (clone pTUHMW2.2*) from the lDx2.2* gene. NcoI sites 
are underlined 

1Dx2, it is possible to suggest a putative site of insertion 
which gave rise to 1Dx2.2* from a HMW gene related to 
1Dx2 (Fig. 4). The insertion should have occurred within 
the region 2011-2025 bp and should have involved the re- 
peating domain from 1453-1467 bp up to 2011-2025 bp. 
This inference was based on the observed identity between 
the first 96 bp of the NcoI  fragment and region 1927-2025 
of the 1Dx2 gene, and the rest of the NcoI  fragment (97- 
561 bp) with a different region of the repeating domain of 
the 1Dx2 gene, which is composed of between 1453- 
1467 bp and 1926 bp (Fig. 4). Since the region between 
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82-96 bp of the NcoI  fragment shows a perfect identity 
with regions 1453-1467 bp and 2011-2025 bp of the 1Dx2 
gene (Fig. 4), it was not possible to establish the exact base 
position of the insertion involved. 

Finally, on the basis of similarity between the 1Dx2.2* 
and 1Dx2 genes and of their encoded proteins, the molec- 
ular weight of the former was deduced by adding the 
molecular weight of the insertion to that of Dx2 (Tables 1 
and 2). 

Discussion 

Several allelic HMW-GS encoded by genes at the Glu-D1 
locus have been described (Payne and Lawrence 1983) and, 
for some of them, the nucleotide sequences of correspond- 
ing genes has been reported. In particular, the complete nu- 
cleotide sequences of the genes coding for Dx5 and Dx2 
HMW-GS have been determined (Anderson et el. 1989; 
Sugiyama et el. 1985). Sequence comparison between 
these two genes and their deduced amino-acid sequences 
showed a general high degree of homology along the se- 
quence and the presence of short insertions and deletions 
within the repetitive domain. 

The results of the reported analyses demonstrate that 
the large size of the 1Dx2.2* gene is due to a single dupli- 
cation of 561 bp within the repetitive domain. On the ba- 
sis of restriction analyses and sequence comparison it is 
also possible to suggest that this gene most probably de- 
rives from a HMW-GS gene related to 1Dx2. 

Sequence analysis of the 561-bp fragment showed an 
almost perfect identity to part of the repetitive domain of 
the 1Dx2 gene, making it possible to indicate the putative 
site of the mutational event which caused the duplication 
at between 2011 bp and 2025 bp. 

Two nucleotide differences and a deleted triplet found 
between the 561-bp fragment and the corresponding region 
of the 1Dx2 gene, caused two amino-acid changes and a 
deletion which, however, did not greatly affect the hydro- 
pathicity value of the deduced amino-acid sequence of the 
561-bp fragment. In fact, this value (GRAVY=-18.42) 
proved to be very similar to that obtained for the entire re- 
petitive domain of the 1Dx2 gene (GRAVY=-17.33). This 
result explains the similarity of the surface hydrophobic- 
ity values found between Dx2.2* and the allelic HMW-GS 
(Margiotta et el. 1993). 

Several mechanisms, such as replication slippage, 
transposition, gene conversion, or unequal crossing over, 
can account for the gene-length modification found in the 
1Dx2.2* gene. However, the presence of an almost perfect 
nucleotide-sequence duplication and the large size of the 
duplicated fragment, seems to suggest unequal crossing 
over as the most probable event responsible for generating 
the 1Dx2.2* gene (Fig. 5). 

The very large size and regularity of motifs occurring 
within the repetitive domain of HMW-GS genes may 
greatly facilitate the occurrence of sequence mispairing, 
either between two homologous chromosomes at meiosis 
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Fig. 4a, b Nucleotide compar- 
ison between the NcoI fragment 
(pTUHMW2.2* clone) and the 
1Dx2 gene, Nucleotide identity 
is indicated by vertical lines 
and NcoI sites are in bold. Nu- 
cleotide sequences involved in 
unequal crossing over are 
underlined (a). Diagram show- 
ing the homology between the 
NcoI fragment from the 
1Dx2.2* gene (pTUHMW2.2* 
clone) and a segment of the re- 
petitive domain of the 1Dx2 
gene. A similar filling-in pat- 
tern indicates corresponding se- 
quence homology between the 
two sequences (b) 

DX2 - ACAC-CAACCAGGACAAGGTCAACAGCCAGC43CAAGGGCAACAAGGTCAGC 

1453 1467 
DX2 - AGCCAGGACAAGGGCAACAAGGTCAGCAACCGGGGCAAGGGCAGCCAGGG 

I1111Llllllll]lllllll lllll[llill 
pTUHMW2.2* .................. CAAGGTCAGCAACCGGGGCAAGGGCAGCCAGGG 

97 

DX2 - TACTACCCAACTTCTCCGCAGCAATCAGGACAAGGGCAACAGCCAGGACA 

IIIIIII llltllIllll]llIllllll[lllllll IlllI111111 
pTUHMW2.2*- TACTACCCAACTTCTCCGCAGCAATCAGGACAAGGGCAACAGCCAGGACA 

DX2 - ATGGCAACAACCAGGACAAGGGCAACCAGGATACTACCCAACTTCTCCGT 

lllllll lilll lllll ~lllill II IIIIII Ill Ill]l I 
pTUHMW2.2*- ATGGCAACAACCAGGACAAGGGCAACCAGGATACTACCCAACTTCTCCGT 

DX2 - TGCAGCCAGGACAAGGGCAACCAGGGTACGACCCAACTTCTCCGCAACAG 

IIIIIII lllll IIII ]llllll I lillll Ill illll I 
pTUHMW2.2*- TGCAGCCAGGACAAGGGCAACCAGGGTACCACCCAACTTCTCCGCAACAG 

DX2 - CCAGGACAAGGGCAGCAACCAGGACAATTGCAACAACCAGCACAAGGGCA 

llllll[ I1111 IIII 1111111 II IIIIII Ill Illll I 
pTUHMW2.2*- CCAGGACAAGGGCAGCAACCAGGACAATTGCAACAACCAGCACAAGGGCA 

DX2 - ACAAGGGCAGCAACTAGCACAAGGGCAACAAGGGCAGCAACCAGCACAAG 

fill111 IIIII IIII Ill1111 II lilllL I~I IIIII ] 
pTUHMW2.2*- ACAAGGGCAGCAACTAGCACAAGGGCAACAAGGGCAGCAACCAGCACAAG 

DX2 - TGCAACAAGGGCAGCAGCCAGCACAAGGGCAACAAGGTCAGCAGCTAGGA 

lllilIl I]III ]111 ~llll'll II llllll Ill llill I 
pTUHMW2.2*- TGCAACAAGGGCAGCAGCCAGCACAAGGGCAACAAGGTCAGCAGCTAGGA 

DX2 - CAAGGGCAACAAGGTCAGCAGCCAGGACAAGC4C~AGCAACCAGCACAAGG 

{llll]Lt lllll I111 ]lll[II II lillll III III11 I 
pTUHMW2,2*- CAAGGGCAACAAGGTCAGCAGCCAGGACAAGGGCAGCAACCAGCACAAGG 

DX2 - GCAACAAGGTCAGCAGCCAGGACAAGGGCAACAAGGTCAGCAGCCAGGAC 

]IIIIIII IIIII IIII lIIllll II lllill Ill 11111 I 
pTUHMW2,2*- GCAACAAGGTCAGCAGCCAGGACAAGGGCAACAAGGTCAGCAGCCAGGAC 

DX2 - AAGGGCAGCAACCGGGACAAGGGCAG 

IIIIIIIL lllll IIIL 1111l 
pTUHMW2.2*- AAGGGCAGCAACCGGGACAAGGGCAC4~CATGG 

-1450 

-1500 

-129 

-1550 

-179 

-1600 

-229 

-1650 

-279 

-1700 

-329 

-1750 

-379 

-1800 

-429 

-1850 

-479 

-1900 

-529 

-1926 

-561 

1927 
Dx2 - CCATSI~TACTACCCAACTTCTCCGCAGGAGTCAGGACAAGGGCAACAGCC -1976 

lllIlllIllllIlllllllIllllll lllllIlll11111111 II 
pTUHMW2.2*- CCAT61GTACTACCCAACTTCTCCGCAG---TCAGGACAAGGGCAACACCC -47 

1 

2011 2025 
DX2 - AGGACAATGGCAACAACCAGGACAATGC-CAACAACCAGGACAAGGGCAAC -2026 

llllIl111[lllllllllllllllltl1111tl]IIllIIIlllIlll 
pTUHMW2.2*- AGGACAATGGCAACAACCAGGACAATGGCAACAACCAGGACAAGGGCAA -96 

82 

DX2 - CAGGGTACTACCTAACTTCTCCGTTGCAGCTAGGACAAGGGCAACAAGGG -2076 

& 

1 1453-1467 1926 2011-2025 2517 

. . . . .  , ..... ~iii:~i~/'i:::7~;ii~i; 71;i'::i;::;.:i:i.?:'i~!: ~'....'(! 

(Ncol) 1Dx2 gene 

b 

or be tween  two sister chromatids of  a c h r o m o s o m e  dur- 
ing the mitos is  of  a germ-l ine cell .  In both cases  a recip- 
rocal recombinat ion process creates a sequence duplica- 
tion in one chromatid and a corresponding deletion in the 
other. 

1 82-96 561 
~':*~*':~~/:::::: :::::'::::::::: ::::: :::::: ::::: :::: ::::: :::::::::J Ncol fragment 

~':'~'*" ( p T U H M W 2 . 2 *  clone) 
(Ncol) (NCol) 

The mutational event responsible  for the large s ize  of  
the 1Dx2.2* gene could have occurred in a diploid Aegi- 
lops species  and then been transferred by rare outcrossing 
into c o m m o n  wheat,  or e lse  it could have arisen from a re- 
cent gene mutation within c o m m o n  wheat.  This last by-  
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Site of unequal crossing-over 
i i  

R ~ ICF- a' 
I 

Ncol 

,I, 
Ncol Ncol 

N [ R ~ I [C}-- 1Dx2.2" 

--I N I R I ICl-- a" 

Fig. 5 Scheme of a possible unequal crossing over which could have 
given rise to the large repetitive domain of the 1Dx2.2" gene. a, a '  
represent two hypothetical HMW-GS genes related to 1Dx2. a" is a 
deleted gene resulting from unequal crossing over between a and a '  

pothesis ,  p rev ious ly  sugges ted  by  Payne  et al. (1983) for 
the H M W - G S  Dx2.2,  seems also to be suppor ted  by the ab- 
sence of  large Dx subunits ,  such as the Dx2.2*,  in Aegi-  
lops squarrosa (Lagudah  and Hal loran  1988). 

In conclus ion,  the dupl ica t ion  present  in 1Dx2.2" was 
p robab ly  genera ted  by  an unequal  c ross ing  over  event  in 
hexap lo id  wheat.  This resul t  represents  the first  c lear  mo-  
lecular  ev idence  that  inser t ions of  b locks  of  repea ted  se- 
quences  p lay  an impor tan t  role  in genera t ing  new al lel ic  
H M W - G S  variants  and, more  general ly,  as p rev ious ly  sug- 
gested (Shewry  et al. 1989; Shewry  1995), in the evolu-  
t ion of  pro lamins .  In fact, the or igin of  H M W - G S  p roposed  
by  these authors is based  on the repea t ing  structure of  the 
central  repe t i t ive  domain  of  these proteins,  whereas  the 
present  data  demons t ra te  the occurrence  of  a dupl ica t ion  
of  a large segment  on the basis  of  a compara t ive  analysis  
with an exis t ing H M W - G S  f rom which  the new gene is 
p robab ly  der ived.  
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