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Oligogalacturonides (OGs) are fragments of pectin that activate
plant innate immunity by functioning as damage-associated molec-
ular patterns (DAMPs). We set out to test the hypothesis that OGs
are generated in planta by partial inhibition of pathogen-encoded
polygalacturonases (PGs). A gene encoding a fungal PG was fused
with a gene encoding a plant polygalacturonase-inhibiting protein
(PGIP) and expressed in transgenic Arabidopsis plants. We show
that expression of the PGIP–PG chimera results in the in vivo pro-
duction of OGs that can be detected by mass spectrometric analysis.
Transgenic plants expressing the chimera under control of a patho-
gen-inducible promoter are more resistant to the phytopathogens
Botrytis cinerea, Pectobacterium carotovorum, and Pseudomonas
syringae. These data provide strong evidence for the hypothesis
that OGs released in vivo act as a DAMP signal to trigger plant
immunity and suggest that controlled release of these molecules
upon infection may be a valuable tool to protect plants against
infectious diseases. On the other hand, elevated levels of expres-
sion of the chimera cause the accumulation of salicylic acid, reduced
growth, and eventually lead to plant death, consistent with the
current notion that trade-off occurs between growth and defense.
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In both plants and animals, recognition of invading microbes
activates an innate immune response that restricts the growth

of pathogens. Both plant and animal immunity is triggered by
microbe-associated molecular pattern molecules (MAMPs), such
as eubacterial flagellin and peptidoglycan or fungal chitin (1).
Plants also recognize pathogens indirectly by the disruption of
cellular homeostatic processes caused by pathogen-encoded
virulence factors [referred to as effector-triggered immunity (2)],
and in Drosophila melanogaster and Caenorhabditis elegans, mi-
crobial virulence factors that block host signaling pathways or
protein synthesis have recently been shown to activate immune
responses (3–5). Similarly, in mammalian macrophages, inhi-
bition of protein synthesis by Legionella pneumophila effector
proteins and concurrent exposure to MAMPs leads to up-regu-
lation of immune response genes (6). In mammals, the presence
of pathogens can also be sensed indirectly by the release of low
molecular weight molecules, such as DNA, uric acid, or ATP
from damaged host tissues during microbial infections (7, 8), or
alternatively, upon tissue injury by the release of oligosaccha-
rides, such as hyaluronan fragments from the extracellular matrix
(9). These molecules are referred to as “patterns-of-pathogene-
sis” (1) or “damage-associated molecular patterns” (DAMPs), a
term coined in 2003 (10). In mammals, the first experimental
evidence for the activation of immunity by endogenous mole-
cules during tissue injury was provided in 1994 (11; reviewed in
refs. 12–14). In plants, evidence for DAMP activity in damaged
tissue extracts was first published in 1974 (15). In 1981, oligo-
saccharides, which were solubilized from plant cell walls by acid
hydrolysis and that are rich in galacturonic acid, were shown
to induce the synthesis of phytoalexins, low molecular weight

antimicrobial compounds (16). Two years later the eliciting oli-
gosaccharides were identified as oligogalacturonides (OGs), olig-
omers of α-1,4–linked galacturonic acid released by partial
hydrolysis of homogalacturonan, a major component of pectin in
the plant cell wall (17). During microbial infections, OGs are
expected to be released through the action of pathogen-encoded
enzymes, such as polygalacturonases (PGs) (18). In vitro, the
generation of elicitor-active OGs is promoted by plant-encoded
PG-inhibiting proteins (PGIPs), key components of the plant
defense response, which block the complete hydrolysis of homo-
galacturonan to galacturonic acid (19, 20). However, the hypoth-
esis that PGIPs are responsible for the production of OGs in vivo
and, in turn, that OGs act as endogenous DAMPs during in-
fection, has never been proven directly and relies on evidence
based on the exogenous application of elicitors obtained from
commercial sources of pectin.
Exogenously applied OGs with a degree of polymerization

(DP) between 10 and 15 activate a wide range of defense re-
sponses, including the accumulation of phytoalexins (21, 22), the
expression of defense-related genes (23), and the production of
reactive oxygen species (24, 25). Notably, application of ex-
ogenous OGs protects plants against subsequent fungal in-
fection (26, 27). OGs can bind the extracellular domain of the
Arabidopsis wall-associated receptor kinase 1 (WAK1) (28–30),
and construction of chimeric receptors showed that activation of
WAK1 by OGs triggers downstream defense responses (31), in-
dicating that WAK1 acts as a receptor for OGs.
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Damage-associated molecular patterns (DAMPs), released from
host tissues as a consequence of pathogen attack, have been
proposed as endogenous activators of immune responses in
both animals and plants. Oligogalacturonides (OGs), oligomers
of α-1,4–linked galacturonic acid generated in vitro by the
partial hydrolysis of pectin, have been shown to function as
potent elicitors of immunity when they are applied exoge-
nously to plant tissues. However, there is no direct evidence
that OGs can be produced in vivo or that they function as im-
mune elicitors. This report provides the missing evidence that
OGs can be generated in planta and can function as DAMPs in
the activation of plant immunity.
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The signal transduction pathway linking OG perception to the
activation of the immune response has been extensively studied.
OGs activate the phosphorylation of the Arabidopsis mitogen-
activated protein (MAP) kinases AtMPK3 and AtMPK6 (32), and
trigger a robust oxidative burst, which is required for the accu-
mulation of callose in the cell wall (25, 32). In addition, OGs
activate gene expression and induced resistance against pathogen
infection independently of the defense-related hormones ethyl-
ene, salicylic acid (SA), and jasmonic acid (27). In addition to
their effects on defense, OGs have been proposed to be released
at low levels during plant growth by endogenous PGs and to af-
fect a variety of physiological and developmental responses (18).
It remains to be proven, however, whether endogenously gen-

erated OGs accumulate to significant concentrations and func-
tion as signaling molecules either in intact or in pathogen-
infected tissues. We therefore devised an experimental strategy
to test the hypothesis that the accumulation of OGs in vivo is
a consequence of the interaction of microbial PGs with plant
PGIPs. We reasoned that transgenic plants engineered to accu-
mulate equimolar levels of a fungal PG and a plant PGIP would
generate endogenous OGs that would activate defense-related
responses. To realize this goal, we constructed a chimeric protein
by fusing PG from the fungal pathogen Fusarium phyllophilum
(FpPG) to PvPGIP2, a PGIP from common bean (Phaseolus
vulgaris). PvPGIP2 is the only known effective inhibitor of FpPG
(33). The rationale for constructing the chimeric PGIP–PG was
that the stoichiometric and simultaneous accumulation of the
two proteins in the same plant cannot be easily obtained, either
by crossing transgenic plants separately expressing either PG or
PGIP, or by using a construct that independently expresses PG
and PGIP as individual genes/proteins, because their rate of tran-
scription, translation, posttranslational modification, and turnover
would likely be different. We show here that transgenic Arabidopsis
plants expressing a particular PGIP-PG chimera, referred to as the
“OG machine” (OGM), accumulate OGs and exhibit enhanced
resistance to a variety of pathogens, thereby providing direct ev-
idence for the function of OGs as in vivo elicitors of the plant
defense response.

Results
Different forms of chimeras, in which PvPGIP2 and FpPG were
fused into a single peptide with linkers comprising seven to nine
repeats of a Gly4Ser1 module, were expressed in Pichia pastoris
and Arabidopsis. Relatively long linkers were used to construct
these chimeras to allow intramolecular enzyme–inhibitor in-
teractions. However, in both Pichia and Arabidopsis, the chi-
meras were not stable and their expression caused severe growth
defects, presumably because of the proteolytic release of a highly
active FpPG moiety. To circumvent this problem, a chimeric
protein in which PvPGIP2 and FpPG were linked by three ala-
nine residues was engineered. Although this linker is too short
to permit intramolecular enzyme–inhibitor interactions (33), it
should allow intermolecular interactions between the PGIP and
PG moieties (Fig. 1A). The PGIP-(Ala)3-PG fusion protein
(henceforth, PGIP–PG) was expressed in P. pastoris as a single,
intact polypeptide of the expected size (Fig. 1B). The protein was
purified by affinity chromatography using a Sepharose resin
conjugated to the Aspergillus niger PG, PGAII, which is capable
of binding the PGIP portion of the fusion protein with higher
affinity than FpPG (34) (Fig. 1C). The PG activity of the purified
fusion protein was strongly attenuated compared with the native
FpPG, suggesting that the activity of the PG enzyme is markedly
inhibited by the linked PGIP as a consequence of intermolecular
interactions between different PGIP–PG chimeras (Fig. 1B).
Consistent with this hypothesis, PG-specific activity [expressed as
reducing group (RGU) units per milligram of protein] decreased
with increasing concentrations of the chimera (Fig. S1). Previous
work demonstrated that FpPG and PvPGIP2 can be specifically

cross-linked by formaldehyde in vitro as a heterodimeric complex
(33, 35). In vitro cross-linking of the purified PGIP–PG chimera
resulted in complexes ranging from homodimers (∼160 kDa) to
homotetramers (∼320 kDa), supporting the conclusion that the
fusion protein is able to establish intermolecular interactions
(Fig. 1C).
The chimeric PGIP–PG protein was expressed in Arabidopsis

under the control of a β-estradiol–inducible promoter. Increasing
levels of accumulation of the protein were observed in leaves of
transgenic plants between 14 and 170 h after β-estradiol treatment
(Fig. 2A). Increasing expression of the fusion protein was ac-
companied by the accumulation of increasing PG activity in crude
extracts (Fig. 2B). Noninduced transgenic plants showed very low
PG activity after 170 h and did not show obvious physiological
effects compared with the wild-type. In contrast, at 170 h after
induction with β-estradiol, leaves expressing the PGIP–PG chi-
mera exhibited discoloration and chlorosis (Fig. 2C). β-Estradiol
treatment of the transgenic plants also activated defense re-
sponses, including the accumulation of callose (Fig. 2D) and
the expression of two genes previously shown to be strongly up-
regulated by OGs (23), the gene At1g26380, encoding a protein
with homology with reticuline oxidase, hereon indicated as RetOx,
and WRKY40, encoding a transcription factor involved in the
regulation of the plant immune response (36) (Fig. 2E). The
same responses have been observed upon exogenous application
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Fig. 1. Biochemical characterization of the PGIP–PG chimera expressed in
P. pastoris. (A) Representation of two PGIP–PG chimeric proteins forming a
homodimer. PvPGIP2 (in green), FpPG (in purple), and the (Ala)3 linker are
indicated. (B) (Upper) PG activity of purified PGIP–PG (220 ng) and FpPG
(1 ng) evaluated by agar diffusion assay; (Lower) immunoblot analysis of PGIP–
PG (220 ng) and FpPG (1 ng) samples using an antibody against FpPG. The
expected molecular mass of PGIP–PG (80 kDa) and FpPG (37 kDa) are in-
dicated. (C) SDS/PAGE analysis of purified PGIP-PG eluted from a PGAII af-
finity column and after chemical cross-linking by formaldehyde (OGM-CL).
The molecular weight marker (M, Amersham High Molecular Weight Cali-
bration Kit) and the calculated molecular mass of PGIP-PG monomer and
multimers are indicated.
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of 100 μg/mL OGs (23, 25). β-Estradiol did not induce any de-
fense response in wild-type or empty-vector control plants.
To determine whether transgenic plants expressing the PGIP–

PG chimera generate OGs in vivo, pectin-enriched cell wall ex-
tracts were extracted from transgenic leaves at 0, 24, 70, and
170 h after treatment with β-estradiol. Extracts were subsequently
analyzed by high-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD), which
revealed the presence of peaks with retention times comparable
to those of a mixture of OGs with DP higher than 6 (Fig. 3 A–E).
Mass spectrometric analysis indicated that these peaks corre-
sponded to sodium adducts of OGs with DP 6–13 (Fig. 3F).
Treatment of the fractions with FpPG strongly reduced peak
areas, confirming their structure as galacturonic acid oligomers
(Fig. S2). These data indicate that the PGIP–PG fusion protein,
hereafter referred to as the OGM, releases active OGs when
expressed in plant tissues.
We also generated Arabidopsis plants expressing the OGM

under the control of the promoter of the Arabidopsis pathogenesis-
related protein 1 (PR-1) gene, which is strongly induced by a
variety of pathogens (37). Nine independent transgenic lines
were obtained that did not show any obvious morphological
defects either on plates or in soil. Two independent lines
(pPR-1:OGM 1 and 2) were selected for further analysis and
displayed, in the absence of pathogens, a detectable basal ex-
pression of the transgene, which was higher in line 2 than in line 1

(Fig. 4 A and B). After inoculation with the fungal pathogen
Botrytis cinerea, a marked increase of OGM transcript levels and a
less marked increase in protein levels were observed in both lines
(Fig. 4 A and B). Notably, the number of successful infections by
B. cinerea was significantly reduced in both transgenic lines com-
pared with the wild-type (Fig. 4C). The average area of the lesions
was also significantly smaller in the two pPR-1:OGM lines (Fig.
4D). Transgenic plants also showed a strong reduction of symp-
toms in response to the bacterial necrotroph Pectobacterium
carotovorum (Fig. 4E), and supported 3- to 10-fold less growth than
the wild-type of the bacterial hemibiotroph Pseudomonas syringae
pv. tomato (Fig. 4F). Disease symptoms caused by P. syringae were
markedly reduced in transgenic plants (Fig. S3). Notably, pPR-1:
OGM transgenic plants displayed only symptoms typical of the
infection caused by the inoculated pathogens, albeit at reduced
levels compared with wild-type plants, but did not develop the
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(A) PGIP–PG chimera levels determined by immunoblot upon induction with
50 μM β-estradiol. (B) PG activity evaluated by agar diffusion assay in protein
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chlorosis and necrosis observed in the estradiol-inducible OGM
lines (Fig. 2C).
In an attempt to amplify the OG-mediated immune response

via a feed-forward process, we transformed Arabidopsis with a
construct for the expression of the OGM under the control of the
promoter of the RetOx gene, which is strongly and rapidly in-
duced by OGs (23). Fifteen primary pRetOx:OGM transformants
were obtained. In contrast to wild-type plants, all of the T1
transgenic plants accumulated high levels of OGM and RetOx
transcripts, indicating that OGs generated by the OGM were
activating the RetOx promoter and that feed-forward amplifica-
tion of RetOx and pRetOx:OGM transcription was occurring (Fig.
5A). However, the pRetOx:OGM transgenic plants displayed a
marked dwarfism, curled leaves and reduced stem elongation,
and died between 2 and 4 wk after transfer to soil (Fig. 5B).
To verify that high levels of expression of the OGM impair

plant growth, seeds of the transgenic line described above car-
rying the β-estradiol–inducible OGM construct were germinated
in the presence of increasing concentrations of β-estradiol.
Transgenic seedlings showed reduced biomass proportional to

the level of induction (Fig. 5C), confirming that high levels of
OGM expression negatively affect growth. A similar result was
obtained when seedlings germinated in the absence of β-estradiol
were subsequently treated with the inducer when they were 5-d-
old and then harvested 5 d later (Fig. 5D). These data suggest
that high levels of OGs lead to reduced growth.
The observed reduction of growth in plants expressing high

levels of OGM may be a consequence of an exaggerated activation
of defense responses. In particular, it is known that the phytohor-
mone SA, which plays a key role in the response to biotic stress (38),
also has significant effects on growth (39). Arabidopsis mutants that
have constitutively high levels of SA, such as cpr5 (constitutive
expressor of PR5) (40) and acd6-1 (accelerated cell death 6-1) (41),
are dwarfs, whereas NahG (naphthalene-degrading salicylate
1-hydroxylase) transgenic plants, which accumulate lower than
normal levels of SA as a consequence of NahG-mediated degra-
dation of SA, have a higher growth rate and leaf biomass, compared
with untransformed plants (42). When plants expressing the
β-estradiol–inducible OGMwere treated with the inducer, an almost
10-fold increase in SA levels was observed, both at the adult and at
the seedling stage, within 24 h from the treatment (Fig. 5 E and F),
supporting the hypothesis that the reduced biomass of these plants is
caused by the OG-mediated activation of an immune response.

Discussion
By demonstrating that OGs released in planta activate immune
responses and inhibit plant growth at high doses, our work provides
support for the hypothesis that the extracellular matrix of plants
contains signal molecules “entrapped” in a complex network of
polysaccharides (43). Our strategy of constructing transgenic plants
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Fig. 4. Increased resistance of plants expressing a pathogen-inducible OGM
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that enzymatically generate specific oligosaccharides also provides
strong supporting evidence for the DAMP hypothesis in the acti-
vation of plant immunity and illustrates how hosts can distinguish
pathogens from innocuous or beneficial microbes by monitoring
the consequences of pathogenesis in addition to MAMPs.
Previous reports have shown either that host-derived molecules

are released upon tissue damage (often referred to as DAMPs), or
that these molecules, when exogenously applied, activate an im-
mune response (reviewed in ref. 18). However, our work provides,
to our knowledge, the first direct evidence of in vivo activation of
an innate immune response upon release of DAMPs from the
extracellular matrix of either plant or animal cells. Here, using a
chimeric protein comprising a PG that degrades homogalactur-
onan in the plant cell wall combined with a specific PGIP, we
demonstrate that the expression of the chimeric PGIP–PG protein
causes the in vivo release of fragments of the plant extracellular
matrix (OGs), which trigger a defense response similar to that
activated when OGs are exogenously applied. The rationale for
constructing the PGIP–PG chimera and expressing the chimera in
transgenic plants was based on the hypothesis that PGIPs evolved
not only to inactivate pathogen-encoded PGs, but also to regulate
the activity of PGs so that they generate OGs of specific DP that
function as elicitors of the plant defense response.
Expression of the PGIP–PG chimeric protein under the control

of a pathogen-induced promoter resulted in increased resistance
to infection, pointing also to a possible biotechnological strategy to
protect plants against microbial diseases. A strategy that uses the
OGM to generate OGs that function as DAMPs could potentially
be used to engineer crops to be more resistant to microbial
pathogens. Our results indicate that expression of the OGM under
the control of a suitable promoter releases elicitor-active OGs in
planta that leads to enhanced resistance to both fungi and bacte-
ria. Importantly, because the OGM confers resistance against
multiple pathogens with different lifestyles, it may be particularly
useful for agronomic applications (44). The most widely used
disease-resistance genes in traditional breeding programs, as well
as for genetic engineering of crops, encode the so-called nucleo-
tide binding site–leucine-rich repeat resistance (R) proteins, which
trigger an immune response upon recognition of specific pathogen
genotypes. However, resistance conferred by R genes that encode
nucleotide binding site–leucine-rich repeat proteins, typically lacks
durability because pathogens continually evolve genotypes that are
able to evade recognition (44). Furthermore, R gene-mediated
resistance is usually effective only against biotrophic pathogens
but not against necrotrophic fungi and bacteria, including field
and postharvest pathogens and saprophytes that cause important
crop losses and mycotoxin contamination (45). Indeed, most
necrotrophic pathogens attack a wide range of plants and acqui-
sition of resistance through a single host gene is uncommon. In
addition to the use of R genes to engineer enhanced disease
resistance, the Arabidopsis elongation factor Tu receptor (EFR),
which recognizes the bacterial MAMP EF-Tu (elongation factor
thermo-unstable) (46), has been used in genetic engineering
applications to confer enhanced pathogen resistance to solana-
ceous species (47). However, this latter strategy is likely to
function only against bacterial pathogens that express EF-Tu.
In contrast to the use of immune receptors to engineer disease

resistance, engineering the endogenous production of DAMPs
may broaden the range of pathogens that can be targeted and
may be useful in conferring a broad-spectrum resistance against
many microbes. The case of OGs is paradigmatic because OG-
mediated activation of defenses occurs in many plants and is
effective against many microbes (18, 48–50). The majority of
pathogenic fungi and bacteria need to breach the cell wall to
infect or extract nutrients from plant tissues and, therefore,
produce an array of pectic and other cell wall-degrading enzymes.
Both dicots and monocots have evolved PGIPs that counteract the
activities of microbial PGs (51). PGIPs have been used to protect

plants but their utilization is limited by the restricted specificity of
these inhibitors (52). The use of the OGM, however, may cir-
cumvent susceptibility to those microbial pathogens producing
PGs that are not recognized and inhibited by the PGIPs occurring
in their corresponding host plants.
It is noteworthy that when the OGM was induced at high

levels, plant growth was significantly reduced or arrested, in-
dicating that high concentrations of endogenous OGs interfere
with normal developmental programs. Like in animals, it appears
that an exaggerated release of endogenous danger signals leads
to a deleterious hyperimmune response. This finding is consis-
tent with the current notion that trade-off occurs between growth
potential and the capacity for defense. Maintenance of immunity
is costly and immune responses are typically counterbalanced by
decreasing the allocation of resources to biomass production
(53). For example, it has been previously shown that alterations
of the biosynthesis of lignin precursors that cause the accumula-
tion of SA in Arabidopsis strongly reduce plant growth (54), similar
to what we observed upon the overexpression of the OGM.
Although it seems likely that the effects on plant growth ac-

companying overexpression of the OGM are a direct consequence
of OG-elicited production of SA, OGs have also been proposed to
function directly as growth regulators (18). The plant cell wall is
constantly subjected to remodeling and OGs may normally be re-
leased at low doses by endogenous PGs to regulate growth pro-
cesses. In the experiments reported here, we cannot determine
whether OGs can also function directly as growth regulators be-
cause we only observed an effect on growth when the OGM was
overexpressed, conditions that also resulted in the production of
abnormally high levels of SA. Growth regulators that are involved
in development are also key elements of immune response cascades
and immune elicitors often inhibit auxin responses (18). Plants that
constitutively express defense responses are often dwarf (55, 56).
In conclusion, the data presented in this report show that in

vivo-generated OGs activate a potent immune response that confers
resistance to pathogen attack, but at the same time can negatively
affect plant growth and development. Importantly, the molecular
mechanisms underlying the effects of OGs are still poorly under-
stood and more work is needed to distinguish whether OGs func-
tion directly as bona fide growth regulators or whether the effects of
OGs on growth and development are a secondary consequence of
the activation of an immune response. The OGM may be a useful
tool in this regard. For example, developmentally controlled ex-
pression of the OGMmay be used to further study the roles of OGs
in defense and development under physiological conditions.

Materials and Methods
Bioassays. Callose deposition was analyzed by UV epifluorescence in leaves of
4-wk-old plants stained with Aniline Blue. For Arabidopsis growth assay,
β-estradiol was supplied to the medium either before germination or after
5 d of growth and fresh biomass was collected after 10 or 5 d, respectively,
for evaluation.

Infection Assays. Pathogenicity assays with B. cinerea and P. syringae DC3000
were performed on leaves of 4-wk-old plants. Pathogenicity assay with
P. carotovorum was carried out on detached leaves of 4-wk-old plants in-
oculated with a 5 × 107 cfu/mL bacterial suspension.

Isolation and Detection of Oligogalacturonides. The AIS and pectin were
prepared from about 100 mg of leaf tissue of wild-type and transgenic plants
treated with 50 μM β-estradiol. Oligomers in the pectin fractions were an-
alyzed by HPAEC-PAD chromatography and by mass spectrometric analysis.

Extraction of SA and Detection by LC-MS. SA was extracted from leaves of
4-wk-old plants and seedlings (∼50–100mg) 24 h after induction with β-estradiol.
Samples were dissolved in methanol at 1:1 ratio [tissue (mg):methanol (μL)]
and analyzed by liquid chromatography coupled to mass spectrometry.

Further information is provided in SI Materials and Methods. See Table S1
for primers used for the construction of the different OGM cassettes.
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