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DETOXIFICATION OF POLYCYCLIC AROMATIC HYDROCARBONS (PAHs) IN
ARABIDOPSIS THALIANA INVOLVES A PUTATIVE FLAVONOL SYNTHASE

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) pollution has a negative impact on the

environment. PAHs are a group of over 100 toxic organic compounds that consist of two or
more benzene rings fused together and are hydrophobic, highly stable in the environment,
carcinogenic, cytotoxic, teratogenic and mutagenic [1-6]. The US Environmental Protection
Agency has identified 16 prominent PAHs based in their concentrations in the environment and
harmful effects [7]. Thus the presence of these and other contaminants in the environment has

stimulated the development of biological strategies to remediate contaminated soils [8].

Phytoremediation is a cost effective and innovative technology that involves the use of plants to
remove or degrade pollutants in the environment [9-14]. It is known that plants may translocate
organic pollutants from contaminated soil or water into root and shoot tissue where PAHs can be
transformed by its own enzymatic machinery [15-22]. The three-phase detoxification pathway to
metabolize contaminants in plants is divided into: transformation (phase I), conjugation (phase
IT) and sequestration (phase III) [23- 25]. Phase I transformation reactions include hydrolysis,
reduction and/or oxidation of the xenobiotic compounds. These reactions turn possible toxins
into less hydrophobic compounds and increase their reactivity. Phase II involves conjugation to
glutathione, amino acids, or sugars, thereby producing hydrophilic polar compounds. Phase III
involves the sequestration of soluble conjugates into an organelle such as the vacuole and/or the
cell wall [26-31]. Thus, to effectively use plants in remediating PAH-contaminated
environments, it is critical to understand the genetics and enzymatic machinery behind PAH

detoxification.



Using Arabidopsis thaliana as a model, the PAH-induced stress response has been described [32-
34]. For example, phenanthrene, a three ringed PAH, is detrimental to the growth of plants. It
has significant effects on root length, leaf number and overall plant size. The photosynthetic
capacity is impacted [35, 36]. Moreover, plants exposed to PAHs generate excess levels of
reactive oxygen species (ROS) that damage cell structures and causes cell death [32, 33, 37-

43]. A global genome transcriptional analysis of 21 day-old plants continuously grown on 0.25
mM phenanthrene showed an up-regulation of genes involved in abiotic stresses, a pathogen
mediated defense responses and detoxification systems [34]. Important for this study, plants
grown under phenanthrene exposure have increased messenger RNA levels of the following
dioxygenase (DOX) genes: At3g55970 (a putative oxidoreductase), At5g05600 (a putative
flavonol synthase), At3g51240 (a putative flavanone 3-hydroxylase), At4g22870 (a putative
leucoanthocyanidin dioxygenase), Atlg14130 (a putative 2-oxoglutarate-dependent
dioxygenase), and At5g64250 (a putative 2-nitropropane dioxygenase) [34]. Bacterial DOXs,
such as naphthalene dioxygenase from Pseudomona putida, are known for their potential to
modify PAHs by oxidizing their structure, thus increasing their reactivity [13, 22, 44- 46]. Some
plant DOXSs are non-heme iron-containing enzymes playing important roles in biosynthetic
pathways of hormones and secondary metabolites such as flavonoids [47]. However, the role of

plant DOXs in PAH detoxification is unclear.

Herein, we characterized the role of Arabidopsis AT5G05600 in the catabolism of PAHs. We
hypothesize that plants are able to transform and degrade aromatic xenobiotics with enzymes
involved in the synthesis of aromatic secondary metabolites such as flavonoids [48]. We took a

combined molecular, genetic and biochemical approach to study the role of AT5G05600, a



putative dioxygenase from the flavonol synthase family, in chemically modifying phenanthrene
(Figure 1). Our results indicate that AT5SG05600 is necessary in responding to phenanthrene
exposure and that there is an accumulation of toxic intermediates during phenanthrene

biotransformation resulting from AT5G05600 function.

2. Materials and Methods

2.1 Plants and growth conditions

Arabidopsis thaliana seeds ecotype Columbia (Col-0) and Landsberg erecta (Ler) were obtained
from the Arabidopsis Biological Resource Center (ABRC), while the loss-of-function plant
mutant lines SM_3_32880, GT_5_94951 and GT_5_96064 were obtained from the ABRC and
the European Arabidopsis Stock Centre (NASC). The seeds of the transgenic line cMyc-HDAG6
were kindly provided by C. Pikaard [49]. The seeds were surface sterilized before being
stratified at 4°C for 2 days. Then, they were grown in square petri dishes with half-strength
Murashige and Skoog (MS) medium supplemented with 1.5% w/v sucrose, 0.9% w/v phytoagar,
pH 5.7, and containing 0.1 mM or 0.25 mM phenanthrene. Plates were positioned vertically in a
19 °C incubator under long-day conditions with a 16/8 h photoperiod at approximately 130 pmol
photons m:s-. After 14 days, the plates were removed, scanned and the length of the main root

was determined using NIH Image] software.

2.2 Histochemistry
The B-glucuronidase (GUS) staining was performed as described by Jefferson et al.
[50]. Accumulation of H>O> in the leaves was determined by diaminobenzidine (DAB) staining

following the methods described by Thordal-Christensen et al. [S1].



2. 3 In vitro Assays

The full-length At5g05600 cDNA from Arabidopsis thaliana (clone G12898) was obtained from
the ABRC. Using the LR reaction (Gateway cloning technology, Invitrogen™), the cDNA was
sub-cloned into the T7 promoter expression vector pPDEST17 to obtain N-terminally fused
6xHis-tagged proteins. The culture of Escherichia coli BL-21 transformed with the expression
vector was grown at 37°C to mid-log phase and induced with 0.2 mM isopropylthio-f3-
galactoside (IPTG). After 20 h, the cells were spun at 4000 rpm for 30 min at 4°C. The bacterial
pellets were sonicated and the lysates were centrifuged at 5,000 rpm for 20 min at

4°C. Afterwards the proteins in the supernatant were purified under native conditions (The
QIAexpressionist™). To obtain wash and elution fractions, the columns were treated with
washing buffer and followed by elution buffer, according to manufacturer’s

specifications. Samples were taken from each fraction and analyzed on a SDS-PAGE.

The in vitro assays were based on the method described by Britsch and Grisebach [52] with few
modifications. Assays were performed with 4 pg or 6 pg of the purified enzyme, 0.2 mM
phenanthrene, 10 mM ketoglutaric acid (disodium salt), 10 mM ascorbic acid, 0.25 mM ferrous
sulfate and 0.6 mg catalase. The tubes were incubated at 30° C in the dark for 2 hrs under aerobic
conditions. Assays were terminated by adding 500 ul hexane and vortexing for 1 min. The
organic phase was extracted, placed in a new tube and dried overnight. Samples were
resuspended in hexane and analyzed with a scanning fluorometer and High Performance Liquid
Chromatography (HPLC). The chromatographic analysis was performed using a column Agilent

Zorbax SB-C18 (Agilent technologies) with conditions similar to Wu et al. [53].



2.4 Generation of the At5g05600 over-expression transgenic plant lines

The full-length cDNA of Ar5g05600 (G12898) was transferred into pEarly203 following
standard Gateway® procedures. The resulting over-expression 35S::Myc-AT5G05600 construct
was introduced into Agrobacterium tumefaciens strain GV3101. Arabidopsis thaliana (Col-0)
plants were transformed by the floral dip method [54]. Transformants and homozygous lines

were selected using 250 mg/L glufosinate-ammonium (Basta).

2.5 Semi-qualitative expression analysis

Total RNA extraction from leaf tissue isolated from the over-expression lines was performed
using Qiagen RNeasy miniprep kit (Qiagen). Samples were then treated with DNase I and the
single strand cDNAs were synthesized with SuperScript III kit (Invitrogen™). The cDNAs were
amplified with the following primers: primer A 5’-GAACAGAAACTGATCTCTGAAGAAG-
3’, primer B 5’-AGAAGGGTTGTCTGATGACG-3’, and primer C 5’-
TGGGATTTGCCTTGTGGACC-3’. RT-PCR analysis of actin (AT2G37620) mRNA levels
using primers (5’-CACATACATAGCAGGGGCATTG-3’, and 5°-

GATGGTGAAGACATTCAACCTCTTG-3’) was used as a control.

For protein analysis, 100 mg of plant leaf tissue from over-expressing plant lines were ground
with a mortar and pestle in 500 pl of Laemmli buffer. Extracted proteins were separated in SDS-
PAGE gel for two hours at 85 V. Proteins were transferred into a PVDF membrane overnight in
a constant current of 35V at 4°C. Then the membrane was incubated overnight with a 1:1000
dilution of mouse anti-Myc antibodies (Covance) and later incubated for 2 hr with HRP-
conjugated goat anti-mouse antibodies (Jackson ImmunoResearch Laboratories, Inc.). Finally,

this was processed with SuperSignal® West Dura, a luminol-based enhanced chemiluminescence



(ECL) horseradish peroxidase (HRP) substrate, to determine the presence of the recombinant

protein before being analyzed.

2.6 Sequence alignments

The Arabidopsis Information Resource (TAIR) and the National Center for Biotechnology
Information (NCBI) were used as databases to retrieve protein sequences. The CLUSTALW2
software was used for the analysis of multiple protein sequences. CDD [55] and ExPASy-

PROSITE were used for protein domains analysis.

3. Results

3.1 Phenanthrene induces A75g05600 expression

To study the tissue-specific expression of the At5g05600 gene under PAH exposure, plants of the
gene trap line GT_5_96064 were grown in media containing 0 mM, 0.1 mM and 0.25 mM
phenanthrene for 14 days. This plant line contains a transposon with the B-glucuronidase (GUS)
reporter gene [56] in the second exon of Ar5g05600, leading to no detectable full-length
At5g05600 mRNA (data not shown). Therefore, the insertion mutation is a loss-of-function for
At5g05600 and has GUS expression driven by the Az5g05600 promoter, providing At5g05600
expression information. Transgenic plants with the GUS reporter gene growing on
phenanthrene-containing media showed an increase in gene expression in the cotyledons,
vascular tissues and new leaves; whereas plants not exposed to phenanthrene showed low levels
of At5g05600 expression (Figure 2). Thus, these data show that At5g05600 is PAH inducible

and confirms previous microarray studies [34].



3.2 Loss-of-function mutant lines are less sensitive to phenanthrene than control plants

To characterize the in vivo role of At5g05600 under PAH-induced stress, loss-of-function mutant
lines SM_3_32880, GT_5_94951 and GT_5_96064 were identified, and then their response to
phenanthrene was evaluated. The Col SM_3_32880 line contains a Spm transposon in the first
exon of At5g05600, whereas GT_5_94951 and GT_5_96064 in the Ler background have Ds

insertions in the second exon of the gene.

Root lengths were used to quantify phenotypic changes under different phenanthrene
concentrations: 0 mM, 0.1 mM and 0.25 mM. To control for experimental variability, control
wild type and experimental plant lines were grown side-by-side under identical conditions and as
reported by Alkio et al [32]. The root lengths of 14 day-old plants grown in phenanthrene-
containing media showed that the loss-of-function mutant lines were less sensitive to
phenanthrene compared to control plants, Col and Ler (Figure 3). For instance, while Ler
showed a root growth reduction of more than 30% in media containing 0.1 mM phenanthrene,
the loss-of-function mutant lines GT_5_94951 and GT_5_96064 did not have a significant
difference (Figure 3B, C). A less sensitive phenotype was also observed in a higher
concentration of 0.25 mM phenanthrene. SM_3_32880 exhibited a reduction of 27%, whereas
control Col line exhibited a reduction of 71% (Figure 3A). The less sensitive phenotype of these
loss-of-function mutant lines compared to control genetic lines shows a possible involvement of

At5g05600 in the catabolism of PAHs in vivo.

3.3 Over-expressing plant lines are hypersensitive to phenanthrene
To further test the hypothesis that At5g05600 has a role in PAH detoxification, this gene was

over-expressed in Arabidopsis. Of the fifteen different transgenic lines analyzed, six
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independent transgenic lines with a 3:1 segregation ratio were taken to homozygosity and used in
physiological experiments. Of those, data from over-expressing lines 2B1Bpl1, 3D1Apl and
3D1Ap2 are presented in this study. In these lines, the cDNA for At5g05600 is under the
control of the cauliflower mosaic virus (CaMV) 35S promoter, which drives transgene
expression in a constitutive manner [57, 58]. The construct used also added a Myc-tag on the N-
terminus of the protein. Expression analysis showed the presence of the recombinant mRNA in
the over-expressing lines and absence of this message in wild type plants. Data of the line
3D1Apl is shown (Supplementary material A, B). The transcript levels in the over-expressing
lines were significantly increased compared to the levels of the untransformed Col control
(Supplementary material A, C). Importantly, the levels of the Myc-tagged recombinant protein
were evaluated by SDS-PAGE and western blot, indicating the transgenic lines expressed a
protein of the expected 45.5 KDa size (Supplementary material E); whereas, the recombinant

protein is not present in the control plants.

To evaluate PAH tolerance and the ability to overcome PAH-induced stress, the transgenic lines
over-expressing At5g05600 were grown for 14 days in 0.5 MS media containing 0, 0.1 and 0.25
mM phenanthrene. Whereas under control conditions, no difference in root growth was observed
between the wild type and over-expressing lines, the transgenic lines growing in media with
phenanthrene showed a hypersensitive behavior when compared to controls (Figure 4). A
dramatic difference in the response was observed with the trangenic line 3D1Ap1 (Figure

4A). This transgenic line was severely affected growing 34% and 53% less than Col on 0.1 and
0.25 mM phenantherene, respectively. Moreover the root lengths of the over-expressing lines

3D1Ap2 and 2B1Bpl1 were also significantly shorter than in wild-type plants under phenanthrene



exposure (Figure 4B, C). These data suggest that the over-expression of At5g05600 creates PAH
hypersensitivity in plants. The observed hypersensitivity in the over-expressing lines further
suggests that At5g05600 may be involved in the catabolism of phenanthrene, possibly generating

the accumulation of harmful metabolites that may inhibit growth in the plant.

3.4 Leaf area analysis also shows a hypersensitive response to phenanthrene in over-
expressing lines

Because root and shoot tissue respond differently to PAH exposure [33] and to determine the
effects of phenanthrene on shoots of Az5g05600 over-expressing plants, the foliage of 3 week-old
plants growing in round petri dishes was scanned and analyzed. The At5g05600 over-expressing
plants were found to be significantly smaller than wild type plants under phenanthrene exposure
(Table 1). When exposed to 0.1 mM phenanthrene, the over-expressing lines 3D1Apl, 3D1Ap2
and 2B1Bpl1 exhibited a reduction in leaf area of approximately 25%, 20% and 14%,
respectively, compared to Col control. The foliage area of the loss-of-function mutant line
SM_3_32880 showed a reduction of 10% more compared to Col on 0.1 mM phenanthrene;
however, it did not show a significant difference on 0.25mM phenanthrene. The loss-of-function
mutant lines GT_5_94951 and GT_5_96064 did not show a significant difference compared to
Ler, the genetic background of the mutant lines. The PAH growth response of the shoot versus
root tissue suggests variability in the response between natural accessions of Arabidopsis and

that root cells are likely more sensitive to intracellular levels of phenanthrene.

3.5 At5g05600 over-expressing lines accumulate high levels of H>O: after phenanthrene

treatment

10



Xenobiotics cause oxidative stress in animals and plants. Wild type plants under PAH exposure
accumulate ROS [32, 33, 37-43]. In this study, the production of H>O> was monitored with 3, 3’-
diaminobenzidine (DAB) staining in plants grown for 14 days in media with

phenanthrene. DAB reacts with H>O> producing a brown precipitate [51]. After treatment with
0, 0.1, or 0.25 mM phenanthrene, the loss-of-function mutant lines experienced significantly less
oxidative stress versus control plants under PAH stress (Figure 5). For example, SM_3_32880
did not show any H>O, accumulation during the different treatments. The control plants showed
H>0: accumulation, as was seen for the formation of dark brown spots, depending on the PAH
concentration, similar to what has been previously reported [32, 33]. On the other hand, intense
spotted staining with DAB was observed in leaves of the over-expressing lines 3D1Apl,
3D1Ap2, and 2B1Bpl, when exposed to both 0.1mM and 0.25 mM phenanthrene (Figure

6). The higher accumulation of H>O: in over-expressing lines exposed to phenanthrene suggests

more oxidative damage due to PAH exposure.

3.6 Fluorescent emission and HPLC analysis of in vifro biochemical assays with
recombinant AT5G05600 protein suggest phenanthrene chemical modifications

To determine if the AT5G05600 protein was able to chemically modify phenanthrene, the
6xhistidine (6xHis)-tagged recombinant protein was purified from crude bacterial lysates under
non-denaturing conditions by nickel affinity chromatography. The collected fractions were
analyzed by SDS-PAGE (Figure 7). Analysis of the elution fractions 2 to 4 showed the presence
of a band of the expected size (46 KDa) for the 6xHis-tagged recombinant protein. To verify
the activity of tagged ATSG05600 with relation to phenanthrene, in vitro assays were performed
with the purified enzyme. The emission spectrum of a compound can provide qualitative and

quantitative information [59, 60]. This is especially true of PAHs when exposed to UV light. For
11



instance when excited at 337 nm, phenanthrene produces a unique spectral emission signature
with peaks at 347, 356, 364, and 374 nm [61]. Changes in the emission spectrum of a compound
are associated with structural changes. Incubation of 0.2 mM phenanthrene with 4 ug or 6 ug of
purified recombinant AT5G05600 revealed a reduction in the area under the curve of its
fluorescence spectra (Figure 8). Using the 364 peak as an arbitrary standard peak, 0.2 mM
phenanthrene produced a major peak with a measurement of approximately 8 X 10 «counts per
second (cps) (Figure 8A). Incubation of 0.2 mM phenanthrene with 4 pug of recombinant protein
exhibited a substantial reduction to 6 X 10 «cps (Figure 8B). Furthermore, incubation of 0.2mM
phenanthrene with 6 ug of the enzyme had a larger reduction to 4.5 X 10 «cps (Figure 8C). Thus,
these results showed a reduction of the phenanthrene amount in solution concomitant with
increases in the enzyme concentration, suggesting that ATSG05600 is able to chemically modify

phenanthrene in vitro.

To obtain supportive data, purified AT5G05600 was incubated with phenanthrene as a substrate,
followed by an extraction of the organic phase, and then the samples were subjected to HPLC
analysis (Figure 9). The assay without the enzyme served as a control (Figure 9A). When 6 pug
of the enzyme were used in the reaction, the phenanthrene peak on the HPLC plot was
significantly reduced in height (Figure 9B). This demonstrated that the recombinant protein
enzymatically degrades this PAH in vitro and supports the hypothesis that phenanthrene is

biodegraded by AT5G05600 in vivo.

3.7 AT5G05600 is a putative Arabidopsis thaliana flavonol synthase
An alignment of the translated ORF of At5g05600 to flavonol synthase from both Citrus unshui

and a previously characterized flavonol synthase At5g08640 from Arabidopsis thaliana indicates
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a 38% identity at the amino acid level [62] (Figure 10). Amino acid sequence analysis of
AT5G05600 shows the presence of two highly conserved domains among 2-oxoglutarate- and
Fe(I1)-dependent dioxygenases [63]. The N-terminal domain contains Gly 93 and His 100 which
are highly conserved amino acids in 2-oxoglutarate dependent dioxygenases [64]. The C-
terminal domain contains His 244, Asp 246 and His 301, which are inferred residues for binding
to ferrous iron (II), while Arg 311 and Ser 313 are predicted residues for binding to 2-
oxoglutarate. The C-terminal domain also contains Pro 230 and Gly 285, highly conserved
amino acids in 2-oxoglutarate dependent dioxygenases [63]. Thus, bioinformatics analysis shows
that Az5g05600 contains coding sequences highly conserved among 2-oxoglutarate- and Fe(II)-

dependent dioxygenase genes.

4. Discussion

In this report, we hypothesized that plant DOXs are part of the enzymatic system involved in
chemical detoxification, in a similar manner to some bacterial DOXs. Herein we focused on
Arabidopsis thaliana AT5SG05600 and its role in the degradation of phenanthrene once
internalized by the plant. Microarray analysis of 21 day-old plants continuously grown on 0.25
mM phenanthrene showed an up-regulation of Az5g05600 expression by 5.02-fold [34]. After
the exposure of the reporter line GT_5_96064 to phenanthrene, GUS expression driven by the
At5g05600 promoter was localized to the cotyledons and true leaves, where vascular tissue
expression was specifically noticeable (Figure 2). Given that At5g05600 expression is elevated
in response to phenanthrene exposure, we propose that the AT5G05600 protein plays an
important role in phenanthrene detoxification and/or dealing with PAH-induced cellular

stress. Related, global analysis of Arabidopsis grown in media containing 0.5 mM of the
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explosive hexahydro-1,3, 5-trinitro-1,3,5-triazine (RDX) for 9 days showed that At5g05600
expression increased by 2.80-fold [65]. Rao et al. [65] suggested a role for oxidoreductases
during the first phase of explosive detoxification. Moreover, microarray analysis of salt stress
responses, fungal exposure and wounding showed that Ar5g05600 is up-regulated [66]. Taken
together, the above results suggest possible multiple roles of AT5SG05600 in metabolism during

various environmentally stressful conditions.

The phenotypic stress response to PAH exposure by Arabidopsis includes poor root and shoot
growth and altered development [32, 33, 39, 67]. Our results show that the Az5g05600 loss-of-
function mutant lines exhibited a less sensitive phenotype under phenanthrene treatment (Figure
3). Conversely, At5g05600 over-expressing plant lines were highly sensitive to phenanthrene
treatments, exhibiting reduced root length (Figure 4) and foliage area (Table 1). Therefore, these
genetic and physiological data suggest a role for AT5G05600 in the biotransformation of
phenanthrene in vivo, possibly in the initial catabolism of PAHs. Toxin transformation reactions
involve reduction or oxidation of toxic compounds, sometimes adding hydroxyl or carboxyl
groups [46]. The products of those reactions vary in complexity and in some cases produce more
toxic and harmful intermediates than the parent compound [68-70]. Our in planta results suggest
that Az5g05600-dependent transformation reactions convert phenanthrene into toxic metabolites,
possibly saturating the PAH detoxification system such as when AT5G05600 is over-produced.
Subsequently, the high levels of harmful metabolites in combination with increased ROS levels

result in general growth inhibition.

In addition to transformation, toxins may be conjugated to glucose, malonyl, or glutathione by

transferases, transforming them into more water-soluble compounds [30, 69, 71-75] that are then
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translocated into the vacuole or cell wall compartments [69, 76]. Interestingly in Arabidopsis,
the expression of 12 glutathione transferases increase under phenanthrene exposure, including
At4g02520, At2g02930, Atl1g02920, and Atl1g02930 [34, 77]. In a search for transporters,
AtNAP2 (POPI), a NAP-type ABC transporter which encodes a P-loop containing nucleoside
triphosphate hydrolase, was up-regulated during PAH stress [34]. Consequently, it is likely that
after their transformation harmful breakdown products are sequestered in the vacuole or cell wall

interfering less with cellular metabolism [48].

To better understand the role of ATSG05600 in the detoxification of phenanthrene, in vitro
biochemical assays were performed using the purified recombinant protein and phenanthrene as
a substrate. The data presented here suggest activity of ATSG05600 towards phenanthrene
(Figure 8, 9). The changes observed in the fluorescent emission spectrum and in relative
abundance levels of phenanthrene after the incubating it with purified AT5G05600 suggest
chemical structure modifications by AT5G05600. While it may not be the endogenous role for
this enzyme, these results strongly indicate that AT5G05600 is using phenanthrene as a substrate
and chemically transforming it. Consequently, we propose that after entering the plants,
phenanthrene is oxidized initially via a hydroxylation reaction. Nevertheless, future experiments
to 1solate and identify possible metabolites of the reaction are needed to obtain a better

understanding of the detoxification steps.

Oxidative stress is a cellular response that has been associated with abiotic and biotic
stresses. In our study, the over-expressing lines exposed to phenanthrene showed more
oxidative damage than wild type plants, as evident by higher H>Oxlevels indicated by DAB

staining (Figure 6). Conversely, the At5g05600 loss-of-function mutant lines exposed to

15



phenanthrene showed a substantially lower accumulation of H>O> than control plants, suggesting
less oxidative damage (Figure 5). ROS-induced oxidative stress adversely affects plant growth
and yield, impacting photosynthetic capacity for example [78-85]. On the other hand, it is
unclear which mechanisms are responsible for H>O» production in PAH-induced stress. Diverse
enzymes, including NADPH-dependent oxidases, amine oxidases and pH-dependent cell wall
peroxidases have been implicated in ROS production [42, 86, 87]. Alternatively, it is also
possible that H>O> could be produced by ATSG05600 itself during the oxidation of the

toxin. Nevertheless, future research is needed to investigate the sources of ROS under

phenanthrene exposure.

Owens et al. [62] identified a family of six flavonol synthase (FLS) genes in the Arabidopsis
genome. One of these, At5g08640 (ATFLST) was shown with enzymatic activity catalyzing the
formation of flavonols from dihydroflavonols. Amino acid sequence analysis of AT5SG05600
indicates a 38% of identity to ATFLS1 and flavonol synthase from Citrus unshui (Figure 10),
including key regulatory elements found in the dioxygenase superfamily [63, 64]. According to
Prescott and John [47] 2-oxoacid dependent dioxygenases with more than 32% amino acid
sequence identity generally perform similar functions. Thus, the bioinformatics analysis
presented here suggests that ATSG05600 is a putative flavonol synthase in Arabidopsis
thaliana. Interestingly, four of the six DOXs up-regulated under phenanthrene treatment are
proposed to function in the flavonoid biosynthesis pathways [34]. In similar Arabidopsis
experiments under naphthalene exposure, flavonoid biosynthesis genes were also up-regulated
[67]. Therefore, flavonoid production may be key to dealing with PAH-induced stress

considering that flavonoids are known secondary metabolites with antioxidant activity [88-92].
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Still, it remains unclear if AT5SG05600 is a flavonol synthase. Further studies to analyze levels
and composition of flavonoids in loss-of-function and gain-of-function mutants could resolve
this point. Additionally, knowing the flavonoid levels may help explain the phenotypes related to
ROS production in these genetic backgrounds. It is possible that AT5G05600 is produced in
response to oxidative stress and that phenanthrene catabolism is a by-product of that induction

because AT5G05600 shows substrate promiscuity.

Plant xenobiotic detoxification is a multi-enzyme multi-step process. The discovery of novel
genes involved in the uptake, transport, transformation, conjugation and storage of PAHs will
enable phytoremediation development [13]. In addition, novel genetic engineering approaches
should be explored in the design of transgenic plants capable of removing and/or biodegrade
PAHs. For instance, our studies revealed that the At5g05600 loss-of-function mutant lines are
more tolerant to PAHs than control plants, which could mean uptake without

degradation. Because the loss-of-function DOX plants are less affected by PAHs, such as
producing less H2O> (Figure 5), plants lacking this enzyme could potentially be used to
hyperaccumulate and remove PAHs as a bioremediation strategy, although phenanthrene
concentrations in tissues need to be further characterized. Alternatively, the concomitant over-
expression of enzymatic and/or non-enzymatic pathways for ROS scavenging [93-95] in the
DOX over-expressing plants should damper the oxidative stress experienced by plants due to
PAH exposure. Therefore, a combinatorial approach to deal the oxidative stress, as well as PAH

degradation, is recommended.
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In summary, we provide evidence to show that AT5G05600, a putative flavonol synthase, is part
of the phenanthrene-induced stress response and probably involved in the first detoxification
phase for PAHs in Arabidopsis. Data from both in vivo and in vitro experiments show that this
enzyme has an activity towards phenanthrene, changing its structure. We propose that other
PAHs follow a route of detoxification, similar to that of phenanthrene. These findings indicate
possible strategies involving multi-transgene technologies that target catabolic pathways able to
degrade recalcitrant PAHs while addressing the oxidative stress associated with the

detoxification.
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