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ABSTRACT

Experiments were designed to test whether variation in percent lysine
in seed proteins could be recovered in plants regenerated from callus
subjected to inhibitory levels of lysine plus threonine. Anther-derived
callus was subjected to 1 millimolar lysine plus threonine for three
successive passages and then once to the same concentration of S-(2-
aminoethyl)cysteine. Plants were regenerated from the resistant callus.
Plants recovered directly from tissue culture were normal in color, size
and were 50% or less fertile. Second and third generation plants produced
a wide range of variants including albinos, deep green plants both short
and tall, and totally fertile as well as partially fertile plants. All regen-
erated plants produced chalky or opaque seed. One unique second gen-
eration line had 14% more lysine in seed storage proteins than the
controls. This characteristic was transmitted to the next generation. The
high lysine plants had reduced seed size with significantly higher levels
of seed storage protein than the controls. The phenotypes recovered
provide experimental materials for basic studies in protein synthesis and
lysine metabolism and may become a source of material for rice breeding.

The nutritional quality of the major cereal grains is not optimal
because lysine and threonine are limiting amino acids in seed
storage proteins (16). The efficient recovery of plants with altered
lysine levels requires mutants either in the metabolism or catab-
olism of lysine or in the (de)regulation of pathways leading to
lysine and protein synthesis. Strategies exist for the recovery of
mutants for lysine synthesis in microbial systems but few clearly
defined systems or mutants are available in green plants. Lack
of basic metabolic information in crop plants precludes the
efficient recovery of single gene lysine mutants. Nonetheless,
some progress has been made using tissue/anther culture tech-
niques coupled with the use of amino acid analogs and inhibitory
levels of metabolic products, particularly AEC' and L+T. Com-
binations of these compounds provide biochemical selection
pressure for altered feedback inhibition or insensitivity to precise
control of one or more of the enzymatic reactions associated
with the B-aspartokinase pathway for lysine and threonine syn-
thesis.

Fermentation research with microorganisms showed that g-
aspartokinase was inhibited by L+T through feedback mecha-
nisms (19). It was clear from early research that AEC weakly
inhibited microbial cells, but the addition of threonine produced
strong inhibition (22). In 1970 Bryan et al. (6) isolated g-

! Abbreviations: AEC, S-(2-aminoethyl)cysteine; L+T, lysine plus
threonine.

aspartokinase from multicellular plants and demonstrated feed-
back inhibition as well. The effect of L+T was demonstrated in
rice tissue culture (8), in barley (4), in Mimulus seedlings (12),
in maize tissue culture (10), and in carrot suspension cultures (7,
15). More recently, maize plants were recovered from L+T
selections and progeny showed elevated threonine levels (13).
Even though the B-aspartokinase pathway exists in higher plants
there is evidence that alternative pathways may also function
(29), but details may not be the same for all plant species. Much
additional information is required before the regulation of lysine
metabolism is completely defined in the major crop plants.

AEC has been implicated as co-inhibitor for false feedback
inhibition in microbial systems. Sano and Shho (22) used this
analog with lysine and threonine to recover lysine mutants. Brock
et al. (5) proposed the use of AEC to inhibit embryos for the
recovery of feedback mutants in higher plants. The application
of AEC selections to higher plants was further demonstrated in
barley and maize (2-4, 9). AEC resistant lines have been devel-
oped using cell suspension cultures (30) and anther-derived callus
cultures (24). In 1984 Negrutiu et al. (20) reported AEC resistant
lines from protoplasts of tobacco and characterized progeny as
monogenic dominant for resistance to the analog.

The most advanced in vitro techniques among the major cereal
crops exist in rice, Oryza sativa. Rice plants were recovered from
anther-derived callus of an indica subspecies cultured three times
in the presence of 2 mMm AEC (24). Plants recovered from AEC
selected cells had increased protein and lysine over the controls
(24, 26). Even though substantial infertility was induced by the
in vitro procedures in rice, segregants with normal seed set from
both selfed and crossed progeny had increased seed protein as
well as lysine (26, 28).

The experiments described here were designed to recover cells
resistant to inhibitory levels of L+T and AEC from anther-
derived calli. Another purpose was to characterize the progeny
of these regenerated plants, and determine if regenerated plants
and selfed progeny expressed the phenotype corresponding to
the selection pressure applied in vitro. There are no previous
examples of the recovery and characterization of rice plants from
cells resistant to inhibitory levels of L+T.

MATERIALS AND METHODS

Anther-derived calli of rice, Oryza sativa, were subjected to
inhibitory levels of L+T followed by AEC. Plants were regener-
ated and selfed, progeny were characterized for levels of seed
storage proteins and percent lysine in the proteins. The plants
were also evaluated for overall morphology.

Source. Cell selections were done with the cultivar Calrose 76,
subspecies japonica (21). The genotype is widely used as a
commercial cultivar and as a source for rice breeding, as well as
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in vitro studies.

Anther Culture. The anther culture procedures were those
described earlier (24) and modified (27) for Calrose 76. Anthers
with uninucleate microspores were given a cold temperature
shock at 7°C for 7 d. Florets were excised aseptically and 25
anthers were placed on agar slants in 25 X 150 mm test tubes.
Individual calli were lifted from the anthers after 6 to 8 weeks of
growth and placed on a callus increase medium for 4 to 5 weeks.

Media. The medium for rice anther culture was a modification
of the medium used for anther culture earlier (11). The medium
contains Blaydes inorganic salts (1), 150 ml/L coconut milk and
1 g/L yeast extract. Sucrose was added at 3% w/v and agar at
1% w/v. The auxin, 2,4-D, was added at 2 mg/L.

The tissue increase medium was similar to the anther culture
medium but had no coconut milk and only 250 mg/L yeast
extract. The 2,4-D level was 1.0 mg/L. Murashige-Skoog (MS)
(18) inorganic salts from GIBCO? were substituted for the
Blaydes salts.

For rice regeneration, a simplified medium was used consisting
of MS inorganic salts and vitamins, glycine 2 mg/L, myo-inositol
100 mg/L, glutamine 146 mg/L, and sucrose 3% w/v. IAA and
kinetin (Sigma) were added at 1 mg/L each. The medium was
solidified with 1% w/v agar. Developing plantlets were separated
from the body of the callus to prevent inhibition of subtending
growth centers and promote greater plantlet development. Plants
3 to 10 cm tall were then removed from the agar medium and
placed into a liquid rooting medium and maintained on a
gyratory shaker at 100 rpm for 10 d to promote tillering and root
development. This liquid rooting medium (23) consisted of MS
inorganic salts and vitamins, myo-inositol 100 mg/L, glutamine
146 mg/L, sucrose 3% (w/v), IAA 5 mg/L, and kinetin 0.1 mg/
L.

Generations and Selfings. R, refers to the vegetative portions
of plants regenerated from tissue culture and 10 R, plants were
recovered from callus resistant to L+T and AEC. S, refers to the
seeds from the 1st meiosis on the R, plants.

S, Population. Seed of 10 R, plants were analyzed for lysine
levels and 8 for protein levels.

S; Population. Eleven plants were started from one of the 10
S, seed lots, i.e. lot No. 2, which had the highest seed lysine
value. Three sister lines derived from seed lot No. 2 were desig-
nated 1C, 4C, and 7C.

S; Population. Fifteen plants each from 1C, 4C, and 7C were
grown for S; seed production.

S Population. Plants from S; seed lots were grown for S, seed
production: one set of 10 plants was from 1C and 5 sets of 10
plants each from 4C. Two plants from 1 set of 4C did not survive.
Plants with 1000 or more seeds were considered normal and
analyzed for protein and lysine levels presented in Figure 2.

Controls. Two types of controls were used. (a) Controls that
grew with S, populations were from bulk Calrose 76 selfed three
times in the greenhouse, and (b) controls from four different
experiments grown at different times and these represent mate-
rials selfed from one to five times. These controls have no in
vitro history.

Biochemical Selection. Several protocols were used to recover
cells insensitive to inhibitory levels of L+T. Calli were frag-
mented and sized to 860 microns or less by passage through
stainless steel sieves. For three different selections sized calli were
plated on agar in 5 cm plastic Petri dishes containing inhibitors
in the following combinations: Protocol A, one passage on 1 mM
L+T, two more passages on 2 mM L+T and two passages on 1

2 Mention of a trademark or proprietary product does not constitute
a guarantee of warranty of the product by the United States Department
of Agriculture, and does not imply its approval to the exclusion of other
products that may also be suitable.
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mM AEC. The final passage was on the regeneration medium.
Protocol B, three passages on 1 mM L+T, one passage on 1 mM
AEC, and the final passage on the regeneration medium. Protocol
C, two passages on 2 mM L+T and the final passage on the
regeneration medium. The regeneration medium did not contain
inhibitory selective agents in any protocol. The primary data
presented later in this report came from selection protocol B.

Amino Acid and Protein Determinations. Seed storage proteins
were hydrolyzed in 6 N HCI under N,. The amino acids were
separated with W3H cation exchange resin and quantified with
a Beckman 119BL analyzer as described earlier (24, 26). Amino
acid determinations were done on half seeds, whole seeds and 30
seed composite samples from single plants. Seed protein was
calculated from total seed nitrogen determined by the Kjeldahl
method. These analyses were done commercially at the Ohio
State University research extension analytical laboratory, Woos-
ter, OH. Samples were 30 seed composites from single plants.

For the lysine determination of individual whole or half seeds
the grain was split transversely into nearly equal sections. Thus,
half was endosperm only and the remaining half was endosperm
and embryo. The endosperm half was used for amino acid
analyses and SDS-PAGE profiles of storage proteins while the
embryo half was planted for germplasm increase.

Other Progeny Characterizations. Greenhouse grown plants
were characterized for yield as seeds/plant, sced weight was
determined by a 30-seed sample, and tillers were counted at
harvest. Plant height was measured as the distance from the soil
level to the tip of the mature panicle. Plants were subjectively
scored for color with a rating of 1 for light green plants to 5 for
intensely green types. Controls usually scored 2 or 3. Seed
chalkiness was scored from 1 to 10 by estimating the light
transmission from fluorescent lamps through the seeds. A score
of 1 represents clear seeds which was usually the case in the
control cultivar, and 10 represents completely opaque seeds (28).
The chalky index is the chalky rating multiplied by the percent
of the seeds in a 30-seed sample showing the chalky phenotype.

Electrophoresis of Seed Storage Proteins. The electrophoresis
procedures used were modifications of those described by Laem-
meli (14). Samples of half seeds, whole seeds, or multiple seed
composites were weighed and ground into dry powder with a
mortar and pestle. Proteins were denatured and extracted with
3% SDS and 5% B-mercaptoethanol at 40°C for 2 h followed by
heating at 100°C for 3 min. Thirty ul samples were electro-
phoresed in 8% or 12% polyacrylamide gels (w/v) (SDS-PAGE)
for 4 h at 200 V. The gels were fixed and stained in methanol-
acetic acid-H,O (45-45-10) containing 0.2% Coomassie blue R
overnight, then destained with the same acidic methanol solvent.
For improved sensitivity, the proteins were silver stained accord-

FIG. 1. Variations in progeny from L+T and AEC selections. A,
Albino (plants A and B), normal (plants C and D), and short deep green
phenotypes (plants E and F) recovered from S, seed; B, deep green
phenotype (left) and normal green plant (right); C, abnormal endosperm
development and lethal seed from homozygous deep green plants (left)
and normal seed (right).
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Table 1. Means and Data Ranges of Whole Seed Characteristics of Selfed Plants Regenerated from Anther
Calli Resistant to Inhibitory Levels of L + T and AEC

Generations Seed/Plant Lysine Protein
(Selfings) Mean Range Mean Range Mean Range
% of total AA %
S 10 114 44-342 3.13 2.87-3.45 13.4 12.9-13.7
S 11 1038 924-1628 3.74 3.40-4.33 9.2 8.1-11.2
Ss 15 916 80-1487 4.09 3.69-4.57 10.9 9.0-12.6
Ss 48 570 50-1050 3.72 3.44-4.11 12.3 10.0-15.4
Control® 20 1038 799-1349 3.38 3.03-3.70 9.86 8.8-12.0
Control® 50 1196 581-1582 3.51 3.03-3.96 9.16 7.8-12.0

2 Controls grown at same time and conditions as S, population.

b Composite controls from four different

experiments in time and conditions, including the S, controls.

Table I1. Percent Lysine in Acid Hydrolysates of Protein from the
Endosperm Half of Single Seeds of Rice, cv Calrose 76
Plants were regenerated from anther calli resistant to inhibitory levels
of L + T followed by AEC.

S; Generation S4 Generation
Control 4C-3-1 Control 4C-3-2
2.72 3.56 3.16 2.87
294 3.76 3.05 3.68
2.89 3.69 2.96 3.5
3.06 3.51 2.85 35
3.16 3.64 2.94 3.31
3.03 3.65 2.84 4.07
2.7 3.74 3.14 3.46
3.01 3.7 2.99 33
2.65 34 2.92 3.53
2.77 3.83 2.95 3.69
35 2.98 3.25
3.81 2.96 3.88
3.84 297 3.51
347 3.12 3.57
3.62 3.08 3.45
Mean 2.893 3.648 2.994 3.505
SE 0.175 0.137 0.098 0.278

ing to procedures supplied by ICN Biochemicals, the manufac-
turer of the ICN reagent kit.

RESULTS

The first plants regenerated (R,) from L+T selections in three
different experiments were normal in color, size, and tillering
characteristics. All R, plants had normal seed weight but were
less that 50% fertile. The S, seed from R, plants produced a wide
range of plants (Fig. 1) including tall and short albinos and tall
and short deep green-colored plants with narrow leaves. Some
plants were normal in height, color, and fertility, The plant
segregation pattern from S, seed for the albino character suggests
that it is caused by a single recessive gene. Backcrosses have not
yet been made to define precisely the genotype for plant color.
Homozygous deep green lines have been produced in S; popu-
lations and these are over 95% infertile. The abnormal endo-
sperm is illustrated in Figure 1 (right panel, open seed on left).

Selfed progeny from L+T selected lines produced plants with
higher protein and lysine levels than the controls. Composite
seed samples from single plants often mask individual seed
values, particularly during the first generation in which carryover
effects from tissue culture are most pronounced. For example,
the highest value among 10 S, seed lots from individual plants
was 3.45% lysine (Table I). However, seed from individual S,
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FI1G. 2. Percent protein in rice seeds and percent lysine in proteins of
S; (top) and S, (lower) plants selected for normal seed set defined as
having 1000 or more seeds per plant. 4C designates the in vitro-selected
variant and C designates the controls.

and S; plants had lysine of 4.3 and 4.57%, respectively. Addi-
tionally, combined results from the half seed analyses of all the
S, plants derived from protocol B produced two classes of seeds.
Approximately 50% were normal or below normal in lysine
content and 50% had levels higher than the maximum (3.16%
lysine) recovered in the half seeds of S, controls (Table II), the
only controls for which half seed analyses were done.

Seed storage protein levels are frequently negatively correlated
with seed number in cereals and therefore the most valid com-
parisons would be between plants of equal or near equal seed
number. Such a comparison is illustrated in Figure 2 in which
only plants with seed number of 1000 or more are represented.
The results clearly demonstrate improved protein and lysine
levels in normal 4C plants from the L+T/AEC selections. There
was a 12 and 14% increase in percent lysine in protein in the
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Table IIl. Seed Number per Plant, Protein and Lysine Levels from S, Whole Seeds of Rice Plants
Regenerated from L + T Followed by AEC Selected Calli Initiated by Anther Culture
The control is from Calrose 76 with no in vitro history and 397-4C represents the in vitro-selected variant.
Protein and lysine were determined from subsamples of a 30-seed composite sample from each plant.

397-4C Control Each Plant
Seed/Plant  Protein Lysine Seed/Plant  Protein Lysine
No. % Wit/Wt % of total amino acids No. % Wt/Wt % of total amino acids
1240 10.5 4.26 1392 8.1 3.87
150 12.1 4.57 1487 8.3 3.77
1411 10.2 3.93 1430 8.8 341
632 11.7 4.18 1392 8.8 3.61
1031 9.0 4.21 1468 8.8 3.32
1240 10.7 4.08 1449 8.1 3.56
1487 11.2 4.34 1487 8.1 3.63
80 12.6 3.96 1430 8.1 3.80
936 10.5 4.03 1430 79 3.74
594 11.9 4.07 1411 9.0 3.47
1240 11.0 3.88 1468 7.8 3.96
110 11.9 4.32 1297 8.6 3.78
955 10.5 3.81 1582 8.3 3.64
1354 9.8 3.69 1240 9.3 3.49
1278 10.0 4.06 1335 8.6 3.86
Mean 916 10.9 4.10 1420 8.4 3.66
+ SE 126 0.26 0.06 22 0.44 0.05

selected material over the control in S; and S, generations,
respectively (Fig. 2). The increase in lysine from in vitro selections
is further illustrated by the single half seed analyses of plants
selfed three and four times (Table II). The data show the range
of values and low variation in single seed analyses of selected
and control materials. The highest lysine value in the control
endosperm was a 3.16%, whereas the lowest value for the S;
selected line was 3.4%. Similar results were obtained with the S,
generation except the range of variation was wider and only 1
out of 15 seeds had a value less than 3.16%, the highest value of
the controls.

Line 4C and some other in vitro selected lines do not display
the inverse protein/lysine relationship. The controls and some
segregants such as 7C express the inverse protein/lysine relation-
ship. The high lysine phenotype recovered in line 4C has lower
seed weights than the control. The average seed weights for lines
1C, 4C, 7C, and the controls were 23, 18, 23, and 22 mg/seed,
respectively. A cross of 4C to a derivative of Calrose 76 with a
glabrous marker produced segregants with high lysine and low
seed weight. The R-square regression value of percent lysine and
seed weight was 0.54 from a population of over 200 F, seed.

Analyses of single seeds of the S, generation demonstrate
within plant variation for lysine levels. The S, plants derived
from selection protocol B can be grouped into two classes: (a)
plants with only low lysine levels, and (b) mixed plant types with
both high and low seed lysine. The range in percent lysine in
seed proteins from 10 S, plants was 2.87 to 3.45 with a mean of
3.13%. The range for protein values was 12.9 to 13.7% and the
mean was 13.4% (Table I). Segregants in the next generation, S,,
produced one line identified as 4C which showed distinctly higher
percent protein and lysine than the control line (Table III).
However, this 4C line produced plants with both low and near
normal seeds per plant. The controls were uniform in seed
number. The elevated protein levels in 4C occurred with both
average and below average seed set. The percent lysine level was
also independent from seed set and was consistently high. The
comparison of 4C to its sister lines and controls is illustrated in
Figure 3. The higher lysine level occurs in the more advanced
generation as well.

Single seed analyses showed 7C to be uniform for normal
lysine and hence could serve as an internal control whereas 1C
was heterozygous and had seeds with the elevated as well as near
normal range.

The average percent lysine in seed endosperm protein based
on single half seed analyses for 1C, 4C, 7C, and the controls was
3.24, 3.64, 3.11, and 2.99%, respectively. Whole seeds including
the embryo have 0.2 to 0.4% higher lysine than the endosperm
half only.

The initial analyses of S; plants recovered from selection
protocols A and C in separate experiments (“Materials and
Methods™) confirm the recovery of plants with reduced seed
weights, chalky seeds, and improved lysine similar to the progeny
from 4C recovered from protocol B. Since protocol C did not
include AEC in the cell selection process we conclude that the
L+T selection pressure with Calrose 76 is required for the
recovery of the small-seeded high lysine mutants.

The SDS PAGE profiles for seeds from a highly infertile plant
show abnormal seed storage protein patterns (Fig. 4A, vertical
arrows). The high mol wt material is decreased and higher
quantities of low mol wt proteins appear. The 4C profiles (Fig.
4B) came from a plant with normal seed number and the profiles
are nearly as uniform as the controls. The SDS PAGE profiles
of storage proteins from single seeds of the 4C line is not greatly
different from the control when visualized with Coomassie blue
(not shown here) but does show shifts in seed protein patterns
(horizontal arrows) with the more sensitive silver stain (Fig. 4B).

In vitro culture of rice produces chalky seeds (28). The 4C line
has a high chalky index and high seed protein. Histograms for
chalky index and protein levels for the controls and three selected
sister lines from a common parent form very similar profiles
(Fig. 3), reflecting some association of chalkiness to seed storage
protein levels. The 4C line had the highest seed storage protein
levels as well as the highest chalky index.

DISCUSSION

The mean lysine levels, expressed as percent of all amino acids
in seed protein hydrolyzates, in first generation selected plants
were nearly the same as the control means. However, depressed
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FiG. 3. Chalky index, percent grain protein, and percent lysine in
acid hydrolyzed protein of rice seeds, cv Calrose 76 from plants regen-
erated from anther callus insensitive to exogenous L+T and AEC. Plant
types 1C, 4C, and 7C represent three S; lines from a single S, plant. Line
symbols represent the sample SE.

lysine levels may be expected since seed set is frequently reduced
in tissue cultured plants. Under conditions of reduced seed set
protein levels are frequently increased and lysine expressed as
percent of all amino acids is decreased. Nonspecific carryover
effects from tissue culture can produce unexpected and artificially
high or low lysine values. The negative correlation between
percent lysine and percent protein would give a low lysine
phenotype even though the genotype is one for altered lysine
level. Although the percent lysine is less in 1C and 7C compared
with 4C, the means may not reflect fully the lysine potential.
There may be several reasons for this. One is that these lines are
not yet fully homozygous. The original plants out of tissue culture
may be heterozygous or even chimeric for cell types conditioning
lysine/protein levels. The data in Figure 1 represent means of 15
individuals in which 7C appears uniformly low compared with
4C. However, line 1C has two categories of seeds; one-third with
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FiG. 4. Variations in SDS PAGE profiles of half-seed storage proteins
visualized with Coomassie blue (A) from lines heterozygous for normal
and deep green color. Deviations from normal marked with vertical
arrows include lethals and seeds which produce deep green phenotypes.
Improved lysine line, 4C (left) and controls (right) are shown in the lower
gel (B). Six half-seed profiles of controls and normal yielding 4C progeny
are visualized with ICN silver staining reagent. Protein shifts are marked
with horizontal arrows.

elevated lysine levels and two-thirds with values equal to or lower
than the controls.

One of the consequences of rice tissue culture is the production
of chalky or opaque seeds (28). It is likely that the passage of rice
cells through tissue culture, conditions this seed characteristic.
However, there are different types of chalky seeds. The high
lysine types have low seed weight and have grinding and shatter
characteristics different from large-seeded chalky types and con-
trols. These differences have not been quantified but the powdery
rice mutant endosperm seems analogous in some respects to the
maize opaques. The opaque seed may adversely affect certain
rice quality characteristics but the phenotype may also be bene-
ficially associated with elevated protein levels. The uniformity
and intensity of chalkiness in 4C is striking, and therefore this
line may be particularly valuable for biochemical and genetic
studies.

It is becoming increasingly clear that single plants regenerated
from biochemical selection pressure contain mixed cell types,
which may be a rich reservoir of variation. Progeny must then
be selfed or crossed for the identification of the desired pheno-
types. As shown in this report, the most beneficial phenotype
was not evident until the second generation was examined. The
first generations out of tissue culture may be chimeric as well as
heterozygous for some genes. Both forms are possible. The full
lysine potential was probably not expressed in the S, seed.

One of the striking features of the biochemical selections with
L+T is that three separate selections each produced some second
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generation plants with a deep green color with narrow leaves and
nearly sterile phenotype. The R, plants in each case appeared
normal. Inasmuch as this phenotype was not recovered in
hundreds of anther cultured plants (25) of Calrose 76, nor in
AEC selected plants using Assam 5, an indica subspecies (26),
the results suggest that the deep green phenotype of this cultivar
is caused by the L+T selection pressure. However, the elevated
percent lysine occurs in both normal fully fertile but possibly
heterozygous and deep green partially fertile plants. Selfing data
show that the deep green phenotype is homozygous and stable
whereas the heterozygous is indistinguishable from the normal
green types. One S; line produced only striated seedlings in which
columns of albino cells were detected within the green blade.
The albino sectors were approximately 1 cm long. These sectors
and other pigment irregularities may be caused by mobile or
transposable elements activated by the L+T/AEC selection pres-
sure.

The relationship of the selection pressure and phenotype re-
covered is not yet fully established. However, there are identifi-
able changes in the progeny which probably are significant and
serve as indicators. For example, there are shifts in the seed
storage protein patterns shown in Figure 4. Also, amino acid
analyses of a sample of glutelins produced 4C:control ratios of
1.02, 1.09, 1.33, 1.09, and 1.47 for aspartic acid, threonine,
lysine, isoleucine, and methionine, respectively. The average
4C:control ratio for the remaining amino acids was 0.99. The
largest shift was in the amino acids on the lysine pathway even
though these are values of total amino acid including protein
hydrolyzates and not free amino acids only. The opaque nature
of the variant seed and the reduced seed weight and the crumbly
endosperm may be analagous to the high lysine mutant of maize
(17). 1t is also reasonable that a change in protein composition
and/or processing could lead to altered chloroplast function and
leaf color. Segregation for leaf color was a common feature in
selfed progeny in this work. The free lysine level in rice grain is
very low (24). In preliminary assays of lines reported here, we
find no clear distinction between L+T selected lines and control
lines. Since the free lysine in mature seeds is very low, the levels
of free amino acids in seeds may be less significant than the rates
of amino acid metabolism or translocation. L+T selected callus
had 13% greater free lysine than control callus in a nonreplicated
assay.

The selection with AEC only reported earlier (24, 26) produced
some different phenotypes than the selections reported here. The
high percent lysine in seed proteins was found in plants with
excellent seed set, seed weights were normal, and the highest
chalky classes had higher seed proteins than the controls. Plant
Chl levels of selfed progeny were normal. In contrast, the selec-
tion with L+T and L+T + AEC reported here produced high
lysine mutants with small seed, high chalkiness with soft and
hence crumbly endosperm and a spectrum of Chl mutants. There
may be several reasons for the different responses including: (a)
the two sets of experiments were done with different cultivars
belonging to different subspecies, and (b) the only selection
pressure applied to the early work (24, 26) was AEC. In spite of
the experimental differences segregants were recovered from
selections with AEC only, L+T only, and L+T + AEC with
improved percent lysine in the seed proteins. Mutants with small
seeds, crumbly or soft endosperm, and elevated lysine as well as
the pigment mutants were unique to the L+T containing selec-
tions reported here.

Conclusions. The in vitro selection of rice cells in the presence
of inhibitory levels of L+T produced progeny in the second and
third generation after cell culture that had increased seed storage
protein levels and increased percent lysine in the protein over
controls grown under the same greenhouse environments. The
biochemical selection pressure induced intense seed chalkiness

SCHAEFFER AND SHARPE

Plant Physiol. Vol. 84, 1987

and a unique soft and easily crumbled endosperm that is absent
in plants regenerated from callus not subjected to inhibitory
levels of lysine plus threonine.

A broad spectrum of variation in plant color was recovered
from all the lysine plus threonine-containing selections both with
and without AEC.

Among the second generation lines selected one had elevated
percent lysine, another line had normal as well as high lysine
seed, whereas a third line had only normal seed lysine. The
improved lysine was transmitted by selfing to the next generation.
We believe the in vitro selections with inhibitory levels of L+T
provide efficient methods for the recovery of unique, specific,
and possibly useful phenotypes in rice.
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