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PROJECT SUMMARY
This proposal presents a novel approach for rapid study of emergence of new host-microbe maladaptations.

An unintended consequence of global industrialization and associated societal rearrangements is new
interactions of microbes and potential hosts (especially mammals and plants), providing an opportunity for the
rapid emergence of host-microbe adaptation and eventual establishment of new microbe-related diseases.
Another scenario is when commonly innocuous microbes interact with a potential host in a condition favoring
adaptation. It is hypothesized that such adaptations occur initially through host and microbe system status
change (adaptive biochemical and signaling state changes). At least some environment induced diseases,
zoonotic diseases and nosocomial infections likely arose this way and continue to do so in this manner. Such
system status changes characteristic of different kinds of adaptations and causal components and networks
can be inferred through integration of system-wide data on molecular components and other phenotypic data.

The lessons on how this proposed arm of emergence of new disease are hard to study in the relevant
environments. Further, it could take too long to make inferences from natural occurrences to be of relevance.
In addition, even when the signaling modules or biological components identified as possible candidates it
would be difficult to validate. Here, a model metasystem has been established using seedlings of the model
host Arabidopsis thaliana interacting with different well studied microbes representing different modes of
interactions, with many unique properties that make it suitable for rapid study of such maladaptations. The well
studied microbes include human opportunistic pathogen (Pseudomonas aeruginosa), agricultural pathogen
(Pseudomonas syringae) and commonly considered innocuous microbes (the gram negative microbe
Escherichia coli and the gram positive microbe Bacillus subtilis) all of which can cause host damage under
these conditions. The use of a model host and ubiquitously used microbes should provide an excellent
framework to build and test these new theories on. Other advantages of this model include amenability to high
throughput automation assisted perturbation screens and real time study of signaling cross talk. The system
will be used to develop a knowledge framework to infer changes in system status using biological phenotypic
changes, system-wide monitoring of cellular components during progression of such adaptive interactions, and
data integration approaches. Such an understanding will help identify emergence of host-pathogen adaptations
that have negative impact on mankind and avoid unfavorable conditions that favor them.
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PROJECT NARRATIVE

Emergence of new host-microbe maladaptations (including environment induced adaptations, zoonotic
diseases and nosocomial infections) are difficult to identify and study in natural settings. A metasystem
consisting of a model host (seedlings of Arabidopsis thaliana) interacting with different well studied microbes
(including human opportunistic pathogens, agricultural pathogens and innocuous microbes) causing host
damage in a particular environment has been established to study such adaptations. This proposal proposes
and aims to test the hypothesis that initial stages of such adaptations occur through changes in system status
(biochemical and signaling state changes) of host and microbe, and can be predicted by studying different
modes of interactions represented in this model.
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Resources:

Research facilities organization: The Department of Molecular Biology is located in
the newly constructed (2005) Richard B. Simches Research Center on the
Massachusetts General Hospital main campus. The part of the Department where | am
currently housed (Ausubel lab) is located on Simches 7, which also houses the
laboratories of Gary Ruvkun and Joshua Kaplan, both of whom work with C. elegans.
The Department occupies ~ 44,000 total square feet of laboratory benches, desks, office
space and shared facilities. The laboratory of Jen Sheen, working on different aspects of
plant biology and signaling in plants is located across the hallway and share plant
related resources mentioned below.

From a broader perspective, the Simches Research Building is designed around
thematic centers that house many laboratories at MGH at the forefront of modern
biological research. Thus in addition to Molecular Biology, the Simches building has
multi-investigator groups studying systems biology, human genetics, stem cells,
chemical genetics, genomics, and computational and integrative biology.

Simches 7 has a full complement of shared general and specific laboratory facilities
including instrument rooms, cold rooms, microscope rooms, a walk-in plant growth
facility, a chemical storage room, a media preparation facility, a glass washing and
sterilization facility, a tissue culture facility, electrophoresis and gel rooms, a dark booth
and a specialty dark room as well as laboratory supply storage space. Floor secretarial
offices, the offices of the Department’s Faculty members, conference rooms (with
advanced audio/visual equipment), and “tea rooms” equipped with full kitchen and
meeting facilities, are also located on Simches 7.

Plant and worm resources: A number of plant walk-in growth facilities and reach-in
chambers are available to conduct the Arabidopsis and Nicotiana based experiments
proposed, coordinated by a Greenhouse manager who also maintains the greenhouse
(in the Their building that the department used to occupy), which is part of the available
resources. Since three labs work with C. elegans, there is an extensive maintenance of
common resources (e.g., regularly re-stamped RNAI: library for rapid cherry picking and
testing phenotypes) often coordinated on a rotating basis by postdoctoral members and
students, in addition to a variety of worm mutants and reporter strains and constructs
that are regularly used. This should be useful in testing contributions of any matched
modules in host and pathogen proposed in Aim 3, when the microbe/pathogen is
infectious in this model host. In addition, there are monthly host-pathogen meetings with
presentations from one of over ten research laboratories, working on different aspects of
relevant host or microbial biology, in and around MGH.
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Equipment: Almost all equipment in the Department of Molecular Biology is shared.
This includes most modern equipment needed for state-of-the-art cell and molecular
biology research. In addition to the equipment and facilities in the Department of
Molecular Biology, MGH has a robotic instrumentation facility, an oligonucleotide
synthesis facility, and a DNA sequencing facility and more recently added a Solexa
sequencing machine to the collection of available resources to be available to through
the core. Additional services to all departmental researchers needing peptide synthesis,
protein sequencing, and/or amino acid analysis are also available. In addition, many of
the data collection for system-wide analyses proposed can be carried out at the core
facilities available through the Harvard University and the Partners Network, usually
through prior arrangement and for a charge.

Some equipment available in the Department includes: 2 Beckman L8 ultracentrifuges, 3
Beckman J2-21 high speed centrifuges, a Beckman TL-100 ultracentrifuge, a Beckman
J6 low speed centrifuge, a Beckman Biomek robot, 5 -80@C freezers, a regular
scintillation counter and a Perkin Elmer luminometer/scintillation counter for high-
throughput reads in 96 well plates, 6 thermo-cyclers for PCR reactions, thermal cyclers
for real-time quantitative PCR, a Beckman DU-640 spectrophotometer, an FPLC, an
HPLC, a GLC, a capillary zone electrophoresis system, a Perkin Elmer fluorescence
spectrometer, a Molecular Dynamics Phosphor Imager, a hybridization oven, fraction
collectors, bacterial shakers, bacterial and cell culture incubators, inverted and epi
fluorescence Zeiss microscopes, a Leica confocal microscope, ultramicrotome,
lyophilizer, gel drier, table-top microcentrifuges, electrophoresis equipment, and all the
miscellaneous small equipment required for carrying out standard molecular biology
experiments.

Computer and Bioinformatic resources: The Department of Molecular Biology also
has extensive computer facilities with web and database servers and a dedicated
computer services core staff who also provide regular computer and network
maintenance and consultation, as well as a new Bioinformatics Core Facility consisting
of three full-time bioinformaticians. Each member of a laboratory has their own
Macintosh G4 notebook or PC computer. In addition, many Macintosh G4, Linux, and
PC computers are available at common workstations dispersed throughout the
Department.
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Plant perception and signaling during gene-for-gene mediated cell
death response (HR) and resistance initiated by bacterial pathogens(S. Y. He Lab)

1999 Research Associate (Instructor), Molecular Genetics and Cell Biology Department, University
of Chicago, Chicago, IL.

1999 - 2001 Postdoctoral Research Associate, Institute of Biological Chemistry,
Washington State University, Pullman, WA
Molecular genetic analysis of plant-virus interactions (J. Carrington Lab)

Nov'01 - Jan '02 Scientist at Genome Therapeutics Corporation, Waltham, MA (through Aerotek)
Mechanism of action of antimicrobials identified by screening chemical libraries and
development of ‘ready-to-high throughput’ cell based assays for the study of
biochemical processes

Feb’02 — Aug’'02 Independent Investigator
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Genomic analysis of pathogen (P. aeruginosa) and host (mouse and Arabidopsis)
processes.
Explore newer methods to analyze and utilize large-scale gene expression datasets
Oct'06-Mar’08 Visiting Scientist,
Mar'08-current Assistant in Molecular Biology, Department of Molecular Biology, Massachusetts General
Hospital and Harvard Medical School, Boston, MA. (Fred Ausubel Lab)
Models and systems to study recalcitrant and emerging infectious diseases
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6) Pseudomonas syringae avirulence protein AvrB initiates a genotype-specific hypersensitive resistance
response inside the plant cell. UNESCO/DBT/SBPL sponsored workshop on Cells and Molecules in
Biotechnology. Madras, India. 1997.

7) Identification of putative signaling components in Pseudomonas syringae AvrB-mediated plant disease
resistance. 9th International Conference on Arabidopsis Research, Madison, Wisconsin. 1998.

8) Genetic Analysis of Plant Susceptibility to Tobacco Etch Virus. New England Arabidopsis Meeting, 2001.
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2. SPECIFIC AIMS

Global industrialization and societal rearrangements brings a unique mix of organisms together. This new
intermingling of microbes and eukaryotic species (especially of mammalian and plant kingdoms) not previously
in contact has a huge potential to bring about new diseases and afflictions to human kind. These can be direct,
or indirect - by affecting agricultural and other essential resources. This, understandably, is even more so in
environments and societies with inadequate hygiene — where even some commonly innocuous interactions or
in some cases typically beneficial associations can turn detrimental. Migration of humans and goods between
different communities, and natural migration (e.g., seasonal migration of birds, microbe carrying vectors) leads
to the spread of newly adapted and emerging disease-causing microbes to other developed communities. The
latter communities would be as vulnerable as less developed and resource depleted societies for different
reasons - such as lack of previous exposure, or sudden exposure to an adapted microbe, now which can be
classified a pathogen or an opportunistic pathogen. Another common situation where such maladaptations can
occur is during microbial interactions with vulnerable (e.g., immune compromised) hosts.

Here it is hypothesized that new diseases can emerge rapidly through transient host-microbe
adaptations involving changes in system status (biochemical and signaling state changes) under
appropriate environments and continued ability to interact. At least some zoonotic diseases and
nosocomial infections likely arose, and continue to do so, before the establishment as a new microbe related
disease. The sequencing of genomes of humans, other eukaryotes, and numerous microbes, technologies that
enable measurement of specific biomolecular/molecular components of a cell or an organism, and the
integration of these data with other bodies of knowledge allows us to predict key components and states
leading to such adaptations.

It is difficult to study this proposed mechanism of disease emergence in the relevant environments. Further, it
could take too long to make inferences from natural occurrences to be of relevance for the development of
rapid ways of identification and prevention of evolution of new host-pathogen adaptations that could lead to this
kind of phenomena. In addition, it is difficult to evaluate the host and microbe signaling modules or biological
components identified as possible candidates. A model metasystem has been established using seedlings
of the model host Arabidopsis interacting with different well studied microbes with many unique
properties that make it suitable for rapid study of such maladaptations (Gopalan and Ausubel, 2008).
By studying this model host, some model mammalian and agricultural pathogens, and commonly studied
innocuous microbes interacting with the model host under similar conditions, one should be able to make
inferences of broader consequences viz., detecting early adaptations of direct significance to human beings
and their environment and possibly even make inferences on the extent such new adaptation has progressed.
The use of a model host and ubiquitously used microbes should provide an excellent framework to build and
test these new theories on. Other advantages of this model are its amenability for use in high throughput
automation assisted perturbation screens and real time study of signaling cross talk.

The specific aims of this proposal to test these hypotheses are:

1) Gain additional biological insight via the study of progression of host damage and changes (cellular and
physiological) in the host and microbes in the Arabidopsis model metasystem that represent different
strategies of interaction/adaptation.

2) 2A. Generate data on this metasystem using different technologies at a system-wide-scale (of both the
host and the microbe) to aid in the inference of key indicator components of system status. 2B. Infer
system status and causal components using the data generated and the knowledge of the host-microbe
interactions using integrative biological and computational tools, and

3) Prove the validity of the hypotheses generation work flow by removal and addition of specific
component(s) and pathways to the host and/or microbe based on the hypotheses generated.

Specific Aims Page 36



Principal Investigator/Program Director (Last, first, middle): Gopalan, Suresh

3. BACKGROUND AND SIGNIFICANCE

As mentioned earlier, an unintended consequence of industrialization and associated societal rearrangements
is increased opportunities for artificial mingling of host and microbes previously not in contact. This new
intermingling of host and microbe combinations has a huge potential to evolve as microbe associated diseases
capable of causing damage to human and agricultural resources. This is even more so in societies with
inadequate hygiene and poor resources to tackle them. Another situation is the interaction of commonly
innocuous and even beneficial microbes interacting in an environment that alters host and pathogen local
environments such that they now become detrimental. Global industrialization also has facilitated rapid
migration of people and goods between different societies, thus migration of the transiently adapted microbes.
Other societies can be vulnerable to some of these newly and (often transiently) adapted microbes due to lack
of previous exposure. Continued availability of a niche for these microbes can evolve into opportunistic or well
adapted serious diseases. Some environment-induced diseases of the nature mentioned above, zoonotic
diseases, and nosocomial infections, likely evolved and continue to do so in this manner. In these scenarios,
the initial stages of adaptation likely involve system status changes (defined as biochemical and signaling state
changes) in host and microbe. Continued adaptation will likely lead to rapid acquisition of addition virulence
related traits and antibiotic resistance through lateral genetic transfer that is very common in the microbial
world (Finlay and Falkow, 1997).

Host-microbe interactions represent an intricate balance between many aspects that control host
immunity/susceptibility and the microbe’s genetic content (broadly termed pathogenicity determinants) and its
adaptability to survive as well as to manipulate/overcome host defenses. The typical broadly classified
outcomes are (i) thwarted interaction where either the pathogen does not have appropriate metabolic or
pathogenic arsenal to survive in a particular host or cannot overcome the initial host innate immune defense
responses, respectively, (i) some kind of symbiotic interaction where either the host and the microbe
establishes a productive interaction (e.g., rhizhobium-plant interactions, gut microbiome etc.) or creates a niche
where both have sufficient control over the other to prevent any damage of consequence (e.g., tolerance — see
Schneider and Ayres, 2008), and (iii) establish a maladaptation where host immunity is ineffective or actively
subverted by the pathogenic arsenal and sometimes host processes are utilized to favor microbial growth
causing significant host damage. The latter is a typical disease situation. This aspect of microbial pathogenesis
from the host damage perspective is reviewed in Pirofski and Casadevall (2008). All three modes are actively
and extensively studied in exquisite detail using specialized systems and numerous mechanisms specific to
different classes of interactions have been identified.

A major affliction of humans (HIV) is accepted to have adapted from primates. The frequent emergence of new
strains of influenza (e.g. the avian influenza strain H5SN1 and the recent case of H1IN1) is another example. In
these cases the effects of social and environmental factors are quite apparent (e.g., Fauci, 2006). The
following text is mostly focused on host-bacterial interactions as examples, due to the direct relevance to the
proposed goals. Even in the case of a natural setting like the human microbiome, at different locations of the
body there are a different mix of microbes (Dethlefsen et. al., 2007). The same microbes while well adapted
and controlled and which may even perform essential functions through the delicate balance of a large number
of features of host and different microbes in the mix, like in mammalian gut, can cause disease accompanied
by host damage at another niche in the same host. The other common example is the often encountered food
poisoning by E. coli and Salmonella where the environment temporarily provides an existence niche for these
microbes. A similar situation is not difficult to envisage in environment-induced emergence of new microbial
diseases or maladaptations. A prominent example is the emergence and persistence of nosocomial infections
where microbes (like Candida sp. and P. aeruginosa) adapt to form and survive in biofilms in catheters in
hospital settings and the availability of susceptible/vulnerable hosts in the form of immune compromised
patients (e.g., Lynch and Robertson, 2008). The adaptation of microbes to new hosts, the failure to eradicate
them, and continued availability of an appropriate host niche, could lead to permanent fixation. Such
emergence of opportunistic pathogens pose a serious threat and can have a significant heath care and
economic impact (e.g., methicillin resistant Staphylococcus aureus, MRSA).
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Host-microbe recognition and coevolution

Typical studies on host-pathogen interactions can be broadly classified into three broad categories: (i) the
study of mode of action of specific virulence factors and toxins, (ii) studies of innate immunity using PAMPs
(pathogen associate molecular patterns) and MAMPs (microbe associated molecular patterns to elicit host
responses, and (iii) use of whole microbes/pathogens while adding to complexity can highlight mechanisms
occurring at the organismal levels of host and microbe. These approaches led to the development of PRRs -
pattern recognition receptors (Janeway, 1989; Janeway and Medzitov, 2002). Some well studied PRRs include
toll like receptors (TLRs) and NOD like receptors (NLRs) both of which are characterized by the presence of
leucine rich repeats (LRRs) and use different class of adaptors (CARD domain containing adaptors and TIR
domain containing adaptors, respectively — (Akira et al. 2006; Fritz et al. 2006; Meylan et al. 2006; Beutler et
al. 2007). These receptors recognize a variety of pathogen components including proteinaceous molecules,
lipopolysaccharides, toxins of bacteria, viral proteins and CpG DNA of invading bacteria and single and dsRNA
of viruses. The recognition by PRRs is usually accompanied by one or more of the following events:
engagement of a variety of adaptor molecules, kinase cascades, followed by convergence of many different
pathways onto one or few transcriptional regulators (e.g., NF-KB, IRFs) that trigger a variety of immune related
functions. The third approach ranges from the study of microbial communities in hosts, niche effects on
microbiome and ecological and evolutionary principles of host-microbe interactions that focus on the second
stage of adaptation - genetic fixation, e.g., genome wide association studies (Backhead et. al., 2005;
Dethlefsen et. al., 2007; Quintana-Murci et. al., 2007; Pamer 2007) to study of specific aspects of interactions
of single host and microbe. The study of classically defined adaptive immunity in mammals (often involving
memory based antibody mediated immunity) is not discussed here.

On the other hand the ability of microbes to suppress or subvert host innate immunity has been recognized for
a long time (Schwab, 1975). A major example is the conservation of type Ill secretion system in many gram-
negative microbes that play a key role in pathogenesis of a variety of hosts in different kingdom (Galan and
Collmer, 1999). Number of proteins directly delivered into the host by this secretion system target key signaling
and other host processes. Many pathogens have evolved a suite of effectors that affect many aspect of host
immunity and homeostasis [e.g., (Bhavsar et al. 2007; Roy and Mocarski 2007) for some recent reviews on
this topic]. There have been references to environment-induced adaptations, changes in signals and outputs
and less often the impact of the environment on metabolic status as it pertains to modifying the outcome of a
host-microbe interaction. This study posits that early stages of host-microbe adaptations that can potentially
convert into maladaptation is brought about by rewiring and altered regulation using existing cellular machinery
(without need for hard-wired genetic change at that juncture). This has remained one of the least studied
aspects of host-microbe interactions, in part due to lack of realization and good systems for study.

Prominent role for model systems in the study of host-microbe interactions

The study of host-microbe interactions and their various intricate machineries has been aided by numerous
models including cell culture systems, vertebrate models like mouse, emerging models like zebra fish (Danio
rerio) and a number of invertebrate models and even single cell organisms like yeast. Cell culture based
systems offer advantages of directly derived from the host of interest often human and other mammals, very
high throughput when a good phenotypic or reporter readout for a phenomena or a pathway are available. An
aspect of direct relevance to this proposal is the successful use of invertebrate models to discern microbial
virulence factors and mechanisms and host immune response pathways. This has often yielded remarkable
success in highlighting pathways, mode of action, and components or modular structures conserved across
different kingdoms. These whole organism models offer advantages of study of non-cell autonomous
processes, together with number of tools to rapidly test hypotheses and gene functions.

Indeed, the toll gene was cloned in Drosophila as a gene required for dorso-ventral patterning, and
subsequently shown to play a role immunity (Hashimoto et al. 1988; Lemaitre et al. 1996). Some background
in plants and C. elegans relevant to this proposal is outlined below. Since their first cloning from Arabidopsis
(Mindrinos et. al., 1993; Bent et. al., 1993) it has been realized that plants have a large family of LRR
containing proteins identified as genetically recognizing specific and general components of a variety of
pathogens, e.g., parts of bacterial flagellin and elongation factor Tu (Gomez-Gomez and Boller 2000; Zipfel et
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al. 2006). For example the LRR containing receptor recognizing flagellin (FLS2) is structurally and functionally
similar to recognition and response to a different region of flagella by TLR5 in mammals. Consistent with the
intracellular presence of many of the LRR containing receptors recognizing specific bacterial components, it
has been shown that the corresponding bacterial effector proteins are also functional inside the plant cell - as
initially demonstrated for the effector protein AvrB — (Gopalan et al. 1996), delivered into the host by the type lli
secretion apparatus that is present in most gram-negative pathogens (reviewed in Galan and Collmer 1999).
Other major classes of pathogen recognition molecules cloned in plants include kinases (Martin et al. 1993)
and enzymes that detoxify toxins of pathogens (Johal and Briggs 1992; Scott-Craig et al. 1992). In both plants
and C. elegans MAP kinase cascades (Ligterink et al. 1997; Zhang and Klessig 2001; Asai et al. 2002; Kim et
al. 2002), cell death (Klement 1964; Aballay and Ausubel 2001) and transcription factors that trigger immunity
(in case of plants, a protein NPR1 that shares many features of NFKB — (Cao et al. 1997; Ryals et al. 1997),
and in the case of C. elegans a transcription factor DAF-16 that is downstream of, and is negatively regulated
by the insulin-like receptor DAF2 (Garsin et al. 2003) that also controls longevity have been identified. It is
likely that both these models will highlight different components and conceptually similar modules that are
conserved across different kingdom, including mammals.

Like in other kingdoms the type Il secretion system and effectors target key host processes in model plants
(recently reviewed in Boller and He, 2009). In addition microbial pathogens of plants also makes hormones and
host hormone mimicks thus modulating host processes that alter the outcome of host-microbe interactions
(recently reviewed in Grant and Jones, 2009). The structural relatedness of components and mechanisms
raise the question if these conceptually similar arms in different kingdoms arose independently or through
convergent evolution (Ausubel 2005).

Translating knowledge from model organisms to other higher organisms of direct relevance

As mentioned the advances in genome sequencing and other technologies for measuring system-wide levels
(and changes) in cellular components have brought about a large shift in the way biological systems are
studied. This shift, in principle, enables studying cellular signaling and metabolic processes and their regulation
and alterations under specific conditions in a unified and often unbiased manner, often enabled by powerful
reverse genetics tools (e.g., RNAI, gene knockouts). Together with the use of this information (e.g., information
of predicted orthologs — e.g., COGS, Inparanoid (Sayers et. al., 2009; Berglund et. al., 2008), prediction of
coregulated modules (Eisen et. al., 1998) and de novo predicted and curated upstream elements e.g.,
TRANSFAC (Matys et. al., 2006) and technologies (transcriptome, proteome, interactome, metabolome etc.) a
number of computational and bioinformatic tools have evolved, including curated databases of molecular,
phenotypic and metabolic functions of cellular components (e.g., GO, KEGG, BioCyc/Metacyc — Ashburner et.
al., 2000; Kanehisa, 2008; Caspi et. al., 2008). This systems approach is further aided by tools to integrate
network models, visual representations (e.g., Cytoscape — Cline et. al., 2007) enable (i) inferences of cross-talk
and rewiring between previously thought to be linear chain of pathways (canonical pathways), (ii) identification
of new modules, (iii) new functions for genes and components previously known for different functions in the
context where they were first identified, and (iv) annotation of functions of biological components of previously
unknown functions. In addition ortholog information enable the prediction and extension of inference obtained
from a simpler organism to more complex organism or conversely to test the inference from a more complex
organism using simpler models with more tools for that purpose.

A model metasystem to study environment induced and emerging host-microbe adaptations

Environment-induced host-microbe adaptations and prediction of emergence of microbe related diseases
through the study of system status during such interactions is a key goal of this proposal. The above
background sets the stage to indicate the feasibility based on accomplished biological studies of this nature
and the constantly emerging technological, computational and visualization tools. As mentioned earlier
detection of such environments and study of emergence in natural settings and testing of any developed
hypotheses are extremely difficult. Thus a metasystem comprised of model organisms (the host Arabidopsis
thaliana) and well studied microbes representing different classes of microbes and different modes of
interactions has been developed to aid rapid study of such phenomena. In the conditions of this metasystem of
interaction well studied microbes including human opportunistic pathogens, agricultural pathogens and
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commonly considered innocuous microbes (E. coli and B. subtilis) cause characteristic host damage in each
case. The preliminary study outlines a number of lines of evidence indicating that these combinations of hosts
and microbes represent different modes of interaction and involve active contribution of host, microbe and the
interaction environment. Earlier it had been shown that in certain assays E. coli and B. subtilis can elicit
characteristic immune gene expression responses in Drosophila (Lemaitre et. al., 1997) and involvement of
active defense for survival of infection by commonly non-pathogenic E. coli (Naitza et. al., 2002). B. subitilis is
also highly pathogenic to Drosophila (Tzou et. al., 2002). While those studies highlight that these commonly
considered non-pathogenic microbes can also infect other hosts also under appropriate conditions, a
significant advantage of the system developed here is amenability to high-throughput automation assisted
screens for components that perturb these interactions (e.g., genetic and chemical compound screens).

Thus the study of this model metasystem during the progression of different modes of host microbe
interactions should contribute to build a knowledge framework of system status adaptations, and signaling and
metabolic pathway alterations. This knowledge framework should aid prediction of emergence of new
adaptations in nature and environments favoring them. In addition, it might also be possible to predict the
extent of adaptations from this knowledge base.
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4. PRELIMINARY RESULTS

As highlighted in the previous section, the evolution of new host-microbe adaptations in natural settings are
difficult to identify and difficult to study. Further, when environments, cellular components or pathways are
identified as potentially causal, it will be difficult to study and prove a causal relationship. Thus a model system
that comprises different modes of interaction would allow us to predict system status during initial stages of
adaptation that could potentially lead to maldaptation (a microbe related disease). Here a metasystem of
framework model organisms has been set up using seedlings of the model plant Arabidopsis as host
interacting with a number of microbes including the human opportunistic pathogen (and a multi-host pahogen)
Pseudomonas aeruginosa, a plant pathogen Pseudomonas syringae pv. tomato, and two commonly innocuous
microbes that are laboratory work horses, Escherichia coli and Bacillus subtilis. Importantly, under the
conditions of these interactions even the commonly considered innocuous microbes cause host damage. The
setting up of the metasystem, data demonstrating that they represent different modes of interaction, and other
intriguing properties that should enable use of this system to infer broad principles of environment induced
host-microbe adaptations are described below. Some results are also included concerning Arabidopsis
seedlings interacting with the Xanthomonas campestris pv. campestris (Xcc) or Xanthomonas campestris pv.
raphani (Xcr), which represent susceptible and resistant reactions, respectively (Parker et. al., 1993). Different
species of Xanthomonas affect a variety of plants including many vegetables, fruits, rice and cotton. Finally,
also described are results obtained using the laboratory model strain NCTC8325 of the human opportunistic
pathogen Staphylococcus aureus. Much of the published information (Gopalan and Ausubel, 2008) has been
reproduced as such.

A variety of microbes can infect Arabidopsis seedlings under appropriate conditions (host damage and
seedling growth inhibition as readouts)

When 10-day old Arabidopsis seedlings growing submerged in liquid
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pathogenic behavior of DC3000 and PA14 was not surprising - PA14
had earlier been shown to infect a variety of invertebrate hosts,

Table 1 Growth of different microbes in the plant growth medium and in the
presence of seedlings.

Q é’ ‘3 " day 0 day 3

. . . microbe medium conditioned medium | whole well
Fig. 1 Visual phenotype of seedlings PA14 538 | 695D 0.27 7.7 5D 0.39 > 95
infected with different microbes. DA14 JasR 5 30 ND ND ~ 9.5
Seedlings grown in 96 well plates (one | 155 4 iy 400 | 445D05 56 SD 0.16 6.6 SD 0.18
per well) were infected with indicated = ool 562 | 63SD0.15 53550013 773D 03
rS“C'I‘;riO'(OBe)S 3? d“; 2%’:; ?gﬂzgfc(‘z;jfﬁew DC3000 484 | 6.95D0.02 5.04 SD 0.35 > 95
different rows display seedlings 1. DC3000/AvrB_|_4.70 ND ND 233
untreated, or treated with 2. P. DC3000::AreC | 484 ND ND 295

aeruginosa -PA14, 3. PAl4:lasR, 4. B. _ ) ) _
subtilis, 5. E. coli (Dh5a), 6. DC3000, 7. | Indicated are the growth (log:oCFU) of the different microbes in the plant growth

DC3000::hrcC, 8. DC3000(pAvrB). (B) medium (MS), in the conditioned medium (i.e., seedlings were removed at the
rows: top - untreated control, middle - time of addition of microbes), or in the presence of seedlings, 3 dpi.

E.coli, 3. bottom - E.coli expressing GFP| - jnc|yding plants, in addition to mammals (Rahme et. al., 1995; Tan et.
in a plasmid. (C) rows: top —untreated | 5| "1999: Mahajan-Miklos et. al., 2000). But the fact that laboratory

control, middle - B. subtilis, bottom - microbes generally considered to be nonpathogenic can affect
Staphylococcus aureus.
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seedlings similarly to known pathogens was not expected and provided an opportunity to study host-microbe
maladaptations in a controlled environment. In particular, B. subtilis was especially potent in inflicting damage,
such that in three days the seedlings were quite bleached and there was a significant loss of tissue integrity
(Fig.7B and Fig. 1A).

Importantly, under the conditions of these assays, the microbes do not grow significantly in the plant growth
medium, but grow well in the presence of seedlings, indicating that active host-microbe interaction contributes
to microbial growth and host damage (Table 1 and Songnuan et. al., 2008). In contrast, seedlings treated with
the extensively studied laboratory model strain NCTC8325 of the human opportunistic gram-positive pathogen
Staphylococcus aureus (landolo et. al., 2002), elicited very minor disease symptoms, as evidenced by visibly
robust seedlings with no sign of reduction in size or degreening (Fig. 1C).

In contrast to submerged seedlings, 10 day old seedlings growing on soil were not susceptible when sprayed
Wlth B. subtllls or E coI| Whereas DC3000 caused potent chlorosis and stunting (Fig. 2 and data not shown).

. | SRR | This property was used in a screen to identify Arabidopsis mutants
' ; impaired in susceptibility and several have been identified. The
characterization of these mutants are not part of this proposal.
Unlike seedlings, leaves of adult Arabidopsis plants infiltrated with B.
subtilis did show tissue damage limited to the infiltrated area, indicating
effective restriction of this microbe to the infiltrated area. This damage
was characteristically different, confined (Fig. 3) and slower compared to
the typical spreading chlorotic symptoms of
DC3000 at similar time points (data not

Fig. 2 Syptom deelopment after
treatment of soil grown Arabidopsis

Fig. 3 Visual
phenotype of

seedlings treated with P. syringae adult leaves of shown). No damage was apparent when
pv. tomato strain DC3000. Arabidopsis adult leaves were infiltrated with E. coli.
The seedlings were sprayed with infiltrated with These data indicate that the

water (left panel) or DC3000 (right B. subtilis (top) or | characteristics of the environment of
panel) at 10 and 12 days and E. coli (bottom). interaction in these assay conditions
symptom recorded 5 days after Leaves of 4week | alter the host and/or microbial system
second spray. Seedlings treated old soil grown plants were status to enable the observed host

similarly with P. aeruginosa PA14,
B. subtilis or E. coli did not show
any symptom.

infiltrated with bacteria at
B Seoonm 0f 0.02 and
symptoms recorded 4 dpi.

damage and microbial growth of even
commonly considered innocuous
microbes.

Supporting the conclusion that the interactions between Arabidopsis seedlings and the two known plant
pathogens in the seedling assay emulate well-studied aspects of host-pathogen interactions are the
observations that the bacterial mutants PA14::lasR and DC3000::hrcC, which are impaired in the synthesis or
delivery of a subset of virulence factors, respectively, were attenuated in their ability to inflict host damage in
the submerged seedling assay. LasR is a key regulatory factor controlling the quorum sensing response in P.
aeruginosa (Gray et. al., 1994), which in turn affects the production of a variety of virulence factors and has
been shown to affect the virulence of PA14 in adult plants (Rahme et. al., 1995), and other hosts (Tan et. al.,
1999). P. syringae HrcC is a key structural component of the type Ill secretion system conserved in a wide
range of gram negative pathogens, that delivers a suite of virulence effectors directly into host cells (Galan and
Collmer, 1999). These data, the data in Table 1 on microbial load during the different interactions tested, and
other data presented below also support the notion that the damage is not simply correlated to microbial load.
Even in the case of E. coli mediated host damage and seedling stunting this seemed to be the case, as an E.
coli strain Dh5a harboring a plasmid expressing GFP was much less effective in inflicting host damage (Fig.
1B). In contrast, when the GFP expressing plasmid was transformed into a different DH5a. background, the
reconstructed GFP expressing strain was just as virulent as wild-type DH5a. This result implies that the
original GFP-expressing strain had likely accumulated a genetic change further supporting the conclusion that
the host damage caused by Dh5eain this system involves an active host-microbe interaction. In addition,
PA14 with GFP expressed from a plasmid, elicited equivalent visual symptoms as PA14 (not shown).

The assays described here have been conducted under two different conditions, either high fluence 75 uE
(typical) or low fluence 40 uE (Fig. 1A and Fig. 4A), with the rate of appearance of nearly all described
phenotypes more rapid under high fluence conditions. In addition assays done with a 10 fold lower initial
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microbial inoculum or a 100 fold higher inoculum did not make a substantive difference in most of the
outcome reported here, thus highlighting the robustness of the assays.

A quantitative high-throughput assay for host damage based on the constitutively expressed
luciferase activity reveals interaction specific features

In order to have a high-throughput quantitative measure of host damage, we used the activity of a constitutively
expressed transgenic luciferase gene (Subramanian et. al. 2006) — under the control of a 35S promoter- as a
surrogate of plant health. As can be seen in Fig. 4A, PA14 effectively shuts down the luciferase activity and the
activity was completely abrogated by 5 dpi, whereas a PA14::lasR mutant only had a modest effect on
luciferase activity during this time period. In contrast to PA14, and despite the disease symptoms shown in Fig.
1A, there was no reduction in luciferase activity in seedlings infected with P. syringae DC3000. Similar results
were obtained with DC3000::hrcC, or DC3000 expressing the avirulence gene product AvrB (a type Il effector
that elicits a potent and rapid cell death response when recognized inside infected cells accompanied by
strong resistance, when recognized by a cognate resistance (R) gene product of the host (Dangl and Jones,
2001; Gopalan et. al., 2006) — Fig. 4A. The fact that the highly adapted plant pathogen DC3000 does not
cause areduction in luciferase activity seems counterintuitive, but is consistent with the fact that it is
generally considered to be a biotrophic pathogen that depends on its host for nutrition. Biotrophs like
DC3000 cause slow host damage to maximize the amount of host-derived nutrition. B. subtilis was more
effective than E. coli in the ability to reduce the luciferase activity, and both were intermediate between PA14
and DC3000. But the fact that DC3000 expressing AvrB, that is expected to elicit an HR and kill the seedlings
did not abrogate the luciferase activity in the seedlings and did not seem to reduce the bacterial load
significantly (Table 1), is unexpected and highlights unique aspects of this system (discussed later).
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Strain Description
PA14 P. aeruginosa
PAO1 P. aeruginosa
DC P. syringae pv. tomato strain DC3000
hreC type Il secretion mutant of DC3000
DC/AB DC3000 expressing type lll effector AvrB
Ec E. coli strain Dh5a
Bs B. sublilis PYT9 mutant vabQ::tet
Sa Staphylococcus aereus strain NCTC8325
PA14/GFP  PA14 expressing plasmid encoded GFP
I | A EcIGFP E. i expressing plasmid encoded GFP
_ pscD type lll secretion system mutant of PA14
Fs Qg 4e¢zy Nz appge exoTUY  PA14 mutant in type Ill effectors - ExoT, ExoUand ExoY
O a g O QO O g0 O toxA PA14 mutant in exotoxin A
o Q. 2 E 5 L = 0 henC_1 PA14 mutant in synthesis of hydrogen cyanide
o £ £ P w henC_2 PA14 mutant in synthesis of hydrogen cyanide
o lasR PA14 mutant in quorum sensing requlator LasR

Fig. 4 Activity of seedlings engineered to constitutively expressed luciferase after infection with
different microbes.

(A) The seedlings were infected with microbes as in Fig. 1 and the luciferase activity were
measured on the same seedlings before and after addition of microbes (Panel D) at indicated
time points. (B) Seedlings were infected with different microbes or different mutants of P.
aeruginosa strain PA14 (Panel D) and luciferase activity measured 2 dpi. (C) Seedlings were
infected with B. subtilis or S. aureus and luciferase activity measured 3 dpi. Ctrl is control
uninfected seedlings. Shown are log10 relative luminescence units. (D) List of strains used in the

luciferase assays.
Preliminary Studies/Progress Page 43




Principal Investigator/Program Director (Last, first, middle): Gopalan, Suresh

As was observed earlier, the E. coli strain expressing GFP in a plasmid (a possible mutant) also had reduced
effect on reduction of luciferase activity (Fig. 4B). PA14 expressing GFP treated seedlings had similar
luciferase activity compared to PA14. In contrast, though S. aureus did not cause any significant visual
phenotype it did cause reduction in luciferase activity, though not as dramatic as PA14.

These data indicate that certain aspects of host-microbe interactions as evidenced by host damage can be
studied using the luciferase activity assay in a highly automation assisted and extremely high-throughput
manner. This should enable genetic and compound perturbation screens for host-microbe interactions and
other studies of complex signaling interactions, which are not part of proposed goals of this application. The
exceptions and their implications are discussed in other contexts below.

Evaluation of PA14 mutants in several known virulence factors or virulence regulators using the
luciferase assay system reveals additional factors and regulators that can be revealed by this system

The same assay for abrogation of constitutive luciferase activity was used to test P. aeruginosa strain PAO1
(Holloway, 1955) and a number of mutants of PA14 affected in known P. aeruginosa virulence factors. PAO1
was less potent, than strain PA14. As shown in Fig. 4B, and in contrast to the lasR mutant, none of the other
tested PA14 mutants were significantly affected in their ability to abrogate the luciferase activity of the
seedlings compared to PA14 wild type. Similarly, none of these mutants elicited diminished visual symptoms
(not shown). Among the mutants tested were a type Il secretion mutant (pscD), mutants in three different type
Il virulence effectors (ExoT, ExoU, and ExoY), an exoTUY triple mutant, a mutant in a secreted exotoxin
(toxA), and two independent mutants in a gene involved in the production of toxic hydrogen cyanide (hcnC).
The type lll secretion system and the three effectors tested were previously shown to be required for full
virulence in insects and mammals (Miyata et. al., 2003), but not in C. elegans or adult Arabidopsis plants. hcnC
is a key mediator of toxin-mediated killing in C. elegans (Gallagher and Manoil, 2001). ToxA, despite having a
minor role in virulence in adult Arabidopsis plants and in a burned mouse model (Rahme et. al., 1995), does
not have any effect in this system.

GacA is considered a master regulator upstream of the quorum sensing system (including LasR) and has been
shown to regulate a number of virulence factors in other conditions (Heurlier et. al., 2004; Goodman et. al.,
2009). Surprisingly, a gacA mutant that is impaired to some extent in adult plant assays (Rahme et. al., 1995)
and almost completely impaired in the C. elegans slow killing system (Tan et.al., 1999) did not show any
significant difference from PA14 by visual phenotype or host luciferase activity assay (data not shown).

These data together indicate that the seedling infection system while preserving some well-established aspects
of host-pathogen interactions observed in other pathosystems, is unique in some aspects. Thus, particular
features of this infection system fundamentally modifies host and pathogen status such that maladaptive
interactions of some microbes that would not normally be initiated are favored. This also highlights the potential
to identify novel virulence factors, virulence mechanisms, and virulence regulatory mechanisms that can be
highlighted by features characteristic to this system.

Histopathogical analysis of interaction of seedlings with different microbes further indicate different
modes of host-microbe interactions

To test if the four different model microbes (P. aeruginosa, P. syringae, E. coli, B.subitilis) cause similar
histopathological damage in Arabidopsis seedlings, a cell impermeable nucleic acid dye Sytox Green (SG) was
used to probe the different interactions. SG enters cells with compromised membrane integrity and fluoresces
when interacting with double stranded nucleic acids. Fig. 5 shows green fluorescence due to SG staining of
permeabilized cells of Arabidopsis seedlings during interaction with the four different bacterial strains. The
control seedlings are bigger and do not exhibit SG staining, whereas the infected seedlings show staining to
varying extents. Of particular interest is the fact that seedlings interacting with B. subtilis are transparent,
indicative of extensive damage and loss of tissue integrity. A slightly higher magnification using wide angle
microscopy (Fig. 6) showed a characteristic circular staining pattern on the leaves of seedlings interacting with
PA14, more pervasive staining during interaction with PA14::lasR, uniform staining of seedlings interacting with
DC3000, a large punctuate staining pattern (what appears to be clusters of membrane permeable cells) in
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DC/AB hrcC

Fig. 5 Wide angle micrographs of membrane permeabilization in seedlings infected with different
microbes.

\Wide angle microscopy of seedlings sytox green staining in green fluorescence channel.
Seedlings were stained 3 dpi with membrane impermeable dye Sytox green (SG) and imaged in

transparent bottom wells of 96 well plates.

seedlings treated with DC3000 expressing
AvrB, extremely bright fluorescence in
seedlings interacting with B. subtilis
(indicating extensive damage), and bright
fluorescence in patches in seedlings
interacting with E. coli (Fig. 6). A higher
magnification of leaves from seedlings
interacting with DC3000 and DC3000
expressing AvrB and PA14 is shown in Fig.
7A. These results indicate that AvrB likely
causes permeabilization (probably cell
death) in clusters of cells compared to
DC3000, despite the fact that in both cases
the seedlings do not seem to lose
significant luciferase activity. This indicates
that while the characteristic cell death
response expected of an Avr-R gene

interaction is still active, the resistance response that normally accompanies the cell death is not effective.
Previous studies have shown that submerged seedlings do express genes strongly associated with disease
resistance (e.g., PR1) in response to treatment with host and microbe derived defense elicitors
(oligogalacturonides and flagellin, respectively) (Denoux et. al., 2008). These data again emphasize the fact

PA14 IasR

DC/AB

Ec
Fig. 6 Higher magnification wide angle micrographs of membrane permeabilization in seedlings
infected with different microbes.
\Wide angle microscopy of seedlings sytox green staining in green fluorescence channel.
Seedlings were stained 3 dpi with membrane impermeable dye Sytox green (SG) and imaged in
transparent bottom wells of 96 well plates.

DC

DC DC/AB PA14

Fig. 7 Characteristic cellular damage in seedlings infected with different microbes.
(A) Seedlings were stained 3 dpi with membrane impermeable dye Sytox green after treatment
\with P. syringae pv. tomato DC3000 (DC), DC3000 expressing the avirulence protein AvrB
(DC/AB), and P. aeruginosa PA14. (B) Seedlings were stained 3 dpi with membrane
impermeable dye Sytox green or the membrane permeable dye Syto 59 after infection with B.
subtilis, left to right: bright field, Sytox green staining, and Syto 59 staining. Scale bars indicate 50
um.

Preliminary Studies/Progress

that characteristic interaction patterns of
known host-pathogen interactions are active
in the system (e.g., behavior of lasR and
hrcC mutants, characteristic staining
patterns of seedlings treated with different
microbes) but the environment-mediated
alterations of the host and microbe in the
submerged seedling assay favors continued
interaction which might otherwise be
terminated or severely diminished (e.g.,
DC3000 expressing AvrB, E. coli and B.
subtilis).

The unusual staining patterns of leaves
from seedlings infected with PA14 or B.
subtilis were further examined at higher
magnification (Fig. 5, Fig. 6, Fig. 7). In the
case of seedlings interacting with B. subtilis,
loss of tissue integrity was often seen as big
gaps between cells in some locations,
corroborating the visually severe damage
and strong staining and transparent leaves
observed at lower magnifications (Fig.5).
Many other locations also showed an
amorphous mass of cells indicative of loss
of tissue integrity. The latter fact is
highlighted in micrographs of a leaf from a
seedling infected with B. subtilis stained
with Syto 59, a dye that stains both intact
and membrane permeabilized cells (Fig.
7B).

Leaves of seedlings interacting with PA14
showed a very unique pattern of staining of
many but not all stomata (Fig. 7A, Fig. 8
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and Fig. 9B and consistent with Fig. 6). Interestingly, this staining was observed throughout the stomatal
(guard) cells as opposed to punctuate nuclear staining or diffuse background expected of this class of stain. In
order to rule out the possibility that permeant stomatal guard cells were uniformly staining because they had a
change in cellular status (e.g., physiological status like redox) specific to SG that increased green fluorescence
in the absence of nucleic acid binding, the seedlings were costained with another nucleic acid staining
membrane impermeable dye, propidium iodide — PI

A A
B B

s A ;'.ﬂ'.l-"- T 7 R,
Fig. 8 Characteristic changes of seedlings infected | CRL . - 3 et A =
with P. aeruginosa PA14 or a lasR mutant. Fig. 9 Multiple dyes reveal the same characteristic changes of seedlings infected
Seedlings were stained 3 dpi with membrane with. P.aeruginosa or P. syringae pv. tomato.
impermeable dye Sytox green (SG) after infection Seedlings were stained 3 dpi with membrane impermeable dye Sytox green (SG)
with (A) P. aeruginosa (PA14), (B) PA14::lasR. in combination with propidium iodide (PI) — another cell impermeant nucleic acid
Bright field image on left, sytox green fluorescence stain after infection with (A) P. syringae pv. tomato DC3000 (PA14), or
on the right. Scale bar indicates 10 um (B) P. aeruginosa. Left: SG staining, middle: PI staining, and right: merge of both.

- - Scale bar indicates 50 um.

As shown in Fig.9A seedlings interacting with DC3000 showed staining consistent with the expected pattern of
nuclear staining, and the fluorescence from the SG channel (green) and PI channel (red) overlapped. In the
case of seedlings interacting with PA14 the staining was uniform over the stomatal (guard) cells and the
staining in the SG and PI channels overlapped perfectly (Fig. 9B). These results indicate that the whole cell
staining observed in many guard cells is not specific to SG. This raises the intriguing possibility that PA14
invades the stomatal guard cells, as both these dyes can stain permeabilized bacterial cells as well. Typically,
bacterial pathogens of plants are intercellular. In the case of PA14 it has earlier been shown by scanning
electron microscopy that some bacterial

Fig. 10 Electron micrographs from

liquid grown seedlings treated with
P. aeruginosa PA14 do not show
intact bacterial cells inside the
guard cells.

Leaves of liquid grown seedlings
treated with PA14 (on day 10)
were subjected to transmission
electron microscopy 3 dpi. Three
pairs of guard cells from PA14
treated seedlings are shown
(panels A — C), because many
and not all guard cells show the
characteristic staining phenotype
upon infection with PA14. (D) and
(E) indicate higher magnification
of the regions indicated by
squares on the left and right in
panel (C), respectively.
Representative mitochondria
_indicated by the letter m beside
them, bacteria indicated by letter
b beside it, regions outside the
plant leaf surface are indicated by
letter e, and guard cells indicated
by letter g inside. Scale bars
represent 2 um in panels A — C,
and 500 nm in panels D and E.

cells seem to punch holes through some
plant cell types, and the plant cell walls
become ruffled (Plotnikova et. al., 2000).
However, the profile of bacterial cells
(unstained and alive i.e., not stained by
SG — as in Fig. 8A) as well as
observations with GFP expressing PA14
provided no evidence for the presence of
live or intact bacteria in guard cells.
Similarly, there is no obvious evidence for
intact bacteria inside the guard cells in
electron micrographs (Fig. 10). In addition
culture filtrates from PA14 grown in the
presence of seedlings — in this system (3
dpi) — do not cause this stomatal guard
cell staining or visual phenotype observed
with seedlings infected with PA14 (data
not shown). Such analysis was not carried
out in the case of B. subtilis.

In the case of seedlings interacting with

the PAl14::lasR mutant, the staining was pervasive and diffuse in many cell types, but was less intense in the
stomatal guard cells (Fig. 8B). This indicates that LasR plays a major role in the stomatal staining phenotype. It
can also be inferred that virulence factors produced by PA14 in the presence of functional LasR incites rapid
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and potent damage to the host. The lasR mutant is still able to elicit damage (despite attenuated) and causes
stunting of seedlings that differs from wild type PA14 (Fig. 1A, Fig. 4, and Fig. 8B), indicating the presence of
additional LasR independent factors that by themselves cause this partially impaired and phenotypically
different damage (e.g., pervasive staining of many cell types compared to stomatal staining of PA14).

As indicated previously in terms of visual host damage and effect on host luciferase marker activity, the
staining pattern characteristic of PA14 (and different from the PA14::lasR mutant) was maintained in the
PA14:.gacA mutant (data not shown). In addition a single point transcriptome done at 24 h post infection in this
system (three independent replicates) reveals nearly identical expression pattern in PA14 and PA14:.gacA
mutant treated seedlings (data not shown). This reinforces the fact that in this system there is indeed a
previously unrecognized GacA independent (but still maintaining LasR dependent phenotypes tested)
regulatory circuit that can be elucidated using this system.

Cell patterning defects in seedlings indicate hormonal and other intercellular signaling defect in this
system

Support for the conclusion that the environment of the
submerged seedling assay also alters the host in fundamental
ways is the fact that often two and sometimes more guard
cells could be observed in contact with each other (Fig. 5, Fig.
6A, Fig. 6B and Fig. 7B). This is the case in control (Fig. 11)
as well as seedlings infected with various microbes, and
violates fundamental rules of normal cell patterning in leaves.
Normally, guard cells prevent their neighbors from attaining
the same cell fate (Nadeau and Slack, 2002). A set of LRR
containing receptor like kinases, a probable secreted protein
ligand, members of a map kinase cascade and myb family
transcription factors controlling this patterning and cell fate

. decision have been identified (Bergmann et. al., 2004; Hara
F|g 11 |mpa|red guard cell pattern|ng on leaves et. al, 2007, La| et. al, 2005, Shpak et. al, 2005) It Sh0u|d
be noted that the signaling cascade module is remarkably
similar in architecture to known signaling cascades in defense
signaling. Thus, the patterning defect observed in this

day old control untreated seedlings and a PA14  submerged seedling system indicates that while the
treated seedling, 3dpi infected on day 10, seedlings look normal, overall hormone and other
soluble signals or local concentrations that operate in
cell-cell communication are impaired in this environment.
Such signals that alter host-microbe interactions and defense

of liquid grown seedlings. Shown are three
examples (DIC micrographs) of leaves from a 13

(bottom right) to highlight impairment in guard
cell patterning and specification. All frames were

taken at same magnification. Scale bar (upper pathways are likely responsible in part for the differences in
left) represent 10 um. responses observed in this system and probably operative in
nature.

Additionally, this defect was not confined to the constitutive luciferase constructs used in above studies and is
also observed in assays done in another batch of Col seedling.

The above data also clearly indicate the need for multiple read-outs in these analyses, as opposed to
luciferase as a sole indicator used in many studies or the loss of chlorophyll used as a marker in one
study (Schreiber et. al., 2008).

A Jasmonate induced defense reporter suggest dysregulation of hormone signaling

Sytox green staining (Fig. 7A) and visual response (data not shown) do indicate more rapid cell death in the
presence of the hypersensitive programmed cell death (HR) eliciting DC3000(AvrB) and in the case of the
incompatible pathogen Xcr, that is also expected to elicit the HR. It is also known that the HR cell death
response are operative as early as the cotyledon leaves that emerges out of the seeds, and probably even
more potent in true leaves. This fact can be inferred from earlier experiments with transgenic expression of
AvrB in Arabidopsis with appropriate recognition component R gene (Gopalan et. al., 1996). As mentioned
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earlier it has been shown that PR1 and some other defense genes are induced in this assay system by
pathogen and host derived defense elicitors (Denoux et. al., 2008). In that case, FIg22 - a peptide fragment
derived from the flagella of bacteria was used as the bacterial MAMP (microbe associated molecular pattern).
Two different conserved regions of flagella are recognized by LRR containing receptor kinases FLS2 (Zipfel et.
al., 2004) and TLRS5, in Arabidopsis and mammalian systems, respectively to elicit innate immune responses

PR1::GUS PDF12-GUS leading to certain basal level of host defense against pathogens.
OG (oligogalacturonide) a plant cell wall derived elicitor thought to
L cil @ be generated by degradative enzymes of fungal pathogens was
— the other elicitor in that study. These data clearly indicate the
PA14 rw capability of the system to elicit a defense response, but a change
4 fosH . in the system status prevents execution of effective defense.
| Bs . One example of environment induced change (cell patterning
4 defect, was highlighted in the earlier section). A further example
along these lines can be inferred from the behavior of a defense
. DC/AB F. gene reporter considered a hallmark of signaling by the
§' 4 hrcC . developmental and defense associated hormone jasmonate, viz.,
- PDF1.2, detailed below. Two of the best studied arms of defense
. Xee .4 responses in plant are mediated by salicylic acid (SA) and
4 jasmonic acid (JA). The SA and JA mediated arms of defense

primarily plays a role in different types of infection, biotrophic
(pathogens that damage, but not kill the host cells quickly to
obtain nutrients) and necrotrophic (pathogens kill host cells)

8000 pathogens, respectively (Glazebrook, 2005). JA activates

7000 h pathogen defense responses with another hormone, ethylene
6000 . (e.g., Penninckx, 1998). In addition, a major theme that has been
5% — recognized as a result of these studies is the fact that these two

srorr?| | pathways of defense are often antagonistic to each other (e.qg.,
Spoel and Dong, 2008). There is also an extensive interaction
between the different hormone pathways affecting defense
(reviewed in Pieterse et. al., 2009). Typically, transcriptional (and
& some times checked at the protein level) induction of PR1 and
4 PDF1.2 are considered hallmarks of SA and JA mediated arms of
defense, respectively. A single point transcriptome at 24 h post

. . . , infection (three replicates) treated with PA14, PAl14::lasR,
DL 2008 on riahd and PRA and PBFL2 | DC3000, B. subiils, E. coli, DC3000(AvrB) and a few
transcripts (bottom) - Affymetrix chips, Signal representative experiments from 48 h post infection treated with
Intensity. 24 h time point unless noted). PA14, B. subtilis and DC3000 (AvrB) done in this study reveals
that in this environment there could be significant exceptions to the antagonistic phenomena observed in other
systems (Fig. 12). Further, the PDF1.2 promoter GUS fusions used as reporter here indicate a constitutive high
level of GUS activity even in untreated seedlings. That does not seem to correlate with the transcript levels
observed. The transcriptional data compared to the qualitative GUS assays, in addition to several aspects
observed with the luciferase reporter indicate there is a mismatch between the transcriptome and proteome.
Some contributing factors that could be envisaged are the host damage and manipulation of host machinery by
microbes that affect protein synthesis and/or stability. For example, extensive manipulation and utilization of
the ubiquitin conjugation machinery by plant and mammalian pathogens is very well documented (e.g., Sweet
et. al., 2007; Rosebrock et. al., 2007 — opposite functions). These data argue for care and highlight serious
limitations in interpreting data based on transcriptome data alone without associated data on the
proteome, in the study of host-microbe interactions.
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Non-trivial regulation of the potent B. subtilis induced host damage

All of the above experiments involving B. subtilis were done with the sporulation deficient mutant yabQ::tet
(Fawcett, 2000). When a wild-type strain PY79 was used, the damage was as potent and preliminary
observation under the microscope at 3 dpi did not reveal any obvious sporulation. In addition, a number of
mutants (mostly in strain 168, obtained from the Bacillus Genetic Stock Center, BGSC) altered (decrease or
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increase) in regulation of degradative enzymes reveal the characteristic and potent host damage accompanied
by loss of tissue integrity is not simply a function of production of enzymes one would predict to cause plant
tissue damage (data not shown). Thus a complete evaluation of a library of knockouts in all the genes of B.
subtilis is expected to reveal previously unrecognized factors controlling its ability to cause potent host damage
highlighted by this system and its environment. In addition the potent loss of integrity during the interaction
suggest that under appropriate conditions the same factors could potentially cause damage to other hosts
(e.g., mammals) and would be worth an exploration. For example, some gram positive and gram-negative
microbes are known to cause soft tissue damage especially in immune compromised conditions as is the case
with necrotizing fasciitis (Kotrappa et. al., 1996).

Some salient features highlighted by preliminary analysis of the transcriptome data

As mentioned earlier a single time point transcriptome data set has been generated and is being evaluated and
prepared for publication. Thus detailed analysis is not included in this proposal at this juncture. | have
experience with analyses of such data and functional inference in combination with biological data and curated
gene function information with bacterial, mammalian and plant transcriptome (Deziel et. al., 2005; Padfiled et.
al., 2005; Astrakas et. al., 2005; Padfield et. al., 2006; Denoux et. al., 2008). Thus, besides the extracted data
on the expression of PR1 and PDF1.2 and the concordance of transcriptome of seedlings treated with PA14
and PA14::gacA mutant one aspect is highlighted below.

In another line of study, an ad hoc algorithm (unpublished) was used to represent putative causal expression
correlation (up or down regulation — represented by red or blue edges, respectively) in a network format and
correlated transcripts were separated based on connectivity, in an older version of Cytoscape (Cline et. al.,
2007). A central and the largest
correlational network is shown in
Fig.13. When the presence of
known upstream elements
(promoters) represented in the
PLACE (A Database of Plant Cis-
acting Regulatory DNA Elements;
Higo et. al., 1999) database
(searched for using a simple ad hoc
Perl script upstream 500 bp of each
gene represented- location and
number were not used at this
stage) were integrated with that
sub-network, one could see two
genes that appeared to be
commonly involved in
downregulating one module and

Fig. 13 A core network of two modules negatively correlated to each other (top uorequlating another module. The
left, red edges); all genes in the two modules are positively correlated to each Preg ? dh )
other (bottom left, blue edges). Upstream elements (overlapping modules) are upstream elements used here

represented as green nodes with black edges. represent multiple overlapping
motifs. These two genes happen to

be transcription factors from two different gene families. The effect (downregulation or upregulation) correlates
with the presence of either two classes or single class of upstream elements. A double mutant is being
constructed to validate this inference using gPCR for gene expression phenotype and to test the effect of these
modules on host-microbe interactions. The bulk of these genes are present in this modular format in all
the treatments tested here as well as in publicly available datasets from adult plants treated with
different bacteria. Since the modularity and functions are being tested the figure does not show the names of
the genes or the upstream elements. The above example is shown simply to demonstrate the knowhow and ad
hoc algorithm development process that | have been involved with (besides systematic use of different
computational tools and data organizing schemes that have been successful and being developed). The other
salient example that would highlight this strength is the discovery of a novel property of datasets, the concept
(termed ReSurfX) that has been developed into a data analyses and technology design algorithm with a
recently issued US patent (Gopalan, 2009).
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5. RESEARCH DESIGN AND METHODS

The main goals of the proposal are to try and gain a comprehensive understanding of different modes of
interactions between host and microbes using a model metasystem that has been developed recently
(Gopalan and Ausubel, 2008). The metasystem consists of a host (seedlings of model plant Arabidopsis
thaliana) and microbes representing different classes of interactions (ranging from a well adapted plant
pathogen, a broad host opportunistic pathogen that cause infections in immune compromised humans, and
commonly considered innocuous microbes), all causing host damage in characteristic ways under the
conditions of these experiments. The rationale being that early stages of adaptation of host and microbe (to
avoid elimination by host innate immunity) occurs by adaptive system status change (biochemical and
signaling state changes of preexisting machinery) in nature, under certain environments. This model system
represents a time compressed paradigm of a similar scenario occurring in nature. The use of extensively
studied host and microbes with many tools and a large knowledge base and comparisons between different
modes of interaction will aid understanding the underlying mechanisms that lead to this kind of adaptation. It is
reasonably assumed that this knowledge framework can be extrapolated to understand early stages of real life
infections that evolve by this mode. In all cases the extensive knowledge base of these organisms will be
comprehensively evaluated with data generated in this proposal to form hypotheses and identify components
and mechanisms relevant to the goals of the project. When some aspect of the project is to be carried out
using core facilities or there is prior publication/preliminary data indicating my familiarity of the techniques or
analyses, basic details of experiments are not provided.

The metasystem has been set up in a manner amenable to high throughput automation assisted perturbation
screens (genetic and compounds) and with the aim of developing a broad platform to study other aspects of
signaling interactions. These goals are not part of this proposal.

Aim 1: Gain additional biological insight via the study of progression of host damage and changes
(cellular and physiological) in the host and microbes in this model metasystem

The data on the characteristic host damage shown in “Preliminary Data” clearly indicate that these interactions
represent different characteristic progressions/end points, in addition to evidence that many well known
aspects of pathogen host interactions (in the case of P. aeruginosa and P. syringae) are conserved in this
system. Further, the data also indicate that the observations on the reporters and some unusual responses
elicited by these host-microbe combinations would serve as a powerful handle to understand the host and
microbial biology during these interactions that would be difficult to study using many conventional models. It
also serves to highlight novel modes of regulation of virulence (e.g., in the case of gacA and lasR mutants of P.
aeruginosa) and defense responses (e.g., behavior of PDF1.2::GUS reporter) that needs to be understood.

Aim 1A. Microscopy of host integrity and structural changes during the progression of host-microbe
interaction

The ability to detect cellular structural components, their integrity and cellular metabolic activity has been
advanced by the availability of improved dyes together with fluorescent microscopy and/or uv imaging (in case
of cell wall visualization). Another tool is the ability to tag structural components (e.g., actin) and in some cases
specific subcellular compartments with fluorescent proteins and commercially available fluorescent tagged
antibodies. Many of the preliminary results described above obtained using the membrane impermeable stain
Sytox Green® (Molecular Probes, CA) under low to medium magnification were very helpful in discerning the
differences in the mode of interaction between the different microbes and the host. Of particular significance
are the facts that P. aeruginosa (in this case tested with strain PA14) displays a characteristic staining pattern
of host stomatal guard cells (different than expected for a nucleic acid dye in a membrane permeabilized cell).
In contrast, P. syringae pv. tomato (DC3000) caused uniform permeabilization of most host cells with a staining
pattern reminiscent of a nucleic acid stain (prominent spots presumably at the nucleus), whereas DC3000
expressing the avirulence protein AvrB displayed a staining pattern suggestive of clusters of dead host cells.
AvrB when delivered into the plant cell by the type 1l secretion apparatus is expected to elicit a programmed
cell death in these seedlings as they harbor the corresponding resistance (R) gene product.

Research Design & Methods Page 50



Principal Investigator/Program Director (Last, first, middle): Gopalan, Suresh

In this aim, a more comprehensive time course analysis to determine these changes in terms of cell
permeability as well as other structural and metabolic components, will be carried out, which should provide
new valuable information. Where available, seeds of transgenic plants with markers for the structural and
subcellular components will be used in the experiment. For example, actin, tubulin and microtubule reporter
transgenics have been used earlier for other purposes. While initial studies (as in ‘Preliminary Results’ section)
will be carried out in fluorescent mode without optical sectioning, subsequent studies will be done using a
confocal microscope or when possible simply on a microscope with apotome function. This careful study is
expected to highlight the nature of interaction from an outcome based perspective (i.e., phenotypic progression
of host damage). In addition to the microbes studied earlier by microscopy in this system (P. aerugiosa, P.
syringae pv. tomato with and without an avirulence gene product, B. subtilis and E. coli), S. aureus, Xcc, and
Xcr that have been included in subsequent studies in preliminary results will be included for these studies.

This aim primarily focuses on characterizing the different modes of interactions that could help uncover novel
regulatory aspects in pathogenesis and defense. When possible, tools that have already built in the community
will be utilized. Use of plant and bacterial mutants (previously known, and to be discovered as part of this
proposal) should be very informative.

Aim 1B. Elucidate the nature of unique staining patterns observed during interaction with P.
aeruginosa

The unique guard cell staining pattern observed during interaction with P. aeruginosa but not with any of the
other microbes studied here raises some important questions and forms a good assay to decipher the mode of
pathogenesis. Two key questions that arise are (i) is this staining pattern a unique artifact of staining due to
some status change of a physical or chemical property of the cell (e.g., redox, pH etc.), or (ii) have P.
aeruginosa invaded the guard cells extensively? These two possibilities are not mutually exclusive.

1. Thus these experiments need to be done more carefully with other nucleic acid dyes like DAPI to see if
staining of the guard cells reflects disintegrated bacteria or host cell nucleus. It should be noted that in
some cases punctuate staining in the guard cells in addition to the whole cell staining is observed.

2. To test the possibility of bacteria invading the guard cells and getting degraded, in situ hybridization with
P. aeruginosa fluorescently labeled specific 16R rRNA probes (Jansen et. al., 2000) will be used.

3. Electron microscopy to check for integrity of the host cells along the course of infection will be carried out.
This will be done at the EM core of Center for Membrane Biology and Center for Systems Biology, MGH.

4. Screen for PA14 transposon mutants that alter this staining pattern (part of Aim 1F below).

Another important observation is that unlike the seedlings treated with other microbes, there is no staining of
epidermal cells (other cell types to be examined - guard cells and vascular cells treated wit PA14 typically
seem to stain completely with Sytox Green). This includes the lack of punctuate staining reminiscent of nuclear
staining. This indicates that either those cells have either internally disintegrated or that they are killed in a
different way (as supported by loss of luciferase activity in these seedlings). Experiments 1 and 3 above should
address this aspect directly and experiment 4 should help identify bacterial factors contributing to these
phenotypes.

Aim 1C. Novel GacA independent regulatory circuitry in PA14 controlling virulence under these
conditions

Based on existing knowledge the master regulator GacA (a two-component regulator) of P. aeruginosa plays a
key upstream regulatory role in controlling quorum sensing (both Las and Rhl dependent systems) and
virulence related functions in many tested systems (Heurlier et. al., 2004; Goodman et. al., 2009). GacA has
also been shown to play key role in virulence in some other bacteria (e.g., P. syringae and Erwinia sp.
Chatterjee et. al., 2003; Cui et. al., 2001). The same has been shown with model systems as well. For example
in the case of slow killing of C. elegans by P. aeruginosa gacA mutants are extremely attenuated to the extent
that they behave more like their well adapted food source E. coli (Tan et. al., 1999). Even in adult plant assays
with PA14 it has been shown that gacA mutants are attenuated in virulence (Rahme et. al., 1995). Surprisingly,
in the seedling assay system used here a gacA mutant maintained all characteristics tested similar to wild type
PA14. But a lasR mutant is partially impaired in the visual host damage phenotype, ability to abrogate the
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constitutive luciferase activity as the wild type, and has a much weaker stomatal guard cell staining pattern, as
well as a pervasive staining pattern very different than wild type or a gacA mutant. These data clearly indicate
that quorum sensing does play a role in virulence of PA14 in this system, like in most other systems tested.
Further, these data also indicate that LasR dependent quorum sensing only affects part of the virulence and in
the absence of those, PA14 switches to a different mode of interaction.

This goal is to elucidate how the lack of GacA is circumvented in this system to confer virulence and host
damage apparently similar to wild type. In other words, it is hypothesized that there exits a previously
unidentified regulation independent of GacA that acts upstream of LasR in parallel to GacA. It can be
reasonably assumed that such mode of action is operative in nature in medically significant conditions and has
not been discerned due to limitations of phenotypes assayed. The following specific experiments will be used
to test these observations and hypotheses:

1. Test the expression of lasR and known lasR dependent genes in gacA mutant in this system.

2. Conduct a microarray (transcriptome) analysis of gacA and lasR mutants and compare to wild type PA14 in
this system at two time points (early time points of relevance will be determined from Aim 1A). Identify potential
key modulators of virulence and test their role by mutagenesis and constitutive expression in PA14 and gacA
mutant. Reporters for LasR and LasR dependent genes will also be used.

3. lIdentify genomic regions bound by GacA in PA14 and test for occupancy of those sites in a gacA mutant in
this system. To test the sites occupied by GacA, a 6X His or FLAG tagged GacA in PA14 by precise
replacement will be used. Subsequently DNA fragments bound to GacA will be immunoprecipited using
antibodies to the tags and sequenced using standard protocols. To test the occupancy of the sites in a gacA
mutant by another factor, one or more DNA fragments (selected based on most enriched subset) will be used
as probes in the recently developed PICh approach to identify factors binding to selected regions (Dejardin &
Kingston, 2009). Alternatively it is theoretically possible that GacA bound regions are not responsible for this
circumvention of its requirement. In that case it is predicted that candidate genes/pathway can be inferred from
the transcriptome data. Mutants and constitutive expression of these candidates genes in a gacA mutant
background, and if needed PA14, should help to elucidate the alternate regulatory mechanism, with abrogation
of seedling luciferase activity assay and the guard cell staining as read outs.

Aim 1D. An animal model to emulate potent B. subtilis induced damage in this metasystem

The data presented here indicate that B. subtilis surprisingly is a very potent inducer of host damage in this
system. In comparison to all the other microbes used in this system, it has a very unique feature in the sense
that there is near complete loss of tissue integrity, in addition to rapid loss of chlorophyll. It also abrogates the
constitutive luciferase activity expressed in the seedlings, albeit slower than in the case of P. aeruginosa.
These data indicate that B. subtilis has unique features compared to all the other microbes tested. The fact B.
subtilis is commonly innocuous, and even beneficial in certain conditions (Bais et. al., 2004), provides a
powerful model to dissect this unique mode of virulence and to understand how under this condition these
microbes evade, disarm or circumvent host immunity.

The unique feature that B. subtilis seems to rapidly affect the structural integrity of tissue structure is
reminiscent of necrotizing fasciitis. Necrotizing fasciitis is a condition caused by certain bacterial pathogens,
e.g., Streptococcus. pyogenes and Staphylococcus aureus, typically in trauma patients and causes severe
tissue damage (giving them the common term “flesh eating bacteria”). Thus, based on the kind of damage
observed, it would be interesting to study if B. subtilis can cause similar damage in animal hosts under
appropriate conditions.

1. Study infection (and nature of infection and damage) in the burn mouse model and another murine model for
soft tissue infections under different conditions that alter the interaction environment.

This will be done in collaboration with the Wessels and Rahme laboratories (HMS and MGH). The burn mouse
model has been successfully adapted for the study of P. aeruginosa pathogenesis (Rahme et. al., 1995) and is
being used in the laboratory of Laurence Rahme at MGH. The murine soft tissue infection model for necrotizing
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fasciitis (Bricker et. al., 2005), is being used by the laboratory of Michael Wessels, HMS. (Letters of
support/collaboration from Michael Wessels and Laurence Rahme are enclosed).

Expected results: This goal is based purely on the observed mode of tissue integrity loss and extrapolation to
other hosts. It is predicted in none of the two mouse models the infection will be readily apparent, thus a few
conditions that enable the mode of environment induced adaptation observed here will be emulated to test this
hypothesis. The success of setting up such a model will be extremely fruitful for further studies and will be a
clean demonstration of the hypothesis that is proposed and the goals built on in this application. Success will
also be followed up in collaboration with these laboratories with some immunological and histopathological
studies to make it a publishable unit. These will include study of cytokines and infiltration of certain cell types
(e.g., neutrophils) that normally shed light on some aspect of the immune regulation.

Aim 1E. Screen for bacterial genes conferring potent B. subtilis induced damage in this metasystem

B. subtilis is an extensively studied organism in terms of basic metabolism, genetics, and extensively studied
with respect to sporulation. More recently, studies have also revealed other novel features previously not
realized before including population behavior (Suel et. al., 2007) and survival (Gonzalez-Pastor et. al., 2003),
biofilm formation (Lopez et. al., 2009) etc. Thus many mutations in sporulation and stationary phase events,
production of degradative and other secretory enzymes and in their regulatory circuitry have been identified
and are available in the public domain (e.g., The Bacillus Genetic Stock Center - BGSC, run by Prof. Daniel
Zeigler). Preliminary data indicate the damage observed cannot be explained by the trivial presence of these
enzymes. But, an ordered insertion library like the one available for PA14 mentioned in Aim 1F (Liberati et. al.,
2006) is not available. The latter is being proposed by a team of B. subtilis laboratories including David Rudner
(HMS), Richard Losick (Harvard) and Carol Gross (UCSF) together with the Broad Institute of Harvard and MIT
as an economic stimulus package initiative GO grant. Thus specific goals of this Aim are:

1. Test a complete, to be constructed, library of B. subtilis insertion mutants to identify factors affecting B.
subtilis-host interactions in this system (loss of chlorophyll, seedling stunting, and effect of constitutively
expressed luciferase activity in the host seedlings).

B. subtilis being one of the most extensively worked on organisms is being promoted to have additional
tools to harness as a model for systems and synthetic biology. The complete knock out library expected to be
developed over the first year will be used in this system to identify mutants affecting the readouts. Letter from
Dr. David Rudner enclosed. An adult plant leaf infiltration screen will also be carried out for factors affecting
localized virulence and host damage as shown in Fig. 3. In case their grant is not funded and that initiative not
undertaken, the following targeted approach will be undertaken.

2. Study potential factors will be through targeted deletion of conserved genes and proteins with domains
shared with other pathogenic bacteria.

Collection of information on the large number of microbial genomes like in COGS (Sayers et. al., 2009
— part of NCBI) together with directed search for known and new factors affecting virulence will be used for this
purpose. Targeted insertions of candidate genes in B. subtilis will be generated when not available from the
Bacillus Genetic Stock Center. The genes found to play a role will be integrated with other data from this
proposal and with the large knowledge base, datasets and metabolic pathways information available for this
organism.

Expected results: As mentioned in the “Preliminary Results” section the host damage inflicted by B. subtilis
cannot be explained by a trivial effect involving some known secreted enzymes that could affect plant tissue.
Thus it is expected that this approach will uncover potentially novel and/or combinatorial effects that contribute
to such potent damage during interaction with host under these conditions. In some cases effect of single
factors and positive and negative regulatory effects can be confirmed using over expression constructs.
Transformation of laboratory strains of B. subitilis is trivial, so combination mutants of several factors identified
to have an effect can be easily constructed. Some of the genes identified should directly shed light on the
metabolic and signaling pathways affected and/or rewired during these interactions. Specific components can
also be studied using promoter YFP fusions being proposed to be built by Rudner et. al. In addition, the
transcriptome analysis during interaction with the metabolic pathway information should highlight fundamental
physiological changes potentially contributing to the interaction that can be tested.
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Aim 1F. Screen for virulence factors and regulators of P. aeruginosa affecting different host
phenotypes

As has been mentioned earlier P. aeruginosa (in this case strain PA14) inflicts potent host damage, seedling
stunting and killing, complete abrogation of a constitutively expressed luciferase activity, and a unique staining
pattern on stomatal guard cells by the membrane impermeable dye Sytox green with no apparent staining of
epidermal cells, and loss of chlorophyll fluorescence. In addition a lasR mutant (a quorum sensing regulator
that has been shown to have a role in attenuating virulence in model invertebrates to mammals and humans) is
attenuated in and altered in several of these responses. For example a lasR mutant does not abrogate the
constitutively expressed luciferase activity, stains the stomatal guard cells rarely and weakly with Sytox Green,
and shows a pervasive staining of other cell types. Strain PA14 is extensively studied in the laboratory of Fred
Ausubel (where | am currently housed) and has been shown to infect a variety of invertebrate and mammalian
hosts with several common virulence effectors and regulators. To this effect, a screen is being conducted using
the C. elegans model and the non-redundant PA14 insertion library collection to look for other virulence
factors, among other approaches. As has been shown above, the metasystem described and used in this
proposal has unique phenotypic read-outs, and is probably capable of highlighting novel virulence mechanisms
or modes of action. Indeed, a blind screen of collection of two 96 well plates of PA14 transposon insertions
(identified in a different screen for a different phenotype in the Ausubel laboratory) retested for alteration of
abrogation of seedling luciferase activity picked up a lasl mutant as the third most affected mutant (data not
shown). This also proves the robustness and screen readiness of this assay.

The set up for this metasystem has been accomplished in a high-throughput automation amenable manner in
96 well plates. Thus using a high-throughput luminescence reader and a screening microscope the PA14
insertion library of ~5,500 clones (Liberati et. al., 2006) will be screened for altered phenotypes mentioned
above. Since PA14 virulence determinants are of central interest of the Ausubel lab, the outcome of this screen
will be published as a collaborative effort. Optical zoom using and a wide angle field lens can detect the
circular staining pattern characteristic of PA14 treated seedlings stained with Sytox Green (data not shown).

Expected results: The results expected and follow up will be similar to what is written above in Aim 1E. Any
multiple mutants or reporter constructs needed will be constructed and used. In addition the results will be
combined with other screens carried out by the Ausubel lab and close collaborators for virulence and
associated functions (e.g., in C. elegans, Drosophila melanogaster etc.). This is expected to highlight common
and system/environment specific adaptations of PA14 in host interactions. Novel aspects identified will also
tested in the burn mouse model in collaboration with Laurence Rahme, and other models as appropriate. In
Aims 1C, 1E and 1F and 1H (below) the primary interest will be to integrate hits into the knowledge
framework to be assembled - Aim 2C. Only predicted key nodes (upstream) in sighaling, metabolic and
de novo pathways and key downstream (or direct regulators) are to be analyzed in this proposal — Aim
3. In-depth characterization of other hits will be part of a different proposal.

Aim 1G. Elucidate the biological basis of the mismatch between host damage and the constitutively
expressed luciferase marker gene expression

As has been highlighted before, though the different microbes used here seem to cause different mode of host
damage as extensively documented by Sytox Green staining, the abrogation of constitutively expressed
luciferase activity does not always seem to have a correlation with the extent of host damage. The glaring
example is the complete lack of reduction in luciferase activity of seedlings treated with DC3000, the hrcC
mutant of DC3000, or the DC3000 expressing AvrB which is expected to cause a rapid programmed cell death.
One explanation for this observation with DC3000 and derivatives is possibly the mode of interaction, that
DC3000 being a biotrophic pathogen, would prefer not to kill the host cell rapidly so as to obtain nutrients.
Then one would have to further predict that this feature of DC3000 is dominant over the cell death response
when expressing AvrB (at least in this system). There is also significant lack of correlation between host
damage and luciferase activity in interactions involving PA14, B. subtilis and E. coli.

This could be due to several reasons including the way the host cells are damaged, effect on physiological
properties altered in the host cells that could have an effect on luciferase as an enzyme, or other properties like
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protein degradation, or gene or protein expression. Some aspects of this phenomenon may be beyond the
scope of this proposal (though luciferase as a marker is used for a wide range of assays). Aspects that can
reveal the mechanistic basis and nature of interactions between the host and the microbe will be of interest.
For example, microbes could harbor factors that enhance or decrease protein degradation or synthesis or alter
host cell physico-chemical status in some cases, and in other cases be directly proportional to host damage.
This study will be initially carried out using the following three experiments:

1. Quantitative RT PCR of luciferase transcripts after different treatments and at different time points.

2. Quantitative protein levels of luciferase using the monoclonal antibody available for this protein from
Perkin Elmer.

3. Lyse plant cells treated with different bacteria representing different behavior and add lysates from
untreated plants (with known amount of luciferase activity, or purified luciferase) and assay for physico-
chemical condition changes affecting the activity after different treatments.

4. In conditions representing different behaviors, look for protein modifications by immunoprecipitation
followed by mass spectrometry.

Another effective way to address this would be to screen a transposon insertion library of DC3000 to identify
factors contributing to this mode of interaction (especially the lack of abrogation of luciferase activity by
DC3000 induced damage, even when it harbors the avirulence protein that seem to maintain the expected
programmed cell death response). A recent conversation with Prof. Alan Collmer (Cornell University) who
spearheaded the sequencing of this strain indicated there is no complete annotated and ordered transposon
library at this time.

Aim 1H. Elucidate the molecular mechanism of impaired regulation of Jasmonate mediated immune
response as revealed by the expression of PDF1.2::GUS reporter in this system

The fact that bacteria typically considered to be innocuous can initiate active host-microbe interactions under
the conditions of this system and some unusual features highlighted by the different assays used here is
consistent with the hypothesis that environment induced adaptation of host and microbe can significantly alter
the outcome.

Two prominent cases of host alterations in this system highlighted by these studies are, i) the cell patterning
defect observed in seedlings that violates the single cell spacing rule that a guard cell’s neighbor is actively
prevented from attaining the same fate, and ii) the surprising constitutive high level expression of GUS
expression (and activity) of a PDF1.2 promoter reporter, considered a hallmark of Jasmonate (JA) based
defense arm. It should be reiterated at this stage that numerous studies indicate that the two arms of defense
induced by SA and JA are antagonistic. JA is a close analog of prostaglandins in mammals. Thus following this
observation to gain mechanistic insight and eventually integrate with signaling networks altered and operative
in this system together with objectives of Aim 2 should be extremely informative towards the broad goals of this
proposal. In addition, it can shed light on some aspects of additional similarities and mechanistic aspects of SA
and JA (and broadly lipid signaling) in progression of host-microbe adaptations.

To address the question a combined genetic and metabolomic approach will be used as follows:

1. Genetic approach: Many genetic components of JA biosysnthesis and signaling are well known at this
stage. Mutants are available in many components of this pathway outlined in the next few lines. The
biosynthetic enzyme allene oxide synthase (AOS) a cytochrome P450 enzyme that commits the
precursor 13-hydroperoxylinolenic acid to synthesis of jasmonates (e.g., Park et. al., 2002). JAR1 that
conjugates JA to JA-lle (Staswick et. al., 1992) which is the predominantly active form in defense related
functions, the F-box protein coronatine insensitive 1 (COI1; Xie et. al., 1998) that upon binding to JA-lle
and JAZ proteins executes its ubiqutin dependent degradation and activate the jasmonate signaling
cascade (Thines et. al., 2007; Chini et. al., 2007). JIN1 a MYC2 bHLH transcription factor that represses
a set of defense genes (e.g., PDF1.2) and these latter genes are positively regulated by the ethylene
responsive factor (ERF1) — Lorenzo et. al., 2004. JIN1 also upregulates a subset of JA induced genes,
that are repressed ethylene. The induction of JA responsive defense genes is antagonized by SA
mediated signals via NPR1 (a central regulator of many SA dependent defense functions). These data
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are summarized in Farmer et. al., in Science STKE; and Pieterse et. al., 2009. Thus, the PDF1.2::GUS
reporter line will be crossed with these mutants and the resultant seeds will be used in this assay for
constitutive and microbe induced expression of the reporter. In some cases like coil, the seeds can only
be obtained as heterozygotes, in those cases the reporter expression phenotypes will be correlated with
genotyping to check if they are homozygous or heterozygous for those mutations. In addition a GUS
antibody will be used for gross changes by western blotting indicative of modifications leading to
alterations in turn over. Additionally, as with the case of experiments with luciferase in Aim1G, the GUS
protein will be immunoprecipitated and subjected to mass spectroscopy.

2. Metabolomic approach: The above experiments should place the cause for constitutive expression on
the canonical JA signaling cascade (or indicate the existence of an alternative mode of regulation of the
JA mediated defense gene regulation). In addition it will be important to know the levels of SA (given the
major role these two hormone pathways play in regulating each other) under these conditions. The
methods for extracting the plant material and analyzing multiple hormones by LC-MS established recently
(Pan et. al., 2008; Forcat et. al., 2008) will be used. If the data suggest impairment of the biosynthetic or
feedback pathways at specific points, then the analyses will be extended to known and predicted branch
points and derivatives of the components that are now not channeled properly.

3. Live imaging of interactions and cross regulation between SA and JA mediated defense
pathways: The availability of key marker genes for the two known major pathways of defense response
involving SA and JA provide powerful tools for live imaging based study of their signaling during the
different kind of interactions. This can also be compared with soil grown plants where their antagonistic
interactions are well demonstrated. Some conceived similarities of these two defense mediators and their
signaling interaction in mammals provides additional incentive to study their potential rewiring under
these conditions. Thus fluorescence resonance energy transfer (FRET) and Bioluminescence resonance
energy transfer (BRET) based assays using reporters of defense response genes (based on promoters of
SA and JA mediated genes, PR1 and PDF1.2) will be constructed for this purpose. Both FRET and BRET
have been shown to work in plants (e.g., Hink et. al., 2002; Xu et. al., 2007). Both FRET and BRET can
be used in non-destructive mode and can form powerful systems for monitoring live course of events.
Since only two components are to be used here, a split intein based constructs (e.g., Yang et. al., 2006)
will be constructed under the regulation of these promoters. FRET/BRET will be followed during the
course of infection of the different microbes. If found necessary, and possible to conduct, a plate
based assay on seedlings germinated on agar and then submerged in liquid medium, a
mutagenized collection of either the double reporter or PDF1.2::GUS reporter can be screened
using non-destructive GUS assay or BRET based assay for mutants affected in the impaired
response.

Expected results and contingency plan: This goal will likely give a key clue as to how the host system status
is altered that prevents effective execution of defense response it is capable of eliciting. The genetic
characterization using known components of JA, ethylene and SA pathway (biosynthesis and signaling) would
likely localize at the point the defect originates. There could be also an unusual problem because the transcript
level does not seem to correlate with the reporter activity. This does not seem to be a generalized defect in
impaired protein turnover, as PR1::GUS also having some basal expression of transcript does not show high
levels of reporter activity. If there is an effect on transcript stability the genetic experiments may not answer,
then experiments will be initiated to test this possibility. These two genes used as examples here are end point
markers for defense related responses by the two most prominent defense pathways mediated by hormonal
responses. An alternative possibility is that there is an unusual regulation of the PDF1.2 promoter by non-
jasmonate dependent factors. Another jasmonate responsive gene, a VSP1::GUS reporter is also being
tested. The results will indicate if the ethylene downregulated arm of JA induced genes (VSP1 belongs
to that class) is affected in this system. Additionally, a PDF1.2::GUS from an independently constructed
source will also be tested. Jasmonate synthesis or misregulation of responses may be only one factor
contributing to inability of these seedlings to effect the immune response as evidenced by the cell patterning
defect in stomatal guard cells that uses similar perception and signaling architecture compared to perception of
pathogen elicitors and induction of defense response. This would likely become evident or have to be carefully
elucidated from the combined studies of phenotypes, hormone levels either based on the response and
transcriptome based analyses to infer a bottleneck or rechanneling of other metabolic pathways. In the latter
case targeted metabolite analysis will be carried out. For this purpose a collaborator with appropriate strength
in metabolite analyses and complementary interest will be sought. The FRET and BRET assays will pave
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way for many other analyses that are foreseen from the output of these studies and will also serve to
standardize the assay as a platform technology for studying signaling interactions in general.

Aim 2. Generation and integration of system wide data and other data available for these framework
model organisms to build a knowledge base to aid prediction and better study of host-microbe

adaptations

The primary hypotheses of this proposal is that intermingling of new combinations of host and microbe and
host interactions with even commonly considered innocuous or beneficial microbes can turn detrimental when
interacting under appropriate conditions. Further, it is hypothesized that this change in adaptation is brought
about by environment induced changes in system status (defined as biochemical and signaling alterations
brought about primarily by rewiring of pre-existing cellular components). In addition to large databases
populated with information on cellular components and their interactions (as components and pathways), the
framework organisms used in the metasystem developed and used here has a long standing tradition of being
some of the most well studied, understood and have tools to test any new hypotheses generated under new
conditions. This aim capitalizes on the latest developments (and poised to contribute to further development of
knowledge) and the knowledge developed over many decades and proposes to identify system status changes
that occur during the transition and progression of host damage and evolution of maladaptations. Goals of Aim
2 consist of two broad parts: (i) generating system-wide data on three cellular components (transcriptome,
proteome and phosphoproteome) during the course of the diverse host-microbe interactions represented by
this system, and (ii) organizing this knowledge in a framework suitable for inference of system status changes
and integrating them with the knowledge base of interactions of components that have been studied to confer
other know phenotypes to infer changes that likely bring about these interactions.

Aim 2A-1. Host and microbial transcriptome during the progression of these interactions

Transcriptome analysis is one of the most mature technologies and the most widely used (thus large volume of
data available from different organisms at different conditions). In many cases known knowledge have been
recapitulated and new insights and regulatory themes have been recognized using transcriptome data. Thus,
the transcriptome of the host (Arabidopsis seedlings) and the microbes during the process of these host-
microbe interactions will be determined. In all these cases the GeneChip technology (Affymetrix, CA) will be
utilized, that are available for all these organisms. Since one of the objectives is to determine if the knowledge
base created from this proposal could also be used to predict the extent of progression of adaptation, time
course data will be collected. For this purpose 4, 8, 12, 24, 36 and 48 hrs post infection are targeted for the
host. In the case of microbes data from 8, 12, 24, 30, 36 and 48 hrs post infection will be collected. The time
course data generation will be staggered to provide room for changes and maximize the use of data generated
at specific time points. The data for the 24 hr time point has already been collected and some
observation (in-depth analyses are being done and will be published shortly) has been presented
earlier. | have extensive experience with Affymetrix technology design and analyses, evidenced by
publications (listed earlier) and a patent that has special advantages in analyzing data and technology designs
involving multiple independent measure of each parameter (Gopalan, 2009). The data will be analyzed using
ANOVA with time and treatment as factors, with appropriate precautions in controlling ratio of true and false
positives identified.

Expected results and contingency plan: A major problem with many data sets from Arabidopsis
transcriptome studies is that very large number of genes are differentially regulated by each treatment. Thus
many standard list-based analyses need to be evaluated in light of other phenotypic data. A second approach
will be to validate some of them for any causal role through gPCR using appropriate mutants. There are certain
problems associated with determining the host transcriptome in later time points in these kind of experiments
involving two organisms. One way of circumventing it would be to use quantitated polyA RNA as the starting
material. Similar safeguards will be undertaken to identify any systematic misleading aspects with the microbial
transcriptome before using the transcripts identified as differentially regulated for downstream decision making.
One way would be to do a preliminary data collection for one microbe and one time point and validate as
above or using a reporter gene construct in plant tissue associated bacteria and free bacteria in the medium.
This latter aspect will be undertaken earlier in the data generation pipeline, and if needed alternative
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sequencing based strategies for quantitative determination of the transcriptome will be explored. The
Department has a Solexa sequencer (lllumina Corp.).

Aim 2A-2. Determining the proteome of the host and microbes during the different interactions
represented by the metasystem

There is a significant degree of mismatch between the transcriptome and the protein reporter activities in this
metasystem. This probably represents the nature of the system and the interactions explored here. Thus it
becomes imperative to determine the proteome in addition to transcriptome to make confident interpretations
of the data and to build the knowledge base. Thus a combined host-microbe trancriptome will be determined
initially at two time points without replication. Shotgun/MudPit proteomics followed by analysis of results using
6 frame translation of the host and microbe genome will be utilized (Yates et. al., 2009; Swanson et. al., 2009).
These type of analyses are becoming standard and are offered by core facilities. An additional time point or
replication will be determined based on the outcome and nature of the results. The Partners Core facility that
caters to system-wide proteomic needs of researchers at Harvard and the Hospital system is being rearranged.
Thus the best approach to make a balance between absolute and relative quantitation ideally using post
extraction tagging or the emerging use of spiked in tagged proteins and peptides will be used. Some existing
and emerging methods and their comparisons are covered in a number of reviews (e.g., Bantscheff, 2007; Ong
and Mann, 2005).

Expected results and contingency plan: It is assumed that it is reasonably safe to try to do the host and
microbe proteome together and deconvolute using 6 frame translations of both genomes as database. One
problem that could complicate this type is sample preparation. But it is predicted at this stage that the use of
the harsher of the conditions required between the host and microbe will solve this problem. A general
proteome (as opposed to specific modifications with higher regulatory potential — see below) is targeted at this
stage due to the potential to identify previously unidentified components. Thus a whole proteome, in addition to
resolving the transcript-protein mismatch would also enable more confident prediction of signaling and
metabolic pathways operative at different stages.

Aim 2A- 3. Determine the phosphoproteome to aid regulatory node identification

The main goal of the proposal is to organize the phenotypic information, data from bacterial mutant screens,
some metabolic information and the system-wide transcriptome and proteome data collected above and
integrate with the large knowledge base available for these organisms (see Aim 2B). Thus it might become a
necessary step to include one other data set from this system that has high level of control point information.
Two such technologies that are maturing are small RNA sequencing to identify microRNA based controls and
phosphoproteome. Both these have the potential to identify key modulatory steps and the responsible
regulators. It is predicted that involvement of regulatory involvement of miRNAs can be predicted by
computational analysis of datasets continuing to be generated.

Thus a phosphoproteome analysis will be carried out at 12 h or 18 h (the time point considered about midway
between infection and irreversible damage sets in). The technology for separation of phosphorylated proteins
(e.q., reviewed in Nita-Lazar et. al., 2008) followed by shotgun sequencing of this subfraction is being
extensively used in literature. Again the decision to choose between a comparative proteome in combinations
of two vs. single treatment will be made based on the state of the advances at that stage and in consultation
with the technical expert at the proteomics core.

Expected results and contingency plan: Determining the phosphoproteome is not expected to be a problem.
But the time point estimated here may need change based on the transcriptome and other careful time course
phenotypic analysis (e.g., the microscopy based analysis proposed in Aim 1A). The phosphorylation
differences identified may not represent components in modules identified predicted as causal or characteristic
of a particular class of host-microbe interaction. Thus additional information in terms of other known
relationships like interactome etc. may need to be utilized to find the key links and placement in the network.

Aim 2B. Infer system status and causal components using the data generated and the knowledge of
nature of the host-microbe interaction using integrative biological and computational tools
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A main hypothesis of the proposal is that initial stages of host-microbe adaptations occur by changes in system
status (defined here as primarily adaptive changes in signaling networks and metabolic output) of the host and
microbe, and such changes under appropriate conditions. This hypothesis further predicts that this precedes
long term adaptations through Mendelian changes and this kind of system status adaptation can be predicted
by careful integrative study of systems representing different host-microbe interactions. The systems and the
constituent microbes represented in the metasystem studied here have been extensively studied using
classical genetics and biochemical tools for many decades. These studies, sequencing and application of
newer technologies have generated a very large knowledge framework including causal genetic and regulatory
modules (canonical) and metabolic pathways affecting them. Two overarching themes emerged from these of
studies: (i) system-wide approaches redefine or expand known roles for many known biological components,
and (i) integrating a compendium of knowledge from different approaches can shed light into new and rewired
components of previously known processes potentially leading to a different outcome. In addition a well chosen
model with a large number of tools to test inferred or hypothesized components and modules can lead to rapid
progress of an otherwise difficult to test hypothesis or difficult to study natural phenomenon.

Dynamics of host-microbe interactions posits that components and modules in both organisms need to be
functioning in a particular way to lead to the outcome. Much of the analysis in this goal will depend on the
following advances/organizational principles:

1) Extensive metabolic pathway organization for each of the component organisms (typically constructed
in a canonical framework),

2) Large compendium of data sets (transcriptome, proteome, interactome, metabolome etc.) under
different conditions and perturbations,

3) Excellent visualization tools in terms of static pathways and networks — thus the ability to detect/predict
changes in component structural organization (i.e., flux through networks and metabolic pathways),

4) Development and availability of user friendly network decomposition tools,

5) Availability of large literature curated relationship networks with tools to organize a given set of
components in the context of known relationships as well as in terms of canonical organization,

6) Extensive framework of organization of functional information (e.g., gene ontology consortium) to infer
significant changes in components associated with well studied and annotated processes,

7) Organized genome and proteomic structural features (e.g., promoters, conserved sequence and
structural features of proteins), and tools to predict such elements de novo from a collection of genes or
proteins,

8) Auvailability of large curated/putative orthologs of the host with higher plant and mammalian organisms
the recognition and prediction of evolution of diseases is the goal. For example, over 30% of annotated
Arabidopsis proteins have predicted orthologs in humans, and 66 % in rice (from Inparanoid database)

9) The above point also highlights the use of data collected from different disease, development and data
on infection and immune related scenarios can be used to form the integrative framework.

As has been shown by numerous publications and an example shown using an ad hoc algorithm in Fig. 13,
appropriate utilization and integration of knowledge base can illuminate de novo modular networks. Broadly,
two approaches will be used. One, an approach, as in above example, either collected individually and
reassembled into networks with more information and decomposed again. The kind and relevancy of
information combined is going to determine the outcome in these networks. The other approach, that is
complementary and can be combined with the first approach, is using different canonical modules of signaling
and metabolic networks and assembled newly collected information on top of them and extract relevant parts
and make a new connectivity network. The commonality and differences to some extent can be discerned
using approaches somewhat similar in principle to the one used in a recent study of complex traits in
Drosophila (Ayroles et. al., 2009). Using an approach related in principle and a hierarchical network
organization | discerned the involvement of lipid signaling as a direct upstream components of the expression
of an Arabidopsis homolog related to the defense induced gene hinl (Gopalan, 2005 — conference abstract;
Gopalan et. al., 1996). In case of analyses of time course data to discern causal (hierarchical) connection
between components/modules, the approach used would have to include coefficients representing relationship
between adjacent time points. The finally arranged networks can now be used in flux analyses between
different pathways and compared to canonical arrangement to discern changes that are occurring during these
interactions.
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Multiple modes of dimensionality reduction in terms of phenotypic association and one or more of the above
listed features might be a necessary step for achieving some of the goals. It is also envisaged that when
different features are used for dimensionality reduction, different aspects of system status change will be
highlighted. It should also be emphasized that the whole library screens of Aim 1E and Aim 1F in addition to
screening targeted mutants of the different microbes and of host components will provide key informative
nodes of inference.

The phosphoproteome proposed in Aim 2A-3 should also serve to highlight key regulatory nodes. Yet another
regulatory component that could be easily identified when they have a role are miRNAs. Small RNAs and
microRNAs have been shown to play diverse role in a variety of processes including mammalian and plant
immune pathways (e.g., Xiao and Rajewsky, 2009; Navarro et. al., 2006). Since a large body of work is being
carried out and organized in databases like miRBase (Griffiths-Jones et. al., 2008) MPSS (Lu et. al. 2005) and
Arabidopsis small RNA project (Backman et. al., 2008). The data will be analyzed for evidence of significant
regulation of key modules predicted to be affected and relevant results incorporated into the networks.

Expected results and contingency plan: This aim will build networks of signaling and metabolic interactions
based on results from this work and existing knowledge base. A major unmet need that is envisaged for this
goal of building large number of networks operative under these conditions is a complementary need to have
the easy to visualize information in different formats and packages in one machine readable form to redraw
and visualize in different context. Some aspects of required improvement in commonly used software
packages for biological inference (not discusses here) will be attempted as part of this proposal and
implemented as an add-on or stand-alone module. In some cases, specific hierarchy within modules may not
be predictable without additional experimentation, even when modules can be organized in a hierarchy. Much
of the refinement and additional development of tools and models are expected to continue beyond the
term of this proposal. This would probably entail a proposal involving a multi-disciplinary team.

Aim 3. Prove the validity of the hypotheses generation work flow by removal and addition of specific
component(s)/pathways to the host and/or microbe based on the hypotheses generated.

The main advantages of using a model metasystem is the ability to test hypotheses generated rapidly either
using direct modulation of components/modules or in combination with mutants in canonical pathways affected
or rearranged by these analyses. On the first stage, modules affecting specific host-microbes individually in the
host or microbe will be tested by use of mutants, RNAI, overexpression, dominant mutant competitors, or when
available specific (or reasonably specific) inhibitors of certain processes. In addition, live imaging of interaction
of two or more cannonical or newly identified modules will be setup using FRET and BRET, as was described
for a simpler case in Aim 1H. Ideal proof would be modulation of modules in a matched manner in the host and
microbe that together are predicted to bring about the phenotype. For example, this could represent (i) one or
more related virulence modules of the microbe affecting a specific host process, (ii) metabolic processes
affecting specific preferred substrate utilization in the microbe from the host and equivalent processes affected
by that metabolite in the host, or (iii) prevention of accumulation of an antimicrobial metabolite normally
produced by the host, due to rechanneling of metabolic flux through other pathways (or opposite, i.e.,
increased accumulation), either through host and or microbial processes involved in the interaction.

The main goal is to be able to predict broader themes of emergence of host-microbe maladaptations.
Thus other model organisms, single cell models (like mammalian cell culture — when there is no specific
evidence for non-cell autonomous processes), and other animal models for representing an equivalent kind of
interaction discerned from the phenotypic and other system-wide data generated here will be used to test the
hypotheses generated. An example of the last type of tests will be like the prediction that the potent damage
induced by B. subtils in this system seems to be reminiscent of necrotizing fasciitis. So the knowledge
generated will be constantly compared to known and emerging diseases to discern such similarities. In some
cases, the evaluation of these modules and mode of action against equivalent modules (using orthologs) being
assembled based on literature curated and de novo generated networks for different disease conditions will be
used to predict environments or host niches that could lead to new maladaptations. This aim will serve to
highlight the proof of principle and test key hypotheses (the low hanging fruits) and much of the other
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hits from screens and modules and nodes identified from the networks (and system-wide data) will
have to be tested as part other proposals.

SUMMARY: The metasystem of model organisms assembled here to study different well adapted and
commonly considered innocuous microbes interacting and eliciting host damage through active contributions
from the host and the microbe is being explored to understand the progression of different modes of host-
microbe interactions. This time-compressed model for some natural environment and niche induced
adaptations emerging in nature should highlight valuable information on common themes and modules
involved in the evolution of new host-microbe maladaptations in different kingdoms. The main goal is to be
able to predict broader themes of emergence of host-microbe maladaptations. Thus, in-depth analysis
of a single combination of host and microbe or a specific phenotype is not the target of this proposal.
Instead, a mix of cell biology, genetics of host and microbes (genome wide screens of two microbes for
multiple phenotypes), and novel features highlighting the potential changes that could be affecting the changes
in this metasystem will be studied. In addition, an elaborate attempt to assemble the above data, system-wide
data to be collected during progression of the different modes of interactions, large knowledge base available
for the well studied organisms comprising the model, and information from orthologs are to be integrated to
form a knowledge framework for easy prediction of natural evolution of new host-microbe maladaptations. The
hypotheses generated will be tested in the model metasystem used here and in other models to prove
generality. The knowledge framework and data generated should prove to be valuable resource for the
scientific community for a variety of purposes. The grand scheme will grow along with the developments in
the field, identify advantages and limitations, and set the stage for future design of such studies and
train personnel in this emerging approach of study.

LETTERS OF SUPPORT from Prof. Fred Ausubel (MGH and HMS), Prof. George Church (HMS, Harvard and

MIT), Prof. Michael Wessels (Children’s Hospital and HMS), Dr. Laurence Rahme (MGH), and Dr. David
Rudner (HMS) are enclosed.
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Animals

One of the Aims proposes testing the hypotheses that B. subtilis can be infective in a burn mouse model or soft
tissue infection model of mouse under appropriate conditions. These experiments are currently slated to be
done in collaboration with Prof. Michael Wessels and Dr. Laurence Rahme, whose laboratories are equipped
for and have the IACUC approval. Changes in protocols will be communicated accordingly to see if any
modifications are needed in the current approval of those laboratories, and approval obtained if changes are
suggested.
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Select Agents List

Not Applicable
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Department of Molecular Biology Frederick M. Ausubel, Ph.D.
Richard B. Simches Research Center Professor of Genetics
185 Cambridge Street, CPZN-7250 Harvard Medical School
Boston, Massachusetts 02114
Tel: 617-726-5969, Fax: 617-726-5949
email: ausubel@molbio.mgh.harvard.edu
May 27, 2009

Dr. Suresh Gopalan

Department of Molecular Biology
Richard B. Simches Research Center
Massachusetts General Hospital
Boston, MA 02114

Dear Suresh,

I am very pleased to fully support your RO1 grant application entitled “Metasystem of model organisms to
study emergence of host-microbe maladaptations”, in which you are proposing to use the model host-
microbe metasystem you have developed to study the mechanistic basis of how new host-pathogen
relationships develop. This is an ideal model in which to explore fundamental questions about the
emergence of new infectious diseases.

In carrying out this project, you will be able to utilize space in the Department of Molecular Biology
allocated to my laboratory until you have secured independent laboratory space of your own. You will
also have unlimited access to the equipment and infrastructure that is available to all researchers in the
Department of Molecular Biology. This is possible because of the manner in which supplies and
equipment are shared between laboratories in our Department. The Department of Molecular Biology is
fully equipped to carry out all aspects of modern molecular biology research and you will have unfettered
access to this infrastructure. Finally, the Department of Molecular Biology is fully equipped to carry out
plant-related research.

As you know, within the Department of Molecular Biology, my laboratory and Jen Sheen’s laboratory
work with Arabidopsis as a model host to study bacterial pathogenesis. There is not only a great deal of
know how among our laboratories, but also a variety of reagents that will be available to you, including a
Pseudomonas aeruginosa PA14 non-redundant transposon mutation library. Finally, the work in my
laboratory and the Sheen laboratory is complementary, but not overlapping to what you have proposed in
your RO1 application. In addition, my laboratory is studying the pathogenesis of P. aeruginosa PA14 in
relation to its ability to cause a lethal infection in the intestine of the model nematode Caenorhabditis
elegans. | will be pleased to make available to you the full resources of my laboratory and | am looking
forward to working with you as appropriate on this exciting and important project.

Best wishes,
- /’/ . -\‘ "
7(\/4;/%"_// L;‘t/\/\l/\-r\ &4(’

Frederick M. Ausubel
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Harvard Medical School

Department of Genetics
77 Avenue Louis Pasteur

Boston, MA, USA 02115
http://arep.med.harvard.edu

May 24, 2009
To: Suresh Gopalan, Dept. Molecular Biology, MGH

Dear Suresh,

I am writing in support of your grant application on the use of the metasystem of model
organisms to study the emergence of new host-microbe adaptations. Your data are very
convincing that the host damage induced in this metasystem is environmentally induced.
Based on this, and the role of known virulence determinants, | am convinced that this is
a good model system to study the emergence of host-microbe adaptations. The
advances in technologies for system-wide measurement of biological components and
advances in the development of tools to integrate them, makes your timely effort to use
this model to build a knowledge framework feasible. It should be very productive.

As we discussed, your project will need a good deal of computational effort to integrate
the data and make inferences of broader consequence. You have been working on
these aspects as evidenced by your recently issued, and well deserved, patent on
“Methods and Systems for High Confidence Utilization of Datasets”, and other examples
of network decomposition and integration you have discussed with me. | am confident
you will rise up to the challenges, use appropriate tools and develop solutions of broader
utility as needed.

As you know, we have been using a variety of systems biology technologies, as well as
developing new ones. We have also been developing computational tools for over a
decade now. Thus, we would be glad to assist, advise and collaborate with you on your
endeavor as needs arise. In addition, we are generating data on human derived cell
lines (from individual participants) for potential therapeutic purposes, as part of the
Personal Genome Project (PGP). If you need to rapidly test any new algorithms you
develop, you could also use these systems and data derived from them.

Best wishes for getting your grant application funded.

Sincerely, %LV?_/ //M 4/@/

George M. Church, Professor of Genetics & Biophysics
Director, NIH-CEGS, PGP, & DOE Centers
Wyss Inst. of Biologically Inspired Engineering, Broad Inst. of Harvard & MIT
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Children’s Hospital Boston %; HARVARD MEDICAL SCHOOL
=7 Department of Medicine & Department of Pediatrics
Division of Infectious Diseases Department of Medicine

Michael R. Wessels, MD

Chief, Division of Infectious Diseases

John F. Enders Professor of Pediatrics and Professor of Medicine
Children’s Hospital Boston

300 Longwood Avenue

Boston, Massachusetts 02115

main phone 617-919-2900 | fax 617-730-0254
michael.wessels@childrens.harvard.edu
www.childrenshospital.org

May 21, 2009

Suresh Gopalan, PhD

Department of Molecular Biology, Massachusetts General Hospital &
Department of Genetics, Harvard Medical School

Richard B. Simches Research Building

185 Cambridge Street, CPZN7250

Boston, MA 02114-2790

Dear Suresh,

I am writing to affirm my support of your RO1 grant application on the use of a model
organism based metasystem for understanding host-microbe adaptations.

It is extremely interesting that in your experimental system a variety of microbes can cause
host damage. It is well known that environmental factors can change the outcome of host-

microbe interactions. For example, group A Streptococus often causes soft tissue infection
in patients with minor trauma or other defects in the epithelial barrier. Thus a facile system

to study such adaptations and its use for natural infections is very attractive.

Particularly intriguing is your observation of extensive loss of tissue integrity caused by B.
subtilis, and your hypothesis that it seems to resemble necrotizing fasciitis. As you know, we
have used a murine model of invasive soft tissue infection for our studies of group A
streptococcal pathogenesis. | would be glad to assist you and your colleagues and
collaborate as needed to test if under appropriate conditions B. subtilis can cause infection
similar to necrotizing fasciitis in the murine model we have used. We can also collaborate to
compare immune responses when your experimental system is set up.

Best wishes for success in your project,

Michael R. Wessels, MD
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Department of Surgery Laurence Rahme, Ph.D
Director, Molecular Surgical Laboratory Associate Professor of Surgery
Thier Research Building, Room 340A (Microbiology and Molecular Genetics)

50 Blossom Street

Boston, MA 02114

Tel: 617 724-5003

Fax: 617 724-8558

Email: rahme@molbio.mgh.harvard.edu

Suresh Gopalan, PhD

Department of Molecular Biology

Massachusetts General Hospital &

Department of Genetics, Harvard Medical School
Richard B. Simches Research Building

185 Cambridge Street, CPZN7250

Boston, MA 02114-2790

May 24, 2009
Dear Suresh,

I am writing in support of your RO1 grant application to use the model organism based
metasystem you have published recently for understanding host-microbe adaptations. Our
discussion the other day on the system you developed was very useful in helping me
understand that your system has the potential to uncover novel modes of virulence regulation,
and to assess host damage effects by a variety of pathogens and innocuous microbes.

You have access to several tools to test new molecules and hypotheses you generate using
your model, as several laboratories including Dr. Fred Ausubel's and mine have developed.
The usefulness of your system is further validated by the requirement for known virulence
factors of PA14 that we have shown to be important in other invertebrate and mammalian
models (e.g., LasR). Based on the potent effect of B. subtilis in your model, you are proposing
to test the virulence potential of B. subtilis in the burned mouse model that we have adapted
for the identification and study of PA14 virulence factors. We will be glad to assist you with the
use of the burn mouse model to test your hypothesis, and collaborate on other aspects of the
project as needed. You could conduct the initial experiments in my laboratory using our
approved animal protocol.

Best wishes,

ﬁ‘ﬂuw’

Laurence G. Rahme Ph.D.

Letters of Support Page 74



Principal Investigator/Program Director (Last, first, middle): Gopalan, Suresh

HARVARD MEDICAL SCHOOL
Department of Microbiology

and Molecular Genetics

DAVID RUDNER, PH.D. m m m Harvard Medical School

- . -
Assistant Professor 200 Longwood Avenue
Harvard Medical School Boston, MA 02115
Ph: (617) 432-4455

Fax: (617) 738-7664
email: rudner@hms.harvard.edu
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May 24, 2009

Dear Suresh

| am writing to express my enthusiastic support for your R01 application on the use of a
metasystem where different microbes interact with Arabidopsis seedlings and cause host
damage. The dependence on known virulence factors makes it an attractive model to study
environment induced emergence of host-microbe adaptations that you propose to study.

Particularly attractive to me is the fact that B. subtilis causes potent host damage in your
Arabidopsis seedling-based system. The observation that this cannot be accounted for by trivial
enzymatic digestion based on your preliminary studies makes it very attractive to identify novel
virulence effectors and their mechanisms of action. Your interest in screening a library of null
mutants makes perfect sense. The fact that your infection and readouts are done in 96-well
plates will certainly expedite this screen. As you know, there is a wealth of information about B.
subtilis on various aspects of growth, physiology, metabolism and regulatory mechanisms. This
large body of data collected over many decades should aid you with your goal of extending your
studies to understand environment induced emergence of microbe related diseases.
Unfortunately, there is no publicly available ordered library of B. subtilis mutants to facilitate your
proposed screens. However, Richard Losick, and | in conjunction with the Broad Institute, and a
consortium of other investigators have submitted a GO grant to generate a variety of B. subtilis
tools.

We have proposed to construct a library of clean null mutants with yeast barcodes in laboratory
and “wild” strains of B. subtilis (168, PY79, and 3610). The library of knock-out strains will be
available in forty 96-well plates and should greatly faciliate your screens. In addition, we have
also proposed to construct an ordered over-expression library and promoter fusions to yfp (for
300 genes). We are happy to give you access to all of these tools as soon as they are
constructed. This toolkit will be available to the entire community of researchers.

We are very excited about the possibility of constructing these genome-scale resources, and
hope they will shed light into the host-microbe interaction processes that you are studying.
your sincerely,

Dt

David Rudner
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Resource Sharing

All 'model organisms' generated by this project will be distributed freely or deposited into
a repository/stock center (e.g., Arabidopsis Biological Resource Center, Bacillus Geneic
Stock Center etc.) making them available to the broader research community, either
before or immediately after publication. If we assume responsibility for distributing the
newly generated model organisms, we will fill requests in a timely fashion. In addition,
we will provide relevant protocols and published genetic and phenotypic data upon
request. Other resources generated (e.g., organismal scale gene expression data and
high-throughput sequencing data) will be deposited in community repositories in
accordance with community standards. New resources and knowledge framework
generated that fall outside the scope of these community repositories will be
disseminated through dedicated web sites and databases to be generated in the last two
years of the proposal. Material transfers will be made with Simple Letter Agreement
(SLA) that conform to the intent of Uniform Biological Materials Transfer Agreement
(UBMTA). Should any intellectual property arise which requires a patent, we will ensure
that the technology (materials and data) remains widely available to the research
community in accordance with the NIH Principles and Guidelines document and that of
Massachusetts General Hospital and Harvard University.
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