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Abstract: The cytochrome P450 gene CYP81A6 confers tolerance to bentazon and metsulfuron-methyl, two se-
lective herbicides widely used for weed control in rice and wheat fields. Knockout mutants of CYP81A6 are highly
susceptible to both herbicides. The present study aimed to characterize the CYP81A6 expression in rice. Quantitative
real-time polymerase chain reaction (PCR) analyses demonstrated that foliar treatment of bentazon (500 mg/L) greatly
induced expression of CYP81A6 in both wild-type (Jiazhe B) and its knockout mutant (Jiazhe mB): a 10-fold increase
at 9 h before returning to basal levels at 24 h in Jiazhe B, while in the mutant the expression level rose to >20-fold at
12 h and maintained at such high level up to 24 h post exposure. In contrast, metsulfuron-methyl (500 mg/L) treatment
did not affect the expression of CYP81A6 in Jiazhe B within 80 h; thereafter the expression peaked at 120 h and
returned gradually to basal levels by Day 6. We suggest that a metabolite of metsulfuron-methyl, 1H-2,3-benzothiazin-
4-(3H)-one-2,2-dioxide, is likely to be responsible for inducing CYP81A6 expression, rather than the metsulfuron-
methyl itself. Use of a promoter-GUS reporter construct (CYP81A6Pro::GUS) demonstrated that CYP81A6 was con-
stitutively expressed throughout the plant, with the highest expression in the upper surfaces of leaves. Subcellular
localization studies in rice protoplasts showed that CYP81A6 was localized in the endoplasmic reticulum. These ob-
servations advance our understanding of CYP81A6 expression in rice, particularly its response to the two herbicides.
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the desired crop. Tolerance in rice to these herbicides
is due to its ability to effectively metabolize the
compounds with a range of non-target-site resistance
systems including P450 mono-oxygenases, glutathi-
one S-transferases and glycosyltransferases (Ohkawa
et al., 1999; Yuan et al., 2007). In addition to the
presence of these detoxifying enzymes, further selec-
tivity occurs from the absence of binding sites in
target proteins due to structural differences between
crop plants (Konishi et al., 1996; Green, 2009).

Substantial experimental data indicates that cy-
tochrome P450s are involved in the metabolism, tol-
erance, selectivity, and compatibility of xenobiotics.
The gene CYP81A6 is the key component involved in
bentazon detoxification metabolism in rice (Zhang et
al., 2006). CYP81A6, a member of the cytochrome
P450 heme-containing membrane-associated proteins,
exhibits the characteristic folding and catalytic mech-
anism found within this superfamily, namely the abil-
ity to catalyze the scission of dioxygen binding to the
heme unit. One oxygen is inserted into the substrate
and the other oxygen is reduced to H,O by acquiring
two electrons from the nicotinamide adenine dinu-
cleotide phosphate (NADPH)-cytochrome P450 oxi-
doreductase (POR) complex (Hannemann et al., 2007).
This process is also widely utilized in plants to
detoxify xenobiotics by rendering them more hy-
drophilic and enabling further modification via
conjugation with glucose before exclusion from the
protoplasm.

The CYP81A46 gene was previously cloned using
a map-based cloning strategy (Pan et al., 2006). Re-
lated studies indicated that CYP81A6 also plays a role
in tolerance to metsulfuron-methyl herbicides (Zhang
et al., 2002). Therefore, CYP81A46 has also been en-
gineered into non-gramineous crops to confer toler-
ance to bentazon, or used as a selective marker in
genetic transformation (Liu et al., 2012). Furthermore,
because CYPS81A46 knockout mutants are sensitive to
bentazon, this bentazon lethality (bel) trait has been
specifically induced in male sterile lines of hybrid
rice to effectively eliminate self-pollinated seedlings
among F; hybrids (Zhang et al., 2006; Wang et al.,
2012). The bel trait has also been incorporated into
restorer lines to simplify hybrid seed production by
selecting against restorer plants after pollination; this
enables mixed growing of male sterile and fertility
restorer lines and bulk harvest of seeds in fields.

Based on the ability of CYP81A6 to detoxify benta-
zon, the use of RNA interference cassettes, which
specifically suppress the expression of this detoxifi-
cation enzyme, has been proposed as a novel trans-
genic plant containment strategy to prevent escape of
transgenes (Lin ef al., 2008).

Despite the potential role of CYP81A6 as a
breeding tool in modern crop production, particularly
in rice, as stated above, knowledge of its expression
remains largely unknown. The present study reports
on the expression of CYP81A46 in rice through analy-
sis of its response to herbicides, protein subcellular
localization and tissue specificity.

2 Materials and methods
2.1 Plant materials and herbicide treatment

Jiazhe B is a maintainer line for the cytoplasmic
male sterile line Jiazhe A, which is the female parent
of hybrid rice Jiayou 99 (Fu, 2004). Jiazhe mB is a y
induced mutant of Jiazhe B resulting from a 1-bp
knockout deletion mutation of CYP81A46; it is sus-
ceptible to both bentazon and metsulfuron-methyl
herbicides (Wang et al., 2012).

For study of response to herbicides, seeds of
both Jiazhe B and Jiazhe mB were imbibed in water
for 2 d, then germinated on damp filter paper for a
further 2 d at 37 °C. The germinated seeds were then
transferred to a net floating on the culture solution
(Yokosho et al., 2011), containing the following
macronutrients: (NH4),SO4 (0.18 mmol/L), MgSO4
(0.27 mmol/L), KNO; (0.09 mmol/L), Ca(NO;),
(0.18 mmol/L), KH,PO, (0.09 mmol/L), and the
following micronutrients: Fe-EDTA (20 pmol/L),
MHC12 (05 umol/L), H3BO3 (3 umol/L), (NH4)6MO7024
(1 pmol/L), ZnSOy4 (0.4 pmol/L), CuSOy4 (0.2 umol/L).
Seedlings were then grown in an environmentally
controlled growth room with a 14 h/26 °C day and a
10 h/22 °C night. Three-week-old seedlings (about
18 cm long with 4 leaves) were sprayed with the
herbicides bentazon, metsulfuron-methyl, or pendi-
methalin at a range of concentrations (0, 250, 500,
1000, and 1500 mg/L). The effect of the protein trans-
lation inhibitor cycloheximide (CHX) on CYP81A46
expression was tested by spraying 20 umol/L CHX
1 h before bentazon treatment (500 mg/L), as per-
formed in rice bean by Liu et al. (2013).
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2.2 RNA extraction, reverse transcription and
real-time PCR

To investigate the effects of the three herbicides
(each with five doses) on the expression of CYP81A6,
leaf tissues were harvested for RNA extraction at 6 h
post-treatment. To study the time course of the effects
of bentazon and metsulfuron-methyl (500 mg/L), leaf
tissues were collected from treated seedlings at the
time points of 2, 4, 6, 9, 12, 15, 18, 21, and 24 h
post-treatment. For the herbicide metsulfuron-methyl,
transcript levels were also investigated in leaf tissues
harvested at 8 h intervals between 64 and 144 h
post-treatment.

Total RNA was extracted from leaf tissues in
1000 pl TRIzol reagent according to the manufac-
turer’s instructions. The cDNA was generated from
500 ng RNA using moloney murine leukemia virus
(M-MLV) reverse transcript kit (TaKaRa Company,
Dalian, China). Real-time quantitative reverse
transcription-polymerase chain reaction (QRT-PCR)
was performed on an Eppendorf MasterCycler® ep
RealPlex4 (Wesseling Berzdorf, Germany) using
CYP81A6-RT primers in 10 pl aliquots, containing
1 pl cDNA, 0.2 pl of each primer (10 umol/L), and
5 pl 2x mix buffer (Master mix, TOYOBO), sup-
plemented with sterile distilled water, with the fol-
lowing program: 94 °C 2 min, 40 cycles of 94 °C 30 s
and 60 °C 1 min. The relative quantification of gene
expression was analyzed using the 27" method,
where the Cr value is the cycle number at which the
fluorescent signal rises statistically above the back-
ground; all treatments were performed in three bio-
logical replicates with Actin as an internal standard
(Livak and Schmittgen, 2001).

2.3 Generation of transgenic plants expressing the
CYP8146 promoter-GUS fusion gene and histo-
chemical staining

A fragment (about 1.9 kb) in the promoter
region of CYP8146 was PCR amplified using
CYP81A6-Pro primers (Table 1), which were de-
signed according to sequence information available
on the MSU Rice Genome Annotation Project
Database (http://rice.plantbiology.msu.edu/). PCRs
were performed in 25 ul with 1.0 pl (50 ng/ul) DNA,
0.2 mmol/L dNTPs, 1.5 mmol/L MgSO,, 0.3 umol/L
each primer, 0.5 ul high-fidelity DNA polymerase,
supplemented with sterile distilled water, with the
following temperature profile: 94 °C 2 min; 40 cycles
of 94 °C 10 s, 57 °C 30 s, 68 °C 60 s; and a final
extension at 68 °C for 5 min. The resulting amplicons
were cloned into the pMDI19-T simple vector after
electrophoresis and purification. Sequence verified
promoter fragments were subcloned into the mul-
ticloning site (MCS) between Sall and Smal of
pCAMBIAI1I300 and a CYP8146Pro::GUS vector
was constructed (Fig. 1a). The CYP8146Pro::GUS
construct was then introduced into the Agrobacterium
tumefaciens strain EHA105 and used for transfor-
mation of the rice line Nipponbare according to Hiei
and Komari (2008). CYP81A6Pro::GUS positive
transgenic plants were identified and the root, stem,
leaf, sheath, flower, and seed tissue samples were
histochemically stained for 24 h at 37 °C with GUS
(B-glucuronidase) dye solution containing 100 mmol/L
phosphate buffer (pH 7.0), 20% methanol, 0.5% Tri-
ton X-100, 0.5 mg/ml X-Gluc. Stained tissues were
then alcohol decoloured and photographed by light
microscopy.

Table 1 Primers used for RT-PCR and cloning of promoter and coding sequences of CYP81A6

Primers Forward (F) and reverse (R) sequence (5'—3") Amplicon size (bp)
Actin F: ACAGGCGTTATGGTTGGG 185
R: TGGATGCTCTTCTGGTGCT
CYP81A6-RT F: ACGCATCCGTCGGCAACT 420
R: GCCCGCCACCTTCAGTCATGTCG
CYP81A6-Pro F: AAAgtcgacAGACGGACAATCAACGGGTAC 1990
R: AAAccegggGGCTAAGCTGAGCTCACGAAT
CYP81A6-CDS 1542

F: AAAcccgggGCACCAGAGTCACAGAAACAC

F: AAAggatccGACGAGCTCGCGAAGAAC

The small letters refer to restriction enzyme recognition sites for Sall (GTCGAC), Smal (CCCGGG) and BamHI (GGATCC) in
CYP81A6-Pro or CYP81A6-CDS. Pro: promoter; CDS: coding sequence



116 Lu et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2015 16(2):113-122

(a)

LB Sall Smal RB
HYG CaMV35S CYP81A6Pro GUS

(b)
Smal BmaH]I

CaMV35S CYP81A6CDS YFP

Fig. 1 Schematic diagrams of vectors CYP8146Pro::GUS (a)
and CYP81A46CDS::YFP (b)

HYG: hygromycin B resistance gene; CaMV35S: cauliflower
mosaic virus (CaMV) 35S; Pro: promoter; GUS: glucuroni-
dase gene; YFP: yellow fluorescent protein gene; LB: left
border; RB: right border

2.4 Subcellular localization

The full-length coding region of CYP8I1A6 (ex-
cept for the stop codon) was amplified by PCR using
the primers CYP81A6-CDS (Table 1). PCR products
were subcloned into the pMD19-T simple vector for
sequence confirmation and further cloned into the
vector pTZM28-YFP to produce a fusion gene with
yellow fluorescent protein gene (YFP) under the
control of the cauliflower mosaic virus (CaMV) 35S
(CaMV35S) promoter (Fig. 1b). Nipponbare seeds
were germinated and cultured for 8 d on 1/2 MS
culture medium at 28 °C under continuous lighting.
For preparation of protoplasts, the tender stems were
cut into 2 mm sections with sterile blades and used for
isolation of protoplasts (Yoo et al., 2007). Ten mi-
crogram 35S::0sCYP81A46::YFP plasmids were
mixed with 220 pl 40% (0.4 g/ml) PEG-4000 and used
for transformation of 200 pl protoplasts with gentle
blending and incubating 16 h in the dark. For
co-localization, the endoplasmic reticulum (ER) tar-
geting pBINm-GFP5-ER plasmid was co-transformed.
The transformed protoplasts were examined under a
light microscope as well as a laser confocal micro-
scope (Leica Microsystems, Bannockburn, IL, USA).

2.5 Data analysis

The mean and standard errors were calculated
from three independent replicates. Statistical analyses
were performed using the one-way analysis of vari-
ance (ANOVA) programme StaView. The differ-
ences were considered to be significant when the
probability (P) was less than 0.05.

3 Results

3.1 Correlation between CYP81A46 expression and
bentazon exposure

Previous work has shown that the mutant lines
used in the present study are sensitive to the herbi-
cides bentazon and metsulfuron-methyl, whereas the
wild-type rice is tolerant. A third herbicide, pendi-
methalin, shows no effect on either the wild-type or
the mutant lines (Zhang et al., 2002; Wang et al.,
2012). Expression of CYP8146 in wild-type plants
following treatment with bentazon showed a dose re-
sponse effect (Fig. 2a). At a concentration of 250 mg/L,
expression levels were greater than 2-fold after 6 h,
compared with non-treated plants, increasing to ap-
proximately 5-fold in those plants sprayed with the
herbicide at 1500 mg/L (Fig. 2a). In contrast, neither
metsulfuron-methyl nor pendimethalin caused any
changes in CYP81A46 transcript levels 6 h post-
treatment, irrespective of the concentrations used
(Fig. 2a).

When treated with bentazon (500 mg/L), ex-
pression of CYP81A46 in the wild-type plants contin-
ued to increase for up to 9 h post-application. Gene
expression reached a maximum of 10-fold that of
controls at this time point (Fig. 2b). However, once
maximal gene expression had been achieved, expres-
sion then declined until basal expression was regained
after 24 h. Expression of CYP81A6 also increased in
the mutant line following bentazon treatment, reach-
ing a maximum 12 h after exposure (Fig. 2b). Ex-
pression in the mutant line was both at an increased
rate and to a greater level (>20-fold) than that in the
wild type. Furthermore, unlike the wild type, expres-
sion of CYP81A46 did not return to the basal level at
any time during the 24-h period after exposure, but
was maintained at elevated levels slightly below the
peak (Fig. 2b). In contrast, no increase of CYPS8146
transcripts was noted within 24 h post-treatment with
either metsulfuron-methyl or pendimethalin.

The results of these gene expression studies were
reflected in the phenotypes of the wild-type and mu-
tant plants following exposure to the three herbicides,
with only the bentazon-treated mutant showing signs
of tissue damage within 24 h, where the symptoms
exhibited were similar to those following dehydration
(data not shown). Thus, despite the high, and main-
tained, levels of the transcript, bentazon is toxic to the
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Fig. 2 Expression of CYP81A46 in wild-type rice culti-
var Jiazhe B (W) and its knockout mutant Jiazhe mB
(M) through qRT-PCR analyses

(a) CYP81A6 expression 6 h post-treatment with bentazon,
metsulfuron-methyl and pendimethalin (0-1500 mg/L);
(b) Time course of gene expression in rice leaves in re-
sponse to these herbicides (500 mg/L) over a 24-h period;
(c) CYP81A6 expression in rice plants treated with
20 pmol/L CHX prior to bentazon spray (500 mg/L). Data
are expressed as meantstandard error (SE) of three inde-
pendent experiments. Expression levels were normalized
to that of the Actin gene

mutant line, suggesting either that the mutation in
CYP81A6 results in the non-translation of the product,
or that the encoded enzyme is non-functional and
unable to detoxify the herbicide.

Treatment of rice seedlings with 20 pmol/L
CHX prior to exposure to bentazon resulted in the
relative suppression of CYP81A46 expression. However,
in plants not pre-treated with CHX, there was a rapid
accumulation of CYP81A6 transcripts between 2 to 6 h
(Fig. 2c). This finding implies that de novo protein
biosynthesis is required for increased transcription of
CYP81A46 under bentazon stress, and rules out the
possible involvement of a repressor protein sup-
pressing the expression of CYP81A6.

3.2 Delayed induction of CYP81A46 caused by
metsulfuron-methyl treatment

In contrast to bentazon, which resulted in the
rapid onset of tissue necrosis leading to plant death in
the mutant line, the other two herbicides did not cause
such effects within the same time frame (24 h).
However, over a longer period (>4 d), mutants ex-
posed to metsulfuron-methyl (500 mg/L) did display
symptoms of tissue death, but from the leaf tips
downwards. These symptoms were accompanied by
an increase in CYP8IA6 transcript levels. Semi-
quantitative RT-PCR analysis, at 8 h intervals,
showed that up to 80 h post herbicide exposure, ex-
pression of CYP81A46 did not accumulate above basal
levels. However, by 88 h post-treatment, there was a
substantial increase in the levels of these transcripts,
which continued to increase to a maximum of 13-fold
higher than that of the control at 120 h post-exposure.
Thereafter, expression declined, finally returning to
basal levels by 144 h (Fig. 3).

3.3 Spatial expression of CYP81A46 in rice

Spatial expression patterns of CYP81A46 expres-
sion in different rice tissues were determined in
transgenic plants using a promoter::GUS reporter
construct (CYP81A46Pro::GUS). Data provided by the
rice gene expression database (http://ricexpro.dna.
affrc.go.jp/) allowed identification of a 1.9 kb-region
upstream of the ATG translation start signal corre-
sponding to the promoter region of CYP8I1A6. The
resulting construct was used to generate transgenic
rice plants (cv. Nipponbare) and five were selected
at Ty (first generation) using hygromycin screening.
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Fig. 3 Analysis of CYP81A46 expression by RT-PCR in
response to metsulfuron-methyl at 500 mg/L over time
(up to 144 h)

(a) Semi-quantitative RT-PCR analysis for tissue collected
every 24 h; (b) Quantitative RT-PCR analysis of samples
collected every 8 h (64—144 h post-treatment). Data are
expressed as mean+SE of three independent experiments.
Expression levels were normalized to that of the Actin gene

Fig. 4 Histochemical localization of GUS activity in
transgenic plants expressing the CYP8146 promoter-
GUS fusion gene

GUS activity was expressed in the root (a), stem (b), leaf (c),
leaf sheath (d), flower (e), and seeds (f). These results in-
dicate that CYP81A46 is expressed constitutively in rice.
Cross-sections of the leaf (g) and root (h) show that GUS
activity was predominantly in the upper surface of the leaf
and the peripheral layers of the root

Histochemical staining for GUS activity showed that
CYP81A46 was strongly expressed in root, stem, leaf,
and sheath tissues (Figs. 4a—4d), but only weakly in
flowers and seeds (Figs. 4e and 4f). Staining
throughout the leaf cross-sections was not homoge-
neous, with more staining evident on the upper sur-
face of the leaf than within the tissues of the lower
dermal layers (Fig. 4g). Preferential GUS staining
was noted throughout the root cross-section, with the
actively growing peripheral regions of the roots ex-
hibiting more intense staining. This observation
demonstrates that the greater expression of the GUS
reporter occurs in these areas and hence the greater
CYP81A6 expression (Fig. 4h).

3.4 CYP81A6 anchors to the ER

CYP81A6 contains the highly conserved domain,
characteristic of the eukaryotic cytochrome P450
N-terminal signal peptide: proline-rich domain in-
volved in membrane anchoring. Constitutive expres-
sion of a chimeric CYP81A6CDS-yellow fluorescent
protein (CYP81A6::YFP) under the control of the
CaMV35S promoter in rice protoplasts was used to
identify the subcellular localization of the protein
encoded by CYP81A46 (Fig. 5b), while a chimeric

Fig. 5 Subcellular localization of CYP81A6 in rice
protoplasts co-transformed with CYP81A6CDS-YFP
and pBINm-GFRS-ER (a marker for the ER) using
confocal microscopy

(a) Under white light; (b) Yellow fluorescence indicates
the presence of CYP81AG6; (c) Green fluorescence indi-
cates the presence of ER marker protein; (d) Overlay of
these two images (b, c) indicates that the CYP81AG6 is
localized to the ER (Note: for interpretation of the refer-
ences to color in this figure legend, the reader is referred to
the web version of this article)
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marker protein pBINm-GFP5-ER was used to visual-
ize the ER (Fig. 5c). Overlay of these two images
demonstrated that the patterns were identical between
the CYP81AG6 protein and the maker protein, indicat-
ing that the CYP81A®6 is localized to the ER (Fig. 5d).

4 Discussion

There are currently 5100 sequences annotated
for plant CYPs, which account for about 1% of the
total protein-coding genes; this is significantly greater
than that for any other gene family (Lv et al., 2012).
CYP81A46, a cytochrome P450 gene, encoding a
mono-oxygenase, has been previously identified as
conferring tolerance to bentazon and metsulfuron-
methyl (Pan et al., 2006). The mono-oxygenase ac-
tivity of CYP81AG6 is required for the degradation of
both these xenobiotics, and the action of newly syn-
thesized enzymes would aid in protection against the
action of the herbicide and also mitigate the second-
ary effects from reactive oxygen species (Narusaka et
al., 2004; Nelson, 2011). Despite the apparent
importance of this mono-oxygenase encoded by
CYP81A46 in rice, little is known either about its
mechanisms of degradation or, intriguingly, reasons
as to why the gene is expressed in response to expo-
sure to these two herbicides that have very different
molecular characteristics and very different modes of
action. In order to elucidate the role of CYP81A6
mono-oxygenase in rice, studies were carried out to
investigate its tissue specificity and subcellular lo-
calization within the plant, as well as its expression in
response to herbicide application.

Results from the present study demonstrated that
the wild-type plant could respond positively and
quickly to the application of bentazon. In the loss-
of-function mutant line, CYP81A46 was also highly
expressed after bentazon treatment, with transcript
being more abundant than in wild-type plants and
little reduction after reaching a maximum level during
a 24-h period. While the return of CYP81A46 expres-
sion to basal level in wild-type plants suggests that
bentazon is degraded to a level that no longer induces
CYP81A46 expression within 24 h in rice, the small
return of expression indicates that unmetabolized
bentazon eventually resulted in lethality in the mutant
line (Fig. 2c). The slight decrease of CYP81A6 tran-

scripts might reflect that bentazon already starts
damaging plants physiologically 12 h after treatment,
although not yet visually observable.

Involvement of exogenous chemical signals in
gene regulation is widespread and found in many
kingdoms (Ward et al., 1991; Courcelle et al., 2001;
Ahmad et al., 2008). These include control of the lac
operon in bacteria, which results in rapid transcription
upon induction with allolactose, and binding of the
plant hormone indolyl acetic acid (IAA) directly to
the promoter region sequence thus providing self-
regulation of IAA biosynthesis (Dvorak et al., 2005;
Zhao, 2010). Here, the expression of CYP8146 was
rapidly induced by the treatment of bentazon, but
the process was inhibited by pre-application of
20 pmol/L CHX (Fig. 2¢). These results indicate that
CYP81A6 expression is up-regulated by a protein
(probably a transcription factor) that is translated de
novo and is directly or indirectly induced by bentazon;
they also rule out the possible involvement of a re-
pressor protein suppressing its transcription in the
absence of bentazon. A similar phenomenon was
reported in rice bean on the Al-induced expression of
VuMATE1 (Liu et al., 2013).

Histochemical staining of CYP81A46Pro::GUS
transgenic seedlings revealed that the gene is consti-
tutively expressed in root, culm, leaf, sheath, floret
and seed tissues, with the greatest levels of expression
being in the upper leaf surfaces and the outer root
layers. Constitutive expression of CYP81A6 mono-
oxygenase, with higher concentrations in the upper
leaf surfaces and outer root layers, is consistent with a
role in detoxification of exogenous pollutants, par-
ticularly toxicants such as herbicides that are applied
topically, or contaminants in the soil. Once the ex-
ogenous toxic molecules enter the plant cells, they
are able to respond within a short period of time,
up-regulating CYP81A46 transcription. The herbicide
bentazon is an ester, which is able to enter the cell
through the membrane composed of a lipid bilayer;
thus, for the plant to survive, it is important that all the
tissues are able to respond to the stress rapidly. The
evidence presented here indicates that this cyto-
chrome P450 gene, CYP81A46, may encode a mono-
oxygenase with multiple functions that enable the
detoxification of a broad spectrum of xenobiotics.
Since bentazon and metsulfuron-methyl are fully
synthetic chemical compounds with no natural
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homologues, the precise role of CYP81AG6 in situ has
yet to be resolved. However, for rice to invest in its
maintenance in the genome, CYP8IA6, like many
cytochrome P450s, must play a role in plant homeo-
stasis. It is thus thought that the constitutive low-level
background (RT data of the control) expression pat-
terns, which were also shown to be present in this
study, may help the plant to detoxify by-products of
metabolism, which will be needed in all tissues at all
times. Subcellular localization studies of rice proto-
plasts expressing CYP81A6CDS-YFP suggested that
CYP81A6 was localized to the ER, a finding con-
sistent with the consensus that the majority of activi-
ties for xenobiotic catabolism are found in this cell
structure (Edwards et al., 2011).

In the present study, CYP81A6 transcription was
induced in rice seedlings as early as 2 h post-
treatment with bentazon at 500 mg/L. Induction with
metsulfuron-methyl, on the other hand, was much
slower with transcript levels only becoming detecta-
ble 88 h after treatment. Previous high-performance
liquid chromatography-mass spectrometry (HPLC-
MS) isotopic tracing experiments have shown that
intermediary products of bentazon degradation can be
identified from cultured rice cell suspensions (Fig. 6a)
(Sterling and Balke, 1988). The bentazon degradation
pathway is straightforward: after hydroxylation at the
benzene ring 6 site, the compound couples with a
glucose molecule. This two-stage modification of
bentazon makes the molecule more hydrophilic, re-
sulting in its becoming more likely to be transported
out of the cell. In comparison, the metsulfuron-methyl
degradation pathway is more complex, involving a
greater number of chemical modifications, resulting
in at least six metabolites, i.e., methyl-a-(4-hydroxy-
6-methoxypyrimidin-2-yl) carbamoylsulfamoyl-o-
toluate (M1), methyl-a-aminosulfonyl-o-toluate (M2),
1H-2,3-benzothiazin-4-(3H)-one-2,2-dioxide (M3),
N-4,6-dimethoxypyrimidin-2-yl urea (M4), 2-amino-
4,6-dimethoxypyrimidine (MS5), and 2-amino-4-
hydroxy-6-methoxypyrimidine (M6) (Deng and Hatzios,
2003). M1 and M4 are the immediate metabolites of
the metsulfuron; M4 is further degraded into M5 and
to M6; M2 could be degraded from M1 or directly
from metsulfuron, which is further processed into M3
(Deng and Hatzios, 2003).

We propose that it is M3 that induces expression
of CYP81A46, rather than the complete metsulfuron-
methyl compound itself, based on the following rea-

sons: (1) Among the metsulfuron metabolites, only
M3 has the molecular structure similar to that of
bentazon (Fig. 6b); (2) The time-course of the me-
tabolites’ emergence in rice is largely in agreement
with CYP81A6 transcription response to metsulfuron-
methyl application. Deng and Hatzios (2003) reported
that M1, M2, and M4 appeared to be the major me-
tabolites, without detecting any M3, 24 h after treat-
ment. However, M3 was reported to be one of the
major metabolites 3 d after treatment (Omokawa et al.,
1996). Although we observed a significant increase in
CYP81A6 expression in leaves 88 h post-treatment in
the present study (Fig. 3b), there is a 16-h difference
between the appearance of M3 metabolite and in-
crease of CYP8IA6 expression. The discrepancy
might be attributable to the following factors: the
different treatment methods deployed (foliar applica-
tion in the present study versus addition in culture
media in previous studies) and the different rice lines
tested (i.e., an indica line Jiazhe B (present work) and
a tropical japonica line Lemont in other reports).
Further studies are needed to identify the metabolite
that induces CYP81A46 expression in rice.

(a) (b) CHa
T )C\Ha HsCO._0 o N7'N
3 o |
" CHs g—NJ\NJ\\NJ\OCHS
N’S\\:O 6 H Metsulfuron-methyl
H Bentazon l Y
M1 M4
CYP81A67? l
V2 M5
O CHs l \
Ho NJ\CHa 0] M6
NSO N
H 6'OH-bentazon S=0
\\
l i Ows
HO. :
o A i CYP81A6?
OH )\3 Yo
Ho 19 N™ “CHg
OH é=O HO '}'
N~ \(\) \/S‘:O
6'-glucose-bentazon b 6'OH-M1

Fig. 6 Schematic diagrams of the degradation path-
ways of bentazon (a) and metsulfuron-methyl (b),
which are drawn based on reports on identification of
degraded components using isotope tracer technologies
Bentazon is degraded by a two-step process by hydrox-
ylation at the benzene ring 6 site, followed by coupling to a
glucose molecule. In comparison, the metsulfuron-methyl
degradation pathway is more complex and many steps are
involved. The two steps in which CYP81A6 may play a
catalytic role are marked. The molecular structure of M3 is
similar to that of bentazon and may act as an inducer for
accumulation of CYP81A6 rather than the metsulfuron-
methyl itself
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5 Conclusions

The present study demonstrates that the
CYP81AG6 protein is localized in the ER. CYP81A46 is
constitutively expressed in rice plants, with the
greatest levels of expression being in the upper leaf
surfaces. The expression of CYP81A46 is very re-
sponsive to bentazon treatment, while its reaction to
metsulfuron-methyl was not detected until 3 d after
application, indicating an intermediate compound
degraded from metsulfuron-methyl, rather than itself,
is the inducer of CYP81A46 expression.
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HXBE

B H: JMEE P450 CYP8IA6 HFE KRG HFRIL:
AR R, R 5 Y4 L DA R Sof IR 51 1
i L

B [: 947 CYPS1A6 FERITE AL J R B AR B T 1155
SRIIMI, AR IZIE IR 5 P Rl T AR U AR O
AT BE B A .

BT AN e B 7 B i A v 7 AR IR /N o) T R I 4
FaARBAE o, I FE R S R s A,
fife e CYP81AG FII A e o B 701 B A A G 1 D A

e WS e BERAEEE RN (PCR) KR
KIEMIE S FIH CYP81A6 A5 GUS 45
TR B M HGURE RERIA BT
4 TE 7 R A E CYPS1A6 KIETNRERIIAIT.
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AT LA S AN E R 3RIE; CYP81A6 &Rl
ik, TEMR. ZE. M HERIE; WANME 4R
WEB CYP81A6 & — AWM EIMEH,
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