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Increased Polyamine Biosynthesis Enhances
Stress Tolerance by Preventing the Accumulation
of Reactive Oxygen Species: T-DNA Mutational
Analysis of Oryza sativa Lysine Decarboxylase-like

Protein 1

Su Jin Jang, Soo Jin Wi, Yoo Jin Choi, Gynheung An‘, and Ky Young Park*

A highly oxidative stress-tolerant japonica rice line was
isolated by T-DNA insertion mutation followed by screen-
ing in the presence of 50 mM H,0,. The T-DNA insertion
was mapped to locus 0s0990547500, the gene product of
which was annotated as lysine decarboxylase-like protein
(GenBank accession No. AK062595). We termed this gene
OsLDC-like 1, for Oryza sativa lysine decarboxylase-like 1.
The insertion site was in the second exon and resulted in a
27 amino acid N-terminal deletion. Despite this defect in
OsLDC-like 1, the mutant line exhibited enhanced accumu-
lation of the polyamines (PAs) putrescine, spermidine, and
spermine under conditions of oxidative stress. The gen-
eration of reactive oxygen species (ROS) in the mutant line
was assessed by qRT-PCR analysis of NADPH oxidase
(RbohD and RbohF), and by DCFH-DA staining. Cellular
levels of ROS in osldc-like 1 leaves were significantly
lower than those in the wild-type (WT) rice after exposure
to oxidative, high salt and acid stresses. Exogenously-
applied PAs such as spermidine and spermine signifi-
cantly inhibited the stress-induced accumulation of ROS
and cell damage in WT leaves. Additionally, the activities
of ROS-detoxifying enzymes were increased in the homo-
zygous mutant line in the presence or absence of H,0..
Thus, mutation of OsLDC-like 1 conferred an oxidative
stress-tolerant phenotype. These results suggest that in-
creased cellular PA levels have a physiological role in pre-
venting stress-induced ROS and ethylene accumulation
and the resultant cell damage.

INTRODUCTION

Plants are continuously exposed to a variety of environmental
stresses, including pathogens, drought, extremes of tempera-
ture (low or high), strong light and high salinity. These stresses

are responsible for substantial losses in crop production. Sur-
vival under stress conditions is dependent on the ability of
plants to perceive these threats and to respond in a timely
manner with the appropriate physiological, developmental and
biochemical changes.

In plants, reactive oxygen species (ROS) such as superoxide
radicals, hydroxyl radicals, and hydrogen peroxide are pro-
duced continuously as by-products of aerobic metabolism.
Under physiological steady-state conditions, ROS are scav-
enged by a number of antioxidant defense factors, and there is
a balance between ROS production and scavenging (Dat et al.,
2003). The antioxidant system in plant cells consists of various
radical-scavenging molecules, including low molecular weight
antioxidants such as ascorbate, glutathione and carotenoids, as
well as antioxidant enzymes such as superoxide dismutase
(SOD), ascorbate peroxidase (APX), catalase (CAT), gluta-
thione S-transferase (GST) and glutathione reductase. This
equilibrium may be perturbed by a number of adverse environ-
mental factors that generate ROS by activating oxidases and
peroxidases, or that lead to the rapid accumulation of ROS, a
phenomenon known as an oxidative burst (Apostol et al., 1989).

Although plants have a number of mechanisms to counteract
the detrimental effects of increased ROS levels during abiotic
stress conditions, in some circumstances, ROS per se also serve
as important signaling molecules. ROS are key components of
several regulatory processes in plants, including stomatal clo-
sure and gravitropism, as well as plant responses to abiotic
stresses and pathogen challenge (Desikan et al., 2005). As a
result, considerable research has focused not only on the
mechanisms of ROS generation and removal in plants, but also
their functions during development (Kim et al., 2007), as well as
during biotic or abiotic stress (Apel et al., 2004). It was also
reported that ROS scavenger protein and its expression could
enhance acquired tolerance of oxidative stress through induc-
tion of various cell rescue proteins (Kim et al., 2012).
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Polyamines (PAs) are ubiquitous low molecular weight ali-
phatic cations that are present in all organisms from bacteria to
plants and animals. The major PAs in plants are putrescine,
spermidine, and spermine, and to a lesser extent, cadaverine.
Putrescine is formed directly from ornithine by ornithine decar-
boxylase (ODC) or indirectly from arginine by arginine decar-
boxylase (ADC). Spermine and spermidine are synthesized
from putrescine by the addition of aminopropyl groups trans-
ferred from decarboxylated S-adenosylmethionine (SAM). SAM
is also an intermediate of ethylene biosynthesis, suggesting a
potential relationship between PA and ethylene biosynthesis
(Faust and Wang, 1993). Cadaverine is synthesized from lysine
by lysine decarboxylase (LDC) (Bagni and Tassoni, 2001; Flo-
res et al., 1989). PAs localize to the cytoplasm as well as or-
ganelles such as vacuoles, mitochondria, and chloroplasts
(Kusano et al., 2008).

In plants, the major PAs putrescine, spermidine, and sper-
mine have been shown to be involved in development, senes-
cence and stress responses (Alcazar et al., 2006). Cadaverine,
which is relatively less abundant, is present in various bacteria
and in several higher plant families such as Gramineae,
Poaceae, Solanaceae, and in particular, Leguminosae (Ohe et
al., 2009). The long-standing observation that putrescine levels
increase in response to potassium deficiency has led investiga-
tors to examine changes in PA levels following exposure to
single or combinations of stress (Groppa and Benavides, 2008;
Kusano et al., 2008). In many cases, stress leads to an accu-
mulation of free or conjugated PAs, which indicates that PA
biosynthesis may be an integral component of plant stress
responses. Whether the increase in PAs under conditions of
stress is due to de novo synthesis or reduced degradation re-
mains a matter of debate.

In PA-deficient Saccharomyces cerevisiae, there is excess
accumulation of ROS and the cells eventually acquire a typical
apoptotic phenotype (Chattopadhyay et al., 2006). If, however,
these cells are grown in the presence of adequate levels of
spermidine, excess ROS production is abrogated. Although
cadaverine has no clear functional relationship with major poly-
amines, it has been shown to play a role in the induction of cell
division in dormant tubers of Helianthus tuberosus (Bagni et al.,
1993). Cadaverine also appears to act as a superoxide radical
scavenger and is essential for the neutralization of external pH,
thus helping to protect cells from acid stress (Kim et al., 2006).
PAs can directly react with oxygen radicals in vitro (Ha et al.,
1998), but this scavenging capacity has not been demonstrated
in vivo (Chattopadhyay et al., 2006). Thus, the precise mecha-
nism by which PAs decrease ROS levels is not known. For
example, it is unclear whether they act indirectly, at the level of
the enzymes involved in the synthesis or degradation of ROS,
or by interacting directly with ROS.

In the current study, we investigated the generation and ac-
cumulation of ROS and the activities of ROS-detoxifying en-
zymes in a mutant rice strain lacking lysine decarboxylase-like
1 (OsLDC-like 1) following exposure to abiotic stresses. The
mutant produced much higher levels of PAs compared to the
wild-type (WT) strain and exhibited increased tolerance to oxi-
dative stress. Our results suggest that PAs mediate tolerance
to abiotic stresses through their ability to decrease ROS gen-
eration and enhance ROS degradation.
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MATERIALS AND METHODS

Plant material and identification of stress-tolerant T-DNA
mutant lines

Rice (Oryza sativa ssp. japonica cv. Dongjin) seeds from a
library of T-DNA insertion mutants were surface-sterilized and
germinated. Plants were cultured hydroponically in a growth
chamber (29°C/21°C) with a 16 h photoperiod (Koh et al., 2007).
To screen for oxidative stress-tolerant mutants, leaf strips of
two-month-old plants grown in soil were treated with H*-2-[N-
morpholino]-ethanesulfonic acid (MES) buffer containing 50
mM H.O, for 18 h, at which point the extent of necrotic and
chlorotic damage was determined. Tolerant lines were isolated
and the T-DNA insertion sites were determined by inverse PCR
(An et al., 2003). Heterozygous (HT) or homozygous (HM)
progeny were identified by genotyping of the seedlings using
two gene-specific primers targeting the coding region and one
primer that targeted the T-DNA insert.

Determination of chlorophyll content

Freeze-dried powder of whole leaves was extracted with 85%
acetone and chlorophyll content was determined by spectros-
copy at 648 nm and 663 nm to quantify chlorophyll a and b,
respectively, as previously described (Wi and Park, 2002).

Determination of ion leakage

Leaf segments were treated with 50 mM H,O, and then the
conductivity of the bathing solution was measured with a Con-
sort conductivity meter (CYBERSCAN CON1500; Eutech; Sin-
gapore). This value was referred to as value A. Segments were
then incubated in bathing solution in sealed tubes at 95°C for
10 min. After cooling to room temperature, the conductivity of
the bathing solution again was measured; this value was re-
ferred to as value B. For each sample, ion leakage (expressed
as a percentage) was calculated as value A/value B) x 100.

Determination of PA biosynthesis

PA levels were measured as described by Wi and Park (2002).
Briefly, supernatants of leaf extracts (0.2 g) were mixed with
saturated sodium carbonate (0.2 ml) and dimethylaminonaph-
thalene-1-sulfonyl chloride (0.4 ml). The mixtures were incu-
bated at 25°C for one day and then the dansylated products
were extracted with benzene and separated by thin layer chro-
matography in chloroform:triethylamine (25:2, v/v). The sepa-
rated PAs were quantified by spectrofluorimetry against com-
mercial standards (excitation/emission wavelengths: 350/495
nm; RF-1501, Shimadzu, Japan). LDC activity was measured
according to the procedure of Park and Lee (1994). Crude leaf
tissue extract served as the source of enzyme. Briefly, crude
extract (200 pl) was incubated with 0.1 pCi of L-[1-"*C] Lys in
reaction buffer (50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.1 mM
DTT, and 0.1 mM PLP) in a total volume of 500 ul at 37°C for
60 min. "CO; that was adsorbed during the reaction onto a
piece of filter paper was measured using a liquid scintillation
counter.

Measurement of ROS with 2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA)

Epidermal strips were peeled from intact leaves and incubated
for 1 h in 20 mM phosphate buffer (pH 6.0) to remove any ROS
that may have been generated by stripping. The samples were
then exposed to stressors such as 200 mM NaCl, 10 mM po-
tassium phosphate buffer (pH 3.0), or 50 mM H.O. for 30 min,
as indicated. After stress treatment, the epidermal strips were
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floated on a solution of 50 M DCFH-DA (Sigma Chemicals,
USA) for 10 min and then observed by fluorescence micros-
copy (excitation: 450 + 490 nm; barrier 520 + 560 nm) equipped
with a cooled CCD camera (OLYMPUS, FV500, Japan).

For ROS quantification (Joo et al., 2005), approximately 300
mg of frozen leaf tissue was ground in liquid nitrogen and total
protein was extracted in 1 ml of Tris(hydroxymethyl)amino-
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methane hydroxychloride buffer (pH 7.2), followed by centrifu-
gation at 13,000 x g. Approximately 800 pl of extract was mixed
with 1 mM DCFH-DA and incubated in the dark for 10 min at
room temperature. Fluorescence was measured by spectro-
fluoroscopy (excitation/emission wavelengths: 485/525 nm;
Shimadzu, RF-1501, Japan). Total protein was quantified by
the Bradford method. Average fluorescence from three inde-
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Fig. 2. Semiquantitative RT-PCR analysis of OsLDC-like 1 tran-
scripts in organs of WT and osldc-like 1 (HM) progeny. Stress-
induced expression of OsLDC-like 1 and LDC was analyzed after
treatment with 50 mM H,O, for 18 h.

pendent measurements was normalized to protein content and
the results were expressed as relative fluorescence units (RFU)
per milligram of protein.

Determination of ethylene production

Ethylene production in leaf segments was measured as de-
scribed by Wi and Park (2002). Tissue was sealed in 20 ml
vials for 1 h and then ethylene content was determined in 1 ml
of headspace gas by gas chromatography using an activated
alumina column at 250°C and a flame ionization detector (Hew-
lett Packard 5890 Series Il, USA).

Semiquantitative reverse transcriptase (RT)-PCR and
quantitative real-time RT-PCR

Total RNA was isolated as previously described (Wi and Park,
2002). Specific primers for RT-PCR were designed based on
GenBank database sequences (Supplementary Table 1). For
semiquantitative RT-PCR analysis of LDC-like 1 and LDC
(GenBank accession No. AK065415), first-strand cDNA was
generated from different tissues and then 1 pl of the RT reac-
tion was used as the template. Amplification was carried out
over 20-25 cycles. To analyze the relative abundance of tran-
scripts by quantitative real-time RT-PCR (qRT-PCR), 1 ug of
total RNA from leaf segments was reverse-transcribed for 30
min at 42°C in a 20 ul volume using the High Fidelity Prime-
Script™ RT-PCR kit (Takara, Japan), according to the manufac-
turer’s instructions. Gene-specific PCR primers were designed
according to the following criteria: a predicted melting tempera-
ture of 60°C + 5°C, primer length of 20 to 24 nucleotides, a
guanine-cytosine content of 50% to 60%, and a predicted PCR
amplicon length of 100 to 250 basepairs (bp). qRT-PCR was
performed in optical 96-well plates with a Chromo 4™ Continu-
ous Fluorescence Detector (Bio-Rad, USA). Reactions were
performed in a final volume of 20 pl containing 10 pl of 2x
SYBR Green Master Mix, 0.5 uM of each primer, and 10 ng of
cDNA. PCR conditions were as follows: 95°C for 15 min fol-
lowed by 45 cycles of 95°C for 30 s, 57°C for 30 s, and 72°C for
30 s, and then 72°C for 10 min. Fluorescence threshold cycle
(Ct) data were analyzed using the MJ Opticon Monitor Software
version 3.1 (Bio-Rad, USA) and then exported to Microsoft
Excel for further analysis. Relative expression levels in each
cDNA sample were normalized to a B-actin reference gene.
PCR efficiencies (90% to 95%) for all primers were determined
by serial dilution of cDNA from RNA samples.
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Fig. 3. Chlorophyll content and ion leakage in H.O.-treated WT and
osldc-like 1 rice plants. (A) Eight-week-old rice leaf segments were
treated with H,O, for 18 h and then chlorophyll content was meas-
ured. (B) lon leakage in H,O.-treated WT and osldc-like 1 rice
plants. Leaves were incubated in the presence (closed symbols) of
50 mM H,O, for 48 h. Untreated controls (open symbols) were
incubated in 20 mM MES buffer. Data represent means WT (O,
®); HT mutant, ((J, M); HM mutant, (&, A). Data represents
means. Differences between H,O.-treated osldc-like 1 and WT rice
plants based on the two-tailed Student’s t-test are indicated by two
asterisks (P < 0.01).

Activity measurements of ROS-detoxifying enzymes

SOD activity was determined by spectroscopy using the xan-
thine oxidase/cytochrome ¢ method (McCord and Fridovich,
1969). The amount of SOD required to inhibit the reduction of
cytochrome ¢ by 50% was defined as 1 unit of activity. For the
APX assay, leaf discs (about 2 cm?) were homogenized in 50
mM potassium phosphate buffer (pH 7.0) with 1 mM ascorbate.
APX activity was measured as the decrease in Axg (extinction
coefficient, 2.8 mM™ cm™) over 2 min, as described by Nakano
and Asada (1987). One unit of APX activity was defined as the
amount of enzyme required for the oxidation of 1 pmol ascor-
bate per 1 min. For the CAT assay, leaf discs (about 2 cm?)
were frozen in liquid nitrogen and then ground in a microcentri-
fuge tube fitted with a pestle in 0.75 ml of ice cold 50 mM po-
tassium phosphate buffer, pH 7.4, containing 1.13 mg of DTT.
Enzyme activity was based on the amount of decomposition of
H-O,and was measured by a change in Azs. GST activity was
assayed using 1-chloro-2,4-dinotrobenzene (CDNB) as a sub-
strate (Habig et al., 1974). The reaction was followed for 5 min
at 340 nm (extinction coefficient, 9.6 mM™ cm™). Soluble protein
was quantified using the Bradford method (Bradford, 1976) and

http://molcells.org



T 3

£

= OControl EH,0,
['S)

o

T 2

[

]

°

=

3

S | -
@

[~

2 ’1
>

F]

w 0 L

WT HT HM

Fig. 4. Analysis of stress-induced ethylene production in WT and
osldc-like 1 mutants. Ethylene was measured by floating leaf seg-
ments on 20 mM MES buffer without (controls, open bars) or with
50 mM H;O; (final concentration; filled bars) and then incubating the
leaves in air-tight glass vials for 1 h under illumination (photon flux
density of 50 bar's™). Significant differences between H,O,-treated
osldc-like 1 and WT plants based on the two-tailed Student’s t-test
are indicated by two asterisks (P < 0.01).

bovine serum albumin as the standard.
RESULTS

Isolation of a rice osldc-like 1 mutant

A library of japonica rice T-DNA insertion mutants was screened
under oxidative stress conditions in the presence of 50 mM
H.0, to identify putative abiotic stress tolerance genes. Several
oxidative stress-tolerant lines were isolated and the T-DNA
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insertion sites were mapped to putative antioxidative stress-
responsive genes, including genes encoding an endo-1,4-beta-
glucanase, a regulatory subunit of protein phosphatase, UV-B
and ozone similarly-regulated protein (UOS-1), a peroxisomal
Ca-dependent solute carrier, a ferredoxin-dependent glutamate
synthase, and several unknown genes. Line 1C-117-18 was
identified as the most tolerant to oxidative stress among all of
the mutants. Sequencing using inverse PCR revealed that the
insertion site was located in the Os09g0547500 locus. The
gene product was annotated as a LDC-like protein (GenBank
accession No. AK062595) by the National Center for Biotech-
nology Information (NCBI) database and the Rice Annotated
Project Database (RAP-DB, http://rapdb.lab.nig.ac.jp/); there-
fore, we named the gene OsLDC-like 1, for Oryza sativa lysine
decarboxylase-like gene 1. OsLDC-like 1 was located on Chro-
mosome 9 and composed of five exons. It encoded a putative
1.1 kb cDNA, which translated into a 227 amino acid protein
with a predicted molecular weight of 24.3 kDa. Inverse PCR
analysis showed that the T-DNA insertion site was in the sec-
ond exon of OsLDC-like 1, resulting in 27 amino acid N-terminal
deletion (Fig. 1A).

In the Oryza sativa ssp. japonica genome, at least 10 hypo-
thetical proteins have been annotated as LDC-like proteins. The
amino acid sequence encoded by OsLDC-like 1 was 29-67%
identical to other putative OsLDC-like proteins and contained a
PFAMO03641 domain, a peptide sequence that defines mem-
bers of the c100695 superfamily of lysine decarboxylases
(http://www.ncbi.nim.nih.gov/Structure/cdd), although at present
there is no biochemical evidence to support this annotation
(Hakkinnen et al., 2007). The members of this superfamily
share a highly conserved motif, PGGXGTXXE (where X indi-
cates any amino acid), which has been suggested to form part

Fig. 5. Quantitative real-time RT-PCR analy-
sis of OsLDC-like 1 and LDC transcripts and
measurement of LDC activity. Expression

levels of OsLDC-like 1 (A) and LDC (B),
normalized to the reference gene p-actin,
were calculated after gRT-PCR using gene-
specific primers. At time 0, leaf discs were
treated with 50 mM H,O, in 20 mM MES
buffer for 3 h. Relative expression is repre-
sented by the means + SDs. (C) LDC activity.
At time 0, leaf discs were treated with 50 mM

1

H.O, in 20 mM MES buffer for 18 h. Enzyme
activity is represented by the means + SDs.
Significant differences between H,O.-treated
osldc-like 1 HM and WT rice plants based on
the two-tailed Student's ttest are indicated

by one (P < 0.05) or two asterisks (P < 0.01).
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Fig. 6. Quantitative real-time RT-PCR analy-
sis of ADC, ODC, SAMDC and PMT tran-

scripts. Expression levels, normalized to the
reference gene B-actin, were calculated after
gRT-PCR using gene-specific primers. At
* time O, leaf discs were treated with 50 mM
H.0,in 20 mM MES buffer for 3 h. Relative
expression is reported as the means + SDs.
Significant differences between H,O.-treated
osldc-like 1 HM and WT rice plants based on

WT HM WT HM

the two-tailed Student’s ttest are indicated
by one (P < 0.05) or two asterisks (P < 0.01).
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of the catalytic site (Fig. 1B). A phylogenetic tree of the 15 ja-
ponica LDC-like genes revealed three distinct subgroups (Fig.
10).

Using primers specific for OsLDC-like 1 (Supplementary Ta-
ble 1), we performed semiquantitative RT-PCR analysis of
OsLDC-like 1 expression in plants. In untreated WT rice plants,
OsLDC-like 1 was strongly expressed in stems, whereas mini-
mal expression was detected in leaves and roots (Fig. 2). Ex-
pression was dramatically induced by oxidative stress (H2O5) in
these organs in WT plants. OsLDC-like 1 was not expressed in
the untreated- or H,Oo-treated knock-out mutant line, which
indicated that the T-DNA insertion completely abolished ex-
pression in the osldc-like 1 mutant. Thus, deletion of OsLDC-
like 1 appeared to confer oxidative stress tolerance.

Stress tolerance in osldc-like 1 plants: determination of
chlorophyll content, ion leakage and ethylene production
following exposure to H.O,

To characterize the oxidative stress-tolerant phenotype of the
osldc-like 1 line in more detail, we monitored changes in chlo-
rophyll fluorescence emission, a necrosis indicator in plants
exposed to biotic or abiotic stresses (Chaerle et al., 2004).
Chlorophyll content in WT leaves was lower than HT or HM
mutant leaves in the presence or absence of H,O.. After expo-
sure to 50 mM H,O, for 18 h to induce oxidative stress, total
chlorophyll content was significantly reduced in WT leaves (by
93%), HT mutant leaves (by 75%), and HM mutant leaves (by
66%) (Fig. 3A). The reduction of chlorophyll B was more signifi-
cant in the two osldc-like 1 mutants compared to chlorophyll A
(data not shown). Although there was a marked reduction in
total chlorophyll content in both WT and mutant plants after
oxidative stress, chlorophyll levels remained 3 times higher in
the HT mutant compared to WT plants. The changes in chloro-
phyll content correlated with subsequent symptoms of necrotic
damage, which were apparent to the eye. These results indi-
cated that OsLDC-like 1 may confer susceptibility to oxidative
stress.
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To confirm the stress-tolerant phenotype of the osldc-like 1
mutants, we also assessed cell damage, as measured by ion
leakage, an indicator of membrane injury, in leaf discs following
exposure to oxidative stress. lon leakage was measured over a
period of 48 h. In both WT and mutant plants, ion leakage rap-
idly increased within 1 h of treatment with 50 mM H,O.. After
this initial rise, there was no difference between untreated and
H,O.-treated HT and HM leaf discs up to 48 h (Fig. 3B). On the
other hand, ion leakage in WT plants steadily increased over 24
h of exposure to oxidative stress and then increased more
dramatically up to 48 h. These results suggested that stress
tolerance in the osldc-like 1 HT and HM mutants was due to
decreased sensitivity to membrane damage.

We also determined the level of stress-induced ethylene pro-
duction in WT and mutant plants after 1 h of treatment with
H:0,. In the absence of treatment and following incubation in
MES buffer, ethylene biosynthesis was at similar basal levels in
WT and knock-out mutant leaves (Fig. 4). One hour after stress
treatment, ethylene levels in WT plants were significantly up-
regulated, approximately 12.8-fold. Ethylene production in the
HM mutant also increased but to a lesser extent (by 6.3-fold)
following H-O, treatment and never reached more than 30% of
that seen in HxO.-treated WT plants. Thus, the stress tolerance
observed as a result of the loss of OsLDC-like 1 appeared to be
due in part to reduced ethylene production.

Increased PA biosynthesis in osldc-like 1 mutants

To investigate the role of OsLDC-like 1 in the plant stress re-
sponse, we measured changes in the transcript levels of OsLDC-
like 1 and LDC in the leaves of WT and osldc-like 1 plants be-
fore and after exposure to oxidative stress. Interestingly, 3 h
after H,O, treatment, the levels of OsLDC-like 1 transcript were
effectively increased 2.1-fold in WT leaves compared to un-
treated WT controls (Fig. 5A). In contrast, OsLDC-like 1 tran-
scription was decreased to 10% of that seen in WT plants in
HoOo-treated HM leaves, most likely due to the osldc-like 1
mutation. LDC transcription was slightly decreased in the osldc-
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Fig. 7. Changes in PA levels in WT and osldc-like 1 plants. Soluble
PAs (A) and insoluble PAs (B) were measured in leaf segments
(0.2 g) of 8-week-old rice plants exposed to 50 mM H,O, for 18 h.
Insoluble and soluble PA levels are shown as the means + SD.
PUT, putrescine; SPD, spermidine; SPM, spermine; CDV, cadaver-
ine.

like 1 HM mutant relative to WT leaves with or without H,O,
treatment (Fig. 5B); however, LDC enzymatic activity was simi-
lar in WT and osldc-like 1 HM leaves (Fig. 5C).

PA levels in the cell are tightly regulated by enzymes that
catalyze the various polyamine biosynthetic pathways, including
ADC, ODC, and SAM decarboxylase (SAMDC) (Wi and Park,
2002). We next investigated changes in the relative expression
of PA biosynthetic genes in WT and osldc-like 1 HM mutants in
response to H,O, treatment. The expression of PA biosynthesis
genes was measured by real-time qRT-PCR (Fig. 6). Basal
levels of ADC, ODC, and SAMDC transcripts were higher in
osldc-like 1 HM mutant leaves compared to WT leaves under
normal (unstressed) conditions (Fig. 6). The stress-induced lev-
els of ADC and SAMDC transcripts were significantly higher in
the osldc-like 1 HM mutant compared to WT plants. By contrast,
the mRNA levels of putrescine N-methyl-transferase (PMT),
which catalyzes the SAM-dependent methylation of putrescine
in the nicotine biosynthesis pathway (Biastoff et al., 2009), were
similar in WT and osldc-like 1 HM mutant leaves in the pres-
ence or absence of oxidative stress. These results suggested
that increased cellular PA levels in the osldc-like 1 mutant are
due to up-regulation of enzymes that are directly involved in PA
biosynthesis.
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Fig. 8. Analysis of intracellular ROS levels in leaf segments of WT
and osldc-like 1 rice plants in response to abiotic stresses. Rice
leaves were subjected to oxidative stress (top panel) with 50 mM
H,O, for 30 min, salt stress (middle panel) with 200 mM NaCl, or
acid stress (bottom panel) with 10 mM potassium phosphate buffer
(pH 3.0). ROS were measured by DCFH-DA fluorescence. Values
were normalized to total protein content in leaf extracts and relative
fluorescence units (RFU) were calculated relative to the value ob-
tained for control treatment of WT plants. RFUs are reported as the
means + SD. Significant differences between stress-treated osldc-
like 1 and WT rice plants based on the two-tailed Student's t-test
are indicated by one asterisk (P < 0.05).

We also measured the levels of putrescine, cadaverine, sper-
midine and spermine in untreated leaves of 8-week-old rice
plants. Even in knock-out mutants in which OsLDC-like 1 ex-
pression was completely absent, soluble and insoluble forms of
cadaverine were detectable, albeit at much lower levels com-
pared to WT plants (Fig. 7A). However, in the HM mutant, the
level of insoluble putrescine was significantly higher (3.17-fold)
compared to WT plants. Similarly, levels of spermidine and
spermine, both the soluble (Fig. 7A) and insoluble forms (Fig.
7B), were much higher in the HM mutant. As a result, total
soluble PA content, expressed as the combined value of the
four soluble PAs, was higher in knock-out plants compared to
WT. This increased PA level could be due to the increased
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activity of the PA-synthesizing enzymes ADC, ODC, and SAMDC
observed in osldc-like 1 plants (see Fig. 6). There is strong
evidence that stress-induced changes in free amino acid and
PA content play an important role in plant stress responses,
and that these alterations are responsible for stress tolerance
(Livia et al., 2002). The current results suggested that increa-
sed levels of endogenous PAs in both the basal and stresssed
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Fig. 10. Histochemical analysis of intracellu-
lar ROS accumulation and ion leakage in
leaves. (A) WT and osldc-like 1 HM leaves
were incubated with H,O, for 30 min. Leaf
disc images were obtained by confocal mi-
croscopy after incubation with DCFH-DA for
10 min. In the case of treatment with sper-
mine, leaf discs were co-treated with sper-
mine in MES buffer containing 50 mM H,0,,
200 mM NaCl, or 10 mM potassium phos-
phate buffer (pH 3.0). (B) lon leakage in
H.O.-treated WT and osldc-like 1 rice plants.

WT-acid (pH 3.0)

HM-Acid (pH 3.0)
vy lon leakage was also determined in HyO.-

treated rice leaves co-treated with 1 mM
spermidine. The leaves were incubated in the
presence of 50 mM H,0O, for 48 h. Data are
reported as the means + SD.

state may underlie the stress-tolerant phenotype of rice lacking
OsLDC like-1.

Inhibition of ROS accumulation in the osldc-like 1 mutant
after abiotic stress

To investigate the role of OsLDC like-1 in ROS generation and
subsequent ROS-mediated stress signaling and/or damage
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Fig. 11. Activities of the ROS-detoxifying enzymes SOD, APX, CAT
and GST. At time 0, leaf discs were treated with 50 mM H,0, in 20
mM MES buffer for 3 h. Enzyme activity is reported as means + SD.
Significant differences in stress-treated osldc-like 1 and WT rice
plants based on the two-tailed Student's #test are indicated by one
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induction, we measured ROS levels in WT and mutant plants
during the first 30 min (ROS burst) after exposure to several
stresses. ROS accumulation was quantified by the conversion
of exogenously-supplied DCFH-DA to the highly fluorescent
DCF. ROS levels were significantly increased in WT rice leaves
30 min after exposure to oxidative stress (50 mM HyOy), salt
stress (200 mM NaCl), and acid stress (10 mM potassium
phosphate buffer, pH 3.0) (Fig. 8). However, similar exposure of
osldc-like 1 HM and HT mutants had a relatively weak effect on
ROS accumulation.

The ability to generate ROS is determined by the expression
of RbohD and of RbohF, which encode NADPH oxidase. Ex-
pression of both genes was dramatically increased in WT rice
30 min after H,O, treatment (Fig. 9). In contrast, there was
slight, if any, induction of RbohD and RbohF expression in re-
sponse to H,O, treatment in the osldc-like 1 mutant. The low
expression of RbohD and RbohF and near absence of an ROS
burst following oxidative stress in osldc-like 1 mutants may
represent a protective mechanism against further cellular dam-
age in these plants.

To test the hypothesis that increased cellular PA levels in the
osldc-like 1 mutant block ROS production, WT plants exposed
to oxidative stress were treated with spermine and the effect on
RbohD and RbohF expression was assessed. Spermine treat-
ment resulted in a dramatic inhibition of the H.O--induced up-
regulation of the RbohD and RbohF transcription in WT plants
(Fig. 9), which suggested that the decrease in ROS accumula-
tion in the osldc like-1 mutant was due to increased levels of
endogenous PA. Additionally, the expression level of RbohD
was relative higher than RbohF, which indicated that RbohD
expression is specifically involved in stress-induced ROS gen-
eration.

ROS accumulation was also assessed using a histochemical
assay using DCFH-DA. The plant epidermis was exposed to
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various stresses for 30 min and ROS generation was evaluated
by confocal microscopy. The levels of DCF fluorescence were
much higher in WT leaves compared to the osldc-like 1 HM
mutant, and spermine (1 mM) prevented ROS accumulation in
response to all three abiotic stresses (Fig. 10A). The addition of
spermidine (1 mM) also dramatically inhibited H,O»-induced ion
leakage (Fig. 10B). These results suggested that, in the osldc-
like 1 mutant, in which endogenous PA content was considera-
bly elevated, increased stress tolerance is due to a greatly re-
duced ROS burst and then reduction of subsequent cell dam-
age. As such, high levels of endogenous PAs in the osldc-like 1
mutant appear to function as free radical scavengers.

Antioxidant enzymes in the osldc-like 1 mutant exhibit
higher activities after exposure to abiotic stresses

One way that plants resist the damage induced by environ-
mental stresses is through manipulation of cellular antioxidant
systems. The increased expression of ROS-detoxifying genes
appears to be a general response to abiotic stress and has
been observed in several studies of oxidative challenge. Since
antioxidative proteins play an important role in the adaptation
process, it was of interest to determine the capacity of the
stress-tolerant osldc-like 1 mutant for ROS detoxification.

The basal activity level of several ROS-detoxifying enzymes
(SOD, APX, CAT, and GST) was higher in untreated knock-out
mutants, particularly the HM mutant, compared to WT rice (Fig.
11). After H,O, treatment for 3 h, the activities of these en-
zymes were significantly increased in osldc-like1 plants com-
pared to WT plants. The HM line exhibited the most prominent
increase in ROS-detoxifying enzyme activity, with or without
stress treatment, compared to WT plants. These results sug-
gested that, in addition to the decreased induction of expres-
sion of ROS-synthesizing enzymes, lower ROS accumulation in
the osldc-like1 mutants may also be due, at least in part, to an
enhanced induction of expression of ROS-detoxification en-
zymes by PAs.

DISCUSSION

We screened a library of approximately 40,000 rice T-DNA
insertion mutants in the presence of H,O, to induce oxidative
stress and isolated several stress-resistant lines. One of the
most highly stress-resistant lines carried an insertion in OsLDC-
like 1, a gene that was rapidly expressed in WT rice in re-
sponse to oxidative stress (Fig. 2). This line was chosen for
further analysis. In the osldc like-1 mutant line, there was an
increased accumulation of the PAs putrescine, spermidine, and
spermine, and this was accompanied by increased resistance
to oxidative stress compared to WT plants, based on analysis
of chlorophyll content (Fig. 3A) and ion leakage (Fig. 3B) follow-
ing exposure to H,O,. The idea that constitutively elevated PA
content in the osldc-like 1 mutant plays a role in the increased
tolerance to oxidative, high salt, and acid stress was strength-
ened by the finding that spermine treatment almost completely
prevented the accumulation of ROS in the leaves of stressed
WT rice (Fig. 10). This would be similar to the observed oxidant
resistance of tomato (Ormrod and Beckerson, 1986) and to-
bacco (Bors et al., 1989), in which putrescine, spermidine, and
spermine provide considerable protection against ozone injury.
Stress-induced ROS accumulation can act synergistically to
induce ethylene production (Wi et al., 2012). Interestingly, eth-
ylene production was significantly lower in the osldc-like 1 mu-
tant after H.O. treatment (Fig. 4), suggesting that the de-
creased levels of ROS in these plants was not sufficient to in-
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duce ethylene production.

PAs share a common precursor with ethylene (i.e., SAM) and
have been implicated in the regulation of gene expression,
chromatin stabilization, and protection against DNA damage
(Ha et al., 1998). We previously reported that increased PA
biosynthesis in transgenic plants can result in broad tolerance
to various stresses (Wi et al., 2006). Putrescine biosynthesis in
plants is induced by abiotic stresses such as ozone (Scalet et
al., 1995) and osmotic pressure (Flores and Galston, 1984).
Furthermore, application of exogenous putrescine or sper-
midine can partially counteract stress-induced membrane dam-
age and attenuate salt injury in barley seedlings (Zhao and Qin,
2004). Consistent with these previous reports, we found that
stress-induced ROS generation and accumulation in WT leaves
was effectively abrogated by the addition of spermine (Figs. 9
and 10).

PAs have been shown to directly scavenge oxygen radicals
in vitro (Ha et al., 1998) and can protect cells from the toxic
effects of ROS such as H.O,, singlet oxygen, and oxygen radi-
cals (Chattopadhyay et al., 2003; Tkachenko et al., 2001). PAs
have also been described as membrane protectors (Alcazar et
al., 2006; Kusano et al., 2008), a property that is consistent with
the observation that the addition of spermine dramatically inhib-
ited H>O.-induced ion leakage in WT plants (Fig. 10B). PA-
pretreated plants may become more tolerant to oxidative stress
due to increased expression and/or activity of antioxidative
enzymes and antioxidants (Durmus and Kadioglu, 2005), an
idea that is strengthened by the results of our current study.

LDC-like 1 gene disruption, which resulted in a non-functional
protein, was associated with considerably elevated endoge-
nous PA content (with the exception of cadaverine). The in-
crease in insoluble putrescine was particularly prominent. The
crystal structures of two putative LDC-like proteins, encoded by
At5g11950 and At2g37210 (23.8 kDa and 23.6 kDa, respec-
tively), have been determined (Jeon et al., 2006). In each struc-
ture, two monomers occupy an asymmetric unit, and the
monomers adopt an o/f fold structure consisting of eight o-
helices and seven B-strands. OsLDC-like 1 shares 53% and
61% amino acid similarity with the proteins encoded by
At5g11950 and At2g37210, respectively.

Although the LDC-like proteins do not exhibit lysine decar-
boxylase activity, genes homologous to OsLDC-like 1 are found
in a wide range of organisms. A search of the database yields
at least 11 homologues annotated in the Arabidopsis genome
(Jeon et al., 2006) and 10 in rice (Kurakawa et al., 2007).
These genes are differently expressed depending on the plant
organ, plant growth stage and stress conditions (Ohe et al.,
2009; Gene Expression Omnibus, http://www.ncbi.nim.nih.
gov/geo/). We hypothesize that the biochemical role of the
LDC-like proteins may differ from that of LDC proteins. Under
conditions of salinity stress during rice vegetative growth, LDC-
like gene 1 was expressed at higher levels in strain IR29, which
carries a salt-sensitive genotype, vs the salt-tolerant strain
FL478, implying a negative regulatory role of LDC-like 1 in
stress adaptation. The current results help clarify the potential
role of this rice protein in the plant response to abiotic stresses.

Several studies have provided clues as to the biochemical
function of LDC-like 1 in plant cells. Goossens and Rischer
(2007), studying pyridine alkaloid metabolism in tobacco, iso-
lated an LDC-like gene, MC126, as a putative catalyst of
pyrimidine alkaloid biosynthesis, including synthesis of nicotine,
nornicotine, anabasine, and anatabine. Overexpression of
MC126 in tobacco resulted in a 3-fold increase in nicotine ac-
cumulation (Goossens and Rischer, 2007). It is likely that
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OsLDC like-1 does not function in the conversion of putrescine
to nicotine, given that the level of PMT transcription was unaf-
fected in the osldc-like | mutant (Fig. 6). Another homologue of
OsLDC-like 1, LONELY GUY (LOG,) in rice, is required for the
maintenance of meristem activity, and loss of function LOG
mutants exhibit premature termination of the shoot meristem
(Kurakawa et al., 2007). It has been suggested that LOG en-
codes a novel cytokinin-activating enzyme, a plant cytokinin
riboside 5-monophosphate phosphoribohydrolase-related pro-
tein, which directly converts inactive cytokinin nucleotides to
their free-base, biologically active forms (Kuroha et al., 2009).
LDC-like was down-regulated in rice leaves after treatment with
the cytokinin trans-zeatin (Gene Expression Omnibus, http://
www.ncbi.nlm.nih.gov/geo/), implying that there is a type of
feedback inhibition at play. The application of putrescine or
spermidine resulted in increased endogenous levels of cyto-
kinin and vice versa (Wang et al., 2009).

In the osldc-like 1 mutant, PA content was significantly in-
creased in both the soluble and insoluble fractions, although the
level of cadaverine was decreased slightly (Fig. 7A). Above a
certain threshold level, PAs can be harmful to plant cells and
can induce cell death. Because of this, intracellular free PA
concentrations are tightly regulated at various steps, including
de novo synthesis, conjugation, degradation, and transport
(Kusano et al., 2008). In the osldc-like 1 HM mutant, free putre-
scine was increased by only 25%, whereas there was a 3.18-
fold increase in conjugated putrescine (Figs. 7A and 7B). In
plants, PAs are present as free bases or conjugated to small
molecules, mainly hydroxycinnamic acids, and to various mac-
romolecules such as proteins (Alcazar et al., 2006). It was re-
cently suggested that there is a reverse PA pathway in plants
from spermine to putrescine (Kusano et al., 2008). The biosyn-
thetic pathway that converts putrescine into spermidine and
spermine is also important in conferring plant stress tolerance
(Capell et al., 2004).

The precise role of PAs in plant-pathogen interactions has
been elusive, although dramatic changes in PA metabolism
have been reported in response to pathogen exposure. In-
creased PA levels have been reported to enhance plant resis-
tance to pathogens; on the other hand, spermidine-mediated
susceptibility was enhanced by the reduction of ethylene pro-
duction (Nambeesan et al., 2012). It is very likely that the
physiological functions of PAs in stress tolerance are modu-
lated by other hormones. For example, in the osldc-like 1 mu-
tant, decreased levels of cytokinin might enhance PA-mediated
stress tolerance, in which case PAs serve as effective substi-
tutes for cytokinin in the growth of the shoot meristem.

In counterbalance to the ROS scavenging properties of the
PAs, PA oxidation results in the generation of H.O,, a ROS
(Groppa and Benavides, 2008). In some host-pathogen interac-
tions, the accumulation of H>O, as a result of PA catabolism
may play a key role in triggering the hypersensitive response; in
particular, increased levels of apoplast-accumulated spermine
could trigger pathogenesis-related proteins or caspases, which
in turn promote the hypersensitive response (Yamakawa et al.,
1998). In the current study, we examined the localization of
H-O; in situ using DCFH-DA, oxidation of which by cytosolic
H>O; yields the highly fluorescent DCF (Allan et al., 2001). Ex-
ogenous treatment with spermidine and spermine, which are
degraded by PA oxidation, almost completely blocked stress-
induced ROS accumulation, and this was due to reduced ROS
generation and stress-induced ion leakage.

The detailed mechanisms by which PAs confer oxidative
stress resistance remain unclear. For example, they may func-
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tion as signaling molecules per se in endogenous defense
pathways induced in response to stress. There are a number of
possibilities, which are not mutually exclusive and could, in fact,
function additively. As an important component of the plant
stress response, PAs are currently an active area of research.
Although their precise roles and mechanisms of action in plant
stress responses have long been a matter of debate, the data
increasingly support an important role for PAs in regulating
stress responses. The results of the current study suggest that
PAs mediate abiotic stress tolerance through their ability to
function as antioxidants, resulting in decreased intracellular
ROS generation and ethylene production. These reductions
help protect the cell against oxidative damage and enhance
viability.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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