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Expression of glutamine synthetase (GS) isoforms of to-
mato leaflets was investigated during the infection by
Pseudomonas syringae pv. tomato. Glutamine synthetase
activity decreased markedly when it was determined by
synthetase assay, but when GS activity was evaluated by
transferase assay a not so strong decline was observed.
Two GS molecular forms were separated by ion-exchange
chromatography in noninfected and in chlorotic detached
leaves. In noninfected leaves the major peak eluted at
about 0.22 M KCIl; however, in chlorotic leaves the major
peak eluted at about 0.15 M KCI. A GS polypeptide of 45
KDa was the major species detectable by Western blot
analysis of noninfected leaves; however, a second band of
39 KDa was the major GS species detectable in chlorotic
leaves. Western and Northern blot analysis from infected
detached leaflets in different stages of pathogenesis
showed a decrease of GS polypeptide of 45 KDa and its
specific mRNAs and an increase of GS species of 39 KDa
and its transcripts. Our results suggest that during the
infection there is a change in the GS isoform pattern and
cytosolic GS (GS-1) replace chloroplastic GS (GS-2).

Se ha investigado la expresion de glutamina sintetasa (GS)
en hojas de tomate infectadas por Pseudomonas syringae
pv. tomato. Durante la infeccién, la actividad GS dis-
minuyé drasticamente cuando se determiné mediante el
ensayo sintetasa, pero con el ensayo transferasa no se ob-
servé un descenso tan acusado. Mediante cromatografia
de intercambio idnico se separaron dos formas molecu-
lares de GS tanto en hojas sanas como en infectadas. En
hojas control el pico mayoritario de actividad GS eluyé a
0.22 M de KCIl, mientras que en hojas infectadas lo hizo a
0.15 M. El inmunoanalisis revelé un polipéptido de GS de
45 kDa como la forma mayoritaria en hojas sanas, mien-
tras que una segunda banda de 39 KDa fue la especie
mayoritaria en hojas infectadas. El anilisis mediante
Western y Northern blot durante la infeccién, revelé un
descenso de los niveles del polipéptido de GS de 45 KDa y
de su mRNA especifico, y un aumento de los niveles de la
especie de 39 kDa y de su correspondiente mRNA.
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Nuestros resultados sugieren que durante la infeccién hay
un cambio en el patrén de isoformas de GS, y la forma
citosélica de la enzima (GS-1) reemplaza a la isoforma
cloroplastidica (GS-2).

Additional keywords: ammonia assimilation, chloroplast de-
generation, plant defense.

Pseudomonas syringae pv. tomato causes bacterial speck,
an economically important disease of tomato that is character-
ized by small necrotic lesions surrounded by chlorotic halos
on tomato leaves. Like other leaf-spotting P. syringae patho-
vars, this pathogen cannot penetrate the plant cell directly; it
must enter its host through natural openings or wounds on the
plant surface. The primary infection sites are the stomata and
the bases of the leaf trichomes from which bacterial masses
burst out at later stages of disease development (Bashan et al.
1981). In the field, P. syringae pv. tomato survived as an
epiphyte on symptomless tomato plants for extended periods
to produce disease under conducive environmental conditions
(Smitley 1982). At present, no absolute resistant variety of
tomatoes and no effective chemical treatments are available.
Studies concerning biochemical and molecular changes in
tomato plants in response to this pathogen are rare (Pautot et
al. 1991; Koch et al. 1992; Martin et al. 1993); however,
several reports concerning other pathogens have shown that
pathogen attack leads to drastic metabolic changes such as
accumulation of defense proteins (Granell et al. 1987; Vera
and Conejero 1988; Christ and Mdsinger 1989).

Glutamine synthetase (GS) (L-glutamate ammonia ligase,
ADP forming E.C. 6.3.1.2) catalyzes the first reaction in the
main path of ammonia assimilation in higher plants: the glu-
tamine synthetase-glutamate synthase cycle (Lea et al. 1990).
It is well established that green tissues of plants contain two
different forms of GS, a cytosolic enzyme (GS-1) and a chlo-
roplast located isoenzyme (GS-2) (McNally and Hirel 1983).
Both isoforms are constituted by polypeptides of different
molecular sizes which are encode by homologous nuclear
genes (Lightfoot er al. 1988; Tingey et al. 1988). The enzyme
of tomato leaves has been purified (Cénovas et al. 1984) and
its specific localization in the chloroplast has been determined
by electron microscopy (Botella et al. 1988). It has been sug-



Fig. 1. Disease development in tomato detached leaflets infected with Pseudomonas syringae pv. tomato HM-1. A, B, C., D, E, and F, Noninfected (left)
and infected (right) tomato detached leaves of 0, 2, 4, 6, 8, and 10 days after inoculation, respectively. Tomato leaflets were detached, disinfected, placed
in MS medium and inoculated with bacterial suspensions as described in the text.

gested that the accumulation of ammonium ions and the evo-
lution of gaseous ammonia may contribute to the bacterial
speck syndrome in tomato plants caused by Pseudomonas
syringae pv. tomato (Bashan et al. 1980). On the other hand,
three pathovars of P. syringae: P. s. pv. tabaci, P. s. pv.
coronafaciens, and P. 5. pv. garcae, have been described as
producers of tabtoxinine-B-lactam, toxin that irreversibly
inhibits glutamine synthetase (Gross 1991). However, to our
knowledge, very little is known about glutamine biosynthesis
during pathogenesis. In this paper we show that during the
course of infection, directly correlated with chloroplast de-
generation, there is a change in the GS isoform pattern and
cytosolic GS replace chloroplastic GS. The possible role of
cytosolic GS in infected tissues as defense-related protein is
also discussed.

RESULTS

Disease development and chloroplast degeneration.

The time course of development of chlorotic and necrotic
symptoms (Fig. 1) was parallel with the bacterial growth in
infected tissues (Fig. 2). Symptoms enlarged slowly during
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Fig. 2. Time course of the growth of Pseudomonas syringae pv. tomato
HM-1 in tomato detached leaves. At the indicated times, leaflet disks
were harvested and bacterial populations measured as described in Ma-

terials and Methods. Each vertical bar represents the standard error of
the sample mean.
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the first days and reached important chlorosis after about 6
days when population levels of pathogen were the highest.
The determinations of chlorophyll (Chl) contents in infected
tissues showed that both Chl a and Chl b decreased markedly
during the final stages of development of symptoms (Fig. 3).
Detached leaflets survived quite well under experimental
conditions for about 10 days allowing adequate time for the
production of fully developed symptoms, although a slight
decrease in chlorophyll amounts of noninfected material
maintained under experimental conditions was observed.
Total soluble proteins were extracted from healthy and in-
fected leaves, separated by SDS-PAGE and stained with
Coomasie blue. The stained gels showed that a noticeable
change occurs in the pattern of soluble polypeptides during
infection. A number of abundant proteins in tomato leaves
disappear and many others accumulate gradually during path-
ogenesis (Fig. 4A). Duplicate gels were transferred to nitro-
cellulose filters and immunoprobed with antibodies raised
against large subunit (LSU) of ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBPCase) and glutamate-synthase
(Fd-GOGAT) from Pinus pinaster seedlings (Garcia-Gut-
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Fig. 3. Time course of chlorophyll contents in noninfected tomato de-
tached leaves (¢) and infected with Pseudomonas syringae pv. tomato
HM-1 (o). A and B, chlorophyll a and b contents, respectively. Values
shown are the mean of three independent determinations, and the bars
show the standard deviation from the mean.
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iérrez et al. 1993a, 1993b), and chloroplastic glutamine syn-
thetase (GS-2) from Nicotiana tabacum (Hirel et al. 1984)
(Fig. 4B). The antibodies raised against GS-2 have been used
to identify this protein in different plant species and it has
been shown that they cross-react with cytosolic and chloro-
plastic polypeptides (Tyngey et al. 1987; Snustad er al.
1988). Figure 4B shows that a major 55 kDa LSU polypep-
tide was detected in all stages of pathogenesis analyzed, but
its steady-state level decreased during the process (lanes 5
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Fig. 4. Analysis of soluble polypeptides during the course of infection
with Pseudomonas syringae pv. tomato HM-1. Soluble proteins ex-
tracted from noninfected and infected tomato detached leaves were
separated by SDS-PAGE, and stained with Coomasie blue (A) or im-
munoprobed with antibodies against LSU, Fd-GOGAT or chloroplastic
GS (B). Lanes 1, 2, 3, 4, 5, 6, correspond in the order given, to infected
leaves of 0, 2, 4, 6, 8 and 10 days after inoculation. Noninfected tomato
detached leaves maintained 10 days in MS medium were used as con-
trols (lane 7). The M;s of protein markers and the size of the major cross-
reacting bands are indicated on the left in kDa. The same amount of
protein (25 pg) was loaded per lane.



and 6). A single Fd-GOGAT species of 153 kDa was found in
the firsts stages of pathogenesis disappearing at the end of
infection (lanes 5 and 6). A major 45-kDa GS polypeptide
was detected in noninfected leaves corresponding to chloro-
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Fig. 5. Time course of glutamine synthetase activities in noninfected
tomato detached leaves (*) and infected with Pseudomonas syringae pv.
tomato HM-1 (o). A, Glutamine synthetase activity was determined by
the synthetase assay (GS;). B, Glutamine synthetase activity was deter-
mined by the transferase assay (GS,;). C, Ratio GS/GS,. Data points
represent the mean of three experiments + SE.

plastic GS (GS-2) (lanes 1 and 7). The steady-state level of
this polypeptide decreased during infection (lanes 5 and 6). A
second GS polypeptide showing an apparent M, of 39 kDa
was also detected. The steady-state level of the 39 kDa band
increased during the course of infection. Concomitant with
Chl content, LSU, Fd-GOGAT, and GS-2 contents were
drastically reduced during the last phase of infection (days 8
and 10). Decrease in four chloroplast markers: chlorophylls,
LSU, Fd-GOGAT, and GS-2, represent a chloroplast degen-
eration associated with the course of infection.
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Fig. 6. Elution profiles of GS activity from DEAE-Sephadex columns
and immunoblot analysis of GS polypeptides. A, Soluble extracts ob-
tained from noninfected tomato detached leaves and infected with Pseu-
domonas syringae pv. tomato HM-1, were separated by ion-exchange
chromatography and enzyme activity was determined by transferase
assay. Maximun GS values were 23.25 nkat.ml™' from noninfected
leaves, and 37.36 nkat.ml™' from infected leaves. B, Inmunoblot analy-
sis of GS polypeptides in protein fractions with the highest GS activity
from the different peaks of GS activity eluted from DEAE-Sephadex
columns. Protein fractions were concentrated, separated by SDS-PAGE
and immunoprobed with GS antibodies. The Ms of protein markers and
the size of the major cross-reacting bands are indicated on the right and
left, respectively, in kDa. Detached leaves maintained 10 days in MS
medium were used in these experiments.
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Glutamine synthetase isoform pattern.

To determine if accumulation of GS polypeptide of 39 kDa
could be due to a proteolytic degradation of the 45 kDa band
corresponding to chloroplastic GS, or may be attributed to the
expression and accumulation of cytosolic GS, we performed
different experiments to study the glutamine synthetase activ-
ity and GS isoform pattern during the pathogenesis. Parallel
with chloroplast degeneration, GS activity decreased marked-
ly in tomato detached leaves during infection when its com-
pared with levels detected in noninfected detached leaves
(Fig. 5). The specific activity of GS decreased about fivefold
in synthetase assay (GS,) (Fig. 5A) and about twofold in
transferase assay (GS)) (Fig. 5B). The ratio GS/GS, increased
during the final stages of pathogenesis (Fig. 5C), suggesting
the existence of change in the GS complement during the
pathogenesis. To test this hypothesis, the GS isoenzyme pat-
tern was examined by DEAE-Sephadex chromatography in
noninfected and infected detached leaves (Fig. 6A). In nonin-
fected detached leaves a major peak of GS activity was de-
tected, which eluted from the columns at a saline concen-
tration of 0.22 M KClI, which corresponded to chloroplastic
GS (GS-2) detected in mature tomato leaves (Cdnovas et al.
1984). However, in chlorotic detached leaves, lower saline
strength was required to elute most of the enzyme activity
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Fig. 7. Northern blot analysis of tomato GS mRNA levels during the
course of infection with Pseudomonas syringae pv. tomato HM-1. Total
RNA from noninfected and infected tomato detached leaves was electro-
phoresed on 1% formaldehyde agarose gels and analyzed by Northern
hybridization. Lanes 1, 2, 3, 4, 5, and 6 correspond in the order given, to
infected detached leaves of 0, 2, 4, 6, 8, and 10 days after inoculation.
Noninfected tomato detached leaves maintained 10 days in MS medium
were used as controls (lane 7). A, With GS-2 probe. B, With GS-1 probe.
C, With mitochondrial B-ATP synthase probe used as an endogenous
control of mRNA.

100 / Molecular Plant-Microbe Interactions

(0.15 M KCl); we named this peak GS-1 because its chroma-
tographic behavior was different from that of GS-2 detected
in noninfected leaves. This finding may represent the detec-
tion of a cytosolic GS associated to pathogenesis.

For the identification of GS polypeptides associated to GS
isoforms in both infected and noninfected tomato detached
leaves, we performed immunoblot analysis of protein frac-
tions isolated from DEAE-Sephadex columns with the high-
est GS activity (Fig. 6B). Protein fractions were concentrated
by inverse dialysis, separated by SDS-PAGE and immunoprobed
with anti-GS-2 antibodies. Noninfected leaves contained a
major GS polypeptide of 45-kDa (lane 2) and a second band
of 39 kDa (lane 3) was detected as the most abundant form in
infected tissues.

mRNA levels of glutamine synthetase isoforms.

To determine whether changes in glutamine synthetase
polypeptides were correlated with changes in glutamine syn-
thetase mRNA levels, we examined the steady-state levels of
mRNA encoding the two different isoforms. GS mRNA levels
were determined by Northern blot analysis using as molecular
probes two cDNA probes isolated from tobacco corres-
ponding to the GS-2 (Becker et al. 1992) and GS-1 (B. Hirel,
unpublished) isoforms. Total RNA was isolated from infected
leaves at various times after inoculation with P. syringae pv.
tomato HM-1 and the relative abundance of GS-2 and GS-1
mRNA was compared. A decrease in mRNA levels coding
for GS-2 (Fig. 7A) and a differential accumulation of GS-1
mRNAs was observed (Fig. 7B). During infection, GS-2
mRNA was detectable until 6 days after inoculation (lane 4),
and was undetectable in days 8 and 10 after infection (lanes 5
and 6). GS-2 mRNA levels of detached control leaves (lane
7) were lower than undetached leaves (lane 1).

GS-1 mRNAs was barely detected until 4 days postino-
culation (lane 3). By 6 days of infection, GS-1 mRNA accum-
ulated to high levels, which continued increasing until 8 days
after inoculation (lane 5). These GS-1 transcripts were not
detected in control detached (lane 7) and undetached leaves
(lane 1). Mitochondrial 3-ATP synthase mRNA was used as
an endogenous control and was detected in all stages ex-
amined. The steady-state levels of this transcript increased
during the infection, showing the highest abundance in the
latest stages (Fig. 7C).

DISCUSSION

It is well documented that infection by bacterial pathogens
induces in plants a wide range of metabolic changes. Most of
the studies concerning the host-pathogen system tomato-P.
syringae are related to pathogenicity of the bacterium (Bash-
an et al. 1986; Bender et al. 1987); biochemical events of
plant response to infection have been poorly documented
(Pautot et al. 1991; Koch et al. 1992; Martin et al. 1993). The
experiments presented in this paper demonstrate that during
infection, directly correlated with the increase of pathogen
population levels, there was chloroplastic degeneration, be-
cause a decrease in contents of chloroplastic markers such as
chlorophylls, LSU, Fd-GOGAT, and chloroplastic GS was
observed.

Leaf protein analysis by electrophoresis showed that the
major change in the protein pattern of infected leaves was



concerned with LSU. The drastic decline observed for LSU
levels during the course of infection may be result of a de-
crease of RuBPCase synthesis and/or increase of protein de-
gradation. Bashan et al. (1986) demonstrated that the protease
activity increased in response to P. syringae pv. fomato in-
fection, suggesting that proteases play an important role in
the development of bacterial speck disease. The major PR
proteins induced by CEV in tomato plants, P-69, is an endo-
proteinase which degrades RuBPCase (Vera and Conejero
1988). We have also detected P-69 protein in tomato leaves
infected by P. syringae (data not shown). In melon plants
infected with Collecotrichum  lagenarium, RuBPCase
gradually disappeared during the different stages of infection
and a rapid decrease in the rate of RuBPCase synthesis was
observed (Ranty et al. 1987). Degradation and synthesis rates
of RuBPCase in infected tomato leaves were not assayed in
this work, nevertheless a negative regulation of such a quan-
titatively important protein during infection could be expected,
and it might be an essential step in nitrogen mobilization that
is required for the biosynthesis of defense proteins by the host
plant.

Total GS activity in detached leaves showed a decrease
when the leaflets were inoculated with P. syringae and incu-
bated for 10 days. In infected leaves, the ratio GS/GS, in-
creased during the final stages of infection, indicating changes in
the isoform complement, because variations in the relative
proportions of GS isoforms may contribute to the alteration of
the GS/GS; ratio (Padilla et al. 1987). This assumption is
confirmed by the GS elution profiles from DEAE-Sephadex
columns; a different chromatographic pattern was detected in
chlorotic leaves. Western blot analysis are also consistent
with this conclusion. Immnunochemical analysis of GS iso-
forms indicated that GS-2 protein, GS species of 45 kDa,
constituted the major fraction of total GS proteins in non-
infected detached leaves and decreased during pathogenesis.
In chlorotic leaves, a major GS polypeptide of 39 kDa (GS-1)
was detected, whose amount increased during infection. These
data indicate that the increase in the steady-state level of the
39-kDa polypeptide during the infection is correlated to the
replacement of chloroplastic GS by the cytosolic isoenzyme
as the major GS isoform in infected leaves. A similar obser-
vation has been reported for radish (Raphanus sativus) coty-
ledons during senescence (Kawakami and Watanabe 1988).

Under these infection conditions, a strong decrease in the
level of GS-2 mRNA and accumulation in mRNA coding for
GS-1 were also observed in the leaflets of this tomato variety
susceptible to P. s. pv. tomato. These results show that the
expression of GS isoforms genes during infection are reg-
ulated at the transcriptional and/or posttranscriptional levels.
A similar effect, induction of a gene encoding cytosolic GS,
has been reported by Hirel et al. (1992) in tobacco leaves by
forcing expression of a soybean root glutamine synthetase gene.

Hirel et al. (1987) have described that the expression of
genes for nodule-specific GS are induced by ammonium pro-
vided externally or by symbiotic nitrogen fixation in developing
bean root nodules. The accumulation of ammonium ions in
response to Pseudomonas infection has been proved in toma-
to plants, as a consequence of proteolytic activity and amino
acid deamination (Bashan et al. 1986). Turner and Debbage
(1982) described the implication of tabtoxin, a bacterial toxin,
in ammonia accumulation released in photorespiration during

pathogenesis. It is possible that GS-1 gene could be induced
by ammonia which could be produced in protein catabolism
and could also accumulate during pathogenesis as a con-
sequence of photorespiratory nitrogen cycle interruption by
effect of toxin production from bacteria.

During infection, RuBPCase, which represents 50% of total
leaf proteins, and other chloroplast polypeptides are degraded
to their structural units, the amino acids, which can be sub-
sequently deaminated. Carbon skeletons can be used as pre-
cursors to biosynthesis of molecules involved in plant de-
fense, while ammonium can be reassimilated by GS enhanc-
ing the formation of glutamine. Expression of cytosolic GS
when chloroplast has been disorganized can be an important
factor to maintain plant nitrogen economy during pathogene-
sis, because the drastic disappearance of chloroplastic GS and
Fd-GOGAT during the infection does not allow the reassim-
ilation of ammonia by the GS/GOGAT cycle. Then, glut-
amine can be an important vehicle for nitrogen transport to
healthy parts of plant where it can be used for the biosynthesis of
defense-related proteins that permit plant response. The accu-
mulation of cytosolic GS may be due to a synthesis either in
the phloem cells or in the mesophyll cells, but there is more
and more evidence that cytosolic GS in the phloem is prob-
ably playing an important role in ammonia remobilization and
transport. These nonoverlapping roles for chloroplast and
cytosolic glutamine synthetase have been reported by cell-
specific expression in transgenic plants (Edwards ef al. 1990).

The results presented in this paper provide experimental
evidence that during infection of tomato leaves by P. syrin-
gae the isoform pattern change of GS may be correlated with
the chloroplastic degeneration associated to pathogenesis. In
addition our data suggest that cytosolic GS could be con-
sidered as defense-related protein during pathogen stress.

MATERIALS AND METHODS

Bacterial strain and growth conditions.

Pseudomonas syringae pv. tomato strain HM-1 used in this
study was isolated from infected tomato leaves, and char-
acterized further by biochemical tests proposed by Hilde-
brand et al. (1988) and hypersensivity and pathogenicity tests
towards tobacco and tomato, respectively. This strain was
routinely grown in King’s medium B (KB) (King ef al. 1954)
at 27° C.

Plant material and inoculation.

Lycopersicon esculentum Mill. cv. Hellfrucht Friithstamm
was grown from seed in a greenhouse under natural light.
Prior to inoculation, tomato leaflets from 10-wk-old plants
were detached, disinfected in 0.1% (w/v) HgCl, solution, and
placed in petri dishes with their petioles immersed in Mura-
shige and Skoog medium (MS) (SIGMA 9274). Bacterial
suspensions were adjusted to 10* colony-formings units per
milliliter with sterile distilled water. Detached leaflets were
inoculated with a 100-fold dilution of bacterial suspension by
injection and maintained at 22° C under a 16 hr-photoperiod,
with relative humidity not less than 80%. To decrease error
due to plant-to-plant variation, four to six tomato plants were
used for each experimental time point of treatment. All ex-
periments were repeated at least three times. Noninfected
detached leaflets inoculated with sterile distilled water and
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maintained in MS medium were included in all experiments
as controls.

Bacterial growth in leaf tissue.

Leaflet disks were taken with a sterilized cork borer and
then homogenized in sterile phosphate-buffered saline. Bac-
terial populations were determined by serial dilutions on
plates of KB medium after incubation at 27° C during 48 hr.

Chlorophyll content.

Total chlorophylls were extracted from tomato detached
leaflets in 80% (v/v) acetone. Chlorophylls a and b were
spectrophotometrically quantified by readings at 647 and 664
nm, according to Graan and Ort (1984).

Protein extraction and glutamine
synthetase determination.

Leaf tissue (1-2 g) for protein isolation was harvested from
petri dishes, frozen in liquid nitrogen and stored at —80° C
until required. Tissue was ground with a mortar and pestle in
liquid nitrogen and soluble proteins were extracted in 50 mM
Tris (pH 8.0), 2 mM EDTA, 10 mM 2-mercaptoethanol, 0.1
mM PMSF and 10% (v/v) glycerol as described Canovas et
al. (1991). Protein concentration was estimated by the
method of Bradford (1976) using bovine serum albumin as
standard. Glutamine synthetase activity was evaluated by the
synthetase and transferase assays as described earlier
(Canovas et al. 1991).

Ion-exchange chromatography.

Glutamine synthetase isoenzymes were separated essen-
tially as described elsewhere (Gdlvez et al. 1990). The crude
extracts were applied to a Sephadex G-25 (5.8 x 1.5 cm) col-
umns equilibrated in running buffer 2 mM EDTA, 10 mM 2-
mercaptoethanol, 5 mM MgSO,, and 50 mM Tris-HCI (pH
8.0). The desalted preparations were loaded on a DEAE-
Sephadex A-25 (7 x 1.9 cm) columns equilibrated with the
same buffer. The enzyme was eluted by the application of a
linear gradient of 0-0.3 M KClI at 20 mlLhr L. Fractions of 1.6
ml were collected and assayed for GS activity by the trans-
ferase assay.

Electrophoresis and Western blot analysis.

SDS-polyacrylamide gel electrophoresis and Western blot
analysis was performed as described by Canovas et al
(1991). After electrophoresis, the polypeptides were visual-
ized by staining Coomassie blue. Duplicate gels were electro-
phoretically transferred to nitrocellulose membranes. LSU
(1:10,000), Fd-GOGAT (1:8,000), and GS (1:1,000) antibod-
ies raised against LSU and Fd-GOGAT from Pinus pinaster
seedlings (Garcia-Gutiérrez et al. 1993a; 1993b) and GS from
tobacco leaves (Hirel et al. 1984), respectively, were used.
Immunocomplexes were detected with a biotin-avidin peroxi-
dase kit following the manufacturer’s directions. Peroxidase
activity was viewed by incubation in 0.02% (v/v) H,0, and 4
mM 4-chloro-1-naphthol in phosphate-buffered saline.

RNA isolation and Northern blot analysis.

Total RNA was isolated, with minor modifications, as de-
scribed by Cantén et al. (1993) from frozen samples by ex-
traction in liquid nitrogen and homogenization in 1% (w/v)
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triisoprophyl naphthalene sulphonic acid, 0.5% (v/v) 2-
mercaptoethanol, 6% (w/v) p-aminosalycilic acid, 1% (w/v)
NaCl, and 6% (v/v) phenol, and size-fractionated on formal-
dehyde agarose gels. Equal RNA loading (20 pg) was based
on spectrophotometric determination of RNA concentration
and ethidium bromide staining. After destaining, RNA was
transferred to positively charged nylon membranes and hy-
bridized with radioactive probes. cDNAs were *?P-labeled
using the random primer method. GS-2 and GS-1 probes are
from Nicotiana tabacum, and they are 1.5 and 1.4 kb EcoRI
fragments of the plasmids pcGS2-17 (Becker et al. 1992) and
pGS1 NT 5 (B. Hirel, unpublished), that contain the coding
region of these genes. A mitochondrial B-ATP synthase probe
from Nicotiana plumbaginifolia of 1.25 kb (Boutry and Chua,
1985) was used as control in the Northern blot experiments.
Hybridizations were carried out at 42°C in 50% formamide,
6% SSC (1x SCC is 15 mM sodium citrate, 150 mM NaCl pH
7.0), 5x Denhardt’s solution, 0.5% (w/v) SDS and 100 pg/ml
salmon sperm DNA. Filters were washed at 42° C in 4x
SSC/0.2% SDS, 2x SSC/0.2% SDS, and 1x SSC/0.2% SDS.
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