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Abstract

Manipulation of programmed cell death (PCD) is central to many host microbe interactions. Both
plant and animal cells use PCD as a powerful weapon against biotrophic pathogens, including
viruses, which draw their nutrition from living tissue. Thus, diverse biotrophic pathogens have
evolved many mechanisms to suppress programmed cell death, and mutualistic and commensal
microbes may employ similar mechanisms. Necrotrophic pathogens derive their nutrition from
dead tissue, and many produce toxins specifically to trigger programmed cell death in their hosts.
Hemibiotrophic pathogens manipulate PCD in a most exquisite way, suppressing PCD during the
biotrophic phase and stimulating it during the necrotrophic phase. This mini-review will summarize
the mechanisms that have evolved in diverse microbes and hosts for controlling PCD and the Gene
Ontology terms developed by the Plant-Associated Microbe Gene Ontology (PAMGO)

Consortium for describing those mechanisms.

Introduction

Programmed cell death (PCD) is defined in the Gene
Ontology (GO) as "GO: 0012501 cell death resulting
from activation of endogenous cellular processes" [1].
PCD is a critical component of defense in both plants and
animals against microbes, especially biotrophic patho-
gens that draw their nutrition from living tissue (reviewed
in [2] and in this supplement [3]). Many developmental
processes also rely upon PCD [4]. In vascular plants these
include xylem vessel differentiation [5], autumnal leaf

senescence [6], and development of root cap and muci-
lage cells [7]. In higher vertebrates these processes include
digit formation and nervous system cell culling [8]. The
role of PCD in the response to biotic stress, for plants in
particular, has been reviewed many times elsewhere [6,9-
11]. This review will focus on the struggle for control of
PCD that occurs between diverse microbes and their plant
and animal hosts, as well as the GO terms that have been
developed recently by the Plant-Associated Microbe Gene
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Ontology (PAMGO) Consortium [12] to describe the
processes underlying this struggle.

The Gene Ontology

The GO is a controlled vocabulary comprised of GO terms
that describe gene product attributes in any organism
[13]. GO terms are arranged as directed acyclic graphs
(DAGs) within three ontologies, "GO: 0005575 cellular
component”, "GO: 0008150 biological process", and
"GO: 0003674 molecular function". DAGs differ from
hierarchies in that each more specialized term (child) can
be related to greater than one less specific term (parent).
Multiple child terms (siblings) that share a common par-
ent term are distinct, and yet they possess the common
attributes of the parent, as what is true of a parent term
must be true of any child term. Relationships among par-
ent and child terms within a DAG are symbolized by
arrows that reflect GO "is_a", "part_of", and "regulates"
relationships; for example, "GO: 0001906 cell killing" is a
type of "GO: 0008150 biological process", and thus these
terms would be connected by the "is_a" relationship (for
more information on term-term relationships and ontol-
ogy structure, see [13]).

Forms of cell death

Programmed cell death

Some of the major classes of PCD, as defined by the bio-
logical process ontology of GO, include "GO: 0006915
apoptosis" (sometimes called type I PCD), "GO: 0016244
non-apoptotic programmed cell death" (sometimes
called type II PCD), "GO: 0048102 autophagic cell
death", "GO: 0010623 developmental programmed cell
death", and "GO: 0034050 host programmed cell death
induced by symbiont"; "GO: 0009626 plant-type hyper-
sensitive response" is a child term of "GO: 0034050 host
programmed cell death induced by symbiont". In addi-
tion to these types of PCD, the GO differentiates two oth-
ers (siblings of those above): "GO: 0010421 hydrogen
peroxide-mediated programmed cell death” and "GO:
0010343 singlet oxygen-mediated programmed cell
death" [1]. Figure 1 shows a screenshot of the AmiGO
ontology browser at the Gene Ontology depicting "GO:
0012501 programmed cell death" and its child terms [1].
In addition to the terms describing classes of PCD, the GO
contains three other terms, also shown in Figure 1, that
describe types of PCD regulation: "GO: 0043067 regula-
tion of programmed cell death", "GO: 0043069 negative
regulation of programmed cell death", and "GO: 0043068
positive regulation of programmed cell death". Taken
together, these terms describing both classes of PCD and
regulation of PCD allow for annotations that capture var-
ious aspects of PCD as a biological process.
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Figure |

"GO: 0012501 programmed cell death™ and its child
terms depicted in a screenshot of the Gene Ontology
AmiGO browser [|]. Most terms shown here below "GO:
0012501 programmed cell death" are types of programmed
cell death, symbolized by the logo showing an "I" inside a
square, which denotes the "is_a" relationship. However,
three terms (various logos with "R") describe the "regulates"
type of relationship. For more information on ontology
structure, including term-term relationships, see [13].

Apoptosis and necrosis

Several types of PCD related to defense have been distin-
guished in the literature, for example apoptosis and the
hypersensitive response (HR). Autophagy, a highly con-
served PCD pathway related to protein and organelle
turnover, also has been implicated in plant innate immu-
nity (reviewed in [14]). Another commonly used but
poorly defined term, "necrosis", is not included as a term
in the GO because it is a phenotype, i.e. post-mortem
observation of dead cells, not a process, and the GO does
not include terms for describing phenotypes. Necrosis
indicates that cell death has occurred, but not necessarily
the process by which it was achieved [15]. There may be
some cases where necrosis proceeds as a programmed
process, but this is still poorly understood (see Note
added in proof). Necrosis exists in the GO only as a syno-
nym of the terms "GO: 0008219 cell death", "GO:
0001906 cell killing", "GO: 0019835 cytolysis", and "GO:
0012501 programmed cell death", but its use in describ-
ing a process is discouraged without great caution whether
or not one is using GO. Similarly, use of the phrase
"necrotic tissue" is discouraged in describing the results of
cell death.

"GO: 0006915 apoptosis”, on the other hand, exists in the
GO as it constitutes a well-defined process. Apoptosis
includes condensation of chromatin at the nuclear
periphery, condensation and vacuolization of the cyto-
plasm and plasma membrane blebbing, followed by
breakdown of the nucleus and fragmentation of the cell to
form apoptotic bodies. Other characteristics of apoptosis
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include DNA fragmentation and the exposure of phos-
phatidyl serine on the cell surface [1,16]. The current GO
definition of apoptosis is: "A form of PCD induced by
external or internal signals that trigger the activity of pro-
teolytic caspases, whose actions dismantle the cell and
result in cell death. Apoptosis begins internally with the
condensation and subsequent fragmentation of the cell
nucleus (blebbing) while the plasma membrane remains
intact..." [16]. As is true of all GO terms, it is likely that
this definition will evolve as our understanding of apop-
tosis advances. Apoptosis frequently but inaccurately has
been used as a synonym of PCD in the literature, creating
confusion. This may be in part because apoptosis is also
known as type I programmed cell death, but caution must
be exercised to avoid inaccurate synonymous usage
[15,17]. In the GO it is placed as a child term of "GO:
0012501 programmed cell death", reflecting the fact that
it is considered a type of PCD.

The hypersensitive response (HR)

Plants possess both a basal immune system, which recog-
nizes microbe-associated molecular patterns (MAMPs,
sometimes called PAMPs in the context of pathogens),
and resistance gene (R-gene)-encoded proteins that can
recognize pathogen gene products (reviewed in [18]),
resulting in the activation of defenses. One form of plant
defense is known as the hypersensitive response (HR).
During the HR, reactive oxygen intermediates [19] and
ion fluxes (Ca?* in particular [20]) lead to cell death,
which is associated with defense activation and restriction
of the pathogen [21,22]. The HR also initiates complex
intracellular signalling that leads to transcription of
defense genes [23]. HR is described in the GO as "GO:
0009626 plant-type hypersensitive response" and defined
as "the rapid, localized death of plant cells in response to
invasion by a pathogen" [1].

There are many parallels between plant-type HR and ani-
mal apoptosis, including the common features of chro-
matin condensation, activation of cysteine proteases,
cytochrome ¢ release, loss of membrane potential delta
psi, and cytoplasmic shrinkage (reviewed in [4,24,25]).
Yet there are significant differences. ATP dependence,
nuclear shrinking, and engulfment by neighbouring cells
are associated with animal apoptosis but not with plant
HR. Vacuolization and mitochondrial swelling occur in
plant HR but not animal apoptosis. Furthermore, DNA
laddering, a common feature of animal apoptosis, is not
always observed in plants [4,24]. Despite these differ-
ences, it is clear that diverse groups of host organisms use
largely similar approaches to halt the spread of infectious
pathogens.

Precisely distinguishing among the various modes of cell
death remains an active ongoing topic [26-28], as does
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assigning corresponding GO terms to those modes. A
great deal of recent work has focused on the molecular
mechanisms underlying various kinds of cell death [29],
including mitochondrial fusion and fission machinery
[30]. Additional file 1 displays some common concepts
related to endogenous cell death, i.e. cell death within an
organism controlled by that organism itself, as well as
associated GO terms created to describe those phenom-
ena, with definitions and comments (depicted in greater
detail than in Figure 1). Three of the GO terms shown in
the table have comments suggesting alternative GO terms
to use for annotating gene products related to host-symbi-
ont interactions. PCD as it relates to host-symbiont inter-
actions is discussed throughout the remainder of this
review.

PCD and host-symbiont interactions

A critical consideration regarding annotation of PCD-
related gene products is whether PCD (including trigger-
ing or inhibition of PCD) is self-originating or extrinsi-
cally influenced, as may occur in symbiotic interactions.
Note that in the GO, "symbiosis" comprises all symbiotic
relationships between species along a continuum from
mutualism through parasitism; "symbiont" and "host"
are defined as the smaller and larger of the organisms,
respectively, involved in a symbiotic interaction [12] (see
"GO: 0044403 symbiosis, encompassing mutualism
through parasitism" [1] for more information). Because
the manipulation of PCD in one organism by a second
organism during symbiotic interaction is extrinsic in
nature, the PAMGO Consortium developed a new set of
GO terms to describe processes related to extrinsic manip-
ulation of PCD. These terms are for annotation of gene
products produced by one organism that affect PCD in a
second organism, and they are distinct from the previ-
ously existing GO terms appropriate for annotating genes
involved in the purely endogenous processes within a sin-
gle organism. For example, the GO definition of "GO:
0012501 programmed cell death" carries the comment:
"...this term should be used to annotate gene products in
the organism undergoing the programmed cell death. To
annotate genes in another organism whose products
modulate programmed cell death in a host organism, con-
sider the term 'modulation by symbiont of host pro-
grammed cell death; GO:0052040'" [1] (Additional file
1). Similarly, the GO term "GO: 0009626 plant-type
hypersensitive response" carries the comment "...this term
is to be used to annotate gene products in the plant. To
annotate symbiont gene products that induce the hyper-
sensitive response, consider the biological process term
'modulation by symbiont of host defense-related pro-
grammed cell death; GO:0034053"" [1] (Additional file

1).
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Additional file 2 further illustrates these concepts by
showing GO term information for "GO: 0052248 modu-
lation of programmed cell death in other organism during
symbiotic interaction" and its child terms. Unlike the
terms shown in Additional file 1, which reflect purely
endogenous processes within a single organism, the terms
included here are appropriate to use in describing genes in
one organism whose products modulate programmed cell
death in another organism, thus appropriately emphasiz-
ing the symbiotic interaction between different organ-
isms. Indeed, these terms ultimately fall within the "GO:
0051704 multi-organism process" node of the GO biolog-
ical process ontology (Figure 2; [1]), underscoring the
notion of interaction between organisms.

The term "GO: 0052248 modulation of programmed cell
death in other organism during symbiotic interaction"
can be viewed (highlighted in black) in Figure 2, which
depicts a greatly simplified directed acyclic graph (DAG;
for more information on ontology structure see [13])
showing some more specific GO terms used to describe
aspects of symbiont modulation of host programmed cell
death. "GO: 0052040 modulation by symbiont of host
programmed cell death" (shown in Figure 2, denoted by a
dark star), or a child term of this more general parent term
if more specific annotation information is available,
would be used instead of "GO: 0012501 programmed cell
death" (Additional file 1) to annotate any gene product
produced by a symbiont that affected PCD in a host dur-
ing a typical interaction. For example, the protein family,
NPP1, comprises proteins from oomycetes, bacteria, and
fungi that in plants cause HR-like cell death, pathogene-
sis-related gene transcription, reactive oxygen species
(ROS) and ethylene (ET) generation, and apposition of
callose, a (1—3)-B-d-glucan involved in both normal
development and response to abiotic and biotic stress
[31,32]. Annotating NPP1 family proteins with GO terms
adds clarity not conferred by its literature description as a
"necrosis-inducing protein". It would be appropriate to
annotate a Phytophthora sojae member of the family (e.g.
PsojNIP; [33]) with the GO term "GO: 0052040 modula-
tion by symbiont of host programmed cell death" (Figure
2 and Additional file 2). Because an experiment showed
that transient expression of PsojNIP in soybean tissue
resulted in PCD [33], the annotation would be supported
by a GO evidence code (IDA) that indicated a direct exper-
imental assay was used (see the GO website for more
information on evidence codes [34]).

When host defense is clearly implicated, for example
when PCD is triggered by the detection of a pathogen
MAMP by a host R-gene product, it would be appropriate
to use the GO term "GO: 0034055 positive regulation by
symbiont of host defense-related programmed cell death"
(Figure 2). An example of this is a family of extracellular
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proteins called elicitins that are secreted by many Phytoph-
thora species and that trigger localized cell death in Nico-
tiana host plant species [22]. The response of Nicotiana
benthamiana to the elicitin INF1 prevents infection by Phy-
tophthora infestans [35]. In this particular interaction, even
though the triggering of PCD in the host is detrimental to
the pathogen, it nevertheless reflects one action of the
pathogen protein in planta. This underscores the notion
that the purpose of GO terms is to describe biological
processes, irrespective of whether the outcome of a proc-
ess is subjectively judged to be beneficial or detrimental.

Manipulation of PCD by diverse symbionts
Because PCD is a central mechanism of defense used by
both animals and plants against microbes, manipulation
by the symbiont of host PCD is central to many strategies
by which symbionts neutralize host defenses. The follow-
ing sections summarize some different strategies
employed by symbionts for manipulation of host PCD. In
these sections, we use the word "effector" to indicate sym-
biont gene products that influence the physiology or mor-
phology of the host in order to promote colonization.
Many effectors are proteins that modulate host defenses,
including PCD (reviewed in [18,36,37]), and many of
these are translocated into the cytoplasm of host cells
[18,36,37]. In the context of plant defenses, most R-gene
products detect symbiont effector proteins [18,36-38].
Historically, genes encoding effectors recognized by R-
genes have been called "avirulence genes" [38].

Viruses and PCD

In accord with the requirements of the different stages of
viral replication in living cells, viruses both inhibit and
induce apoptosis in host cells; this has been extensively
studied in animal systems (reviewed in [39]). The sup-
pression of host apoptosis by viruses is a critical aspect of
prolonging cell survival during viral replication, which is
captured in the GO by the term "GO: 0019050 suppres-
sion by virus of host apoptosis", a child term of "GO:
0052041 negative regulation by symbiont of host pro-
grammed cell death" (both shown in Figure 2) [1]. Sup-
pression of the host immune response by inhibiting
apoptosis is accomplished by viruses and viral proteins
through targeting of host PCD signalling pathways [39].

As a normal part of the infection cycle of many viruses, the
release and spread of progeny virions is accomplished by
lysis of the host cell. To that end, diverse viruses and viral
gene products facilitate induction of host cell apoptosis, a
process that can be characterized by the GO term "GO:
0019051 induction by virus of host apoptosis" (Figure 2).
Mechanisms to achieve this target many components of
the host cell death signalling pathways (reviewed in [39]).
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Figure 2

Selected GO terms related to "GO: 0052040 modulation by symbiont of host programmed cell death". A
greatly simplified directed acyclic graph (DAG) showing key low-level terms describing modulation of programmed cell death in
one organism (the host) by another organism (the symbiont) is depicted. A simplified lineage for these terms is shown up to
"GO: 0008150 biological_process". Only selected terms are shown, and only a few of the parent-child relationships are
depicted; arrows symbolize GO "is_a" and "part_of" relationships (for more information on ontology structure, i.e. "is_a",
"part_of", and "regulates”, see [13]). Note that "GO: 0052040 modulation by symbiont of host programmed cell death"
(denoted by a dark star) and "GO: 005203 | modulation by symbiont of host defense response" (light star) both ultimately exist
under the "GO: 0051704 multi-organism process" node. The GO terms shaded with grey represent annotations discussed in
the text; GO terms highlighted with broken lines or black serve as reference points for Additional file | and Additional file 2,

respectively.
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Manipulation of PCD by bacterial pathogens of animals
and plants

Bacterial pathogens of animals and plants can exert a pro-
apoptotic effect on cells, or they can block apoptosis [40].
Legionella pneumophila, the Legionnaires' disease bacte-
rium, induces host PCD as part of its pathogenic strategy
through activation of the mitochondrial apoptosis path-
way, including activation of caspases, BAX activation, and
release of cytochrome ¢ [41]. Salmonella enterica induces
apoptosis in intestinal cells, but in macrophages it
induces pyroptosis, a recently described caspase-1-
dependent PCD pathway distinct from apoptosis [42],
and for which a GO term has not yet been created. Myco-
bacterium tuberculosis, the causative agent of tuberculosis,
induces macrophage apoptosis in humans by a tumour
necrosis factor (TNF)-a-dependent mechanism. Induc-
tion of apoptosis by M. tuberculosis occurs in a strain-
dependent manner [43], underscoring the variability of
symbiont-host interactions. Annotating characterized
proteins from L. pneumophila, S. enterica, or M. tuberculosis
with "GO: 0052151 positive regulation by symbiont of
host apoptosis" would facilitate useful comparison (Fig-
ure 2). In contrast, Rickettsia rickettsii can block apoptosis
via activation of the transcription factor nuclear factor
kappa B (NF-xB) pathway [40]. To describe blockage of
host apoptosis, "GO: 0033668 negative regulation by
symbiont of host apoptosis”, a child of "GO: 0052150
modulation by symbiont of host apoptosis" (both shown
in Figure 2), could be used.

Many bacterial pathogens of plants, including Pseu-
domonas syringae pathovars, Ralstonia solanacearum, Xan-
thomonas spp., and Erwinia spp., secrete effector proteins
that can affect host cell defense signalling including the
HR. Some are injected directly via type III or type IV secre-
tion machinery into the host cell (reviewed in [44] and in
this supplement [36,37,45]). Here, and in a following sec-
tion describing necrotrophic fungi and bacteria, the roles
of effectors in modulating PCD during P. syringae and
Pectobacterium carotovorum (formerly Erwinia carotovora)
infection are summarized briefly. Many effectors pro-
duced by P. syringae can either elicit or suppress the HR
depending on the effector and R-gene repertoires of the
interacting strains and plants [46-49], and thus R-gene
mediated resistance is a practical approach to the protec-
tion of crops against P. syringae [50]. To annotate such
effector proteins, one could use "GO: 0034053 modula-
tion by symbiont of host defense-related programmed cell
death", or either of its child terms, e.g. "GO: 0034054 neg-
ative regulation by symbiont of host defense-related pro-
grammed cell death" or "GO: 0034055 positive regulation
by symbiont of host defense-related programmed cell
death", depending on the context of the effector under
consideration (Figure 2).

http://www.biomedcentral.com/1471-2180/9/S1/S5

Biotrophic pathogens and diverse mutualists suppress PCD
Biotrophic pathogens have evolved intricate mechanisms
to colonize their hosts and maintain host cell integrity
[51]. For example, intracellular pathogens, such as proto-
zoan parasites and phytoplasmas (bacterial plant patho-
gens that lack cell walls), must thwart host defense
responses while they derive nutrients from the host. If
host PCD is triggered, an obligate biotroph must necessar-
ily be destroyed. Suppression of host cell apoptosis is
employed by many protozoans including: Toxoplasma gon-
dii, an obligate parasite of mammals and birds; the
Trypanosomatids Trypanosoma cruzi, which causes Chagas'
disease, and Leishmania donovani, which causes visceral
leishmaniasis; Theileria parva and T. annulata, tick-trans-
mitted parasites of ruminant animals; Plasmodium species
including the malaria parasites; and Cryptosporidium par-
vum, which causes cryptosporidiosis in mammals (all
reviewed in [52]).

Trypanosoma cruzi appears to inhibit the Fas (CD95)-
mediated cell death pathway; this pathway is triggered via
TNF receptors and normally results in cytotoxic T cell acti-
vation [53]. T. cruzi suppressor proteins could be anno-
tated with "GO: 0033668 negative regulation by
symbiont of host apoptosis", thus facilitating comparison
with functionally similar bacterial proteins. Interestingly,
uninfected cells surrounding Toxoplasma gondii-infected
cells undergo apoptosis, and recently a secreted molecule
encoded by T. gondii, TgPDCD5, was shown to trigger
PCD in these bystander cells [54], i.e. "GO: 0052042 pos-
itive regulation by symbiont of host programmed cell
death" (Figure 2). Yet T. gondii-infected cells show a
reduced response to many inducers of apoptosis, resulting
from the blocking of several stages of the host mitochon-
drion-dependent PCD pathway [55], as well as direct inhi-
bition of downstream caspase activation [55-57] and
activation of NF-kB [58]. Theileria parva also appears to
induce activation of NF-kB [59]. Thus, NF-xB activation
may be a strategy used by diverse protozoan, viral and
bacterial pathogens to inhibit apoptosis in the host [52],
i.e. "GO: 0033668 negative regulation by symbiont of
host apoptosis" (Figure 2).

In similar fashion, the effector protein ATR13 from the
obligate biotrophic oomycete pathogen of Arabidopsis,
Hyaloperonospora arabidopsidis, could suppress the ROS
burst typically associated with immunity against the path-
ogen [60].

Mutualistic symbioses also involve manipulation of PCD.
Wolbachia is an endosymbiotic bacterium that manipu-
lates host reproduction in Asobara tabida, a parasitoid
wasp. It accomplishes this by acting on host apoptotic
pathways crucial to oogenesis, although the nature of con-
trol (host or symbiont) remains unclear [61]. In the fun-
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gal endophyte Epichloe festucae, generation of ROS has
been shown to be a critical component of the mutualistic
interaction with Lolium perenne (perennial ryegrass).
Plants infected with fungal mutants lacking a functional
NADPH oxidase, either through disruption of the gene
noxA [62] or its small regulatory GTPase RacA [63], were
stunted and lost apical dominance, most likely resulting
from increased endophyte growth in planta. Although this
was not due to localized host PCD [62], per se, it under-
scores the importance of ROS (often associated with PCD)
in symbiotic interactions.

Gene products from organisms as diverse as the apicom-
plexan protozoon Toxoplasma gondii, the oomycete Hya-
loperonospora arabidopsidis, the fungus Epichloe festucae, and
the bacterium Wolbachia could have functional similari-
ties revealed by GO annotation with "GO: 0052040 mod-
ulation by symbiont of host programmed cell death"
(Figure 2 and Additional file 2).

Necrotrophic fungi and bacteria promote PCD in plant
hosts

In plants, as a generality, activation of salicylic acid-
dependent pathways and PCD are the primary defense
mechanisms against biotrophic pathogens, whereas jas-
monic acid and ethylene signalling pathways mediate
defense against necrotrophs [64], which are pathogens
that gain their nutrition through host cell death. Conse-
quently, biotrophs suppress host PCD, whereas necro-
trophs actively facilitate host PCD [3,65]. Therefore,
effective plant responses against necrotrophs often do not
involve invoking HR-like PCD [66].

Some necrotrophic pathogens trigger host cell death by
non-specific toxin production and ROS generation [67].
The HR and associated H,O, were positively correlated in
Arabidopsis thaliana with the growth of the necrotrophic
fungus Botrytis cinerea [65]. Virulence-associated genera-
tion of H,0, by B. cinerea is due, at least in part, to a Cu-
Zn-superoxide dismutase BCSOD1; over-expression trig-
gered H,0, production and knockout mutants exhibited
somewhat reduced virulence [68]. Another necrotrophic
fungus, Sclerotinia sclerotiorum, secretes oxalic acid (OA), a
non-host specific toxin [69] that may normally act as a sig-
nalling molecule in plants [70]. S. sclerotiorum showed
greatly reduced disease symptoms on tomato plants
expressing a wheat gene encoding oxalate oxidase [71],
which detoxifies OA through conversion into CO, and
H,0, [72]. Toxins that invoke PCD, or proteins responsi-
ble for synthesizing and exporting such toxins, would be
annotated with "GO: 0052042 positive regulation by
symbiont of host programmed cell death" (Figure 2).

Many necrotrophic phytopathogenic fungi and bacteria
produce endopolygalacturonase (PG) enzymes that

http://www.biomedcentral.com/1471-2180/9/S1/S5

degrade cell wall pectin into oligogalacturonides and
other products, and that may act directly to trigger PCD.
During soybean infection, PGs from S. sclerotiorum could
induce a sustained increase in intracellular Ca2+, leading
to extracellular H,0O, accumulation and ultimately PCD
[73]. Similarly, soft-rot enterobacteria, such as Pectobacte-
rium carotovorum, secrete, via the type Il secretion pathway,
massive amounts of pectolytic enzymes, which can kill
and macerate plant tissues, and they also possess a type I1I
secretion system [74]. In the bryophyte Physcomitrella pat-
ens, Pectobacterium carotovorum could cause severe macera-
tion of tissues and cytoplasmic shrinkage of protonemal
cells, indicating host PCD despite induction of PR-1
(Pathogenesis-Related protein-1), LOX (lipoxygenase),
PAL (phenylalanine ammonia-lyase), and CHS (chalcone
synthase) defense genes [75]. Secretion of the HrpN
harpin via the type III secretion system may promote this
necrotroph-associated form of disease development [49].
The disease caused by Pectobacterium carotovorum on Phys-
comitrella patens closely resembles that caused by the
necrotrophic fungus Botrytis cinerea [75]. The pectolytic
enzymes in these pathogens could be described by "GO:
0052042 positive regulation by symbiont of host pro-
grammed cell death" (Figure 2) as well as "GO: 0052011
catabolism by symbiont of host cell wall pectin".

Hemibiotrophic fungal and oomycete pathogens
Hemibiotrophic plant pathogens initially suppress or
avoid triggering PCD during the biotrophic phase of infec-
tion, but then actively promote cell death during the tran-
sition to necrotrophy [33]. The mechanism(s) underlying
the switch from biotrophy to necrotrophy remain largely
unknown [2]. In P. sojae, expression of the protein toxin
PsojNIP is associated with the transition to necrotrophy,
and has been hypothesized to be responsible for the
switch [33]. In wheat infected with the host-specific fun-
gal pathogen Mycosphaerella graminicola, disease symp-
toms often do not appear for several weeks. Once the
necrotrophic stage begins, however, the host exhibits
PCD-like characteristics, along with increased cell mem-
brane leakage and apoplastic metabolite levels, which cor-
relate with increased fungal growth, membrane transport,
and metabolism [76]. A similar situation exists in Fusar-
ium graminearum, which lives biotrophically before
switching to necrotrophy; following exposure to F.
graminearum-derived trichothecene mycotoxins, multiple
barley transcripts were detected including a PCD-related
pirin [77], which may signify pathogen-triggered PCD.

The effector Avr3a of Phytophthora infestans, expressed dur-
ing early infection of potato, can suppress the PCD trig-
gered by the MAMP elicitin [78], i.e. "GO: 0034054
negative regulation by symbiont of host defense-related
programmed cell death" (Figure 2). Similarly, several
effectors from P. sojae, including Avrlb, could suppress
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BAX-triggered PCD, and were hypothesized to have a
physiological role of suppressing defense-associated PCD
[79]. P. infestans Avr3a and P. sojae Avrlb also can be
described with "GO: 0034055 positive regulation by sym-
biont of host defense-related programmed cell death"
(Figure 2) as they trigger the host HR when the host resist-
ance genes R3a or Rps1b, respectively, are present [78,79],
which underscores the complex roles of effectors and the
need for careful annotation of them.

Conclusion

Plants and animals share many similarities with respect to
immunity and defense [80], and symbionts employ a
wide diversity of mechanisms to modulate these defenses.
Diverse symbionts, ranging from pathogenic to mutualis-
tic, have evolved mechanisms for influencing host pro-
grammed cell death to neutralize host defenses, expand
the area and duration of host colonization, and improve
survival. The PAMGO Consortium, to describe processes
involved in host-microbe interactions, has created a large
number of Gene Ontology terms, including a set of terms
to describe PCD in the context of host-symbiont interac-
tions. The manipulation of PCD by diverse symbionts is a
complex and rapidly evolving research area. The more that
these terms are used, refined and added to by the commu-
nity, the more that they will enhance our ability to iden-
tify common mechanisms by which symbionts influence
death processes occurring within their hosts.

Note added in proof

A recent report from the Nomenclature Committee on
Cell Death [81] has noted that in some cases necrosis may
result from an orderly process, but great caution still needs
to be applied in the use of the term.
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DAG: directed acyclic graph; ET: ethylene; GO: Gene
Ontology; HR: hypersensitive response; MAMP: microbe-
associated molecular pattern; NF-kB: nuclear factor kappa
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oxalic acid; PAMGO: Plant-Associated Microbe Gene
Ontology; PCD: programmed cell death; PG: endopolyg-
alacturonase; R-gene: resistance gene; ROS: reactive oxy-
gen species; TNF: tumour necrosis factor.
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Additional material

Additional file 1

Selected commonly used terms related to endogenous cell death, as
defined by the Gene Ontology. The GO terms described here refer to
endogenous processes found in the biological process ontology. "Concept"
refers to the term as commonly found in the literature. This word or phrase
was queried against the Gene Ontology using the search function in
AmiGO, the GO browser [1]. The other rows ("Term name", "Acces-
sion", "Synonyms", "Definition", and "Comment") represent fields from
the term information for selected GO terms resulting from the query. In
the case of "necrosis", no specific GO term exists (and thus the "Com-
ment" field is an author comment), but "necrosis" exists as a synonym to
several GO terms (but see [81]). Three of the terms shown here suggest
(in the comment) alternative terms that can be used for annotating PCD
in host-symbiont interactions; these alternative terms can be found in Fig-
ure 2, highlighted with broken lines. All GO terms below exist in the bio-
logical process ontology. For brevity, several other PCD-related GO terms
are not shown: "GO: 0048102 autophagic cell death", "GO: 0016244
non-apoptotic programmed cell death", "GO: 0010623 developmental
programmed cell death", "GO: 0043067 regulation of programmed cell
death", "GO: 0043069 negative regulation of programmed cell death",
"GO: 0043068 positive regulation of programmed cell death", and "GO:
0010343 singlet oxygen-mediated programmed cell death".

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2180-9-81-85-S1.doc]

Additional file 2

"GO: 0052248 modulation of programmed cell death in other organ-
ism during symbiotic interaction" and child terms. Selected term infor-
mation fields ("Term name", "Accession", "Synonyms", and
"Definition") are shown for each GO term. Unlike the terms shown in
Table 1, the terms included here are appropriate to use in describing genes
in one organism whose products modulate programmed cell death in
another organism. For more context, "GO: 0052248 modulation of pro-
grammed cell death in other organism during symbiotic interaction" can
be seen also in Figure 2, highlighted in black.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2180-9-81-85-S2.doc]

Acknowledgements

The authors would like to thank the editors at The Gene Ontology Con-
sortium, in particular Jane Lomax and Amelia Ireland, and the members of
the PAMGO Consortium for their collaboration in developing many
PAMGO terms. The authors are grateful to Alan Collmer of the Depart-
ment of Plant Pathology and Plant-Microbe Biology at Cornell University
for discussion of PCD and host-microbe interactions and for contributions
on bacterial pathogens of animals and plants. This work was supported by
the National Research Initiative of the USDA Cooperative State Research,
Education and Extension Service, grant number 2005-35600-16370 and by
the U.S. National Science Foundation, grant number EF-0523736.

This article has been published as part of BMC Microbiology Volume 9 Sup-
plement 1, 2009: The PAMGO Consortium: Unifying Themes In Microbe-
Host Associations Identified Through The Gene Ontology. The full con-
tents of the supplement are available online at http://www.biomedcen
tral.com/1471-2180/9?%issue=S|.

Page 8 of 10

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2180-9-S1-S5-S1.doc
http://www.biomedcentral.com/content/supplementary/1471-2180-9-S1-S5-S2.doc
http://www.biomedcentral.com/1471-2180/9?issue=S1
http://www.biomedcentral.com/1471-2180/9?issue=S1

BMC Microbiology 2009, 9(Suppl 1):S5

References

l.
2.

20.

21.
22.

23.
24.

25.

26.

AmiGO! Your friend in the Gene Ontology [http://amigo.gene
ontology.org]

Perfect SE, Green JR: Infection structures of biotrophic and
hemibiotrophic fungal plant pathogens. Molecular Plant Pathol-
ogy 2001, 2(2):101-108.

Chibucos MC, Tyler BM: Common themes in nutrient acquisi-
tion by plant symbiotic microbes, described by The Gene
Ontology. BMC Microbiology 2009, 9(Suppl 1):S6.

Lam E: Controlled cell death, plant survival and development.
Nat Rev Mol Cell Biol. 2004, 5:305-315.

Barcelo AR: Xylem parenchyma cells deliver the H,0, neces-
sary for lignification in differentiating xylem vessels. Planta
2005, 220(5):747-756.

Hofius D, Tsitsigiannis DI, Jones JDG, Mundy J: Inducible cell death
in plant immunity. Semin Cancer Biol. 2007, 17(2):166-187.
Mastroberti AA, Mariath JEdA: Development of mucilage cells of
Araucaria angustifolia (Araucariaceae). Protoplasma 2008,
232(3-4):233-245.

Jacobson MD, Weil M, Raff MC: Programmed cell death in ani-
mal development. Cell. 1997, 88(3):347-354.

Greenberg JT: Programmed cell death in plant-pathogen
interactions. Annu Rev Plant Physiol Plant Mol Biol. 1997,
48:525-545.

Zakeri Z, Lockshin RA: Cell death: history and future. Adv Exp
Med Biol. 2008, 615:1-11.

Greenberg JT, Yao N: The role and regulation of programmed
cell death in plant-pathogen interactions. Cell Microbiol. 2004,
6(3):201-211.

Torto-Alalibo TA, Collmer CW, Gwinn-Giglio M: The Plant-Asso-
ciated Microbe Gene Ontology (PAMGO) Consortium:
Community development of new Gene Ontology terms
describing biological processes involved in microbe-host
interactions. BMC Microbiology 2009, 9(Suppl 1):SI.

An Introduction to the Gene Ontology [http://www.geneontol
ogy.org/GO.doc.shtml]

Seay M, Patel S, Dinesh-Kumar SP: Autophagy and plant innate
immunity. Cell Microbiol. 2006, 8(6):899-906.

Fink SL, Cookson BT: Apoptosis, pyroptosis, and necrosis:
mechanistic description of dead and dying eukaryotic cells.
Infect Immun. 2005, 73(4):1907-1916.

Smith A, (ed): Oxford Dictionary of Biochemistry and Molecu-
lar Biology. New York: Oxford University Press; 2004.
Ledda-Columbano GM, Coni P, Curto M, Giacomini L, Faa G, Olive-
rio S, Piacentini M, Columbano A: Induction of two different
modes of cell death, apoptosis and necrosis, in rat liver after
a single dose of thioacetamide. Am | Pathol. 1991,
139(5):1099-1109.

Bent AF, Mackey D: Elicitors, effectors, and R genes: The new
paradigm and a lifetime supply of questions. Annu Rev Phy-
topathol. 2007, 45:399-436.

Shetty NP, Jorgensen HJL, Jensen D, Collinge DB, Shetty HS: Roles
of reactive oxygen species in interactions between plants
and pathogens.  European Journal of Plant Pathology 2008,
121(3):267-280.

Ali R, Ma W, Lemtiri-Chlieh F, Tsaltas D, Leng Q, Bodman Sy,
Berkowitz GA: Death don't have no mercy and neither does
calcium: Arabidopsis CYCLIC NUCLEOTIDE GATED
CHANNEL2 and innate immunity. Plant Cell. ~ 2007,
19:1081-1095.

Greenberg JT: Programmed cell death: a way of life for plants.
Proc Natl Acad Sci USA 1996, 93:12094-12097.

Kamoun S, Huitema E, Vleeshouwers VGAA: Resistance to
oomycetes: a general role for the hypersensitive response?
Trends Plant Sci. 1999, 4(5):196-200.

Morel J-B, Dangl JL: The hypersensitive response and the induc-
tion of cell death in plants. Cell Death Differ. 1997, 4:671-683.
Mur LAJ, Kenton P, Lloyd A}, Ougham H, Prats E: The hypersensi-
tive response; the centenary is upon us but how much do we
know? | Exp Bot. 2008, 59(3):501-520.

Lam E, Kato N, Lawton M: Programmed cell death, mitochon-
dria and the plant hypersensitive response. Nature. 2001,
411:848-853.

Hetz CA, Torres V, Quest AFG: Beyond apoptosis: nonapop-
totic cell death in physiology and disease. Biochem Cell Biol.
2005, 83:579-588.

27.
28.

29.
30.
31

32.

33.

34.
35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

http://www.biomedcentral.com/1471-2180/9/S1/S5

Patel S, Caplan ), Dinesh-Kumar SP: Autophagy in the control of
programmed cell death. Curr Opin Plant Biol. 2006, 9:391-396.
Reape T), Molony EM, McCabe PF: Programmed cell death in
plants: distinguishing between different modes. | Exp Bot.
2008, 59(3):435-444.

Golstein P, Kroemer G: Cell death by necrosis: towards a
molecular definition. Trends Biochem Sci. 2006, 32(1):37-43.
Suen D-F, Norris KL, Youle R]: Mitochondrial dynamics and
apoptosis. Genes & Development 2008, 22:1577-1590.

Fellbrich G, Romanski A, Varet A, Blume B, Brunner F, Engelhardt S,
Felix G, Kemmerling B, Krzymowska M, Nirnberger T: NPPI, a
Phytophthora-associated trigger of plant defense in parsley
and Arabidopsis. Plant J. 2002, 32:375-390.

Jacobs AK, Lipka V, Burton RA, Panstruga R, Strizhov N, Schulze-
Lefert P, Fincher GB: An Arabidopsis callose synthase, GSLS5, is
required for wound and papillary callose formation. Plant Cell.
2003, 15(11):2503-2513.

Qutob D, Kamoun S, Gijzen M: Expression of a Phytophthora
sojae necrosis-inducing protein occurs during transition from
biotrophy to necrotrophy. PlantJ. 2002, 32:361-373.

Guide to GO Evidence Codes [http://www.geneontology.org/
GO.evidence.shtml]

Kamoun S, van West P, Vleeshouwers VG, de Groot KE, Govers F:
Resistance of Nicotiana benthamiana to Phytophthora
infestans is mediated by the recognition of the elicitor pro-
tein INFI. Plant Cell. 1998, 10(9):1413-1426.

Torto-Alalibo TA, Collmer CW, Lindeberg M, Bird D, Collmer A,
Tyler BM: Common and contrasting themes in effectors from
bacteria, fungi, oomycetes and nematodes. BMC Microbiology
2009, 9(Suppl 1):S3.

Lindeberg M, Biehl BS, Glasner |D, Perna NT, Collmer A, Collmer
CW: Gene Ontology annotation highlights shared and diver-
gent pathogenic strategies of type lll effector proteins
deployed by the plant pathogen Pseudomonas syringae pv
tomato DC3000 and animal pathogenic Escherichia coli
strains. BMC Microbiology 2009, 9(Suppl 1):54.

White FF, Yang B, Johnson LB: Prospects for understanding avir-
ulence gene function. Curr Opin Plant Biol. 2000, 3(4):291-298.
Roulston A, Marcellus RC, Branton PE: Viruses and apoptosis.
Annu Rev Microbiol. 1999, 53:577-628.

Gao L-Y, Kwaik YA: The modulation of host cell apoptosis by
intracellular bacterial pathogens. Trends Microbiol. 2000,
8(7):306-313.

Fischer SF, Vier ], Miller-Thomas C, Hicker G: Induction of apop-
tosis by Legionella pneumophila in mammalian cells requires
the mitochondrial pathway for caspase activation. Microbes
Infect. 2006, 8:662-669.

Fink SL, Cookson BT: Pyroptosis and host cell death responses
during Salmonella infection. Cell  Microbiol. 2007,
9(11):2562-2570.

Rajavelu P, Das SD: A correlation between phagocytosis and
apoptosis in THP-1 cells infected with prevalent strains of
Mycobacterium tuberculosis. Microbiol  Immunol. 2007,
51(2):201-210.

McCann HC, Guttman DS: Evolution of the type lll secretion
system and its effectors in plant-microbe interactions. New
Phytol. 2008, 177:33-47.

Tseng T-T, Tyler BM, Setubal JC: Protein secretion systems in
bacterial-host associations, and their description in the Gene
Ontology. BMC Microbiology 2009, 9(Suppl 1):S2.

Abramovitch RB, Kim Y-J, Chen S, Dickman MB, Martin GB: Pseu-
domonas type lll effector AvrPtoB induces plant disease sus-
ceptibility by inhibition of host programmed cell death.
EMBO J. 2003, 22(1):60-69.

Jackson RW, Athanassopoulos E, Tsiamis G, Mansfield W, Sesma A,
Arnold DL, Gibbon M, Murillo J, Taylor JD, Vivian A: Identification
of a pathogenicity island, which contains genes for virulence
and avirulence, on a large native plasmid in the bean patho-
gen Pseudomonas syringae pathovar phaseolicola. Proc Natl/
Acad Sci U SA. 1999, 96(19):10875-10880.

Jamir Y, Guo M, Oh H-S, Petnicki-Ocwieja T, Chen S, Tang X, Dick-
man MB, Collmer A, Alfano JR: Identification of Pseudomonas
syringae type Il effectors that can suppress programmed cell
death in plants and yeast. PlantJ. 2004, 37(4):554-565.

Page 9 of 10

(page number not for citation purposes)


http://amigo.geneontology.org
http://amigo.geneontology.org
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15071555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15747145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15747145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17218111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17218111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18239849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9039261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9039261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15012273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15012273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18437888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14764104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14764104
http://www.geneontology.org/GO.doc.shtml
http://www.geneontology.org/GO.doc.shtml
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16681833
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16681833
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15784530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15784530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1683163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1683163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1683163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17506648
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17506648
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17384171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17384171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8901538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10322560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10322560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16465279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16465279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18079135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18079135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18079135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11459068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11459068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16234846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16234846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16713731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16713731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18256053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18256053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17141506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17141506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18559474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18559474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12410815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14555698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14555698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12410814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12410814
http://www.geneontology.org/GO.evidence.shtml
http://www.geneontology.org/GO.evidence.shtml
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9724689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9724689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10873850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10873850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10547702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10878765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10878765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16476563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16476563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17714514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17310088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18078471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18078471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12505984
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12505984
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10485919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14756767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14756767

BMC Microbiology 2009, 9(Suppl 1):S5

49.

50.
51

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

Nomura K, Melotto M, He S-Y: Suppression of host defense in
compatible plant- Pseudomonas syringae interactions. Curr
Opin Plant Biol. 2005, 8(4):361-368.

Jones DG, Dangl JL: The plant immune system. Nature. 2006,
444(7117):323-329.

Genre A, Bonfante P: Check-in procedures for plant cell entry
by biotrophic microbes. Mol Plant Microbe Interact. 2007,
20(9):1023-1030.

Heussler VT, Kiienzi P, Rottenberg S: Inhibition of apoptosis by
intracellular protozoan parasites. Int | Parasitol. 2001,
31:1166-1176.

Nakajima-Shimada |, Zou C, Takagi M, Umeda M, Nara T, Aoki T:
Inhibition of Fas-mediated apoptosis by Trpanosoma cruzi
infection. Biochim Biophys Acta. 2000, 1475:175-183.

Bannai H, Nishikawa Y, Matsuo T, Kawase O, Watanabe |, Sugimoto
C, Xuan X: Programmed Cell Death 5 from Toxoplasma gon-
dii: a secreted molecule that exerts a pro-apoptotic effect on
host cells. Mol Biochem Parasitol. 2008, 159:112-120.

Carmen JC, Hardi L, Sinai AP: Toxoplasma gondii inhibits ultravi-
olet light-induced apoptosis through multiple interactions
with the mitochondrion-dependent programmed cell death
pathway. Cell Microbiol. 2006, 8(2):301-315.

Nash PB, Purner MB, Leon RP, Clarke P, Duke RC, Curiel TJ: Tox-
moplasma gondii-infected cells are resistant to multiple
inducers of apoptosis. | Immunol. 1998, 160:1824-1830.

Keller P, Schaumberg F, Fischer SF, Hicker G, GroB U, Liider CGK:
Direct inhibition of cytochrome c-induced caspase activation
in vitro by Toxoplasma gondii reveals novel mechanisms of
interference with host cell apoptosis. FEMS Microbiology Letters
2006, 258:312-319.

Molestina RE, Payne TM, Coppens |, Sinai AP: Activation of NF-kxB
by Toxoplasma gondii correlates with increased expression of
antiapoptotic genes and localization of phosphorylated IxB
to the parasitophorous vacuole membrane. Journal of Cell Sci-
ence 2003, 116(21):4359-4371.

Palmer GH, Machado ]}, Fernandez P, Heussler V, Perinat T, Dobbe-
laere DA: Parasite-mediated nuclear factor kappaB regula-
tion in lymphoproliferation caused by Theileria parva
infection. Proc Natl Acad Sci USA 1997, 94:12527-12532.

Sohn KH, Lei R, Nemri A, Jones JDG: The downy mildew effector
proteins ATRI and ATRI3 promote disease susceptibility in
Arabidopsis thaliana. The Plant Cell 2007, 19:4077-4090.
Pannebakker BA, Loppin B, Elemans CPH, Humblot L, Vavre F: Par-
asitic inhibition of cell death facilitates symbiosis. Proc Natl
Acad Sci USA 2007, 104(1):213-215.

Tanaka A, Christensen MJ, Takemoto D, Park P, Scott B: Reactive
oxygen species play a role in regulating fungus-perennial rye-
grass mutualistic interaction. The Plant Cell 2006, 18:1052-1066.
Tanaka A, Takemoto D, Hyon G-S, Park P, Scott B: NoxA activa-
tion by the small GTPase RacA is required to maintain a
mutualistic symbiotic association between Epichloé festucae
and perennial ryegrass. Molecular ~ Microbiology 2008,
68(5):1165-1178.

Glazebrook J: Contrasting mechanisms of defense against bio-
trophic and necrotrophic pathogens. Annual Review of Phytopa-
thology 2005, 43:205-227.

Govrin EM, Levine A: The hypersensitive response facilitates
plant infection by the necrotrophic pathogen Botrytis cinerea.
Current Biology 2000, 10(13):751-757.

Rudd JJ, Keon ], Hammond-Kosack KE: The wheat mitogen-acti-
vated protein kinases TaMPK3 and TaMPKé6 are differen-
tially regulated at multiple levels during compatible disease
interactions with Mycosphaerella graminicola. Plant Physiology
2008, 147:802-815.

Choquer M, Fournier E, Kunz C, Levis C, Pradier J-M, Simon A, Viaud
M: Botrytis cinerea virulence factors: new insights into a
necrotrophic and polyphageous pathogen. FEMS Microbiology
Letters 2007, 277(1):1-10.

Rolke Y, Liu S, Quidde T, Williamson B, Schouten A, Weltring K-M,
Siewers V, Tenberge KB, Tudzynski B, Tudzynski P: Functional
analysis of H,0,-generating systems in Botrytis cinerea: the
major Cu-Zn-superoxide dismutase (BCSODI) contributes
to virulence on French bean, whereas a glucose oxidase
(BCGODI) is dispensable. Molecular Plant Pathology 2004,
5(1):17-27.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8l.

http://www.biomedcentral.com/1471-2180/9/S1/S5

Cessna SG, Sears VE, Dickman MB, Low PS: Oxalic acid, a patho-
genicity factor for Sclerotinia sclerotiorum, suppresses the
oxidative burst of the host plant. Plant Cell 2000, 12:2191-2199.
Kim KS, Min J-Y, Dickman MB: Oxalic acid is an elicitor of plant
programmed cell death during Sclerotinia sclerotiorum dis-
ease development. Molecular Plant-Microbe Interactions 2008,
21(5):605-612.

Walz A, Zingen-Sell |, Loeffler M, Sauer M: Expression of an
oxalate oxidase gene in tomato and severity of disease
caused by Botrytis cinerea and Sclerotinia sclerotiorum. Plant
Pathology 2008, 57:453-458.

Dutton MV, Evans CS: Oxalate production by fungi: its role in
pathogenicity and ecology in the soil environment. Canadian
journal of microbiology 1996, 42:881-895.

Zuppini A, Navazio L, Sella L, Castiglioni C, Favaron F, Mariani P: An
endopolygalacturonase from Sclerotinia sclerotiorum induces
calcium-mediated signaling and programmed cell death in
soybean cells. Molecular  Plant-Microbe Interactions 2005,
18(8):849-855.

Toth IK, Pritchard L, Birch PR): Comparative genomics reveals
what makes an enterobacterial plant pathogen. Annual Review
of Phytopathology 2006, 44(1):305-336.

Leon IPd, Oliver P, Castro A, Gaggero C, Bentancor M, Vidal S:
Erwinia carotovora elicitors and Botrytis cinerea activate
defense responses in Physcomitrella patens. BMC Plant Biology
2007, 7:52.

Keon J, Antoniw |, Carzaniga R, Deller S, Ward JL, Baker M, Beale
MH, Hammond-Kosack K, Rudd JJ: Transcriptional adaptation of
Mycosphaerella graminicola to programmed cell death (PCD)
of its susceptible wheat host. Molecular Plant-Microbe Interactions
2007, 20(2):178-193.

Boddu J, Cho S, Muehlbauer GJ: Transcriptome analysis of tri-
chothecene-induced gene expression in barley. Molecular
Plant-Microbe Interactions 2007, 20(11):1364-1375.

Bos JIB, Kanneganti T-D, Young C, Cakir C, Huitema E, Win |, Arm-
strong MR, Birch PR}, Kamoun S: The C-terminal half of Phytoph-
thora infestans RXLR effector AVR3a is sufficient to trigger
R3a-mediated hypersensitivity and suppress INFI-induced
cell death in Nicotiana benthamiana. The Plant Journal 2006,
48(2):165-176.

Dou D, Kale SD, Wang X, Chen Y, Wang Q, Wang X, Jiang RHY,
Arredondo FD, Anderson RG, Thakur PB, et al.: Conserved C-ter-
minal motifs required for avirulence and suppression of cell
death by Phytophthora sojae effector Avrlb. Plant Cell 2008,
20(4):1118-1133.

McDowell JM, Simon SA: Molecular diversity at the plant-path-
ogen interface. Developmental and Comparative Immunology 2008,
32:736-744.

Kroemer G, Galluzi L, Vandenabeele P, Abrams |, Alnemri ES, Bae-
hrecke EH, Blagosklonny MV, El-Deiry WS, Golstein P, Green DR:
Classification of cell death: recommendations of the Nomen-
clature Committee on Cell Death. Cell Death and Differentiation
2009, 16:3-11.

disseminating the results of biomedical research in our lifetime."

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 10 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15936244
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17108957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17849704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17849704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11563357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11563357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10832033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10832033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18406478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18406478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16441440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16441440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16441440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9469443
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9469443
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16640590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16640590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12966164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12966164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9356483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9356483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18165328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17190825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17190825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16517760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16517760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16517760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18399936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18399936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16078883
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16078883
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10898976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18441220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17986079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17986079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11090218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11090218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18393620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18393620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16134897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16134897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16134897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16704357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16704357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17922917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17313169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17313169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17977148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17977148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16965554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18390593
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Introduction
	The Gene Ontology
	Forms of cell death
	Programmed cell death
	Apoptosis and necrosis
	The hypersensitive response (HR)

	PCD and host-symbiont interactions
	Manipulation of PCD by diverse symbionts
	Viruses and PCD
	Manipulation of PCD by bacterial pathogens of animals and plants
	Biotrophic pathogens and diverse mutualists suppress PCD
	Necrotrophic fungi and bacteria promote PCD in plant hosts
	Hemibiotrophic fungal and oomycete pathogens

	Conclusion
	Note added in proof
	List of abbreviations used
	Competing interests
	Authors' contributions
	Additional material
	Acknowledgements
	References

