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An Altered aroA Gene Product Confers Resistance to the

Herbicide Glyphosate

Abstract. The hypothesis that the herbicide glyphosate (N-phosphonomethylgly-
cine) acts on plants and microorganisms by inhibiting synthesis of 5-enolpyruvyl-3-
phosphoshikimate, a precursor to aromatic amino acids, was tested. Salmonella
typhimurium was treated with ethyl methanesulfonate, and mutants mapping at the
aroA locus, which encodes 5-enolpyruvyl-3-phosphoshikimate synthetase, were
isolated by selection for glyphosate resistance. One of the mutants results in the
synthesis of a 5-enolpyruvyl-3-phosphoshikimate synthetase that is resistant to
inhibition by glyphosate. The mutant aroA gene and the corresponding wild-type
allele were cloned. The mutation confers high resistance to glyphosate when
introduced in Escherichia coli in the presence or absence of the wild-type aroA allele.

The herbicide phosphonomethylgly-
cine (common trade name: glyphosate) is
used as a broad spectrum weed Kkiller. It
appears to inhibit the shikimic acid path-
way (I-4), which in plants and bacteria
provides a precursor for the synthesis of
aromatic amino acids. The glyphosate-
sensitive step is the conversion of phos-
phoenolpyruvate and 3-phosphoshikimic
acid to S-enolpyruvyl-3-phosphoshikimic
acid catalyzed by the enzyme 5-enolpyr-

uvyl-3-phosphoshikimate synthetase (E.C.
2.5.1.19).

We now describe the isolation of gly-
phosate-resistant mutants in Salmonella
typhimurium that map in the locus,
aroA, coding for S-enolpyruvyl-3-phos-
phoshikimate synthetase. The aroA gene
from one of the mutants was cloned in
Escherichia coli and the mutation or
mutations characterized as a structural
alteration of the enzyme encoded by the

Table 1. Frequency of glyphosate-resistant mutants. Strain TA831 is a his™ derivative of S.
typhimurium LT2; strain CTF3 is a mutant strain originated from experiment 2, resistant to
glyphosate at 350 pg/ml and mapping in the aroA locus. It was constructed by transducing an
aroA-glyphosate-resistant allele from experiment 2 in strain Al (5). EMS, ethyl methane-
sulfonate.

Frequency
. Glypho-

Experi- Strain EMS sate* aroA-
ment (pg/ml) Glyphosate Glyphosate
resistancet

1 TA831 - 350 1078 <107?

2 TA831 + 350 10 107¢

3 CTF3 + 1000 10°¢ 107°

*A commercial preparation of glyphosate was used. +Glyphosate-resistant mutations mapping at the
aroA locus were identified by cotransduction. Since lysates were prepared from pooled groups of mutants the
ratio of glyphosate-resistant aroA cotransductants to the total number of aroA transductants was taken as a
close estimate of the ratio of aroA-encoded to aroA-unrelated mutations in the original mutagenized culture.
To assure that the estimates were meaningful, random cotransductants were further tested for tight
cotransduction.
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aroA locus. The properties of this mu-
tant gene make it potentially useful for
the introduction and expression of herbi-
cide resistance in plant cells, which is
our long-range goal.

If the aroA gene product is the primary
target of glyphosate inhibition, glypho-
sate-resistant mutants which map in the
aroA locus may be isolated by selection
on glyphosate. Such mutations were
identified by tight cotransduction of gly-
phosate resistance and aroA into the
aroA-deficient S. typhimurium strain Al
(5). Ethyl methanesulfonate mutagenesis
(6) was used to increase the frequency
of glyphosate-resistant mutations, large
numbers of which were screened by pre-
paring mixed P22 lysates from thousands
of pooled mutants (Table 1).

Strain CTF3 is a representative mutant
obtained by mutagenesis and selection at
a glyphosate concentration of 350 pg/ml.
Although resistance of this mutant to
glyphosate was not very high, it cotrans-
duced 97 percent with the aroA mutation
of Salmonella strain Al. A second cycle
of mutagenesis on CTF3 and selection at
1000 pg/ml yielded a series of aroA relat-
ed mutants very resistant to glyphosate.
They grew well on glyphosate at 2000
pg/ml. All cotransduced 95 to 99 per-
cent with the independent S. ryphimuri-
um aroA-deficient mutations aroAl,
aroA124 (7), and aroA148 (5). One of
these mutants, designated CT7, was cho-
sen for further characterization.

Resistance to glyphosate mediated by
a mutation at the aroA locus could result
from altered regulation leading to over-
production of S-enolpyruvyl-3-phospho-
shikimate synthetase or to structural
changes in the enzyme. To distinguish
between these possibilities we analyzed
enzyme preparations from the mutant
strain CT7 and an isogenic wild-type
strain, STK1, prepared by transducing
the wild-type aroA allele from S. typhi-
murium strain TA831 into strain Al.

At saturating substrate concentra-
tions, CT7 enzyme preparations had
twice the specific activity of those from
STKI1 (8). Also, they were more resistant
to glyphosate than those from STKI1
over a range of different substrate and
inhibitor concentrations. Neither the
mutant nor the wild-type enzyme was
overproduced in response to glyphosate-
induced stress.

To study the mutation or mutations in
the aroA locus of mutant strain CT7, we
cloned in E. coli both mutant and wild-
type alleles. A cosmid bank was con-
structed from each strain in the low-copy
cosmid vector pVK100 (9). The chromo-
somal DNA was partially digested with
restriction endonuclease Sau 3A, ligated
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to pVK100 partially digested with Bgl 11
(to avoid excision of the cos site), and
packaged in phage lambda heads (10).
Since it was unknown whether glypho-
sate resistance was conferred in a mero-
diploid situation, we decided to comple-
ment the aroA-deficient E. coli mutant
strain LC3 (an hsdR derivative of strain
AB2829). By complementation of aroA
in strain LC3, cosmids carrying wild-
type and mutant alleles of aroA were
isolated from the respective gene banks.
We chose pAROAL, a cosmid carrying
the wild-type aroA allele, and pPMG,
which carries the mutant aroA gene, for
further characterization (Fig. 1). The
presence of both markers on a 5.5-kb
Bgl II-Hind III DNA fragment (pPMG1)
supports, with our transduction data,
that aroA codes for the gene conferring
glyphosate resistance. Plasmid pPMG1,
and its derivatives pPMGS, pPMG6, and
pPMG11, conferred resistance to gly-
phosate both in aroA-deficient and
aroA™* backgrounds. By conjugation (/1),
pPMG1 was reintroduced into S. ryphi-
murium strains carrying, respectively,
the aroAl, aroA124, and aroA148 muta-
tion, complementing all three and con-
ferring the same glyphosate resistance as
originally observed in strain CT7. En-
zyme activity from LC3 harboring pPMG1
showed the same resistance to glyphosate
inhibition as the one from strain CT7.

Growth kinetics of both S. typhimur-
ium and E. coli strains with wild-type
and mutant aroA loci were investigated.
In minimal medium, strains of either S.
typhimurium or E. coli harboring only
the glyphosate-resistant aroA allele ex-
hibited a 15 percent lower growth rate
than the isogenic line harboring either
the wild-type allele, or both wild-type
and mutant alleles. At a glyphosate con-
centration of 100 pg/ml, wild-type E. coli
showed 40 percent inhibition in growth
rate, whereas glyphosate at 1000 pg/ml
prevented any growth. The aroA E. coli
strain LC3 harboring pPMGI1 was not
inhibited significantly at 2000 wg/ml.

We now provide conclusive genetic
evidence that at least in enteric bacteria,
the S-enolpyruvyl-3-phosphoshikimate
synthetase enzyme is the biochemical
target for the herbicide glyphosate. This
was accomplished by isolating and char-
acterizing a mutation (or mutations) that
has the following properties: it maps in
the aroA locus; it confers high-level
resistance to glyphosate; and it results in
the production of an altered form of
5-enolpyruvyl-3-phosphoshikimate syn-
thetase. A mutant was identified that
confers high (2000 pg/ml) resistance to
glyphosate. Since most glyphosate-re-
sistant mutations do not map in the aroA
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locus, it appears that more than one
locus can be altered to confer resistance.
In theory, three types of glyphosate-
resistant mutants other than the aroA
mutants could be obtained: perhaps due
to alteration in permeability, shifts in
metabolic pools, and de novo recruit-
ment of glyphosate-modifying enzymes.

Resistance conferred by a mutant
aroA allele could be due to either over-
production of S-enolpyruvyl-3-phospho-
shikimate synthetase or to a structural
modification of this enzyme. The proper-

Fig. 1. Subcloning of the DNA segment that
confers the aroA-glyphosate-resistant traits.
Plasmid pPMG1, which contains three Bgl 11
fragments, was digested with Bgl II and ligat-
ed in vitro. The DNA was transformed to E.
coli strain LC3, and colonies selected for an
aroA* phenotype. Plasmids pPMGS5 and
pPMG6 complemented aroA mutants and
contained a 10-kb Bgl II fragment in both
orientations relative to the vector pVK100.
Plasmid pPMGS5 was digested with Bgl II and
Hind III and ligated in vitro and the DNA was
transformed to E. coli strain LC3. Plasmid
pPMG11, which contains the 5.5-kb Hind III-
Bgl II fragment, was selected. Restriction en-
donuclease sites on the plasmids for Bgl II,
Eco RI, and Hind III are designated B, RI,
and H, respectively. Km" and Tc" denote the
drug resistance markers kanamycin and
tetracycline. The bold lines refer to S. typhi-
murium DNA segments. In the inset gel,
plasmid DNA'’s were digested with Bgl II and
Hind III, subjected to electrophoresis ona 0.7
percent agarose gel, and stained with ethidi-
um bromide. (Lane 1) Lambda DNA digested
with Hind III. Fragment sizes are 23 kb, 9.7
kb, 6.8 kb, 4.3 kb, 2.2 kb, 1.9 kb, and 0.5 kb,
respectively. (Lane 2) pAROAI DNA. (Lane
3) pPMGI1 DNA. (Lane 4) pPMG5 DNA.
(Lane 5) pPMGI11 DNA. All plasmids contain
the common 5.5-kb Bgl II-Hind III DNA seg-
ment.

ties from mutant CT7 are consistent with
both possibilities: (i) enzyme activity is
twice as high in the mutant as in the wild-
type and (ii) the mutant enzyme is less
inhibited by glyphosate. Since two cy-
cles of mutagenesis were used, most
likely two independent mutations were
introduced in the aroA locus and each
could contribute to either mechanism of
resistance. However, the differential in-
hibition by glyphosate indicates that the
enzyme has been structurally altered.
Our results indicate that a structural
alteration of the enzyme is the main
determinant of resistance in mutant
strain CT7. We have demonstrated that
the primary site of action of glyphosate
in enteric bacteria is the enzyme 5-enol-
pyruvyl-3-phosphoshikimate synthetase.
This enzymatic target can be genetically
altered by structural mutations to resist
the inhibitive action of glyphosate. The
cloning and characterization of a domi-
nant gene conferring glyphosate resist-
ance should facilitate considerably the
long-range goal of introduction and
expression in plant cells of this determi-
nant to achieve herbicide resistance in
crop plants.
Luca Comal
LouvMinia C. SEN
DAviD M. STALKER
Calgene, Inc., 1910 Fifth Street,
Davis, California 95616
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