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Identification of a transposon-like insertion 
in a Glu-1 allele of wheat 

N.P. Harberd*, R.B. Flavell, and R.D. Thompson** 
Molecular Genetics Department, Plant Breeding Institute, Marls Lane, Trumpington, Cambridge, CB2 2LQ, UK 

Summary. The Glu-1 locus, present on the long arms of 
the group 1 chromosomes of wheat, codes for a group of 
storage protein polypeptides termed high molecular weight 
(HMW) subunits of glutenin. Hexaploid wheat varieties 
carry a 'silent' Glu-ly allele on chromosome 1A, no poly- 
peptide being attributable to this locus. When two such 
alleles from different varieties were compared, one was 
found to contain an 8 kb insertion of DNA, termed Wis-2, 
interrupting the coding sequence. The insertion site is 
flanked by a 5 bp duplication. The two ends of Wis-2 con- 
tain similar sequences over 500 bp long and its termini con- 
tain almost the same short sequences but in opposite orien- 
tation. These terminal sequences are related to those of 
several ' retroposon'- type transposable elements found in 
other organisms. 
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Introduction 

The high molecular weight (HMW) glutenin genes encode 
a small group of HMW polypeptide subunits which com- 
prise part of the glutenin aggregate found in wheat endo- 
sperm (Kasarda et al. 1976). These subunits play a major 
role in determining the breadmaking quality of wheat flour 
(Payne et al. 1984), and genetic variation in this group of 
polypeptides has been subject to intensive investigation 
(Payne et al. 1980, 1981, 1982). Isolation of a HMW glu- 
tenin eDNA has allowed identification of restriction frag- 
ments containing HMW glutenin genes in digests of DNA 
from a number of  wheat varieties. The chromosomal origins 
of these fragments have been determined by the use of null- 
isomic-tetrasomic and intervarietal chromosome substitu- 
tion lines (Thompson et al. 1983 ; Harberd et al. 1986). Each 
of the 1A, 1B and 1D chromosomes of wheat carries two 
closely linked genes, one specifying an ' x '  and the other 
specifying a ' y '  type HMW glutenin subunit (Payne et al. 
1981 ; Harberd et al. 1986). 

The HMW glutenin genes located on the 1A chromo- 
some of wheat (Thompson et al. 1983) are of particular 
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interest. In endosperm of the variety Chinese Spring four 
HMW glutenin subunits are synthesized, two of which are 
specified by chromosome 1 B, the other two by chromosome 
1D (Payne et al. 1981). Thus the HMW glutenin genes on 
chromosome 1 A of Chinese Spring do not direct the synthe- 
sis of a HMW glutenin polypeptide. This block to expres- 
sion appears to be at the level of transcription since there 
are no detectable HMW glutenin transcription products de- 
rived from chromosome 1A of Chinese Spring wheat 
(Thompson et al. 1983). 

In some other wheat varieties, for example Cheyenne, 
chromosome 1A does specify a HMW glutenin polypeptide. 
This polypeptide is of  the x type (Payne et al. 1983). In 
modern wheat varieties the y type subunit from chromo- 
some 1A is always absent and the Glu-AIy sublocus gene 
encoding it is silent. The DNA sequence of a cloned Glu-Aly 
sublocus gene from the variety Cheyenne has been reported 
recently (Forde et al. 1985). As expected, this gene appears 
to be silent because it has a stop codon in the appropriate 
reading frame and no translation product corresponding 
to it was found in hybrid-selection translation experiments. 

This paper describes the characterization of a cloned 
wheat DNA fragment containing the Glu-Aly sublocus gene 
from the variety Chinese Spring. The partial gene sequence 
obtained is compared with that of its allelic counterpart 
from the variety Cheyenne. This comparison permits the 
identification of two kinds of  difference between these al- 
lelic genes. Firstly, the genes differ by the presence of an 
inserted DNA segment in the coding region of Glu-Aly of 
Chinese Spring and not present in Glu-Aly of Cheyenne. 
Secondly, they differ in the number of repeat units found 
in their central repetitive regions (Thompson et al. 1985; 
Harberd et al. 1986). These observations provide informa- 
tion on the divergence of DNA sequences during the rela- 
tively short period of time since the separation of these 
two varieties. 

Materials and methods 

A cloned wheat DNA EcoRI fragment derived from chro- 
mosome 1A of Chinese Spring wheat and containing the 
Glu-Aly sublocus gene was isolated and identified using pro- 
cedures described previously (Thompson et al. 1985; Har- 
berd et al. 1986). Restriction enzyme site mapping, South- 
ern hybridizations, and DNA sequencing were performed 
as described in previous publications (Thompson et al. 
1985, 1983). DNA sequence data were compiled using the 



Fig. 1. Hybridization of the HMW glutenin cDNA pTag1290 to 
EcoRI-digested DNA from the wheat varieties Chinese Spring and 
Cheyenne. Chromosomal locations of fragments (1 A, 1 B, 1 D) and 
gene designations (GIu-Alx, Glu-Aly) were determined as described 
in Harberd et al. 0986) 
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Staden programs (Staden 1982a, b) on a VAX-VMS com- 
puter. 

Res, l ts  

Restriction fragment variation between the 1A chromosomes 
of wheat varieties Chinese Spring and Cheyenne 

Hybridization of an H M W  glutenin cDNA to EcoRI digests 
of nullisomic-tetrasomic wheat DNAs has revealed the ex- 
istence of two hybridizing fragments (17.0 kb and 7.0 kb) 
derived from chromosome 1A of the variety Chinese Spring 
(Thompson et al. 1983; Harberd et al. 1986). The variety 
Cheyenne also has two hybridizing EcoRI fragments de- 
rived from chromosome 1A, but one of them is smaller 
(8.2 kb) than its counterpart  in Chinese Spring (17.0 kb, 
Fig. 1; Forde et al. 1985; Harberd et al. 1986). The D N A  
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Fig. 2. a Restriction endonuclease map 
of the pEco5 fragment containing the 
Glu-Aly gene from Chinese Spring. A to 
I represent the HindIII and BamHI- 
HindIII fragments used for the genome 
organization studies (see Fig. 5). 
Fragments A (0.8 kb) and I (2.0 kb) 
hybridize to the pTag1290 HMW 
glutenin cDNA probe, as represented by 
the solid bars (b); the fragments between 
A and I contain DNA from the insert. 
The thin bars (c) show the regions 
sequenced 

A S P Q QvP G K W Q EvL G Q G Q QvW Y Y P T S L Q QvP G Q G 
AAGCTTCTCCACAAC AG CCAGGAAAATGGCAAGAACTAGGACAAGGGCAACAATC-GTACTATCCAACTTC TCTGCAGCAGCCAGGACAAG 

i0 20 30 40 50 60 70 80 go 

L 
Q QvG Y Y R T S L Q QvP G Q R Q QvG Y Y R T S R Q QvP G Q G 

GGCAA•AAC43GTACTACCGAA•TTCTCTGCAGCAGCCAGGACAAAGGCAACAAGGGTACTA•CGAACTTCTCGGCAGCAGCCAGGACAAG 
i00 ii0 120 130 140 150 160 T 170 180 

Q QvI G Q w Q QwG Y Y P T S P Q HvP G Q G Q QvP G Q V Q KvI 
GGCAACAGATAGGAC AATGGCAACAAGGGTACTAC CCAACTTCTCC~_C AGCACCC AGGACAAGGGCAACAACCAGGACAAGTGC AAAAAA 

190 200 210 220 ~230 240 250 260 270 

G Q G Q QvP E K G Q Q.L G Q E Q QvI G Q G Q QvP E Q G Q QwP 
TAGGACAAGGG CAAC AACCAGAAAAA GGGCAAC AACTAGGACAAGAC-CAAC AAATAGGACAAGGG CAACAACCAGAACAAGGGCAACAAC 

280 290 300 310 320 330 340 350 360 

w 
G Q G Q QvP G Q G Q QvG Y Y P T S L Q QvP G Q G Q QvP G Q * 

CAGGACAAC~AACAACCAGGAC AAGGC-C AACAAC~TAC TACCCAA C ~  AGCAGCCAGGACAAGGGCAACAACCAGGACAAT 
370 380 390 400 410 420 430 440 450 

Q QvP G Q G Q Q~,G Y 
GACAAC AAC CAGGACAA GGG CAAC AA GGGTACTGTTGGAAAT AIX~CCCTAGAGC, CAATAATAAATTGATTATTATTATAT'I~ 
G 460 470 ~ - - -4~(~ "q> 500 510 520 530 540 

ATGATAATCGTTTATTATCCAT GCTAGAATTGTATTGATAGGAAAC TCAGATACATGTGTC43ATAC ATAGACAAC ACCATGTCCCTAGTA 
550 560 570 580 590 600 610 620 630 

AGCCT~TAGTTGACTAGCTCGTTAATCAATAGATGGTTA~GGTTr~CTGACCATGGACATTGGATGTCATTGATAACGGGATCACATCAT 
640 650 660 670 680 690 700 7 i0 720 

TAGGAGAATGATGTGATGAACAAGACCCAATCCTAAGCCTAGCACAAGATCATGTAGTTCGTNNNCTAAAGCTT 
730 740 750 760 770 780 790 

8 

Fig. 3a, b. DNA sequences of a 
the 0.8 kb HindIII fragment (A) 
and b the 2.0 kb HindlII fragment 
(I) from the pEco5 insert 
containing the Gh4-Aly sublocus 
gene from Chinese Spring. The 
DNA sequence is shown together 
with a one-letter code translation 
of the coding regions of sequence. 
The positions of hexamer and 
monomer repeat units within the 
coding sequence are indicated, v. 
Apparent nucleotide and amino 
acid substitution differences 
between the Glu-Aly alleles of 
Chinese Spring and Cheyenne 
(sequence of Cheyenne Glu-Aly 
from Forde et al. 1985) are 
shown. The Cheyenne sequence is 
given where different from 
Chinese Spring. The DNA 
duplications flanking the insertion 
are doubly underlined and the 
inverted terminal sequences of the 
insertion are underlined. The 
double chevron (b) indicates the 
position of the hexamer repeat 
unit duplicated in the Chinese 
Spring Glu-Aly sequence with 
respect to the Cheyenne Glu-Aly 
sequence 
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TCTCCCCTGCCCCTATATATAGTGGAGGGGAGGGAGGGCATCCATACCTAAGGCCTTTGGTTGCCTCCCTCTCCCTCCCGTGACACCTCC 
I0 20 30 40 50 60 70 80 90 

TCCTCTCCCGTAGGTGCTTGGCGAAGCCCTGCAGGATTGCCACACTCCTCCATCACCACCATGC ATGGAGTCT 
i00 ii0 120 130 140 150 160 170 180 

TCCTCAACCTCTCCCTCTCTCCT~ATCAAGG~AGACGT~GTCGAGCTGTACGTGTGTTGAACGCGGAGGTGCCGTCCGTT 
190 200 210 220 230 240 250 260 270 

CGGCACTAGGATCATCGGTGATCTGAATCACGACGAGTACGACTCCATCAACCCCGTTCACTTGAACGCTTCCGATTAGCGATCTACAAG 
280 290 300 310 320 330 340 350 360 

GGTAT GTAGATGCACf CTCCTTTC TACTCGT TGC'gGGTCTCTCCATAGATAGATCTTGGTGTTACGTAGGAAAAATT~'f GAATTTCTGCT 
370 380 390 400 410 420 430 440 450 

(G) 
(R) Y Y P T S L Q QvP V Q G Q Q~,G H Y P A S Q H QwP G 

ACGTTCC~CC_TAC_AGGTACTACCCAA CTTCTCTGCAACAGCCAGTACAAGGGCAACAAGGGC ACTACCCAGCTTCTCAGC ACCAGCCAGGG 
460 4/0 480 490 500 510 520 530 540 

A * A 
Q G Q QvG H H P T S L Q QvS G Q G Q QvG H H P D S L Q QvP G 

CAGGGG CAAC AA GGG CACCACCCAACTTCTCTGCAGCAGTCAC-GACAAGGG CAAC AAGGG CACCACCCAGATTCTCTAC AGCAC-C CAGGA 
550 560 G G 570 T580 590 600 610C 620 630 

Q G K QvT G Q R E QvR Q QvP G Q G Q QvT G Q G Q QvP E Q E Q 
CAAGGGAAACAAACAGGACAGCGAGAAC AAAGGCAACAACCAGGACAAGGGCAACAAAC AGGACAAGGGCAAC AGCCAGAACAAGAGCAA 

640 650 660 670 680 690 700 710 720 

G 
QwP G Q G Q QvG Y Y P T Y L Q QvP G Q G Q QvP E Q W Q QwP V 
CAACCAGGACAAGGGCAACAAGGGTACTATCCAACTTATCTGCAAC AGC CAGGACAA CqGG CAAC AGC CAGA ACAATGGCAAC AAC CAG~A 

730 740 750 760 770 780 790 800 6~0 

Q 
Q G Q QvG H Y P A S L Q *vS G Q G Q QvG H Y P A S L Q QvL G 

CAAGGTCAACAAC-GGCACTACCCAGCTTCTCTGCAGTAGTCAGGACAAGGACAACAAGGC~2ACTACCCAGCTTCT~AGCAGCTAGGA 
820 830 840 C850 860 870 880 890 A 900 

Q G QvP G Q T Q QvP G Q G Q QvP E Q E E QvS G Q G Q QvG Y Y 
CAAGGACAACCAGGACAAACGCAACAACCAGGACAAGGGCAACAGCCAGAACAAGAGGAACAATCAGGACAAGGGCAACAAGGGTACTAT 

910 920 930 940 950 960 970 980 990 

(( )) 
P T S P Q QvP G Q G Q QwP G Q G Q QvG H F P TvS G Q A Q QvP 

CCAACTTCTCCGCAGCAACCAGGACAAGC-GC AACAACCAGGACAAC~AACAAGGGCACTTCCCAA CTTCTGGACAAGCGCAACAACCA 
i000 i010 1020 1030 1040 1050 1060 1070 1080 

G Q G Q QvI G Q A Q QwL G Q G Q QvG Y Y P T S L Q QvP G Q E 
GGACAAGGCCAACAAATAGGACAAGCACAACAACTAGGACAAGGGCAACAAGGATACTACCCAACTTCTCTGCAGCAGCCAGGACAAGAG 

1090 ii00 ~iI0 1120 1130 1140 1150 1160 1170 

D S 
Q QwS G Q G Q QwL G Q G H QvP G Q G Q QvS G Q E Q QwG Y G T 

CAACAGTCAGGACAAGGGCAAC AGT~AGGACAAGGAC ACC AACC AGGACAAGGGCAACAATC AGGACAAGAGCAACAAGGCTACGGCACC 
TA ]180 1190 1200 1210 1220 1230 1240 1250 12~0 

P Y H V S V E Q Q A A S P K V A K A H H P V A Q L P T M C Q 
CCATACCATGTTA GCGTGGAGCAGCAAGCGGCCAGCCCAAAAG~GG CAAA GGCGCAC CAT CCGGTGGCAC A ~  CGACAATGTGCCAG 

1270 1280 1290 1300 G 1310 1320 1330 1340 1350 

M E G G D A L S A S Q * * 
ATGGA~ACGCATTGTCGGCTAGCCAGTGATAGAACTCTCTGCAGCTTC42ATGGTG~ATGCATC42AC CI~AGCTATCC 

1360 1370 1380 1390 1400 1410 1420 1430 1440 

AATAAACATGACGTG~GTTCACGGTTTTTCATGTAACTAGAGTAGACCCCAATAATGATGCAAAATGAAAAGCTT 
i~50 1460 T 1470 1480 1490 1500 1510 

b 

Fig. 3 (cont.) 
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Cheyenne 

Glu-Aly 

P G Q G Q Q : G Y Y P T S L Q Q 
5 ' • • • CCAGGACAAGGGCAACAA GGGTACTACCCAACTTCTCTGCAACAG... 3 ' 

Ch. Spring 

Glu-Aly 

P G Q G Q Q : G Y  
5'... CCAGGACAAGGGCAACAA GGGTACTGTTGGAAATATGCCCTAG... 

I I 
I I 
I I 

! Y I Y  P T S L Q Q 
.,.TCTGCTACGTTCCCCTACA~GTACTACCCAACTTCTCTGCAACAG...3' 

4 :::r 

Fig. 4. Comparison of the DNA and amino acid 
sequences of the Ght-Aly alleles of Cheyenne and 
Chinese Spring in the region of insertion showing the 
5 bp target DNA duplication. Sequence of Glu-Aly 
from Cheyenne is reported in Forde et at. (1985) 

sequence of the HMW glutenin gene present on the 8.2 kb 
EcoRI fragment from Cheyenne has recently been deter- 
mined (Forde et al. 1985). This gene is thought to be the 
Gh4-Aly sublocus gene of that variety (Forde et al. 1985; 
Harberd et al. 1986). In order to compare allelic genes from 
two varieties we isolated and characterized the Glu-Aly sub- 
locus gene from Chinese Spring by cloning the 17.0 kb 
EcoRI fragment from that variety. 

Cloning and restriction mapping of the Glu-Aly sublocus 
from Chinese Spring 

A wheat genomic DNA library was constructed by ligation 
of partial EcoRI digest fragments of Chinese Spring DNA 
into the EcoRI site of the 2 cloning vector Charon 34 
(Thompson et al. 1985). Several clones containing a 17.0 kb 
EcoRI fragment which hybridized to the HMW glutenin 
cDNA were isolated from this library. The 17.0 kb fragment 
from one of these was subcloned into pUC9 and shown 
to be derived from chromosome 1A of Chinese Spring by 
comparison of the hybridization of the H M W  glutenin 
cDNA to EcoRI, BamHI and HindIII digests of the sub- 
clone to that of wheat DNA digested with the same restric- 
tion enzymes (data not shown, see Thompson et al. 1985). 
The clone containing this fragment is designated pEco5. 

A restriction map of this fragment was determined 
(Fig. 2). The regions of the fragment containing the HMW 
glutenin sequence were identified by hybridization of digests 
of the cloned DNA (and further subclones of it) to 3zp_ 
labelled HMW glutenin cDNA and also to 3ZP-labelled po- 
ly(A) + RNA from endosperm. Interestingly, two regions 
of the clone hybridize to these probes, and these regions 
are separated by approximately 8.0 kb of non-hybridizing 
DNA. The two regions of hybridization are confined to 
HindIII fragments of 0.8 kb and 2.0 kb. These two frag- 
ments were subcloned for DNA sequencing, and the regions 
sequenced are indicated in Fig. 2. 

DNA sequencing of selected regions of the Chinese Spring 
Glu-Aly gene 

DNA from the subcloned 0.8 and 2.0 kb HindIII fragments 
was further subcloned into MI3 vectors and sequenced by 
the dideoxy method (Sanger et al. 1980). Clones for se- 
quencing were constructed by sonication (Deininger 1983), 
Bal31 deletion (Poncz et al. 1982) or by generation of specif- 
ic restriction endonuclease fragments followed by cloning 
in MI3. The complete sequence of the 0.8 kb fragment and 
the sequence of part of the 2.0 kb fragment are as shown 
(Fig. 3 a, b). The gene sequences found in these fragments 
are almost identical to regions of the Glu-Aly sublocus gene 
of Cheyenne. For example, the 5' HindIII site of the 0.8 kb 
fragment is also found in the Cheyenne gene (HindIII 

cleaves between nucleotide 1244 and 1245 of the sequence 
published in Forde et al. 1985), and the sequences continue 
to be nearly identical for a further 479 nucleotides 3' to 
this site (Fig. 3 a). However, at nucleotide 483 or 484 (1724 
or 1725 of the sequence of Forde et al. 1985) there is an 
abrupt change. Sequence 3' to this nucleotide no longer 
encodes an HMW glutenin subunit and is unrelated to the 
coding sequence found in this region of the Cheyenne Glu- 
Aly sublocus gene sequence. The Chinese Spring chromo- 
some IA fragment returns to HMW glutenin coding se- 
quence some 8 kb further downstream of this break at nu- 
cleotide 464 of the sequence obtained from the 2.0 kb Hin- 
dIII  fragment (Fig. 3 b). Significantly, it is a continuation 
of the Glu-Aly sequence from exactly the position where 
it had previously been interrupted. The sequence then con- 
tinues without interruption to the 3' HindIII site located 
in the 3' untranslated region of the gene (Forde et al. 1985). 
It seems likely that the discontinuity in the coding sequence 
of the Glu-Aly sublocus gene of Chinese Spring has been 
caused by the insertion of an 8 kb segment of unrelated 
DNA into the gene (Fig. 4). This insertion has caused a 
short ' target '  duplication since the 5 or 6 bp of coding 
sequence on either side of the insertion are duplicated with 
respect to this region of the Cheyenne Glu-Aly (Fig. 4). 

There are a number of other differences between the 
sequences of the Chinese Spring and Cheyenne Glu-Aly sub- 
locus alleles. Several nucleotide substitutions are apparent 
and the sequences also differ by the presence of one extra 
repeat unit in the central repetitive section of the Chinese 
Spring allele (Fig. 3b). However, the major difference be- 
tween these two alleles is due to the presence of an unrelated 
DNA segment inserted into the Chinese Spring Glu-Aly al- 
lele which is not present in the Cheyenne Glu-Aly allele. 

Estimation of multiplicity of sequences from within 
the Chinese Spring Glu-Aly insertion in 
the wheat genome by DNA hybridization 

In order to investigate the nature of the DNA segment 
inserted into the Chinese Spring Glu-Aly allele, DNA frag- 
ments derived from this region were hybridized to digests 
of total wheat DNA. The DNA fragments labelled A to 
I inclusive (defined by HindIII and BamHI sites, Fig. 2) 
were purified from digests of subclones of the Glu-Al sublo- 
cus gene. These fragments cover the entire inserted DNA 
segment, together with some HMW glutenin coding se- 
quences in those fragments covering the termini of that 
insert. The fragments were nick translated and hybridized 
to digests of total wheat DNA (Fig. 5) and to digests of 
known quantities of pEco5 (the plasmid containing the 
wheat chromosome IA fragment carrying the Glu-Aly sub- 
locus gene) on the same filter (not shown). The resulting 
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Fig. 5. Hybridization of fragments A-I from pEco5 (see Fig. 2) 
to HindIII digests of wheat DNA 

hybridization patterns to the total wheat D N A  are highly 
complex. Each probe reveals many hybridizing fragments 
in wheat DNA,  and at least some of  the sequences con- 
tained on these fragments are present in many more than 
100 copies per haploid wheat genome. Interestingly, frag- 
ments A, B and C appear to hybridise to the same major 
chromosomal D N A  fragments as fragments G, H and I. 
Also all these fragments hybridise to both of  the BamHI 
fragments of  pEco5 (see Fig. 2). Therefore, related se- 
quences are found at both ends of  the D N A  inserted into 
the Glu-Aly gene, a conclusion we have confirmed by cross- 
hybridisation of  isolated pEco5 fragments (data not  
shown). The duplicated sequences must extend over more 
than 500 bp. From the 700 bp of  sequence determined at 
the 5' and 3' ends, which cannot be matched, it appears 
that the duplicated sequences are not inverted with respect 
to one another, but in the same orientation. 

Discussion 

In a previous study D N A  restriction fragment length poly- 
morphisms at the Glu-1 loci of  five different wheat varieties 
were examined and alleles previously distinguishable on the 
basis of  the H M W  subunit they encode were often found 
to be distinguishable on the basis of  their associated restric- 
tion enzyme sites (Harberd et al. 1986). In this paper a 

5' ENDS 3' ENDS 

Wis-2 (wheat) TGTTGGAAA . . . . .  TT--CC-ACA 

Wire-i (wheat) TGTTGG .... C-- -TT--CC-ACA 

BS-I (maize) TGTT-G-AA-C . . . .  T--C--ACA 

Cinl (maize) TGTTGG .... C ....... CC-ACA 

Tyl (yeast) TGTTGGAA-A-A .......... CA 

lAP (mouse) TGTTGG-A--C-- -T ..... -ACA 

Copia (Drosophila) TGTTGGAA-A-A ....... C-ACA 

BI04 (Drosophila) TGTT---A-A ........... ACA 

~SV (mouse) TG---GA .... A ...... C---CA 

Fig. 6. Similarities between the terminal nueleotides of certain 
transposable elements from various organisms. The nucleotides in- 
cluded are those held in common between three or more of the 
elements; - represents a non-conserved nucleotide. Wis-2 is the 
element described in this paper. Wire-1 is another wheat retropo- 
son-like element recently characterised (N. Harris and R. Flavell, 
in preparation). Bs-1 is from maize (see Johns et al. 1985). Cin-1 
is a dispersed repeat from maize (Shepherd et al. 1984). Tyl is 
a transposable element in Saccharomyces eerevisiae (Farabaugh 
and Fink 1980). IAP is the intracisternal A-particle gene of mouse 
which belongs to a group of endogenous proretroviral-like elements 
with long terminal repeats (Kuff et al. 1983). Copia is a transpos- 
able element of Drosophila comprising up to 5% of the Drosophila 
genome (Levis et al. 1980). B104 is a dispersed repeat of Drosophila 
(Scherer et al. 1982). MMSV is the Moloney virus of mouse which 
has long terminal repeats (Dhar et al. 1980) 

detailed comparison of  sections of  two allelic Glu-Aly sublo- 
cus genes from the varieties Chinese Spring and Cheyenne 
is presented. It is clear that the major difference between 
these two genes is the presence of  an 8 kb segment of  unre- 
lated D N A  inserted into the coding sequence of  the Chinese 
Spring gene but absent from its counterpart  in Cheyenne. 
This observation cannot be attributed to artefacts arising 
during cloning of  the Glu-Aly allele from Chinese Spring, 
since digests of  the cloned fragment produce fragments of  
sizes predicted from hybridization of  the H M W  glutenin 
c D N A  to digests of  D N A  from nullisomic-tetrasomic wheat 
lines (data not shown; Thompson et al. 1985). 

The presence or absence of  the insert seems not to be 
the only determinant of  whether Glu-Aly is expressed in 
these two varieties. There is no detectable H M W  glutenin 
transcript derived from chromosome 1A of  Chinese Spring 
(Thompson et al. 1983) but it seems that the Glu-Aly sublo- 
cus gene of  Cheyenne, which lacks the inserted D N A  seg- 
ment, is also not expressed (Forde et al. 1985). The absence 
of  a lAy  type H M W  subunit throughout  the hexaploid 
and tetraploid wheats suggests that the Glu-Aly gene is usu- 
ally silent in cultivated lines. 

Flanking each end of  the D N A  segment inserted into 
Glu-Aly of  Chinese Spring is a small (5 or 6 bp) duplica- 
tion). Such duplications of  a short sequence at the site of  
insertion are a common feature of  D N A  insertion events 
(Saedler and Nevers 1985). The insertion interrupts one 
of  the nine amino acid encoding repeat units from the cen- 
tral repetitive section o f  the Glu-Aly gene (Thompson et al. 
1985; Forde et al. 1985). The comparable repeat unit from 
Glu-Aly of Cheyenne (nucleotides 1718 to 1744 in the se- 
quence of  Forde et al. 1985) is of  normal length and does 
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not contain any adjacent duplications of a few base pairs 
which might be expected to result from excision of a trans- 
posable element (Schwarz-Sommer et al. 1985). It is likely 
therefore that the Cheyenne Glu-Aly allele represents a pro- 
genitor allele into which a DNA segment has been inserted 
resulting in an allele of the type represented by the Chinese 
Spring Glu-Aly allele. The inserted DNA segment has been 
called Wis-2 (Wheat insertion sequence-2). Wis-I is an in- 
sertion sequence found upstream of an a-amylase gene 
(R.A. Martienssen and D.C. Baulcombe, in preparation). 

The Wis-2 DNA inserted into the Chinese Spring Glu- 
Aly gene has the terminal bases 5' TGTTGG and CCTACA 
3' which are inverted duplicates of one another, with the 
exception of I bp. Terminal inverted repeats are a common 
characteristic of many transposable elements (Freeling 
1984; Finnegan 1985). However, these particular short ter- 
minal inverted repeats are closely related to those found 
in numerous other transposable elements which are propa- 
gated by reverse transcription of an RNA intermediate 
(Finnegan 1985). The terminal homologies are illustrated 
in Fig. 6. The terminal sequences of Wis-2 are identical 
or very similar to those of elements in yeast (Ty-l) (Fara- 
baugh and Fink 1980), Drosophila (copia) (Levis etal. 
1980), and mammalian retroviruses (Kuff etal. 1983; 
Rogers 1985) all of which have 5' TG-CA 3' at their ends. 
All these elements are also characterised by having direct 
repeats, several hundred base pairs long, at their termini 
each of which carries the TGTTGG-CCTACA type of in- 
verted repeat (Finnegan 1985). The results in Fig. 5 and 
the sequence in Fig. 3 imply that Wis-2 in the Glu-Aly allele 
of Chinese Spring also has long direct repeats at its termini. 
These features therefore suggest that this wheat insertion 
sequence is of the 'retroposon type' having been inserted 
into the Glu-Aly gene following reverse transcription of an 
RNA transcript from another copy elsewhere in the ge- 
nome. Another example of a wheat element with long termi- 
nal repeats each of which has the terminal inverted repeats 
TGTTGG-CCAACA has recently been characterised by N. 
Harris and R. Flavell (see Fig. 6; Flavell 1986 and unpub- 
lished results) and other examples have been described in 
maize (see Fig. 6; Johns et al. 1985; Shepherd et al. 1984; 
Flavell 1986). It could be therefore that many of the dis- 
persed repeats in plant genomes are of this type. 

There are many other sequences in the wheat genorne 
related to those of Wis-2 inserted into the Glu-Aly allele 
of Chinese Spring (Fig. 5). However, most of them appear 
to be organised differently from those in Wis-2 although 
it is possible that much of the variation between Wis-2 
and the other copies indicated by Fig. 5 is due to mutations 
in restriction enzyme recognition sites rather than the ex- 
istence of other copies organised in unrelated structures. 

The coding regions of HMW glutenin gene sequences 
contain an extensive central section consisting of tandemly 
repetitive sequences. The length of this region appears to 
vary considerably between HMW glutenin genes (Thomp- 
son et al. 1985; Harberd et al. 1986). The sequence of the 
repetitive region of Glu-Aly from Chinese Spring differs 
from that of Cheyenne by the presence of one extra repeat 
unit. Two six amino acid encoding repeat units are found 
between nucleotides 1009-1044 (Fig. 3 b) in Glu-Aly of Chi- 
nese Spring, compared with only one of these (nucleotides 
2264~2281, Forde et al. 1985) at the same position in Glu- 
Aly of Cheyenne. The two units in Chinese Spring are exact 
copies of one another. Of course we cannot be certain that 

this recent duplication did not arise during molecular clon- 
ing of the Glu-Aly gene fragment rather than at some point 
in the evolutionary divergence of the two varieties. Never- 
theless this observation provides evidence that this region 
of repetitive DNA has a propensity for rapid change via 
deletion and/or duplication of repeat units. Mechanisms 
by which this change might come about have been proposed 
(Thompson et al. !983). 

The molecular characterization of this locus aids our 
understanding of the evolution of an agronomicaUy impor- 
tant gene family in bread wheat. The number of active 
HMW glutenin genes varies between three and five amongst 
hexaploid wheat varieties. It will be of interest to compare 
other inactive Glu-1 alleles, or indeed, inactive members 
of other gene families in hexaploid wheat, to see if common 
mechanisms of inactivation are involved. 
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