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Summary. Two systems of monomeric aconitase (ACO)
isozymes, designated ACO-1 and ACO-2, were identi-
fied in Triticum aestivum and in five diploid Triticeae
species. The gene loci Aco-AI, Aco-Bl, and Aco-DI
were located in T. aestivum cv. ‘Chinese Spring’ chro-
mosome arms 6Aq, 6Bq, and 6Dq, respectively, and the
gene loci Aco-A2, Aco-B2, and Aco-D2in 5 Aq, 5 Bq, and
5Dq, respectively. Aco-I gene loci were also identified
in 6ES of Elytrigia elongata, 6HL of Hordeum vulgare
cv. ‘Betzes’, 6RL of Secale cereale ‘P1252003%, 6S! of T.
longissimum, and CSU-31 of T. umbellulatum. Other
Aco-2 gene loci were identified in SRL of S. cereale cv.
‘King II’ and 4EL of E. elongata. Conservation of syn-
teny relationships is indicated among the species stu-
died for the genes identified, with the exception of Aco-
E2; the presence of this gene in 4EL suggests that E.
elongata differs from ‘Chinese Spring’ and ‘King IT’ by a
translocation involving 4E and SE.

Key words: Aconitase — Isozymes — Structural genes —
Triticeae — Wheat

1 Introduction

Molecular markers have a number of inherent proper-
ties that make them more useful as genetic markers
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than genes that affect morphological characters (Tanks-
ley 1983). Because of these properties, the availability
of a large number of molecular markers makes feasible
many basic and applied genetic investigations of crop
species and their wild relatives that would otherwise be
difficult or impossible.

For example, genes of agronomic importance that are not
easily identified can be followed if they are tightly linked to a
molecular marker or if they are flanked by two, more loosely
linked molecular markers (Tanksley 1983). Also, studying
selected markers whose chromosomal locations are known,
selected chromosomes and chromosomal segments can be
readily followed in complex cytogenetic procedures such as
the development and verification of wheat-alien species chro-
mosome addition and substitution lines (Hart et al. 1980; Hart
and Tuleen 1983a,b) and wheat-intervarietal chromosome
substitution lines. Furthermore, insights into evolutionary
relationships within and among chromosomes are provided by
knowledge of the chromosomal locations of homologous
molecular markers in different genomes, chromosomes, and
chromosomal segments (Hart 1979).

Approximately 115 gene loci that encode enzymes and
endosperm storage proteins have been identified in Triticum
aestivum cv. ‘Chinese Spring’ (Hart and Gale 1987). These
comprise the vast majority of the known molecular markers,
and in excess of 40% of the known gene loci. in hexaploid
wheat (Cusick and Mclntosh 1987). Fifteen or more enzyme
and endosperm storage protein loci that are orthologous to
known wheat loci have been localized in chromosomes in
Secale cereale, Hordeum vulgare, Elytrigia elongata, and Triti-
cum longissimum and a lesser number in six other Triticeae
species (Hart and Gale 1987; Hart 1987).

This paper reports the results of studies designed to
identify and to determine the chromosomal locations of
the genes that encode aconitase (ACO, aconitase hy-
dratase, E.C. 4.2.1.3) in T. gestivum cv. *Chinese Spring’
and in five other Triticeae species. Aconitase catalyzes
the reversible interconversion of citrate and isocitrate
via the intermediate cis-aconitate.



262

2 Materials and methods
Strains

‘Chinese Spring’ (CS) aneuploids examined included all of the
possible compensating nullisomic-tetrasomic types except nul-
li-2A tetra-2B. (Nulli-2A tetra-2D, nulli-4A tetra-4B, and nulli-
4A tetra-4D plants were obtained as derivatives of mono-
somic-2A tetrasomic-2D, mono-4A tetra-4B and mono-4A
tetra-4D plants, respectively.) Also examined were the three
available homoeologous chromosome group 5 ditelosomic
strains, namely, the ditelo-5Aq, ditelo-5Bq, and ditelo-5Dq
strains, and four homoeologous group 6 ditelosomic strains,
namely, the ditelo-6Ap, ditelo-6Bp, ditelo-6Dp, and ditelo-
6Dq strains.

The available disomic chromosome addition lines of seven
wheat-alien species chromosome addition series and a number
of other wheat lines containing alien chromosomes or telo-
somes were analyzed. The lines studied and the recipient
varieties, donor species, and original sources are given in
Table 1. Also analyzed were the CS-E. elongata, ‘CS-Imperial’,
CS-T. longissimum, and CS-T. umbellulatum amphiploids; cvs.
‘Chinese Spring’, ‘Kharkov’, ‘Sturdy’, ‘Betzes’, ‘Imperial’, ‘King
IP’, and ‘Dakold’; and several accessions each of T. longissi-
mum and T. umbellulatum.

Zymogram procedures

Zymogram analyses were conducted using extracts obtained
from leaves of 5-day-old green plants. The leaves were
macerated in a 12.5% sucrose solution with sand in a mortar
with pestle at 4°C, using a 1:1 weight: volume ratio of tissue:
sucrose solution.

Electrophoresis was performed in horizontal Electrostarch
gels (12%, W:V). The electrode buffer was composed of
0.135M Tris and 0.043 M citric acid adjusted to pH 7.0 and

the gel buffer consisted of a 1:14 dilution of electrode buffer
(Siciliano and Shaw 1976). Filter paper wicks (Whatman
No. 3) into which tissue extracts had been absorbed were
inserted into the starch gels. Electrophoresis was conducted for
about 5.5h at a constant voltage of 150 volts. Gels were
stained for aconitase by the method of Harris and Hopkinson
(1976). Seventy-five milligrams of cis-aconitic acid were dis-
solved in 20 ml of 0.2 M Tris-HCI buffer, and the pH adjusted to
8.0 with 1 NNaOH. Five milliliters of this stock solution were
combined with 45 ml of 0.2 M Tris-HCl buffer, pH 8.0, 15 mg
NADP, 6 units isocitrate dehydrogenase, 1.5ml of a 1.0M
MgCl, solution, 0.5 ml of a solution containing 5 mg/ml of 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenol tetrazolium bromide
(MTT), and 0.1 ml of a solution containing 5mg/ml of
phenazine methosulfate (PMS). Sliced gels were incubated in
this solution at 37 °C for 20 min to 1 h until optimum intensity
and resolution of bands were obtained, after which the gel
slices were washed and fixed in a solution composed of 3%
glycerol and 10% acetic acid.

3 Results
Genetic control of hexaploid wheat aconitase

The aconitase zymogram phenotype of green leaves of
T. aestivum cv. ‘Chinese Spring’ consists of five bands
(Fig. 1 A, H). Aneuploid analyses indicate that the three
more anodal bands are produced by one group of ACO
isozymes (designated ACO-1) and the other two bands
by a genetically independent group of isozymes (desig-
nated ACO-2).

Table 1. Wheat-alien species chromosome addition lines analyzed, along with recipient varieties, donors, and sources

Recipient variety Donor species

Lines examined

Original source

‘Chinese Spring’ Elytrigia elongata

‘Chinese Spring’ Hordeum vulgare

cv. ‘Betzes’

Secale cereale
cv. ‘Imperial’

‘Chinese Spring’

Disomic addns. 1E-7E and ditelosomic
addns. 4EL, 6Ea, 6Ef

Disomic addns. 2H-7H and
ditelosomic addns. 6HS, 6HL

Disomic addns. IR-7R

Dvorak and Knott (1974)
Dvorak (1980)
Hart and Tuleen (1983 a)

Islam et al. (1981)

Driscoll and Sears (1971)

‘Chinese Spring’ Secale cereale Disomic addns. IR-6R Chapman et al. (1974)
cv. ‘King II’
‘Holdfast’ Secale cereale Ditelosomic addns. SRS, SRL Riley and Chapman (1958)
cv. ‘King I’
‘Kharkov’ Secale cereale Disomic addns. IR, 3R, 4R, 5R, 6R Evans and Jenkins (1960)
cv. ‘Dakold’
‘Sturdy’ Secale cereale Disomic addn. 6R and ditelosomic Tuleen NA (unpubl.)
‘PI 252003 addn. 6RL
‘Chinese Spring’ Triticum longissimum *Disomic addns. 18t 28, 38!, 58!, Feldman (1975)
B, D, E. and disomic substitution Hart and Tuleen (1983 b)
6S! (6B)
‘Chinese Spring’ Triticum umbellulatum Disomic addns. 1U, 5U, 7U, A, D, E, Kimber (1967)

G, CSU-31 and monosomic addn. F

® Lines B and E of the 7. longissimum series each contain 20 pairs of ‘Chinese Spring’ chromosomes and two pairs of 7. lon-

gissimum chromosomes, including a pair of 6S' chromosomes
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Fig. 1. Photograph of aconitase zymogram phenotypes pro-
duced by ‘Chinese Spring” (CS) and by the CS homoeologous
chromosome group6 compensating nullisomic-tetrasomic
strains. 4, H CS; B nulli-6D tetra-6B; C nulli-6D tetra-6A;
D nulli-6B tetra-6D; E nulli-6B tetra-6A; F nulli-6A tetra-6D;
G nulli-6A tetra-6B. + =anode and — = cathode. Band num-
bers are shown on the right side of the photograph

Each of the compensating nulli-tetra strains of
homoeologous chromosome groups 1, 2, 3, 4, 5, and 7
produces the same ACO-1 zymogram phenotype as
does CS (Fig. 1A, H). However, six different pheno-
types are produced by the homoeologous group 6 nulli-
tetra strains (Fig. 1B-G). Bands2, 3, and 1 are not
present on the zymograms of strains nullisomic for
chromosomes 6A, 6B, and 6D, respectively, and the
staining intensities of bands2, 3, and 1 are greater
relative to the other bands present on zymograms of
strains tetrasomic for chromosomes 6A, 6B, and 6D,
respectively, than on CS zymograms. Diagrams of the
ACO-1 zymogram phenotypes produced by the group 6
ditelosomic strains examined are shown in Fig. 2.
Bands 2, 3, and 1 are not present on the zymograms of
strains lacking the q arm of chromosomes 6A, 6B, and
6D, respectively. These results constitute strong evi-
dence that the ACO-1 isozymes are monomers and that
they are encoded by three gene loci located one each in
the 6q chromosome arms. The aconitase structural gene
loci located in 6Aq, 6Bq, and 6Dq are designated Aco-
Al, Aco-Bl, and Aco-D1, respectively, and the isozymes
that they encode as ACO-1b, ACO-1c, and ACO-1a,
respectively. These isozymes produce zymogram bands
2,3, and 1, respectively.

The ACO-2 zymogram phenotype of CS consists of
two bands, and the more anodal band stains much less
intensely than the second band (Fig. 1A, H). Among
the nulli-tetra strains studied, only four produce ACO-2
phenotypes that differ from the ACO-2 phenotype of
CS. The two nulli-tetra strains lacking chromosome 5A
do not produce the anodal ACO-2 band and the two
strains tetrasomic for SA both produce a phenotype in
which the relative staining intensities of the two ACO-2
bands are about equal. Diagrams of the ACO-2 pheno-
types produced by the group 5 nulli-tetra strains and
the ditelo-5Aq, -5Bq, and -5Dq strains are shown in
Fig. 3.
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Fig. 2. Diagrams of the ACO-1 zymogram phenotypes pro-
duced by CS and by CS homoeologous chromosome group 6
ditelosomic strains. 4 CS and ditelo-6Dg; B ditelo-6Ap;
C ditelo-6Bp; D ditelo-6Dp. + =anode and — =cathode. Band
numbers are shown on the right side of the figure
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Fig. 3. Diagrams of the ACO-2 zymogram phenotypes pro-
duced by CS and by aneuploid derivatives of CS. A CS, each of
the nulli-tetra strains of homoeologous groups 1, 2, 3, 4, 6, and
7, nulli-5B tetra-5D, nulli-5D tetra-5B, ditelo-5Aq, ditelo-5Bq
and ditelo-5Dq; B nulli-5A tetra-5B and nulli-5A tetra-5D;
C nulli-5B tetra-5A and nulli-5D tetra-5A. + =anode and
— =cathode. Band numbers are shown on the right side of the
figure

The observed ACO-2 zymogram phenotypes sup-
port the hypothesis that the ACO-2 isozymes are
encoded by three gene loci located one each in the 5q
chromosome arms. The evidence that SA, and specifi-
cally 5Aq, carries an Aco-2 locus that encodes the
anodal ACO-2 isozyme is very strong. This isozyme is
not expressed by the two nulli-5A strains and is
expressed by the ditelo-5Aq strain. Also, the relative
intensity of the anodal band is greater on tetra-5A
zymograms than on zymograms produced by strains
disomic for SA.

The evidence that the cathodal ACO-2 band is the
site of two isozymes encoded by 5Bq and 5Dq genes is
less direct than the aforementioned evidence for a 5Aq
Aco-2 gene locus. Observation of the staining intensities
of the two ACO-2 bands relative to that of the ACO-1
bands indicates that the difference between the ACO-2
phenotype of CS and that of the strains tetrasomic for
5A and nullisomic for either 5B or 5D is due to
differences in the staining intensities of both ACO-2
bands. Specifically, the nulli-5B tetra-5A and nulli-5D
tetra-5A strains produce a zymogram on which the
anodal ACO-2 band stains more intensely and the
cathodal band less intensely than the same bands on
CS zymograms. It is reasonable to postulate that the
reduced staining intensity of the cathodal band is due
to a reduction in Aco-2 gene dosage and thus that the
cathodal band is the site of ACO-2 isozymes produced
by both 5B and 5D. The production by the nulli-35B
tetra-5D and nulli-5D tetra-5B strains of the same
ACO-2 phenotype as CS is consistent with this postula-
tion. The ditelo-5Bq and ditelo-5Dq strains also pro-
duce the CS ACO-2 phenotype, indicating that the
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Aco-2 loci are in the q arms of these chromosomes. The
Aco-2 loci located in 5Aq, 5Bq, and 5Dq are designated
Aco-A2, Aco-B2, and Aco-D2, respectively, and the
isozymes that they encode as ACO-2a, -2b, and -2c,
respectively. The former isozyme is present at the site of
band I and the latter two isozymes at the site of band 2.
The results obtained indicate that the ACO-2 isozymes,
like the ACO-1 isozymes, are active as monomers.

Subcellular fractionation of hexaploid wheat tissue
extracts has disclosed that the ACO-1 isozymes are
located in the cytosol and the ACO-2 isozymes in the
mitochondria (Chenicek 1984). Since the two enzymes
have different subcellular locations, it is to be expected
that both of them will be present in all Triticeae
species. As shown below, both of the enzymes were
detected in each of the five 2n =14 species analyzed in
this study.

Chromosomal locations of Aco-1 and Aco-2 gene loci
in diploid Triticeae species

Triticum umbellularum. ACO-1 zvmogram phenotypes
differing from that of CS are expressed by 7. um-
bellulatum, the CS-T. umbellularum CSU-31 addition
line. and the CS-T. umbellulatum amphiploid (Fig. 4B,
C). The expression of a novel ACO-1 isozyme by the
latter two lines indicates that the alien chromosome
present in the CSU-31 line contains an Aco-/ gene
locus; we designate this locus as Aco-Ul. Apparently
the 7. umbellulatum strains studied contain a different
Aco-Ul allele than the amphiploid and the CSU-31 line
since the electrophoretic mobilities of the products of
the genes differ. 7. umbellulatum ACO-2 activity was
not detected in any of the chromosome addition lines
(Fig 4A. C), although it is clear that T. umbellalatum

[ n Il E . |
| | I B = |
ACO+-
— -— — —
- am -— e
o = B = mam s N === e ACO-2
A B C D E F G H i

Fig. 4. Diagrams of ACO zymogram phenotypes observed in
the study of the CS-T. umbellulatum, CS-T. longissimum, and
CS-H. vulgare cv. ‘Betzes’ chromosome addition line series. 4
CS., CS-T. umbellularum 1U, 5U, 7U, A, D, E, and G addition
lines and addition line plants monosomic for 7. umbellulatum
chromosome F, CS-T. longissimum 18, 28'. 38!, and D addi-
tion lines, and CS-H. vulgare cv. ‘Betzes’ 2H, 3H, 4H, 5H, 7H,
and 6HS addition lines; B 7. umbellulatum;, C CS-T. um-
bellulatum amphiploid and CSU-31 addition line; D T. Jon-
gissimum; E CS-T. longissimum amphiploid; £ CS-T. lon-
gissimum addition lines B and E and 65" (6B) substitution
lines; G CS-T. longissimum 5S* addition line; H H. vulgare cv.
‘Betzes’; I CS-‘Betzes’ 6H and 6HL addition lines. + =anode
and — = cathode

contains an Aco-2 gene (Fig. 4B). However, on some
but not all amphiploid ACO-2 zymograms, the inten-
sity of the cathodal ACO-2 band relative to that of the
anodal band was greater than on the zymogram of CS.
It is likely that the amphiploid carries an active Aco-2
gene whose product co-electrophoreses with the catho-
dal CS ACO-2 isozyme.

Triticum longissimum. T. longissimum produces both an
ACO-! and an ACO-2 isozyme (Fig. 4D). The CS-T.
longissimum amphiploid expresses the three CS ACO-1
isozymes and the T. longissimum ACO-1 isozyme (Fig.
4E). The CS-T. longissimum chromosome addition lines
B and E and the 6S! (6B) substitution line produce the
T. longissimum ACO-1 isozyme but not the isozyme
encoded by Aco-Bl (Fig. 4F). It is known that both
line B and line E contain 6S' disomically substituted for
6B and another pair of alien chromosomes (Hart and
Tuleen 1983b; Tuleen and Hart, unpubl. data). Con-
sequently, it is clear that Aco-S'/ is located in 6S.

It is likely that Aco-S2 is located in 5S! since,
among the CS-T. longissimum lines studied, only the 5S!
line produced an ACO-2 zymogram that suggests the
presence of an active Aco-S'2 gene in the line (Fig.
4 G). However, since the difference between the pheno-
types of the CS-5S! addition line and CS consists only
of a small difference in relative staining intensity
among the ACO-2 bands, the assignment of 4co-S72 to
5S! must be regarded as tentative.

Hordeum vulgare cv. ‘Beizes’ The zymogram pheno-
types observed in the study of the ‘CS-Betzes® addition
lines are shown in Fig. 4 (A, H, I). Strong evidence was
obtained that the °Betzes’ Aco-I structural gene is
located in 6HL since among the ‘CS-Betzes’ addition
lines studied, only the 6H and 6HL lines expressed the
‘Betzes’ ACO-1 isozyme (Fig. 41). The ‘Betzes’ ACO-2
isozyme is coincident in electrophoretic mobility with
the products of Aco-B2 and Aco-D2. None of the ‘CS-
Betzes® addition lines, including the 5H line, produced
an ACO-2 phenotype that differs from that of CS, thus
the chromosomal location of Aco-H2 was not as-
certained.

Elytrigia elongata. Strong evidence was obtained that
the Aco-1 and Aco-2 genes of E. elongata are located in
6Ef and 4EL, respectively. Novel ACO-1 and ACO-2
isozymes are produced by the CS-E.elongata am-
phiploid (Fig. 5B). Among the CS-E. elongata addition
lines, only the 6E and 6ES lines express the novel
ACO-1 isozyme (Fig. 5C). This indicates that Aco-£1 is
located in 6ES.

The ACO-2 phenotype produced by the ditelo-4EL
addition line and by some disomic 4E addition line
populations is shown in Fig. 5 (D). It is identical to that
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Fig. 5. Diagrams of ACO zymogram phenotypes observed in
the study of the CS-E. elongata, CS-S. cereale cv. ‘King I,
‘Holdfast’-S. cereale cv. “King II’, and ‘Sturdy’-‘PI 252003 ad-
dition line series. A CS, CS-E. elongata 1E, 2E, 3E, 5E, 7E, and
6Ea addition lines, ‘CS-King IT” 1R, 2R, 3R, 4R, and 6R addi-
tion lines, and ‘Holdfast’-'King IF’ SRS addition line; B CS-E.
elongata amphiploid; C CS-E. elongata 6E and 6Ef addition
lines; D CS-E. elongata AE and 4EL addition lines; E S. cereale
cv. ‘King II’; F “‘CS-King I’ 5R and ‘Holdfast’-‘King II’ 5RL
addition lines; G ‘Sturdy’-‘PI 252003 6R and 6RL addition
lines. + =anode and — =cathode

produced by the amphiploid. Since none of the other
disomic addition lines produced a novel ACO-2 iso-
zyme, these findings indicate that Aco-E2 is located in
4EL. Two additional ACO-2 phenotypes were produced
by some of the line 4E populations studied. These
consisted of either the novel ACO-2 band shown in
Fig. 5 plus another band of slower electrophoretic
mobility, or of the band of slower mobility only. These
findings indicate that two allelic forms of Aco-E2 are
present in these line 4E populations and that some
plants are homozygous for one allele, some homo-
zygous for the other allele, and some heterozygous.

Secale cereale cv. ‘King II’. The ACO-1 isozyme pro-
duced by the ‘King I’ plants examined was approxi-
mately coincident in electrophoretic mobility with the
anodal ACO-1 isozyme of CS (Fig. SE). None of the
wheat-‘King II’ lines examined produced an ACO-I1
phenotype that differs from that of CS, thus evidence
regarding the chromosomal location of Aco-RI in
‘King I was not obtained.

Three ACO-2 phenotypes were observed among the
‘King IT” plants examined, including the one shown in
Fig. 5SE. A phenotype composed of the band shown in
Fig. SE, plus a more anodal band and a phenotype
consisting of only the more anodal band were also
observed. Presumably two Aco-R2 alleles are present in
the ‘King I’ population studied. The ‘CS-King II" SR
addition line and the ‘Holdfast’-‘King I’ SRL addition
line, but not the SRS addition line, produce a novel
ACO-2 isozyme not produced by CS (Fig. 5F). This
indicates that Aco-R2 is in SRL in ‘King II.

Secale cereale ‘PI252003°. Only two ‘Sturdy’-‘PI
252003’ addition lines were available for study, namely,
a line disomic for 6R and a line ditelosomic for 6RL. As
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Table 2. Chromosomal locations® of Aconitase-1 and Aconi-
tase-2 genes in Triticeae species

Aco-1 Aco-2
Triticum aestivum 6Aq, 6Bq, 6Dq  5Aq, 5Bq, 5Dq
cv. ‘Chinese Spring’
Triticum umbellulatum CSU-31 nd
Triticum longissimum 68! nd®
Elytrigia elongata 6ES 4EL
Hordeum vulgare 6HL nd
cv. ‘Betzes’
Secale cereale nd SRL
cv. King II’
Secale cereale 6RL nd
‘P1252003

* nd=not determined
® Aco-S'2 has been tentatively localized in 58*

expected, the ACO-2 phenotype of these lines did not
differ from that of ‘Sturdy’. However, both the 6R line
and the 6RL line express a novel ACO-1 isozyme
(Fig. 5G). This indicates that Aco-R7 is in 6RL in ‘Pl
252003,

Secale cereale cvs. ‘Imperial” and ‘Dakold’. The anodal
ACO-! band and the cathodal ACO-2 on the zymo-
grams produce by the ‘CS-Imperial’ 6R and 5R chro-
mosome addition lines, respectively, stained more in-
tensely relative to the other bands present than on the
zymograms of CS and the other ‘CS-Imperial’ chro-
mosome addition lines. This suggests that Aco-RI and
Aco-R2 are located in ‘Imperial’ chromosomes 6R and
5R, respectively. However, this assignment must be
regarded as tentative, since the differences between the
phenotypes are small.

No evidence was obtained regarding the chromo-
somal locations of Aco-R1 and Aco-R2 in ‘Dakold.’

Table 2 lists the Aco-I and Aco-2 gene locations
determined in this study. In addition, as noted above,
tentative localizations were made of Aco-S2 to T.
longissimum chromosome 5S! and of Aco-R1 and Aco-
R2 to ‘Imperial’ rye chromosomes 6R and SR, respec-
tively.

4 Discussion

Molecular markers for Triticeae homoeologous groups 5
and 6 chromosomes

The chromosomal locations of orthologous gene loci in
different Triticeae species provide evidence of homoe-
ology among the chromosomes and chromosomal
segments in which the loci are located, just as the
chromosomal locations of the members of paralogous
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Table 3. Molecular markers identified in the 5p, 5q, 6p, and 6q
chromosome arms of T. aestivum cv. ‘Chinese Spring’*

P 3q 6p 6q
Nor-3 set Aadh-1 set Amp-1I set Aadh-2 set
Skdh-1 set Aco-2 set Gli-2 set Aco-1 set
B-Amy-A2 Got-1 set a-Amy-I set
Lpx-2 set Nor-B2 a-Amyl®
Tpi-2 set Est-4 set
Got-2 set

¢ For references, see Hart and Gale (1987)
* a-Amyl is located in 6Bq

sets of gene loci in different genomes within a polyploid
Triticeae species provide evidence of homoeology
among the chromosomes and chromosomal segments
in which these loci are located (Hart 1979, 1987).

The molecular markers that have been identified to date
in the chromosomes of homoeologous groups 5 and 6 of T.
aestivum cv. ‘Chinese Spring’, including the aconitase gene loci
identified in this study, are listed in Table 3. With the
exception of B-Amy-A2 and a-Amyl, each of these loci has
been firmly identified as a member of a homologous set of
Triticeae gene loci. Only a single B-Amy locus has been
detected in six different diploid Triticeae species (Ainsworth
et al. 1987), but in CS, 8-4my loci have been identified in two
homoeologous chromosome groups; specifically, 8-4Amy-41 in
4A, B-Amy-DI in 4D, and f-Amy-A2 in 5A (Joudrier and
Cauderon 1976; Ainsworth etal. 1983; Dabrowska 1983).
Also, Ainsworth et al. (1985) were unable to reconfirm that a-
Amyl (referred to as a-4my2 by Hart (1983, 1984)) is a locus
separate from a-Amy-B2, as reported by Nishikawa etal
(1981). Consequently, the status of S-Amy-42 and a-Amyl as
members of homologous sets of Triticeae gene loci is un-
certain.

Triticum umbellulatum

A T umbellulatum chromosome that shows a high
degree of homoeology with the CS group 6 chromo-
somes has not been identified. The long arm of the
alien chromosome present in addition line A has been
observed to pair with telosomes 6BL and 6DS (Athwal
and Kimber 1972) and the chromosome carries a G/li-2
locus (Shepherd 1973). However, Aco-Ul is carried by
the alien chromosome present in the CSU-31 addition
line rather than by chromosome A and, while chro-
mosome A has been substituted for 6A, 6B, and 6D
(pers. commun. from E. R. Sears, cited in Kimber
(1968)), the substitutions differ little phenotypically
from the corresponding nullisomics. It appears that
either an intact 6U is not present among the available
CS-T. umbellulatum addition lines or that 7. umbellula-
tum differs from CS by a translocation involving 6U.
Although we were unable to determine the chro-
mosomal location of Aco-U2 in this study, there is good
evidence that the T. umbellulatum chromosome desig-
nated 5U is homoeologous to the CS group 5 chro-

mosomes. Three molecular markers that are ortholo-
gous to CS group 5 markers have been identified in 5U,
namely, Nor-U3 (Martini et al. 1982), Skdh-Ul (Koeb-
ner and Shepherd 1983) and Tpi-U2 (Pietro and Hart
1985) {a B-Amy locus has also been identified in 5U
(Ainsworth et al. 1987)] and 5U compensates for the
chromosomes of wheat group 5 when substituted for
them (Chapman and Riley 1970; see also Driscoll
1983).

Triticum longissimum

T. longissimum chromosome 6S' compensates well for
CS chromosome 6B when substituted for it (N. A.
Tuleen, pers. commun.) and has been shown to contain
four group 6 markers, namely, Aco-S'I (this study) and
Amp-S'l, Aadh-S2, and Got-S?2 (Hart and Tuleen
1983 b). Consequently, there is good evidence that 6S' is
homoeologous to the CS group 6 chromosomes. The
assignment of Aco-S'2 to 5S! made in this study is only
tentative but four other group 5 markers have been
identified in 5S, namely, Aadh-S'I and Lpx-S2 by
Hart and Tuleen (1983b), 7pi-S2 by Pietro and Hart
(1985), and Skdh-S'1 by Hart and Tuleen (1983 b) and
Benedettelli and Hart (1986).

Hordeum vulgare cv. ‘Beizes’

Brown and Munday (1982) identified an 4co gene locus
in ‘Betzes’ chromosome 6H and we have shown in this
study that the locus is a member of the Triticeae Aco-1
set of gene loci. The identification of Aco-HI in 6HL
provides additional evidence of the homoeology of 6H
with the CS group 6 chromosomes. 6H has been suc-
cessfully substituted for wheat chromosomes 6A, 6B,
and 6D (Shepherd and Islam 1981) and carries, in
addition to Aco-H2, four other group 6 markers, name-
ly, Amp-HI and Got-H2 (Hart etal. 1980), Nor-H?2
(Nicoloff et al. 1977; Appels et al. 1980; Saghai-Maroof
et al. 1984), and a-Amy-H1 (Brown and Jacobsen 1982;
Muthukrishnan et al. 1984).

Elytrigia elongata

The results of tests of genetic compensation and chro-
mosome pairing conducted with 6E (Dvorak 1979,
1980) as well as the molecular markers located in the
chromosome attest to the homoeology of 6E to the CS
group 6 chromosomes. Amp-El was located in 6Ea and
Aadh-E2 and Got-E2 in 6ES by Hart and Tuleen
(1983a), Nor-E2 in 6Ea (=6Ep) by Dvorak etal.
(1984), a-Amy-E1 in 6E by Ainsworth et al. (1987), and
Aco-El in 6ES in this study. It should be noted that the
arm locations of these loci are entirely consistent with
the arm locations of the orthologous CS loci (see
Table 3).



Aco-2 is a Triticeae group 5 q-arm marker, but Aco-
E2 was located in 4EL in this stady. This is the first
report of a difference in synteny relationships among
orthologous E. elongata and CS gene loci. The presence
of the CS Aco-2 loci in the 5 q arms, of Aco-R2 in 5RL
in S.cereale cv. ‘KingI’, and of Aco-E2 in 4EL
suggests that E. elongata, or at least the strain of
E. elongata used to develop the CS-E. elongata chro-
mosome addition series, differs from CS8 and ‘King IT’
by a translocation involving 4E and 5E. The gameto-
phytic and sporophytic compensation of 4E for 4A and
4D is excellent (Dvorak 1980) and of 4E for 4B
(Dvorak 1980) and of 5E for 5A, 5B, and 5D is good
(N. A. Tuleen, pers. commun.). Aadh-EIl and Lpx-E2,
two Triticeae group 5 q-arm markers, are located in SE
(Hart and Tuleen 1983 a). These findings suggest that
Aadh-1 and Lpx-2 were located proximal to Aco-2 in
the q arm of chromosome 5 in the genome ancestral to
genomes A, B, D, and E and are in this position today
in CS. Furthermore, the findings indicate that the
proposed translocation difference is non-centromeric
and involves only a small part of 5EL. It is quite
unlikely that the translocation difference arose during
the development of the wheat-E. elongata chromosome
addition lines but whether it occurs naturally through-
out E. elongata is unknown.

Secale cereale cv. ‘King II’

Aco-R2 was located in SRL of ‘King IT in this study. SR
appears to be in large part homoeologous with the
group 5 chromosomes of CS but may also be partly
homoeologous to the group 4 chromosomes (reviewed
by Zeller and Hsam 1983). In addition to Aco-R2,
group 5 molecular markers located in 5R include Skdh-
R1I in cvs. ‘Imperial’, ‘King II’, and ‘Dakold’ (Koebner
and Shepherd 1983; Benedettelli and Hart 1986), Tpi-
R2 in ‘Imperial’ and ‘Dakold’ (Pietro and Hart 1985),
and Aadh-Rl in ‘Imperial’ and ‘King II’ (Hart and
Tuleen, unpublished). There are no reports of known
Triticeae group 4 molecular markers in 5R or of known
group 5 molecular markers in 4R. However, a §-Amy
locus has been identified in 5R, but not in 4R, in
‘Imperial’, ‘KingI’, and ‘Dakold’ (Ainsworth etal.
1987) and, as noted above, -Amy loci have been
identified in 4A, 4D, and 5A in CS,

Secale cereale ‘PI 252003’

Only two ‘Sturdy’-‘PI 252003° chromosome addition
lines were available for study, namely, the 6R and 6RL
lines. However, since both of these lines express a
novel ACO-1 isozyme, i.e., an isozyme not expressed by
‘Sturdy” (see Fig. 5), good evidence was obtained that
Aco-R1 is located in 6RL in ‘PI 252003’
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Utility of Aco-1 and Aco-2 loci as chromosome markers

The results obtained in this study indicate that Aco-1 is
generally a good marker for alien group 6 chromo-
somes present in wheat aneuploids. Aco-R/ is an
exception; a Secale cereale ACO-1 isozyme that differs
in electrophoretic mobility from the three wheat ACO-
1 isozymes was found in only one of the four wheat-rye
addition series studied. Also, the three wheat Aco-1 loci
should be useful varietal markers since extensive allelic
variation exists at these loci (unpubl. results).

In contrast, Aco-2 is generally a poor alien chromo-
some marker. An ACO-2 isozyme that differs in elec-
trophoretic mobility from the wheat ACO-2 isozymes
was found in only two of the seven wheat-alien addi-
tion series studied. Also, there are far fewer Aco-2
variants than Aco-1 variants in wheat (unpubl. results).
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