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The isolation of a Glycine max cytochrome P450 monooxygenase (P450) cDNA
designated CYP71A10 that conferred linuron resistance to laboratory-grown, trans-
genic Nicotiana tabacum seedlings was previously reported. A nonsegregating trans-
genic N. tabacum line has been established that possesses two independent copies of
the G. max CYP71A10 transgene. Five-week-old progeny plants of this selected line
were grown in a controlled environmental chamber and treated with linuron using
either pretransplant incorporated (PTI) or postemergence (POST) applications.
CYP71A10-transformed N. tabacum was more tolerant to linuron than the wild type
for both application methods. The transgenic N. tabacum line tolerated an approx-
imately 16-fold and 12-fold higher rate of linuron than wild-type N. tabacum when
the herbicide was applied PTI or POST, respectively. These results provide evidence
that plant-derived P450 genes can be employed effectively to confer herbicide resis-
tance to transgenic plants.

Nomenclature: Cytochrome P450; linuron; Glycine max L. Merr. ‘Dare’, soybean;
Nicotiana tabacum L. ‘SR1’, tobacco.

Key words: Herbicide metabolism, phenylurea, genetic engineering, metabolic en-
gineering.

Cytochrome P450s are a ubiquitous, multifunctional su-
perfamily of enzymes present in microorganisms, plants, and
animals. The unifying features that are common among all
P450 isozymes include structural similarities, association
with a heme prosthetic group, and possession of a light ab-
sorption maximum at 450 nm when bound to CO. Eu-
karyotic P450s are most commonly integrated in the mem-
branes of the endoplasmic reticulum, where they catalyze
the incorporation of one atom of oxygen from molecular
oxygen into the substrate and the reduction of the other
oxygen atom to water using NADPH. Typically, the requi-
site transfer of two electrons from NADPH to the P450 is
mediated by NADPH:P450 reductase, a membrane-bound
flavoprotein (Bolwell et al. 1994).

Despite the many similarities among P450 isozymes, the
specific enzymatic reactions that they catalyze can be very
different. P450s are involved in processes as diverse as phen-
ylpropanoid, fatty acid, and terpenoid biosynthesis; mono-
terpene and camphor metabolism; and metabolism of xe-
nobiotic compounds such as herbicides (Schuler 1996).

Genetic transformation of plants with genes capable of
herbicide detoxification has been a successful method for
developing herbicide-resistant crops. Bromoxynil- (Stalker et
al. 1988) and glufosinate-resistant (DeBlock et al. 1987)
crops represent two examples of genetically engineered
plants that were generated through utilization of genes that
enhanced the capacity of the transgenic plants to detoxify
herbicides. For several decades researchers have been aware
that P450s play an important role in herbicide detoxifica-
tion. As a result, herbicide-metabolizing P450 activities have
been considered one of the mechanisms that enables certain
crop species to be more tolerant of a particular herbicide
than other crop or weed species. Defining the specific P450

isoenzymes responsible for the metabolism of a specific her-
bicide, however, has been hindered by the instability of these
enzymes, their low concentrations in most plant tissues, and
difficulties in reconstituting active complexes from solubi-
lized components. As a result, little progress has been made
at the molecular level in identifying the specific plant P450s
responsible for herbicide detoxification and in isolating their
corresponding genes. Thus, plant genes encoding P450s
have remained largely unexploited as tools for generating
herbicide-resistant crops.

In a previous paper, we reported the isolation and ex-
pression in yeast and Nicotiana tabacum (tobacco) of a Gly-
cine max (soybean) P450 cDNA designated CYP71A10 that
catalyzed the metabolism of four phenylurea herbicides: flu-
ometuron, linuron, diuron, and chlortoluron (Siminszky et
al. 1999). Metabolite analyses revealed that the CYP71A10-
encoded enzyme functions primarily as an N-demethylase
with regard to fluometuron, linuron, and diuron and as a
ring-methyl hydroxylase when chlortoluron is the substrate.
Herbicide-resistance assays carried out in petri dishes using
a phytoagar medium supplemented with MS-salts demon-
strated that CYP71A10-mediated herbicide metabolism re-
sulted in significantly enhanced resistance to linuron and
chlortoluron in N. tabacum seedlings transformed with the
soybean P450 cDNA. The atypical growth conditions used
in this study and the segregation of the transgene(s) among
individual progeny, however, precluded an accurate quanti-
fication of CYP71A10-mediated herbicide resistance.

The objective of this study was to quantify the
CYP71A10-mediated herbicide resistance by selecting a
transgenic N. tabacum line that no longer segregated for the
CYP71A10 transgene and to evaluate resistance under con-
ditions that simulate more typical plant growth.
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Materials and Methods

Establishing a Nonsegregating CYP71A10 N.
tabacum Line

Seeds of the R0 generation of the CYP71A10-transformed
N. tabacum line 25/2 (described in Siminszky et al. 1999)
were harvested and dried at 30 C for 3 d in a drying oven.
Twenty R1 generation seeds were evenly distributed in five
10-cm-diam petri dishes containing 2.5 �M linuron sus-
pended in a solidified MS-based phytoagar medium. Ger-
minating seedlings were incubated in a growth chamber at
25 C using a 16/8 h light/dark cycle for 30 d. Plants were
visually evaluated and individuals showing few signs of lin-
uron injury were transplanted into 10-cm square pots con-
taining commercial potting soil.1 The selected plants were
subsequently grown to maturity in a growth chamber under
the same light and temperature conditions described above.
R2 generation seeds were harvested, selected by exposure to
linuron, and grown to maturity as described above. Seeds
were harvested from a single highly resistant plant, and 15
individuals representing the R3 generation were used for
Southern blot analysis to determine the copy number and
potential segregation pattern of the transgene.

Southern Blot Analysis

Total genomic DNA isolation from both CYP71A10-
transformed and SR1 wild-type N. tabacum leaves followed
the procedure outlined by Murray and Thompson (1980).
Genomic DNA (10 �g) was digested for 3 h using either
XbaI or HindIII restriction endonucleases. Digested DNA
was separated in a 10-g L�1 agarose gel and transferred to
nylon membranes according to the protocol of Sambrook et
al. (1989). DNA blots were hybridized overnight to a 32P-
labeled XbaI–SacI fragment of CYP71A10 cDNA in 100 g
L�1 dextran sulphate,2 10 g L�1 SDS, 1 M NaCl, 1� Den-
hardt’s solution (0.2 g L�1 Ficoll, 0.2 g L�1 PVP, 0.2 g L�1

BSA), and 100 �g ml�1 denatured herring sperm DNA at
65 C. 32P-labeled probe was synthesized using random
primers following the method of Feinberg and Vogelstein
(1983). Blots were washed once at room temperature in 2�
SSC (1� SSC is 0.15 M NaCl, 0.015 M sodium citrate),
1 g L�1 SDS for 15 min; once at 65 C in 1� SSC, 1 g L�1

SDS for 30 min; and once at 65 C in 0.2� SSC, 1 g L�1

SDS for 5 min.

Plant Material to Measure Dose–Response

One hundred seeds of the nonsegregating R3 generation
CYP71A10-transformed N. tabacum line 25/2 were germi-
nated in a 20 by 10 by 6 cm aluminum container. SR1
wild-type N. tabacum was germinated similarly in a separate
container. Plants were grown for 3 wk in a growth chamber
maintained at 25 C and a 16/8 h light/dark cycle. Forty
plants of both SR1 and CYP71A10-transformed genotypes
were transplanted into individual 10-cm square pots con-
taining commercial potting soil. Plants were transferred to
a large walk-in environmental chamber and grown for 14 d
(to about the five-leaf stage) at 26/22 C day/night temper-
ature under 650 �mol m�2 s�1 daylight intensity using a
16/8 h light/dark photoperiod.

Spray Trials

Linuron3 was applied using a spray chamber4 equipped
with a CO2-pressurized system, delivering a volume of 144
L ha�1 at 220 kPa using a Teejet 8002E nozzle. SR1 N.
tabacum was sprayed postemergence (POST) with linuron
at rates of 0.1, 0.3, 0.7, 1.0, and 1.3 kg ai ha�1, whereas
CYP71A10-transformed N. tabacum was sprayed at rates of
0.7, 1.0, 1.3, 2.0, and 4.0 kg ha�1. In the pretransplant
incorporated (PTI) application, about 530 g of a mixture of
sand and loamy sand (1:1 by wt) was added to a 10-cm
square pot, sprayed with linuron, and thoroughly mixed pri-
or to transplanting. SR1 N. tabacum was transplanted into
sand that was sprayed previously at rates of 0.1, 0.2, 0.3,
0.4, and 0.6 kg ha�1, whereas CYP71A10-transformed in-
dividuals were subjected to treatments of 0.6, 0.8, 1.0, 1.3,
and 1.7 kg ha�1. Following herbicide application, all plants
were grown for an additional 2 wk using the conditions
described above, after which plant height and root and shoot
dry weight were determined. Shoot and root tissues were
dried at 60 C for 2 wk in a drying oven prior to weighing.

Statistical Analysis

Potted plants were arranged in a randomized complete
block design with three replications, and experiments were
repeated in time. For each of the growth measurements,
reduction in growth was calculated as a percentage of un-
treated controls. Percent inhibition was modeled as a func-
tion of herbicide dose using either a rectangular hyperbola
(Cousens 1985) or a Gompertz model (Draper and Smith
1980), and nonlinear regression was used to obtain the fitted
response curve for each genotype and timing. The fitted
curves were used to estimate I50 values (the dose required
to reduce plant response by 50%) that were log transformed
and subjected to analysis of variance (ANOVA).

Results and Discussion

Selecting a Nonsegregating 25/2 Line and
Determining Transgene Copy Number

To eliminate the variation in transgene expression due to
expected segregation inherent to all R0 transgenic plants, the
transgenic loci were ‘‘fixed’’ by the repeated self pollination
of linuron-resistant individuals derived from the original 25/
2 transgenic plant described previously (Siminszky et al.
1999). Individuals from line 25/2 were chosen over other
primary transformation events because our herbicide assays
suggested that it was among the most herbicide resistant of
the several R0 transgenic lines originally selected (data not
shown). To establish the number of transgene insertion
events that exist within line 25/2, genomic DNA was di-
gested separately with two restriction enzymes (XbaI and
HindIII) that can be considered diagnostic for making such
a determination (i.e., restriction sites that occur once at a
defined location within the transgene insert and rely on the
presence of a second site in the adjacent region of the N.
tabacum genome that ultimately defines the size of the re-
sultant restriction fragment). For Southern blots designed in
this manner, each individual band observed represents an
independent integration event. As shown in Figure 1, South-
ern blot analysis of line 25/2 genomic DNA using
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FIGURE 1. Autoradiogram of a Southern blot of CYP71A10-transformed N.
tabacum (25/2) genomic DNA digested with XbaI or HindIII. A fragment
of the CYP71A10 cDNA was used as a hybridization probe. CNTR, con-
trol SR1 N. tabacum; M.W., molecular weight of indicated DNA fragment
in kilobases (kb).

TABLE 1. Parameter estimates of curves fitted on shoot dry weight
measurements and the resulting I50 values.a,b,c

Genotype, timing I K b
I50 (kg �
10�3 ha�1)

SR1, PTI
SR1, POST
CYP71A10-transformed, PTI
CYP71A10-transformed, POST

1,654
1,293
NA

93

NA
NA
2.8
NA

NA
NA
7.3
NA

60
76

830
1,070

a Abbreviation: NA, not applicable.
b Rectangular hyperbola: % inhibition � (I·rate)/(1 � I(rate/100)); Gom-

pertz model: % inhibition � 100·e�b exp(�K·rate).
c r2 � 0.88 for all equations.

FIGURE 2. Effects of linuron on N. tabacum shoot dry weight. See equations
in Table 1 for the fitted curves.

CYP71A10 as a hybridization probe reveals the presence of
two independent copies of the G. max P450 transgene.

Southern blot hybridizations can also be used to deter-
mine whether a particular transgene insert is homozygous
or heterozygous (hemizygous) by examining the segregation
pattern of the insert in the progeny of a selected line. A 3:
1 segregation ratio is the expected observation of a hemi-
zygous locus, whereas all progeny will score positive when
the transgene is homozygous in the parental line. Our failure
to detect any difference in the Southern blot profile among
15 tested progeny of a selected R2 generation plant resulted
in a probability of about 99% that both of the CYP71A10
copies within this individual were no longer segregating.
This nonsegregating 25/2 line was used for the subsequent
linuron resistance studies.

Linuron Resistance

CYP71A10-transformed N. tabacum resistance to linuron
was assessed by establishing a dose–response curve. ANOVA
performed on estimated I50 values of plant height, and root
and shoot dry weight reduction revealed a highly significant
genotype effect. All three measurements resulted in very sim-
ilar dose–response curves; therefore, only one parameter,
shoot dry weight, was used to illustrate linuron’s effect on
plant growth. As shown in Table 1, PTI linuron application
at a rate of approximately 0.05 kg ha�1 resulted in about
50% reduction in growth in wild-type SR1 N. tabacum.
Linuron rates of 0.2 kg ha�1 and higher were lethal to the
wild-type plants 2 wk after application (Figure 2). In con-
trast, exposure to about 0.8 kg ha�1 linuron was necessary
to reduce growth by 50% in the transgenic N. tabacum, and
rates higher than 1.3 kg ha�1 were required to kill these
plants. The PTI herbicide-resistant phenotype of
CYP71A10-transformed N. tabacum is also shown in Figure
3A, where select individuals from the above-described ex-
periment were photographed just prior to harvest and data
analysis.

When linuron was applied POST, 0.08 kg ha�1 caused
50% reduction in growth (Table 1 and Figure 2), and rates

higher than 1.0 kg ha�1 were lethal to wild-type N. tabacum.
An application rate of 1.0 kg ha�1 linuron, however, was
required to reduce the growth of the transgenic N. tabacum
by 50%. Although the transgenic N. tabacum showed her-
bicidal injury similar to that observed in wild-type N. ta-
bacum between 1 and 5 d after treatment (DAT) (data not
shown), these plants recovered from their injuries during the
remaining 11 d of the experiments (Figure 3B). Regrowth
of transgenic N. tabacum occurred even at the highest rate
of herbicide application tested in the study (4.0 kg ha�1).

Our results show that CYP71A10-transformed N. taba-
cum exhibits a markedly enhanced resistance to linuron in
comparison to wild-type N. tabacum under the conditions
described in this study. Based on the estimated I50 values,
transgenic N. tabacum tolerated about 16 times and 12
times more herbicide than wild-type N. tabacum when lin-
uron was applied PTI or POST, respectively. CYP71A10-
mediated resistance to linuron is likely to be a result of
enhanced metabolic activity of the transgenic plants (Sim-
inszky et al. 1999).

Our results also showed that both transgenic and wild-
type N. tabacum tolerated less soil-applied than foliar-ap-
plied linuron (Figure 2). This observation is not surprising
because linuron is more readily absorbed and translocated
through the roots than through the foliage (Ahrens 1994).
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FIGURE 3. Comparison of (A) PTI- and (B) POST-applied linuron injury on CYP71A10-transformed and SR1 wild-type N. tabacum. Picture was taken 2
wk after treatment.

Rapid linuron uptake and translocation through the xylem
from the root could explain why CYP71A10-transformed
N. tabacum regrowth was observed following the POST but
not the PTI linuron application.

Although our results demonstrate that overexpression of
CYP71A10 significantly increases N. tabacum resistance to
linuron, the recommended field rate of 0.3 to 1.5 kg ha�1

linuron still caused injury to the CYP71A10-transformed
individuals. Previous experiments showed that the
CYP71A10-encoded enzyme catalyzes the conversion of lin-
uron to N-demethyl linuron (Siminszky et al. 1999), a com-
pound that is 10-fold less phytotoxic than linuron when
assayed using isolated chloroplasts (Suzuki and Casida
1981). Therefore, the observed injury in the CYP71A10-
transformed plants may be a result of the residual herbicidal
activity of N-demethyl linuron—the reaction product of
CYP71A10. Although engineered CYP71A10-mediated lin-
uron resistance may not display the efficacy required for
most agricultural applications, there may be some feasibility
in those crops where cultivation practices can benefit from
resistance to residue levels of linuron in the soil. For in-
stance, it is possible that CYP71A10-transformed Arachis
hypogaea L. (peanut) could be grown following Zea mays L.
(corn) without the adverse effects of residual linuron.

To further increase linuron resistance in transgenic plants,
several options are available. In one strategy, NADPH:P450

reductase, the enzyme that acts as an electron donor of
CYP71A10, could be simultaneously over-expressed with
CYP71A10. The coexpression of NADPH:P450 reductase
has been shown to increase the electron flow to, and in turn
enhance the catalytic activities of, some P450s (Murakami
et al. 1987; Sakaki et al. 1994; Shibata et al. 1990). It is
therefore likely that coexpression of CYP71A10 with a G.
max NADPH:P450 reductase in N. tabacum would increase
linuron turnover and consequently decrease linuron concen-
tration more efficiently in the treated tissues. Given the re-
sidual herbicidal activity of N-demethyl linuron, however,
this approach is predicted to provide only limited enhance-
ment of linuron resistance.

Another strategy for further increasing linuron resistance
would be to isolate and overexpress an enzyme that catalyzes
the efficient removal of the remaining methoxy group from
linuron, producing the nonherbicidal demethyl, demethoxy
linuron metabolite. Although this approach has the poten-
tial of greatly increasing linuron resistance levels, it involves
the identification of a gene that possesses a specific catalytic
function—a task that remains challenging. Nevertheless, our
results indicate that plant P450s can be overexpressed in
transgenic plants to increase herbicide resistance effectively.
Our results also show that the observed level of resistance is
approximately equivalent to the herbicidal activity of the
produced metabolites. These results and the fact that plant
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P450s represent a large family of enzymes specific to an
extensive array of herbicides (e.g., the acetanilides, aryloxy-
phenoxy propionates, bentazon, imidazolinones, phenylu-
reas, and sulfonylureas) suggest that the P450 family is a
viable source of herbicide resistance genes against herbicides
with different modes of action.

Sources of Materials
1 Scotts� Metro-Mix 200, Scotts-Sierra Horticultural Company,

14111 Scottslawn Road, Marysville, Ohio 43041.
2 Reagents for the Southern blot analysis were purchased from

Sigma Chemical Co., P.O. Box 14508, St. Louis, MO 63178-
9916.

3 Lorox 50 DF, E.I. du Pont de Nemours and Co., Inc., Agri-
cultural Products, Walker’s Mill, Barley Mill Plaza, Wilmington,
DE 19898.

4 Indoor spray chamber, De Vries Manufacturing, Route 1, Box
184, Hollandale, MN 56045.
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