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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 I millimolar lysine plus threonine for three
successive passages and then once to the same concentration of S42-
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 ofthe 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 ofamino 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 fl-aspartokinase pathway for lysine and threonine syn-
thesis.

Fermentation research with microorganisms showed that (3-
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 ,B-

' Abbreviations: AEC, S42-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 f3-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 ofan indica subspecies cultured three times
in the presence of 2 mm 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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or segments were vacuum infiltrated with H20 or MACC for 5
min at 0.5 atm prior to their incubation. The flasks were then
sealed with rubber serum caps, incubated in darkness at 25°C (or
at 30C for tobacco) and ethylene production, ACC content and
MACC content were assayed periodically. Aging of the tissues
for 24 h was performed in two manners: tobacco leaf discs were
incubated with Mes buffer in darkness at 30°C as described
before, while watercress stem segments were floated on 50 ml of
aerated water at room temperature.

Determination of Ethylene. A l-ml gas sample was withdrawn
from each flask with a hypodermic syringe at the periods indi-
cated, and the ethylene concentration determined by flame ion-
zation GC using an activated alumina column.

Determination of ACC and MACC. At the indicated periods,
samples of 8 tobacco leaf discs or 10 watercress stem segments
were extracted twice with 5 ml of boiling 80% ethanol. The
ethanol was evaporated under vacuum at 55°C, the residues were
dissolved in 2 ml of H20, and pigments were removed by
addition of 0.5 ml chloroform. ACC content in 0.25 ml aliquots
of the aqueous solution was determined according to the method
of Lizada and Yang (14). Quantification of MACC in the extract
was carried out by hydrolyzing a 0.2 ml aliquot in 2 N HCI at
100°C for 3 h as described previously (9); following neutralization
with NaOH, the resulting hydrolysate was assayed for ACC
according to Lizada and Yang (14). The difference in ACC
content after and before HCl-hydrolysis was taken as the amount
of MACC in the extract (8).

Synthesis of Unlabeled and Labeled MACC. Unlabeled
MACC was chemically synthesized from ethyl malonylchloride
(Aldrich Chemical Co.) and ACC (Calbiochem), according to
the method of Satoh and Esashi (19). The purity and identity of
MACC was confirmed by paper chromatography, melting point,
and GC-MS; ACC assay (14) revealed that it contained 0.05% of
free ACC. This amount of contaminated ACC was insignificant
to account for the marked increase in ACC levels shown in
Figure 2 and Tables II and III. Labeled N-malonyl[2,3-14C] ACC
(['4C]MACC) was prepared enzymically from malonyl-CoA
(Sigma) and [2,3-'4C]ACC using a malonyltransferase extracted
from etiolated mungbean (Vigna radiata L.) hypocotyls as de-
scribed by Su et al. (21).

Radioactive Experiments. To each tobacco leaf disc which was
placed abaxial surface up in a small Petri dish with a filter paper,
3 Al of ['4C]MACC (3 nmol, 1.13 kBq) were applied and the
discs were then vacuum infiltrated for 5 min at 0.5 atm. Samples
of eight discs were then incubated abaxial surface down on a
filter paper soaked with 1 ml of either 1 mM MACC or 10 mM
Mes-buffer (pH 6.1) in sealed 50 ml flasks at 30°C in the dark.
Watercress stem segments were fed similarly with 5 Al of [14C]
MACC (5 nmol, 1.9 kBq) + 50 lI of 0.5 mM MACC per segment.
Samples of two segments were placed in 14-ml tubes, and after
vacuum infiltration tubes were sealed and incubated in the dark
at 25°C. The radioactive ethylene evolved was absorbed into a

plastic center well (Kontes Glass Co.), hung in each flask or test
tube, containing a filter paper wick wetted with 0.2 ml of 0.25 M
Hg(Cl04)2 reagent. At the end ofthe incubation period the paper
was soaked in Atomlight scintillation solution and the radioac-
tivity was determined with a Beckman Liquid Scintillation Coun-
ter. Similar to the tobacco discs feeding experiments, ['4C]MACC
+ MACC were applied to peanut leaves attached to intact
seedlings. After the indicated incubation periods, leaves were
rinsed with water and extracted with 80% ethanol as described
above. The radioactive metabolites were separated by paper
chromatography, using l-butanol: acetic acid: water (4:1:1.5, v/
v) as the solvent system, and after drying the chromatograms
were scanned with a Packard radioscanner. Location ofunlabeled
ACC and MACC standards was visualized by spraying the chro-
matograms with ninhydrin and pH indicator, respectively. For

quantitative determination of ['4C]MACC and ['4C]ACC the
ethanolic extract, after removal of ethanol, was passed through
an ion exchange resin column of Dowex-50 (H+ form) as de-
scribed previously (12), and the radioactivity of the effluents and
eluates was determined individually with a scintillation counter.

Extraction and Assay of MACC-Hydrolase Activity. Water-
cress stem segments (10 g), preincubated with or without 1 mm
MACC for 24 h, were homogenized with 10 ml of 25 mm K-
phosphate (pH 7.0). The homogenate was filtered through four
layers of cheesecloth and centrifuged at 28,000g for 10 min. The
supernatant was fractionated with (NH4)2SO4; the precipitant
obtained at 35 to 80% saturation was redissolved in 1 to 2 ml of
10 mm K-phosphate (pH 7.0) and dialyzed overnight against the
same buffer. The dialyzed extract was employed as the enzyme
solution. Protein concentration was determined according to
Bradford (4). Activity assay was carried out in a total volume of
250 zu with a reaction mixture containing 4 mM MACC, 10 mM
K-phosphate (pH 8.0), 1 mM MnSO4, and 0.15 mg protein. After
incubation at 37°C for 1 h the reaction was stopped by transfer-
ring the tubes to 0°C and the ACC formed was determined
according to Lizada and Yang (14). For controls, the assays were
similarly carried out with heat-boiled enzymes. The enzyme
activity was expressed as nmol ACC formed above the control/
mg ' protein. h'. These values were usually 10 times above the
controls.

RESULTS
Characterization of the MACC-Induced Ethylene Production.

In most plant tissues the ethylene production rate increases as
the level of ACC increases. Thus, the MACC-induced ethylene
production can be employed as a rough index of ACC release
from MACC. While fruit and root segments did not show any
increased ethylene production in the presence of exogenous
MACC, leaves and stems showed a marked abilibity to convert
MACC to ethylene. The highest MACC-induced ethylene pro-
duction was obtained with watercress stem segments and tobacco
leaf discs, showing a 19- and 11-fold stimulation, respectively
(Table I), and these two systems were therefore studied in sub-
sequent experiments. The ethylene production rates in the pres-
ence of MACC increased after a 4 to 8 h lag period and with
aging of the segments in both tobacco and watercress tissues (Fig.
1). The MACC-induced ethylene production of tobacco discs
continued to increase during the 28 h of incubation (Fig. IA),
whereas in watercress segments it leveled off after 12 h (Fig. 1B).
Aging ofthe discs or segments for 24 h prior to MACC treatment

Table I. Effect ofExogenous MACC on Ethylene Production
Discs or segments excised from various plant tissues were incubated

with or without 1 mM MACC and their ethylene production rates during
24 h were measured.

Ethylene Production
Tissue

H20 (A) MACC (B) (B)/(A)
nlg-' 24 h-'

Leaf
Lettuce 60 201 3.3
Soybean 125 583 4.6
Tobacco 65 700 11

Stem
Watercress 9.6 177 19

Root
Radish 1.2 1.9 1.6
Carrot 12 12 1.0

Fruit
Banana 103 103 1.0
Chinese gooseberry 211 172 0.8
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Table 1. Means and Data Ranges of Whole Seed Characteristics ofSelfed Plants Regeneratedfrom Anther
Calli Resistant to Inhibitory Levels ofL + T andAEC

Generations Seed/Plant Lysine Protein
(Selfings) Mean Range Mean Range Mean Range

% of total AA %

SI 10 114 44-342 3.13 2.87-3.45 13.4 12.9-13.7
S2 11 1038 924-1628 3.74 3.40-4.33 9.2 8.1-11.2
S3 15 916 80-1487 4.09 3.69-4.57 10.9 9.0-12.6
S4 48 570 50-1050 3.72 3.44-4.11 12.3 10.0-15.4

Controla 20 1038 799-1349 3.38 3.03-3.70 9.86 8.8-12.0
Controlb 50 1196 581-1582 3.51 3.03-3.96 9.16 7.8-12.0

a Controls grown at same time and conditions as S4 population.
experiments in time and conditions, including the S4 controls.

Table II. Percent Lysine in Acid Hydrolysates ofProtein from the
Endosperm HalfofSingle Seeds ofRice, cv Calrose 76

Plants were regenerated from anther calli resistant to inhibitory levels
of L + T followed by AEC.

S3 Generation S4 Generation

Control 4C-3-1 Control 4C-3-2

2.72 3.56 3.16 2.87
2.94 3.76 3.05 3.68
2.89 3.69 2.96 3.5
3.06 3.51 2.85 3.5
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 3.3
2.65 3.4 2.92 3.53
2.77 3.83 2.95 3.69

3.5 2.98 3.25
3.81 2.96 3.88
3.84 2.97 3.51
3.47 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 SI 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 S3 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 S2

A
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FIG. 2. Percent protein in rice seeds and percent lysine in proteins of

53 (top) and 54 (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 S3 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 S4 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 III. Seed Number per Plant, Protein and Lysine Levelsfrom S2 Whole Seeds ofRice Plants
Regeneratedfrom L + TFollowed byAEC Selected Calli Initiated by Anther Culture

The control is from Calrose 76 with no in vitro history and 3974C 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. % Wt/Wt % oftotal amino acids No. % Wt/Wt % oftotal 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 3.41
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 7.9 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 S3 and S4 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 S3
selected line was 3.4%. Similar results were obtained with the S4
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
IC, 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 F2 seed.

Analyses of single seeds of the SI generation demonstrate
within plant variation for lysine levels. The SI 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 SI 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, S2,
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 IC, 4C, 7C, and the controls was
3.24, 3.64, 3.1 1, 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 S3 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 IC, 4C, and 7C represent three S3 lines from a single S2 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 IC 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 IC 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 ofthe 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 SI 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 S3 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). It 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 ofChl 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

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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