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Summary. S-(2-aminoethyl)L-cysteine (AEC) inhibits the
growth of mature barley (Hordeum vulgare L vars. ‘Bomi’
and ‘Maris Mink”) embryos grown on sterile medium. This
inhibition is relieved by lysine and, to a lesser extent,
arginine and ornithine. In order to try and select plants
which accumulate lysine, 8200 M2 embryos of sodium
azide mutagenised barley were screened for growth in the
presence of 0.25 mM AEC. One line, R906 was selected
for further characterisation. Progeny of the originally se-
lected plant after selfing were all resistant to AEC. In a
reciprocal cross with a sensitive barley the resistant trait
was inherited as a single recessive nuclear gene which we
designate aec-1.
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Abbreviation

AEC S-(2-aminoethyl)L-cysteine

Introduction

For monogastric animals lysine is the nutritionally limit-
ing amino acid in the proteins of cereal seeds. High-lysine
mutants of barley have been selected (Doll et al. 1974).
They are all mutants with decreased synthesis of the
major storage proteins and also decreased yield (Doll and
K¢ie 1975). Mutants which overproduce soluble amino
acids are another possible route to increasing the lysine
content of barley grains. Tissue cultures with higher levels
of free tryptophan, proline, methionine and lysine have
been isolated by selection for resistance to the growth-
inhibitory effects of a corresponding amino acid analogue
(Widholm 1972, 1976; Chaleff and Carlson, 1975). We

have selected for analogue-resistance in barley in a system
where the genetics and seed biochemistry of any mutant
can be investigated. We report here the isolation and gene-
tic characterisation of a mutant of barley resistant to the
lysine analogue S-(2-aminoethyl)L-cysteine (AEC) se-
lected by screening mature barley embryos.

Materials and Methods

Embryos were hand dissected from mature barley (Hordeum vul-
gare L. Var. ‘Bomi’ or ‘Maris Mink’) seed, surface sterilised and
grown in petri dishes under sterile conditions for 7 days at 25 +
2°C with a 16 hr day as previously described (Bright et al. 1978).
The agar medium was that of Murashige and Skoog (1962) with
the omission of indole acetic acid and kinetin. Sucrose was present
at 5 or 30 g/1. Filter-sterilised amino acids were added to the
medium after autoclaving. AEC was autoclaved after control ex-
periments had shown that this had no adverse effect. For selection
of mutants embryos were taken from M2 seed of the variety
‘Bomi’ where M1 seed had been treated with the mutagen sodium
azide (M2 seed, of 30% chlorophyll mutations on M1 spike basis,
was a generous gift of Dr. V. Haahr, Agricultural Research Depart-
ment, Risg, Denmark). After growth for 7 days the shoot length
of plantlets was measured and selected plants transferred to soil in
small peat pots in a humid environment and then to pots in a
glasshouse or controlled environment cabinet and grown to matu-
rity.

Results

The lysine analogue AEC at concentrations of 0.1-0.5 mM
inhibits the growth of barley embryos grown in sterile
culture (Figs. 1,3). Root growth is particularly sensitive to
inhibition but for quantitative measurement of growth we
have used shoot length or fresh weight. Inhibition due to
AEC can be relieved by lysine (Fig. 1). Other amino acids
also partially relieve the inhibition by AEC, particularly
arginine and ornithine which are also basic amino acids
(Table 1). Not only do lysine, arginine and ornithine re-

040-5752/79/0055/0001/$ 1.00



120
100

80
SHOOT
LENGTH
(2 control
value)

40

0 1 2 3 4 L
LYSINE (mM)

Fig. 1. Lysine relief of AEC-inhibition. Each point represents the
mean of 40-50 embryos of ‘Maris Mink’ grown in 2 dishes for 7
days in the presence of 0 (e), 0.3 (x) or 0.5 mM (o) AEC (sucrose
5 g/1) and varying lysine concentrations

lieve inhibition of shoot length and fresh weight increase,
but they allow root growth in the agar medium.

Any mutant which accumulates lysine should be able
to grow better than normal plantlets in the presence of
AEC. We have screened 8200 M2 embryos for ability to
grow on medium (sucrose 5 gf1) centaining 0.25 mM AEC.
Seed (M3 generation) was obtained from 26 selfed plants
selected as growing well in 0.25 mM AEC. M3 embryos
were tested on 0.25 mM AEC and one line, designated
R906, was selected for further study.

The originally selected M2 plant and the M3 and M4
progeny of R906 all had enhanced shoot growth and long
roots which penetrated the agar in the presence of 0.25

Table 1. Relief of AEC inhibition by amino acids

Amino acid Fresh weight % Shoot length %
additions (mg/plant) + std dev.

None 70.8 100 51+14 100
AEC 22.6 32 11 5 22
AEC + lysine 56.4 80 36 + 14 71
AEC + ornithine 43.8 62 28+ 9 56
AEC + arginine 40.0 57 29+ 9 58
AEC + methionine 34.9 49 20z 4 40
AEC + citrulline 31.8 45 19+ 7 38
AEC + glutamine 29.3 41 18+ 7 36
AEC + histidine 28.0 39 19+ 7 37
AEC + homoserine 27.4 39 18+ 7 36
AEC + threonine 25.8 36 13+ 5 27

AEC at 0.3 mM; other amino acids at 1.0 mM. 13-15 Bomi em-
bryos were plated in one dish on 25 ml medium (sucrose 30 g/l).
Results are pooled from at least two dishes
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Fig. 2. Growth of R906 and ‘Bomi’ embryos on AEC medium.
Left: ‘Bomi’, AEC 0; middle: ‘Bomi’, AEC 0.25 mM; right: R906,
AEC 0.25. Embryos grown for 7 days (sucrose 30 g/1)

mM AEC (Fig. 2). Embryos of R906 were still inhibited
by AEC but particularly at the selective concentration
they were clearly more resistant than the parent
variety ‘Bomi’ (Fig. 3). R906 embryos are inhibited by
lysine plus threonine (2 mM each) to the same extent as
the parent (data not shown). R906 plants have normal
morphology, growth and seed set.

The inheritance of resistance to AEC was followed by
crossing R906 plants (M3 generation) with a normal AEC-
sensitive barley variety, ‘Maris Mink’. The cross was con-
firmed by analysis of the hordein polypeptides of endo-
sperm portions of the F1 seeds in which both parental
types could be distinguished (Shewry et al. 1978). R906
seed proteins were indistinguishable from the parental pat-
tern. An F1 seed of each of the reciprocal crosses was
grown through to seed and at least 100 F3 embryos from
each plant tested for growth on 0.25 mM AEC. Root
penetrance and shoot length were scored after 7 days
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Fig. 3. AEC inhibition of ‘Bomi’ and R906 embryos. 28-32

‘Bomi” () and R906 (a) embryos were grown in two separate
dishes on medium (sucrose 30 g/1) with varying AEC
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Table 2. Inheritance of root penetrance in F2 of reciprocal crosses
of R906 X ‘Maris Mink’. Embryos grown 7 days on medium (suc-
rose 30 g/1) + 0.25 mM AEC

Table 3. Inheritance of root penetrance in F3 progeny of the
cross R906 X ‘Maris Mink’. Embryos grown 7 days on medium
(sucrose 30 g/l) + AEC 0.25 mM

R906 X ‘Maris Mink® ‘Maris Mink’ X R906

Q 3d Q 3
Roots penetrant 21 20
Roots non-penetrant 94 85
F2 Progeny
10
5 L “*
]
NUMBER | 3
OF e
PLANTS
10f BOMI
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Fig. 4. Segregation of shoot length and root penetrance in F2
progeny of R906 X ‘Maris Mink’. Upper F2 embryos were grown
on medium (sucrose 30 g/1) with 0.25 mM AEC and plantlets with
roots penetrating the agar (- - -) and those without penetrating

roots ( ——) measured and results plotted in 5 mm classes. Lower:
sensitive parental embryos grown as above

(Table 2, Fig. 4). The gene involved we call aec-1 (normal
= +, resistant = gec—1). Six plants from the F2 of R9069
X ‘Maris Mink’d were taken from each of the three classes
of growth response on 0.25 mM AEC: (1) Shoot greater
than 35 mm, penetrant roots (2) Shoot greater than 25
mm, non-penetrant roots (3) Shoot less than 10 mm, non-
penetrant roots. These 18 F2 plants were grown through
to seed and the progeny embryos tested on 0.25 mM AEC
and scored as above. The F2 plants could then be classi-
fied as either aec—1/aec—1, aec—1/+ or +/+ (Table 3).

Discussion

AEC has been used to select for lysine accumulation in
bacteria (Sano and Shiio 1970) and plant tissue cultures
(Widholm 1976; Chaleff and Carlson 1975). We have se-
lected a system in which fertile plants can be readily ob-
tained in order to study the genetics and seed composition
of any mutants obtained. This is an advantage over pres-

F2 plantlet F3 plantlet roots
Penetrant Non Genotype of
penetrant F2 plantlet
1 18 4 aec-1/aec-1
2 24 0 aec-1/aec-1
:f:g :ﬂgﬁ;n t 3 21 2 aec-1/aec-1
100 ts 4 24 0 aec-1/aec-1
5 23 0 aec-1/aec-1
6 23 0 aec-1/aec-1
1 20 4 aec-1/aec-1
Long shoot and 2 6 16 aec-1/+
3 4 20 aec-1/+
non-penetrant
roots 4 5 19 aec-1/+
5 11 13 aec-1/+
6 24 0 aec-1/aec-1
1 5 18 aec-1/+
2 9 15 aec-1/+
Short shoot 3 4 17 sec-1/+
and non-
penetrant roots 4 0 22 H+
S 3 20 aec-1/+
6 0 21 ++
Total for gec-1/+
genotype 47 138

ent barley tissue culture systems. The main disadvantage is
in the small numbers of plants which can be tested. Highly
mutagenised starting material is required.

In the barley embryo system inhibition by AEC is re-
lieved most effectively by lysine, but also be arginine and
ornithine. This is in agreement with results on oat seedling
roots (Green, C.E., personal communication). The other
amino acids tested were less able to relieve the inhibition
due to AEC. It is probable that any plant which accumu-
lated free lysine would be resistant to the inhibitory effect
of AEC. Conversely, resistance to AEC could arise from
accumulation of arginine or ornithine or by other mecha-
nisms.

AEC can act as a false-feedback inhibitor of two plant
enzymes involved in lysine synthesis, aspartate kinase
(Shewry and Miflin 1977) and dihydrodipicolinate syn-
thase (Mazelis, M.M. personal communication). However,
to relieve the inhibition by AEC, lysine is required at
greater than equimolar amounts (Fig. 1) suggesting that
the lysine is competing with AEC for some site of action
rather than acting to relieve a starvation for lysine.

The mutant line R906 was selected from a screened
population of less the 10* M2 seeds. All the progeny of
the originally selected plant were also resistant to AEC so
the resistant trait is transmitted without segregation upon
selfing. The data on inheritance of long penetrant roots in



a cross with a normal barley (Table 2) do not differ sig-
nificantly from the 3 : 1 ratio expected for a single reces-
sive nuclear gene (p = 0.1 for each of the reciprocal
crosses). We call this gene aec-1. The slight shortfall in the
numbers of progeny with penetrant roots can be ex-
plained by the data on the F3 progeny (Table 3) which
show that some aec-1/aec-1 plants do not produce pene-
trant roots. This is also true of plants grown on control
medium. The values for shoot length of F2 embryos
grown on 025 mM AEC (Fig. 4) suggested that there
might be some effect of the aec-1 gene in the hetero-
zygous form. However, from Table 3 it can be seen that
plants with the shortest shoots were 4 gec-1/+ and 2 +/+
as would be expected from a completely recessive gene.

The biochemical basis for resistance to AEC is being
investigated. The fact that R906 embryos are not resistant
to the inhibitory effect of lysine plus threonine suggests
that the aspartate kinase in the mutant has unaltered sen-
sitivity to lysine (Bright et al. 1978). The aec-1 gene may
serve a useful function as a marker which can be scored
very soon after germination even if it has no effect upon
free lysine levels.

As barley is a naturally self-fertilising species it is not
surprising that the originally selected resistant plant
should carry a homozygous recessive mutation since there
has been segregation after the mutagenic treatment of the
M1 seed. The system described here thus has additional
advantages over a diploid tissue culture system where only
dominant or co-dominant mutations can be recovered.

Acknowledgement

We would like to thank P.R. Shewry for analysis of the hordein
polypeptide patterns of the crosses. This project is supported by
grant number 00473 from the European Economic Community.

Theor. Appl. Genet. 55 (1979)

Literature

Bright, S.W.J.; Wood, E.A.; Miflin, B.J.: The effect of aspartate-
derived amino acids (lysine; threonine, methionine) on the
growth of excised embryos of wheat and barley. Planta 139,
113-117 (1978)

Chaleff, R.S.; Carlson, P.S.: Higher plant cells as experimental or-
ganisms. In: Modification of the Information Content of Plant
Cells (eds. Markham, R.; Davies, D.R.; Hopwood, D.A.;
Horne, R.W.)), pp. 197-214. New York: North-Holland Publ.
1975

Doll, H.; Kdie, B.; Eggum, B.O.: Induced high lysine mutants in
barley. Radiation Bot. 14, 73-80 (1974)

Doll, H.; Kdie, B.: Evaluation of high lysine barley mutants. In:
Breeding for Seed Protein Improvement Using Nuclear Tech-
niques. Vienna, Austria: Intern. Atomic Energy Agency 1975

Murashige, T.; Skoog, F.: A revised medium for rapid growth and
bicassays with tobacco tissue cultures. Physiol. Plant. 15,
473-497 (1962)

Sano, K.; Shiio, I.: Microbial production of L-lysine III. Produc-
tion by mutants resistant to S-(2-aminoethyl)-L-cysteine. J.
Gen. Appl. Microbiol. 16, 373-391 (1970)

Shewry, P.R.; Miflin, B.J.: Properties and regulation of aspartate
kinase from barley seedlings (Hordeum vulgare L.) Plant Phy-
siol. 59, 69-73 (1977)

Shewry, P.R.; Pratt, H.M.; Finch, R.A.; Miflin, B.J.: Genetic analy-
sis of hordein polypeptides from single seeds of barley. Hered-
ity 40, 463-466 (1978)

Widholm, J.M.: Cultured Nicotiana tabacum cells with an altered
anthranilate synthetase which is less sensitive to feedback inhi-
bition. Biochim. Biophys. Acta 261, 52-58 (1972}

Widholm, J.M.: Selection and characterisation of cultured carrot
and tobacco cells resistant to lysine, methionine and proline
analogues. Can. J. Bot. 54, 1523-1529 (1976)

Received January 3 1979
Communicated by G. Melchers

Dr. Simon W.J. Bright

Dr. P.B. Norbury

Dr. Benjamin J. Miflin
Biochemistry Department
Rothamsted Experimental Station
Harpenden, Herts AL 5 23Q (UK)



