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We have used a gene from the soil bacteri-
um Alcaligenes eutrophus JMP134 to intro-
duce a herbicide degrading mechanism
into plants. The gene, tfdA, which encodes
a 24-dichlorophenoxyacetate monooxy-
genase (DPAM) catalyzing the first step in
the bacterial 2,4-D degradative pathway,
has recently been cloned and sequenced.
The coding sequence, fused with plant
expression sequences was introduced into
plants via Agrobacterium-mediated gene
transfer. The chimeric gene was ex-
pressed in tobacco (Nicotiana tabacum) un-
der the control of either a constitutive or a
light-inducible promoter. Transgenic to-
bacco lines tolerated elevated levels of 2,4-
D in tissue culture, and regenerated plants
showed resistance when sprayed with the
herbicide.

benoxyacetic acids, such as 2,4-D and MCPA (4-
chloro-2-methylphenoxyacetic acid) show an aux-
in-like hormone action when applied to plants. It
is postulated they mimic the function of the
intrinsic auxin, indole-3-acclic acid, on an internal auxin
receptor of the plant. The fact that higher concentrations
of the synthetic auxins are toxic to many dicotyledonous,
but not to monocotyledonous, plants, has been widely
used for their application as herbicides with high selectiv-
ity to control broadleaf weeds in cereal and grass crops.

Considerable effort has been spent to create herbicide
resistant crop plants. Although various attempts to isolate
such mutants or variants by conventional breeding and
tissue culture methods have met so far with limited
success, the methods of genetic engineering opened up
the way to transfer effective resistance mechanisms to
plants!. Resistance to atrazine?, glyphosate?®, and sulfonyl-
urea herbicides' have been achieved by the introduction
of foreign genes encoding modified insensitive target
proteins. Resistance to phosphinotricin® and bromoxynil®
were based on the expression of detoxifying enzymes
originally isolated from microorganisms.

Auenton has also been given to the possibility of
generating dicotyledonous plants resistant to 2,4-D. In
addition to its agricultural value, the study of 2,4-D
resistant plants may improve our knowledge about the site
of action and the molecular mechanisms by which auxins
exert their effects. 2,4-D-resistant mutants have been
isolated afier mutagenesis of Avabidopsis aliana?. Similar
10 2,4-D resistant tobacco cell lines?, these mutanis showed
a severely altered phenotype. Genetic and biochemical
studies suggested that resistance was due to a mutation

affecting a function involved in the action and not in the
metabolism of 2,4 D.

A potentially useful approach to the production of 2 4-
D resistant plants that show a normal phenotype would
therefore be 1o introduce a gene into plant cells known to
encode the metabolism of 2,4-D into a less toxic com-
pound. A gene fulfilling these needs has recently been
cloned and sequenced®. The {fdA gene from the soil
bacterium Alcaligenes eutrophus JMP134 encodes the first
enzyme involved in a 2,4-D degradative pathway: A single
polypeptide that is able to remove the acetate side chain
from 2,4-D in a monooxygenase-like reacton.

[t was not. known if the bacterial degradative monooxy-
genase would be enzgmalically active in plants, or if its

road substrate specificity would interfere with the plant
meltabolism. Here we report the expression of #dA, en-
coding a 2,4-dichlorophenoxyacetate monooxygenase
(DPAM) in genetically engineered tobacco plants. We
show that transgenic prams that express DPAM are resist-
ant to the herbicide 2,4-D, and we describe the phenotypic
response of the transgenic plants to differently substituted
phenoxy herbicides in tissue culture.

RESULTS

Contruction of plasmids for constitutive and light-
induced DPAM expression in plants. To create a plant/
bacterial hybrid gene for DPAM the procaryotic transla-
tion initiation codon GTG of #f#A was replaced by an ATG
codon. This was achieved by a synthetic double stranded
oligonucleotide designed to fit a 5* protruding end gener-
ated by FoklI 8 bp downstream from the translation
initiation codon. The oligonucleotide contained a se-
quence reconstituting the original open reading frame for
DPAM, the consensus sequence for plant translational
start sites upstream from the ATG start codon'® and a 5°
protruding end compatible with BamHI cloning sites.
The oligonucleotide was linked with the coding sequence
of #fdA truncated at its N-terminal end by a partial digest
with Fokl (Fig. 1). The correctligation of the oligonucieo-
tide was verified by sequence analysis.

The new sequence was fused at its 8’ end to a 200 bp
fragment containing the polyadenylation signal of the
octopine synthase gene (OCS-polyA)!t and atits 5’ end to
a 540 bp fragmentofthe cauliflower mosaic virus (CaMV)
355 promoter'®!3, The resulting plasmid, designated
pMCJCI007 (Fig. 1), was based on the intermediate vector
pMPK110 which is able to form cointegrates with dis-
armed Ti-plasmids of A. fumefaciens such as
pGV3850kan™. In a similar construction the constitutive
CaMV 358 meoter was replaced by the light-inducible
promoter of gene ST-LS11% to form a plasmid designated
pML]JC1005 (data not shown).

Toxicity of the DPAM reaction product. Gas chroma-
tography and mass spectrometry of E. eoli pUJCI001
expressing a DPAM-fusion gene showed that 2,4 dichloro-
phenol (2,4-DCP) was the reaction product thus confirm-
ing previous indirect results®.

In order to evaluate the possible toxicity of 2,4-DCP to
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FGURE 1 Comstruction of plasmid pMCJC1007 for stable
integration and expiression of the DPAM gene in plants. Ina
first cloning step the procaryotic translational start codon
GTG of gene ffdA was replaced by a synthetic oligonucteotide.
To avoid dimerisation at the Bam i site the oligonucteotide
was linked in a two step ligation first to the BamHI end of
linearised pUGLS and then to the DPAM coding sequence. In
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jant cells, callus cultures of tobaceo were placed onto MS-
agar plates containing 1 mg/l NAA, 0.1 mg/l BAP and 2,4

DOCP i concentrations ranging from 110 10 mg/l. No
¢oxic effects could be seen with 10 nig/l 2,4-DCP, whereas
wore than 2 mgll 24-D severely reduced growth and
wirned calli brown. Perkins e al.® reported 50% growth
inhibition of 1obacco suspension cultures by 10 mg/l 2,4-
PCP, but a generally much lower toxicity of 24-DOP on
the development of léaves and roots when compared to
9 4-D. These results were encouraging with respect to the
idea that transformation of tobacco with the DPAM gene
could resultin vesistance 1o 2,4-I
Transformation of tobacco with DPAM genes and
transcript analysis, Both constructs containing the hybrid
DPAM genes in combination either with the constitutive
(pMCJC1007) or with the light inducible promoter
(pMLJC1005) were used to transform tobacco (Nicotiana
lubacum W38). Gene transfer was mediated by Agrobucteris
wm - sirain CHBCL carrying the  disarmed -Ti-plasmid
pGV3B50kan' that is able to form cointegrates with
pBR322 derived vectors. Shoots were regenerated from
ifecied leaf dises by selection on kananiyen, sereened for
ropaline production and later analyzed by Northern blot
hybridization for the synthesis of DPAM-RNA. Twenty
5 transformed plants synthesized 2 specifically
hiybridizing transcript of the expected size of 1.3 kb (data
not shown).

Expression of the DPAM gene in tissue culture of
tobaceo. 24-D is known to promoie callus growth and 1o
suppress shoot regeneration from explanted tobacco leaf
discs in-tissue culture when applied in concentrations
higher than 0.1 mg/. To test transgenic plants for their
ability to tolerate elevated levels of 24-D, we chose a
“shoot. regeneration” medium containing 1.0 mg/l BAP
and 2,4-D at concentrations of 0.1, 0.2, 0.4, 1.0, 2.0, and
4.0 mg/l. Leaf discs from tobacco plants where the DPAM
gene was transcribed from the constitutive 358 promoter
wereable (0 develop normal shoots on a medium contain-
ing L0 mg/ 24-D (Fig. 2A). Depending on the individual
iransformed plant tested, minimal shoot. inhibition is
abserved: at concentrations of 2.0 or 4.0 mg/l 2.4-D,
wheveas leal dises from untransformed comrol plants
(tobacco W38 did not show any dilfeventiation on 0.2 mg/
12,4-D, indicating that expression of the DPAM gene
could result in up to 20-fold higher tolevance against 2,4+

A significantly different reaction was shown by plants
where the DPAM gene is under the control of the light
inducible promoter of the ST-LS1 gene. As this promoter
is only active in photosynihetically active tissues, and shoot
differentiation from explanted tobaccs leaf discs proceeds
via a (photosynthetically not active) callus stage, as expect-
#d in the shoot suppression assay, the transgenic DPAM-
plants showed thie same sensitivity against 2,4-D as the
nontranskormed tobacco W38 (Fig. 2B).

Response to differently substituted phenoxyacetic ac-
ids, In Alcaligenes entrophus JMP134- from which the
DPAM gene was originally isolated, DPAM is able to
degrade 2,4-D, MCPA; 4-CPA and unsubstituted phen-
Gxyacetic acid. To investigate how ‘transgenic tobacco
expressing DPAM responds to the auxin activity of differ-
ently substituted phenoxyaceticacids, the substances listed
in Figure 3 were incorporated in MS-agar together with
L0 -mg/l BAP. Leaf discs of transgenic tobacco WS7-7 and
control W38 were placed o the media and shoots arising
were counted after 18 days. Figure 3 shows, that trans-
genic plants expressed a similar tolérance 1o 4-CPA s to
24-D, a slightly reduced tolerance to MCPA and tio
tolerance against tri-substituted phenoxyacetic acids and
all the phenoxypropionic acids we tested.

transformed tobacco. After two weeks of growth in soil

FIGURE 2 Tolerance of trassgenic tobdcco against 24-D in
tissite culture, Explants from Nicotiana tabacum ‘W38 control
plants (left) and transpenic }]ﬂanm (right} were incubated on
medium containing 1.0 mg/l 24-D. Normal shovts develop
from leal dises which constitutively express DPAM (A, right).
Transgenic explants with a light-inducible DPAM gene (B,
right) show the same sensitivity against 2,4-D as the nontrans-
formed tobacco W38 (left).

Transgenic plants are resistant to the herbicidal activi-
ty of 24-D. Replicates of transgenic plants obtained by
clonal propagation were transterred to soil and grown in
the greenhouse. No difference in growth behaviour and
final height could be seen between untransformed and

control tobacco plants and transgenic tobacco plants were
sprayed with doses equivalent to 1 kgfha, 3 kgha and 10
kgr/ha 2,4-D-Na. Plants were further grown for 2-3 weeks
in the greenhouse and then checked for resistance.
Whereas 1 kg/ha totally inhibited growth of nonirans-
formied tobaceo plants, plants of the transgenic line WS7-7
which expressed the DPAM gene under the control of the
constitutive 358 promoter were resistant to up to 10 kg/ha
2,4-D:Na (Fig. 4 A). ,

Plants of the transgenic line WS4-7 that expressed the
DPAM gene under a light-inducible promoter active only
in green tissue and thus did not show tolerance in a tissue
culture assay, were also resistant to the herbicide when
sprayed with 1'kg/ha 2,4-D-Na (Fig. 4 B). No difference in
growth behaviour and final height was observed between
transgenic- plants treated with the herbicide and non-
treated plants (Fig. 4 C).
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Inheritanice of 2.4-D resistance. Seeds from selfed
WS7-7 plants were germinated on sterile MS medium with
kanamycin. Two hundred and fifty eight seedlings were
resistant to kanamycin and 83 were sensitive indicating
Mendelian inheritance of a single active locus. Leaf seg-
ments from 16 two weeks old Km’ F1 plants were placed
on 2,4-D medium to check for 2,4-D resistance, another
920 plants were sprayed with 3 kg/ha 9,4-D-Na, In all cases
inheritance of 2,4-D resistance was observed. Southern
blots showéd that the parental line WS7-7 contained-at
least three copies of the DPAM gene, which could also be
found in 14 outof 15 analysed ransgenic F1 plants (data
not shown). This suggests that the three T-DNA copies in
line WS87-7 were linketl: )

DPAM as a selectable marker, The use of the constitu-
tively expressed DPAM gene as a selectable marker for
Agrobacierim mediated leal disc transformation was exs
amined, Tn 4 standard transformation procedure, kang:
mycin was replaced by 24-D at a concentration of 0.5
mg/l, which was previously shown to be appropriate 1o
distinguish between untransformed and completely trans-
formed tssue, but ne shoot development was observed
under these conditions,

In order to test if DPAM expression could be used for
selection of germinating seeds, root formation from seeds
was measured in response to different concentrations of
9.4.13, Inhibilion curves (Fig. 5) demonstrate that no
significant difference in sensitivity is seen between un-
transformed seedlings and seedlings containing the 355-
DPAM gene.

DISCUSSION

The (fdA gene from Alcaligenss eutrophus JMP134 en-
codes the enzyme 2,4-dichlorophenioxyacetate monooxy-
genase (DPAM) that degrades the herbicide, 2.4-1. The
degradation product, 2,4-dichlorophenol, has been shown
to be non-toxic to plants at least up to concentrations of 10
mafl, We have fused the DPAM coding sequence to both a
constitutive and a light-inducible promoter and trans-
ferred the constructs in tobacco using an Agrobacterium
vector sysiem, Transgenic tobacco plants transformed
with the chimeric DPAM-genes were fully resistant o high
doses of 2,4-D. In addition, leaf cells from transgenic
tobacco that constitutively express DPAM are able to
redifferentiate into shoots in the presence of concentra
tions of 2,4-1) that normally suppress shoot formation,

Unlike the NPT gene!” or the PAT gene®, the DPAM
gene could not be used as a selectable marker in leaf disc
lransformation: One reason may be that in a chimeric
tissue transformed cells cannot develop into shoots be-
cause they are overgrown or otherwise inhibited by un-
wransformed callus that is vapidly developing in the pres-
ence of 2.4-1. 1t remains o be examined whether trans-
formation of protoplasts instead of leaf dises might
avercome this problem.

It is also not possible to select transgenic DPAM plants
during germination on 2,4-D. The lack of resistance of
roots against 2,4-D may have several yeasons, e.g. @ lower
expression of the 355 promoter in 1ools, 4 higher sensitiv-
ity of roots against 24D or 2,4-DCP compared to shouts
or an accumulation of 2,4-D or 2,4-DCP by transport.

The analysis of the DPAM-specihic mBNA demonstrat-
ed a substantial variation in expression levels of around 20
to 30-fold between independent transformants. Neverthe-
less, the highest expression level of the DPAM gene in line
WS7-7 corresponded to only three T-DNA copies in the
genome (data not shown). A similar observation has been
made by DeBlock et-al.® who reported three copies of the
PAT gene for the highest expressing plant. He suggested

that the observed 30-fold differences in the expression of
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FIGURE 3 Cross tolerance of transgenic tobacco against other
henoxy herbicides. Substances lisied below were incorporat-
ed ino 9MS agar as described in the text. The graph
deronstrates the response of cotitrol tobacco (W3S, Black
cohemns) aud transgenic tobageo (WST 7 hatched colurnns)
i ic awsins, The height of the columns
the 'uﬂaﬁer L that allowed cells from explanted
s to differentiate into normal shoots, Av higher
o only callus ﬁmwm was observed. £4-D: 24
4O dahlorophenoxyatetic

-phenoryacetic acid, 24,5

different synt

concentr:
dichlorophenogyacetic aci
acid, MOPA: dechloro-2-me
2.4, 5richlorophenoxyacetic aad. 4-GP: dechloroph
oxy)propionic  acid, 24-DF: 2-{2 4-dichloroplienoryjp
pionic acid, 24,5-T: 9.(2 4 5-trichlorophenoxy)propionic
acid.

FIGURE 4 Effect of 2,451 on transgenic twhacco. planis, A A
Nicotiana tabactn W3S control plant-(left) and a clonal reph-
cate of the WS7-7 line that expresses the DPAM gene under
the control of the CaMV 355 promoter (right) were sprayed
withi 10 kgfha 24-D-Na: B, A-Nicotiany tabacum W 38 control
plant (left) and a clonal replicate of the W54-7 line that
expresses the DPAM gene unter the control of the light-
inducible $T-LS1 promoter {ri hty were 5?1'33,%::1 with 1 kg/ha
9 4--Na. C. Two replicates of the W54-7 line were sprayed
either with water (left) or with 1 kig/ha 2.4-D-Na (right). The
pictares were taken three weeks atter spraying:




pAT-RNA may be due to effects of the T-DNA position in
the chromosome.

Expression of DPAM-RNA in transformants where the
DPAM gene is under the control of the light-inducible

romoter varied in the same range, but we never observed
similarly high expressing variants compared to the consti-
rutively expressing plants. The highest observed expres-
sion corresponded to a resistance against sprayed doses of
1 kgfha 2,4-D-Na. No qualitative difference could be seen
between resistance phenotypes generated by the constitu-
tive or the light-inducible DPAM gene.

When transgenic plants expressing DPAM were
sprayed with 2,4-D in the greenhouse, they were fully
resistant to amounts of 2,4-D commercially applied in the
field. For example, line WS4-7 tolerates 1 kg/ha, line WS7-
7 tolerates 10 kg/ha 2,4-D-Na. Depending on the crop and
weed species, 2,4-D is effectively applied in amounts
ranging between 0.3 kgrha and 3 kg/ha. This result is
encouraging with respect to the application of the DPAM
gene to create 2,4-D resistance in other cormmercially
interesting crop plants. As 2,4-D is already a selective
herbicide in monocotyledonous crop cultures, dicotyle-
donous crop plants will be the preferred targets for
genetic engineering. Additional investigation of the fate
of the DPAM reaction product, 2,4-dichlorophenol, in the
nlant are required. It may be worthwhile to think about

atroducing further genes of the bacterial 2,4-D degrada-
tive pathway into plants. In any case, toxicology and
persistance of 2,4-D and its degradation products have to
be newly evaluated.

Other attempts to obtain 2,4-D resistant plants have
been made”8, The introduction of the detoxifying en-
zyme DPAM by genetic engineering is up to now the only
approach that results in fully resistant and phenotypically
normal plants. This strategy promises to have broad
application, especially with herbicides for which detoxify-
ing pathways can be found in nature or created by
genetically modifying existing pathways. Future develop-
ment of new herbicidal compounds should favour sub-
stances that are easily degraded by microorganisms, thus
providing environmentally safe, non-persisting herbicides
together with the opportunity to introduce these selective
resistances into crop plants by genetic engineering.

EXPERIMENTAL PROTOCOL

Strains. E. coli TB1 is a derivative of strain JM101'® with the
getotypes F'(traD86, proAB; lel, lacZAMIS) Allac, pro), supk, thi,
reeA, SrlnTalO(T ) (Bart Barrel, pers. commiunication). £. coli
G]23% was wsed-as a helper strain for trii{m‘emai matings:
grobacterivm tumefaciens syrain C5RCT {pGV3BE0kan) contains
a disarmed cointegrate-type Ti-plasmid.

Plasmids, pUC18 was described by Norrander®'. pA5 (Fig. 1)
contains 200 bp of the octopine synthuse 3'-end!? inserted mto
pUCI18 (A. von Schaewen, in preparation); pA8 (Fig. 1) is a plant
expression vector constructed by insertion of the CaMV 358
promoter'? and the OCS-3' end! into pMPKI10 (A. von
Schaewen, in preparation). The multiple cloning site of pA8 was
derived from pUC18. pT[SX535 contains the coding sequence of
ifdA from Alcaligenes eutrophus JMP134 on a 1.5 kb Xbal-Sall
tragment®.

Media. Synthetic media for plant transformation and shoot
regeneration from transformed and untransformed tissue were
based on M5 medium containing 20 g/ sucrose: Basie chemicals
and 2,4-D were from Merck, Darmstadt, FRG. All other syrithetic
hormones were from Sigma, 51 Louis, MO, USA.

Synthetic oligonucleotides. Oligonucleotides were synthesized
by ‘an - Applied Biosystems 380A equipment_and purified by
preparative polyacrylamide gel elecirophoresis as described in
the Applied Biosystems User Bulletin issue No. 13, 1984 (Ap-
plied Biosystems, Foster City, California).

Plasmid contructions. Pairs of complementary oligonucleo-
tides, each consisting of 20 bases, were phosphorylated by poly-
nucleotide kinase, annealed by shifting temperature from 60°C to
37°C, and then ligated with pUC18 t%at had been digested with

root length [mm]

o4—ff : T
0 il 1072 1071
2,4-D [mg#l]

10°

FIGURE 5 Eifect of 24D on rooting of seeds. Transgenic
whaceo seeds comtaining the 355-DPAM gene (W57) and
uniransformed seeds (W38} were germinated on sterile MS
agar plates containing 2,4-D at concentrations of 0,4, 10, 20,
40, and 100 /. After 14°days of incubiation in the light, root
lengrh was ‘measured. Vertical bars indicate the standard
€ITor.

peoon

BamH1and Sphl; The linear product wag separated from:an
excess of oligonutleotides by agarose gel mlt;aroghnmsis using
DEAE membrane NA4D (Schleicher & Schuell). p1]5X535 plas-
mid DNA was digested with Xbal and Sphl and sepurated by
agarose gel electrophoresis: The 1.2 kb Fragment containing the
DPAM coding sequence was isolated from the gel by electroelu-
tios, partially digesied by Fokl, and repurified by agarose gel
electrophoresis. DNA fragmenis of argund 1.1 kb isolated from
the gel were ligated with the linearised pUCIS that contained the
oligonucleotide. The resulting plasmid pUJC100] was cloned in
E.oooli TBL DA of pUjC‘I%M was digested with BamHI and
Sphl w excige the insert, and with Pval to avoid religation of the
vector, and then ligated with pAS that had been digested with
BamHIand Sphl Fﬁﬁ was used as an intermediate vector as pAS
contained a Sphl site outside the polylinker. The resuli-
ing plasinid pUJAO was cloned in £. eoli TBL. DNA of both
PUJADLID0Z and pAB was digesied with BamHIL and S]lshl, mixed
and digated. The resulting plasmid pMUGJA 1006 was cloned in £,
coli TB1.

Transformation ‘of tobacco plants with chimeric: genes.
pMCJCI007 and pMLJCLO05 were mobilized from E. ol TB1
wito the Agrobactzrum strain GEBCT (pGVE850Kan) by a triparen-
tal mating? using £. coli GJ23 as a hélper strain, Agrobacteria
that by Southern hybridization weve showi 1o contain the DPAM
gene were subsequently used for leaf disc infection of Nicatiana
{abacin W38, Transtormation and regeneration of tobaceo plants
followed established procedures®. )

Cloning. Construction: of recombinant DNA molecules, trans-
formation into & cofi, and analysis of recombinant clones were
performed according o established procedures®,

DNA encing. DINA was sequenced by the dideoxy meth-
od® ysing plasmid DNA as a templae®.

Hybridization experiments. RNA isolation from leaves and
Morthern hybridization experiments were performed- as de-
scribed by’ Jones™, A BamHI-HindIII fragment from
pUJCI0GL, carrying the DPAM gene, was radivactively labeled
and used as a probe to detect DPAM RNA, Plant DNA was
isolated essentially as descrilied by Dellaporta®?. For Southern
hybridization experiments® plant DNA was cut with Hind1LI
and probed with & cloned fragment of the nopaline synthase

e,
il Herbicide application. Euch plant was sprayed with 4 mlof 2
W aqueons ‘saﬁ.\ﬁn ol 2,4-D, Nassalt, With an estimated ground
surface of 400 em® per plant; this roughly corresponds to 10 kg/
ha. Lower quantities were achieved by appropriate dilution of the
spray solution.
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