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Engineering herbicide resistance in plants by expression of a

detoxifying enzyme

M.De Block, J.Botterman, M.Vandewiele. J.Dockx,
C.Thoen, V.Gosselé, N.Rao Movva', C.Thompson'?,
M.Van Montagu and J.1Leemans

Plant Genetic Systems NV, J Plateaustraat 22, B-9000 Gent, Belgium, and
'Biogen S.A., 46, Route des Acacias, CH-1227 Geneva. Switzerland

“Present address: Institut Pasteur, 25 et 28 Rue du Docteur Roux, 75724
Panis F-Cedex 15, France

Communicated by M.Van Montagu

Phosphinothricin (PPT) is a potent inhibitor of glutamine syn-
thetase in plants and is used as a non-selective herbicide. The
bar gene which confers resistance in Streptomyces
hygroscopicus to bialaphos, a tripeptide containing PPT, en-
codes a phosphinothricin acetyltransferase (PAT) (see accom-
panying paper). The bar gene was placed under control of
the 35S promoter of the cauliflower mosaic virus and transfer-
red to plant cells using Agrobacterium-mediated transforma-
tion. PAT was used as a selectable marker in protoplast
co-cultivation. The chimeric bar gene was expressed in tobac-
co, potato and tomato plants. Transgenic plants showed com-
plete resistance towards high doses of the commercial
formulations of phosphinothricin and bialaphos. These data
present a successful approach to obtain herbicide-resistant
plants by detoxification of the herbicide.

Key words: acetyltranferase/bialaphos/herbicide  resistance
glutamine synthetase/phosphinothricin

Introduction

The use of herbicides to reduce loss in crop yield due to weeds
has become an integral part of modern agriculture. There is a
continuous search for new herbicides that are highly effective
and safe for animals and the environment. A new class of herbi-
cides that fulfils these needs acts by inhibiting specific amino acid
biosynthesis pathways in plants (La Rossa and Falco, 1984).
However, most of these herbicides do not distinguish between
weeds and crops.

Modifying plants to become resistant to such broad-spectrum
herbicides would allow their selective use for crop protection.
As a consequence, a major effort has been devoted in several
laboratories to engineer herbicide-resistant plants. Two ap-
proaches have been followed. In the first, a mutant form of the
target enzyme is produced which is still active but less sensitive
to the herbicide. In this way, mutant plants producing an altered
form of the enzyme acetolactate synthase have been selected
which are resistant to the sulfonylurea and imidazolinone herbi-
cides (Chaleff and Ray, 1984; Shaner and Anderson, 1985). In
another example, a mutant form of the bacterial aroA gene was
expressed in tobacco and conferred tolerance to the herbicide
glyphosate (Comai er al., 1985). The second approach involves
overproduction of the target enzyme. It has been demonstrated
that overexpression of the plant enzyme 5-enol-pyruvylshiki-
mate-3 phosphate synthase conferred glyphosate tolerance in
transgenic petunia plants (Shah er al., 1986).

© IRL Press Limited, Oxford, England

Bialaphos (Ogawa er al., 1973) and phosphinothricin (PPT)
(Bayer er al., 1972) are potent new herbicides. Bialaphos is a
tripeptide antibiotic produced by Streptomyces hygroscopicus. It
consists of PPT, an analogue of L-glutamic acid, and two L-
alanine residues. Upon removal of these residues by peptidases,
PPT is a potent inhibitor of glutamine synthetase (GS). This en-
zyme plays a central role in the assimilation of ammonia and
in the regulation of nitrogen metabolism in plants (Miflin and
Lea, 1977; Skokut er al., 1978). It is the only enzyme in plants
that can detoxify ammonia released by nitrate reduction, amino
acid degradation and photorespiration. Inhibition of GS by PPT
causes rapid accumulation of ammonia which leads to death of
the plant cell (Tachibana er al., 1986). PPT is chemically syn-
thesized (Basta® , Hoechst AG) while bialaphos is produced by
fermentation of S. hygroscopicus (Herbiace®, Meiji Seika Ltd).
Here we present an alternative strategy to engineer herbicide
resistance in plants by expressing an enzyme that detoxifies
phosphinothricin.

The accompanying paper describes the cloning and
characterization of a bialaphos resistance gene (bar) from §.
hygroscopicus which is involved in the bialaphos biosynthesis
pathway. It encodes a phosphinothricin acetyltransferase (PAT),
which acetylates the free NH, group of PPT and thereby
prevents autotoxicity in the producing organism (Murakami er
al., 1986). Here we report the expression of the bar gene in trans-
genic tobacco, tomato and potato plants. We show that trans-
genic plants expressing PAT are completely resistant to high doses
of the commercial formulations of both PPT and bialaphos. The
use of the bar gene as reporter gene to analyse plant gene ex-
pression is also demonstrated.

Results

Chimeric bar gene for expression in plants

The bar gene was originally isolated in a streptomycete vector
and subcloned into an Escherichia coli vector yielding pBG195
(accompanying paper). The translation initiation codon of the bar
gene in Streptomyces is GTG. In order to guarantee proper
translation initiation in plants, an ATG initiation codon is re-
quired. To this end, the N-terminal end of the bar coding region
was substituted for two complementary synthetic oligonucleotides
(Figure 1A). In the resulting plasmid, pGSFR1, the bar gene
contains an ATG as initiation codon. Subsequently, this gene was
inserted between the cauliflower mosaic 35S promoter and the
termination and polyadenylation signal of the octopine T-DNA
gene 7 (Velten and Schell, 1985). This chimeric gene and a kana-
mycin resistance gene under the control of the nopaline synthase
promoter were inserted between the octopine T-DNA borders
of plant transformation vector pGV 1500 (Figure 1B). This plas-
mid, pGSFR280, was mobilized into the Agrobacterium recipient
CS8C1 Rif® (pGV2260) (Deblaere er al., 1985). to generate
strain CS8C1 Rif® (pGSFR1280).

PAT is a selectable marker in tobacco protoplast transformation
To test whether expression of the PAT enzyme allows for selec-

2513
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Fig. 3. Ammonia determination (% basal NH; " content) in transformed and

untransformed tobacco plants after spraying with 20 | Basta® /ha Samples
were taken before spraying and at regular time points after spraying
untreated control plant; ® treated transgenic plant; A treated control plant

ammonia accumulation in transgenic and non-transformed plants
treated with the herbicide. Ammonia accumulated rapidly in
treated control plants and increased 40-fold after 8 h. Ammonia
levels in transgenic plants did not significantly change over a 24-h
period after application of 20 | Basta®/ha. The levels were com-
parable to those present in untreated SR1 plants (Figure 3). This
clearly shows that the transgenic plant is completely insensitive
to the herbicide treatment.

Inheritance of PPT resistance

Seven transgenic plants that had been treated with 20 I/ha Basta®
were analysed further (plants 101 —105, 107 and 108). They pro-
duced normal amounts of viable seed. Five week old plants from
the F1 progeny were sprayed with 8 I/ha Basta® . From the seven
parental plants, six segregated resistant and sensitive seedlings
in a3 to 1 ratio, indicating Mendelian inheritance as a single
dominant locus. Southern blots showed that 103 contained three
copies of bar, whereas the others carried a single copy (data not
shown). Since a Mendelian inheritance was observed, we ex-
pect that the three T-DNA copies are inserted at a single locus
in plant 103. One plant (101) did not produce resistant seed-
lings. Also no PAT enzyme activity could be detected in these
seedlings. This observation needs further investigation.

Herbicide-resistant plants

an

— s

o
e o —
co Par
08 1w 108 104 09 102 101 100 50 10
- -
v -
W W patw - -

CO Par
108 107 106 104 03 02 101

Fig. 4. (A) Detection of PAT protein by immunoblotting of leaf extracts
from transgenic N. tabacum plants. Crude extracts of 50 KE protein were
separated on an SDS — polyacrylamide gel and clectrophoretically transferred
to mtrocellulose. The filter was treated with PAT antiserum and stained
Lanes 1-7, crude extracts from seven independent plants. Lane 8 crude
extract from an untransformed plant (CO). Lanes 9-11, 100, S0 and 10 ng
of punified PAT. (B) Detection of PAT activity by t.l.c. The extracts were
prepared from leaf tissue and diluted 100 times. The reaction was performed
and an aliquot spotted on a silicagel t.1.c. plate for ascendent
chromatography. ['*C]Substrates and reaction products were visualized by
autoradiography. Lane 1, leaf extract from untransformed plant. Lane 2,
leaf extract of untransformed plant to which PAT enzyme is added. Lanes
3-9, extracts from seven independent transgenic tobacco plants

Expression of PAT in transgenic plants
The expression level of PAT was determined in the seven selected
transformed tobacco plants. Analysis of crude leaf extracts by
Western blotting revealed the synthesis of a polypeptide that co-
migrated with PAT, purified from an E. coli overproducing strain
(in preparation) (Figure 4A). Plants 101 and 108 produce low
levels of PAT (<0.01%), whereas it amounts up to 0.1% of
total soluble protein in the others. The same relative levels of
PAT activity were observed in an enzymatic assay in which *C-
labelled acetylated PPT was detected after separation by t.l.c.
(Figure 4B). Using a spectrophotometric assay which is more
convenient for quantification, no activity above the background
level could be measured in extracts of 108, whereas a 100-fold
dilution of the extract of 103 still contained detectable activity
(Table I). Interestingly, the low level expression in 108 was still
sufficient to fully protect the plant from the herbicide.
PAT-specific mRNA was detected in a Northern blot of total
RNA extracted from young leaves of the plants (Figure 5).
Although all of these plants contain the same gene, they showed
at least a 100-fold variation in the accumulation of PAT-specific
mRNA as assayed by autoradiography densitometry. In the dif-
ferent plants the ratio in the levels of steady-state mRNA corre-

2515
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108 105 104 103 102 101
i e

Fig. 5. Northern blot hybndization of RNA extracted from six transgenic
tobacco plants. 10 ug aliquots of total RNA were electrophoresed in 1.5%
agarose/formaldchyde gel and blotted to nitrocellulose. A bar RNA probe was

used for hybndization

Table I. PAT activity in crude leaf extracts in transgenic tobacco plants measured
spectrophotometrically

Plants Activity
(10 "* units/mg extracted protein)

108 nd

107 T4
105 264
104 304
103 1240
102 407
101 43

Enzyme assay and definition of unit activity are described in Matenals and methods
nd not detectable

sponded to the amount of PAT protein accumulated (compare
Figure 5 and Figure 4A)

Herbicide-resistant tomato and potato plants

Transgenic plants expressing PAT were obtained from leaf disc
infections of Lycopersicum esculentum cv. Lukullus and Solanum
tuberosum cv. Berolina, cv. Bintje and cv. Désiree. The two
tomato and three potato plants, which were sprayed with 20 1ha
Basta® , were fully resistant (Figure 2B). All the transgenic plants
tested (15 tomatoes and 26 potatoes) showed high levels of PAT
activity

Discussion
The bar gene from S. hygroscopicus encodes a PAT which con-
verts PPT into the non-toxic acetylated form (accompanying
paper). We have used Agrobacterium vectors to transfer the bar
gene in tobacco, tomato and potato plants. When expressed from
the constitutive cauliflower mosaic virus 35S promoter an ac-
tive PAT enzyme was produced in the plant cells. Transgenic
plants were completely resistant towards the herbicide. We also
demonstrated the use of bar gene as a convenient selectable and
screenable marker in plant transformation experiments

Low doses of 0.5 mg/l PPT are sufficient to inhibit growth
of tobacco protoplasts. The bar gene proved to be an efficient
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marker in tobacco protoplast transformation
Tobacco calli expressing the PAT enzyme grew on medium con
taining 500 mg/l PPT. It was also possible to select directly for

transformed shoots in leaf disc transformations. Similar results
ructs carrying the bar gene

were obtained with chimeric const
under control of other plant promoters (unpuhllshcd data)

The bar gene 1s a useful reporter genc. It is enzymatically and
immunologically assayable to analyse gene expression in
transformed plants. In Western blots. amounts of 5 ng PAT were
detectable (Figure 3A). [n addition, its enzymatic activity can
be analysed by chromatographic detection of acetylated PP1
(Figurc'?uB). Enzymatic activities corresponding to I ng of pro

an overnight exposure. Accurate
values of enzyme activity are obtained if the enzyme Kinetics are
analysed \pc("tmphmnmcmc.:ll_\ (see Table I). Enzyme concen
trations of 5 ng/ml can be detected above background acetylasc
activity in plant extracts Enzymatic characterization of PAT and
some derivatives will be described elsewhere

Analysis of the PAT expression demonstrated that there 1s a
substantial variation between independent transformants in the
levels of expression, as has been observed in other cases (Jones
et al.. 1985 Sanders ef al., 1987). Quanttauve data of activities
showed at least a 30-fold difference. This variability between dif
ferent plants was represented at the level of PAT synthesis, PAT
activity and the amount of PAT-specific mRNA. The presence
of three T-DNA copies in plant 103 (data not shown) may ex
plain the highest expression level: the other observed differences
may be due to chromosomal location of the T-DNA 1nsertion

In greenhouse spraying tests (ransgenic plants expressing
various levels of PAT were fully resistant to high doses of Basta®
and Herbiace® , the commercial formulations of PPT and
bialaphos, respectively. For example, Basta® effectively kills
tobacco plants at 2 1/ha while transgenic plants were fully resis
tant to repeated spraying with 20 I/ha (Figure 2). Normal ap
plications for weed control in agriculture vary from 251075
I/ha. The fact that treated resistant plants did not show any 1n
crease in NH, " content proved the complete protection of the
plant GS from the action of the herbicide. Expression of PA'
at the level of 0.001% of total extracted proteins is sufficient
to protect the plants against ficld-dose application of the her
bicides. Some plants express PAT at a 100-fold higher level. The

PPT resistance was inherited in the F1 progeny of tobacco as
a single dominant trait. Spraying of the seedlings can be used
to follow segregation. Thus, the bar gene offers a great advan
tage for selection of progeny grown in soil; this in contrast with
many other marker genes

Other approaches to obtain PPT-resistant plants have been pro
posed. Donn er al. (1984) selected PPT-tolerant alfalfa cell
suspensions. These resulted from gene amplification which yield
ed an increase in the GS expression. A similar result can likely
be obtained by overexpressing a GS gene, using a strong pl;uil
promoter. However, it is not clear whether converting more
glutamate into glutamine would not produce undesired effects
on the nitrogen metabolism of the plant (Loyola-Vargas and San
chez de Jimenez, 1984). Another approach would be to introduce
mlu.plafnl\ a mutant form of GS which is no longer inhibited by
PPT. Since plant GS can complement a gin A mutation in E
coli (I)qs Sarma et al., 1986), it might be possible to select direct
ly in E u':h for mutant forms of the plant GS which are resis
tant to PPT. However, severe drawbacks could be encountered
if the resistant GS has modified enzymatic properties. Also, GS
has a multimeric subunit structure and mixed enzyme complexes
will probably be inhibited by the herbicide. Furthermore, it is

dominant selectable

tein are clearly observed after
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not clear whether overexpression or mutation of a single GS form
would result in herbicide resistance since many plants contain
multiple forms of GS (Ericson, 1985; Gebhardt er al., 1986).

Our results clearly show that engineering herbicide resistance
using a detoxification or degradation process holds much pro-
mise. The successful engineering of a detoxification pathway will
be largely independent from the plant species used. The same
gene will thus be useful to engineer a variety of crops, as we
have exemplified here. There are two sources for detoxifying
enzymes in nature: some herbicide-tolerant crop species have
detoxifying pathways such as the glutathione-S-transferase in corn
(Shimabukuro er al., 1971). Another source can be degradative
microorganisms often found in herbicide-contaminated soils. Pro-
blems with this approach could arise if several enzymes are in-
volved in the detoxification or if the enzymes have only a low
affinity and/or specificity for the herbicides. The advantages of
PAT as described here are in part the consequence of its evolu-
tion as resistance gene to act very efficiently and with high
specificity on phosphinothricin.

Materials and methods

Plasmid constructions

All DNA manipulations were as described by Maniatis er al. (1982). A Fokl —Belll
fragment was isolated from pBG39 (accompanying paper) and annealed with two
complementary synthetic oligonucleotides 5'-CATGAGCCCAGAAC-3" and
5" “CGTCGTTCTGGGCT-3’ and ligated to pLKS62 (Botterman, 1986) which
had been digested with Necol and Bglll. The bar gene could be isolated as a BamH]
fragment from the resulting plasmid pGSFR1. A cauliflower mosaic virus 355
promoter fragment, obtained from pGSJ280 (Deblaere er al., 1987) was fused
at the Clal site to the BamHI fragment containing the bar gene, after filling the
protruding ends with Klenow DNA polymerase. The TL-DNA gene 7, isolated
from pAP2034, was added as the 3'g7 fragment (Velten and Schell, 1985)
A chimeric kanamycin resistance marker containing a nopaline synthase pro-
moter, the neomycin phosphotransferase 11 gene from 7n$ and the 3’ end of the
octopine synthase gene was inserted in the Bglll site of pGV 1500 (Deblaere er
al., 1987). Subsequently, the chimeric bar gene was inserted in this vector to
generate pGSFR280
Transformation of regenerating SR1 tobacco protoplasts by co-cultivation with
Agrobacterium tumefaciens

Leaf protoplasts of N. tabacum c.v. Petit havana (SR1) (Maliga er al., 1973)
were isolated from sterile shoot cultures grown on medium containing half the
concentration of MS salts (Murashige and Skoog, 1962), supplemented with 1%
sucrose, 0.8% agar, pH 5.7. SR tobacco protoplasts were transformed using
a modification of the co-cultivation technique of Marton er al. (1979). Five ml
of protoplasts ( ~ 10%/ml) were cultured in K3 medium (Nagy and Maliga, 1976),
supplemented with 0.4 M sucrose, 0.5g/l MES, pH 5.5, 0.1 mg/l
naphthaleneacetic acid (NAA) and 0.2 mg/] benzylaminopurine (BAP) in 9 cm
Petri dishes for 3 days. Regenerating protoplasts were then infected at a ratio
of ~ 100 bacterial cells, grown in Min A medium (Miller, 1972) per protoplast
After 3 days, 2.5 ml of modified K3 medium containing 1.2% low gelling agarose
and 1000 mg/l cefotaxime was added to 2.5 ml of the co-cultivation mixture
The culture was incubated in 5 cm Petri dishes. One week later the agarose discs
were transferred to 9 cm Petri dishes containing 10 ml of modified K3 medium
with 0.35 M sucrose and 50 mg/l kanamycin or 0.5~50 mg/l PPT. Every 5 days
the liquid medium was replaced by fresh medium, each time lowering the sucrose
concentration by 50 mM. When the sucrose concentration reached 0.1 M, the
calli were transferred to BS medium (Gamborg, 1968) with 250 mg/l NH NO,,
0.5 g/l MES pH 5.7, 0.2 mg/l BAP, 0.6 mg/l NAA, 0.6% agarose and sup-
plemented with various concentrations of kanamycin or PPT

Leaf disc transformation

Tobacco. Leaves from sterile shoot cultures of N. tabacum cv. Petit Havana SR1,
grown on medium containing half the concentration of MS salts supplemented
with 1% sucrose, 0.8% agar, pH 5.7, were used as starting material. The leaf
disc transformation was essentially done as described by Deblacre er al. (1987).
Midnib and edges were removed from the leaves and segments of +0.25 cm®
were placed in the infection medium (BS medium supplemented with 250 mg/
NH NO,, 0.5 g/l MES, pH 5.5 and 3% sucrose). To 10 ml of infection medium
{in a 9 cm Petri dish) 25 gl of a late log culture of the Agrobacterium strain,
grown in Min A, was added. After 2 days the leaf discs were washed with the
infection medium 1 d with 500 mg/l cefotaxime. The leaf discs were

P

Herbicide-resistant plants

placed on shoot-inducing d [BS fium suppl d with 250 mg/l
NH,NO,, 0.5 g/l MES pH 5.7, 2% glucose, 40 mg/l adenine, 0.8% agar,
I mg/l BAP, 0.1 mg/l indole acetic acid (IAA) and S00 mg/] cefotaxime] con-
taining the selective agent (PPT or kanamycin). After 3 -4 weeks the regencrating
calli were transferred to the same medium without IAA and containing
200 mg/cefotaxine. Two to three weeks later, shoots were isolated and transfer-
red to rooting medium (half the concentration of MS salts supplemented with
3% sucrose, 0.5 g/l MES pH 5.7 and 100 mg/I cefotaxime). Roots formed after
12 weeks. The rooted shoots were propagated as sterile shoot cultures or transfer-
red to the greenhouse

Tomato. Sterile shoot cultures of L. esculentum cv. Lukullus, were grown as
described for tobacco. The midrib was removed from the leaves which were cut
without wounding the segments of 0.25~1 cm?. The segments were placed in
the infection medium (BS medium supplemented with 250 mg/l NH,NO,, 0.5 g/l
MES pH 5.5, 3% sucrose, 40 mg/l adenine, 40 g/l mannitol, 0.5 mg/l transzeatine
and 0.01 mg/l IAA). To 10 ml of infection medium (in a 9 cm Petri dish) 20 ul
of a late log culture of the Agrobacterium strain, grown in Min A, was added

After 2 days the leaf discs were washed with the infection medium supplemented
with 500 mg/l cefotaxime. The leaf discs were placed on shoot-inducing medium
[BS medium supplemented with 250 mg/l NH,NO,, 0.5 g/l MES pH 5.7, 0.5 g/l
polyvinylpyrrolidone (PVP) 200 mg/l glutamine, 2% glucose, 40 mg/l adenine,
40 g/l mannitol, 0.6% agarose, 0.3 mg/l transzeatine, 0.01 mg/l IAA and S00 mg/l
cefotaxime | containing 50— 100 mg/l kanamycin. Each S days the osmotic pressure
of the medium was lowered by decreasing the mannitol concentration with 10 g/l

After 1 month calli and meristems were separated from the leaf discs and placed
on shoot-inducing medium without mannitol and IAA and containing 1 mg/l
transzeatine and 200 mg/l cefotaxime. After small shoots had emerged, the calli
were transferred to elongation medium (BS medium supplemented with 250 mg/l
NH;NO,, 0.5 g/l MES pH 5.7, 0.5 g/l PVP, 2% glucose, 40 mg/l adenine,
0.6% agarose, 1 mg/l transzeatine and 0.01 mg/l GA,). The elongated shoots
were transferred to medium containing half the concentration of MS salts sup-
plemented with 2% sucrose, 0.5 g/l MES pH 5.7, 100 mg/l cefotamine and 0.7 %

agar. The rooted shoots were propagated as sterile shoot cultures or transferred
to the greenhouse

Potato. Transgenic potato were also obtained by a leaf disc infection method similar
1o the one for tobacco. The details of this procedure will be published elsewhere
(De Block er al., in preparation)

Herbicide applications

Plants were sprayed with a 2% aqueous solution of the formulated Basta® con-
taining 20% D,L-PPT (Hoechst AG) or Herbiace® «« g 33% bialaphos
(Meiji Seika, Ltd) from the four sides in a | m® surface using air-brush line of
Badger. Six week old F1 seedlings, planted separately in multijar plates, were
sprayed with 8 | Basta/ha

PAT assays

T l.c. method. To 100 mg of tissue, S0~ 100 ul of extraction buffer [SO mM Tris-
HCl, pH 7.5, 2 mM Na,-EDTA, 0.15 mg/ml leupeptine, 0.15 mg/ml
phenylmethylsulphonyl fluonde (PMSF), 0.3 mg/ml bovine serum albumin (BSA),
0.3 mg/ml DDT] was added with 5 mg PVP and sea sand. The tissue was ground
with a glass rod in a punctured Eppendorf tube that contained a hydrophobic plug
at the bottom. The Eppendorf tube was placed into a larger tube and centrifuged
for 1 min at 1000 r.p.m. The extract which was recovered was clarified in an
Eppendorf centrifuge for S min. To a diluted extract (12.5 ul) PPT (0.75 ul of
a | mM stock in SO mM Tris pH 7.5, 2 mM Na,-EDTA) and ["*CJAcCoA
(1.25 pl) (58.1 mCymmol, NEN) were added. The reaction mixture was incubated
at 37°C for 30 mun and spotted (6 xl) on a silicagel t.l.c. plate. Ascending
chromatography was carried out in a 3 to 2 muxture of 1-propanol and NH;OH
(25% NHy). '*C was visualized by autoradiography (XAR-5-Kodak film
overnight)

Spectrophotometric assay. Plant tissue (250 mg) was ground in 500 ul of the half
concentrated extraction buffer without DDT. The extract was enriched for the
PAT enzyme by a differential (NH,),SO; precipitation (30-60%). The protein
pellet was dissolved in 200 gl of buffer (50 mM Tris-HCl pH 7.5, 2 mM
Na,-EDTA). The protein concentration was measured relative to BSA as stan-
dard using the Biorad kit. The rest of the procedure was as described for chloram-
phenicol acetyl transferase (Shaw, 1975). The rate of PPT acetylation was
quantified by measuring the free CoA sulfhydryl group coincident with transfer
of the acetyl group to PPT. The reaction of the reduced CoA with 5.5
dithiobis-2-nitrobenzoic  acid (DTNB) yields a molar equivalent of free
5-thio-2-nitrobenzoic with a molar extinction coefficient of 13 600 at 412 nm. The
net change in extinction per minute was divided by 13.6 to give the result in
umol/min of PPT-dependent DTNB generated. One unit of PAT is defined as
1 umol of PPT acetylated per min at 37°C

Isolation of plant RNA and hybridization
Leaf RNA was isolated essentially as described by Jones er al (1985). A
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transcribe a radioactive RNA probe complementary to the bar mRNA. Northern Shaw,W.V. (1975) Methods Enzymol
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hybridization experiments were as described by Jones er al. (1985) Shimabukuro,R.H., Frear,D.S., Swanson H.R. ar A
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Aliquots of leaf extracts corresponding to 75 ug total extracted protein were elec Physiol., 62, 299304
trophoresed on 12.5% SDS — polyacrylamide and transferred to a nitrocellulose Tachibana K., Watanabe,T., Sekizuwa,Y. and Takematsu, T. (198¢ J Je

filter. The filter was treated first with rabbit antibody to PAT, then with alkaline Sei.. 11, 33-37
phosphatase-labelled goat anti-rabbit Ig. BC18/NBT alkaline phosphatase color
development solution (Biorad) was used as substrate

Velten.). and Schell,J. (1985) Nucleic Acids Res.. 13, 6981 — 6998
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Ammonia determunation in plant extracts Received on April

bed previously in 0.5 ml extraction buffer
al was pelleted and 1.6 ml tnchloroacetic
acid (0.3 M) was added to 0.4 ml supernatant. After 30 min the precipitate was

2 The supernatant was neutralized with KOH (10 mol/l)
ation of NH; " (0.1-0.5 ml). In the presence
sced nicotinamide-adenine nucleotide (NADH)
ammonia reacts with a-ketoglutarate to L-glutamate, and NADH and ammonia
are consumed stoichiometrically with the amount of ammonia. The assay was
performed in 1 ml cuvettes containing 0.15 M tnethanolamine pH 8.6, 11.1 mM
a-ketoglutarate, 0.2 mM NADH and 8 U glutamate dehydrogenase. Consump
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