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Abstract

Poly-ADP-ribose polymerase (PARP) post-translationally modifies proteins through the addition of ADP-ribose polymers, yet
its role in modulating plant development and stress responses is only poorly understood. The experiments presented here
address some of the gaps in our understanding of its role in stress tolerance and thereby provide new insights into
tolerance mechanisms and growth. Using a combination of chemical and genetic approaches, this study characterized
phenotypes associated with PARP inhibition at the physiological level. Molecular analyses including gene expression
analysis, measurement of primary metabolites and redox metabolites were used to understand the underlying processes.
The analysis revealed that PARP inhibition represses anthocyanin and ascorbate accumulation under stress conditions. The
reduction in defense is correlated with enhanced biomass production. Even in unstressed conditions protective genes and
molecules are repressed by PARP inhibition. The reduced anthocyanin production was shown to be based on the repression
of transcription of key regulatory and biosynthesis genes. PARP is a key factor for understanding growth and stress
responses of plants. PARP inhibition allows plants to reduce protection such as anthocyanin, ascorbate or Non-
Photochemical-Quenching whilst maintaining high energy levels likely enabling the observed enhancement of biomass
production under stress, opening interesting perspectives for increasing crop productivity.
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Introduction

Plants have to survive their surrounding environment by
counteracting the constant challenges posed by biotic and abiotic
stress. They are able to do this by activating signaling pathways
which modulate downstream response pathways in order to
protect themselves in the short-term and adapt in the longer-term.
These pathways are targets for developing approaches to increase
stress resistance of crops and reduce yield losses. In the last decade,
intensive studies have revealed a complex network of signaling
pathways involved in abiotic stress responses. Widespread changes

of transcripts and metabolites were observed in many kinds of

stress, including for example osmotic [1] and heat stress [2]. These
studies have shown that in Arabidopsis a number of response
pathways, such as reactive oxygen species (ROS) and abscisic acid
(ABA) signaling, are conserved between many abiotic stresses [for
review see 3,4,5], whilst other components are more specific.
Among the conserved responses transcription factors such as
ZAT12 or detoxification enzymes like ascorbate peroxidase 2
(APX2) which are induced by multiple abiotic stresses are thought
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to play a central role [6,7]. The potential of transcription factors to
increase stress resistance and yield has attracted interest for
translating findings from Arabidopsis to crops, for example CBF3 in
rice [8] or NF-YB in maize [9].

A typical downstream response to abiotic stress conditions, such
as high light or cold, is the induction of genes that encode enzymes
involved in the production of secondary metabolites, for instance,
flavonols [10,11]. Among these metabolites anthocyanins form
one of the most prominent groups and are often involved in stress
responses [12,13]. Anthocyanins, which are only present in plants,
could act as ROS protective agents [14,15,16]. However, the
anthocyanin synthesis pathway genes are not only induced by
ROS, but also by several other signals like the deprivation of
nutrients, including phosphorus and nitrogen, or high concentra-
tions of exogenous sugars, particularly sucrose [17,18,19]. How
these signals are transmitted and which signaling pathways are
involved is currently not fully understood. A part of the signals can
be assigned to the CRYPTOCHROME]1 (CRY1)-dependent light
signaling pathway [20]. Additionally, a hormonal pathway
including ABA as well as jasmonate and gibberellins was shown
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to contribute to the regulation of anthocyanin biosynthesis [21].
These signaling pathways are controlled by MYB and bHLH
transcription factors, which can control the main steps of the
pathway, as shown for Production Of Anthocyanin Pigment 1 (PAPI/
Mpyb7)5), or more specific steps, like Transparent Testa 8 (T18) which
controls the expression of Dikydro-flavonol reductase (DFR) [22,23,24].

As described above different mechanisms are involved in the
defense against abiotic stresses. In this context one group of
enzymes demonstrated to have a key function in the protection
against negative effects of environmental stress is the poly(ADP-
ribose)-polymerases (PARPs). PARP was first described in plants
15 years ago [25,26,27] and is found exclusively in eukaryotes.
These proteins are characterized by the so called PARP signature
motive [28,29] and modify their target proteins post-translation-
ally by adding ADP-ribose polymers (PAR) to lysine residues. The
ADP-ribose is derived from nicotinamide adenine dinucleotide
(NAD+) [30], leading to its conversion to nicotinamide. This
destructive use of NAD+ as a substrate links PARP activity with
cellular energy homeostasis and consequently with cell death
processes [27]. In general the function of PARPs and poly(ADP-
ribose) (PAR) is less well described in plants compared to animals
[31,32]. In mammals, the 18 PARPs so far described [33] are
linked with additional processes like DNA damage repair,
transcriptional regulation and chromatin modifications [for review
34,35]. So far nine proteins with a PARP signature were identified
in Arabidopsis but six of them, such as Radical Induced Cell Death
1 (RCDI), do not have a catalytic domain and no PARP activity
was found [36,37]. Of the three Arabidopsis PARPs that have
catalytic activity (PARP1-3), PARP1 and PARP2 are mainly
assigned to tolerance of abiotic [38,39] and biotic stress [40], but
they also have been implicated in developmental processes [41].
PARP1 and PARP2 are associated with DNA repair [38,39] and
transcriptional regulation [42,43,44]. PARP3, a more recently
identified PARP, is induced by several abiotic stress and
developmental cues, for example during seed development [41].
PARP also affects the level of ABA and consequently ABA related
signaling [44]. Down-regulation of PARP activity increases
resistance against abiotic stresses such as temperature, excessive
light and drought [27,39,44,45] and this resistance is correlated
with a reduced poly(ADP-ribose) level [39]. A similar situation was
observed earlier in animal cells [46].

How reduced PARP activity leads to the described effects still
remains poorly understood. One possibility is through altered
NAD+ metabolism [47], whereby lower NAD+ consumption leads
to a lower need for the highly energy dependent recycling pathway
[39]. This allows the NAD+ and ATP pools to be maintained and
avoids the link to cell death pathways where NAD+ and ATP
depletion are major inductive signals [48,49]. Another possibility is
that PARP regulates key stress signaling pathways at the
transcriptional level [44], by direct control [42] or indirectly by
changes in ABA related signaling [44]. A third potential mode of
action was recently described for cell cultures, showing that PARP
activity and changes in the Redox status of cells are correlated
within the cell cycle [50].

In this study we investigate the relation between PARP activity
and anthocyanin accumulation which has not been studied so far
despite the recognized importance of both in stress tolerance.
Many abiotic stress conditions, such as cold, excessive light or
nutrient deprivation induce the production and accumulation of
stress protective molecules, like anthocyanin pigments. The
enzymes of the anthocyanin biosynthesis pathway are tightly
regulated at the transcriptional level. This regulation is conferred
by major transcription factors including Myb75/PAP1 and
Myb90/PAP2, which control important bottlenecks such as
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Phenyalanin-ammonium-lyase (PAL), Chalcone synthase (CHS)
or Dehydroflavonol reductase (DFR) and by other transcription
factors, like Transparent Testa 8 (I'T'8), which have more specific
functions. Here we investigate, the effects of chemical inhibition of
PARP activity in Arabidopsis on stress tolerance and anthocyanin
accumulation, both in response to long-term chloroplastic reactive
oxygen stress and to high levels of exogenous sucrose. Detailed
analysis of growth, photosynthesis, cellular redox status and the
expression of anthocyanin biosynthetic genes show that chemical
down-regulation of PARP activity reduces the accumulation of
anthocyanin as well as ascorbate, alters photosynthesis and
improves stress tolerance in whole plants. The reduction of
anthocyanin accumulation is based on transcriptional regulation.

Methods

Growth conditions

T-DNA insertion lines for PARPI, PARP2? and PARP3
(Salk_097261C, Salk_145153C  and Salk_108092C) and
35S:PAPI (Production of Anthocyanin Pigment 1) (Atlg56650)
over-expression line (kindly provided by S. Vanderauwera (VIB)),
were grown in sterile in-vitro conditions on %2 Murashige-Skoog
[51] with 1.2% glucose and in 80-100 uE light, at 22-23°C and a
long day regime (16 h/8 h). For expression analysis, plants were
grown on media according to [44], but with 80-100 pE of light.
PARP inhibitors were added to the growth media in final
concentration of 0.2 mM. Paraquat, salt and sucrose were added
to the growth media to final concentrations of 0.1 pM, 75 mM
and 150 mM, respectively. All chemicals were obtained from
Sigma-Aldrich™. Short-term treatments where performed by
growing plants on standard media in control conditions and
transferring them to the respective treatments as indicated in the
text.

Growth analysis

Photographs of non-destructed plants were taken at the
indicated time points and used to measure the total leaf area
and rosette diameter with the Image] software. This data was
subsequently used to calculate the average leaf area and rosette
diameter of the plants.

Expression analysis

For expression analysis RNA was extracted with the Plant
RNAeasy Kit (Qiagen) following the manufacturer’s instructions
with additional on column DNase (Roche) treatment. cDNA
synthesis was performed with 1 ug RNA and SuperScript 1I
Reverse Transcriptase reagents (Invitrogen) according to the
manufacturer’s instructions. Primers were designed using Primer-
Express and the specificity confirmed via melting curve analysis.
qRT-PCR was performed with the ABI-Fast 7200 Detection
system (Applied Bioscience) in 96 well plates with SYBR-Green
(Roche), following the manufacturer’s instructions. The expression
was calculated using Ct values, with PP24 as a reference gene as

described [52].

Chlorophyll a fluorescence measurements

The operating efficiency of PSII [Y_II=(Fm'—F)/Fm'], the
proportion of open PSII reaction centers [qP=(Fm’'—F)/(Fm'-
Fo')] and the non-photochemical quenching [NPQ = (Fm-Fm')/
Fm'] were measured after illumination of dark adapted plants, in
an induction curve using chlorophyll a fluorescence in a MAXI
IMAGING-PAM chlorophyll Fluorometer (Heinz Walz, Ger-
many) in four independent experiments.
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Biochemical analyses

For the chlorophyll determination ~25 mg leaf material was
used for extraction in 1 ml chilled Ethanol, for 24 hours in the
dark at 4°C. Photometric determination of the absorbance at
663 nm and 645 nm was used to determine chlorophyll a and
chlorophyll b content according to [53]. Anthocyanin determina-
tion was done with ~25 mg leaf material for extraction in 1 ml
acidified Methanol (99:1 (v/v) Methanol: HCI) for 24 hours in
darkness at 4°C. Photometric determination of the absorbance at
530 nm and 657 nm and calculation of the relative anthocyanin
content was done as described in [22]. These measurements were
used for subsequent calculation of the average anthocyanin and
chlorophyll content of the plants. Oxidized and reduced forms of
ascorbate, glutathione and NAD(P)+ were measured using the
plate-reader assay exactly as described in [54] and subsequently
used to calculate the total amounts of ascorbate, glutathione and
NAD(P)+. The low reduction states of the redox couples in the -
vitro grown plants relative to that observed for soil grown plants
was confirmed in a additional independent blind experiment (data
not shown) and has since been observed for other plants growing
in-vitro (Noctor et. al., unpublished data). Using GC-MS, non-
targeted metabolite profiling was performed according [55]. All
sample material for redox and non-targeted metabolite profiling
was harvested and immediately frozen in liquid nitrogen and
stored until use at —80°C.

Statistics

Statistical analyses were performed using linear-mixed models
using the gls() and lme() functions implemented in the nlme R
package (http://www.r-project.org). Where applicable, experi-
ment, block and plate effects were included as random effects and
contrasts of interest were made based on treatment, stress and
genotype.

Microarray

For expression analysis, plants were grown in control conditions,
either without (—3 MB) or with (+3 MB) 3-Methoxybenzamide in
two independent experiments. Within each experiment, leaf
material was harvested from ~10 seedlings from each of four
replicate plates and pooled prior to RNA extraction. Hybridiza-
tion and raw data collection were done at the VIB-Microarray
Facility (MAF). Data were analyzed with the bioconductor
software [56] for the R statistical environment (www.r-project.
org). Quality control and RMA expression estimates were
obtained using the gffy package [57] whilst the coefficients of
differential expression due to 3 MB treatment were obtained using
the limma package [58]. The vector of coefficients was loaded into
the MAPMAN software for visualization and the Wilcoxon rank
sum test implemented in the software was used to identify
pathways of interest [59]. Data are available in ArrayExpress
under accession number [E-MTAB-896].

Results

Chemical PARP inhibition improves plant growth and
abiotic stress tolerance

Down-regulation of PARP by RNAi has been previously shown
to improve plant tolerance against short-term excessive light, heat
and drought stresses [39,44]. However, chemical PARP mhibition
has only been explored in short-term experiments using highly
artificial systems such as cell cultures or plant explants [27,39,60].
Therefore it is not clear whether chemical inhibition of PARP is
suitable for improving stress tolerance in either the whole plant
context or in long-term, non-lethal stress. As an inhibitor we
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selected 3-Methoxybenzamide (3 MB) as it 1s a well described
PARP inhibitor in various organisms like fungi, yeast and plants
[61,62,25] and was demonstrated already to increase stress
tolerance of plant explants [39]. To obtain the best inhibitor
dosage we compared five different concentrations of 3 MB in a
dose response assay including a PARP2::RNAI line as control for
reduced PARP activity. These lines were chosen as PARP
enzymatic activity has been previously demonstrated to be
reduced in PARP2::RNAi [39] and so provide a good control for
these experiments. The optimal concentration was 0.2 mM 3 MB,
resulting in similar growth in our plate based assay as observed for
the line where PARP activity was genetically down-regulated by
RNAi (Fig. 1A). Notable is that in these lines no significant
enhancement was found by chemical PARP inhibition. To further
investigate if chemical PARP inhibition is a suitable tool for our
analysis we tested the response of plants to conditions where PARP
knock-down by RNAi was previously reported to lead to enhanced
tolerance, such as short-term heat and excess of light. In addition,
we studied long-term oxidative (Paraquat) and salt stress. In both
short-term stress assays, similar to the effect previously shown for
plants with PARP RNAI, plants grown with 3 MB showed
significantly enhanced biomass production, whilst the control
plants only had a small and insignificant biomass increase (Fig. 1B).
In the long-term assay there was a significant biomass increase of
approximately 20% for control plants due to the addition of PARP
inhibitor (Fig. 1B). This was consistent with the dose-response
assay (Iig. 1A). However, the effect was more pronounced in both
short- and long-term stress conditions, where it increased biomass
up to 40% of the respective controls due to the addition of 3 MB
(Fig. 1B). In summary, we demonstrated that chemical PARP
inhibition could enhance whole plant growth under control
conditions and in short- and long-term stresses.

Chemical PARP inhibition alters gene expression and
metabolite levels under non-stress conditions

The enhanced growth and stress tolerance conferred by
chemical PARP inhibition led us to investigate whether these
phenotypes were accompanied or could be explained by under-
lying molecular changes. Therefore, we performed both gene
expression and metabolite profiling on plants grown under control
conditions in the presence and absence of the chemical PARP
inhibitor 3 MB. To identify responsive biochemical pathways or
functional groups, the results of the expression analysis were
analyzed using MAPMAN [59], and plotted on the metabolism
overview diagram. Statistical analysis with the Wilcoxon rank sum
test showed an enrichment of secondary metabolism genes (Fig. 2).
One prominent group of changes was associated with flavonoid
metabolism in general and in particular anthocyanin biosynthesis,
one of the branches of the phenyl-propanoid pathway. The
identification of secondary metabolism as an interesting avenue for
further study was additionally supported by the GC-MS metab-
olite profiling, which showed reduced sinapic acid content in
plants with inhibited PARP activity. In addition, the metabolite
analysis also showed reduced levels of other stress responsive
molecules, such as galactinol or myo-inositol (Table 1). Based on
these data we hypothesized that PARP deregulation influences the
phenyl-propanoid pathway. This hypothesis was further supported
by observations during the long-term oxidative stress treatment, in
which we found that plants grown with the PARP inhibitor 3 MB
showed a green leaf color, while those without displayed brown/
purple leaf coloration. Therefore we setup further experiments
which allowed us to test the effect of PARP inhibition on plant
pigmentation and the accumulation of anthocyanin. We used two
described [19,63] anthocyanin inductive conditions, composed of
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Figure 1. Dose response of plants to chemical PARP inhibition.
A, Arabidopsis thaliana (Col-0) and PARPsig:RNAi (sigPARP) seedlings
were grown for 21 days at 80-100 uE, 22°C on MS media containing
different concentrations (mM) of the PARP inhibitor 3-Methoxy-
benzamide (3 MB). The average individual fresh weight was determined
by weighing 32 pooled seedlings from each plate, with four replicates
(plates) in each experiment, repeated in two independent experiments
(n=48). Asterisks indicate significant (P<0.05) difference between Col-0
and PARPsig:RNAi seedlings grown without and those treated with
PARP inhibitor. B, Arabidopsis plants were grown at 80-100 nE, 22°C on
half MS medium and subjected to short- or long-term stress in the
presence (+3 MB) or absence (—3 MB) of 0.2 mM of the PARP inhibitor
3 MB in the medium. For the short-term stress, 14 day old plants were
transferred to either 450 pE (high-light) for two days and harvested at
day 19 after three days of recovery or to 40°C (heat) for 6 h and
harvested after seven days of recovery (day 21). For the long-term
stress, plants were grown for 21 days either in control, 0.1 uM Paraquat
(oxidative) or 75 mM NaCl (salt) stress conditions. Fresh weight was
determined by weighing a pool of 32 seedlings from each plate, with
four replicates (plates) in each experiment repeated in two independent
experiments (n=48). Asterisks indicate treatments which are significant
different (P<<0.05) compared to the Col-0 grown on 0 mM 3 MB.
doi:10.1371/journal.pone.0037287.g001

photochemical reactive oxygen production (Paraquat) and exog-
enous sucrose stress. In both stress conditions PARP inhibition led
to enhanced growth of the plants (Figure S1) and reduced brown
leaf coloration. In summary, we showed that chemical PARP
inhibition is altering the expression of genes related to secondary
metabolism, affects the accumulation of stress related metabolites
and changes the leaf coloration under stress conditions. Never-
theless, plants growing under these conditions displayed an
enhanced growth.
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PARP inhibition reduces anthocyanin accumulation in
stress conditions

As mentioned in the previous section, we noted that PARP
inhibited seedlings stayed green, while those grown under stress
without 3 MB displayed a brown/purple leaf coloration (Fig. 3).
The strongest difference was observed at 14 day old plants,
therefore further analysis is focusing on plants of this age. We
assumed that the most likely candidate for this change in color is a
difference in the accumulation of anthocyanin, which has been
documented to increase under diverse stress conditions [22,12].
We measured relative anthocyanin content in shoots of plants
grown with high exogenous sucrose or oxidative stress. These
experiments showed that the changed coloration was mainly due
to differential anthocyanin accumulation in response to PARP
inhibition (Fig. 3A). Chemical PARP inhibition led to a strong
reduction in anthocyanin content, between 60% to 75% for
sucrose stress and oxidative stress, respectively. In order to
determine if this effect was a general effect of chemical PARP
inhibition rather than specific for 3 MB, we tested two other
chemical PARP inhibitors, 3-Methylbenzamide (3MeB) and 3-
Aminophthalhydrazide (3AP) [62] and found similar responses
(Fig. 3B). In summary, these data show that PARP inhibition
reduces stress-induced anthocyanin accumulation in various
inductive conditions and at different growth stages.

PARP affects the anthocyanin biosynthesis pathway at
the transcriptional level

Despite some conflicting reports [64,44], this and previous
studies have indicated that PARP inhibition can affect flavonoid
metabolism. For example, PARP inhibition with 3-Aminobenza-
mide (3AB) reduced Phenylalanine-ammonium-lyase (PAL) en-
zyme activity induced in stressed C.roses cell cultures (64) and in
biotic elicitor experiments in Arabidopsis [65]. In contrast, the only
reported PARP mediated effect on the transcriptional level was the
induction of the MYB transcription factor PAP1, a strong positive
regulator of the anthocyanin biosynthesis pathway [19], in
PARP2::RNAI lines following 6 h of light stress [44]. However,
neither study investigated the whole pathway in more detail or
with combined transcriptional and biochemical analysis.

As it has been previously demonstrated that anthocyanin
biosynthesis is mainly controlled transcriptional [12,19], we
assessed the transcript levels of key regulatory transcription factors
and biosynthetic enzymes such as PAPI, TT8 and CHS to establish
the underlying basis of the reduced anthocyanin accumulation.
These analyses demonstrated that PARP inhibition reduces the
expression of biosynthetic and regulatory genes under stress and
that this effect was strongest for oxidative stress (Fig. 4). Thus, the
down-regulation of these genes is correlated with the different
reduction in anthocyanin accumulation in oxidative and sucrose
stress. Also, although the effect was less pronounced in sucrose
stress, it nevertheless showed the same general effect of PARP
inhibition. These data suggested that the PARP effect on
anthocyanin accumulation was based mainly on transcription
and is not due to a reduced enzymatic activity. To test this we
selected a Production of Anthocyanin Pigment 1 over-expression line
(35S::PAPI) and measured the relative anthocyanin content. In
this background it should be possible to overcome the transcrip-
tional repression of the pathway. The result showed that PARP
inhibition was not able to reduce the relative anthocyanin content
significantly (Fig. 5A), supporting the idea that the effect is based
on transcriptional regulation. To confirm that the effect of reduced
PARP activity on the anthocyanin accumulation was not specific
to chemical inhibition, we used homozygous T-DNA knock-out
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Figure 2. Transcriptional changes induced by PARP inhibition displayed on MAPMAN. Arabidopsis plants were grown for 18 days at 80—
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doi:10.1371/journal.pone.0037287.9002

lines for all three PARP genes. The experiments showed that all the
parp knock-outs have a similarly reduced anthocyanin accumula-
tion under stress but that this reduction is not as strong as with
chemical inhibition (Fig. 5B). This might indicate that the
reduction in anthocyanin is caused by inhibition of multiple
isoforms. Noteworthy is that chemical inhibition in the parp2 and
parp3  background under stress lead to a further reduced

Table 1. Metabolite changes induced by PARP inhibition and
detected by GC-MS.

Metabolite Fold-change (+3 MB)
Arabinose 1.78
Ethanolamin 0.82
Fumarate 0.46
Galactinol 0.58
Galactonic acid 0.82
Myo-inositol 0.65
Sinapic acid 0.45

For the GC-MS metabolite profiling samples, a total of ~10 seedlings from 4
plates were harvested individually for both conditions (+/—3 MB) in each
experiment, repeated in three individual experiments (n=12). The plants were
grown in parallel to those for the microarray expression analysis. The metabolite
extraction and further processing was done at the “Plateforme Métabolisme-
Métabolome (IFR87)” accordingly to (55). Metabolites that were significantly
different (t-test, p<<0.05, Bonferroni-Holm multiple testing correction) between
the 3 MB treated plants (+3 MB) and the control plants (—3 MB) are shown.
Values presented are the ratio (fold-change) in the abundance of +3 MB relative
to —3 MB.

doi:10.1371/journal.pone.0037287.t001
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anthocyanin accumulation, but not in the parpl background. In
summary these results indicate that PARP inhibition influences
anthocyanin accumulation at the transcriptional level and that the
effect was strongest for the major regulatory genes which may be
responsible for the observed down-regulation of the later steps of
the biosynthetic pathway.

PARP inhibition reduces anthocyanin as well as other
defensive molecule accumulation without

photosynthetic penalty

Previous investigations of PARP inhibition have shown links
with energy metabolism and cellular redox status. FFor example,
RNAi down-regulation of PARP leads to an increased NAD+
content in stress conditions [39], and cell-culture studies have
provided support for a link between PARP activity and glutathione
content [50]. To investigate the effects on redox metabolism of
chemical PARP inhibition in whole plants subjected to long term
stress, we performed a detailed redox-profiling. This analysis
revealed that the expected increase in NAD+ content was also
evident following chemical PARP inhibition, leading to an
increase over time of about 30% in NAD+ content (Fig. 6A) in
control and stress conditions. Despite this change in NAD+, the
other closely related metabolites NADH, NADPH) did not
change significantly (data not shown). Glutathione did not show
notable changes, neither in the amount nor in the reduction status
(Fig. 6D, E). More importantly, we observed a significant decrease
of more than 20% in the total ascorbate content due to chemical
inhibition of PARP activity for both sucrose and oxidative stress
(Fig. 6B, C) coinciding with the observed decrease in anthocyanin
accumulation. In addition, drought protective molecules such as
galactinol accumulate less in PARP inhibited plants (Table 1).
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Figure 3. PARP inhibition reduces anthocyanin accumulation
under stress. Arabidopsis plants (Col-0) were grown at 80-100 uE,
22°C on MS medium with (+3 MB) or without (—3 MB) the PARP
inhibitor 3-Methoxy-benzamide (3 MB) and subjected to three different
conditions: control, oxidative stress (0.1 uM Paraquat) or sucrose stress
(150 mM Sucrose) and harvested after 14 days. A, indicates the whole
plant phenotype of representative plants from all treatments. B,
indicates the relative anthocyanin content after 14 days. Data are
combined from three independent experiments with 5 replicates in
each experiment (n=15). C, shows the effect of different PARP
inhibitors used: 3-Methoxy-benzamide (3 MB), 3-Methyl-benzamide
(3MeB) and 3-Aminophthalaminhydrazide (3AP). The relative anthocy-
anin content is shown, combined from two independent experiments
with 5 replicates in each experiment (n=10). Asterisks indicate
significant differences (P<<0.05) of plants grown with 3 MB compared
to those without 3 MB in the same condition.
doi:10.1371/journal.pone.0037287.9003
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Taking into account the necessity of water availability and redox
balance for photosynthetic performance, the reduced antioxidant
capacity due to reduced anthocyanin and ascorbate content as well
as previous evidence of increased chlorophyll content in
PARP2:RNAi lines [39], we decided to perform a detailed
photosynthetic analysis via PAM imaging and chlorophyll
measurements. To asses early effects potentially leading to the
enhanced growth and increased stress tolerance we used 8 day
instead of 14 day old plants for the chlorophyll fluorescence (PAM)
measurement. At day 8 it was also possible to measured differences
in the relative anthocyanin content (Figure S2). No negative
impact of the reduced anthocyanin accumulation was found by
PAM imaging under stress conditions. On the contrary, weak but
significant positive effects were found on the effective quantum
yield (Ppgyy), the proportion of open PSII reaction centers whilst
non-photochemical quenching (NPQ) was reduced (Fig. 7A). In
contrast to previous results obtained in PARP2:RNAI lines in a
drought experiment including a re-hydration step [39], we found
that PARP inhibition showed no effect on chlorophyll content
under control and sucrose stress, but led to a weak reduction under
oxidative stress (Fig. 7B). Interestingly, at day 8 we did not observe
any significant changes in the redox profiles (Figure S3).

In summary, these experiments showed that next to reduced
anthocyanin content, chemical PARP inhibition also leads to a
reduced induction of ascorbate under stress. The reduced
accumulation of these two defense molecules has no negative
effect on photosynthetic performance of the plants under the
conditions studied. Furthermore, we demonstrated that chemical
PARP inhibition is able to enhance NAD+ content.

Discussion

Effect of chemical PARP inhibition in whole plants

In plant science chemical genetics is often used to overcome
genetic redundancy [66,67,68] and was successfully applied in
recent years to elucidate e.g. the ABA receptor family or the
influence of glycogen synthase kinase 3 like kinases (GSK3-like) in
brassinosteroid signaling [69,70]. The use of chemicals to increase
abiotic stress tolerance has been reported, for example using plant
hormones such as ABA, ethylene, brassinosteroids or through
molecules of undefined action that prime defense pathways
[71,72,73,74]. However, chemical approaches to increase growth
and tolerance of plants to abiotic stress by targeting specific
enzymes or acting via established inhibitory modes of action have
received less attention. The first goal of this study was to test if
chemical PARP inhibition is applicable to whole plants and able to
increase abiotic stress tolerance in a similar way as previously
shown for genetic PARP inhibition. Chemical PARP inhibitors
have been previously used, but often within non-physiological
concentration ranges, in plant cell cultures or in short-term assays
following transfer to media containing the inhibitor [27,39,75,65].
Our long-term experiments showed that inhibitor concentrations
typically used for short-term experiments result in severe growth
reduction (Fig. 1), whereas an appropriate lower inhibitor
concentration allows successful recapitulation of the positive
genetic down-regulation effects in heat and high-light stress, as
previously reported [39,44]. Contrary to the severe short-term
abiotic stress treatments [76,77,78], we focused on the response to
a mild and long-term stress. These have been recently highlighted
as being more valuable method for detailed analysis of growth
responses under stress [79,80]. Our data show that chemically
inhibited PARP activity leads to increased plant growth during
long- and short-term stress events. It should be noted that PARP
inhibition also increased growth under the control conditions used

May 2012 | Volume 7 | Issue 5 | e37287



PARP Inhibition Modulates Growth/Stress Responses

2.5

20- A PAL m -3m8 77 | -3M8
O +3MB O +3MB
20+
5 157 s
[7] [7]
g £
5 5 15
B T H
g 10 2
P J £ 101 .
E e
5 T
: l 05 F‘
Q Py 00- o
Control Oxidative Sucrose Control Oxidative Sucrose
B CHS m -3MB PAP1 m -3MB
40 0 +3MB 0 +3MB
15
c c
S =]
2 30- 2
e 4
5 = 10
R 2 .
© ; ©
(] [
@ o« 5
10 4 T
0 - 0- - -
Control Oxidative Sucrose Control Oxidative Sucrose
20-C DFR m -aue 07 PAP2 f—
O +3MB 0 +3MB
06 -
% 7 054
o ot
8 =3 i
g o 2 04
2 i 2 03
® o
) [ [
& Z g2
51 g
0.1
0 = 00- v
Control Oxidative Sucrose Control Oxidative Sucrose
D LDOX | -3MB TT8 m -3v8
10 - £ +3MB O +3MB
0.8 -
5 8 s
w 7]
& 3 06
g 6 &
o Qo
£ 2 04
o 1]
- o | #
1 0.2
2. 2 T
0 : . 0.0 -
Control Oxidative Sucrose Control Oxidative Sucrose
Condition
E UF3GT m -3vB
5 O +3MmB
5 4
8
o
s 34
[
2
3 2 T
o
1 -
o N
Control Oxidative Sucrose
Condition
). PLoS ONE | www.plosone.org 7 May 2012 | Volume 7 | Issue 5 | e37287



PARP Inhibition Modulates Growth/Stress Responses

Figure 4. PARP inhibition reduces the transcriptional induction of anthocyanin pathway genes. Arabidopsis plants (Col-0) were grown at
80-100 UE, 22°C on MS medium with (+3 MB) or without (—3 MB) the PARP inhibitor 3-Methoxy-benzamide (3 MB) and subjected to three different
conditions: control, oxidative stress (0.1 uM Paraquat) or sucrose stress (150 mM Sucrose) and harvested after 14 days. RNA was extracted from
seedlings pooled from all five replicates within one experiment, with three independent experiments (n=3). The average relative expression,
normalized against the housekeeping gene PP2A, is shown, for the biosynthetic (A-F) and the regulatory (G-I) genes.

doi:10.1371/journal.pone.0037287.9g004

in our study. As these conditions are typical of those employed in
plate-based assays we thus consider them to be representative for
control conditions. However, we cannot exclude that to some
limited degree they also represent a stress condition because: 1) the
redox balance ratio is much lower in comparison to soil grown
plants [81]; 2) plate grown plants may show hypoxia responses as
indicated by enhanced alcohol dehydrogenase activity [82].
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Figure 5. PARP inhibitory effect on anthocyanin accumulation
is associated genetically with PARP activity and based on
transcriptional control. The Col-0, PAP1-OX and T-DNA insertion lines
of the three PARP genes (parp1, parp2, parp3) were grown for 14 days at
80-100 puE, 22°C on MS medium with (+3 MB) or without (—3 MB)
0.2 mM of the PARP inhibitor 3-Methoxy-benzamide (3 MB) in the
medium. A, the relative anthocyanin content of the PAPT-OX line is
shown, combined from three independent experiments with three
replicates in each experiment (n=9). The reduction of ~20% is not
significant (P=0.07) and is much smaller than the reductions after 14
days for oxidative (~70%) or sucrose (~50%) (see Fig. 3B). B, the
mutant lines were subjected to two different conditions; control or
oxidative stress (0.1 uM Paraquat). The relative anthocyanin content is
shown. Data are combined from 3 independent experiments with two
to four replicate plates in each experiment (n=29). Asterisks indicate
significant difference (P<<0.05) of the mutant lines compare to the Col-0
grown in the same condition.

doi:10.1371/journal.pone.0037287.9005
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Overall, we demonstrate that chemical enzyme activity modula-
tion, especially chemical PARP inhibition 1) recapitulates genetic
phenotypes; 2) is applicable to whole plants and 3) could enhance
growth under control conditions as well as tolerance and growth
under long-term stress. This opens further perspectives for the use
of new chemicals to enhance crop abiotic stress tolerance and
productivity.

PARP inhibition transcriptional regulates anthocyanin

accumulation

In our experiments it was clearly observed that chemical PARP
inhibition allows the stressed plants to stay green in a similar way
to control plants and not change color to dark green/brown as
observed for those grown under stress without PARP inhibition.
We demonstrated that this was due to reduced anthocyanin
accumulation in response to oxidative and sucrose stress conditions
[12,22]. To confirm our data showing reduced anthocyanin
accumulation we used PARP inhibitors of different chemical
classes [62] to avoid that the inhibitors bind to similar artificial
targets. The unspecific binding of PARP inhibitors to mono-ADP
transferases is a general problem, but the mainly used 3-
methoxybenzamide inhibitor showed a 1000 lower affinity to
mono-ADP transferases compared to poly(ADP)ribose polymer-
ases [62,83]. This combined with the used concentration makes it
likely that this is not a relevant factor within the experiments.

In addition, we demonstrated that T-DNA mutant lines of the
three PARP genes also showed a significant reduction in
anthocyanin accumulation under stress, while keeping in account
that the PARP protein family is partly redundant in their effect on
anthocyanin accumulation and on the other hand that chemical
PARP inhibition allows targeting of all isoforms.

The microarray expression profiling indicated a strong impact
of PARP inhibition on secondary metabolism. This was later
confirmed by targeted qRT-PCR of anthocyanin regulatory and
biosynthesis genes. Repressed transcription likely leads to the
observed reduction in anthocyanin accumulation. The strongest
transcriptional effect was observed for enzymes catalyzing the last
steps in the anthocyanin biosynthesis pathway and for two key
regulatory genes, PAP] and 778, indicating that these genes are
likely responsible for the reduced anthocyanin content. Alterna-
tively, this effect can also be a result of a reduction of PAL activity,
as a pallpal? double mutant showed reduced anthocyanin
accumulation [84,85] and PAL activity was reduced in cell
cultures under stress following application of a chemical PARP
inhibitor, albeit at very high inhibitor doses (3-Aminobenzamide)
[64]. However, we do not favor this alternative because the
previously demonstrated reduced PAL activity did not lead to
altered anthocyanin content [64] and we did not observe any
significant affect of PARP inhibition on the expression of PALI
which encodes the main isoform of the four partly redundant PAL
enzymes. Based on these data we favor the hypothesis that PARP
influences anthocyanin accumulation at the transcriptional rather
than post-transcriptional level. To further exclude the possibility
for post-transcriptional regulation, we tested whether PARP
inhibition could reduce anthocyanin biosynthesis in the
35S::PAPI line, which accumulates anthocyanin due to transcrip-
tional activation of the pathway via the PAPI transcription factor

May 2012 | Volume 7 | Issue 5 | e37287
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Figure 6. Chemical PARP inhibition changes cellular redox profiles. Arabidopsis Col-0 seedlings were grown for 14 days at 80-100 uE, 22°C
on MS media with (+3 MB) or without (=3 MB) the PARP inhibitor 3-Methoxy-benzamide (3 MB) and were subjected to three different treatments:
control, oxidative stress (0.1 uM Paraquat) or sucrose stress (150 mM sucrose). Shown are (A) the NAD+ content, (B) the total ascorbate content, (C)
the reduction level of the ascorbate, (D) the total glutathione and (E) the reduction of the total glutathione. Data are combined from three
independent experiments with 2 replicates in each experiment (n = 6). Asterisks indicate significant difference (P<0.05) compared to Col-0 grown in

the same condition without 3 MB.
doi:10.1371/journal.pone.0037287.9006

[19]. There was only a small, non-significant reduction of the
anthocyanin content in the 35S::PAPI plants, which is in line with
the hypothesis that PARP most likely influences anthocyanin
accumulation at the transcriptional level and not by post-
transcriptional regulation. This finding is partially contradictory
to previous results obtained in PARP2::RNAi lines, where under
light stress PAPI, DFR and LDOX were induced [44]. However,
this seems most likely to be related to the different experimental

@ PLoS ONE | www.plosone.org

conditions, short-term severe high light versus long-term moderate
oxidative and sucrose stress.

Although the effect of repressed anthocyanin accumulation was
seen in both stresses, we noted that chemical PARP inhibition
reduced anthocyanin accumulation to a greater degree in
oxidative than in sucrose stress. This might be due to a hormonal
effect on anthocyanin accumulation as shown before [86,87],
especially as ABA was shown to induce the production of
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Figure 7. Chemical PARP inhibition alters photosynthesis.
Arabidopsis seedlings (Col-0) were grown at 80-100 uE, 22°C on MS
medium with (+3 MB) or without (—3 MB) the PARP inhibitor 3-
Methoxy-benzamide (3 MB) and subjected to different conditions:
control and oxidative stress (0.1 uM Paraquat) and for the chlorophyll
measurements also sucrose (3.5% sucrose). A, shows the non-
photochemical quenching (NPQ), the proportion of open PSII reaction
centers (gP) and the effective quantum yield (Y_Il) measured via PAM
imaging. B, shows the chlorophyll content after 8 days. For (A) 8-18
seedlings were analyzed in each of the 4 independent experiments
(n=42); for (B) data are combined from three independent experiments
with 5 replicates in each experiment (n=15). Asterisks indicate
significant difference (P<<0.05) between seedlings grown in the same
condition but treated with 3 MB or without 3 MB.
doi:10.1371/journal.pone.0037287.g007

anthocyanin in plants grown on sucrose [21]. Plants with reduced
PARP activity also have an elevated ABA content [44]. A possible
explanation can be the differential involvement or activation of the
ABA pathway during oxidative and sucrose stress conditions,
hence explaining the smaller reduction of anthocyanin accumu-
lation by PARP inhibition under sucrose stress.

PARP inhibition increases NAD+ content, improves
photosynthesis and growth under stress

In our long-term stress treatments, no NAD+ depletion was
found in comparison to control conditions, contrary to studies
using short-term treatments [39]. We also observed no lesions on
the leaves as indicators for necrotic cell death, a process often
associated with a depletion of NAD+ or ATP [27,88,39,89].
Availability and recycling of NAD+ are crucial processes to
maintain energy homeostasis and both are influenced by PARP

@ PLoS ONE | www.plosone.org
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activity. Our results demonstrate that, in addition to genetic down-
regulation [39,44] a chemical approach of reducing PARP activity
could also improve abiotic stress tolerance in whole plants. The
chemically reduced PARP activity leads to increased energy levels,
indicated by the increased NAD+ content in control and both stress
conditions. At the same time, reduced PARP activity leads to a
reduced accumulation of protective molecules, especially anthocy-
anin and ascorbate but also others like myo-inositol, which could be
also an indirect effect via altered energy signaling [90]. Our results
illustrate that reduced PARP activity is correlated with reduced
ascorbate accumulation in stress, providing a link between PARP
activity and redox processes under stress, in addition to the
correlation with glutathione proposed before for developmental
processes [50,91]. In our experiments, we showed an overall
increased NAD+ content and showed that photosynthesis is
positively affected by PARP inhibition, supporting a close link
between photosynthesis and PARP as hypothesized in [45]. This
might be based on the altered NAD+ content, but could also be a
consequence of altered protein turnover or activity influenced by
PARP itself. It is known that photosynthesis, energy homeostasis,
redox balance and metabolism are closely related [92] and our study
provides evidence that PARP activity is linked to all of them. This
supports a model where PARP is a central regulator in plant stress
tolerance at the cellular and whole plant level as suggested by [44].
The interaction of PARP with NAD+ and its effect on the redox
balance and photosynthesis leads to growth enhancement associated
with a reduced induction of protective pathways. Whether the
observed reduced defense will be present in field conditions remains
elusive. Anthocyanin is associated with stress tolerance in e.g.
winter-green plants, particular in resistance to drought but is not a
pre-requisite for successful adaptation [93]. Higher ascorbate
content might be beneficial in stress situations but a lack could be
compensated by higher presence of other small molecules such as o-
Tocopherol [94]. In summary, our study provided an elaborate
physiological analysis to demonstrate that chemical PARP inhibi-
tion represses the accumulation of defensive molecules, especially of
anthocyanin. We also showed that it is possible to recapitulate the
effect of genetically reduced PARP activity in a whole plant context
using chemical inhibition. Furthermore, the results demonstrate
that chemical PARP inhibition increased tolerance against very
different stress conditions such as oxidative and sucrose stress.
Biochemical and genetic analysis revealed a reduced accumulation
of stress protection molecules such as ascorbate, galactinol and
anthocyanins. Reduction of anthocyanin accumulation is mainly
controlled at the transcriptional level. In addition, our data supports
a link between PARP activity with redox balance and photosyn-
thesis. Consequently, these changes led to enhanced growth under
control and stress conditions.

Supporting Information

Figure S1 PARP inhibition leads to enhanced tolerance
against long-term stress. Plants were grown for 14 days at 80—
100 puE, 22°C on MS medium and subjected to five different
conditions: control, oxidative stress (0.1 uM paraquat), sucrose
stress (150 mM sucrose), osmotic stress (100 mM sorbitol) and salt
stress (75 mM NaCl). The average fresh weight of individual
plants was determined by weighing 32 pooled seedlings from each
plate, with 5 replicates (plates) in each experiment repeated in
three independent experiments (n=15). Significant differences
(P<<0.05) between the seedlings grown with PARP inhibitor
compared to those grown without in the same condition is
indicated by an asterisk.

(TTF)
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Figure $S2 Chemically PARP inhibition reduces antho-
cyanin accumulation already at early stages. Arabidopsis
seedlings (Col-0) were grown for 8 days at 80-100 uE, 22°C on
MS medium and subjected to three conditions: control, oxidative
stress (0.1 uM paraquat) or sucrose stress (150 mM sucrose) with
(+3 MB) or without (—3 MB) the PARP inhibitor 3-Methoxy-
benzamide in the media. The relative anthocyanin content is
shown, data are combined from three independent experiments
with 5 replicates in each experiment (n=15). Asterisks indicate
significant difference (P<<0.05) in anthocyanin accumulation
between seedlings grown with a PARP inhibitor compare to those
without in the same condition.

(TIF)

Figure S3 The effect of chemical PARP inhibition on
cellular redox profiles at 8 days. Arabidopsis Col-0 seedlings
were grown for 8 days at 80-100 pE, 22°C on MS media with
(+3 MB) or without (=3 MB) the PARP inhibitor 3-Methoxy-
benzamide (3 MB) and were subjected to three different
treatments: control, oxidative stress (0.1 pM Paraquat) or sucrose
stress (150 mM sucrose). Shown are (A) the NAD+ content, (B) the
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