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S-Adenosyl-L-methionine synthetase (SAM-S) catalyzes the conversion of L-methionine and ATP into S-adenosyl-L-methio- 
nine. Tobacco plants that were transformed with a construct allowing high transcription levels of an Arabidopsis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsam-s 
gene could be grouped into two main classes based on their morphology. One class developed yellow-green leaves and 
had high SAM-S activity and transgene mRNA levels, whereas the other class was stunted and had leatherlike leaves, 
very low SAM-S activity, and suppressed mRNA leve1 of the transgene. Because both overexpression and silencing of 
transgene expression led to distinct, abnormal phenotypes, the developmental pattern of transgene silencing was visualized. 
In the lower leaves, the suppressed phenotype was associated with the veins. In successive leaves, the area of the sup- 
pressed tissue increased until all newly developed leaves displayed the suppressed phenotype. In this study, a hypothesis 
is presented for this developmental gene silencing. Furthermore, transgenic plants with suppressed SAM-S activity had 
a characteristic smell, a consequence of the accumulation of L-methionine that is converted into the volatile methanethiol. 

INTRODUCTION 

S-Adenosyl-L-methionine synthetase (SAM-S; EC 2.5.1.6) cata- 

lyzes the conversion of ATP and L-methionine into S-adeno- 

syl-L-methionine (SAM). SAM is the major methyl group do- 

nor for numerous transmethylation reactions and is second 

to ATP as the most abundant cofactor in metabolic reactions 

in both prokaryotes and eukaryotes (for a review, see Tabor 

and Tabor, 1984a). After decarboxylation, SAM serves as a 

propylamine group donor in the biosynthesis of polyamines 

(Tabor and Tabor, 1984b). Furthermore, in plants, SAM is a 

precursor in the biosynthesis of ethylene (Yang and Hoffman, 

1984) and serves as an effector in the methionine biosynthe- 

sis by allosteric stimulation of threonine synthase (Madison 

and Thompson, 1976; Aarnes, 1978; Giovanelli et al., 1984) 

and by feedback inhibition of aspartate kinase (Frankard et 

al., 1991). 

In our laboratory, two genes from Arabidopsis, saml and 

sam2, encoding SAM-S have been cloned (Peleman et al., 

1989a, 1989b). Both genes are highly expressed in callus, 

stems, and roots, but to a lesser extent in leaves. Analysis of 

a promoter-e-glucuronidase (gos) fusion in transgenic Arabi- 

dopsis and tobacco plants revealed that the saml promoter 

confers expression preferentially in vascular tissue (Peleman 

et al., 1989a, 1989b). This result was unexpected because 

SAM-S is an important housekeeping enzyme. One hypothe- 

sis to explain this result is based on the assumption that the 

To whom correspondence should be addressed. 

expression of the gene is strictly regulated according to the 

need for SAM. Vascular tissues undergoing lignification re- 

quire considerable amounts of SAM for the biosynthesis of 

lignin monomers. To investigate the consequences of a con- 

stitutive overproduction of SAM-S in plants, tobacco was 

transformed with a chimeric construct containing the 35s pro- 

moter of the cauliflower mosaic virus (P35S) coupled to the 

coding sequence of the Arabidopsis saml gene. 

In a number of experiments, transgenes have been intro- 

duced in the sense orientation into plants, and it was observed 

that in some transgenic plants expression of both the trans- 

gene and the homologous endogenous gene was silenced. 

This phenomenon has been called cosuppression (reviewed 

by Jorgensen, 1991; Kooter and MOI, 1993; Flavell, 1994). In 

a number of cases, it has been demonstrated that cosuppres- 

sion is developmentally regulated. Hart et al. (1992) showed 

that Nicofiana sylvesfris plants, transformed with a P35S- 

chitinase gene, fel1 into three classes: those with uniformly high 

levels of chitinase in different leaves, those with uniformly low 

levels in different leaves, and those with variable levels in differ- 

ent leaves. In the latter class, the lower leaves contained high 

levels of chitinase, whereas the top leaves contained low lev- 

els. It has been shown by Smith et al. (1990) that expression 

of a transgenic polygalacturonase gene and the homologous 

endogenous gene was cosuppressed, but only in ripe fruit tis- 

sue where the endogenous polygalacturonase gene is highly 

expressed. de Carvalho et al. (1992) have observed high levels 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lc

e
ll/a

rtic
le

/6
/1

0
/1

4
0
1
/5

9
8
4
7
5
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



1402 The Plant Cell

of (3-1,3-glucanase transgene expression early in development,

whereas expression of the transgene was silenced at later
stages.

In the cases mentioned above, the spatial and temporal oc-

currence of the switch between the overexpression and the

silenced state is difficult to study because no phenotypic
differences have been observed between the wild-type, over-

expressed, and silenced states. In the cases where petunia

was transformed with a chalcone synthase or a dihydroflavonol

reductase gene, the spatial distribution of both states was
visualized, but only in flowers (Napoli et al., 1990; van der Krol
et al., 1990). Cosuppression of chalcone synthase or di-

hydroflavonol reductase genes results in the development of

white sectors on otherwise colored petals.

In this article, we show that tobacco plants, transformed with

a chimeric gene designed to overproduce SAM-S, can be

grouped into two main classes: those that have higher and

those that have lower SAM-S activity compared to that of wild-

type plants. Plants of the first class expressed the transgene
at a high level, whereas expression of the transgene in plants
of the second class was developmentally silenced. Importantly,
because both classes displayed distinct, abnormal phenotypes,

the developmental pattern of sam-s gene silencing was re-

vealed in the second class. Moreover, plants with reduced
SAM-S activity had a characteristic smell, a direct result of the
accumulation of L-methionine.

RESULTS

SAM SAM

saml

0 $4

42 1.3 U 1.5 1.6 1,1 48 49 50 51

0 1 1 1 1

Figur e 2. RNA Gel Blot Analyses of the Primary Regenerated Plants.

From each plant, a comparable mature leaf was taken for RNA extrac-
tion. Two autoradiographs are presented. RNA gel blot analyses of
the first experiment (top) and a second, independent transformation
experiment (bottom) are shown. Numbers above the autoradiographs
indicate the plant lines, those below represent the numbers of indepen-
dently segregating T-DNA loci. The 3' end of the Arabidopsis saml

gene was used as a probe. Exposure time for the two blots was differ-
ent. Therefore, SAM31 and SAM44 were compared in an independent
RNA gel blot analysis and were found to be expressed approximately
equally (data not shown). SR1-WT, wild type.

Analysi s of saml mRNA Level s in the Primar y
Transformant s

To investigate the consequence of overproducing SAM-S in

plants, a T-DNA vector (pO35SSAM) was constructed to express

the Arabidopsis saml gene under control of the cauliflower
mosaic virus (CaMV) 35S promoter (see Methods). Figure 1
presents the T-DNA structure of pO35SSAM. Tobacco leaf discs
were transformed, and 23 putative primary transgenic tobacco

P35S > 3'sam1 g7^>——

LB RB

Figur e 1. Schematic Presentation of the T-DNA Region of pO35SSAM.

The left and right border of the T-DNA are indicated by LB and RB,
respectively. P35S is the 35S promoter of the cauliflower mosaic vi-
rus; saml, coding sequence of the Arabidopsis S-adenosyl-L-methionine
synthetase gene; npfll, coding sequence of the neomycin phosphotrans-
ferase II gene; 3' saml and 3' g/; 3' ends of the Arabidopsis sam7 gene
and the Agrobacterium gene 7, respectively.

lines (T1 plants), which were derived from two independent
transformation experiments, were isolated.

RNA gel blot analyses were performed to investigate whether

the chimeric saml gene was expressed in the plant. RNA was

prepared from comparable leaves of all T1 plants grown in iden-

tical greenhouse conditions. The RNA was blotted and
hybridized with a probe homologous to the 3' end of the
Arabidopsis saml gene. This probe hybridizes specifically with

the transgene. Figure 2 shows that the Arabidopsis saml

mRNA accumulates in most T1 plants. The wild type and the
lines SAM6, SAM32, SAM12, SAM46, and SAM49 did not show
any hybridization signal, and their progeny did not show re-

sistance to kanamycin sulfate. The line SAM51 was transformed

but did not express the saml gene to detectable levels. For

SAM31 and SAM44, saml steady state mRNA levels were com-

pared in an independent RNA gel blot analysis and were found

to be approximately equal (data not shown). Segregation anal-
ysis indicated that the number of independently segregating
T-DNA loci varied from one to more than four between the trans-

genic lines. There is no clear correlation between saml

expression levels and the number of T-DNA loci (Figure 2).
Five transgenic lines, SAM11, SAM14, SAM30, SAM31, and

SAM44, showing high saml steady state mRNA levels were

chosen for further analysis of their progeny (T2 generation).
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Developmental Patterns of Gene Silencing 1403

A

Figur e 3. Phenotypic Characterization of T2 Plants.

Progeny of the five transgenic lines with high levels of saml steady state mRNA were grown in soil and scored for phenotypic differences com-

pared to wild-type plants.

(A) Overview of four progeny plants of the primary transformant SAM11 and a wild-type plant (right). Note the pale green color of the transformants.

(B) Flattened leaves with dark green veins and necrotic spots.

(C) Leaves with dark green veins and dents.
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1404 The Plant Cell zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Phenotypic Analysis of T2 Plants nmolss SAM/mg.min 

Progeny of these five transgenic lines (SAM11, SAM14, SAM30, 

SAM31, and SAM44) were selected on kanamycin sulfate, and 

10 to 13 resistant plants from each transgenic line were trans- 

ferred to soil. After 2 months of growth in the greenhouse, a 

phenotypic analysis was made. For all five transgenic lines, 

the progeny displayed variable degrees of abnormal pheno- 

types. Figure 3 reveals that the affected T2 plants were paler 

than wild-type plants and the veins appeared dark green, 

whereas the veins of wild-type plants were light green with a 

white shine. Plants with little pronounced abnormal phenotypes 

developed leaves with a flattened shape (Figure 3B), whereas 

normally the leaf tissue between the veins is curved. Eight of 

13, five of 10, and two of 10 T2 plants of SAM31, SAMl1, and 

SAM30, respectively, were significantly reduced in height (up 

to approximately one-fourth of the height of the control plants; 

Figure 3A). Later in development, UV-fluorescent necrotic le- 

sions appeared on the leaves (data not shown). Severe lesions 

were also frequently detected at the petiole. The severity of 

these lesions was correlated with the height of the plant: at 

a given age, the smallest plants showed the most severe le- 

sions that varied from little yellow spots (Figure 38) to extensive 

cell death between the vascular bundles. Another phenotypic 

characteristic was the development of dents in the leaves (Fig- 

ure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3C). Most plants were normal with respect to their flowering 

time and seed set. Plants with severe phenotypes (strongly 

reduced height) did not produce a main inflorescence, or if 

they did, the flower buds, flowers, or seed pods fel1 off at vari- 

able stages prior to seed pod ripening. However, these plants 

produced lateral shoots that flowered. The phenotype of the 

lateral shoots was generally less pronounced and sometimes 

almost similar to the wild type. 

Because a distinct class of phenotypes will be described 

further in the text, the phenotypes described above will be re- 

ferred to as “overexpression (OV)” phenotypes and the T2 plants 

showing these phenotypes as T2-OV plants. 

Severity of the Phenotype Correlates with SAM-S 
Activity 

To analyze whether the severity of the overexpression pheno- 

type correlated with an enhanced SAM-S activity, individual 

T2-OV plants with different degrees of phenotypic abnormali- 

ties were selected from each population of progeny. All plants 

were of comparable age ( 4  week before the development of 

the flower buds of the wild-type plant). SAM-S activity was mea- 

sured for every sixth leaf larger than 5 mm counted from the 

apex. Figure 4 shows that a significant increase in SAM-S ac- 

tivity was only measured in plants presenting the most severe 

symptoms (SAM11-3, SAMl1-4, SAM30-3, SAM31-2, and 

SAM31-3). However, in plants with less severe phenotypic 

abnormalities, SAM-S activity was barely detectable or com- 

parable to wild-type levels (Figure 4; SAM11-1, SAM11-2, 

‘ -- I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

1 2 3 4  
sAM11- 

1 2  
SAM44- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU 

SAMl4- 
WT 

a b c d o a c a c d o a o a o  

Figure 4. SAM-S Activities in Individual Progenies of the Five Trans- 
genic Lines Having the Highest saml Steady State mRNA Levels. 

Individual T2 plants (indicated by numbers under the columns and 
above the corresponding transgenic lines) with different degrees of 

phenotypic abnormalities (indicated by lower case letters beneath the 

figure) were analyzed for their SAM-S activities: o represents plants 
with a wild-type phenotype; a, yellow-green plants with flat leaves; b, 
as given for a, but leaves with dark green veins and small necrotic 
lesions; c, as given for b, but plants are smaller with more lesions near 
the vascular bundles of the leaves and at the petiole and some of the 
leaves have dents; d, as given for c, but plants have a reduced height 
and have more severe lesions, abnormal leaf shape, and more dents 
in the leaves. For example, SAM11-1 is one particular T2 plant of pri- 
mary transformant SAMll and is phenotypically classified as “a:’ All 

plants were of the same age, and extracts were prepared from mesophyll 
tissue of the sixth leaf larger than 5 mm counted from the apex. These 
leaves did not show necrotic lesions. All values were corrected for back- 
ground activities. Activities are expressed as nanomoles of SAM 

produced per milligram of protein per minute. Wr, wild type. 

SAM30-1, SAM30-2, SAM31-1, SAM44-1, SAM44-2, SAM14-1, 

and SAM14-2). Nevertheless, these plants were transformed 

and most of them did show symptoms. 

SAM-S Activity 1s Translationally and/or 
Post-Translationally Regulated 

To find out the reason for the unexpectedly low SAM-S activity 

levels in the transformed plants presenting little phenotypic 

abnormalities, the SAM11-1 plant and the control (Figure 4) 

were further investigated by analyzing the SAM-S activity of 

the first, fourth, and seventh leaf counted from the top. In ad- 

dition, the first, third, fifth, and seventh leaf of SAM1-1, a 

transformed plant not presenting symptoms, and a compara- 

ble wild-type plant were analyzed. Figure 5 shows that SAM-S 
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Developmental Patterns of Gene Silencing 1405

activities in young leaves are higher than in mature leaves in
both wild-type and transformed plants. In wild-type plants, a

gradient in SAM-S activity of ~20-fold was observed between

the first and the seventh leaf, while in the analyzed transgenic

plants a 40-fold gradient was observed. Thus, transgenic plants

presenting little but significant (SAM11-1) or no symptoms

(SAM1-1) also have higher SAM-S activity, but maintain the gra-

dient observed in wild-type plants and, as a consequence, have

low SAM-S activities in the mature leaves. RNA was prepared

from the same leaves of SAM1-1 as were used to measure
SAM-S activities. As shown in Figure 6, the sam1 steady state

mRNA levels of the transgene in these four leaves did not corre-
late with the gradient in SAM-S activity, indicating that the

expression of the saml gene under the control of the P35S

is translationally and/or post-translationally regulated.

Developmen t of Dark Green Sector s

When further analyzing the phenotype of the T2-OV plants,

we observed that some plants had leaves with one or more

120
nmoles SAM/mg.min

100

20

Figur e 5. SAM-S Activities in Different Leaves of Wild-Type and Trans-
formed Plants.

Plant SAM11-1 and wild type 1 (WT1) are the same plants as given
in Figure 4, but they had developed flower buds at the time of the ex-
periment. The transgenic plant SAM1-1 did not show phenotypic
abnormalities and was grown in identical conditions as wild type 2
(WT2). Plants SAM11-1 and WT1 were grown and analyzed at a differ-
ent time compared to plants SAM1-1 and WT2. Columns 1, 2, and 3
represent the first, fourth, and seventh leaf of WT1, respectively;
columns 4,5, and 6, first, fourth, and seventh leaf of SAM11-1, respec-
tively; columns 7,8,9, and 10, first, third, fifth, and seventh leaf of WT2,
respectively; lanes 11,12,13, and 14, first, third, fifth, and seventh leaf
of SAM1-1, respectively; lane 15, seventh leaf of SAM31-3 (Figure 4).
Activities are expressed as nanomoles of SAM produced per milligram
of protein per minute.

sam 1

Figur e 6. saml mRNA Accumulation in Leaves of Different Ages.

RNA was prepared from the same leaves of the SAM1-1 plant that was
used for SAM-S activity measurements (see Figure 5). Lane 1, untrans-
formed; lane 2, first leaf; lane 3, third leaf; lane 4, fifth leaf; lane 5,
seventh leaf.

dark green sectors. As presented in Figure 7, some of these

sectors were circular spots of 1 to 3 mm in diameter, and others

were oval or irregular or appeared to be associated with the

veins. Small circular and oval spots were regularly observed

(Figure 7A). Larger sectors were observed in the lateral shoots

of the T2-OV plants that were incapable of producing flowers

on the primary shoot. On these lateral shoots, several leaves

had multiple dark green sectors (Figures 7B and 7C).

Among the progeny of SAM31, SAM11, and SAM14,1 to 15%

(depending on the greenhouse conditions; see below) of the

kanamycin sulfate-resistant T2 plants developed completely

differently compared to their T2-OV siblings. These plants de-

veloped leaves from which the veins were bordered by a dark

green zone (Figures 7D, 7F, 7G, and 7H). This pattern became

visible at variable stages in development. The relative surface

area of this dark green tissue increased in successive leaves

(Figures 7F, 7G, and 7H). As represented schematically in Fig-
ure 8, plants showing this pattern can further develop in

different ways. Part of them remained small as a result of a

reduction of the internode length in the base to apex direction

(Figure 71). The leaves of these plants became dark green,
thick, leatherlike, and asymmetric. Leaves that developed

closer to the apex had a more yellow color and were extremely

curved with tearing of the leaf tissue as a result (Figure 71).

No inflorescence developed on the main stem, but lateral

shoots that were able to flower could emerge (data not shown).

The leaves of the lateral shoots were generally less affected.
The seed pods produced on these lateral shoots were small
and shrivelled (Figure 7E), and a high number of seed were

abortive; most seed were normal with respect to their size, but
the embryo was very small and shrivelled (data not shown).

This type of plant will be further referred to as a T2-S plant.
Segregation analysis of the viable seed of these T2-S plants

indicated that homozygosity for the transgene was not a pre-

requisite to obtain this particular phenotype (data not shown).

Alternatively, part of these T2 plants developed in a way that
resembled wild-type plants, although the leaves were some-

what darker green compared to wild-type leaves. However,
similar to the T2-S plants, the flowers were generally less in-

tensely colored and had shrivelled seed pods and low seed
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Figur e 7. Patterns of Dark Green Tissue on P35S-sam7-Transformed Tobacco.
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Developmental Patterns of Gene Silencing 1407 

set. These plants are referred to as the T2-SN plants. Some 

plants showed the described symptoms only with respect to 

their upper leaves and the seed pods (intermediates). Most 

surprisingly, both the T2-S and T2-SN plants as well as plants 

with the intermediate phenotype smelled like cabbage. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SAM-S Activity 1s Reduced in the Dark Green Tissue 

The SAM-S activity of the dark green tissue, developed on the 

T2-OV plants, was compared to that of adjacent tissue on the 

same leaf displaying overexpression symptoms. The assays 

were performed on extracts from young leaves that had not 

yet developed necrotic spots. Table 1 shows that SAM-S activ- 

ity was eight- to 18-fold lower in the dark green sectors. 

Because the T2-S plants developed in a completely different 

way than their siblings developing overexpression phenotypes 

(T2-OV plants), we were interested in comparing SAM-S ac- 

tivities in both types. Table 1 shows that SAM-S activity was’ 

barely detectable in leaves of T2-S plants, even when young 

leaves, known from previous experiments to have the highest 

activity (Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5), were analyzed. Importantly, SAM-S activi- 

ties of young leaves of the T2-S plants were up to 109-fold lower 

than those of young leaves of wild-type plants. 

Expression of the Transgene 1s Silenced in Dark Green 
Tissue 

To investigate whether the reduction in SAM-S activity in dark 

green tissue is a reflection of a reduced saml steady state 

mRNA level, RNA gel blot analysis was performed. As shown 

in Figure 9, no zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsaml steady state mRNA was detected in dark 

green tissue of a lower leaf of a T2-SN plant (lane 2), whereas 

a high level was detected in the adjacent tissue of the same 

leaf showing overexpression symptoms (lane 1; also see Fig- 

ure 8). No saml steady state mRNA was detected in either 

young or mature leaves of a T2-S plant (lanes 4 and 5), whereas 

a high level was detected in young leaves of a control plant 

(i.e., a sibling showing overexpression phenotypes, T2-OV 
plant; lane 3). Lane 6 shows saml steady state mRNA levels zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table 1. SAM-S Activities of Dark Green Tissue Compared to 
Tissue Showing Overexpression Symptoms 

Plant 

nmol 
mg-I Reduction 
min-l (Fold) 

SAM31-7 overexpressing tissue 
SAM31-7 dark green sector 
SAM31-8 overexpressing tissue 

SAM31-8 dark green sector 
SAM31-9 overexpressing tissue 
SAM31-9 dark green sector 
SAM31-1 O overexpressing tissue 

SAM31-10 dark green spots 

SAM31-11 young leaf 
SAM31-12 young leaf 
Wild-type young leaf 
SAM31-12 mature leaf 
SAM31-13 young leaf 

SAM31-14 vounp leaf 

112.3 9.1 

104.8 14.6 

61.9 8.1 

67.4 17.7 

12.3 

7.2 

7.6 

3.8 

229.0 763 
0.3 109 

32.8 
0.3 
0.4 
0.6 

All plants analyzed are progeny of SAM31. SAM31-7 to SAM31-11 
belong to the T2-OV plants; SAM31-12, SAM31-13, and SAM31-14 
belong to the T2-S plants. SAM-S activities are expressed as nano- 
moles of SAM produced per milligram of protein per minute. 

from a top leaf of a T2-OV progeny of SAMll that developed 

non-severe overexpression phenotypes (classification “a” ac- 

cording to Figure 4); lanes 7 and 8 show saml steady state 

mRNA levels from top leaves of the T2-SN plants that had an 

overexpression phenotype early in development but developed 

the dark green phenotype 6 and 10 weeks after germination, 

respectively. These data show that expression of the trans- 

gene is silenced in the dark green tissue (the dark green tissue 

will for convenience be further referred to as “suppressed 

tissue). 

Variability in Phenotype 

We have grown T2 progenies of the transgenic line SAM14 in 

different greenhouses. Transgenic plants were selected on 

Figure 7. (continued). 

(A) Leaf of a T2-OV plant. The arrowheads show oval spots of dark green tissue. 

(B) Dark green sectors. On the left is a mature leaf of a T2-OV plant. The yellow-green color and the necrotic lesions at the leaf blade and the 
petiole are the consequences of higher SAM-S activities. On the right are two leaves of a lateral shoot from a T2-OV plant that was unable to 
develop flowers on the main stem. The arrowheads indicate dark green sectors. 
(C) Dark green tissue associated with the veins. Three leaves are shown that were derived from a lateral shoot of a T2-OV plant that was unable 
to develop flowers on the main stem. Note that the relative surface area of the dark green tissue becomes larger with successive leaves. 
(D) Development of dark green tissue associated with the veins. 
(E) At left, seed pod of a T2-OV plant showing a wild-type morphology; at right, seed pod of a T2-S plant showing a shrivelled morphology. 
(F) At left, wild type; center, T2-OV plant; right, T2-S plant. 
(G) Close-up of a basal leaf of the T2-S plant presented in (F). 
(H) Close-up of the leaf succeeding the one presented in (G). 

(I) A T2-S plant at a later stage of development. 
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P35S-sam1

T2-SN

& \J &

intermediate T2-S

Figur e 8. Simplified Presentation of the Different Ways of Development of T2 Tobacco Plants Transformed with the Chimeric P35S-sam7 Gene.

The light leaf area indicates the overexpression phenotype; the dark area represents the suppressed phenotype. The T2-OV plants exhibit different

degrees of overexpression phenotypes (normal-sized plants and smaller plants). Suppressed tissue appears on the T2-OV plants as sectors or

small spots. T2 seedlings can develop into plants that have a partial overexpression phenotype and a partially suppressed phenotype. The sup-

pressed phenotype is associated with the veins. These plants further develop into the T2-S plants that are stunted, into the T2-SN plants that

exhibit a nearly wild-type phenotype, or into intermediates between T2-S and T2-SN plants. T2-S, T2-SN, and intermediate plants emit methanethiol

and dimethyl disulfide as indicated by the wavy lines. The directional arrows connect successive developmental stages of the transformed plants.

Numbers refer to tissue from which RNA was extracted for RNA gel blot analyses as given in the legend to Figure 9. Two numbers per one leaf

indicate that RNA was prepared from analogous leaves of two independent plants with similar phenotypes. WT, wild type.

sam 1

I

Figur e 9. RNA Gel Blot Analysis of the Leaves of T2-OV, T2-S, and

T2-SN plants.

For the designation of the lanes, see also Figure 8. Lane 1 contains

RNA from a region of a lower leaf of a T2-SN plant showing overex-

pression symptoms; lane 2, RNA from adjacent tissue of the same

leaf having the dark green phenotype; lane 3, RNA from a T2-OV plant;

lane 4, RNA from a young leaf of a T2-S plant; lane 5, RNA from a

mature leaf of a T2-S plant; lane 6, RNA from a young leaf of a T2-OV

plant; lane 7, RNA from a young leaf of a T2-SN plant; lane 8, RNA

from a young leaf of the same T2-SN plant as analyzed in lanes 1 and

2. The wild-type control is shown in lane 1 of Figure 6 (same RNA

gel blot analysis).

sterile media containing 100 mg/L kanamycin sulfate. In par-

allel, control wild-type plants were grown on kanamycin

sulfate-free medium. After 3 weeks to 1 month of growth, the

plants were transferred to soil and incubated in the greenhouse.

We observed that in one greenhouse, the frequency of sup-

pressed plants (i.e., T2-S, T2-SN, and intermediate plants) was

1%, whereas in another greenhouse, this frequency was 15%

(in both cases, counted on a total of 300 plants). The condi-

tions of the greenhouse in which high incidence of silencing

(15%) occurred were as follows: a 16-hr light/8-hr dark cycle,

23°C, 48% relative humidity, light intensities of 55, 68, and 81

nmol nr2 sec~1 at 0, 20, and 40 cm above the soil level,

respectively (Son-T-Agro Hql-TD incandescent lamps; Philips,

Eindhoven, The Netherlands), and shielding from incident light.

Plants were transferred to soil in January. The conditions of

the greenhouse in which a lower incidence of silencing (1%)

occurred were as follows: a 16-hr light/8-hr dark cycle, 23°C,

40% relative humidity, light intensities (MBFR/U 400W incan-

descent lamps; Philips) of 45, 65, and 120 nmol rrr2 sec~1 at

0, 20, and 40 cm above the soil level, respectively, without

shielding from incident light. Plants were transferred to soil
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in October. These data indicated that environmental conditions 

p henotypes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATab,e 2. Analysis of Free L-Methionine Levels in Top Leaves 

Plant nmol g-1 % 

played a major role in the development Of the different of Wild-Type Plants, T2-OV Plants, and Smelling Plants 

Tobacco Plants with the Suppressed Phenotype Emit 

Methanethiol 

To determine what chemical compound caused the cabbage- 

like smell that was produced by the T2-S, T2-SN, and 

intermediate plants, gas chromatography-mass spectrome- 

try analyses were performed. Three different samples were 

analyzed: the headspace of a closed beaker containing three 

shoots (length -120 mm) derived from plants that smelled 

like cabbage &e., T2-S, T2-SN, or intermediate plants) in 

100 mL of water, the headspace of a closed beaker contain- 

ing three shoots derived from wild-type plants in 100 mL of 

water, and the headspace of a via1 containing L-methionine. 

The latter sample was included because we had noticed that 

pure L-methionine and L-methionine solutions had an odor simi- 

lar to that of suppressed plants. Both the suppressed plants 

and L-methionine produced the volatile methanethiol as well 

as its oxidation product, dimethyl disulfide. These compounds 

were not detected in the headspace of the via1 containing wild- 

type shoots (data not shown). Moreover, the smell of cabbage 

is typical for methanethiol (Merck Index, 1989). 

The Leve1 of Free L-Methionine 1s at Least Partially 

Controlled by SAM-S Activity 

It has been shown that methanethiol is emitted from pumpkin 

leaf discs when floated on L-methionine (Schmidt et al., 1985). 

Because the suppressed plants emit methanethiol, a com- 

pound that is also emitted by pure L-methionine, we investigated 

whether the intracellular concentrations of free L-methionine 

were elevated in these plants. Two series of quantifications were 

done. In a first series, the free L-methionine content was de- 

termined from the top leaf of a wild-type plant, a T2-OV plant, 

and a T2-S plant. In, a second series, the free L-methionine 

content of the top leaf of a wild-type plant, a T2-OV plant, and 

a T2-SN plant was analyzed. Plants of the first series were 

grown and analyzed ata different time compared to plants ana- 

lyzed in the second series. Table 2 shows that leaves of T2-S 
and T2-SN plants accumulate high levels of free L-methionine. 

DISCUSSION 

In this work, the consequences of overproducing SAM-S were 

investigated in transgenic tobacco containing the Arabidop- 

sis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsaml gene under control of the CaMV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP35s. The transgenic 

plants could be grouped roughly into two classes: those that 

have higher (T2-OV) and those that have lower (T2-S) SAM-S 

activity compared to that of wild-type plants. It was found that 

Wild type 1 12.41 0.57 

T2-OV-1 30.41 0.81 

25.13 T2-S 
Wild type 2 ND - 

T2-O V -2 5.97 0.04 
8.09 

5263.40 

2300.86 T2-SN 

Amino acid analysis was performed as described in Methods. Abso- 

lute levels of L-methionine are expressed as nanomoles per gram of 

fresh tissue. Relative amounts are expressed as percentages and 
were calculated as described in Methods. ND, could not be detect- 
ed;-,not available. Plants wild type 1, T2-OV-1, and T2-S were grown 
at a different time compared to wild type 2, T2-OV-2, and T2-SN. 

the level of SAM-S activity correlated with the degree of pheno- 

typic abnormalities displayed by the plants. Moderately 

elevated SAM-S activities led to plants with yellow-green and 

flat leaves, whereas highly elevated levels also led to reduced 

plant height and necrotic lesions. On the other hand, highly 

reduced SAM-S activities led to stunted plants with thick, 

leatherlike, asymmetric, and torn leaves. Moreover, plants with 

reduced SAM-S activity had a disagreeable odor. 

In the T2-S and T2-SN plants, expression of the transgene 

was silenced (Figure 9). In the T2-S plants, SAM-S activities 

were barely detectable in young leaf tissue (109-fold lower than 

in wild-type tissue) (Table l), suggesting cosuppression of the 

endogenous sam-s genes. The T2-SN plants developed in a 

nearly wild-type fashion but still emitted methanethiol, sug- 

gesting only a partia1 cosuppression of the endogenous sam-s 

genes. Moreover, although SAM-S activity is reduced in sup- 

pressed tissue of the T2-OV plants, considerable activity 

remained (Table 1). Thus, our results suggest that the endog- 

enous tobacco sam-s genes are cosuppressed to different 

degrees. Cloning of the endogenous sam-s genes from tobacco 

and analysis of their expression levels in the T2-S and T2-SN 

plants will have to be performed to investigate whether the ex- 

pression of all tobacco sam-s genes is reduced in T2-SN plants 

or whether a subset is completely silenced. Hart et al. (1992) 

demonstrated that in N. syhestris transformed with a P35S- 

chitinase gene, the amount of residual chitinase present in 

the silenced plants varied from plant to plant. These research- 

ers also SUggeSt that cosuppression is not an all-or-nothing 

effect. Moreover, in tomato plants transformed with sense con- 

structs containing sequences homologous to the endogenous 

polygalacturonase gene, cosuppression led only to a reduced 

level and not to a complete absence of polygalacturonase 

steady state mRNA in ripe fruit of the transgenic tomato plants 

(Smith et al., 1990; Seymour et al., 1993). 

In a number of cases, gene silencing has been demonstrated 

to be developmentally regulated. de Carvalho et al. (1992) 

showed that the expression of a transgenic p-l,9gIucanase 

was silenced in a homozygous transgenic tobacco line (Tli’), 
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but not in the hemizygous line T17. However, the transgenic 

fM$glucanase mRNA was detected at high levels in the 

homozygous plant during the first 4 weeks of development. 

After 4 weeks, the mRNA level decreased gradually. In some 

N. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsyhsbis plants transformed with a P35Whitinase gene 

the lower leaves showed a high chitinase content, whereas 

the upper leaves, formed later in development, showed low 

chitinase content and cosuppression of both the transgenic 

and the endogenous chitinase gene (Hart et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal., 1992). Our 

results are similar to those of Hart et al. (1992) in the sense 

that in the lower leaves, generated early in development, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAex- 
pression of the transgene is high, whereas expression of the 

transgene is suppressed in leaves that developed at a later 

stage. In the cases mentioned above, it is not easy to follow 

the spatial and temporal development of the suppressed state 

at the cellular level, because neither the overexpression nor 

the suppressed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstate results in visible phenotypes. Because 

averexpression and suppression of SAMS lead to phenotypes 

with distinct characteristics, the developmental pattern of the 

suppressed state can be visualized. We observed that in the 

leaves generated early in development the suppressed tissue zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
was associated with the veins and that the area of suppressed 

tissue increased in successive leaves until all newfy developed 

leaves displayed the suppressed phenotype. How can this de- 

velopmental pattern be explained? 

We propose a hypothetical model that is based on two as- 

sumptions. First, high levels of sam* gene expression can 
trigger sam-s gene silencing, and second, silenced cells act 

as a sink for a molecule that is invohred in negative regulation 

of the endogenous sam-s genes. 

This hypothesis is based on the following observations. Fim, 
early in development the suppressed tissue is associated with 

the veins (Figures 7D, 7F, 76, and 7H). Interestingly, analysis 

of a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPsaml-gus fusion in transgenic Arabidopsis and tobacco 

plants has shown that the Arabidopsis saml promoter con- 

fers high expression in vascular tissue and low expression in 

mesophyll tissue (Peleman et al.. 1989a, 1989b). Assuming 

a similar expression pattern of the endogenous tobacco s8m-s 

genes, it is quite possible that the extra-high expression level 

in the vascular tissue, obtained by introduction of the trans- 

gene, would trigger the switch from the overexpression to the 

suppressed state. This hypothesis is in agreement with the 

obsenmtion that suppression of atransgenic polygalacturonase 

gene in tomato occurred only in ripe fruit; this is the tissue 

where the endogenous polygalacturonase gene is highly ex- 

pressed in wild-type plants (Smith et al., 1990). Furthermore, 

it was observed by de Carvalho et al. (1992) that suppression 

of fl-l$glucanase transgene expression occurred only in 

homozygous pmgeny of the primary transformant that had the 

highest expression level of the transgene. 

Second, it is obsewed that (1) the suppressed tissue is not 

restricted to the veins, but covers the area bordering the veins 

to dfferent degrees; (2) the area of suppressed tissue increases 

in successive leaves; and (3) suppression can also be displayed 

as small circular or oval spots or sectors in interveinal tissue. 

If one assumes the presence of a molecule that is involved 

in a negative feedback regulation of the expression of the en- 

dogenous sam-s genes according to the need for SAM, it 

follows that suppression of sé"  in the veins would create 

a sink for this factor. 

The existence of such a factor, perhaps SAM itself or a 

metabolite thereof, is not unfounded. It has been shown that 

the presence of SAM in the growth medium represses the ex- 

pression of one of the sam-s genes in yeast and that SAM is 

a corepresor in the biosynthesis of methionine in Escherichia 

Coli (SaintGirons et al., 1986; Thomas et al., 1988; Rafferty 

et al., 1989). A reduced leve1 of this famr  in neighboring cells 

would upregulate the expression of the endogenous sam* 
genes to the putative threshold level necessary to elaborate 

the switch to the suppressed state. This would allow the sink 

to enlarge and the process to proceed to neighboring cells, 
implying that an originally patterned leaf will gradually become 

completely suppressed. However, this does not occur. Lower 

leaves of suppressed plants stay phenotypically patterned, and 

the transgene is still expressed in the areas that have the over- 

expression phenotype (Figures 8 and 9). This suggests that 

sam-s gene expression in neighboring cells can become si- 

lenced only when they are susceptible to becoming silenced. 

This susceptibility could again be a result of the expression 

level of the endogenous s8m-s genes because the expression 

level in the mesophyll cells might decrease when the leaf ma- 

tures. This is evidenced by the fact that the SAMS activity 

decreases when the leaf mesophyll matures (Figure 5) and 

that no zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGUS activity is detected in the mesophyll of mature 

leaves of tobacco plants transformed with a kaml-gus fu- 

sion (bleman et al., 1989b). There will thus be astage at which 

the putative threshold expression level of sam-s gene expres- 

sion is not reached; hence, at this stage in development, the 

tissue remains overexpressing sam-s. 
On the other hand, the are8 of suppressed tissues increases 

with successive leaves. This can be explained by the fact that 

at the time new leaves develop the sink is already present in 

older leaves, which allows the silencing process to proceed 

through more cell layers at the stage they are still susceptible 

to becoming silent, that is, when they are still young and highly 

expressing the sam-s genes. Because the advance of the 

silencing process in one particular leaf is not visually appar- 

ent, it is expected that this silencing process occurs during 

the early stages of leaf development. 

The pattern of leaf development could largely contribute to 

the development of the silencing pattem: in a young leaf primor- 

dium, the primary lateral veins make up the majority of tissue 

in the leaf blade. Later in development, interveinal regions ex- 

pand considerably so that in a mature leaf lateral veins occupy 

only a small fraction of the leaf (Pbethig and Sussex, 1985). 

This suggests that if sam-s gene expression is silenced in 

young leaves, the percentage of interveinal tissue that will even- 

tually become silenced will be larger than when the silencing 

process was initiated in older leaves. The observation that in 

successive leaves the basal part of the leaf consists of more 

suppressed tissue compared to the more dista1 part (Figures 

76 and 7H) is in agreement with the fact that growth first stops 
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at the tip of the leaf and then progressively in more basal 

regions of the axis (Poethig and Sussex, 1985). 
The observation of small circular and oval zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAspots (Figure 7A) 

and, less frequently, sectors (Figure 78) that were not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas- 
sociated with the veins is in agreement with the described 

hypothesis. It seems reasonable to assume that the small cir- 

cular and oval spots are derived from occasional situations 

of high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsam-s gene expression. Because sam-s genes are 

generally not expressed in mesophyll tissue of mature leaves, 

it would be unlikely that the cells that constitute the spot would 

become independently silenced ata certain stage of develop 

ment. Rather a gradient in the concentration of a certain factor 

originally emanating from the cell that was first silenced could 

be involved. 

In maize, somatically heritable switches in Mutator (Mu) 
transposon activity can be monitored with suppressible mu- 

tants. The pattern of these suppressed mutant phenotypes 

resembles the one obtained by suppression of SAM-S activity 

in that at a certain stage of development, and from then on 

with each successive leaf, the mutant phenotype is progres- 

sively suppressed. In maize, this suppression correlates with 

Mu inactivity and methylation of Mu (Martienssen et al., 1990; 
Martienssen and Baron, 1994). These authors interpret this 

pattern by assuming that the longer a given cell lineage spends 

in the meristematic condition, the more likely it isto adopt an 

inactive phase (and thus methylation and suppression of the 

mutant phenotype). Our observations suggest that the longer 

a cell spends in a tissue that expresses the sam-s genes to 

a high level (i.e., young tissue and vascular tissue), the more 

likely it isto become silenced by the sink generated by sup- 

pression of SAM-S in the neighboring cells earlier in 

development. The main difference with the work published 

by Martienssen et al. (1990) and Martienssen and Baron (1994) 
is that in their case the pattern is most likely to be clonally in- 

herited, whereas in the case of SAM-S silencing, the 

developmental pattern is not likely to be fully clonally devel- 

oped. We observe a pattern of silencing that, early in its 

development, is associated with the veins. Veins in leaves 

are believed to be differentiated from preexisting nonclonal 

cells (Sachs, 1981; Steeves and Sussex, 1989). Moreover, 

the patterns we have observed were not described in the 

clonal analysis of tobacco leaf development (Poethig and 

Sussex, 1985). 
Thus, the developmental pattern of gene silencing could 

largely be explained by the combination of the level of sam-s 
gene expression (endogenous plus transgene derived expres- 

sion) with the normal development of the plant; that is, leaves 

at different developmental stages (younger versus older) will 

respond differently (patterned or increasing) to a silencing 

phenomenon that has started at a certain stage in develop- 

ment. Environmental influences affecting growth dynamics and 

levels of gene expression are thus expected to influence the 

incidence and timing of the switch between the overexpres- 

sion and the silenced state. 

The T2-S and T2-SN plants have strongly reduced SAM-S 

activities. As a result, free L-methionine accumulates to high 

levels (Table 2). Mutants of yeast and E. coli with a defect in 

SAMS have also been reported to overproduce L-methionine 

(Greene et al., 1970. 1973; Cherest et al., 1973; Markham et 

al., 1984; Thomas et al., 1988). The elevated L-methionine level 
in our plants might be caused by the blockage of the conver- 

sion of L-methionine to SAM, but possibly also to an increased 

flux toward L-methionine, resulting in an accumulation of this 

amino acid. SAM plays a regulatory role in L-methionine bio- 

synthesis by allosterically stimulating threonine synthase 

(Madison and Thompson, 1976; Aarnes, 1978; Rognes et al., 

1980; Giovanelli et al., 1984, 1989; Frankard et al., 1991) and 

by negatively regulating the activity of the lysine-sensitive 

aspartate kinase. An alteration in feedback inhibition of aspar- 

tate kinase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan result in L-methionine overproduction (Hibberd 

et al., 1980). Consequently, the presumed redudion in the SAM 
level in plants with reduced SAMS activity would lead to an 

increased flux toward L-methionine. As yet, we are not able 

to elucidate the relative contribution of these two possibilities 

to the observed elevation in L-methionine levels. 

It has been shown that pumpkin leaves have an L-methio- 

nine-inducible enzymatic system, capable of converting 

L-methionine into methanethiol (Schmidt et al., 1985). It is 

therefore likely that the emission of methanethiol in the smell- 

ing plants is a direct consequence of the accumulation of 

L-methionine. 

It will be of great interest to investigate whether silencing 

of SAM-S correlates with increased methylation of the sam-s 
genes, in particular because the activity of SAMS, the enzyme 

responsible for the synthesis of the methyl donor SAM, has 

been drastically reduced in the suppressed plants. 

The possibility of identifying plants with a patterned pheno- 

type, which is caused by an as yet unresolved mechanism of 

gene silencing, will not only allow us to study the different 

aspects of gene silencing in detail, but opens up new ways 

to study physiological processes that are usually hampered 

by hardly controllable parameters. 

METHODS 

Plasmld Construction 

Plasmid p035SSAM was constructed by digesting pATC9A1-13N 
(Peleman et al., 1989a) with Ncol and Sall. The 840-bp fragment con- 
taining the 5’terminal part of the coding sequence of the Arabidopsis 
fhaliana S-adenosyl-L-methionine synthetase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(saml) gene was cloned 
into the cauliflower mosaic virus (CaMV) 355 promoter containing plas- 
mid pDE9 (Plant Genetic Systems N.V., Gent, Belgium), which was 
digested in the polylinker with Ncol and Sall, yielding the plasmid pDES 
13N. pATC9A1-10 consists of the 2.15kb EcoRI-Aval fragment containing 
the saml gene cloned into the EcoRI-Aval site of pSP65 (Peleman et 
al., 1989a). This clone was digested with Sal1 and Pstl. The 622-bp 
fragment containing the 3’terminal part of the saml coding sequence 
and the 3‘ end of the saml gene was cloned into pDE9-13N, which 
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1412 The Plant Cell 

was digested with Sal1 and Pstl, yielding p35SSAM. This plasmid was 
digested with Pstl and EcoRI. The fragment containing the CaMV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA35s 
promoter, the coding sequence, and the 3'end of the saml gene was 
cloned into the 13-kb EcoRI-Nsil fragment of the binary vector pWBATSl 
(W. Boerjan, W. Dewitte, T. Beeckman, M. Cervera, H. Van Onckelen, 
M. Van Montagu, and D. Inz6, manuscript in preparation), yielding the 
plasmid p035SSAM. 

pATC9A1-15 was constructed by cloning the 280-bp Hindlll-Pstl frag- 
ment of pATC9Al-10, containing the 3' end of the saml gene, into the 
Hindlll-Pstl linearized vector pGEM2. 

Plant Transformation 

Plasmid p035SSAM was mobilized by the helper plasmid pRK2013 
to Agrobacterium tumefaciens C58C1RifR containing the plasmid 
pGV2260 (Deblaere et al., 1985) by triparental mating (Van Haute et 
al., 1983) and used for transformation of Nicotiana tabacum cv Petit 
Havana SRl by leaf disc transformation (Horsch et al., 1985). 

RNA Gel Blot Analysis 

Tobacco RNA was prepared according to the method described by 
Logemann et al. (1987). The 3Wabeled riboprobe, complementary 
to the 3'end of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsaml gene, was prepared from the plasmid pATC9A1- 
15 by in vitro transcription using the kit supplied by Boehringer 
Mannheim. 

For RNA gel blots, 6 pg of total RNA was denatured and run on 
formaldehyde-agarose (1.2%) gels and then transferred to nylon mem- 
branes. Prehybridizations and hybridizations were performed in 5 x 

SSC (1 x SSC is 150 mM NaCI, 15 mM sodium citrate, pH 7.0), 50% 

formamide, 0.5% SDS, 10% dextran sulfate, and 20 pghL denatured 
herring sperm DNA at 65OC using 32P-labeled riboprobes. The final 
wash was performed in 1 x SSC at 68OC. RNA quantities were mea- 
sured twice photometrically, and prior to blotting, the RNA gel was 
stained with ethidium bromide to exclude loading artifacts and prob- 
lems as a result of RNA degradation. 

SAY-S Assays 

Protein extracts were prepared by grinding 250 mg of leaf mesophyll 
tissue in 0.5 mL of extraction buffer (100 mM Tris, pH 7.5, 2 mM EDTA, 
20% glycerol, 20 mM P-mercaptoethanol, 1 mM DTT). After centrifu- 
gation in an Eppendorf centrifuge (Eppendorf-Netheler-Hinz GmbH, 
Hamburg, Germany) at 13,000 rpm for 10 min, the protein concentra- 
tion of the supernatant was determined by the method of Bradford (1976) 
using the kit supplied by the Bio-Rad laboratories. 

The SAM-S assays were done essentially as described by Mudd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
et al. (1965) and Peleman et al. (1989a). Fifty micrograms of total pro- 
teins was incubated in 0.25 mL of a reaction mixture containing 100 
mM Tris, pH 8.0,30 mM MgS04, 10 mM KCI, 20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmM ATP, and 5 mM 
%-methionine (15 pCi). Control reactions contained all reagents ex- 
cept ATP. After incubation for 1 hr at 25OC, the reaction was terminated 
by adding 2 mL of ice-cold water, and the mixtures were then loaded 
onto 0.67 x 30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmm Dowex 50W-X2 cation-exchange columns (100- 
to 200-pm mesh; NH4+ form; Bio-Rad) prepared in Pasteur pipettes. 
Unreacted methionine and ATP were eluted by washing with 10 mL 
of ice-cold water. Adsorbed SAM was eluted with 5 mL of NH40H 
(32%). The NH40H was almost completely evaporated; scintillation 
liquid (ReadySafe; Beckman lnstruments Inc., Fullerton, CA) was 
added, and the sample was counted by scintillation spectrometry. 

Alternatively, the reaction mix was further treated essentially as de- 
scribed by Mathur et al. (1991). After incubation of the reaction mix 
for 1 hr at 25OC, a 50yL aliquot was spotted on an m2-cm2 phos- 
phocellulose filter disc (P81; Whatman lnternational Ltd., Maidstone, 
UK) and dried under an infrared lamp. The filters were washed with 
icecold water to remove the unincorporated %-methionine and trans- 
ferred to scintillation vials containing 1 mL of ammonium hydroxide 
(1.5 M). After 5 min, scintillation liquid (ReadySafe) was added, and 
the sample was counted by scintillation spectrometry. The latter as- 
say is the easiest and is as accurate as the former. For both assays, 
SAM-S activity measurements in successive analyses of the same pro- 
tein extracts did not vary by more than 15%. 

Gas Chromatography-Mass Spectrometry 

Gas chromatography-mass spectrometry analyses were performed 
with a Finnegan-Mat type 4000 El(70 electron volt), INCOS data sys- 
tem (Finnegan, Veenendaal, The Netherlands), and a self-manufactured 
polydimethylsilane column (30 m, 0.53 mm i.d., 1.2 pm phase). One 
milliliter of headspace was injected splitless at rOOm temperature (28OC). 
A temperature gradient from 4OoC to 12OOC with an increase of 5OC 
per minute was applied. 

Amino 'Acid Extractlon and Analysis 

Amino acid extraction was mainly performed as described by Vernaillen 
and Verbruggen (1991) with minor modifications. Between 0.5 and 1 g 
of leaf tissue was ground in liquid nitrogen to a fine powder. Norleu- 
cine was added as a standard to correct for Iosses during extraction 
and manipulation. Free amino acids were extracted by adding 1 mL 
of extraction liquid (MeOH, CHCI3, and H20; 12:5:2). After centrifu- 
gation in an Eppendorf centrifuge for 3 min, 12,000 rpm, the pellet 
was re-extracted twice. The supernatants were pooled, and 2 mL of 
CHCI3 was added. The liquid phase was filtered through 0.5-pm HV 
filters (Millipore Corp., Bedford, MA). Subsequently, the filtered aque- 
ous phase was lyophilized and redissolved in 200 pL of EtOH-HZO 
(1:l) supplemented with 50 pL of wash solution (EtOH-HpO-triethyl- 
amine, 2:2:1). After drying, the amino acids were derivatized with 
phenylisothiocyanate (PITC). The extracts were dissolved in 100 pL 
of EtOH-H20 (l:l), and 50 pL of reaction solution (EtOH-HZO- 
TEA-PITC, 7:l:l:l) was added. The reaction was performed at 37% 

for 30 min. The samples were lyophilized for 12 hr to remove excess 
PITC. The phenylisothiocarbamyl(F'TC)-derivatized amino acids were 
dissolved in the appropriate amount of buffer (5% CH3CN, 0.05 M 
NaAc, pH 7.2). PTC-amino acid analysis was performed as described 
by Bidlingmeyer et al. (1984) using a HP1050Ti high-pressure liquid 
chromatographer (Hewlett Packard, Palo Alto, CA). Relative amounts 
of free L-methionine were calculated as percentages of the total amount 
of Asp, Glu, Asn, Ser, Gln, Gly, His, Arg, Thr, Ala, Pro, Tyr, Val, Met, 
Ile, Leu, Phe, Trp, and Lys. Analysis of free amino acid levels in in- 
dividual samples of the same leaf half but harvested from another area 
of the leaf generally did not differ by more than 25%. 
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