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ABSTRACT

It was shown previously that when peas (Pisum sativum L.) are grown
with suboptimal sulfur supply the level of legumin (the more S-rich of the
two major seed storage proteins) in the mature seed is selectively reduced
(Randall, Thomson, Schroeder, 1979 Aust J Plant Physiol 6: 11-24). This
paper reports a study of the cellular mechanisms involved in regulating
legumin synthesis under these conditions. Pulse and pulse-chase labeling
experiments were carried out with excised, immature cotyledons from
normal and S-deficient plants. Legumin was isolated from cotyledon ex-
tracts by immunochromatography, and the proportion of legumin synthesis
relative to total protein synthesis was determined. Results showed that
reduced legumin accumulation could largely be accounted for by a greatly
reduced level of legumin synthesis (80-88% reduction) rather than by a
major increase in leumin breakdown.

Legumin mRNA levels were assayed by two methods. In vitro translation
of polysomal RNA from cotyledons of normal and S-deficient plants
indicated a reduction of 60 to 70% in synthesis of legumin-related products
by preparations from S-deficient plants. A legumin cDNA clone was
constructed, characterized, and used to measure the levels of legumin
mRNA in polysomal and total RNA preparations from developing cotyle-
dons. Legumin mRNA levels were reduced by 90% in preparations from S-
deficient plants.
When restored to an adequate S supply, S-deflcient plants (or pods

taken from such plants) recovered normal levels of legumin synthesis (in
vivo and in vitro) and of legumin mRNA. These results indicate that
reduced legumin accumulation under conditions of S deficiency is primarily
a consequence of reduced levels of legumin mRNA.

Legumin and vicilin are the two storage proteins accumulated
in large quantities during the formation of pea (Pisum sativum L.)
seeds. In the cultivar used in our experiments, legumin makes up
approximately 15% of the total protein in the seed at maturity
(25). Legumin has a higher content of cysteine and methionine
than vicilin and could therefore be considered to be the more
desirable protein from the point of view of animal nutrition. Its
physicochemical properties are typical of one of the storage pro-
teins found in a range oflegume seeds including broad bean ( Vicia
faba), lupin (Lupinus angustifolius), and soybean (Glycine max)
(8).

It was shown earlier (19) that when peas are grown with
suboptimal sulfur (S) nutrition there is a marked, selective reduc-
tion in the level of accumulated legumin relative to the total
protein level. Legumin was virtually undetectable under severe S
deficiency. Similar changes were found in the more S-rich com-
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ponent of the storage proteins of lupin under S deficiency condi-
tions (1).

This paper describes experiments that were designed to study
the cellular mechanisms responsible for the reduction in the level
of legumin in pea seeds developing under conditions of S defi-
ciency. The following three mechanisms were tested: (a) a normal
rate of legumin synthesis but an increased rate of degradation; (b)
a normal level of legumin mRNA but reduced translation; and (c)
reduced levels of legumin mRNA. The results indicate that a
reduced level of legumin mRNA is the main factor responsible
for the reduced accumulation of legumin.

MATERIALS AND METHODS

Plant Material. Peas (Pisum sativum L.) line PI/G 086, selected
from cv Greenfeast, were grown in artificially lit cabinets at 20°C
with a 16-h photoperiod as described (16) and pods of a known
age, specified as DAF 1, were used. Plants were grown in sand with
nutrient solution containing combined nitrogen (19). Sulfur was
supplied as MgSO4 at I mm in the control nutrient throughout
growth and 0.05 mm in the S-deficient nutrient until first flower
and omitted thereafter. The level of Mg2+ was kept constant by
varying MgCl2. Under these conditions, S-deficient plants showed
characteristic symptoms and were smaller with fewer pods. Mean
seed weight at maturity was little affected in pods from lower
nodes but considerably reduced in later formed pods. For uni-
formity, only pods from the third to the sixth flowering node were
used. Mature seeds from these pods had a mean weight of 280 mg
in controls compared with 265 mg in S-deficient plants. S contents
of these seeds differed considerably between the two treatments
being, respectively, 0.20%1o and 0.05%. From these analyses, the
degree of deficiency and the relative severity of the effects on
aspects ofseed composition can be gauged by reference to previous
work (19).

Culture of Detached Pods. Pods were cut from the plant at the
base of the peduncle, quickly re-cut under water, and the peduncle
immersed in nutrient solution. The nutrient with S contained (in
mM): sucrose, 292; L-asparagine, 117; L-glutamine, 39; CaCl2, 4;
KH2PO4, 6; K2SO4, 2; MgSO4, 4; and iron/EDTA and micronu-
trients as for whole plant culture. For treatments without S,
sulfates were replaced by chlorides to give the same cation con-
centrations. NaOH and HCI were used to give a final solution pH
of 5.0. Precautions to minimize microbial growth included treating
peduncles with 0.5% NaOCl for 10 min before detachment from
the plant, filter-sterilizing nutrient media before use, and immers-

' Abbreviations: DAF, days after flowering; MMH, methylmercuric
hydroxide; PAGE, polyacrylamide gel electrophoresis; IgG, immunoglob-
ulin G, AMV, avian myeloblastosis virus.
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ing the culture vessels in a water bath at 2°C. Pods were supported
by a polystyrene sheet and held in air at 20°C in an artificially lit
growth cabinet as used for growing the plants. A 1- to 2-mm
section was cut from the base of the peduncle every 48 h. In
preliminary experiments, we found that during the first 24 h in
culture under these conditions there was no increase in fresh
weight or dry weight of seeds, but during the following 7 d the
rate of increase of seed fresh weight, dry weight, and protein was
comparable with that of equivalent pods developing on the plant.
The normal progressive changes in protein synthetic patterns
continued in detached pods cultured in this way. This was estab-
lished in preliminary experiments in which pods from control
plants, 17 DAF, were cultured for periods of up to 6 d. Similar in
vivo pulse-labeling patterns were obtained from cotyledons har-
vested during this period from either the cultured pods or from
equivalent pods left on the plant (Fig. 1). In both cases, there was
a progressive decline in the synthesis of the major vicilin polypep-
tide (mol wt = 50,000) and a progressive increase in legumin
synthesis (mol wt 60,000, 40,000, and 19,000).

Extraction of RNA. Polysomal RNA containing RNA from
both free and membrane-bound polysomes was isolated from
cotyledons as previously described (12). Total RNA was isolated
by grinding frozen cotyledons in liquid N2 in a mortar and pestle
and thawing the powder in a 1:1 mixture of phenol-chloroform-
isoamylalcohol (50:48:2) and 0.1 M NaCl, 10 mm Tris (pH 7.5), 1
mM EDTA, 0.1% SDS. The mixture was centrifuged at l0,OOOg
for 5 min, reextracted if necessary, and Na-acetate (pH 5.8) was
added to the aqueous phase to a final concentration of 0.2 M and
2 volumes of ethanol. After storage overnight at -20°C, the
precipitated nucleic acids were collected by centrifugation, washed
in 70%'o ethanol, dried under vacuum, and dissolved in water. An
equal volume of 4 M Li-acetate (pH 6.0) was added, the mixture
kept on ice for 3 h, centrifuged at l0,OOOg for 10 min, and the
precipitated high mol wt RNA dissolved in H20 and reprecipitated
from ethanol before storage in water. Although such RNA prep-
arations lack low mol wt RNA species (principally 4S and 5S
RNA), we shall refer to them as total RNA preparations to
distinguish them from polysomal RNA preparations.

Construction of cDNA Clones. Poly(A) RNA (25 ,g) from
polysomes of immature cotyledons (22 DAF) was used for cDNA
synthesis in a reaction containing 80 mM KCI, 50 mm Tris-HCl
(pH 8.3), 10 mM MgCl2, 10 mm DTT, 4 mm Na-pyrophosphate,
10 ,ug/ml oligo (dT)12 ,8, 25 ,ug/ml poly(A) RNA, 500 uM each
deoxynucleoside triphosphate, 25 /LCi[a-32PJdATP (carrier-free),
and 250 units/ml AMV reverse transcriptase (18). Following a 1-
h incubation at 410C, NaOH was added to a final concentration
of 0.1 M and RNA hydrolyzed at 600C for 1 h. The sample was
neutralized with Tris. HC1, extracted with buffer-saturated phenol,
and cDNA precipitated by addition of 2 volumes of ethanol.
Synthesis of second-strand DNA by AMV reverse transcriptase
was carried out at 41 0C for 5 h in conditions used for first-strand
synthesis except for the omission of oligo dT, RNA, and Na-
pyrophosphate. After extraction with phenol and precipitation
with ethanol, the DNA was dissolved in 90 IlI of H20, then 10 ,ul
of 10 x SI buffer (10 x S1 buffer = 3 M NaCl, 0.3 M Na-acetate,
30 mm ZnSO4, pH 4.5), and 100 units SI endonuclease (Miles
Laboratories) were added and incubation allowed to proceed at
370C for 30 min. The mixture was extracted with phenol, DNA
precipitated with ethanol, and then fractionated on a Bio-Rad
AlSOm column (280 x 7 mm) in 10 mM Tris (pH 7.5) and 1 mm
EDTA. Fractions containing the leading half of the DNA peak
(determined by radioactivity) were pooled, and the DNA precip-
itated with ethanol and dissolved in water. Conditions for dC-
tailing were as previously described (20), and an estimated 15 dC
residues were added per 3'OH terminus. Pst I-linearized pBR322
DNA was similarly tailed with dG residues. Samples were ex-
tracted with phenol, the DNAs precipitated with ethanol and then

mixed in approximately equal molar proportions (double-stranded
cDNA: pBR322) in 50 Al 0.2 M NaCl. The mixture was heated to
60°C, then cooled to room temperature over a 2-h period before
addition of 200 ,Al of competent Escherichia coli K-12 RRI cells
(2). Following 30 min incubation on ice and then 5 min at 42°C,
1 ml L broth (10 g Difco Bacto-Tryptone, 5 g Difco Yeast Extract,
10 g NaCl/l) was added, the cells were incubated 30 min at 37°C,
and transformants selected on L agar containing tetracycline (20
,ug/ml). Colonies containing plasmids with inserts were detected
by subsequent failure to grow on L agar containing ampicillin
(100 jig/ml).

Selection of Clones Conta*inig Legumin mRNA Sequences.
Colonies were screened by hybridization (10) using 32P-labeled
cDNA prepared from poly(A) RNA to reveal those inserts repre-
senting abundant mRNA sequences. Plasmids were isolated from
colonies giving the strongest hybridization signal and tested for
cross-hybridization of inserts. One of the major hybridization
families detected had properties expected of a cloned legumin
mRNA sequence (see "Results" for details).

Hybrid Release Translation. Full details of the procedure used
are described elsewhere (4). An insert from pPS15-75 (a legumin
cDNA plasmid) was subcloned into the Pst I site of phage fdlO3
replicative form DNA (11). The phage derivative containing the
strand complementary to legumin mRNA was identified (fdlO3-
75L) and I jig of this single-stranded DNA mixed with 0.5 ,ug
poly(A) RNA from cotyledons 22 DAF in 25 ,A of 0.2 M NaCl,
0.02 M Tris-HCl (pH 7.5), 2 mm EDTA, 0.1% SDS. Following
hybridization at 65°C for 20 min, the mixture was fractionated on
a Bio-Rad A150m column. Nucleic acids in the excluded peak
(fdlO3-75L plus mRNA hybridized to the insert) were precipitated
with ethanol and added to an in vitro translation system before
and after treatment with 7 mm MMH (Alfa Chemicals, Ventron
Corporation, Danvers, MA). Fractionation ofthe radioactive poly-
peptides by SDS-PAGE followed by fluorography revealed poly-
peptides whose mRNAs were hybridized to the insert in the phage
DNA and released by MMH treatment.

Sequencing of DNA. A Sau 3a fragment of the insert in pPS 15-
75 containing the appropriate sequence was 3'-end labeled with
[a-32P]dATP using the Klenow fragment of DNA polymerase I,
or 5'-end labeled with [y-32P] ATP and polynucleotide kinase (15).
This fragment was digested with Hha 1, and a 200 base pair
fragment labeled at a single 3' or 5'end sequenced by the procedure
of Maxam and Gilbert (15).

Radioactive Labeling of DNA. One ,g of plasmid or insert was
incubated at 15°C for 90 min in a 25-,ul reaction containing 25
mM Na-phosphate (pH 7.8), 5 mIM MgCl2, 20 ng/ml DNase 1, 10
AM each of dCTP, dGTP, and dTTP, 0.5 ytM dATP, 50 tiCi
[a-32P]dATP, and 1 unit DNA polymerase I (Klenow fragment).
NaOH was added to 0.3 N before heating at 70 to 80°C for 5 min,
neutralization, and chromatography on Sephadex G-50 (Phar-
macia) in 10 mm Tris, 1 mmEDTA (pH 7.5). DNA in the excluded
peak was precipitated in the presence of calf thymus DNA carrier
with ethanol and dissolved in approximately 5 ml hybridization
solution. DNA was denatured by heating at 80°C for 5 min before
addition to filters.
RNA Transfers and Hybridization. Equal masses (20 jig) of total

or polysomal RNA were electrophoresed in horizontal, 1.5% aga-
rose gels (220 x 150 x 3 mm) containing 10 mm MMH. Gel buffer
and precautions taken with MMH were as previously described
(5). Electrophoresis was carried out at 7 v/cm, 50 mamp for 4 h.

Gels were prepared for RNA transfer by soaking in 200 ml 0.2
M NaOH containing ethidium bromide (2 ,ug/ml) and 2-mercap-
toethanol (5 mM) for 30 min with gentle shaking. Then followed
three successive 5-min washes in 200 ml 0.2 M K-phosphate (pH
6.5) containing 7 mm Na-iodoacetate, and two 5-min washes in
0.2 M Na-acetate (pH 4). The gel was photographed under UV
light and placed on a stack of 10 sheets of Whatman No. I paper
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FIG. 1. A comparison of pulse-labeling patterns of proteins in cotyledons from detached pods in culture and from intact plants. At 17 DAF, pods
were detached from plants and cultured for 6 d as described in "Materials and Methods". At 18, 20, and 23 DAF, cotyledons from detached pods and
from pods of the same age on intact plants were pulse-labeled for 2 h with "C-amino acids, and the radioactive proteins fractionated by SDS-PAGE
and detected by fluorography. Tracks 1, 3, and 5 show extracts of cotyledons from detached pods at 18, 20, and 23 DAF, respectively. Tracks 2, 4, and
6 show the corresponding extracts from cotyledons from intact plants. Each track was loaded with 200 jig of protein. The numbers indicate the mol wt
X 10-3 of the major legumin (L) and vicilin polypeptides.

soaked in 0.2 M Na-acetate (pH 4).
Aminothiophenol paper (21) was activated in 200 ml of 1.2 M

HCl containing 7.5 ml freshly prepared 1% (w/v) NaNO2 for 10
to 15 min at room temperature, washed briefly in H20 and cold
0.2 M Na-acetate (pH 4) before being placed on top of the gel and
overlaid with two sheets of Whatman No. 1 paper and a small
pile of absorbent paper. After transfer overnight, the filter was
washed for 30 min in 10 mm Tris-HCl (pH 8) containing 1%
(w/v) glycine.

Filters were prehybridized at 420C in 50% formamide, 3 x SSC
(SSC = 0.15 M NaCl, 15 mm trisodium citrate), 10 x Denhardt's
solution (in w/v, 0.2% BSA, 0.2% PVP, 0.2% Ficoll 400; Pharma-
cia), 0.1% SDS, 25 fig/ml denatured calf thymus DNA, 10 ,ug/ml
poly(A), 1% glycine for 6 to 18 h, and hybridized under the same
conditions with approximately 5 X 106 cpm 32P-labeled DNA for

approximately 24 h. After hybridization, filters were washed in 2
x SSC containing 0.1% SDS at 70°C for I h, then 0.1 x SSC,
0.1% SDS at 500C for 20 min before autoradiography with an
intensifying screen.

Densitometry. Relative legumin mRNA levels in RNA prepa-
rations from different tissues were estimated by densitometry of
the x-ray film and comparison of peak areas. Corrections for
differences between lanes in loading of the gel or transfer to the
filter were made by densitometry of x-ray film of the same filter
hybridized with 32P-labeled cDNA prepared from purified 25S
rRNA by random priming. Relative legumin mRNA levels are
therefore normalized to 25S rRNA levels. Under these conditions
of RNA transfer and hybridization, there is a linear relationship
between intensity of a mRNA band and amount of RNA loaded
on the gel between I and 40 ug RNA/lane (lane width = 11 mm).
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Other Procedures. Procedures for in vivo labeling of cotyledons,
preparation of total protein extracts from cotyledons, immunoaf-
fmity chromatography using IgG specific for legumin covalently
coupled to Sepharose-4B (Sepharose-IgG-Legumin), as well as
polypeptide fractionation by SDS-Page and fluorography were all
described elsewhere (24). The "C-amino acid mixture (Amersham,
U.K.) contained no methionine or cysteine. Incorporation of 'C-
amino acids into protein ceased after the first 10 to 20 min of the
chase period. In vitro translation in the wheat germ system was
carried out as described earlier (13). The extent of legumin syn-
thesis was expressed as the proportion of labeled protein (TCA-
insoluble counts) in the total extracts or in the in vitro translation
products which bound to Sepharose-IgG-legumin.

RESULTS

Increased Degradation versus Reduced Rate of Synthesis of
legumin. Reduced accumulation oflegumin in seeds ofS-deficient
plants could be due to either a reduced rate of legumin synthesis
or an increased rate of legumin breakdown. To resolve these
alternatives, the rate of legumin synthesis was measured in pulse
and pulse-chase experiments in which excised cotyledons from
control and S-deficient plants were incubated with a mixture of
"C-amino acids. The resultant newly synthesized, radioactive
proteins were then extracted and the proportion of legumin esti-
mated after quantitative isolation of legumin on Sepharose-IgG-
legumin. For this experiment cotyledons were taken at two stages
of seed development (22 and 25 DAF). These represent, respec-
tively, the early and mid-phase of legumin accumulation under
our experimental conditions (25). Pulse-labeling of cotyledons for
10 min gave an estimate of the rate of legumin synthesis, whereas
the proportion of legumin detected after a 20-h chase period
should reflect the subsequent stability of the newly synthesized
legumin. Small differences were observed between pulse and
pulse-chase values within each treatment in both control and S-
deficient cotyledons (Table I). However, the lack of a consistent
trend in these differences between 22 and 25 DAF seeds, the
complex nature of the manipulations involved and the slight
variability known to exist between seeds of the same treatment
(especially S-deficient material), all suggest that no significance
can be attached to these differences. We conclude therefore that
there was no evidence of a major increase in breakdown of
legumin in S-deficient cotyledons. There were, however, major
differences in the relative rate of legumin synthesis between
control and S-deficient cotyledons. These differences were appar-
ent after both the pulse and pulse-chase and in both ages of
cotyledon. This relative rate was reduced by 88% at 22 DAF and
by 80%o at 25 DAF compared to that in control plants (Table I).
These results indicate that the reduced accumulation of legumin
in mature seeds of S-deficient plants is largely due to a decreased

Table I. Legumin Synthesis, as a Percentage of Total Protein Synthesis, in
Cotyledonsfrom Control and Sulfur-Deficient Plants at Two Stages of

Seed Development
Cotyledons were pulse-labeled for 10 min with '4C-amino acids with or

without a subsequent 20-h chase period.

DevlopentStaeCtyldonSouceLabeling ['4CJLegumin (% ofDePment StgeCotyledon Source Time Total 14C-Protein)
22 DAF Control 10 min 8.3

20 h 10.5
S-deficient 10 min 1.0

20h 1.6

25 DAF Control 10 min 14.8
20h 12.8

S-deficient 10 min 2.9
20h 1.9

rate of synthesis although the possibility of small changes in rate
of breakdown of legumin cannot be excluded.

Leumin Synthesis during Recovery from Sulfur Deficiency.
During the development of pea seeds, there is a well-defined
sequential appearance of the storage proteins and corresponding
polypeptides (25). In any comparison of healthy and deficient
plants, there exists the possibility that seeds of the same chrono-
logical age may be at different developmental stages. Differences
observed could then be due to the effect of the deficiency on the
rate of development rather than directly on the particular param-
eter measured. In recovery experiments carried out over I or 2 d,
possible differences due to developmental age are minimized at
least in the short term and the direct effects of the deficiency are
more readily observed. Recovery experiments were therefore un-
dertaken to test whether legumin synthesis in S-deficient plants
could be restored by application of S during seed formation. S-
deficient plants at 20 DAF were transferred to control (S-ade-
quate) nutrient and, at intervals thereafter, cotyledons were col-
lected, labeled with "C-amino acids for 2 h, and the proportion of
legumin synthesis determined using Sepharose-IgG-legumin. An
increased level of legumin synthesis was detectable 24 h after
transfer, and the contribution oflegumin to total protein synthesis
increased at an almost linear rate for the next 5 d (Fig. 2).
Cotyledons from plants maintained on S-deficient medium during
this period showed little increase in legumin synthesis (Fig. 2).
A similar recovery experiment used detached pods from S-

deficient plants, rather than the whole plant, so that the influence
of other plant tissues on the recovery of legumin synthesis in the
cotyledons was minimized. The pods were cultured from 20 DAF
in nutrient with or without S. An increase in legumin as a
proportion of total protein synthesis was again observed following
the increase in S supply (Fig. 2), although the rate of recovery of
legumin synthesis was slower than in pods remaining attached to
the plant. Some variability in the trends may reflect different
degrees of S deficiency in individual pods used at different harvest
times.
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FIG. 2. Legumin synthesis in cotyledons from pea plants recovering

from S deficiency. S-deficient plants (or detached pods from same) were
transferred to an adequate S supply at 20 DAF (-S+S). At various times
after transfer, cotyledons from these plants (or detached pods) were
incubated with "C-amino acids for 2 hand the proportion of['4Cllegumin
in the radioactive proteins was estimated by immunoaffinity chromatog-
raphy. Other plants (or detached pods) remained in S-deficient nutrient
prior to pulse-labeling of their cotyledons (-S-S) .
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EFFECT OF S STATUS ON LEGUMIN MRNA LEVELS

The reduced level oflegumin synthesis in S-deficient cotyledons
could be due either to reduced levels of legumin mRNA, or to less
efficient translation of control levels of legumin mRNA. Two
approaches were used to estimate levels of legumin mRNA: by in
vitro translation of polysomal RNA and by hybridization of a
legumin cDNA plasmid to filter-bound polysomal or total RNA.
Legumin mRNA Levels Assessed by in vitro Translation of

Polysomal RNA. Polysomal RNA was isolated from developing
cotyledons of plants of contrasting S status and translated in a
cell-free system from wheat germ. Preparations derived from S-
deficient cotyledons (22 and 25 DAF) directed less synthesis (32%
and 40%, respectively) of legumin than RNA from control coty-
ledons. When S-deficient plants (20 DAF) were transferred to
adequate S for 6 d prior to harvest, their cotyledonary polysomal
RNA directed the synthesis of more legumin (134%) than that
from the corresponding S-adequate, control plants. These results
suggested that there are changes in the level of legumin mRNA in
response to S supply. Such an interpretation depends, however,
on the assumption that the level of legumin-related in vitro prod-
ucts is a true measure of legumin mRNA abundance. A more
direct and complete measure of changes in legumin mRNA levels
in response to S supply was therefore made using a legumin cDNA
probe.
Legumin mRNA Levels Assessed by Hybridization with cDNA

Probes.
Selection of Legumin Clone. One of the major families of cross-

hybridizing inserts identified amongst the cDNA clones con-
structed from the poly(A) RNA fraction of cotyledon RNA (see
"Materials and Methods") had properties consistent with it rep-
resenting legumin sequences. The plasmid containing the largest
insert in this family, pPS 15-75, hybridized to an abundant mRNA
with a length of approximately 1,700 nucleotides (the size expected
to code for a legumin precursor polypeptide of mol wt = 60,000-
65,000) (23). The abundance of this mRNA species in cotyledons
of different ages followed the in vivo developmental pattern of
legumin accumulation which has been described by Thomson et
al. (25, data not shown).

Direct evidence that pPS 15-75 contains legumin sequences was
provided by hybrid release translation. For these experiments, the
insert in pPS15-75 was subcloned into the Pst I site of phage
fdlO3. This insert contains an internal Pst I site which results in
fragments of approximately 1380 and 300 base pairs after Pst I
digestion. One resultant phage (fdlO3-75L) contained the strand
of the 1380 base pair fragment which is complementary to an
abundant mRNA species in cotyledons (22 DAF). Hybridization
of fd103-75L single-stranded DNA with total poly(A) RNA from
22 DAF cotyledons and subsequent size fractionation separated
mRNA species which hybridize with the insert of this phage DNA
from nonhybridizing mRNA species (4). When the hybridized
mRNA in the excluded peak was used to program an in vitro
translation system before and after denaturation of the hybrids, a
group ofpolypeptides at mol wt = 60,000 to 65,000 was synthesized
by the denatured sample (Fig. 3). These polypeptides are of a
similar size to legumin precursor polypeptides synthesized in vivo
and in vitro, and were selectively retained by Sepharose-IgG-
legumin (Fig. 3). Some in vitro products of lower mol wt also
bound selectively to the immunoaffinity gel (Fig. 3, track 5). Since
this affinity gel has been shown to be specific for legumin-related
proteins synthesized in vivo (23,24), these are presumably legumin-
related products resulting from premature chain termination or
from partly degraded legumin mRNA.
The sequence of 29 amino acids at the amino terminus of the

basic subunit of legumin has been determined by Casey et al. (3).
Partial sequencing of the insert in pPS 15-75 therefore was carried
out with a view to further validating the legumin cDNA clone.
Ten plasmids which hybridize with the insert in pPS15-75 have
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FIG. 3. Validation of legumin cDNA clone by hybrid release transla-

tion and immunoaffinity-chromatography of translation products. RNA
preparations were translated in vitro in the wheat germ system and the
products were fractionated by SDS-PAGE and detected by fluorography.
Lane 1, no added RNA: lane 2, hybrids between fd103-75L and poly(A)
RNA, fractionated as described in "Materials and Methods," added to
translation mixture without methylmercuric hydroxide (MMH); lane 3,
hybrids added with MMH (7 mM); lane 4, total poly(A) RNA (22 DAF);
lane 5, hybrid selected products which bind to Sepharose-IgG-legumin.
Numbers indicate the mol wt x 10-3 of reference polypeptides.

been examined, and all but one contained an internal Pst I site
resulting in a fragment of 300 base pairs when the plasmid was
digested with Pst I. The length of the other fragment varied
between the plasmids. This finding suggests that the 300 base pair
fragment represents sequences at the 3' end of the mRNA. Ap-
proximately 550 bases are required to code for the legumin basic
subunit (mol wt = 20,000) which, in the equivalent soybean
storage protein (glycinin), is encoded at the 3' end of the mRNA,
the acidic subunit being at the 5' end (27). Initial sequencing
studies indicated that a Sau 3a site, located approximately 320
base pairs from the internal Pst I site of the insert, was approxi-
mately 54 amino acid residues into the basic subunit. Both strands
were sequenced towards the 5' end of the mRNA from the Sau 3a
site, and a portion of this sequence is shown in Figure 4.
A stretch of 30 amino acids in the only open reading frame of

the sequence (Fig. 4) is closely related to the published amino
terminal sequence of the legumin basic subunit (3). The minor
differences between the two sequences probably reflect the heter-
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e:<> ,> 8 togeneity known to exist in the basic subunits of legumin (3), and
CD cD CD i both acidic and basic subunits of glycinin (17).
I. < e < X.Therefore, on the basis of sequence information and hybrid

release translation, we conclude that the insert in pPS15-75 rep-
,< _.. = : resents legumin mRNA sequences. This plasmid was then used to

quantify legumin mRNA levels in cotyledons from pea plants of
contrastingS status.

u Si S_sb , nLegumin mRNA Levels. In the first set of experiments, poly-C-' o cL co osomal RNA was extracted from cotyledons of control and S-
Q n8,,=g . deficient plants, as well as from S-deficient plants which had

received adequate S for 6 d prior to harvest. Hybridization of the
K>, >, 33P-labeled legumin plasmid to these RNA samples revealed major

1 '-l F >, o changes in the relative levels of legumin mRNA (Fig. 5a). Hy-
u CD aw X bridization of a radioactive cDNA probe prepared from 25S

._ o5 rRNA to the same filter shows that approximately equal amounts
e>eo X . .2o of 25S rRNA were loaded in each lane (Fig. 5b). When levels of
53 legumin mRNA (determined from densitometer tracings of the
4<-. O °0 original fluorograph represented in Fig. 5a) were normalized with
-) CD ;.. ;a_ respect to 25S rRNA (determined from densitometer tracings of
< i-. L 4 wfluorograph represented in Fig. 5b), samples from S-deficient
(J C a) plants were found to contain 8% (22 DAF) or 12% (25 DAF) of

the control level of legumin mRNA. The sample from S-deficient
S_a - .D plants which received adequate S for 6 d prior to harvest had
C"<:0 Cl <=110%o of the control level of legumin mRNA. These direct esti-

~-g s |mates of legumin mRNA were thus consistent with the observed
~< n CI , 8 reduction in translatable legumin mRNA using the wheat germ

t-;5i s- C

i system as described above.
n cM-1 In a second experiment, total cotyledon RNA, rather than
0 0 polysomal RNA, was used to check the possibility that the reduced

c-)o s level of legumin mRNA found in S-deficient plants simply re-
(> <!> >' 0> U flected failure of normal levels of legumin mRNA to bind quan-
D C * 0." titatively to polysomes. Similar results were obtained (Fig. 5c).
(.0 C... .o n 0 Densitometric analysis indicated that cotyledons from S-deficient
- .! plants contained only 7% of the amount of legumin mRNA in

control cotyledons.
CA (A In this experiment, a more detailed study was also made of the

*KC Q ' X effect of restoring S on the time course of recovery of legumin
,_u3 3, n = = mRNA. In S-deficient plants changed to control nutrient, legumin
F2X _J CD 3 2 mRNA levels returned to near-normal values within 48 h (Fig.
<:F; o o U 8 6a). Plants left on S-deficient medium maintained low levels of

e_> en cx < 3legumin mRNA. Similarly, pods from S-deficient plants showed
0cx::=u8 marked increases in legumin mRNA levels when cultured in the

tF .8@ U< O , presence of S, and no increase in its absence (Fig. 6b).
u _1 0 0=_>

'nF3z Z Z3DISCUSSION
t U<:6 e (,, C*Anearlier finding (19), that legumin accumulation was mark-

.0 C.-) ": ': <><edly reduced in seeds of pea plants grown at suboptimal S levels,
F-;5 S_s _; ,, raised the question as to the mechanisms responsible for this
<: I.-. I-. ~ @ effect. Experiments described here indicate that the reduced le-
eCD CA CAXf gumin content of mature seeds is largely a consequence of reduced
e- e~C C.-) C.) flegumin synthesis during seed formation resulting from low levels

_ KC ovr ° .t Z of legumin mRNA in cotyledons from S-deficient plants.
t ,E,> _ < 8 5Legumin, like the homologous soybean protein, glycinin, is a

- t . complex of 4 or 5 closely related proteins each consisting of acidicXti 8 c and basic subunits (mol wt approximately 40,000 and 20,000,<I|- F F X ° respectively). These arise by post translational processing of a set

i ~ - 8 C V of primary translation products which also reflect this microhet-
- "-) (. 0~erogeneity (6, 23). Data on legumin (3) and glycinin (17) indicate
C.1 U that this microheterogeneity is due to small differences in amino
5 (J v co o 8° acid sequence, implying the existence of a family of closely related
F ) a): .2§Xlegumin mRNAs. The immunological methods used to assess
t-) -J -J@ °. legumin synthesis in vivo and in vitro have been shown to take
es < > >, >, 0 account of all members of the legumin family (13, 23). Similarly,
CD U Z -°O the results of the hybrid release translation experiment reported

, < here (Fig. 3) and of hybrid arrest translation (data not shown)
.0 .0[L4 indicate that the cDNA clone used to quantify legumin mRNA
.hybridizes with most, if not all legumin mRNA species. Thus, the
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b c

1 2 3 4 1 2 3 4 1 2
FIG. 5. Hybridization of 32P-labeled pPS 15-75 and ribosomal cDNA probes to size-fractionated RNA samples. a, Polysomal RNA from cotyledons

as indicated hybridized with pPS15-75. Lane 1, 22 DAF control; lane 2, 22 DAF -S; lane 3, 25 DAF -S; lane 4, 26 DAF, -S until 20 DAF, +S for next
6 d. b, Same filter as in 'a' but hybridized with cDNA to 25S rRNA. c, Total RNA from control cotyledons 24 DAF (lane 1) and S-deficient cotyledons
24 DAF (lane 2) hybridized with pPS 15-75.

a b

1 2 3 4 1 2 3 4
FIG. 6. Hybridization of pPS 15-75 to size-fractionated RNA samples. a, Plant recovery. Total RNA from cotyledons as indicated. Lane 1, 20 DAF

-S; lane 2, 22 DAF, -S until 20 DAF, +S for 2 d; lane 3, 26 DAF, -S until 20 DAF, +S for 6 d; lane 4, 24 DAF -S. b, Pod recovery. Total RNA from
cotyledons as indicated. Lane 1, 20 DAF -S; lane 2, as in lane 1 but pods cultured an additional 4 d +S; lane 3, as in lane 1 but pods cultured an

additional 4 d -S; lane 4, 20 DAF +S, then pods cultured an additional d +S.

methods used should give a true indication of variations in the
level of legumin synthesis and of total legumin mRNAs. The
possibility remains, however, that minor representatives of the
legumin family may not respond to S deficiency in the same

manner.
Variation in the level of translatable mRNAs for other plant

proteins as a result ofa variety ofnongenetic factors has previously
been reported, e.g. the effect of light on mRNA for the small
subunit of ribulose bisphosphate carboxylase (26), and of GA3 on

the mRNA for a-amylase in aleurone layers (14). More recently,
the use ofcDNA clones as hybridization probes has made possible
the measurement of changes in the total cellular level of specific
mRNAs, e.g. in the mRNAs for both large and small subunit of
ribulose bisphosphate carboxylase in response to light (22) and in
alcohol dehydrogenase mRNA in maize in response to anaerobi-

osis (9). However, we are not aware of other situations in which
the supply of an essential plant nutrient element has been shown
to regulate the total cellular level of an mRNA as reported here
for legumin mRNA. Similar changes in legumin mRNA levels
were found in both total RNA preparations and polysomal RNA
preparations.
The effects of S nutrition on legumin mRNA levels and legumin

synthesis were seen most strikingly in developing seeds from S-
deficient plants restored to adequate S nutrition as little as 24 h
previously. Inasmuch as detached pods from such plants also
responded to S supply in culture, the effect of S is presumably on

the developing fruit itself, and not the result of a change in supply
of a regulatory metabolite from elsewhere in the plant.
The effect of S deficiency in reducing legumin synthesis is

relatively specific. Deficiencies of other nutrients either have no

a

53
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effect (Mg) or increase (K, P) the proportion of legumin in protein
of mature seeds (19). In S-deficient seeds, the percentage of the
other major storage protein (vicilin) is not reduced (data not
shown). As legumin is the more S-rich of these two storage
proteins its synthesis might be thought to be selectively disadvan-
taged because of lack of S-amino acids. This explanation now
appears less likely as cysteine and methionine concentrations in
the aminoacyl-tRNA pool of developing S-deficient cotyledons
were the same as in controls (P. K. Macnicol, in preparation).
Seeds from S-deficient plants grown as described here are viable
and thus presumably contain the necessary complement of meta-
bolic proteins.
Croy et al. (7) have recently described the isolation of a legumin

cDNA clone and presented DNA sequence data which confirms
that in pea the legumin basic subunit is encoded by sequences at
the 3' end of the mRNA. In the region coding for the first 118
amino acids of the basic subunit, there is very close agreement
between their sequence and the sequence we have determined for
pPS15-75 which differs in four single base changes and an extra
serine codon (Fig. 4, and P. Chandler, unpublished data). They
suggest on the basis of Southern hybridizations that there are
approximately four copies of this legumin gene per genome equiv-
alent, which may relate to the heterogeneity observed in both the
primary translation products of legumin (6, 23) and in the mature
subunits (3).
Our results indicate a major regulatory effect of S status in the

developing seed on the level of legumin mRNA. The mechanisms
involved in this effect remain to be elucidated. It seems likely that
the regulatory event occurs either at the level of transcription of
legumin mRNA or during the processing of the transcripts within
the nucleus. A third possibility is that legumin mRNA is tran-
scribed and processed at normal rates in S-deficient tissues but is
preferentially degraded in the cytoplams. Identification of nuclear
precursors to legumin mRNA, and investigation of the synthesis
of such molecules in S-deficient plants and in plants recovering
from S deficiency should allow the possibilities mentioned above
to be distinguished.
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