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Abstract: Four representatives of a family of dispersed repetitive sequences which were
prominent and dispersed in the E genome of Thinopyrum elongatum but poorly represented
in wheat, were studied in detail. The 1.4 kb sequences were present both as part of tandem
and more complex arrays and appeared to have resulted from repeated amplification of
the sequence and their dispersion throughout the genome. Subcloning of sections of the
1.4kb sequences resulted in probes which improved the resolution of the E genome from
the genomes in wheat and enabled identification of single E genome chromosomes intro-
duced into wheat. The generality of these types of sequences in the tribe Triticeae was
confirmed by isolating analogous sequences from the R (rye, Secale cereale), V (Dasypyrum
villosum), and N (Psathyrostachys juncea) genomes. — The cloned repetitive sequences from
the R, V, and N genomes each showed characteristic fluctuations in amount within the
grasses examined in addition to being virtually absent from wheat. It is thus possible that
these sequences may provide useful taxonomic indicators for establishing relationships
within the Triticeae, as well as valuable probes for tracing alien chromatin introduced into
wheat.

The grasses of the tribe Triticeae (Hordeae) provide a useful source of new genetic
variation for the improvement of wheat. The increasing use of these grasses in
wheat breeding has led to the need to understand the genomic structure of these
grasses in more detail. DEweY (1982, 1984) has reviewed a classification of the
perennial Triticeae grasses based on both genomic relationships, as defined by
meiotic-pairing in interspecific and intergeneric hybrids, and more traditional tax-
onomic data, including morphology, geographical distribution and ecological
adaptation. This system of classification has been used in the present study as a
starting point for the DNA analysis of grasses in the Triticeae. The aims were to
provide new DNA markers which can be used to trace alien chromatin following
its introduction into wheat, as well as to initiate characterization of the genomes.

Eukaryotic genomes are characterized by the large variation in nuclear DNA
content, even within closely related species possessing the same chromosome num-
ber; Vicia spp. with the same chromosome number, for example, can exhibit a 6-
fold range in nuclear DNA content (Croor 1971, STrRAUS 1972). A major proportion
of the observed variation can be explained by differences in the moderately repeated
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class of sequences (CHoor 1971, STrRAUS 1972, MikscHE & Hotra 1973, MizuNo
& MAcCGREGOR 1974, BALDARI & AmaLDI 1976, NaravaN & REgs 1976, 1977,
Hurcuinson & al. 1980).

Moderately repeated DNA sequences (reiteration frequency 10' to 10°) are
usually interspersed between unrelated, often single copy, DNA and rarely occur
in long tandem arrays. The component generally has a very similar G-C content
to the entire genome and many sequence elements are transciptionally active. In-
dividual members of a family may show considerable (3 — 20%) sequence divergence
and, in general, both the consensus sequence and copy number of a family are
conserved among closely related genomes. Such features distinguish the moderately
repeated sequence families from the satellite or simple sequence class of DNA
(Lewin 1974, BoucHARD 1982).

Detailed studies on some organisms possessing large genomes with a large
moderately repeated component, as found in Salamander, cereals and Lilium spp.,
have shown that the increase in amount of this class of sequence has occurred
predominantly by the addition of new sequence families. These arise from the
amplification of sequences not detectably repetitive in other related lineages of the
respective organisms (Salamander: Mizuno & MACGREGoOR 1974, Mizuno & al.
1976; cereals: FLAVELL & al. 1977, Rimpau & al. 1978, 1980; Lilium spp.: BoucHARD
& STERN 1980). In other organisms with a smaller moderately repeated component,
such as chicken (EpeEx & al. 1978) and sea urchins (HarroLp & CrAIG 1977,
Moore & al. 1978, KrLemn & al. 1978), the new families appear to arise from
sequences already somewhat repeated in related organisms, but at a considerably
lower copy number.

The large size of cereal genomes (5— 18 pg, BENNETT 1972) initially led to their
characterization in terms of families of sequences as defined by renaturation analyses
(FraveLL & Smita 1976, SMiTH & FLAvELL 1977, ApPELs & al. 1978, RANJEKAR
& al. 1978, Rimpau & al. 1978, FraverLL & al. 1980 a, b, HAKE & WaLsoT 1980).
Several important features of these early analyses include the observations that
>60% of the genome of maize, and >70% of the genomes of wheat, rye, barley
and oats were in the moderately repeated class. Secondly, approximately 2/, of the
genomes were organized such that repeats were interspersed with other repeats or
single-copy DNA. Thirdly, families of repeated sequences are present in closely
related species. For example, maize, teosinte and Tripsacum share a 180 bp repeat
family that is a major constituent of knob heterochromatin (PEacock & al. 1981).
At least 23% of the moderately repeated component of wheat, rye, barley and
oats, or approx. 17% of the total genome is common to all four genomes. The
more closely related species (e.g., wheat and rye) share a greater proportion of the
repeated sequence component than do more distantly related species (e.g., wheat
and oats). Fourthly, a substantial proportion of each genome consisted of mod-
erately repeated sequences in a category classified as species-specific; 21.6% (16%),
29.7% (22%), 39.4% (28%) and 77.3% (58%) of the moderately repeated sequence
component (and of the total genomes) of wheat, rye, barley and oats, respectively.
The potential for cloned sequences in the ““species-specific” category to assay alien
chromatin in wheat has been discussed in AppPELS & MoRAN (1984) and provide,
for example, a specific assay for rye chromosomes in Triticale, using the in situ
hybridization technique. In addition, the distribution and amount of species-specific
and/or shared families of repeated sequences can be used as a phylogenetic or
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taxonomic tool (for examples see JoNEs & FLAVELL 1982, Dvorak & ApPPELs 1982,
ArnNoLD & al. 1985). In the present paper, the properties of four different repeated
sequence families from the R (Secale cereale), V (Dasypyrum villosum), N (Psa-
thyrostachys juncea), and E (Thinopyrum elongatum) genomes are presented.

Material and methods

Plant material. Information on the various grasses used in experiments is given in
Table 1.

Cloning. The isolation of DNA clones from the V, E, and R genomes in A 1059 has
been described in APPELS & MoRAN (1984). The N genome was cloned, by similar pro-
cedures, into the A vector EMBL 4 (Amersham). Subcloning of portions of the cloned DNA
which were responsible for the “species-specific”” hybridization was carried out by restriction
enzyme digestion of the E, N, and V genome A clones with Eco R 1, and of the R genome
A clone with Hind 111. The restriction fragments were electroeluted from agarose gels and
ligated into the plasmid pBR 322. The plasmid was linearized with the appropriate restriction
enzyme (Eco R 1 or Hind 111) and treated with alkaline phosphatase (Boehringer) before
use. The ligated plasmids were used to transform E. coli RR 1 cells. Colonies were selected
and screened with the respective radioactively labelled & clones for plasmids with genomic
insert DNA.

DNA sequencing. Sequencing of DNA was achieved by transferring the respective DNA
segment into the vector M 13 mp 10 and using the “dideoxy” procedure of SANGER & al.
(1977); sequencing kits were obtained from BRESA (South Australia). Reactions were

Table 1. Grasses used in this study

Species Genome Source
Agropryon cristatum P D. R. DEwey
(L.) GAERTNER PI 314599 U.S.S.R.
Dasypyrum villosum v Aust. Wheat Coll.
{(L.) ScHUR. 17953
Psathyrostachys juncea N D. R. Dewgy
{(F1scH.) NEvsk1 PT 314082 U.S.S.R.
Pseudoroegneria spicata S D. R. DEwgy
(PursH) LOovE cv. “Whitmar”
Secale cereale L. R C. DriscoLL

cv. “Imperial’’. . -

Thinopyrum elongatum E J. Dvorak
(Host) D. R. DEWEY
Thinopyrum junceiforme 1.1, D. R. Dewey
(L.+L.) Love CS-6-61..70 Fr.
Triticum aestivum L. ABD cv. “Chinese Spring”
Th. elongatum J. Dvorak

“Chinese Spring” addition lines

D. villosum E. R. SEARS
“Chinese Spring” addition lines
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analyzed on 4, 6 or 8% polyacrylamide gels and exposed to X-ray film either after drying
the gel onto one of the glass plates used to support the gel or transferring the gel to
Whatman 3 mm paper.

DNA-DNA hybridization. Genomic DNA samples were analyzed, after restriction endo-
nuclease digestion and electrophoresis in 1 or 1.5% agarose gels, by transferring them to
Gene-screen (NEN), following manufacturers instructions. The membrane filters to which
the DNA was bound were baked at 80 °C under vacuum for 2 — 3 h followed by pretreatment
in PH buffer [50% formamide, 3X SSC (1X SSC=0.15M Na(l, 0.015 M Na citrate), 0.01 M
Tris-HCl pH 8.0, 0.001 M EDTA, 0.1% SDS, 0.1% polyvinylpyrrolidone, 0.1% BSA, 0.1%
ficoll] for 1 —2h. They were then transferred to PH plus probe (heated to 95°C to denature
the probe). *?P probes were prepared using a nick-translation kit (BRESA, South Australia).
Hybridization reactions were carried out at 37 °C for approx. 12h before washing in four
changes of 2X SSC/0.1% SDS solution (initially at 65°C) over a period of 1—3h. The
washed filters were wrapped in food wrap and exposed to flashed X-ray film at — 80 °C.

In situ hybridization. In situ hybridizations of *H-cRNA to root tip mitotic chromosomes
were carried out as previously described (ArpELs & al. 1978), except that 24 h iced water
treatment was used instead of colchicine as the prefixative. *H-cRNA copies of the 1.4kb
sequence, pEleAcc2 and pPjE 2-T 1 were obtained using E. coli RNA polymerase I (Boeh-
ringer) as per manufacturers instructions.

Determination of genomic proportions of 1.4kb family. 0, 0.5, 1, 2, 4, 7, and 10ug
quantities of DNA from Secale cereale, Triticum aestivum cv. ““Chinese Spring”, Dasypyrum
villosum, Pseudoroegneria spicata, Psathyrostachys juncea, Agropyron cristatum, Thinopyrum
Junceiforme and Thinopyrum elongatum, and 0, 0.01, 0.02, 0.05, 0.1, 0.2, and 0.3 pg amounts
of A Ele 145 were loaded onto a nitro-cellulose filter in a dot-blot apparatus (Bethesda)
under vacuum. After alkaline denaturation (in 1.5 M NaCl, 0.5 M NaOH) and neutralization
in 0.025M phosphate buffer pH 6.5 (1 M buffer contains 680 mls Na,HPO, and 320 mis
NaH,POy,), the filter was baked as per manufacturers instructions. Prior to hybridization,
the filter was washed in the hybridization solution without probe for 1—2h (see above).
The filter was hybridized to >?P- pEleAcc2 (using a nick translation kit from BRESA).
Differences in dot intensity were quantified through densitometry tracings as previously
described by KaraTos & al. (1979).

Results
The 1.4kb family of repeated sequences from the E genome

Two A clones containing E genome DNA which strongly hybridized to genomic
Th. elongatum DNA but exhibited little cross hybridization to wheat had previously
been identified by AprELs & MoraN (1984). Restriction enzyme maps of the two
clones were determined using double digestions with two restriction enzymes
(Fig. 1); regions that cross hybridized within and between parts of the clones are
shown. A Ele 145 contains part of a tandem array of unit length 7.7 kb. Subcloning
of parts of the tandem repeat using EcoR 1 revealed that the 1.4 kb segment (black
box) was responsible for the major proportion of the hybridization to genomic
DNA (data not shown). This sequence comprises approx. 0.02% of the genome
(see variation section) and we designate this family the 1.4kb family.

The second A clone, A Ele 143, cross hybridized strongly to A Ele 145 and also
contained representatives of the 1.4 kb family of repeated sequences (black boxes).

The degree of relatedness among 1.4 kb segments. The four 1.4 kb units present
in the two A clones (Fig. 1) were isolated and sequenced. Units A and B derive
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MEle 145

AEle 143

Fig. 1. Restriction maps of A Ele 143 and A Ele 145, The restriction sites for EcoR 1 (H),
Xho1(O), Hind111 (@), and Bgl/11 (A) are illustrated for both E genome X clones (AppELS
& Moran 1984). Fragments similarly shaded cross hybridized strongly within and between
clones. The black boxes, labelled A, B, C, D, are the four 1.4 kb subclones responsible for
the “E genome specific” hybridization. A S and AL refer to the short and the long arms
of L1059, respectively

Table 2. Number of variable positions between 1.4 kb segments from A Ele 145 and A Ele 143

143D 143C 145B 145A
145A 78 80 1 -
145B 79 81 -
143C 3 -

143D -

Table 3. Number of base pair differences between internal 186 bp duplications in the 1.4kb
units from A Ele 145 and A Ele 143

A 143 A 145 A 143 A145
D2 C2 B2 A2 DI Ci1 Bi Al
Al 40 39 4] 41 16 16 0 -
A 145
Bl 40 39 41 41 16 16 -
Cl1 37 36 37 37 2 -
A 143
D1 36 35 36 36 -
A2 11 10 0 -
A 145
B2 11 10 -
C2 1 -
A 143

D2 -
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from A Ele 145, and C and D from A Ele 143. The units were compared in a matrix
to assess the number of base pair differences in each pairwise comparison. The
results are summarized in Table 2 and show that 1.4 kb units from the same A clone
are more like each other than those from different clones, i.e., A and B (1 base
difference), and C and D (3 bases different) are more like each other than A with
C (80 variable positions) or D (78 variable positions), or B with C (81 different
bases) or D (79 different bases).

Each 1.4kb unit contains a duplication of 186 bp. The sequence of one of the
1.4 kb units from AEle145 is shown in Fig. 2. The position of a 186 bp duplication
is indicated and pairwise comparisons of all 8 duplications from both A Ele 143
and A Ele 145 are summarized in the matrix of Table 3. Each duplication was
numbered 1 and 2 from the 5" end of the 1.4kb unit and identified as originating
from 1.4kb unit A (A1, A2), B(B1,B2), C(C1,C2)or D (D1, D2) (see Fig. 1).
The duplications fall into obvious groups on the basis of the number of base pair
differences in the pairwise comparisons. The lowest numbers of differences are

- AAAAGATCTAGACTTACGTCTCATCAAGTAAATATCCATATATCTACTCG
AGTCATTTCTGAAGATAGATAAATCCACTACTAACAACATTTATCGGACT
ACACACATCAAATGTATGACCACCAATAAGTTTGTTGTCCATTCCTTATG
GCCTGTGAATGGTATTTTAGTCACTTCACTTTTCGGAGGAAAGTTGCAAG
TGTCAGATGATTCAAAATCAAAGGACTTCAAAAAATCCATCATAATGGAA
TTTATCCATGCGGGTTTCTCCAATGTGACCAAATGTAGTGCCACACTTGT
GTGGTATTCTCTTAGTCTTACGACATTTAGCGTCAGTGTTACGGATGTAT
Acc | [CATATTACCATCAATATTCATAACATACGTCCCATTTTGGATGGAAGCAT
1 GG CCTTCATGTTATTCATAATACTGAACAACAATTGTTGTTTTTATGAA
ACATTOTGCAATGGCTAGAGTGTATGAAACTCT
AAAATGAATTATGAAAGTAAACCCAGAGGTAATGTAI ATTATCAATATT
[CATAACATACATCTCATTCATAATGAAAGTATGGCCCTTATGTTATTCAT
AACATCGAACATAAAAAGTTCTCTTATGAACAACCTTCTTGCAAGATACC
TTATGCATAGGGCTAGAGTGTAAAACTCTAAAATGAATTAAGAAAGTAAA
L TACAGACGGTAATACACCGATGGAAGGTATAGTAACATTTACTATGTTCC
L CTGTGTATACCTAAACCTCATTCCTGGCAAGTCTTTCAGGTCATAGTAGT
TCTTACATCGAGTTGCAACAGAAAGCAATCGAGCAGGTATCTTTGTGATT
AACTCACAATACCCAAGAATCAGTGATTACCAATTTAATCATAATTCCCA
AGAACTATATCTTTGACCAGCCTTCTATACATCAAAAACTTGTATGACAT
TCATACATGAGCTGGATATTCCAGTCTTCTTTCTTATTGCCTTTATACTT
CTAACAGTTTAACTTTTAGTATTTCTCCTACTCTGAGAAGAAGCACCCAA
Acc| CTTAAGAGTGGCGTTTAGCCCTGGACTTCCTAGGCGTGAAAGTTTCACTA
2 ACACCCTTCGGACACTTCCTTTCTCTTTAAGTTGTTGTTTTATTCACCTT
TCATCATATGACAGGCGTTCTCCTGGATCCCTCTCTTATCAGTCTAATGC
ATAGTAAACTCCTTTACTAATAGH
CTCATATCTTTTAGCCTTTGTTTGTCCCTGAAAATGATTTTCAGATTCCA
TGAATATCACATAACTATCCAAACTTTCGAAGTTCGGGTCTCATGGAAGC
L AAACATATTGCACTTGACTGAAATG

Fig. 2. Nucleotide sequence of a 1.4 kb unit. The DNA sequence of the 1.4 kb unit designated
A from X Ele 145 is illustrated. The arrows mark the position of the 186 bp direct duplication;
the repeats were numbered 1 and 2, in each 1.4kb unit, as shown. The stippled region
represents a 17 bp duplication, with a single base mismatch. The Acc 1 site, GTATAC, used
to generate the two subclones pEleAcc 1 and pEleAcc 2, is also shown
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Fig. 3. a, b Direct repeats flank imperfect inverted repeats. a A 7 base pair direct repeat,
flanking an imperfect (4 out of 6 bases) inverted repeat, is shown; the loop is 162 bases in
length. The two direct repeats occur such that one is in each 186 bp larger direct repeat. b
A 6 base pair direct repeat flanks an imperfect (3 out of 6 bases) inverted repeat producing
a 357bp loop. The second 6bp repeat occurs in the number 1 186 bp repeat. ¢ Inverted
repeats flanked by imperfect direct repeats. An 8 bp inverted repeat, flanked by an imperfect
(4 out of 6 bases) direct repeat is illustrated. The resulting loop is 926 bp in length

observed between A1 and B1, C1 and D1, A2 and B2, C2 and D 2. The next
lowest group with 10— 16 base pair differences comprises A 1 with D 1, A 2 with
C2 etc. and represent pairwise comparisons between two number 1 or two number
2 duplications from any two of the four 1.4kb units. The highest number of
differences are observed in pairwise comparisons of a number 1 and a number 2
duplication regardless of whether the duplications originated from the same or
different A clones. These comparisons suggest an evolutionary order of assembly
of various components in the A clones illustrated in Fig. 1. The duplication of the
186 bp region must have preceded the amplification and dispersal of the 1.4kb
units because the number 1 duplications in each 1.4kb unit are more alike than
any number 1 and number 2 duplication from the same 1.4 kb unit. The 186 bp
region is envisaged to have been duplicated first, the two duplications accumulated
random changes in nucleotide sequence and the 1.4 kb unit, with the two diverged
186 bp duplications, amplified and dispersed throughout the genome.

The 1.4 kb units also contain smaller duplications. A small duplication of 17 bp
has been identified in the 1.4 kb units and is marked in Fig. 2. The 17 bp duplications
have only two base-pair differences in the unit illustrated, and one of the duplications
is located in the number 1 186 bp unit discussed above. Numerous other smaller
direct repeats are also present in the unit. Two such repeats flank imperfect inverted
repeats and are illustrated in Fig. 3a and b. In addition, an 8 bp inverted repeat is
flanked by imperfect direct repeats (Fig. 3 ¢). Such contiguous direct and inverted
repeats may represent the remnants of transposable elements (reviewed in NEVERS
& al. 1986).

Several regions of dyad symmetry have been identified in the 1.4 kb units; for
example “*’AACAACAATTGTTGTT*? and ?>*CTGAAAATGATTTTCAG!?®,
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Fig. 4. In situ hybridization of the 1.4 kb family to the E genome of Th. elongatum. In situ
hybridization to E genome chromosomes at interphase (b) and metaphase (a) demonstrates
the dispersed nature of this family of repeated sequence. The probe is dispersed throughout
the genome, on all 14 chromosome arms. There is some localization of silver grains at the
telomeres of some chromosomes suggesting that blocks of 1.4kb sequences occur here
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Fig.5. Hae 111 digests of DNA from the V, S, E, R, J,J,, P, N, and Wh (wheat, ABD)
genomes. a Probed with pEleAcc 1, b probed with pEleAcc?2. 20 ug quantities of DNA
from each of the V, S, E, R, J,J,, P, N, and Wh (wheat, ABD) genomes were digested with
the restriction endonuclease Hae 111. The digests were halved and loaded on two 1.5%
agarose gels. The gels were blotted (see Materials and methods) and the filters hybridized
with either pEleAcc 1 or pEleAcc?2

Chromosomal distribution of the 1.4 kb family in the E genome of Th. elongatum.
In situ hybridization experiments using the subclone pEleAcc2 (see Fig.2) as a
probe revealed that the 1.4 kb units are dispersed throughout much of the E genome
of Th. elongarum (Fig.4). The concentration of silver grains at the telomeres of
some chromosomes suggests that blocks of the 1.4kb units are located at these
sites, in addition to being distributed along the rest of the chromosome.

Variation in the amount of the 1.4 kb family among a selection of related grasses
in the tribe Triticeae. The probes pEleAcc 1 and pEleAcc?2, (see Fig. 2), were used
to assay the variation in copy number of the 1.4 kb family in a selection of perennial
grasses (listed in Table 1) representing different genomes in the tribe Triticeae (Fig.
5a and b). Similar hybridization intensities are observed for the E, S, P, and J,J,
genomes, with considerably less hybridization to the V, N, R, and ABD (wheat)
genomes.

Dot blot analysis of the same grasses, using pEleAcc 2, supports the variation
seen in Fig. 5. The subclone pEleAcc2 represents 0.02% of the E and P genomes,
0.01% of the J,J, genomes, 0.007% of the S genomes and a much smaller proportion
of the V, N, R and ABD genomes (data not shown).

An important feature of the variation shown in Fig. 5 is the very low levels of
the 1.4kb family present in wheat, as detected using either of these 1.4kb unit
derived probes; this was the initial criterion used to select the E genome X clones,
A Ele 145 and A Ele 143 (AppELs & MoORAN 1984) and the specificity of the probe
for the E genome was much improved by the subcloning of small sections of the

Wh
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pPPi8E3 CATCACGGTCAAGTGCAATATGCTIGTTTCCATGAGACCCAAACTTCGAA
1.4kb unit CATTTCAGTCAAGTGCAATATGTTTGCTTCCATGAGACCCAA.CTTCGAA

AGTTTGGGATAGTTATGTGATATTCATGGAA . CTGAAAATTAGTTTCGAC
AGTTT.GGATAGTTATGTGATATTCATGGAATCTGAAAATCATTTTICAGG

TGCAGCCCAAGCTTGGCGTAATCATCGTCATAGCTGTTTCCTGTGTGAAA
GACAAACAAAGGCTAAAAGATATGAGATATCCAAAGCAGTGTTTGTITTGC

Fig. 6. Sequence homology between pPj 8.E 3 (N genome) and the 1.4 kb family (E genome).
The partial nucleotide sequence of pPj8.E 3, a subclone from an N genome A clone, and
145 A, the 1.4kb unit designated A from A Ele 145, is shown; the homologies are undertined.
The region of homology begins with one of the EcoR 1 sites, the enzyme used to derive
both fragments, before terminating abruptly 100 bp further along. 145 A has been inverted
relative to the sequence shown in Fig. 2

original clone. The subclone pEleAcc?2 is particularly noteworthy in its extremely
low levels in wheat.

The presence of the 1.4 kb family of DNA from the E genome in several other
grasses from the tribe Triticeae provided an opportunity for examining the family
in a genome well separated from the E genome at an evolutionary level. A sequence
was recovered from the N genome, in a routine screen, which showed homology
to the E genome 1.4kb family. The clone, pPj8.E 3, was recovered in the clone
APj8.1, and is discussed in more detail in the following section. Partial sequencing
of pPj 8.E 3 showed that its homology with the 1.4 kb family began from one EcoR 1
site (3’ end, Fig. 2) and extended approx. 100 bp before terminating abruptly, as
shown in Fig.6. This observation is consistent with the dispersed nature of the
1.4kb family of DNA in that many different DNA sequences would be expected
to flank and form junctions with the 1.4 kb family. The existence of a clear junction
of the type shown in Fig. 6 suggests that a particular portion of an ancient DNA
sequence plus its adjoining DNA were amplified to form the present day 1.4kb
family in the E genome. The portions of the 1.4kb family in the N genome may
represent sequences which have not been amplified in the N genome, as has occurred
in the E genome. An alternative proposal is that the abrupt junction observed in
the N genome clone may have resulted from an insertion of an unrelated DNA
sequence into the 1.4 kb unit.

A repetitive sequence family from the N genome

A X clone, APj8.1, was isolated from Psathyrostachys juncea as an N genome
specific sequence; it hybridized strongly to the N genome with very little detectable
hybridization to wheat DNA. Restriction endonuclease digestion with EcoR 1
indicated that within this clone there were two cross-hybridizing sequences, des-
ignated E1 and E2. The restriction endonuclease Tag1 was used to subclone
portions of E1 and E2 to isolate the fragments primarily responsible for the
N genome “specific” hybridization. The fragments, designated E1—T1 and
E2—T1, are shown in Fig. 7 with the region of homology between them underlined.
These sequences, plus others in the genome with which they hybridize, will be
referred to as the N 8-family of sequences. Another fragment from the A Pj 8.1 clone,
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E1-T1 GTCGAACTAAGATTGAAACAACAATCTCTCTAC.TGGGTTGCACACATACGGTGTCAGCTATCCGG
E2-T1 GTCGAACTAAGATCGAAACAACAATCTCTCTACATGGGTTGCACACATACGGTGTCAGCTATCCGG

TAGGGCTTCGCCGTCCAGAACTATTTCCTATCGGAGACTAGACGGCCTTTCGGCAGTACGAAACTA
CAGGGCTTCGC . GTCCAGAACTATTTCCTATCGGAGACTAGATGGCCTTTCGGCAGTACGAAACTA

TTTC.GTGTGAGGGAGAGAAAGCAAGCCAAATAATTGCATGGCATATGTGTTGAGAGAAATCTGAA
TTTTTGTGTGAGGGAGAGAAAGCAAGCCAGATAATTGCATGGCATATGTGTTGAGAGAAATCTGAT

TTTGGAGAGCTCTCACTACCTCTATTTATAGGAGAAGCAAGGGGTAGAGGCTATGGGGAAATTACC
TTTGGAGAGCTCTCTCCACCTCTATTTATAGGAGAAGCAAGGGGTAGAGGCTATGGGAGAATTACC

AAAAAAACCCATAACTTAGCCACCAAGTAACTTAGCCACTAAGTCACATAARAGGTGGCAAGTGGGA
AAAAAAACCCATAACTTAGCCACCAAGTAACTTAGCCACTAAGTCACATAAAGGTGGCAAGTGGGA

GCTCCACTCCAAACGTCCAAGCATGTGTGGGGCCCCCGATTTGGGGCCCCCACCACCCCATGTGCT
GCTCCACTCCAAATGTCAAAGCATGTGTGGGTCCCCCTATTTGGGGCCCCCACCACCCCATGTGCT

TCTCCATAAAGGAAAATTAGTTCT . AGAAGAAAAACCCAAAAAGTGGCTTITTCCAAARAAGTCACCA
TCTCCATAAAGGGAAATTCCTTCTTAGAAGAGAAACCCAAAA .GTGGCTTTTCCAAAAAGTCACCA

AATCATGCTTTTCTTCCTAAAAGTGATTCCACTTGTCATTCACTATTCATGAGAACTTTTCATGAA
AATCATGTTTTTCTTCCTAAAAGTGATTCCACTTGTCATTCACTATTCATGAGAACTTTTCATGAA

ATATTTTTCCGTGACCATTTTTATTCGGAAAAGATTTCTGAAGGTCC . AGAACATTTCCGGCACCC
ATATTTTTCCGTGACCATTTTTATCCGGAAAAGATTTTTGAAGGTCCTTGAACATTTTTGGCACCC

CTTAAAATATTTCTGGACGTGTTCCAAAACATTTTTGGTAAGATGACTTTTATCTCCGAACCATTT
CTTAAAATAATTCTGGACGCGTTCCGAAACATTTTCGGTAAGATGAATTTTATCTCCGAAACATTT

TCGGTAACTCCGAAACACTTCCGATTTTCTCTCTGAAACTTTTT . CGTTGTCTCTARAACTTTTCC
.CGGTAACTCCGAAACATTTCGG . TTTTCTCTCTAAAACTTTTTTTGTTGTCTCTGAAACTTTTCC

GGTGACTTTCTCTCAGACTCCTTGTCTAGTACTCAATAGATAGAAGACCCTTAAGTGTGTGACCCT
AGTGACTTTCTCTCGGACTCCT .GTCTAGTACTCA . TAGATAGA .GACC. TTAAGTGTGTGACC.T

ATAGGTTCGGTGAAATATAGACATGATCGGAACACTTTTCGATCAATGATCAATAGCGGAACCGTG
GTAGGTTGGGTGAA . TATAGACATGACCGGA . CACATATCGATCAATGATCGATAGCG . AACTGTG

GACATCCATATTGATCCCTATACCCACAAGAATAATTATICGAC
GA.ACTAATAT.GATCC.TATAGATATGGGTGIGTTTATTAATAAACTCACTTGGAGGTCAATGGC

TTACGATAAGGACAATGAAACACCATACAATGTTTTTGGGCTCCACTCTAAATTACCGTAAGGGCA
CTTTGTTGTTGAACGAGTGATACGGTCAATGGAGCAATGGCCAAAACAAGAGAAAAGAGCAAGAGC
ACAAGGCCGTAGGGACACTAGTT TAGTGTGACACAGACCGGTCTGCTACTACCTATGGCATTGTGG

TTCTCCCGGGTTTCTTATAGAGAGGTAGCTG

Fig. 7. Sequence homologies between E1—T 1 and E2—T 1. The nucleotide sequence of
the central Tag 1 fragments isolated from the two Eco R 1 subclones of A Pj 8.1 are shown;
the homologies are underlined. The homologous region extends from one end of both
fragments almost to the end of the shorter fragment, E1—T 1, before disintegrating ab-
ruptly. E2—T1 is 250 bp longer than E1—-T'1
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Fig. 8. In situ hybridization of the N'8 family to the N genome of Psa. juncea. The N 8
family of repeated sequences is present in high copy number in Psa. juncea and is dispersed
extensively onto all 7 pairs of chromosomes

\'/ S E R J P N Wh

probe: ijIN‘\IS

Fig.9. N 8 family probed to Taql digests of DNA from the V, §, E, R, J;J,, P, N, and
ABD genome grasses. 10 ug DNA aliquots of the grasses (Table 1) were digested with
Tag 1, Southern transferred, and hybridized with 3?P-pPjN 8

E 3, showed homology to the E genome 1.4kb family and was discussed in the
preceding section.

In situ hybridization experiments were also performed to determine the chro-
mosomal distribution of the N 8-family of sequences in Psa. juncea. The N §-family
is evenly dispersed throughout the genome and is present on all 7 chromosome
pairs (Fig. 8). The highly dispersed nature of this family of sequence is similar to
that seen for the 5.3 family of sequence from rye (ArpeLs & al. 1986).
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Assaying the N 8-family of sequences in the genomes of the various grasses
shows that these sequences exhibit extensive variation in copy number (Fig.9) as
was seen in the preceding sections for the E genome 1.4 kb DNA family. The N 8-
family represents 1 —2% of the N genome of Psathyrostachys juncea, is virtually
absent from wheat, the R (Secale cereale) and V (Dasypyrum villosum) genomes
and is present at an intermediate level in the other grasses tested (Table 1).

Repetitive sequence families from the V and R genomes

The 5.3 sequence from the R genome of rye (Secale cereale). The 5.3 dispersed
repetitive sequence family was recovered from a A clone, Ahet5, containing
R genome DNA (Secale cereale), as described in ApreLs & al. (1986). The 5.3
sequence can be subcloned using the restriction enzyme HindIII, generating three
fragments designated 5.3 H1, 5.3 H2 and 5.3 H3 (AppeLs & al. 1986). As found
in the 1.4kb family and N 8-family, the 5.3 H2-family and 5.3 H 3-family of
sequences show major quantitative variation within the Triticeae genomes examined
(Table 1). Figure 10a and b shows restriction endonuclease Tag ! digests of the
genomes analyzed previously probed with 5.3 H 2 and 5.3 H 3, respectively. All the
genomes analyzed, with the exception of the V genome, contain appreciable quan-
tities of the 5.3 H2 sequence. In contrast, the 5.3 H3 family of sequence is very
specific to the R and P genomes only. None of the other genomes analyzed contain
detectable quantities of this sequence.

The 8.4-family from the V genome of Dasypyrum villosum. The 8.4 repetitive
sequence family was subcloned from a A clone containing D. villosum DNA, A Hav 8.

VSR E Ry~ P N Wh SRS E R J P N Wh

bifs

probe: pSc5-3H2 : probe: pSc5:3H3 '

Fig. 10. 5.3 family probed to Taq 1 digests of DNA from V, S, E, R, J,J;, P, N, and ABD
genome grasses. 20 ug quantities of DNA from cach genome were digested with Tag 1. The
reactions were halved and electrophoresed on two 1.5% agarose gels. The gels were Southern
blotted and probed with subclone 5.3 H2, or subclone 5.3 H3. While 5.3 H2 is present
at intermediate levels in all genomes but V, the 5.3 H 3 sequence is only detectable in the
R and P genomes
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Fig. 11. 8.4 family probed to Tag 1 digests of DNA from V, S, E, R, J;J,, P, N, and ABD
genome grasses. 10 g quantities of DNA from each genome (grasses listed in Table 1)
were digested with Tag 1, electrophoresed on 1.5% agarose gels, Southern transferred and
hybridized with 3P-pHv 8.4. The 8.4 family is highly specific to the V genome

Fig. 12. Hae 111 digests of DNA from the E genome/* “Chinese Spring” substitution lines
probed with the 1.4kb family. 1 2 g of DNA from Th. elongatum (E genome); 2—~9 10 ug
of DNA from “Chinese Spring” (wheat), disomic substitution 7 E (7 B), disomic substitution
6E (6B), disomic addition SE, disomic substitution 4E (4 D), disomic substitution 3 E
(3D), disomic substitution 2E (2 B), disomic substitution 1E (1 B). The arrow indicates
the position of the “E genome-specific’” band. The probe is pEleAcc2
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A Hav 8 was originally isolated as a clone possessing D. villosurmn DNA which showed
low levels of hybridization to wheat DNA (AppeLs & MorAN 1984) in the same
way as A Ele 143 and A Ele 145 (see p. 43) were obtained. The 8.4 sequence was
responsible for the “specific”’ hybridization observed and its distribution in the
Triticeae tribe is illustrated in Fig. 11. It is extremely specific to the V genome of
D. villosum with very little detectable hybridization to wheat or to any of the other
genomes tested.

Assaying alien chromatin in wheat with repetitive sequence family probes

The repetitive sequence families described in the preceding sections demonstrate
large variations in copy number in the various genomes assayed, and virtual absence
from the genomes of wheat. To test if these quantitative changes were sufficient
to unambiguously identify alien chromatin such as from these grasses when intro-
duced into wheat, a number of wheat lines carrying E genome chromatin were
examined using the 1.4kb family as a probe (Fig. 12). Although the 1.4kb family
from the E genome cross hybridizes with wheat, the hybridization band indicated
with an arrow, in Fig. 12, is only present in Th. elongatum DNA and the E genome/
wheat addition lines, and not in wheat itself. Thus the 1.4 kb family can detect E
genome chromosomes present in wheat. Interestingly the 8.4 kb sequence isolated
from D. villosum does not assay any specific sequence in the D. villosum/wheat
addition lines produced by Dr E. R. SEars. This is being investigated further since
it suggests different accessions of D. villosum may have varying amounts of the 8.4
sequence.

Discussion

In this paper we have described the properties of four different families of repeated
sequences from the E (1.4kb family), N (N 8-family), R (5.3 family), and V (8.4
family) genomes. In all cases the families are characterized by their dispersed nature
in the genome of origin, their low to intermediate presence in other grasses of the
tribe Triticeae and their virtual absence from wheat. The large variation in copy
number and distribution of these families of sequences in a group of related grasses
suggests the evolution of these grasses involves processes of amplification, dispersal
to non-homologous chromosomes and reamplification and/or deletion, consistent
with the proposals of FLAVELL (1980) and THOMPSON & MuURRAY (1980).
Various mechanisms have been proposed for the processes of repeated ampli-
fication, sequence divergence and dispersal essential for the evolution of such
families of sequences. Large scale amplification (reviewed in FLAVELL & al. 1979)
of relatively short (3—3000bp) pieces of DNA is thought to occur frequently
during evolution (for example see: STRAUS 1972, Mizuno & MAcGREGOR 1974,
Fraverr & al. 1977, 1980 a, b, Moore & al. 1978, DenNis & PEacock 1984). Two
major models have been suggested. TArRTOF (1973) and SmiTh (1973, 1976) proposed
that sequences can be amplified and deleted over a long period of time by unequal
crossing-over, if duplicated regions of sufficient homology are close enough to one
another. A second model allows for rapid increase in copy number, perhaps in one
molecular event, (WALKER 1971, SoutHERN 1970), from an error in DNA repli-
cation (WELLs & al. 1967) or from a recent event resulting in a piece of DNA being
excized from the chromosome creating a circular DNA molecule which can then
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be replicated by the rolling circle mechanism and then reinserted. Amplification of
rDNA in amphibian oocytes has been shown to occur by this latter procedure
(Hourcabe & al. 1973). The rolling circle model also requires a mechanism of
integration of the amplified sequence into the chromosome. The existence of a well
defined boundary of the type shown in Fig. 6 would tend to argue in favour of the
second model. The present-day E genome 1.4 kb DNA family would, in this case,
be envisaged to have evolved from the amplification of an ancient sequence (com-
mon to the E and N genomes) plus its adjoining DNA to form the tandem arrays
in the E genome. It will be of interest fo attempt to recover the 186 bp duplication
from the N genome to see if portions of or the entire 1.4kb unit is present in the
N genome. If the latter, the 186 bp duplication may provide a relative time-scale
for the various amplification events in the history of the 1.4kb DNA family.

Mechanisms that may facilitate the dispersal of repeated sequences to new
chromosomal locations include the transposition of mobile elements (prokaryotes:
BukuAr & al. 1977; yeast: CAMERON & al. 1979; Drosophila: PorTer & al. 1979;
STROBEL & al. 1979; maize: FiNcHAM & SASTRY 1974; reviewed in FEDEROFF 1984),
excision and reintegration, such as has been postulated to occur with the rolling
circle mechanism of amplification, and translocations, inversions and chromosome
fusions. Single cross-over events may be sufficient to disperse families of repeated
sequences located in telomeric regions, such as rye (HoLmquist & Dancrs 1979,
BepBROOK & al. 1980, AppELs & al. 1981), when the regions are in close proximity
as in early zygotene of meiosis (APpELs & al. 1981). Following dispersal to new
sites, these sequences are then available for amplification and this second round
of amplification explains the observed clustering of repeated sequence variants. It
is worth noting that while transposable elements per se have not been found in
these grasses, many of these repeated sequence families display structural char-
acteristics of transposable elements, such as direct and inverted repeats, as illustrated
in Fig. 3.

Many studies have shown that not all members of a repeated sequence family
are identical (for examples see: Houck & al. 1978, 1979, DEININGER & SCHMID
1979, GErLACH & DYER 1980, RuBIN & al. 1980, ANDERSON & al. 1981, SCHELLER
& al. 1981, DenNis & Peacock 1984, JounsoN & al. 1984, Trick & Dover 1984).
The 1.4kb units from the E genome detailed in the present paper, exhibit between
1 and 80 variant sites (0.1 —5.8%). Divergence occurs principally by accumulation
of base changes, small insertions or deletions and by sequence rearrangements
within a segment (Posakxony & al. 1981).

The quantity of a repeated sequence family and the nature of its dispersal and
divergence may be useful as taxonomic tools (Jones & FLAVELL 1982, ARNoLD &
al. 1985) if the within species variation is less than the between species variation.
On the basis of the distribution of the 1.4kb family from the E genome in the E,
S, N, I,1,, P, V, R, and wheat genomes (Fig. 5a and b), we would suggest that the
P and J,J, genomes are more closely related to the E genome than are the other
genomes. However, the distribution of the 5.3 H3 sequence from the R genome
suggests that the R and P genomes are closely related. The adjoining papers utilize
different parameters to study relationships between genomes of the Triticeae and
the suggested relationships are summarized in McInTYRE (1988).

The quantitative nature of the genome specificity of the families of repeated
sequences with respect to wheat, suggests they may be able to detect introgression
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of alien chromatin into wheat (see Fig. 12). Many of the grasses in the Triticeae
contain agronomic traits of interest to wheat breeders. Several Thinopyrum species
(E—1J genome) possess rust resistance genes (Knott 1961, 1964, KNoTT & al. 1977)
as well as exhibiting high salt tolerance (McGuUIRE & Dvoraxk 1981) and drought
tolerance (Surmst & al. 1982). Populations of Dasypyrum villosum (V genome) are
resistant to Barley Yellow Dwarf Virus, Take-all (Gaeumannomyces graminis), Pow-
dery Mildew (Erysiphe graminis), and leaf (Puccinia graminis) and stem (Puccinia
recondita) rust (JaAn & al. 1986), while some Psathyrostachys species (N genome)
possess dwarfing characters (LAWRENCE 1967). In addition, many Secale species
contain other useful genes including disease resistance genes (RILEY & MACER 1966,
RiLey & Ewart 1970). If the repeated sequence families, isolated as being species
specific relative to wheat, can assay successful introductions of alien chromatin
carrying potentially useful genes into wheat, then they may provide valuable new
markers to allow chromosomes to be manipulated further. This has been recently
demonstrated by RayBurN & GiLL (1986) who have isolated a repeated sequence
from Triticum tauschii specific to the D genome. The cloned sequence is located
in specific areas on telomeres and certain interstitial sites along the chromosomes
of T. tauschii. In situ hybridization to double ditelosomic stocks of *“Chinese Spring”
(AABBDD) has confirmed that the sequence is restricted to the D genome and
thus hybridization fingerprints of individual D genome chromosomes can be ob-
tained.

The isolation and characterization of families of repeated sequences such as the
1.4kb (E genome), N 8 (N genome), 5.3 (R genome), and 8.4 (V genome) families,
provide information on genome organization in the Triticeae and the relationships
between the different genomes. In addition, the families could provide valuable
chromosome markers for use in plant breeding.

The authors are grateful to Dr BikraM GiLL for his comments on the manuscript.
CLM is supported by a Commonwealth Postgraduate Research Award.

References

ANDERSON, D. M., ScHELLER, R. H., Posakony, J. W., MCALLISTER, L. B., TRABERT, S.
G., BeaLt, C., BriTTEN, R. J., DaviDson, E. H., 1981: Repetitive sequences of the sea
urchin genome. — J. Mol. Biol. 145: 4—28.

APPELS, R., MorAN, L. B., 1984: Molecular analysis of alien chromatin introduced into
wheat. — In Gustarson, J. P., (Ed.): 16th Stadler Genetics Symposium, Missouri: pp.
529—557.

— Dennis, E. S., SmMyTH, D. R., PEacock, W. J., 1981: Two repeated DNA sequences
from the heterochromatic regions of rye (Secale cereale) chromosomes. — Chromosoma
84: 265—277.

— Driscott, C., Peacock, W. J., 1978: Heterochromatin and highly repeated DNA
sequences in rye (Secale cereale). — Chromosoma 70: 67— 89.

— Moran, L. B., GusTaFson, J. P., 1986: Rye heterochromatin. I. Studies on clusters of
the major repeating sequence and the identification of a new dispersed repetitive sequence
element. — Canad. J. Genet. Cyt. 28: 645—673.

ARNOLD, M. L., AprpELs, R., SHAW, D. D., 1985: The heterochromatin of grasshoppers
from the Caledia captiva species complex. 1. Sequence evolution and conservation in a
highly repeated DNA family. — Mol. Biol. Evol. 3: 29—43.



56 C. L. McINTYRE & al.:

Barpari, C. S., AMarpy, F., 1976: DNA reassociation kinetics in relation to genome size
in four amphibian species. — Chromosoma 59: 13 —22.

BeDBROOK, I. R., O'DELL, M., FLAVELL, R. B., 1980: Amplification of rearranged repeated
DNA sequences in cereal plants. — Nature 288: 133 —137.

BENNETT, M. D., 1972: Nuclear DNA content and minimum generation time in herbaceous
plants. — Proc. Roy. Soc. London, Ser. B, 181: 109 —135.

BoucHARD, R. A., 1982: Moderately repetitive DNA in evolution. — Intl. Rev. Cyt. 76:
113—-193.

— Stern, H., 1980: DNA synthesized at pachytene in Lilium: a non-divergent subclass
of moderately repetitive sequences. — Chromosoma 81: 349 —363.

Bukiarig, A. L., SHAPIRO, J. A, ADHYA, S. L., 1977: — In BukHnari, A. 1., (Ed.): DNA
insertion elements, plasmids and episomes. — Cold Spring Harbor, New York: Cold
Spring Harbor Laboratory.

CaMERON, J. R, Lon, E. Y., Davis, R. W., 1979: Evidence for transposition of dispersed
repetitive DNA families in yeast. — Cell 16: 739 —751.

Caoor, W. Y., 1971: Comparison of the DNA of six Vicia spec1es by the method of DNA-
DNA hybrldlzatlon — Genetics 68: 213 —230.

DEemNINGER, P. L., Scamip, C. W., 1979: A study of the evolution of repeated DNA
sequences in primates and the existence of a new class of repeated sequence in primates.
— J. Mol. Biol. 127: 437 —460.

Dennis, E. S., PEacock, W. 1., 1984: Knob heterochromatin homology in maize. — J.
Mol. Evol. 20: 341 —350.

Dewey, D. R., 1982: Genomic and phylogenetic relationships among North American
perennial Triticeae grasses. — In EsTER, J. R., TyrL, R. J., BRUNKEN, J. N., (Eds.):
Grasses and grasslands: systematics and ecology, pp. 51— 88. Norman, Oklahoma:
Univ. of Oklahoma Press.

— 1984: The genomic system of classification as a guide to intergeneric hybridization with
the perennial Triticeae. — In GusTaFson, J. P., (Ed.): Gene manipulation in plant
improvement, pp. 209—280. — New York: Plenum Press.

Dvorak, J., AppeLs, R., 1982: Chromosome and nucleotide sequence differentiation in
genomes of polyploid Triticum species. — Theor. Appl. Genet. 63: 349 — 360.

Epen, F. C., HENDRICK, J. P., GOTTLIEB, 8. C., 1978 : Homology of single copy and repeated
sequences in chicken, duck, Japanese quail, and ostrich DNA. — Biochemistry 17:
5113 -5121.

Feperorr, N. V., 1984: Transposable genetic elements in maize. — Scientific American
250 (6): 64— 74.

FmvcHaMm, J. R. S, Sastry, G. R. K., 1974: Controlling elements in maize. — Ann. Rev.
Genetics 8: 15— 50.

FraveLr, R. B., 1980: The molecular characterization and organization of plant chro-
mosomal DNA sequences. — Ann. Rev. Plant Physiol. 31: 569 — 596.

— SwmirH, D. B., 1976: Nucleotide sequence organisation in the wheat genome. — Heredity
37: 231252,

— O’DeLr, M., HutcHiNsoN, J., 1980 a: Nucleotide sequence organization in plant chro-
mosomes and evidence for sequence translocations during evolution. — Cold Spring
Harbor Symp. Quant. Biol. 45: 501 —508.

— — SwmitH, D., 1979: Repeated sequence DNA comparisons between Triticum and Ae-
gilops species. — Heredity 42: 309 —322.

— Rmmpau, J., SmrtH, D. B., 1977: Repeated sequence DNA relationships in four cereal
genomes. — Chromosoma 63: 205—222.

— BEDBROOK, J. R., Jongs, J., O’'DELL, M., GErLACH, W. L., DYER, T. A., THOMPSON,
R. D., 1980 b: Molecular events in the evolution of cereal chromosomes. — In DAVIEs,
D. R., Hopwoop, D. A., (Eds.): The 4th John Innes Symposium, pp. 15—30. — John
Innes Charity.



Repeated DNA sequences in Triticeae 57

GerracH, W. L., Dyer, T. A., 1980: Sequence organisation of the repeating units in the
nucleus of wheat which contain 5S rRNA genes. — Nucleic Acids Res. 8: 4851 —4865.

HAkE, S., WaLBOT, V., 1980: The genome of Zea mays, its organization and homology to
related grasses. — Chromosoma 79: 251 —270.

HarporLp, M. M., Craig, S. P., 1977: The evolution of repetitive DNA sequences in sea
urchins. — Nucleic Acids Res. 4: 4425— 4437,

Hoimquist, G. P., Dancis, B., 1979: Telomere replication, kinetochore organisers and
satellite evolution. — Proc. Natl. Acad. Sci. U.S.A. 76: 4566 —4570.

Houck, C. M., RINEHART, F. P., Scumip, C. W., 1978: Fractionation of renatured repetitive
human DNA according to thermal stability, sequence length, and renaturation rate. —
Biochim. Biophys. Acta 518: 37— 52.

— — — 1979: A ubiquitous family of repeated DNA sequences in the human genome.
— J. Mol. Biol. 132: 289 —306.

HouRcADE, D., DRESSLER, D., WoLFsoN, J., 1973: The amplification of ribosomal RNA
genes involving a rolling circle intermediate. — Proc. Natl. Acad. Sci. U.S.A. 70:
2926 —2930.

HurtcHiNsoN, J., Naravan, R. K. J., REgs, H., 1980: Constraints upon the composition
of supplementary DNA. — Chromosoma 78: 137 — 145.

Jan, C. C,, DE PAcE, C., McGUIRE, P. E., QuaLseT, C. O., 1986: Hybrids and amphiploids
of Triticum aestivum L. and T. turgidum L. with Dasypyrum villosum (L.) CANDARGY.
~— Z. Pflanzenziichtung 96: 97— 106.

Jonnson, S. A., Davipson, E. H., BRITTEN, R. J., 1984: Insertion of a short repetitive
sequence (D 881) in a sea urchin gene: a typical interspersed repeat? — J. Mol. Evol.
20: 195-201.

Jongs, J. D. G., FLaVELL, R. B., 1982: The structure, amount and chromosomal localisation
of defined repeated DNA sequences in species of the genus Secale. — Chromosoma
86: 613—641.

Karatos, F. C., Jongs, C. W., EFSTRATIADIS, A., 1979: Determination of nucleic acid
sequence homologies and relative concentrations by a dot hybridisation procedure. —
Nucleic Acids Res. 7: 1541 —1552.

KiLemN, W. H., Taomas, T. L., La1, C., ScHELLER, R. H., BRITTEN, R. J., DAvIDSON, E.
H., 1978: Characteristics of individual repetitive sequence families in the sea urchin
genomes studied with cloned repeats. — Cell 14: 889 - 900.

Knott, D. R., 1961: The inheritance of rust resistance. VI. The transfer of stem rust
resistance from Agropyron elongatum to common wheat. — Canad. J. Plant Sci. 41:
109—123.

— 1964: The effect of an Agropyron chromosome carrying rust resistance. — Canad. J.
Genet. Cytol. 6: 500—507.

— DVORAK, J., NANDA, J. S., 1977: Transfer to wheat and homoeology of an Agropyron
elongatum chromosome carrying resistance to stem rust. — Canad. J. Genet. Cytol. 19:
75-179.

LAWRENCE, T., 1967: Inheritance of a dwarf character in Russian wild ryegrass, Elymus
junceus. — Canad. J. Genet. Cytol. 9: 126 128.

LewmN, B., 1974: Sequence organisation of eucaryotic DNA: Defining the unit of gene
expression. — Cell 1: 107—111.

McGuirg, P. E., Dvorak, J., 1981: High salt-tolerance potential in wheatgrasses. — Crop
Sei. 21: 702—705.

McIntYRE, C. L., 1988: Variation at isozyme loci in Triticeae. — Pl. Syst. Evol. 160:
123142,

MikscHe, J. P., Hotta, Y., 1973: DNA base composition and repetitious DNA in several
conifers. — Chromosoma 41: 29— 36.



58 C. L. McINTYRE & al.:

Mizuno, S., McGReGOR, H. C., 1974: Chromosomes, DNA sequences and evolution in
salamanders of the genus Plethedon. — Chromosoma 48: 239 —296.

— ANDREWs, C., MACGREGOR, H. C., 1976: Interspecific “common” repetitive DNA
sequences in salamanders of the genus Plethedon. — Chromosoma 58: 1—31.

Mooreg, G. P., ScHELLER, R. H., Davipson, E. H., BriTteNn, R. J., 1978: Evolutionary
change in the repetition frequency of sea urchin DNA sequences. — Cell 15: 649 — 660.

Naravan, R. K. J., Regs, H., 1976: Nuclear DNA variation in Lathyrus. — Chromosoma
54: 141 —-154.

— — 1977: Nuclear DNA divergence among Lathyrus species. — Chromosoma 63:
101 —107.

NEVERS, P., SHEPHERD, N. S., SAEDLER, H., 1986: Plant transposable elements. — Adv.
Bot. Res. 12: 103 —203.

Peacock, W. J., DEnns, E. S., RHOADES, M. M., PrYoR, A. J.,, 1981: Repeated DNA
limited to knob heterochromatin in maize. — Proc. Natl. Acad. Sci. U.S.A. 78:
4490 — 4494,

Posakony, J. W., ScHELLER, R. H., ANDERSON, D. M., BrRITTEN, R. J., DAVIDSON, E. H.,
1981: Repetitive sequences of the sea urchin genome. III. Nucleotide sequences of cloned
repeat elements. — J. Mol. Biol. 149: 41 —67.

PottER, S. S., BROREIN, W. J., DUuNnsMUIR, P., RUBIN, G. M., 1979: Transposition of
elements of the 412, copia and 297 dispersed repeated gene families in Drosophila. —
Cell 17: 415—427.

RANIEKAR, P. K., PALLOTTA, D., LAFONTAINE, J. G., 1978: Analysis of plant genomes.
ITI. Denaturation and reassociation properties of cryptic satellite DNA’s in barley
(Hordeum vulgare) and wheat (Triticum aestivum). — Biochim. Biophys. Acta 520:
103-110.

RAYBURN, A. L., GIiLL, B. S., 1986: Isolation of a D-genome specific repeated DNA sequence
from Aegilops squarrosa. — Plant Mol. Biol. Rept. 4: 102—109.

RuEy, R., EwaRrT, J. A. D, 1970: The effect of individual rye chromosomes on the amino
acid content of wheat grains. — Genet. Res. Camb. 15: 209 —219.

— MACcER, R. C. F., 1966: The chromosomal distribution of the genetic resistance of rye
to wheat pathogens. — Canad. J. Genet. Cytol. 8: 640 —654.

Rivrau, J., Smith, D. B, Fraverr, R. B., 1978: Sequence organisation analysis of the
wheat and rye genomes by interspecies DNA/DNA hybridization. — J. Mol. Biol. 123:
327—359.

— — — 1980: Sequence organisation in barley and oats chromosomes revealed by in-
terspecies DNA/DNA hybridization. — Heredity 44: 131 —149.

Rusm, C. R., Houck, C. M., DEININGER, P. L., FrRiepmann, T. F., Scamip, C. W., 1980
Partial nucleotide sequence of the 300-nucleotide interspersed repeated human DNA
sequences. — Nature (London) 284: 372—374.

SANGER, F., NICKLEN, S., CouLsoN, A. R., 1977: DNA sequencing with chain-terminating
inhibitors. — Proc. Natl. Acad. Sci. U.S.A. 74: 5463 — 5467.

ScHELLER, R. H., ANDERSON, D. M., Posakony, J. W., MCALLISTER, L. B., BRITTEN, R.
J., Davipson, E. H., 1981: Repetitive sequences of the sea urchin genome. I1. Subfamily
structure and evolutionary conservation. — J. Mol. Biol. 149: 15— 39.

SriMst, D., MayoraL, M. L., AtsoMaN, D., 1982: Response to water stress in wheat and
related species. — Crop Sci. 22: 123 —-128.

Smith, D. B, FLaveLL, R. B., 1977: Nucleotide sequence organisation in the rye genome.
— Biochim. Biophys. Acta 474: 82-—97.

SMmritH, G. P., 1973: Unequal crossing over and the evolution of multigene families. —
Cold Spring Harbor Symp. Quant. Biol. 38: 507 —514.

— 1976: Evolution of repeated DNA sequences by unequal crossover. — Science 191:
528 —535.



Repeated DNA sequences in Triticeae 59

SoutHerN, E. M., 1970: Base sequence and evolution of guinea-pig a-satellite DNA. —
Nature 227: 794 798.

StrAUS, N. A., 1972: Reassociation of bean DNA. — Carnegie Inst. Year Book 71:
257—259.

StroBEL, E., DUNSMUIR, P., RuBiN, G. M., 1979: Polymorphisms in the chromosomal
locations of elements of the 412, copia and 297 repeated gene families in Drosophila.
— Cell 17: 429 —439.

TarToF, K. D., 1973: Unequal mitotic sisterchromatid exchange and disproportionate
replication as mechanisms regulating ribosomal RNA gene redundancy. — Cold Spring
Harbor Symp. Quant. Biol. 38: 491 — 500.

TaompsoN, W. F., MURRAY, M. G., 1980: Sequence organisation in pea and mung bean
DNA and a model for genome evolution. — In Davies, D. R., Hopwoob, D. A., (Eds.):
The 4th John Innes Symposium, pp. 31 —40. — Norwich: John Innes Institute.

Trick, M., Dover, G. A., 1984: Unexpectedly slow homogenisation within a repetitive
DNA family shared between two subspecies of Tsetse fly. — J. Mol. Evol. 20: 322 — 329,

WALKER, P. M. B., 1971: “Repetitive” DNA in higher organisms. — Progr. Biophys.
Molec. Biol. 23: 145~ 190.

WELLs, R. D., BucHi, H., Kosser, M., Outsuka, E., KHorana, H. G., 1967: Studies on
polynucleotides LXX: Synthetic deoxyribopolynucleotides as templates for the DNA
polymerase of E. coli: DNA-like polymers containing repeated tetranucleotide se-
quences. — J. Mol. Biol. 27: 265—272.

Address of the authors: C. L. McINTYRE, B. C. CLARKE, and R. AppELS, Division of
Plant Industry, CSIRO, P.O. Box 1600, Canberra, ACT 2601, Australia.



