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Review
Glossary

3AB: 3-aminobenzamide; a PARP inhibitor.

3MB: 3-methoxybenzamide; a PARP inhibitor.

ABA: abscisic acid; a plant hormone.

HR: hypersensitive response; induced plant defense response to avirulent

pathogens.

MAMP: microbe-associated molecular pattern; conserved protein sequence

expressed by microbial pathogens; elicits basal immune response.

Nic: nicotinamide; a PARP inhibitor.

NUDX: nucleotide diphosphate linked to some moiety-X; cleaves ADP-ribose

into AMP + ribose-5-phosphate.

pADPr: poly(ADP-ribose); a nucleic acid; a post-translational modification.

PAL: phenylalanine ammonia lyase; initial enzyme in the phenylpropanoid

biosynthesis pathway.

PARG: poly(ADP-ribose) glycohydrolase.

PARP: poly(ADP-ribose) polymerase.

PCD: programmed cell death.

Pst: Pseudomonas syringae pv tomato; a biotrophic bacterial plant pathogen.

ROS: reactive oxygen species.
Poly(ADP-ribose) polymerases (PARPs) and poly(ADP-
ribose) glycohydrolases (PARGs) are the main enzymes
responsible for the post-translational modification
known as poly(ADP-ribosyl)ation. These enzymes play
important roles in genotoxic stress tolerance and DNA
repair, programmed cell death, transcription, and cell
cycle control in animals. Similar impacts are being dis-
covered in plants, as well as roles in plant-specific pro-
cesses. In particular, we review recent work that has
revealed significant roles for poly(ADP-ribosyl)ation in
plant responses to biotic and abiotic stress, as well as
roles for ADP-ribose pyrophosphatases (a subset of the
nucleoside diphosphate linked to some moiety-X or
NUDX hydrolases). Future challenges include identifica-
tion of poly(ADP-ribosyl)ation targets and interacting
proteins, improved use of inhibitors and plant mutants,
and field-based studies with economically valuable plant
species.

Poly(ADP-ribosyl)ation
Poly(ADP-ribosyl)ation has received significant attention
over the past 40 years in animal systems [1–4], but it has
received surprisingly little research attention from plant
scientists. Poly(ADP-ribosyl)ation is a post-translational
protein modification in which poly(ADP-ribose) poly-
merases (PARPs, see Glossary) catalyze the transfer of
ADP-ribose moieties from NAD+ to target acceptor pro-
teins. This modification can be reversed by poly(ADP-ri-
bose) glycohydrolases (PARGs) that hydrolyze poly(ADP-
ribose) polymers, generating free ADP-ribose. Nucleoside
diphosphate linked to some moiety-X (NUDX) hydrolases
with specificity for ADP-ribose, also known as ADP-ribose
pyrophosphatases, can then degrade free ADP-ribose into
AMP and ribose-5-phosphate (Figure 1). Excellent animal-
focused reviews of poly(ADP-ribosyl)ation are available [1–

4]. Auto-modified PARP and other poly(ADP-ribosyl)ated
nuclear proteins can affect chromatin structure, transcrip-
tion, replication, and DNA repair processes through PARP-
mediated recruitment of other proteins [5–7]. Strong acti-
vation of PARP and poly(ADP-ribosyl)ation can also regu-
late cellular processes by consuming massive amounts of
NAD+, which can alter cellular reduction-oxidation states,
impact nicotinamide levels, and induce ATP depletion
[1–4,8].

In animals, poly(ADP-ribosyl)ation plays a crucial role
in several cellular processes, including stress recovery,
programmed cell death, DNA damage responses, chroma-
tin structure and gene expression [1–4]. At the organism
level, poly(ADP-ribosyl)ation in animals contributes to the
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pathology of heart attack, ischemia, Alzheimer’s, and sen-
sitivity of cancerous tissue to chemotherapeutic agents [9].
Multiple pharmaceutical companies have invested heavily
in identifying medically useful PARP inhibitors (reviewed
in [1–4]).

Poly(ADP-ribosyl)ation has now been implicated in sev-
eral physiological processes in plants, including circadian
rhythms and responses to abiotic and biotic stresses. Mo-
lecular characterization of these mechanisms has begun.
Although the first documentation of an NAD+-consuming
nuclear plant protein (now known to be PARP; see Glossa-
ry) occurred three decades ago, many relevant studies have
only recently been completed. The main focus of this review
is on plant PARP, PARG and NUDX enzymes and on the
physiological roles of poly(ADP-ribosyl)ation-related pro-
cesses in plant biology, in particular during responses to
biotic and abiotic stress. We also discuss current challenges
in the field, including identification of poly(ADP-ribosyl)a-
tion targets and interacting proteins, and use of mutants
and inhibitors. This review is organized by enzyme type.

PARP
Eukaryotic organisms (excluding yeast) express multiple
PARP proteins, all bearing a conserved C-terminal PARP
catalytic domain that binds and cleaves NAD+ into ADP-
ribose and nicotinamide. The Arabidopsis (Arabidopsis
thaliana) genome encodes at least three putative PARPs
[At4g02390 (PARP1), At2g31320 (PARP2), and At5g22470
(PARP3)] [10,11], and maize (Zea mays) homologs of
AtPARP1 have also been characterized [12]. There is evi-
dence that plant PARPs are structurally homologous to
mammalian PARP proteins [12–15]. The high degree of
conservation at the amino acid level between Arabidopsis
TEJ: Sanskrit for ‘bright’; also known as Arabidopsis PARG1.

rved. doi:10.1016/j.tplants.2011.03.008 Trends in Plant Science, July 2011, Vol. 16, No. 7

mailto:afbent@wisc.edu
http://dx.doi.org/10.1016/j.tplants.2011.03.008


PARP

PARG

Protein 
X

Protein 
X

NAD+
Nicotinamide

ADPr

ADPr

ADPr
ADPr

ADPr
ADPr

ADPr

ADPr

ADPr

ADPr

ADPr

ADPr
ADPr

ADPr

ADPr
ADPr

ADP-ribose

ADPr

NUDX

ADP-ribose

AMP
+

Ribose-5-phosphate

O
O-

O

P
O-

O

O

O

P

O

OHHO

N

N

NN

NH2

O

OH

OH

OH

O

O
-

O

P

O
-

O

O

O P

O

OH

HO

N

N

N

N

N
H 2

O

OH

OH
OH

N

O

NH2
O

O-

O

P
O-

O

O

O

P

O

OHHO

N

N

NN

NH2

N
+

O

NH2

O

OH

OH

HO O-

OO

P

O

OH

OH

OH

O
O-

O

P
OH

O

OHHO

N

N

NN

NH2

TRENDS in Plant Science 

Figure 1. Poly(ADP-ribose) metabolism by poly(ADP-ribose) polymerase (PARP), poly(ADP-ribose) glycohydrolase (PARG), and nucleotide diphosphate linked to some

moiety-X (NUDX) enzymes. PARP enzymes bind NAD+ (nicotinamide adenine dinucleotide), cleave off the nicotinamide residue, and attach the remaining ADP-ribose

moiety to acceptor proteins (protein X, which can include PARP itself). PARP is a polymerase that adds multiple ADP-ribose monomers as long, occasionally branched,

chains up to 200 units in length (note that NAD+ is consumed). PARG then exolytically and endolytically cleaves the ribose–ribose backbone bond of poly(ADP-ribose),

releasing free ADP-ribose. ADP-ribose-specific NUDX enzymes then cleave free ADP-ribose into AMP (adenosine monophosphate) and ribose-5-phosphate.
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and mammalian forms of these enzymes, shown schemati-
cally in Figure 2, suggests that PARP function is conserved
between plants and animals. PARP proteins encoded by
Arabidopsis, poplar (Populus trichocarpa), and rice (Oryza
sativa) genomes all contain the conserved PARP catalytic
domain and WGR nucleic acid binding domains. Based on
conserved protein domain structure, plant PARP proteins
can be grouped into three categories: (i) those that resem-
ble human PARP1 with two zinc-finger DNA binding
domains; (ii) those that resemble human PARP2 and lack
further N-terminal domains; and (iii) those that resemble
human PARP1, but lack N-terminal zinc-fingers (Figure 2).
Note that the naming system for plant PARPs is not
symmetric with the naming of animal PARPs.

Besides structural similarities, plant PARPs also have
enzymatic activities that are functionally homologous to
mammalian PARPs [12–15]. The covalent modification of
plant nuclear proteins with poly(ADP-ribose) was first
described as the covalent incorporation of NAD+ into the
protein fraction of tobacco (Nicotiana tabacum) histones
H1 and H2A, and H2B [16]. In both maize [14] and
Arabidopsis [13], PARP binding of both nicked DNA and
NAD+ has been reported.

Use of PARP inhibitors in plants

PARP inhibitors target the conserved enzymatic active site
and, therefore, the use of pharmacological PARP inhibitors
is a common way of overcoming the potential functional
redundancy presented by the multiple PARPs encoded in
any one genome. Importantly, use of PARP inhibitors also
allows conditional inactivation of PARP activity. There is
an extensive body of literature on the use of PARP inhi-
bitors with animal cells or in animals, e.g. [1–4,17–20]. 3-
Aminobenzamide (3AB), nicotinamide (Nic) and 3-methox-
ybenzamide (3MB) are all established inhibitors of animal
PARPs [17–20], with benzamide structures that mimic
NAD+ and interfere with NAD+-consuming PARP
enzymes. These inhibitors have been demonstrated to
work in plants as well. All three inhibitors suppress plant
PARP enzyme activity in maize nuclei [14], 3MB has been
373



SAP domain

At4g02390

At2g31320

At5g22470

hPARP1

hPARP2

mPARP1

mPARP2

POPTRDRAFT_830081

POPTRDRAFT_877650

POPTRDRAFT_1099156

Os07g0413700

Os01g0351100

Os02g0530600

BRCT superfamily

Zinc finger

PADPR1

WGR superfamily

PARP superfamily

(a) Plant

(b) Animal

Key:

TRENDS in Plant Science 

Figure 2. Comparison of conserved protein domains in (a) plant and (b) animal poly(ADP-ribose) polymerase (PARPs). Derived amino acid sequences from Arabidopsis (At),

human (h) and mouse (m) as well as poplar (POPTDRAFT) and rice (Os) were analyzed for conserved protein domains (CDD) [69]. PARP domain = PARP catalytic domain;

SAP (SAF-A/B, Acinus and PIAS) domain = putative DNA and RNA binding domain; WGR superfamily = putative PARP nucleic acid binding domain; BRCT (BRCA1 C-

Terminal) domain = protein–protein and protein–DNA break binding domain; Zinc finger = PARP-type DNA nick sensor; PADPR1 Poly(ADP-Ribose) = unknown function,

found in ADP-ribose synthetases.
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shown to inhibit synthesis of ADP-ribose polymers by
PARP2 in Arabidopsis [13], and 3AB prevents the accu-
mulation of poly(ADP-ribose) polymers in parg1 mutants
[21]. Table 1 summarizes the growing body of literature
regarding the use of PARP inhibitors in plants. It should,
Table 1. PARP inhibitors in plants

PARP inhibitor Species Observed

3AB Arabidopsis Decrease

3AB Arabidopsis Decrease

3AB Arabidopsis Heat shoc

3AB Arabidopsis Increased

3AB Arabidopsis MAMP-in

3AB Arabidopsis MAMP-in

3AB Arabidopsis MAMP-in

3AB Catharanthus roseus Oxidative

3AB Zea mays PARP act

3AB Arabidopsis Prevents 

3AB Helianthus tuberosus Tracheary

3AB Pisum sativum Tracheary

3MB Zea mays PARP act

3MB Arabidopsis PARP2 ac

3MB Arabidopsis Increased

3MB Tobacco Increased

3MB Brassica napus Increased

Nic Zea mays PARP act

Nic Arabidopsis Heat shoc

Abbreviations: 3AB, 3-aminobenzamide; 3MB, 3-methoxybenzamide; MAMP, microbe-as

PARP, poly(ADP-ribose) polymerase; XRCC, X-ray repair cross-complementing.
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however, be noted that pharmacological inhibitor studies
merit cautious interpretation. The concentrations used,
tissue access, inhibitor half-life and the specificity of
inhibitors for their targets must be considered. Many
PARP inhibitors, for example, are light-sensitive. Recent
 effect Refs

d XRCC1 and XRCC2 transcription [34]

d XRCC1 and XRCC2 transcription [34]

k-induced DNA laddering inhibited [32]

 susceptibility to paraquat-induced oxidative stress [34]

duced callose and lignin deposition blocked [42]

duced PAL enzyme activity blocked [42]

duced seedling toxicity [41]

 stress-induced PAL activity inhibited [40]

ivity inhibited [14]

accumulation of ADP-ribose polymers [21]

 element differentiation inhibited [37]

 element differentiation inhibited [37]

ivity inhibited [14]

tivity inhibited [13]

 basal somatic homologous recombination rates [33]

 basal somatic homologous recombination rates [33]

 resistance to oxidative stress [30]

ivity inhibited [14]

k-induced DNA laddering inhibited [32]

sociated molecular pattern; Nic, nicotinamide; PAL, phenylalanine ammonia-lyase;



Table 2. Poly(ADP-ribosyl)ation-related genotypes and corresponding phenotypes in plants

Genotype Species Phenotype Refs

AtPARP2 overexpression Glycine max Increased DNA nicks with high H2O2 concentrations [31]

AtPARP2 overexpression Glycine max Reduced DNA nicks with low H2O2 concentrations [31]

Bovine PARP2 overexpression Vigna unguiculata Hypersensitive response-induced PARP cleavage [70]

bru1-1 Arabidopsis AtPARP2 transcript accumulates [30]

dnalig1 Arabidopsis AtPARP1 transcript accumulates [30]

nic2-1 Arabidopsis Elevated NAD+ [11]

nic2-1 Arabidopsis Reduced pADPr polymers [11]

nudt7 knockdown Arabidopsis NADH accumulates [65]

nudt7 knockdown Arabidopsis ADP-ribose polymers accumulate [34]

nudt7 knockdown Arabidopsis Constitutive expression of PR1 and PR2 genes [65,67]

nudt7 knockdown Arabidopsis Increased pathogen-induced salicylic acid accumulation [66]

nudt7 knockdown Arabidopsis Increased resistance to Hyaloperonospora parasitica [66]

nudt7 knockdown Arabidopsis Increased resistance to virulent and avirulent Pst [41,65,67]

nudt7 knockdown Arabidopsis Increased susceptibility to paraquat-induced oxidative stress [34,65]

nudt7 knockdown Arabidopsis Necrotic lesions and accumulation of ROS [65,67]

nudt7 knockdown Arabidopsis Reduced hypersensitive response [41]

nudt7 knockdown Arabidopsis Stunted growth [41,65,67]

NUDT2 overexpression Arabidopsis Increased resistance to paraquat-induced oxidative stress [62]

NUDT7 overexpression Arabidopsis Increased resistance to paraquat-induced oxidative stress [34]

NUDT7 overexpression Arabidopsis Reduced ADP-ribose accumulation [34]

parg1 Arabidopsis ADP-ribose polymers over-accumulate (25-fold increase) [21]

parg1 Arabidopsis Increased leaf movement, early flowering (short and long day),

longer circadian period length

[21]

parg1 knockdown Arabidopsis Increased susceptibility to Botrytis cinerea infection [42]

parg1 knockdown Arabidopsis Increased susceptibility to mitomycin-C treatment [42]

parg1 knockdown Arabidopsis MAMP-induced phenylpropanoid pigment accumulation exacerbated [42]

parg1 knockdown Arabidopsis MAMP-induced seedling toxicity [42]

parg1 knockdown Arabidopsis Reduced tolerance to osmotic stress [57]

parg1 knockdown Arabidopsis Reduced tolerance to methylviologen-induced oxidative stress [57]

parg1 knockdown Arabidopsis Stomatal apertures remain open during and after drought stress [57]

parg1 knockdown Arabidopsis Reduced expression of oxidative stress response genes Aox1 and Apx2 [57]

parg2 knockdown Arabidopsis Increased susceptibility to Botrytis cinerea infection [42]

parp1 knockdown Arabidopsis Increased H2O2-induced DNA nicks [31]

parp1/parp2 knockdown Arabidopsis High light stress gene induction is inhibited [39]

parp1/parp2 knockdown Arabidopsis High light stress-induced loss of NAD+ is inhibited [30]

parp1/parp2 knockdown Arabidopsis Increase in ABA, dehydration, and cold stress-related transcripts [39]

parp1/parp2 knockdown Arabidopsis Increased resistance to DNase1-induced DNA breaks [30]

parp1/parp2 knockdown Arabidopsis Increased resistance to drought, methyl viologen, acetylsalicylic

acid, and high light stress

[30]

parp1/parp2 knockdown Arabidopsis No oxidative stress-induced increase in ROS [30]

PARP2 overexpression Arabidopsis Reduced incidence of H2O2-induced DNA nicks [31]

Abbreviations: ABA, abscisic acid; Aox1, alternative oxidase 1; Apx2, ascorbate peroxidase 2; H2O2, hydrogen peroxide; NAD+/NADH, nicotinamide adenine dinucleotide;

NUDT, nucleotide disphosphate linked to some moiety-X; PARG, poly(ADP-ribose) glycohydrolase; PARP, poly(ADP-ribose) polymerase; PR1 and PR2, pathogenesis-related;

ROS, reactive oxygen species.
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mammalian work has led to the engineering and discovery
of many PARP inhibitors with greater specificity than
3MB, 3AB and Nic [3,22], but most of these chemicals
have yet to be tested in plants.

Related work with Arabidopsis nic2 (nicotinamidase
mutant) seeds, which accumulate high levels of PARP-
inhibiting nicotinamide, revealed reduced poly(ADP-
ribose) levels and elevated NAD+ levels compared with
wild-type seeds, suggesting that PARP activity is im-
paired [23]. Poly(ADP-ribose) levels also correlated with
nicotinamidase activities and treatment with the DNA-
damaging agent methyl methanesulfonate, indicating a
link between plant PARP enzyme activity and nicotin-
amide levels [24]. These data suggest not only that plant
PARPs have homologous enzyme activities to their mam-
malian counterparts, but also that several published
PARP inhibitors can be confidently used to inhibit plant
PARP activity.

Genetic mutations that disrupt poly(ADP-ribosyl)ation
activities have been finding increasing use in plant re-
search as an alternative to pharmacological inhibitors, and
Table 2 presents a brief summary of some of the pheno-
types that have been associated with altered poly(ADP-
ribosyl)ation-related plant genotypes. The potential
impacts of full knockout of PARP genes has led to the
use of gene silencing technologies to genetically reduce
PARP enzyme levels. However, the level of silencing can be
variable. In addition, the potential pleiotropic effects of
chronic deficiencies in PARP leave PARP inhibitors as an
important alternative to mutants or gene-silenced plant
lines. Inducible or tissue-specific gene silencing may offer
valuable improvements in the future.
375
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PARP and plant abiotic stress responses

As a DNA nick-activated enzyme, PARP is one of the first
responders to sites of DNA breaks. PARP acts as a DNA-
break sensor and a DNA repair-signaling molecule, with a
caretaker role that can lead cells either toward repair or
toward programmed cell death, depending on the severity
of the damage and amplitude of PARP activation (reviewed
in [25]). Human PARP-1 and PARP-2 bind to and are
activated by nicked DNA, undergo auto-modification
(self-poly(ADP-ribosyl)ation), and thereupon recruit other
DNA repair proteins [26,27]. Plant PARPs play a similar
role in genotoxic stress responses. AtPARP1 and AtPARP2
mRNAs accumulate rapidly upon treatment with gamma
radiation and reactive oxygen species (ROS) [13]. In
brushy1 (bru1-1) plants that show constitutive genotoxic
stress response activation, AtPARP2 transcript also accu-
mulated [28]. AtPARP1 and AtPARP2 proteins localize to
the nucleus [29], and AtPARP1 expression was induced in
the ovules of dnalig1 mutants suffering from impaired
DNA repair machinery [30]; see also [12]. Overexpression
of AtPARP2 allowed fewer ROS-induced DNA nicks,
whereas knocking down AtPARP1 expression increased
the number of DNA nicks [31]. However, somewhat count-
er-intuitively, silencing both AtPARP1 and AtPARP2 in-
creased resistance to DNAse1-induced DNA breaks [30],
which might have been due to some compensatory re-
sponse to a chronic PARP deficit. However, overall, the
above results suggest that in plants, as in animals, PARP
enzymes can act to protect against or aggravate DNA
damage, depending upon the severity of the injury. Par-
ticularly in light of the findings reported below on poly(-
ADP-ribosyl)ation in plant biotic as well as abiotic stress,
this will be an interesting area for further research.

There are other contexts in which disruption of plant
PARP expression has been either protective against DNA
damage or harmful, again suggesting a complex role for
PARPs in genotoxic stress responses. PARP inhibitor
treatment blocked heat shock-induced DNA breakage
and genomic laddering [32], while also increasing basal
rates of homologous recombination in Arabidopsis and
tobacco plants [33]. In 3AB-treated Arabidopsis plants,
several DNA repair genes were activated under both nor-
mal and oxidative stress-inducing conditions compared
with wild-type plants [34]. These studies suggest a require-
ment in plant cells for PARP to maintain genome integrity,
as both a negative and positive regulator.

Owing to its role in DNA damage sensing, PARP also
plays a role in apoptosis in animals. Low levels of DNA
damage lead to some PARP activation, which generally
leads to successful genome repair. However, if high levels
of DNA damage occur, PARP enzymes become overacti-
vated and consume large amounts of NAD+. This can cause
respiratory stress and initiate apoptosis [35,36]. A similar
role for PARP has been at least partially established in
plant programmed cell death. Overexpressing AtPARP2 in
cultured soybean (Glycine max) cells was protective
against low ROS concentrations, but exacerbated cell
death at high ROS concentrations [31]. In addition, PARP
inhibitors protect soybean and tobacco cell suspensions
from oxidative- and heat shock-induced programmed
cell death [31,32], suggesting that PARP can contribute
376
significantly to apoptosis in plant cells. These studies also
suggest that poly(ADP-ribose) homeostasis must be tightly
regulated in plants, given that low levels of activation lend
protection, whereas overactivation leads to cell death.

Plant PARPs have also been implicated in differentia-
tion and cell cycle control. 3AB treatment abolished tra-
cheary element development in artichoke (Cynara
cardunculus) tubers and pea (Pisum sativum) roots [37].
Recently, increases in cellular glutathione pools, AtPARP1
and AtPARP2 gene expression, and PARP enzyme activity
were all observed during the exponential growth phase of
Arabidopsis tissue culture cells, suggesting a link between
redox homeostasis regulation, poly(ADP-ribosyl)ation, and
cell cycle control or cell growth and differentiation [38].

Can less PARP lead to improved whole-plant abiotic

stress tolerance?

Studies have shown that poly(ADP-ribosyl)ation plays a
significant role in the organism-level plant response to
abiotic stress. For example, silencing of AtPARP1 or
AtPARP2 in Arabidopsis, or PARP silencing in oilseed rape
(Brassica napus) plants, enhanced plant tolerance of
drought, high light and heat stress [30]. This study showed
that plants under such stresses activate PARPs, leading to
more NAD+ and ATP consumption, and to accumulation of
poly(ADP-ribose). The finding provides support for the
mechanistic hypothesis that plants with reduced poly(-
ADP-ribosyl)ation activity consume less NAD+ in stressful
environments and thereby reduce over-intense mitochon-
drial respiration, lower ROS production,and improveenergy
use efficiency [30]. These concepts are consistent with phys-
iological observations made in studies of animal poly(ADP-
ribosyl)ation. No obvious deleterious impacts of reduced
PARP expression on overall plant growth or appearance
were observed [30], although this requires extensive testing
ineconomicallyvaluableplantsgrowninfieldenvironments,
which is underway [39]. The residual PARP activity present
in partially PARP-silenced plants might be sufficient to
carry out DNA repair and other essential roles.

The full basis of the above stress tolerance is not yet
understood. It is of interest, among other findings, that B.
napus hypocotyl explants treated with acetylsalicylic acid
showed large increases in H2O2 production, whereas
PARP-silenced lines showed almost no increase in ROS
[30]. 3MB treatment also increased the resistance of B.
napus callus tissue to oxidative stress. High energy status,
efficient cellular respiration, and low free-radical produc-
tion in parp-silenced lines indicated that they have low
energy consumption (and lower respiration rate) when
under stress [30]. The hypothesis of increased energy
efficiency when PARP activity is reduced gained further
support when PARP-silencing conferred tolerance to
growth on a suboptimal carbon source and inhibited high
light stress-induced losses of NAD+ [30]. Oxidative-stress-
dependent gene expression (HSPs, DNAJ, RBOHC and
glutaredoxins) is also attenuated in high light-stressed
parp1/parp2 silenced plants [39]. See [8] for a recent
review on NAD+ and plant stress responses.

Further hypotheses for the stress tolerance observed in
PARP-silenced plants have more recently gained correla-
tive support, as additions to (and not mutually exclusive
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with) the hypothesis of improved energy homeostasis.
Abscisic acid (ABA)-, dehydration- and cold-related genes
were upregulated in PARP silenced plants [39]. Greater
activity of ABA signaling pathways could play a significant
role in the stress tolerance of PARP-deficient plants, and it
is speculated that cyclic ADP-ribose (cADPR) might par-
ticipate in this regulation [39].

In other work, it was previously shown that 3AB inhib-
ited oxidative stress-induced phenylalanine ammonia ly-
ase (PAL) activity in Catharanthus roseus tissue culture
[40]. However, it was recently reported that 3AB treatment
rendered Arabidopsis plants more susceptible to paraquat-
induced oxidative stress, apparently by reducing ADP-
ribose accumulation and increasing NAD+ concentrations
[34]. This again highlights the complex role of ADP-ribose
and PARP homeostasis in abiotic stress resistance in
plants, and the need for further research.

Plant PARPs and biotic stress responses

It is now known that poly(ADP-ribosyl)ation also has
significant impacts on plant responses to pathogens. Gene
expression profiling data has shown that certain PARG
and NUDX genes are among the most reliably upregulated
genes in the defense responses mediated by different R
genes [41]. In Arabidopsis, accumulation of poly(ADP-ri-
bose) polymer during bacterial infection and altered pat-
terns of poly(ADP-ribosyl)ated proteins during fungal
infection have been documented [42]. More significantly,
the PARP inhibitor 3AB blocks a distinct subset of the
responses characteristic of the plant basal defense
responses to microbe-associated molecular patterns
(MAMPs) such as bacterial flagellin or EF-Tu epitopes.
Early responses such as the ROS burst and early MAMP-
responsive gene expression occur despite the presence of a
PARP inhibitor, but other responses are greatly curtailed
including cell wall reinforcement with callose and lignin,
phenylpropanoid pigment accumulation, and PAL activity
[42]. Plants responding to MAMPs in the presence of a
PARP inhibitor also exhibit a much greater decrease in
health than plants exposed only to the MAMP or the PARP
inhibitor, suggesting that aspects of the normally produc-
tive defense response become toxic in the absence of PARP
activity [41,42]. A leading hypothesis is that plant PARPs
help to ameliorate the cellular stresses associated with
expression of antimicrobial defenses (e.g. the effects of
elevated ROS levels). Additional recent findings regarding
poly(ADP-ribosyl)ation and pathogen-induced plant stress
are discussed below in the sections on PARG and NUDX
enzymes.

RCDs and other PARP-like proteins

Before turning from PARP to other poly(ADP-ribosyl)a-
tion-associated enzymes, the subject of other possible
PARPs merits brief mention. Arabidopsis and other plant
genomes encode more than just three protein types that
contain a conserved PARP catalytic domain. Besides
PARP1, 2 and 3, these proteins notably include RADI-
CAL-INDUCED CELL DEATH 1 (RCD1) and SIMILAR
TO RCD-ONE (SRO) 1–5. Despite the presence of this
conserved catalytic domain, RCD1 does not appear to bind
NAD+ or have any detectable poly(ADP-ribosyl)ation
activity, and the other SRO enzymes are also predicted
to lack poly(ADP-ribosyl)ation activity [43]. It is possible
that RCD1 and the SROs possess mono(ADP-ribosyl)-
transferase activity, similar to human PARP10 [44]. In
the future, more plant proteins might be added to the
PARP pantheon, but this will require confirmation beyond
bioinformatic findings.

PARG
Poly(ADP-ribosyl)ation is not irreversible. PARG enzymes
hydrolyze the ADP-ribose polymers synthesized by PARP
[45], de-modifying target proteins and in that way counter-
acting PARP activity. However, PARG does not restore the
large amounts of NAD+ that can be consumed through
PARP activity, and PARG activity can increase cellular
pools of free ADP-ribose, a known cell death signal in
mammalian cells [46]. PARG activity might also free target
proteins for further poly(ADP-ribosyl)ation. Hence, PARG
can be thought to either counteract or further contribute to
the impacts of PARP activation, depending on cellular
context. Partly because of the lethality of PARG knockouts
in animals, PARG has not received nearly the same level of
characterization as its counterpart, PARP, and much about
its functions remains unknown. However, it has been
established that, owing to its roles in poly(ADP-ribose)
homeostasis, PARG in animals plays crucial roles in em-
bryonic development [47], cell death [48,49] and DNA
repair [50–52].

Known animal genomes, from mouse to Drosophila,
human or cow, encode a single PARG gene [53]. Knocking
out PARG leads to accumulation of toxic ADP-ribose poly-
mers and is lethal in mice and Drosophila [47,54]. Howev-
er, Arabidopsis encodes two adjacent PARG genes, which
are present due to gene duplication (At2g31865 and
At2g31870, as well as the pseudogene At2g31860). Several
other plant species are also predicted to encode multiple
PARG proteins, including rice, poplar, tomato (Solanum
lycopersicum) and maize, whereas some other plants are
predicted to encode only a single PARG gene, including the
castor oil plant (Ricinus communis), peanut (Arachis hypo-
gaea) and sorghum (Sorghum bicolor). The presence of
multiple PARGs might enable a level of genetic and mo-
lecular investigation not available in animal models of
poly(ADP-ribosyl)ation. In animals, PARG is expressed
in several isoforms encoded by the same open reading
frame [55], but this has not been reported for plants.
The two Arabidopsis PARGs each contain the conserved
PARG protein family domain, but share only 52% amino
acid identity with 68% similarity. Thus far, PARG enzyme
activity in plants has been mainly inferred from one study
in which ADP-ribose polymer concentrations were 25-fold
higher in parg1 versus wild-type plants, suggesting that
Arabidopsis PARG1 does have poly(ADP-ribose) glycohy-
drolase enzyme activity [21].

Much less is known about the functional role of PARG
than PARP in plants, but it has been shown that PARG1
plays a role in regulating circadian rhythms in Arabidopsis
[21]. PARG1 (TEJ) was originally identified as a circadian
rhythm regulator. The parg1 mutation increased leaf
movement, caused early flowering under both short and
long days, and lengthened the period length of all known
377
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circadian clock-controlled genes [21]. This initial study
suggested that poly(ADP-ribosyl)ation of a regulator pro-
tein could contribute to setting the period length of the
Arabidopsis central oscillator, but there has been little
follow-up work that successfully integrates PARG1 with
other aspects of current models for control of circadian
rhythms.

As was noted above, PARG2 gene expression is elevated
in multiple R-gene-mediated interactions between Arabi-
dopsis and the bacterial pathogen Pseudomonas syringae
pv. tomato (Pst). PARG2 transcripts were significantly
upregulated by both virulent and avirulent Pst, as well
as by MAMPs [41], by infection with the necrotrophic
fungus Botrytis cinerea, by the constitutive defense muta-
tions cpr1 and nudt7 [42], and in cucumber mosaic virus-
resistant plants [56]. Upregulation by such a wide variety
of biotic stimuli suggests that PARG2 transcriptional acti-
vation is a general component of induced plant defenses
(note that PARG2 was not represented on the widely used
Affymetrix ‘whole genome’ chip, limiting further data
availability). Arabidopsis parg1 and parg2 knockouts ex-
hibit a partial increase in susceptibility to the necrotrophic
(feeds on dead tissue) pathogen B. cinerea [42], suggesting
a possible connection between plant PARG and pro-
grammed cell death. Arabidopsis parg1 (but not parg2)
mutants were also more responsive to basal defense elici-
tation, which was characterized by exacerbated MAMP-
induced seedling growth inhibition and enhanced phenyl-
propanoid pigment accumulation [42].

To date, plant PARGs have been linked to DNA repair
mechanisms only preliminarily, when it was recently dem-
onstrated that parg1 knockouts are hypersensitive to the
DNA damaging agent mitomycin-C [42]. This is an area
that merits further investigation, along with further work
explaining the impacts of PARG on circadian rhythms and
plant defense responses, and on any possible ties between
its roles in DNA repair and necrotroph infection. There is
also a need to determine whether or not PARGs are a
regulator of other cellular pathways (such as abiotic stress
tolerance) for which involvement by plant PARPs has
already been established. An important advance in this
area was very recently achieved with the report that
knocking out PARG1 expression results in dramatically
reduced tolerance to drought, osmotic and oxidative stress
[57].

ADP-ribose pyrophosphatase NUDX proteins
Free ADP-ribose is highly reactive and will non-enzymati-
cally mono(ADP-ribosyl)ate proteins, altering or eliminat-
ing their functions [58,59]. It is therefore important for
cells to have a mechanism in place for removing the ADP-
ribose generated by PARG enzyme activity. ADP-ribose-
specific NUDX hydrolases reduce the high levels of toxic
free ADP-ribose, re-establish energy levels by supplying a
source for ATP, and contribute to NAD+ maintenance by
degrading ADP-ribose into AMP and ribose-5-phosphate
[34,60–62].

There are 27 Arabidopsis genes that encode proteins
with a NUDX box domain (GX5EX7REUXEEXGU); these
were formerly termed AtNUDT proteins but are now called
AtNUDX1–AtNUDX27, with the same gene and protein
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numbering used in both systems [61,63]. AtDCP2 also
encodes a NUDX hydrolase [64]. The plant NUDX domain
shares a low level of homology with Escherichia coli MutT
(a nucleoside triphosphate pyrophosphohydrolase) and hu-
man NTHL1 (a DNA N-glycosylase) proteins [61]. Differ-
ent plant NUDX proteins show targeting to the cytosol
(AtNUDX1–AtNUDX11), mitochondria (AtNUDX12–

AtNUDX18) or chloroplasts (AtNUDX19–AtNUDX24,
and possibly AtNUDX26 and AtNUDX27) [61,63]. Of
the two dozen Arabidopsis NUDX proteins characterized,
the cytosolic AtNUDX2, AtNUDX6, AtNUDX7 and
AtNUDX10 products hydrolyze both ADP-ribose and
NADH to AMP in vitro, with high affinity for ADP-ribose,
while other members of this protein family hydrolyze other
substrates such as 8-oxo-dGTP, dNTPs, NADH, CoA and
FAD [61]. When expressed in E. coli, AtNUDX7 showed
preferential in vitro activity for both ADP-ribose and
NADH [65]. AtNUDX7 has further been proposed as the
predominant NADH and ADP-ribose pyrophosphatase in
Arabidopsis cells [34,65].

So far, AtNUDX7 is the only NUDX protein shown to
have functional ADP-ribose pyrophosphatase activity in
planta. AtNUDX7 gene expression is upregulated by viru-
lent and avirulent pathogens [41,65,66], and several labo-
ratories have shown that AtNUDX7 (formerly NUDT7) is a
negative regulator of plant defense responses [41,65–67].
Knocking out AtNUDX7 expression can reduce the hyper-
sensitive response (HR) to an avirulent pathogen [41,66],
and mutant nudx7 plants are more resistant to virulent
and avirulent Pst [41,65,67] and Hyaloperonospora para-
sitica [66].

NUDX7 has also been implicated in plant abiotic stress
responses. This gene has been found in many stress-re-
sponsive Arabidopsis cDNA libraries [67]. Owing to excess
sensitivity to environmental stresses, nudx7 mutants are
stunted [41,65,67] and show microscopic necrotic lesions
and the accumulation of ROS [65,67]. These knockout
plants were more susceptible to paraquat-induced oxida-
tive stress [41,65] and accumulated more ADP-ribose poly-
mer. Conversely, overexpressing AtNUDX7 increased
oxidative stress tolerance and lowered ADP-ribose levels
[34]. These data again implicate AtNUDX7 as an ADP-
ribose pyrophosphatase.

Arabidopsis AtNUDX6 offers a contrasting example.
Despite showing a preference in vitro for ADP-ribose as
a substrate [61], AtNUDX6 might predominantly be an
NADH-pyrophosphatase [68]. AtNUDX6 does play a role in
plant defenses as a positive regulator of NPR1-dependent
salicylic acid defense signaling pathways, but this activity
was more attributable to NADH degradation than to ADP-
ribose degradation. This observation serves as a reminder
that many aspects of cellular physiology can and do impact
plant defense systems. It is important to note (and inves-
tigate) that even those biotic or abiotic stress alterations
that arise through alteration of confirmed poly(ADP-ribo-
syl)ation machinery might not arise directly from protein
post-translational modification of ‘defense proteins’ via
poly(ADP-ribosyl)ation. Some alterations might instead
arise from other downstream outcomes of the alteration
of poly(ADP-ribosyl)ation processes, such as altered redox
homeostasis and NAD+ pools, which could be affected not



Box 1. Outstanding questions

� What are the protein targets of poly(ADP-ribosyl)ation in plants?

Histones or other nuclear proteins?

� Which plant proteins interact with poly(ADP-ribose) and poly(-

ADP-ribosyl)ated proteins?

� Do plant PARPs have functions independent of their poly(ADP-

ribosyl)ation activity?

� What are the roles of poly(ADP-ribosyl)ation in plant programmed

cell death and circadian rhythms?

� In what way does disruption of PARP activity disrupt MAMP-

induced cell wall reinforcement?

� What are the roles of NUDX ADP-ribose pyrophosphatases in

oxidative stress responses in plants?

� What deleterious effects accompany the apparent enhancement

of abiotic stress tolerance in plants with reduced PARP levels? Can

poly(ADP-ribosyl)ation be manipulated to engineer useful im-

proved stress tolerance in economically valuable plant species?

� Are plant PARGs also involved in the physiological responses for

which a role for PARP has been established?
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only by PARP and PARG enzymes but also, for example, by
AtNUDX6 activity.

Concluding thoughts
Over the past two decades, it has been established that
poly(ADP-ribosyl)ation and the enzymes for its synthesis
and degradation not only exist in plants, but also can
perform similar roles to their mammalian counterparts.
Plant responses to DNA damage, oxidative and other
abiotic stresses, and pathogen attack have all been found
to require at least some of the components that modulate
this post-translational modification. These studies provide
further evidence that poly(ADP-ribosyl)ation plays signifi-
cant, diverse roles in the coordination of plant responses to
a variety of environmental stresses. Arabidopsis continues
to offer excellent experimental advantages and, conve-
niently, the presence of two expressed PARG enzymes in
many plants is a tool that could allow deeper characteri-
zation of this less-understood poly(ADP-ribosyl)ation en-
zyme. However, it is hoped that future studies will also be
carried out using economically valuable plant species, and
include peer-reviewed publications on field-based studies
of the impacts of altered poly(ADP-ribosyl)ation on multi-
ple plant performance characteristics during abiotic and
biotic stress. Owing to its roles in circadian rhythms as well
as abiotic and biotic stress responses, manipulation of
plant poly(ADP-ribosyl)ation might aid in the cultivation
of more robust and dependable sources of food, even in
harsh or unpredictable environmental conditions.

Recent studies have re-invigorated the field of plant
poly(ADP-ribosyl)ation, and have raised new challenges.
In studies of plant responses to any particular stress, areas
that require further study (Box 1) include the identification
of plant proteins that become poly(ADP-ribosyl)ated,
whether they be PARPs, core histones or other proteins.
The proteins that interact with PARP, PARG and ADP-
ribose also remain to be identified. Lastly, due to the
inherent limitations of both mutants (chronic effects, plei-
otropy and lethality) and pharmacological inhibitors (spec-
ificity, physiological ranges and chemical stability), future
studies are likely to benefit from more advanced use of
genetic alterations or improved PARP inhibitors. With
attention to these areas, further important insights should
be forthcoming regarding the molecular roles of poly(ADP-
ribosylation) post-translational modifications in plants.

Note added in proof
A recent study provides significant new insights into the
evolutionary history and structural/functional diversifica-
tion of PARPs and PARP-like proteins [71].
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