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a b s t r a c t

A photosensitive (phs1) mutant of Arabidopsis thaliana was isolated and characterized. The PHS1 gene
was cloned using a map-based approach. The gene was found to encode a protein containing a
deaminase–reductase domain that is involved in the riboflavin pathway. The phenotype and growth
of the phs1 mutant were comparable to that of the wild-type when the plants were grown under low
eywords:
rabidopsis
hotooxidative damage
iboflavin pathway

light conditions. When the light intensity was increased, the mutant was characterized by stunted growth
and bleached leaves as well as a decrease in FNR activity. The NADPH levels declined, whereas the NADP+

levels increased, leading to a decrease in the NADPH/NADP+ ratio. The mutant suffered from severe pho-
tooxidative damage with an increase in antioxidant enzyme activity and a drastic reduction in the levels
of chlorophyll and photosynthetic proteins. Supplementing the mutant with exogenous FAD rescued the
photosensitive phenotype, even under increasing light intensity. The riboflavin pathway therefore plays
an important role in protecting plants from photooxidative damage.
ntroduction

Riboflavin is the precursor of the coenzymes riboflavin
onophosphate and flavin adenine dinucleotide, which serve as

ndispensable redox cofactors in all organisms. In plants, these
ofactors are required for numerous critical cellular processes as
iverse as the citric acid cycle, fatty acid oxidation, mitochondrial
lectron transport and de novo pyrimidine biosynthesis. They also
articipate in a variety of other vital processes, such as DNA pho-
orepair (Sancar, 1994; Hitomi et al., 2009), light sensing (Salomon
t al., 2001; Briggs and Huala, 1999), bioluminescence (Lee et al.,
992; Meighen, 1993), jasmonate (JA) signal transduction (Xiao
t al., 2004) and the functioning of circadian and seasonal clocks
Imaizumi et al., 2003; Hitomi et al., 2009).

The biosynthesis of riboflavin has been studied in some detail
n eubacteria and fungi (Richter et al., 1993, 1997; Ritz et al., 2001;
aiser et al., 2002). It consists of seven distinct enzyme-catalyzed

eactions and requires one molecule of GTP and two molecules of
ibulose 5-phosphate as substrates, which are catalyzed in turn
y GTP cyclohydrolase II, dihydroxybutanone phosphate synthase,
yrimidine deaminases, pyrimidine reductases, hypothetical phos-

Abbreviations: FNR, ferredoxin-NADP+ oxidoreductase; NBT, nitroblue tetra-
olium; SOD, superoxide dismutase; DHAR, dehydroascorbate reductase; GR,
lutathione reductase; PET, photosynthetic electron transport; ROS, reactive oxygen
pecies; SSLP, simple sequence length polymorphism.
∗ Corresponding author. Tel.: +86 10 62836256; fax: +86 10 82599384.

E-mail address: zhanglixin@ibcas.ac.cn (L. Zhang).

176-1617/$ – see front matter © 2010 Elsevier GmbH. All rights reserved.
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phatase, lumazine synthase and riboflavin synthase (Fischer and
Bacher, 2008). Recently, several homologous genes involved in the
riboflavin pathway were cloned in plants. The ribA gene, which
encodes a bifunctional GTP cyclohydrolase II/dihydroxybutanone
phosphate synthase, was cloned from tomato and Arabidopsis
thaliana (Herz et al., 2000). The lumazine synthase gene was cloned
from spinach, tobacco and A. thaliana (Jordan et al., 1999); this gene
was shown to be involved in JA signaling transduction in A. thaliana
(Xiao et al., 2004). The riboflavin synthase gene and the pyrimidine
deaminases gene were both cloned from A. thaliana (Bacher and
Eberhardt, 2001; Fischer et al., 2004), but little is known about the
enzyme catalyzing the reduction of the ribosyl side chain in plants.
In A. thaliana, there are two genes (At4g20960, At3g47390) that
contain riboflavin deaminase–reductase domains; the At4g20960
protein was shown to demonstrate deamination activity (Fischer
et al., 2004), and it is likely that the At3g47390 protein shows
pyrimidine reductases activity.

In plant thylakoid membranes, light drives the flow of electrons
from water via photosystem II (PSII), cytochrome b6f (cytb6f) and
PSI to ferredoxin. Light energy is important for maintaining plant
growth and metabolism, but when the amount of energy absorbed
exceeds the amount needed to drive metabolism, plants will likely
suffer from photoinhibition and oxidative stress (Krieger-Liszkay
et al., 2008). Several biosynthetic processes and metabolites might

protect plants from excessive light and photooxidative stress,
including the ascorbate–glutathione cycle (May et al., 1998; Noctor
and Foyer, 1998; Ding et al., 2009), the xanthophyll cycle (Arnoux et
al., 2009; Li et al., 2009), carotenoid (Davison et al., 2002), vitamin
B6 (Havaux et al., 2009), vitamin E (Havaux et al., 2005) and others.

dx.doi.org/10.1016/j.jplph.2010.05.005
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:zhanglixin@ibcas.ac.cn
dx.doi.org/10.1016/j.jplph.2010.05.005
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In this study, we isolated and characterized a photosensitive
utant (phs1). The PHS1 gene was cloned using a map-based

pproach. It was found to encode a protein containing a
eaminase–reductase domain, which is a key component in the
iboflavin pathway. We show that the riboflavin pathway is impor-
ant for protecting plants from photooxidative stress.

aterials and methods

.1. Plant material and growth conditions

The phs1 mutant was screened from a collection of pSKI015 T-
NA mutagenized Arabidopsis (ecotype Columbia) lines from the
BRC. The mutants were selected based on the presence of bleach-

ng when the plants were grown under 140 �mol m−2 s−1 of light.
ild-type and homozygous mutant plants were grown on either
urashige or Skoog (MS) medium containing 3% sucrose or on soil.

he plants were grown at 22 ◦C under short-day conditions (10 h of
ight/14 h of dark) with a photon flux density of 30 �mol m−2 s−1,
0 �mol m−2 s−1 or 140 �mol m−2 s−1. To determine the effects of
hemical treatments on plant growth and phenotypes, the mutant
nd wild-type plants were grown on MS medium supplemented
ith 10 mg/L riboflavin, FMN or FAD.

.2. Map-based cloning and complementation

A mapping population was obtained by crossing wild-type
lants of the ecotype Landsberg erecta (Ler) with ecotype Columbia
Col) heterozygous phs1 plants. Homozygous F2 mutant plants
ere screened based on the photosensitive phenotype described

bove. Genomic DNA was extracted from 1024 mutant plants
nd subjected to PCR analysis using specific molecular mark-
rs. The mutation was mapped to a 120-kb region between
wo bacterial artificial chromosomes (F1P2 and T21L8) on chro-

osome 3. Candidate genes with predicted chloroplast transit
eptides were sequenced and analyzed with cDNA from phs1
nd wild-type plants (Col). To confirm the mutation, a comple-
entation experiment was performed as follows. A fragment

ontaining the full-length PHS1 coding sequence was ampli-
ed with primers 5′-CTGGATCCATGGCTCTTTCATTTCG-3′ and
′-TTTGAATTCTCAGGCCGAAGAAGTCT-3′ and subcloned into the
BI121 vector under the control of the cauliflower mosaic virus
5S promoter. The constructs were then transformed into Agrobac-
erium tumefaciens strain EHA105 and introduced into the phs1

utant plants using the floral dip method (Clough and Bent,
998). Transgenic plants were planted on MS medium containing
0 �g ml−1 kanamycin monosulfate. Resistant plants were trans-
erred to soil and grown in a growth chamber to produce seeds.

.3. Nucleic acid preparation and analysis

Total RNA was isolated from 100-mg samples of fresh plant
eaves using the TRIZOL reagent, and DNA was isolated as described
y Liu et al. (1995). The expression of PHS1 was determined using
T-PCR analysis. Equal amounts of RNA were loaded for each sam-
le, and RT-PCR analysis of actin cDNA was performed using the
ollowing primers: sense primer (5′-AACTGGGATGATATGGAGAA-
′) and antisense primer (5′-CCTCCAATCCAGACACTGTA-3′).

.4. Chlorophyll fluorescence analysis and oxido-reduction of
700
Chlorophyll fluorescence images and data were obtained as
escribed by Chi et al. (2008). The image acquired in each experi-
ent was normalized to a false color scale; the lightest areas were

rbitrarily assigned a value of 0, whereas the darkest areas were
siology 167 (2010) 1466–1476 1467

assigned a value of 0.85. As a result, the highest and lowest Fv/Fm
values were represented by the red and blue extremes of the color
scale, respectively (CF Imager; Technologica). The maximum quan-
tum efficiency of PSII photochemistry was expresses as the ratio
of variable to maximal fluorescence, Fv/Fm; this was measured in
intact leaves using a PAM 2000 portable chlorophyll fluorometer
(Walz). For the measurement of light-induced P700 absorbance
changes at 820 nm, the PAM chlorophyll fluorometer was equipped
with an ED 800T (Walz) emitter–detector unit, and the measure-
ments were performed according to the methods of Peng et al.
(2006).

1.5. Transmission electron microscopy

Samples of wild-type and mutant leaves were prepared for
transmission electron microscopy as described by Peng et al.
(2006). The samples were then viewed with a transmission electron
microscope (JEM-1230; JEOL).

1.6. Total protein preparation, chlorophyll content determination
and protein-blot analysis

Total proteins were extracted from the samples as described
by Martinez-Garcia et al. (1999). The protein concentrations were
determined using the BioRad DC protein assay (Bio-Rad, Her-
cules, CA, USA). The quantitative determination of chlorophyll
content was carried out as described by Lichtenthaler (1987). For
protein-blot analysis, total proteins were separated by SDS-PAGE
and transferred onto nitrocellulose membranes. The membranes
were incubated with specific primary antibodies, and the signals
from secondary conjugated antibodies were detected using the
enhanced chemiluminescence method.

1.7. Antiserum production

The nucleotide sequences encoding the N-terminus of PHS1
(amino acids 196–314 corresponding to nucleotide positions
586–942 of the PHS1 gene) were amplified by PCR using
the primers 5′-CACGCTAGCCTTGATGGTAAGATTGC-3′ and 5′-
CCCAAGCTTTTCCATAACTTCTCTTG-3′. The resulting DNA fragment
was cleaved with Nhe I and Hind III and fused in frame with the
N-terminal His affinity tag of pET28a. The fusion protein expres-
sion, purification and antiserum production were carried out as
described by Ma et al. (2007).

1.8. Isolation of chloroplasts and measurement of
ferredoxin-NADP+ oxidoreductase (FNR)-dependent cytochrome c
reductase activity

The chloroplasts were isolated as described in Zhang et al.
(1999). Briefly, the leaves were homogenized in 330 mM sorbitol,
5 mM ascorbate, 0.05% bovine serum albumin, 2 mM EDTA, 1 mM
MgCl2 and 50 mM Hepes-KOH, pH 7.6, filtered through Miracloth
and centrifuged for 1 min at 1000 × g. The pellets were resuspended
in Medium A (330 mM sorbitol, 2 mM dithiothreitol, 50 mM Hepes-
KOH, pH 8.0) and loaded onto Percoll step gradients (40% and 70%
in Medium A) and spun for 5 min at 4500 × g at 4 ◦C. The chloro-
plasts in 70% Percoll were diluted with Medium A, spun for 2 min
at 1300 × g, and washed once with Medium A. All subsequent
manipulations were carried out on ice or at 4 ◦C. The chloroplasts
were osmotically shocked on ice for 10 min in a hypotonic buffer

containing 50 mM Hepes-KOH, pH 8.0, and 5 mM MgCl2. FNR-
dependent cytochrome c reductase activity was determined using
the methods of Orellano et al. (1993). The reaction medium (1 ml)
contained 50 mM Tris–HCl (pH 8.0), 0.3 mM NADP+, 3 mM glucose-
6-phosphate, 1 U of glucose-6-phosphate dehydrogenase, 50 �M
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ytochrome c, 5 �M Fd, and 5 �g of the protein sample. The reaction
as monitored spectrophotometrically by following cytochrome c

eduction at 550 nm (ε550 = 19 mM−1 cm−1).

.9. Measurement of NADP+ and NADPH contents

Phosphorylated pyridine nucleotides (NADP+, NADPH) were
xtracted from fresh leaf tissue and assayed as described by Foyer et
l. (1991). Leaves were ground into a fine powder in liquid nitrogen.
he resulting powder was divided into two approximately equal
amples. For NADP+ determination, the powder was mixed with
0 ml of 0.1 M HClO4. The suspension was boiled for 2 min and cen-
rifuged at 10,000 × g for 5 min. One ml of the supernatant was
eutralized with 0.2 ml of 1 M Tris–HCl, pH 7.4 and 1 ml of 0.1 M
OH and incubated on ice for 15 min. For NADPH determination,

he powder was mixed with 10 ml of 0.1 M KOH. The suspension
as treated as above, except that it was neutralized with 0.2 ml

f 1 M Tris–HCl (pH 7.4) and 1 ml of 0.1 M HClO4. The neutralized
upernatants were assayed for either NADP+ or NADPH using the
nzyme cycling method (Slater and Sawyer, 1962).

.10. Determination of FAD concentration

FAD was extracted as described by Bafunno et al. (2004). One-
alf gram of leaves was ground into a fine powder in liquid nitrogen,
nd the powder was treated with detergent extraction buffer
50 mM Tris–HCl pH 7.0, 1% [w/v] digitonin). The supernatant was
ollected from the digitonin-treated sample after centrifugation at
5,000 × g for 5 min and used for the determination of FAD con-
ent. The protein concentration was determined using the BioRad
C protein assay (Bio-Rad, Hercules, CA, USA). The concentration
f FAD was determined from the rate of oxidation of NADPH by
HBH during the catalysis of the conversion of POHB, as described
y Müller and van Berkel (1982). After 2.5 min of incubation of apo-
HBH with 0.2 mM POHB and 0.2 mM NADPH in 0.1 mM Tris–HCl,
H 8.0, at 25 ◦C, the reaction was initiated by the addition of either
AD or the protein sample. The oxidation of NADPH was monitored
t 340 nm. The FAD concentration of the sample was determined
sing a calibration curve (rate of NADPH oxidation vs FAD concen-
ration) that was obtained by the addition of aliquots of a standard
AD solution to the reaction mixture.

.11. In situ detection of O2
−

The in situ detection of O2
− was performed using nitroblue tetra-

olium (NBT) staining (Rao and Davis, 1999). The detached leaves
ere submerged in an NBT (1 mg ml−1) solution containing 10 mM
aN3 (10 mM) in 10 mM potassium phosphate buffer (pH 7.8).
fter a brief vacuum infiltration, the leaves were stained in NBT

or 30 min at room temperature. The stained leaves were cleared
y boiling them in an acetic acid:glycerol:ethanol (1:1:3 [v/v/v])
olution prior to photography.

.12. Measurement of antioxidant enzyme activities

One gram of fresh leaves was ground into a fine powder in liq-
id nitrogen and homogenized in 2 ml of extraction buffer (0.1 M
ris–HCl, pH 7.8, 10 mM MgCl2, 1.0 mM EDTA, and 2% PVP). After
entrifugation at 13,000 × g for 10 min, the supernatant was col-
ected and assayed for enzyme activity. Superoxide dismutase

SOD, EC1.15.1.1) activity was estimated by employing its ability
o inhibit the photoreduction of nitroblue tetrazolium (Beyer and
ridovich, 1987). Dehydroascorbate reductase (DHAR, EC1.8.5.1)
ctivity was determined by measuring the increase in absorbance at
65 nm caused by DHA reduction (Knörzer et al., 1996). GR activity
siology 167 (2010) 1466–1476

was determined by following the rate of GSH formation at 412 nm
(González et al., 1998).

Results

1.13. Isolation of a photosensitive mutant

The photosensitive mutant was isolated by screening for the
photobleaching phenotype at 140 �mol m−2 s−1 from the Scheible
and Somerville T-DNA Arabidopsis lines (Weigel et al., 2000). To
study the effects of light intensity on the growth and phenotype of
the mutants, the wild-type and mutant plants were grown under
low light (30 �mol m−2 s−1) for four weeks followed by growth
under low light (30 �mol m−2 s−1), normal light (80 �mol m−2 s−1)
or high light (140 �mol m−2 s−1) for two weeks. Under low light
conditions, the mutant displayed a phenotype similar to that of
the wild-type; the Fv/Fm ratios (indicating the maximum potential
capacity of the photochemical reactions of PSII) and chlorophyll
contents of the phs1 mutant were similar to those of wild-type
plants. Under normal light conditions, the mutant plants showed
reduced growth and increasingly chlorotic leaves. The phs1 mutant
contained about 30% as much chlorophyll as the wild-type. Under
high light conditions, some of the mutant leaves were severely
bleached, and the spreading chlorosis covered nearly all of the
leaves. The levels of chlorophyll in the mutant were reduced to only
about 15% of the wild-type levels (Fig. 1). Meanwhile, PSII activity
in the phs1 mutant plants also gradually decreased with increasing
light intensity relative to wild-type levels (0.85). The Fv/Fm values
of the bleached leaves of the phs1 mutant were only about 0.5 in
normal light and 0.3 in high light, compared to 0.85 for wild-type
plants (Fig. 1).

1.14. Ultrastructure of the wild-type and mutant chloroplasts

We next investigated the ultrastructure of chloroplasts from
wild-type and mutant plants grown under different light con-
ditions by examining electron micrographs of ultrathin sections
obtained from leaf samples (Fig. 2). The ultrastructures of wild-
type chloroplasts were similar in plants grown under different light
conditions. The chloroplasts displayed well-developed membrane
systems composed of grana connected by stroma lamellae. Under
low light, the ultrastructure of mutant chloroplasts was similar to
that of wild-type chloroplasts. However, under normal light con-
ditions, the thylakoid membrane systems of mutant chloroplasts
were disturbed and the membrane spacing was not as clear as that
of wild-type chloroplasts. Under high light conditions, the mutant
chloroplasts began to enlarge, and their thylakoid membranes were
distorted.

1.15. Map-based cloning of the mutated gene

Genetic analysis showed that the mutation was recessive and
that the mutant phenotype did not cosegregate with the phos-
phinothricin resistance marker, indicating that the mutated gene
was not tagged by the T-DNA (data not shown). Map-based cloning
of the mutated gene was performed using simple sequence length
polymorphism (SSLP) molecular markers. Using several molecular
markers (Lukowitz et al., 2000), the gene was mapped to chromo-
some 3. Further mapping using two newly-developed SSLP markers
(A18000 and A19000) placed the gene between BAC clones T21L8
and F1P2, which contains a 120-kb Arabidopsis genomic insert and

21 annotated ORFs. The cDNAs from each ORF were amplified from
total RNA isolated from the mutant using a series of overlapping,
gene-specific primers to each ORF, and the RT-PCR products were
sequenced. One ORF (designated At3g47390) was found to have a
PCR product with a 14-nucleotide deletion from base 1247 to 1260
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Fig. 1. Characterization of wild-type and phs1 plants grown under low light (30 �mol m−2 s−1) for four weeks, followed by growth under low light (LL, 30 �mol m−2 s−1),
normal light (NL, 80 �mol m−2 s−1) or high light (HL, 140 �mol m−2 s−1) for two weeks. Leaves indicated with a red arrow were used for the chlorophyll fluorescence
measurement. (a) Photographs and chlorophyll fluorescence images of wild-type and phs1 plants. Fluorescence was measured by the FluorCam700MF and visualized using a
p m val
( e leav
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t
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t
c
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seudocolor index as indicated at the bottom. The highest (0.85) and lowest (0) Fv/F
b) Chlorophyll (Chl) contents per leaf area from wild-type and phs1 plants. All of th
alues are mean ± SD of three independent experiments. (For interpretation of the
rticle.)

n the coding region of the gene At3g47390; this resulted in the
runcation of the protein due to the presence of the premature stop

odon TGA (Fig. 3).

To confirm that the phenotype of the phs1 mutant was due to
he mutation in At3g47390, a complementation experiment was
arried out using full-length At3g47390 cDNA. Twenty-one suc-
essfully complemented transgenic plants had growth rates and
ues were represented by the red and blue extremes of the color scale, respectively.
es of wild-type and phs1 plants were prepared for chlorophyll content analysis. The
nces to color in this figure legend, the reader is referred to the web version of the

phenotypes that were similar to those of wild-type plants. Thus,
the inactivation of the At3g47390 gene was responsible for the phs1

mutant phenotype.

BLAST searches revealed that the PHS1 gene encodes a puta-
tive protein with a riboflavin deaminase–reductase domain (Fig. 4).
Protein alignments showed that it shares significant identity at the
amino acid level with proteins from Oryza sativa (69%), Sorghum
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ig. 2. Transmission electron microscopic images of chloroplasts of wild-type and p
ith a red arrow in Fig. 1 were used for transmission electron microscopy analysis.

icolor (62%), Chlamydomonas reinhardtii (50%) and another A.
haliana protein, At4g20960 (25%).

.16. RT-PCR and immunoblot analysis

To determine whether the 14-bp deletion in the mutant affects
HS1 expression, RT-PCR and immunoblot analysis was performed.
T-PCR analysis showed that the expression of the At3g47390 gene
as similar in wild-type and phs1 plants after 30 cycles, which

uggested that the 14-bp deletion does not affect the transcript
ccumulation of PHS1. The 40-kD PHS1 truncated protein frag-
ents were detected in phs1 plants, but not in wild-type plants,

sing a specific PHS1 antibody (Fig. 5).Exogenous FAD can rescue
he mutant phenotype
Because the PHS1 gene encodes a protein that is involved in the
iboflavin biosynthetic process, and because riboflavin, FMN and
AD are the final products of the riboflavin pathway, we examined
hether exogenous riboflavin, FMN or FAD could rescue the pheno-

ype of the mutant grown on MS medium. Our results showed that

ig. 3. Map-based cloning of the PHS1 gene. (a) SSLP markers were used to map
he PHS1 gene to the ciw4 region of chromosome III. A mapping population was
btained by crossing wild-type plants of the ecotype Landsberg erecta (Ler) with
cotype Columbia (Col) heterozygous phs1 plants. Genomic DNA was extracted from
024 homozygous F2 mutant plants and subjected to PCR analysis using specific
olecular markers. The gene was fine-mapped to a 120-kbp interval between mark-

rs A18000 and A19000 (supporting information). This region is covered by two
acterial artificial chromosome clones, T21L8 and F1P2. (b) The phs1 mutant has a
4-nucleotide deletion from base 1247 to 1260 (red font) in the coding regions of
he At3g47390 gene, resulting in the truncation of the protein by a following stop
odon TGA (purple font). (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)
lants grown under different light conditions as described in Fig. 1. Leaves indicated
1 �m.

only FAD could rescue the photosensitive phenotype under nor-
mal light and that the photosensitive phenotype could be partially
reversed under high light (Fig. 6).

1.18. Changes of the FAD content, FNR activity and the
NADPH/NADP+ ratio

Because FAD could rescue the mutant phenotype, we deter-
mined the FAD content of wild-type and mutant leaves under
various light conditions. The FAD contents were similar in wild-
type leaves grown under different light conditions. Under low light
conditions, the FAD content was lower in mutant plants than in
wild-type plants. In addition, the levels of FAD in the mutant under
both normal and high light conditions were comparable to that
under low light conditions. In addition, because of the variable
phenotype seen in mutant plants grown under normal and high
light conditions, we determined the FAD content in bleached and
green mutant leaf tissue separately. Interestingly, the bleached and
green leaf tissue had similar levels of FAD under the same light
conditions. Because FAD acts as the cofactor of ferredoxin-NADP+

oxidoreductase (FNR), we further investigated the FNR protein
content and FNR-specific cytchrome c reductase activity in total
leaf extracts from the mutant and wild-type plants. No signifi-
cant difference in the levels of FNR protein was observed between
wild-type and mutant plants grown under various light conditions
(Fig. 7). The FNR activities were similar in wild-type and mutant
plants grown under low light conditions. However, the FNR activi-
ties in the mutant were reduced to ∼38% and 20% of wild-type levels
under normal and high light conditions, respectively (Fig. 7). Using
FAD as a cofactor, FNR mediates the last step of photosynthetic
electron flow by transferring electrons from ferredoxin to NADP+,
which produces the reducing power (NADPH) required for CO2 fix-
ation and other biosynthetic pathways. Previous reports showed
that FNR deficiency could lead to the oxidation of the NADPH pool
(Hajirezaei et al., 2002; Palatnik et al., 2003). In this study, the ratios
of NADPH to NADP+ in the mutant were reduced to ∼36% and 24%
of wild-type levels under normal light and high light conditions,
respectively (Fig. 7).
1.19. The kinetics of P700 oxidation rates

To understand whether there is a limitation in electron flow
at PSI in mutant plants grown under normal or high light condi-
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ig. 4. Amino acid sequence alignment of PHS1 deaminase–reductase domains. Com
roteins from Oryza sativa, Sorghum bicolor, Chlamydomonas reinhardtii and Arabido

ions, the kinetics of the P700 oxidation and re-reduction rates of
ild-type and phs1 plants grown under various light levels were
easured. The P700 oxidation and re-reduction rates of wild-type

lants under all of the light conditions were similar to that of the
hs1 mutant plants grown under low light condition. However, the
hs1 plants grown in normal or high light showed significantly
lower oxidation and re-reduction of P700+ than did the wild-type
lants as reflected by the increased tox1/2 (the time of reaching the
alf of steady-state level of P700+) and tre1/2 (the time of the half
e-reduction of P700 oxidized) of mutants grown under normal or
igh light conditions (Table 1).
.20. Oxidative stress responses of phs1 mutant

The decreased FNR activity and NADPH/NADP+ ratios, slower
700 oxidation and re-reduction rates observed in the mutants
on of the amino acid sequence of the PHS1 deaminase–reductase domains with the
aliana. Black boxes indicate strictly-conserved amino acids among these proteins.

might lead to the channeling of electrons from PSI to molecular
oxygen via the Mehler reaction (Mehler, 1951), which results in the
formation of superoxide radicals (O2

−). To examine the enhanced
oxidative stress and increased ROS levels occurring in the mutant,
we examined the accumulation of O2

− in the mutant and in the
wild-type under various light conditions. Under normal and high
light conditions, the contents of O2

− were significantly higher in
the mutant than in the wild-type (Fig. 8). We further measured the
activities of various antioxidant enzymes of ascorbate–glutathione
cycle in total leaf extracts from mutant and wild-type plants. The
activities of total SOD and DHAR in the mutant were increased by

about 20% and 30% under normal and high light conditions, respec-
tively, compared to that of the wild-type (Fig. 8). Interestingly, there
were significant differences in the GR activity between the mutant
and wild-type under both normal and high light conditions. The
GR activity in the mutant showed a strong increase compared to
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Fig. 5. Expression of the PHS1 gene. (a) RT-PCR analysis. Total RNA was isolated from
100-mg samples of fresh plant leaves using the TRIZOL reagent. The expression of
PHS1 was determined using RT-PCR analysis with specific primers for At3g47390
and actin-specific primers. (b) Leaves of wild-type and phs1 plants under LL condi-
tions for six weeks were prepared for truncated protein detection. The total proteins
were extracted, separated by SDS-PAGE and immunodetected with antibodies raised
against the N-terminal residues (196–314) of the PHS1 protein. The mutant trun-
cated protein fragment is indicated with an arrow.

Table 1
P700 oxidation and re-reduction rates of wild-type and phs1 plants.

tox 1/2 (s) (%) tre1/2 (s) (%)

WTLL 1.04 ± 0.05 (100) 1.10 ± 0.10 (100)
WTNL 1.10 ± 0.07 (105) 1.20 ± 0.06 (109)
WTHL 1.06 ± 0.1 (102) 1.15 ± 0.11 (104)
phs1LL 1.15 ± 0.04 (109) 1.14 ± 0.09 (103)
phs1NL 1.53 ± 0.10 (147) 1.47 ± 0.12 (134)
phs1HL 1.65 ± 0.08 (161) 1.75 ± 0.15 (164)

The wild-type and phs1 plants were grown under low light (30 �mol m−2 s−1) for
four weeks, followed by growth under low light (LL, 30 �mol m−2 s−1), normal
light (NL, 80 �mol m−2 s−1) or high light (HL, 140 �mol m−2 s−1) for two weeks. The
redox kinetics of wild-type and phs1 mutant plants were investigated by measuring
absorbance changes of P700 at 820 nm induced by far-red light (FR; 720 nm). Both
the tox1/2 (the time of reaching the half of steady-state level of P700+) and the tre1/2

Fig. 6. Effects of riboflavin, FMN and FAD on the phenotype. The wild-type and phs1 mut
under different light conditions (30 �mol m−2 s−1, 80 �mol m−2 s−1 or 140 �mol m−2 s−1)
(the time of the half of re-reduction of P700 oxidized) of mutant under NL or HL
conditions are more than those of wild-type plants. Taking the t1/2 value of wild-
type under low light conditions as control (100), the relative t1/2 values were also
calculated.

the wild-type, with a 280% and 360% increase under normal and
high light conditions, respectively. Under low light conditions, not
only the contents of O2

−, but also the antioxidant activities of the
mutant were similar to that of the wild-type.

1.21. Changes in photosynthetic protein content
To assess whether the photooxidative damage might be
reflected at the level of photosynthetic proteins, immunoblot anal-
ysis was performed using specific antibodies against the subunits
of photosynthetic protein complexes using total protein extracts
prepared from the leaves of mutant and wild-type plants (Fig. 9).

ant plants were grown on MS medium supplemented with riboflavin, FMN or FAD
for three weeks.
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Fig. 7. The FAD content, FNR activity and NADPH/NADP+ ratios in wild-type and phs1 plants under LL, NL or HL growth conditions as described in Fig. 1. The values are
mean ± SD of three independent experiments. (a) FAD content. The green and bleached sections of wild-type and mutant leaves were separately harvested for FAD content
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etermination. (b) The activity of FNR-specific cytchrome c reductase. Intact chlor
nd FNR-specific cytchrome c reductase activity was measured. (c) FNR protein lev
he specific antibody against FNR. (d) NADPH/NADP+ ratios in wild-type and phs1
ADP+ and NADPH contents.

nder low light conditions, the photosynthetic protein levels of
he mutant were unchanged compared to the wild-type; however,
he photosynthetic protein levels of the phs1 mutant were reduced
ith increasing light intensity. The levels of photosystem II proteins
ere more reduced than that the levels of photosystem I proteins.

he photosystem I proteins (PsaA/B, PsaN) were reduced to 50%
nd 30% of wild-type levels under normal and high light condi-
ions, respectively, whereas the levels of photosystem II proteins
D1, D2, CP43, CP47) were reduced to about 30% and 10% of wild-
ype levels under normal and high light condition, respectively.
onversely, the levels of CF1�-subunit protein from ATP synthase
ere relatively unchanged in the phs1 mutant.

iscussion

The riboflavin pathway functions as an essential cofactor in

wide range of biochemical reactions (Sancar, 1994; Hitomi et

l., 2009; Imaizumi et al., 2003). A complete abolishment of the
iboflavin pathway would produce a range of phenotypes and
ould probably affect the survival of the plant (Xiao et al., 2004).

or many years, the biochemical functions of the enzymes involved
s isolated from the leaves of wild-type and phs1 plants were osmotically shocked
tal proteins extracted, separated by SDS-PAGE followed by immunodetection with
. All of the leaves of wild-type and phs1 plants were used for the measurement of

in the riboflavin pathway have been studied in some detail (Herz et
al., 2000; Bacher and Eberhardt, 2001; Fischer et al., 2004; Sandoval
et al., 2008). Although seven distinct enzymes are known to be
involved in the riboflavin pathway in plants, only the A. thaliana
cos1 mutant lacking lumazine synthase has been characterized
(Xiao et al., 2004). In this study, we report the characterization
of the phs1 mutant. The PHS1 gene was cloned via a map-based
approach and found to encode a protein that possesses a riboflavin
deaminase–reductase domain.

The phs1 mutant is characterized by its photosensitive pheno-
type that could be rescued by FAD supplementation. However,
supplementation with the same concentration of riboflavin or
FMN failed to rescue this phenotype (Fig. 6). Several riboflavin
transporters have been characterized in Bacillus subtilis, Saccha-
romyces cerevisiae and Mammals, such as YpaA, Mch5p, hRFT1 and
rRFT1. No sequence homologs have been identified in either A.

thaliana or O. sativa (Kreneva et al., 2000; Reihl and Stolz, 2005;
Yonezawa et al., 2008). In contrast, the FAD transporter (Flx1p) has
been characterized in S. cerevisia. This protein has more than 30
sequence homologs in A. thaliana and O. sativa, as identified using
FASTA searches (http://www.ebi.ac.uk/Tools/fasta) (Giancaspero et
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Fig. 8. Oxidative state of wild-type and phs1 plants grown under LL, NL or HL growth conditions as described in Fig. 1. The leaves of the wild-type and phs1 plants were used
for O2

− detection and measurement of antioxidant enzyme activities. The values are mean ± SD of three independent experiments. (a) In situ detection of O2
− . The detached

leaves were stained in NBT for 30 min at room temperature after a brief vacuum infiltration. The stained leaves were cleared by boiling them in an acetic acid:glycerol:ethanol
(1:1:3 [v/v/v]) solution prior to photography. The blue color indicates O2

− accumulation. (b) Superoxide dismutase (SOD) activity in wild-type and phs1 plants. The fresh
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eaves were ground and homogenized, and the supernatant was collected for the as
n wild-type and phs1 plants. The fresh leaves were ground and homogenized, an
lutathione reductase (GR) activity in wild-type and phs1 plants. The fresh leaves
ctivity after centrifugation.

l., 2009). It is likely that FAD can be transported across the plasma
embrane or across the chloroplast envelope using FAD trans-

orters, but riboflavin or FMN cannot. Meanwhile, the severely
hotosensitive phenotype might be caused by a FAD deficiency that

ncreases with increasing light intensity.
In plants, FAD is an essential cofactor for a variety of enzymes

hat participate in many metabolic processes, including DNA repair
nd the circadian clock (Hitomi et al., 2009), glycerol catabolism
Quettier et al., 2008), vitamin C biosynthesis (Leferink et al., 2008),
nd others. FNR also uses FAD as a cofactor to catalyze the final step
f photosynthetic electron transport in chloroplasts. FAD-depleted
NR assumes a partially-folded structure with a residual NADP+

inding domain but a disordered FAD binding domain (Maeda et
l., 2002), which results in reduced FNR activity and an impaired
lectron transport chain. The ascorbate (ASC)–glutathione (GSH)

ycle plays a pivotal role in protecting plant from photodamage,
nd several antioxidant enzymes involved in ASC–GSH cycle are
avoenzyme. FAD is required by GR as a co-enzyme to regener-
te GSH, an important cellular antioxidant as well as a substrate
or the enzyme GPx (Beutler, 1969; Ermler et al., 1991; May et
f SOD activity after centrifugation. (c) Dehydroascorbate reductase (DHAR) activity
supernatant was collected for the assay of DHAR activity after centrifugation. (d)
ground and homogenized, and the supernatant was collected for the assay of GR

al., 1998; Noctor and Foyer, 1998; Ding et al., 2009). Increased
GR activity with increasing light intensity scavenges reactive oxy-
gen species more effectively, but at the same time it also leads to
increased consumption of FAD. In addition, monodehydroascor-
bate reductase (MDHAR), another antioxidant enzyme of the
ascorbate–glutathione cycle, also uses FAD to regenerate ascorbate
so as to maintain reduced pools of ascorbate (Murthy and Zilinskas,
1994). These antioxidant enzymes showed increased activity in
response to high light (Bowler et al., 1994; Grace and Logan, 1996).
It is reasonable to speculate that the increased activities of antiox-
idant enzymes or other enzymes using FAD as co-enzyme will also
lead to increased consumption of FAD. Accordingly, the activity
of FNR will be reduced due to decreased availability of FAD with
increasing light intensity, which in turn affects the electron transfer
at PSI in the phs1 mutant. Indeed, measurement of P700 oxida-

tion and re-reduction rates showed that the PSI electron transfer
was impaired in the phs1 mutant under normal or high light con-
ditions. It is likely that the flow of electrons through the electron
transport chain exceeds the capacity of metabolism to consume the
reductant produced, then the electron flow to oxygen, the Mehler
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Fig. 9. Levels of chloroplast proteins of wild-type and phs1 mutant plants under LL,
NL or HL growth conditions as described in Fig. 1. The total protein extracts (10 �g of
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Grace SC, Logan BA. Acclimation of foliar antioxidant systems to growth irradiance
roteins) from all of the wild-type and phs1 leaves were separated by 15% SDS-urea-
AGE and blotted, and the blots were probed with specific antibodies, including:
nti-D1, anti-D2, anti-CP43, anti-CP47, anti-PsaA/B, anti-PsaN, and anti-CF1�.

eaction (Mehler, 1951), which results in the production of super-
xide at the acceptor side of PSI (Allen, 2003; Asada, 2006). In
ddition, over-reduction of PSII leads to charge recombination reac-
ions, producing singlet excited oxygen (Keren et al., 1997; Telfer,
002; Fufezan et al., 2002). Thus, the phs1 mutant plants are likely to
uffer from oxidative stress. Indeed, a drastic reduction in the con-
ents of chlorophyll and photosynthetic proteins was observed with
ncreasing light intensities. The phs1 mutant displayed a variable
ellow–green phenotype under normal or high light conditions.
t is unlikely that the variable phenotype is caused by the inac-
ivation of ferredoxin-NADP(H) reductase (FNR) due to decreased
AD levels in the bleached leaves or decreased FAD with increasing
ight intensity because the FAD content is similar in bleached and
reen leaf sections in the phs1 mutant. Several mutants exhibit-
ng variable phenotypes have previously been characterized, such
s the A. thaliana variegated mutants immutans, spotty, var1, and
ar2 (Rosso et al., 2009). Tobacco plants deficient in ferredoxin-
ADP(H) reductase also exhibit a yellow–green phenotype due to

he over-reduction of the intersystem PET chain (Palatnik et al.,
003). A common feature of these mutants is that the mutations
ffect components of the photosynthetic electron transport (PET)
hain (Giacomelli et al., 2007), which results in the impaired PET
hain and photosynthetic redox imbalance. Thus, the availability
f FAD for FNR function may be insufficient for optimal photo-
ynthetic electron transfer in the mutant with increasing light
ntensity, which may account for the variable mutant phenotype.

In phs1 mutant plants, a 14-nucleotide deletion from base 1247
o 1260 in the coding regions of the PHS1 gene results in the trunca-
ion of the protein due to the presence of the premature stop codon
GA (Fig. 3). Because the riboflavin pathway is essential for plant
rowth, the complete abolishment of the riboflavin pathway would
roduce pleiotrophic phenotypes (Xiao et al., 2004). It is possible

hat the truncated protein still retains partial function, and thus
AD can still be synthesized in the phs1 mutant to maintain plant
rowth under very low light. In the earlier steps of the riboflavin
athway, GTP is converted into 5-amino-6-ribitylamino-2,4(1H,
siology 167 (2010) 1466–1476 1475

3H)-pyrimidinedione by sequential deamination, side chain reduc-
tion and dephosphorylation (Fischer and Bacher, 2008). Although
bifunctional proteins with both deaminase and reductase activ-
ity were found in the eubacteria Escherichia coli and B. subtilis,
reductase and deaminase are present as separate enzymes in S.
cerevisiae, fungi and higher plants (Richter et al., 1997; Fischer et
al., 2004). There are two genes (At4g20960, At3g47390) that contain
riboflavin deaminase–reductase domains in A. thaliana. At4g20960
was shown to only have deamination activity in A. thaliana (Fischer
et al., 2004). Our efforts to isolate a null mutant of At4g20960 failed.
Considering that the null mutations in the At4g20960 gene will
not cause lethality if the PHS1 protein has both deaminase activity
and reductase activity, it is likely the PHS1 protein has pyrimidine
reductase activity.
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