The genetic, neuronal, and chemical basis for
microbial discrimination in Caenorhabditis elegans

b ACHUSETTS INSTITUTE
Y WASS o? TR HNOLOGY

Josh . Meisel \
oshua . Meise MAY 25 2016

M.S. Biology, B.S. Biology, B.A. English
Stanford University, 2007 LIBRARIES

CHIVES
SUBMITTED TO THE DEPARTMENT OF BIOLOGY AR
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
AT THE
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

JUNE 2016

©2016 Joshua D. Meisel. All rights reserved.

The author hereby grants to MIT permission to reproduce
and to distribute publicly paper and electronic
copies of this thesis document in whole or in part
in any medium now known or hereafter created.

Signature of Author: _

Sfignature redacted

/ Department of Biology
/ May 20, 2016

coinan,OlgNature redacted —
ennis H. Kim
Associate Professor of Biology
L : Thesis Supervisor

N Signature redacted
ccepted by:
/

e / Amy E. Keating
Professor of Biology
Co-Chair, Biology Graduate Committee




The genetic, neuronal, and chemical basis for
microbial discrimination in Caenorhabditis elegans

by

Joshua D. Meisel

Submitted to the Department of Biology on May 20, 2016 in Partial Fulfillment
of the Requirements for the Degree of Doctor of Philosophy in Biology

ABSTRACT

Discrimination among pathogenic and beneficial microbes is essential for host organism
immunity and homeostasis. Increasingly, the nervous system of animals is being recognized as
an important site of bacterial recognition, but the molecular mechanisms underlying this process
remain unclear. Chapter One discusses how the nematode Caenorhabditis elegans can be used to
dissect the genetic and neuronal mechanisms that coordinate behavioral responses to bacteria. In
Chapter Two, we show that chemosensory detection of two secondary metabolites produced by
Pseudomonas aeruginosa modulates a neuroendocrine signaling pathway that promotes C.
elegans avoidance behavior. Specifically, secondary metabolites phenazine-1-carboxamide and
pyochelin activate a G protein-signaling pathway in the ASJ chemosensory neuron pair that
induces expression of the neuromodulator DAF-7/TGF-B. DAF-7, in turn, activates a canonical
TGF-B signaling pathway in adjacent interneurons to modulate aerotaxis behavior and promote
avoidance of pathogenic P. aeruginosa. This chapter provides a chemical, genetic, and neuronal
basis for how the behavior and physiology of a simple animal host can be modified by the
microbial environment, and suggests that secondary metabolites produced by microbes may
provide environmental cues that contribute to pathogen recognition and host survival.

Genetic dissection of neuronal responses to bacteria in C. elegans can also lend insights
into neurobiology more generally. In Chapter Three we show that loss of the lithium-sensitive
phosphatase bisphosphate 3’-nucleotidase (BPNT-1) results in the selective dysfunction of the
ASJ chemosensory neurons. As a result, BPNT-1 mutants are defective in behaviors dependent
on the ASJ neurons, such as pathogen avoidance and dauer exit. Acute treatment with lithium
also causes reversible dysfunction of the ASJ neurons, and we show that this effect is mediated
specifically through inhibition of BPNT-1. Finally, we show that lithium’s selective effect on the
nervous system is due in part to the limited expression of the cytosolic sulfotransferase SSU-1 in
the ASJ neuron pair. Our data suggest that lithium, through inhibition of BPNT-1 in the nervous
system, can cause selective toxicity to specific neurons, resulting in corresponding effects on
behavior of C. elegans. In Chapter Four [ discuss the future directions for the genetic dissection
of pathogen recognition in C. elegans.

Thesis Supervisor: Dennis H. Kim
Title: Associate Professor of Biology
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Chapter One

Introduction

Joshua D. Meisel and Dennis H. Kim

A portion of this chapter was published as: Meisel JD and Kim DH. (2014) Behavioral avoidance of
pathogenic bacteria by Caenorhabditis elegans. Trends in Immunology 35(10): 465-70.
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The immune system and the nervous system of animals share the remarkable ability to
respond to a diverse range of stimuli. Of paramount importance is the detection of microbes,
which is necessary for mounting defenses against invading pathogens. In mammals, innate and
adaptive immune systems, using proteins such as Toll-like receptors and immunoglobulins,
respectively, are capable of detecting bacteria and initiating protective responses. Ideally such
systems would have the ability to discriminate between pathogens, which must be eliminated
from the body, and commensals and symbionts (e.g. the gut microbiota) that promote human
health. The characterization of neurobehavioral responses to microbial pathogens suggests that
the host organism may also bring to bear on the problem of microbial recognition a diverse suite
of chemosensory olfactory and gustatory receptors. Increasingly, a role for the nervous system in
recognizing microbes has been implicated not only in the induction of host immunity, but in
broader effects on host physiology that have been attributed to the microbiota, including
metabolism, behavior, and the pathophysiology of disease (Clemente et al. 2012; Tremaroli and
Biackhed 2012; Grenham et al. 2011; Lyte 2013).

The soil-dwelling nematode worm Caenorhabditis elegans is an ideal organism for
investigating the molecular mechanisms underlying bacterial discrimination by the nervous
system. C. elegans has been used as a genetically tractable laboratory organism for the past 40
years (Brenner 1974). An adult hermaphrodite is comprised of approximately 1000 cells of
invariant developmental linage that give rise to multiple organs including the nervous system,
intestine, and reproductive gonad. An adult C. elegans hermaphrodite has 302 neurons, each with
a defined anatomy and developmental lineage. Moreover, the synaptic connectivity of the C.

elegans nervous system has been defined by detailed ultrastructural analysis, allowing for the
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dissection of neural circuits controlling simple behaviors (White et al. 1986). Chief among these
behaviors is the detection of bacteria, which serves as the animal’s source of nutrition both in the
laboratory and in the environment, but can also represent a lethal pathogenic threat.

For C. elegans, the role of the nervous system in microbial recognition is tied to food
foraging behaviors, as C. elegans is a bacterivore that feeds on microbes in decaying organic
matter (Félix and Duveau 2012). The presence of bacterial food has been demonstrated to have
wide-ranging effects on C. elegans development, including the decision to enter dauer diapause,
reproductive egg laying, and feeding rate (Cassada and Russell 1975; Avery and Horvitz 1990;
Trent 1982). As such, C. elegans uses multiple behavioral strategies to promote attraction to
bacterial food, and these behaviors are discussed in the first part of this chapter. However the
attraction to bacteria is not absolute — C. elegans in the environment and the laboratory can be
infected with fungal and bacterial pathogens, and are capable of mounting a protective immune
response that includes behavioral avoidance. The genetic analysis of C. elegans has begun to
reveal the molecular and neuronal basis of host behavioral responses to pathogenic bacteria, and
these are discussed in the second part of this chapter. However major questions remain: how
does the nervous system of C. elegans discriminate between beneficial and pathogenic microbes?
Once animals have identified a particular microbe as pathogenic, how is this detection translated
into a long-term behavioral response? One might anticipate that, just as mammalian innate
immune signaling has ancient evolutionary origins evident in the immune response pathways of
invertebrates, features of the chemosensory recognition and response to microbial stimuli may

also be conserved in evolutionarily diverse species.
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C. elegans Uses Multiple Behavioral Strategies to Find Bacterial Food

A variety of innate behaviors drive C. elegans towards bacterial food and promote its
occupancy inside of bacterial lawns. Perhaps the most well studied sensory modality is the
chemosensation of bacterial-derived volatile and water-soluble cues. The C. elegans nervous
system is equipped with 12 pairs of bilaterally symmetric ciliated chemosensory neurons in its
head known as amphid neurons (AWA, AWB, AWC, AFD, ASE, ADF, ASG, ASH, ASI, ASJ,
ASK, and ADL) (White et al. 1986). These amphid neurons are bipolar, with one ciliated
dendrite-like process extending to the nose (and in some cases exposed to the environment), and
the other axon-like process extending into the nerve ring where it makes synapses en passent
with other neurons. C. elegans contains over 1,000 G protein-coupled receptors in its genome,
many of which are expressed in these amphid neurons, and likely act as chemoreceptors for
distinct odors and tastes (Troemel et al. 1995; Thomas and Robertson 2008).

Chemotaxis experiments demonstrated that C. elegans are attracted to many volatile and
water-soluble cues associated with bacteﬁal metabolism, such as diacetyl, alcohols, and esters
(Bargmann and Horvitz 1991; Bargmann, Hartwieg, and Horvitz 1993). Ablation of amphid
neurons showed that the attractive chemotaxis behavior is dependent on a distributed set of these
neurons (AWA and AWC for volatile cues; ASE, ADF, ASG, ASI, and ASK for water-soluble
ones), and that individual neurons are capable of responding to many attractive cues. Forward
genetics revealed that the attractive chemotaxis to diacetyl is mediated by the G protein-coupled
receptor ODR-10 in the AWA neuron (Sengupta, Chou, and Bargmann 1996). Further studies
showed that ectopic expression of ODR-10 in the AWB neurons, which normally detect

repulsive cues, resulted in avoidance of diacetyl (Troemel, Kimmel, and Bargmann 1997). Using
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genetically encoded calcium indicators expressed in subsets of neurons, bacteria-conditioned
media and odors such as isoamyl alcohol were shown to activate the AWC neurons (Chalasani et
al. 2007). These studies suggest that C. elegans have evolved to detect many compounds
produced by bacteria, and have encoded them as innately attractive through expression of
specific receptors in neurons like AWA and AWC.

C. elegans can also sense physical attributes of their environmental using
mechanosensory neurons that respond to force. In the context of bacterial food, this sensory
modality can be used to decrease the animal’s locomotion once it has entered a lawn of bacteria.
Specifically, C. elegans removed from bacteria and then transferred to plates that either
contained or lacked bacteria moved more slowly upon reentering the bacterial lawn (the “basal
slowing response”) (Sawin, Ranganathan, and Horvitz 2000). This effect was enhanced if the
animals had been starved prior to the behavioral assay (the “enhanced slowing response™).
Through mutant analysis and ablation studies, Sawin et al. show that the basal slowing response
is mediated by mechanosensory dopaminergic neurons (CEP, ADE, and PDE), and that the same
slowing effect can be observed when animals enter a lawn of sterile beads. These results suggest
that mechanosensation, or the “feel” of a bacterial lawn, can innately promote occupancy inside
bacterial food.

The innate aerotaxis behavior of C. elegans can also promote attraction to bacterial food.
Wild isolates of C. elegans aggregate and exhibit clumping around the edge of bacterial lawns
due to a preference for oxygen concentrations between 8-12% (Gray et al. 2004; A. J. Chang et
al. 2006). As a result, animals actively avoid atmospheric oxygen levels of 20%, and are instead

attracted to respiring bacterial lawns that are hypoxic relative to the air. This behavior is



dependent on oxygen sensing neurons (URX, AQR, and PQR) and guanylate cyclases GCY-35
and GCY-36 that bind molecular oxygen (Gray et al. 2004; Cheung et al. 2004). Thus, oxygen
concentration preference actively drives C. elegans towards bacteria, and once inside a bacterial
lawn innate hyperoxia avoidance prevents the animals from leaving.

In addition to the aforementioned innate behaviors, C. elegans can undergo associative
learning, in which neutral or aversive stimuli become attractive when paired with bacterial food.
For example, C. elegans will associate the temperature it was raised at (between 15-25°C) in the
presence of bacterial food with nutrition, and use thermotaxis behavior to seek out its cultivation
temperature later in life (Hedgecock and Russell 1975). In contrast, animals will avoid
temperatures associated with starvation. Similarly, when presented with a choice between
concentrations of Na* and CI  ions that naive worms find equally attractive, C. elegans will prefer
the ion that had previously been paired with bacterial food (Wen et al. 1997). Conversely,
chemotaxis behavior towards NaCl is dramatically reduced when NaCl has been paired with
starvation (Saeki, Yamamoto, and lino 2001). Thus, sensory modalities that are independent of
bacteria can be brought to bear on the problem of finding nutrition, and combined with innate
chemosensory, mechanosensory, and aerotaxis behaviors, C. elegans is robustly attracted to

bacterial lawns (Figure 1).
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Figure 1
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Figure 1. Multiple behavioral paradigms promote the attraction of C. elegans to bacterial
food. Innate olfactory and gustatory preferences for bacterial-derived cues, sensed by ciliated
chemosensory neurons that detect attractive odors and tastes, promote chemotaxis towards
bacteria. Once they have entered a bacterial environment, additional cues associated with
bacteria, such as oxygen concentrations and the texture of the bacterial lawn, prevent animals
from leaving through aerotaxis and mechanosensory behaviors. Finally, associative learning, in
which C. elegans pair neutral cues such as temperature and salt concentrations with food, can

also promote attraction to bacteria.



C. elegans Exhibits Dietary Choice Behavior and Avoids Pathogenic Bacteria

The previous experiments and indeed most work in C. elegans have utilized the human
gut bacterium E. coli (strain OP50) as the animal’s food source. Not only is C. elegans unlikely
to encounter E. coli in its natural environment, it will rarely be presented with a single bacterial
species. In choice assays where C. elegans are presented with multiple bacteria of varying
quality (from best to worst: Comamonas sp., E. coli HB101, E. coli DA837, B. simplex, B.
megaterium), animals will exhibit behavioral preference to bacteria based on their nutritional
value (Shtonda and Avery 2006). In most of the choice assays performed, C. elegans did not
display an innate preference for the bacteria of high quality, ruling out innate attraction to
specific volatile cues as the driving force behind the choice. Instead, animals sampled both food
sources and determined over the course of hours which bacteria they preferred. Thus not only are
C. elegans able to utilize innate and learned behaviors to find bacterial food, they can also
evaluate food quality and leave less desirable bacteria if necessary (Shtonda and Avery 2006).
The ability to discriminate between bacterial species proves to be especially important when
confronted with pathogens, as there is an evolutionary balance between attraction to nutrition and
the potential ingestion of a last meal of lethal pathogenic bacteria.

An evolutionary diverse group of environmental pathogens can infect C. elegans. Gram-
negative bacterial pathogens Pseudomonas aeruginosa and Serratia marcescens are ingested by
C. elegans and colonize the animal’s intestine resulting in death in a matter of days (Tan,
Mahajan-Miklos, and Ausubel 1999; Pujol et al. 2001). Gram-positive bacteria Enterococcus
faecalis, Streptococcus pneumoniae, and Staphlococcus aureus can all Kill C. elegans, and E.

faecalis proliferates in intestine resulting in a persistent infection (Garsin et al. 2001).
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Microbacterium nematophilum, another gram-positive bacteria which naturally contaminated C.
elegans cultures, causes deformation of the anal region by adhering to the rectal cuticle (Hodgkin,
Kuwabara, and Corneliussen 2000). Numerous parasitic fungi can kill C. elegans, including
Drechmeria coniospora, whose conidia adhere to the cuticle, and Drechslerella doedycoides
which forms constricting hyphal rings that trap young larvae (Jansson 1994; Maguire et al.
2011). Finally, a eukaryotic intracellular parasite, microsporidium Nematocidia parisii, which
was isolated from wild C. elegans, can infect the animal’s intestinal cells (Troemel et al. 2008).
Given the multitude of environmental microbes that can kill C. elegans, behavioral strategies that
indiscriminately drive C. elegans towards bacteria must be used with caution.

Indeed one of the primary strategies utilized by C. elegans to defend themselves from
infection is behavioral avoidance. Upon exposure to pathogenic Pseudomonas aeruginosa PA14
and the standard laboratory bacterial food E. coli OP50, C. elegans exhibits an initial preference
for P. aeruginosa. But after hours of exposure and presumed intestinal infection, C. elegans
exhibits an altered preference for E. coli, suggestive of an aversive learning response (Y. Zhang,
Lu, and Bargmann 2005) (Figure 2A). In the absence of a choice between bacteria, when
propagated monoaxenically on pathogens P. aeruginosa or Serratia marcescens, after an initial
attractive phase, C. elegans exhibits a gradual evacuation of the bacterial lawn with kinetics
comparable to the observed aversive learning response in the choice assay (Pradel et al. 2007;
Pujol et al. 2001; Reddy et al. 2009; H. C. Chang, Paek, and Kim 2011) (Figure 2B). This lawn-
leaving behavior likely reflects not only olfactory aversive learning, but also the integration of

multiple sensory cues from the bacterial lawn.
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Figure 2
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Figure 2. Behavioral assays for studying pathogen avoidance in C. elegans. (A) In the
Olfactory Aversive Learning Assay animals are exposed to either non-pathogenic E. coli (“naive
animals”) or pathogenic bacteria, typically P. aeruginosa or S. marcescens (“trained animals”).
Adult C. elegans are then transferred to traditional chemotaxis assay plates, in which they are
given a choice between spots of two bacterial strains. Occupancy in each bacterial spot is scored
after one hour. (B) In the lawn-leaving avoidance assay, naive animals are transferred as larvae
or young adults onto agar plates containing a lawn of pathogenic bacteria, typically P.
aeruginosa or S. marcescens. Animals begin inside the bacterial lawn, as both pathogens are
initially attractive to C. elegans, but through the course of infection animals will slowly evacuate

the bacterial lawn. Lawn occupancy is typically scored between 12 and 24 hours.



A key feature of lawn avoidance appears to be the ingestion of bacteria that cause
damage to the host. This is suggested by the lack of lawn avoidance of non-pathogenic bacteria
or avirulent mutants of P. aeruginosa, as well as the kinetics of the aversive learning process that
requires time for infection to take hold. Commonly, lawn avoidance is observed in the context of
pathogenic species of bacteria, but avoidance behavior can also be observed by feeding C.
elegans relatively non-pathogenic bacteria that are engineered to harbor plasmids that may be
toxic to the host through feeding RNAI of essential genes (Melo and Ruvkun 2012), suggesting
the sensing of cellular damage. The involvement of serotonin signaling in this process has been
noted to be reminiscent of mammalian gastrointestinal responses to enteric pathogens, in which
serotonin signaling may be involved in the activation of nausea responses (Y. Zhang, Lu, and
Bargmann 2005; Rubio-Godoy, Aunger, and Curtis 2007).

The choice assay between pathogenic and non-pathogenic bacteria, and the lawn
occupancy assay on pathogenic bacteria have provided experimental methods to follow
behavioral responses to infection. Such behavioral avoidance has a strong effect on survival,
owing to the increased ingestion of pathogenic bacteria when C. elegans remains on the bacterial
lawn (Reddy et al. 2009). Accordingly, mutant animals with reduced pathogen avoidance have
decreased survival relative to their wild-type counterparts when challenged with infection
(Reddy et al. 2009; Shivers et al. 2009). Experimental agar plate conditions in which C. elegans
cannot avoid the bacterial lawn (enforced by covering the agar surface with pathogenic bacteria)
can be utilized to infer the contribution of behavioral avoidance mechanisms to susceptibility to

infection.
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Multiple Behaviors Contribute to Pathogen Avoidance in C. elegans

Just as certain bacteria-associated odors may be “hard wired™ as attractive to C. elegans,
microbial cues associated with pathogens may promote avoidance behavior through being
innately repulsive. We need look no further than our own personal experiences of disgust to
appreciate human chemosensory responses to microbial cues (Curtis 2014). Studies in
genetically tractable invertebrate hosts have defined such interactions at the molecular level and
their roles in promoting avoidance behavior. In Drosophila melanogaster a neuronal circuit for
promoting avoidance of pathogenic Penicillum mold and Streptomyces soil bacteria has been
defined (Stensmyr et al. 20’12). This behavior was shown to rely on detection of the microbial
compound geosmin by the Or356a olfactory receptor. In Chapter Two we take a biochemical
approach and identify two secondary metabolites produced by P. aeruginosa, pyochelin and
phenazine-1-carboxamide, which are detected by chemosensory neurons of C. elegans.

In C. elegans, the behavioral lawn-leaving response to S. marcescens may be mediated by
an innate aversion to the bacterial surfactant serrowettin W2. Bacterial mutants defective in
serrowettin production were poorly avoided by C. elegans although they remained pathogenic,
and adding exogenous serrowettin to lawns of non-pathogenic E. coli OP50 was sufficient to
induce avoidance, implicating an innate aversion of C. elegans to this bacterial cue (Pradel et al.
2007). Additionally the AWB chemosensory neurons, required for sensing repulsive cues, were
shown through genetic ablation experiments to be necessary for the avoidance of both §.
marcescens and serrowettin (Pradel et al. 2007). In contrast, certain odors may become repulsive
only after aversive learning over the course of infection. Homoserine lactones produced by P.

aeruginosa have been observed to be initially attractive to C. elegans, but following exposure to
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pathogenic P. aeruginosa these cues become repulsive, thereby promoting avoidance behavior
(Beale et al. 2006). In C. elegans, neuronal mechanisms for modulating innate behaviors that
attract animals to bacteria, such as chemosensation, are critical following infection.

In the case of olfactory aversive learning to P. aeruginosa, Ha et al. have established a
neural network composed of one circuit that mediates innate olfactory preference to bacterial
odors and a second modulatory circuit that is required for the learned olfactory preference (Ha et
al. 2010). Through ablation experiments the authors show that the AWB and AWC
chemosensory neurons, which are responsible for mediating repulsive and attractive responses to
volatile odors, respectively, are necessary for the innate preference of C. elegans for P.
aeruginosa. The authors show that these neurons are activated by the odors of E. coli and P.
aeruginosa, and furthermore show that naive animals respond to P. aeruginosa as the more
desirable odor. The neurotransmitters and neuropeptides used by the AWB and AWC neurons to
control this innate odor preference have recently been identified through genetic analysis (Harris
et al. 2014).

Interestingly, the calcium responses of these neurons to bacterial odors are not altered
after training with pathogenic P. aeruginosa. Instead, a second circuit, which includes the
serotonin-producing ADF neurons, modulates the downstream motor outputs of these neurons
(Ha et al. 2010). This learned olfactory preference is dependent on tph-1, the rate-limiting
enzyme in serotonin synthesis, and infection with P. aeruginosa induces increased transcription
of tph-1 and the biosynthesis of serotonin in the ADF chemosensory neurons which promotes
avoidance behavior (Y. Zhang, Lu, and Bargmann 2005; Shivers et al. 2009). Through ablation

of downstream interneurons the authors were able to effectively decouple the circuit for innate
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olfactory preference from the circuit for aversive learning (Ha et al. 2010). This olfactory
learning paradigm may be adaptable to novel microbialv pathogens, as C. elegans also relies on
serotonin-dependent aversive learning for avoiding particular strains of E. coli that harbor toxic
RNAI plasmids (Melo and Ruvkun 2012). This suggests that integration of internal damage-
associated cues with environmental odors may be the underlying basis for learned pathogen
avoidance behavior.

In the aforementioned aversive learning studies, adult animals were trained on pathogenic
bacteria and then assayed for learning within 24 hours. However if young animals in the first
larval stage (L 1) are exposed to P. aeruginosa, and then cleared of infection using antibiotics,
days later as adult animals they exhibit an imprinted aversive learning response (Jin, Pokala, and
Bargmann 2016). In contrast animals exposed to P. aeruginosa at the L2, L3, or L4 larval stages
are unable to develop an aversive response, indicating a critical time period for imprinting in the
L1 larval stage. Using genetically encoded silencers of neuronal activity the authors show that,
similar to aversive learning in adults, imprinted aversive learning requires the AWB and AWC
sensory neurons. Interestingly, silencing the AIB or RIM interneurons during the L1 stage
blocked imprinting, but silencing these neurons during adulthood did not block the learned
olfactory preference. Conversely, silencing the AIY or RIA neurons during L1 did not affect
imprinting, but these neurons were required in adulthood for memory retrieval in adulthood (Jin,
Pokala, and Bargmann 2016). Thus, early experiences with pathogens can exert long-term affects
on how C. elegans responds to bacteria in its environment.

Increasingly, neuropeptides are being recognized as critical modulators of preexisting

circuits and behaviors, often acting in response to environmental cues (Bargmann 2012; Flavell
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et al. 2013; Cheong et al. 2015; Chalasani et al. 2010). In the context of pathogen avoidance, the
learned olfactory preference for E. coli over pathogenic P. aeruginosa depends on expression of
an insulin-like peptide, INS-6, from the bacterial food sensing neuron ASI (Chen et al. 2013).
INS-6 secreted from ASI antagonizes expression of another insulin-like peptide, INS-7, in a
second set of neurons, and the authors hypothesize that secreted INS-7, in turn, negatively affects
aversive learning by antagonizing the insulin receptor DAF-2 (Chen et al. 2013). In a second
study, the secreted TGF-b ligand DBL-1 was also shown to be necessary for the aversive
learning response on P. aeruginosa (X. Zhang and Zhang 2012). Thus, at least three
neuropeptides promote aversive learning on P. aeruginosa, two of which — INS-6 and INS-7 —
act through the aforementioned ADF modulatory circuit. Furthermore, the involvement of the
food-sensing ASI neuron suggests that nutritional cues and satiety may be integrated with
signaling circuitry that regulates pathogen avoidance behavior.

Behavioral strategies that enable C. elegans to navigate its microbial environment are not
limited to the chemosensation of compounds produced by bacteria. As discussed earlier, wild
isolates of C. elegans are attracted to oxygen concentrations of 8-10%, such that aerotaxis
behavior may drive them towards their food sources (A. J. Chang et al. 2006). The laboratory-
adapted N2 strain has, through a gain of function mutation in the npr-I gene that encodes a
neuropeptide receptor, suppressed this oxygen preference behavior while on bacterial food. In
the context of avoidance of pathogenic bacteria, animals with intact hyperoxia avoidance
behavior, such as npr-1 mutants or C. elegans wild isolates, fail to avoid lawns of P. aeruginosa
relative to the laboratory strain N2 (Reddy et al. 2009). Interestingly, in the N2 strain the

suppression of aerotaxis behavior by bacterial food is blocked on mucoid bacteria (Reddy et al.
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2011). As a result, the N2 wild-type strain fails to avoid a lawn of mucoid Pseudomonas as if it
were an npr-1 mutant. Is there a mechanism analogous to the olfactory aversive learning
response whereby C. elegans can alter their aerotaxis behavior when exposed to pathogenic
bacteria? Indeed, we find that activation of the DAF-7/TGF-f neuroendocrine pathway on P.
aeruginosa modulates aerotaxis behavior to promote avoidance (discussed in Chapter Two).
Mechanosensory responses, which as previously discussed promote slowing once C.
elegans have entered a bacterial lawn (Sawin, Ranganathan, and Horvitz 2000), are also critical
for pathogen avoidance. A naturally occurring polymorphism in the C. elegans E3 ubiquitin
ligase HECW-1 affects lawn-leaving behavior by altering the mechanosensation of bacteria (H.
C. Chang, Paek, and Kim 2011). Reduction of function mutations in hecw-1 result in enhanced
avoidance of P. aeruginosa. hecw-1 was shown to act in the OLL mechanosensory neurons to
inhibit lawn avoidance, and genetic ablation of the OLL neurons in wild-type animals similarly
resulted in an increased lawn avoidance. Mutants lacking #ecw-1 and OLL ablated animals were
observed to be defective in mechanosensation, implicating mechanosensory processes in the
lawn-leaving behavior of P. aeruginosa. Finally, the enhanced avoidance and survival
phenotypes of the secw-1 mutant were suppressed by loss-of-function mutations in npr-1,
suggesting that HECW-1 inhibits lawn leaving by repressing activity of this neuropeptide
receptor (H. C. Chang, Paek, and Kim 2011). Thus, behaviors normally used to attract C. elegans
to bacterial food sources, such as olfaction, aerotaxis, and mechanosensation, can be instrumental

in the avoidance behavior of pathogenic bacteria (Figure 3).
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Figure 3
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Figure 3. Multiple behavioral strategies contribute to avoidance of pathogenic bacteria.
Both innate olfactory preference and learned olfactory preference, mediated by chemosensory
neurons that detect attractive and repellent odors, contribute to pathogen avoidance behavior.
Additional cues associated with bacteria, such as oxygen tension, carbon dioxide, and the texture
of the bacterial lawn, contribute to pathogen avoidance through aerotaxis and mechanosensory

behaviors.
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Conserved Signals and Commonalities with Innate Immunity

A number of genes with familiar roles in innate immunity also function in behavioral
responses of C. elegans to pathogenic bacteria. A reverse genetic analysis of Toll signaling
components in C. elegans identified TOL-1 (Pujol et al. 2001), a homolog of Toll and Toll-like
receptors, which in D. melanogaster and mammals activate innate immune pathways in response
to common microbial features. However no C. elegans homolog of NF-kB has been identified,
and fol-1 mutants do not show enhanced susceptibility to infection by P. aeruginosa (Pujol et al.
2001), suggesting that TOL-1 may be functioning non-canonically in C. elegans. Indeed, tol-1
mutants were found to be defective in the behavioral avoidance of pathogenic S. marcescens,
remaining largely inside the lawn after 48 hrs exposure at which time wild-type animals had
exited the bacterial lawn (Pradel et al. 2007; Pujol et al. 2001). Expression of to/-1 was found to
be restricted to the nervous system of adult animals, further suggesting that TOL-1 may promote
avoidance behavior of pathogenic bacteria. However the mechanism for TOL-1 action remained
unclear, for TOL-1 is not required for olfactory aversive learning, and while rol-/ mutants die
faster than wild-type animals on S. marcescens, it was unclear whether this is due to an immune
deficiency or general sickness of the strain (Y. Zhang, Lu, and Bargmann 2005; Pujol et al. 2001;
Tenor and Aballay 2007).

A recent study has identified the mechanism by which TOL-1 promotes behavioral
avoidance of S. marcescens and in the process uncovered CO- detection as a new sensory
modality underlying pathogen avoidance. TOL-1 is required for the function of the BAG
neurons, ciliated chemosensory neurons that detect increases in CO- concentrations (Brandt and

Ringstad 2015). The authors confirm that to/-/ mutants are defective in the avoidance of S.



marcescens, and through cell-specific rescue and knock-down experiments show that tol-1 acts
in the BAG neurons to promote pathogen avoidance. GCY-9 mutant animals, which cannot
detect CO;, are also defective in avoidance of S. marcescens, confirming a role for CO, detection
by the BAG neurons in avoidance behavior. Animals dwelling on non-pathogenic £. coli lawns
also avoided S. marcescens odorant (containing 1% CQO-) in a TOL-1- and BAG-dependent
manner, but did not avoid 1% CO; on its own_indicating that in the presence of pathogen-
specific odors CO, may provide a necessary contextual cue that promotes lawn-leaving behavior
(Brandt and Ringstad 2015).

In C. elegans, the NSY-1-SEK-1-PMK-1 mitogen-activated protein kinase (MAPK)
cascade, homologous to the mammalian ASK1-MKK3-p38 MAPK pathway, has a conserved
role in innate immune defense against pathogenic microbes (Kim et al. 2002). This MAPK
pathway regulates expression of predicted antimicrobial factors, which may be secreted into the
intestinal lumen to combat infection (Troemel et al. 2006). Tissue-specific rescue experiments of
the MAPKK SEK-1 have revealed an additional role for this signaling cascade in the behavioral
response to infection. sek-1 mutants show enhanced susceptibility to killing by P. aeruginosa,
and this phenotype is partially rescued by expressing sek-1 either in the intestine or
chemosensory neurons (Shivers et al. 2009). However in a killing assay where P. aeruginosa has
been spread to the edges of the agar plate, making behavioral avoidance impossible for all
strains, the sek-1 intestinal rescue strain was comparable to wild type, whereas the sek-1 neuronal
rescue strain showed no difference relative to the sek-1 mutant (Shivers et al. 2009). In addition,
the induction of #ph-1 on P. aeruginosa was shown to be dependent on the NSY-1-SEK-1

MAPK cascade (Shivers et al. 2009). TIR-1 is the C. elegans homolog of the mammalian TIR
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domain adaptor protein SARM, which in mammals mediates responses to viruses in the central
nervous system (Carty et al. 2014), and in C. elegans is required for resistance to bacterial and
fungal pathogens (Liberati et al. 2004; Couillault et al. 2004). Upregulation of zph-1 in response
to P. aeruginosa exposure requires TIR-1 (Shivers et al. 2009), supporting a model in which a
TIR-1-NSY-1-SEK-1-MAPK cascade acts in the nervous system to promote behavioral
avoidance of pathogens and host survival.

When C. elegans are exposed to the bacterial pathogen Microbacterium nematophilum,
which adheres to the cuticle around the rectal opening, animals mount an innate immune
response that involves swelling of the anal region (Hodgkin, Kuwabara, and Corneliussen 2000).
After four hours C. elegans will also exhibit lawn-leaving of pathogenic M. nematophilum and
increase their locomotion rate (Yook and Hodgkin 2007; McMullan, Anderson, and Nurrish
2012). Both the behavioral and innate immune responses to M. nematophilum require the Gaq
protein EGL-30, which acts in a G-protein coupled regulatory cascade presumably downstream
of one or more unidentified G-protein coupled receptors (McMullan, Anderson, and Nurrish
2012). Through tissue specific rescue experiments, McMullan et al. show that EGL-30 acts in the
cholinergic motor neurons to mediate the behavioral responses to infection and independently in
the rectal epithelial cells to promote innate immunity (McMullan, Anderson, and Nurrish 2012).
Thus a Gag-RhoGEF Trio-Rho signaling cascade is another example of a conserved signaling
pathway acting in a tissue specific manner to regulate C. elegans behavior and innate immunity

in response to infection.
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Genetic Variation in Pathogen Avoidance Behavior

The study of laboratory-derived mutants from forward genetic screens has provided the
foundation for studies of behavior in C. elegans. Howevér naturally occurring polymorphisms
that have arisen through evolution provide the opportunity for studying the driving forces in
animal behavior, although such examples are rare (Bendesky et al. 2011; Osborne et al. 1997).
One might expect wild isolates of C. elegans that have evolved with geographically distinct
microbial ecologies to differ in their behavioral responses to pathogenic bacteria. Such behaviors
may be under strong positive selection as pathogen avoidance confers dramatic survival
increases. Indeed, the importance of avoidance behavior has been underscored by the
characterization of polymorphisms and their mechanisms of action that underlie natural variation
in pathogen resistance.

Polymorphisms between the Bristol N2 and Hawaiian strains of C. elegans have revealed
evolutionary-derived differences in lawn-leaving behavior and survival on P. aeruginosa (Reddy
et al. 2009; H. C. Chang, Paek, and Kim 2011). In the case of E3 ubiquitin ligase HECW-1, two
naturally occurring polymorphisms were identified in a number of C. elegans wild isolates. Both
polymorphisms resulted in amino acid changes that increased the activity of HECW-1 relative to
that seen in the N2 strain, thus inhibiting lawn avoidance of P. aeruginosa (H. C. Chang, Paek,
and Kim 2011). In the case of the npr-1 gene, which promotes lawn avoidance of P. aeruginosa,
the polymorphism between the N2 and Hawaiian strains had previously been identified as the
causative mutation in the bordering and aggregation phenotypic differences between these strains
(de Bono and Bargmann 1998). Subsequently, polymorphisms between N2 and Hawaiian strains

in the globin domain protein g/b-5 and the GABA receptor exp-1 have also been shown to affect
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bordering and aggregation (Bendesky et al. 2012; McGrath et al. 2009; Persson et al. 2009), and
may therefore be further examples of polymorphisms that affect pathogen avoidance.

Two additional studies have revealed natural variation in the behavioral responses to
pathogens. When naive C. elegans are subjected to a choice assay between S. marcescens and E.
coli, innate olfactory preference drives animals towards S. marcescens. However when an array
of C. elegans wild isolates were assayed, N2 animals were shown to prefer the odors of S.
marcescens more dramatically than other strains, while the Hawaiian strain preferred .S.
marcescens odors the least (Glater, Rockman, and Bargmann 2014). In addition to innate
olfactory preference, aversive learning to pathogenic bacteria may also be subject to natural
variation. When a panel of C. elegans wild isolates was exposed to a choice assay between
pathogenic and non-pathogenic strains of Bacillus thuringiensis, after 24 hours animals had
largely avoided the pathogenic lawn. However these strains displayed reproducible variation in
this response that correlated with their resistance to infection (Schulenburg and Miiller 2004).
These data suggest considerable natural variation in C. elegans behavioral responses to
pathogenic bacteria, and genetic interrogation of these phenotypic differences may provide

insights into the evolution of animal behavior.
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Concluding Remarks

As a soil-dwelling animal that must seek out bacteria for nutrition but can also be
infected by environmental pathogens, C. elegans is well suited for the study of microbial
discrimination; The relatively simple nervous system of C. elegans uses chemosensation of
water-soluble and volatile cues, mechanosensation, and aerotaxis behavior to navigate its
microbial environment, seeking out bacterial food. However many environmental microbes can
infect C. elegans and trigger a protective behavioral avoidance response that requires modulation
of the aforementioned attractive behaviors. What are the cues associated with pathogenic
bacteria that C. elegans respond to? How does C. elegans modulate existing behavioral circuits
in the presence of pathogenic bacteria? The study of pathogen avoidance of C. elegans has
defined neuronal circuits required for olfactory learning, but do similar mechanisms exist for
modulating aerotaxis and mechanosensory behaviors?

In this thesis I define a neuroendocrine response to pathogen exposure that is amenable to
genetic interrogation. Specifically, I show in Chapter Two that the neuropeptide DAF-7/TGF-

B is expressed in the ASJ chemosensory neurons following exposure to P. aeruginosa.
Expression of DAF-7 modulates the animal’s aerotaxis behavior promoting pathogen avoidance.
We identify two specific secondary metabolites of P. aeruginosa, pyochelin and phenazine-1-
carboxamide, which the ASJ neurons detect and use as cues to activate DAF-7 signaling. To
identify genes C. elegans uses to couple microbial detection to daf-7 transcription, I screened for
mutants defective in daf-7 expression in the ASJ neurons on P. aeruginosa. In Chapter Two |
describe genes that act cell-autonomously in the ASJ neurons to activate DAF-7, such as the G

protein alpha subunits GPA-2 and GPA-3. In Chapter Three I discuss the lithium-sensitive
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phosphatase BPNT-1, which is required not only for daf-7 transcription in ASJ, but for the global
activity of the ASJ neurons. The study of BPNT-1 activity in ASJ leads to a hypothesis for how
lithium may be exerting its effects on the nervous system. Finally, in Chapter Four, I discuss the
future directions for this project including other genes required for the response to P. aeruginosa

in the ASJ neurons.
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Summary

Discrimination among pathogenic and beneficial microbes is essential for host organism
immunity and homeostasis. Here, we show that chemosensory detection of two secondary
metabolites produced by Pseudomonas aeruginosa modulates a neuroendocrine signaling
pathway that promotes avoidance behavior in the simple animal host Caenorhabditis elegans.
Secondary metabolites phenazine-1-carboxamide and pyochelin activate a G protein-signaling
pathway in the ASJ chemosensory neuron pair that induces expression of the neuromodulator
DAF-7/TGF-f. DAF-7, in turn, activates a canonical TGF-f signaling pathway in adjacent
interneurons to modulate aerotaxis behavior and promote avoidance of pathogenic 7.
aeruginosa. Our data provide a chemical, genetic, and neuronal basis for how the behavior and
physiology of a simple animal host can be modified by the microbial environment, and suggest
that secondary metabolites produced by microbes may provide environmental cues that

contribute to pathogen recognition and host survival.
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Introduction

The recognition of microbial pathogens and the corresponding danger they represent is
essential for the survival of host organisms. Innate immune systems have evolved to respond to
foreign structures derived from microbes, which help the host distinguish microbes from self.
However, such molecular patterns do not necessarily help the host discriminate a microbe that is
pathogenic from one that is commensal. Microbial molecular patterns such as lipopolysaccharide
are found on pathogen and commensal alike. In view of the diversity of olfactory receptors
present even in relatively simple host organisms, chemosensory responses offer the potential to
detect a far greater set of relevant microbial molecules. Candidate receptors and specific bacterial
cues that modulate host physiology and avoidance behavior have begun to be explored (Pradel et
al. 2007; Riviére et al. 2009; Stensmyr et al. 2012).

The soil dwelling nematode Caenorhabditis elegans is a simple host organism that
forages on decomposing organic matter for bacterial food (Félix and Duveau 2012). The
presence of bacterial food affects diverse behaviors of C. elegans such as feeding, locomotion,
thermotaxis, and aerotaxis (Avery and Horvitz 1990; A. J. Chang et al. 2006; Hedgecock and
Russell 1975; Sawin, Ranganathan, and Horvitz 2000), and differences in the species
composition of the food supply can alter aspects of their physiology and behavior (Gusarov et al.
2013; MacNeil et al. 2013; Shtonda and Avery 2006; Watson et al. 2014). Pathogenic bacteria
kill C. elegans and induce an aversive learning response (Y. Zhang, Lu, and Bargmann 2005)
that promotes protective behavioral avoidance (H. C. Chang, Paek, and Kim 2011; Pradel et al.
2007; Pujol et al. 2001; Reddy et al. 2009). Bacterial molecules including Serratia marcescens

serrawettin and Pseudomonas aeruginosa quorum-sensing regulators have been implicated in the
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behavioral avoidance of bacterial lawns (Beale et al. 2006; Pradel et al. 2007). As such, C.
elegans is emerging as a useful model for dissecting the genetic and biochemical mechanisms
underlying microbial discrimination in animal hosts.

In this study we focus on how the DAF-7/TGF-g pathway functions in chemosensory
neurons of C. elegans to regulate behavior in response to changes in the microbial environment.
DAF-7 functions in the neuroendocrine regulation of diverse aspects of organismal development
and physiology, including the dauer developmental decision, foraging and aggregation
behaviors, quiescence, metabolism, and longevity (de Bono et al. 2002; Gallagher et al. 2013;
Greer et al. 2008; Milward et al. 2011; Shaw et al. 2007; Swanson and Riddle 1981). In addition,
another C. elegans TGF-B-family ligand, DBL-1, has been shown to regulate olfactory aversive
learning and antifungal defenses (X. Zhang and Zhang 2012; Zugasti and Ewbank 2009).
Expression of daf-7 is limited to the ASI pair of chemosensory neurons and has been shown to
respond to the availability of bacterial food (Ren et al. 1996; Schackwitz, Inoue, and Thomas
1996). Here, we show that chemosensory recognition of the pathogenic bacterium P. aeruginosa
dramatically alters the neuronal expression pattern of DAF-7 to promote avoidance behavior.
Through a forward genetic screen we identify conserved components of G protein signaling that
act cell-autonomously in the ASJ neurons to activate transcription of daf-7 in response to P.
aeruginosa. Finally, we show that the ASJ neurons respond to the secondary metabolites
phenazine-1-carboxamide and pyochelin secreted by P. aeruginosa during stationary phase. Our
findings demonstrate how specific bacteria can exert effects on host behavior and physiology,
and point to how secondary metabolites may serve as environmental cues that contribute to

pathogen discrimination and avoidance.
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Results

DAF-7/TGF-B is required for behavioral avoidance of Pseudomonas aeruginosa

We previously observed that mutants defective in the DAF-7/TGF-f pathway display
enhanced susceptibility to infection by P. aeruginosa (Reddy et al. 2009). In the standard
pathogenesis assay, daf-7 mutants die faster than the wild-type strain N2 and exhibit a failure to
avoid the bacterial lawn (Figures 1A and 1C). Initially, animals begin inside the lawn, but by 15
h wild-type N2 animals avoid the lawn of pathogenic bacteria, while daf-7 mutants remain inside
the lawn of P. aeruginosa (Figures 1C and 1D). In a modified pathogenesis assay in which C.
elegans are unable to avoid the lawn of pathogenic bacteria, daf-7 mutants display the same
susceptibility phenotype as wild-type animals, demonstrating that the failure to avoid P.
aeruginosa is the principal determinant in the susceptibility to infection of daf-7 animals (Figure
1B). We also confirmed that daf-7 animals were indeed being exposed to a higher dose of
pathogenic bacteria by repeating the experiment with a P. aeruginosa lawn containing red
fluorescent beads that serve as markers of the bacterial load in the intestine (Figure S1A).

Once secreted, DAF-7 binds to the TGF-f type I receptor DAF-1 and the TGF-f type Il
receptor DAF-4, which then act to antagonize the co-SMAD DAF-3 (Figure 1E) (Estevez et al.
1993; Georgi, Albert, and Riddle 1990; Patterson et al. 1997). Other mutants in the DAF-7/TGF-
B-signaling pathway such as daf-1 and the R-SMAD daf-8 also display P. aeruginosa avoidance
defects (Figure S1B), and we observed complete suppression of the daf-7(0k3125) avoidance
defect by a mutation in daf-3 (Figure 1D). These results indicate that the DAF-7 pathway is
specifically required for avoidance of P. aeruginosa, functioning through the canonical DAF-3

signaling pathway to promote survival by limiting host exposure to pathogenic bacteria.
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Figure 1. DAF-7/TGF-g is required for the protective behavioral avoidance response to P.
aeruginosa

(A) Fraction animals alive after being transferred to plates seeded with P. aeruginosa strain
PA14. (B) Fraction animals alive after being transferred to a “Big Lawn” of P. aeruginosa in
which the bacteria has been spread to the edges of the plate. All data points represent the average
of at least three independent replicates. (C) Photographs of wild-type and daf-7 animals after 15
h exposure to P. aeruginosa. (D) Lawn occupancy of animals on P. aeruginosa after 15 h. *** P
<0.001 as determined by one-way ANOVA followed by Dunnett’s Multiple Comparison Test.
n.s. = not significant. Values represent means of at least three independent experiments. Error

bars indicate standard error. See also Figure S1.
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P. aeruginosa induces daf-7 expression in the ASJ neuron pair and promotes avoidance
behavior

The TGF-B ligand daf-7 was previously shown to be expressed exclusively in the ASI
pair of ciliated chemosensory neurons, with expression levels responsive to changes in the
availability of standard E. coli food and C. elegans pheromones (Ren et al. 1996; Schackwitz,
Inoue, and Thomas 1996). To monitor daf-7 expression in the presence of P. aeruginosa we used
a transgenic strain carrying a daf-7p.:gfp transcriptional reporter. Unexpectedly, we observed
that exposure to P. aeruginosa induced fluorescence in four cells—the ASI neuron pair as well
as a second bilaterally symmetric pair of ciliated chemosensory neurons (Figures 2A-2B).
Through co-localization experiments with the lipophilic dye Dil, we identified the additional
cells as the ASJ chemosensory neurons (Figures 2C-2F). We quantified the daf-7p::gfp
fluorescence increase in the ASJ neurons and found that the reporter was induced at least 1000-
fold on P. aeruginosa relative to E. coli (Figure 2G). We also observed that the daf-7p::gfp
fluorescence in the ASI neurons increased 2-fold on P. aeruginosa (Figure 2G).

We used fluorescent in situ hybridization of mRNA molecules to corroborate our
observations made with the daf-7p.:gfp transcriptional reporter. We did not detect fluorescence
in the ASJ neuron pair when the laboratory wild-type strain N2 was propagated on E. coli OP50
(Figures 2H and 2J). In contrast, upon exposure of C. elegans to P. aeruginosa, we observed daf-
7 mRNA expression in two additional cells corresponding to the ASJ neuron pair (Figures 21 and
2)). Confirming the specificity of the fluorescence for daf-7 mRNA, we did not detect daf-7
mRNA in a daf-7(0k3125) mutant strain carrying a 664 bp deletion, using probes designed to

hybridize exclusively to the sequence within the deletion (Figure S2A). Of note, we observed
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Figure 2. daf-7 expression is induced in the ASJ neurons upon exposure to P. aeruginosa
(A-B) daf-7p:.:gfp expression pattern in C. elegans on E. coli (A) and P. aeruginosa (B). (C-F)
Co-localization of daf-7p::gfp expression and Dil staining (red) in animals on £. coli, dorsal
view (C) and ventral view (D), and in animals on P. aeruginosa, dorsal view (E) and ventral
view (F). Filled triangles indicate ASI neurons; empty triangles indicate ASJ neurons. (G)
Maximum fluorescence values of daf-7p::gfp in the ASJ or ASI neurons after 16 h exposure to
indicated bacteria. *** P < 0.001 as determined by one-way ANOVA followed by Tukey’s
Multiple Comparison Test. Error bars indicate standard deviation. (H-1) daf-7 FISH in wild-type
N2 animals on E. coli (H) and P. aeruginosa (1). Filled triangles indicate ASI neurons; empty
triangles indicate ASJ neurons. Additional cells expressing daf~7 mRNA are the OLQ neurons
(top) and the ADE neurons (bottom). (J) daf-7 FISH in the ASJ neurons (co-localized with rx-
Ip::gfp) on E. coli and P. aeruginosa after various exposure times. Dashed lines indicate cell

boundaries. Each image represents an individual animal. See also Figure S2.



that when the wild-type strain was propagated on E. coli, in addition to previously described
expression in the ASI neuron pair, daf~7 mRNA was also present in six other sensory neurons,
which we identified using reporter co-localization experiments as the ADE neuron pair and the
OLQ neurons (Figures 2H-2I and S2B-S2G). ADE and OLQ are mechanosensory neurons that
have been implicated in bacterial food sensing (Hart, Sims, and Kaplan 1995; Sawin,
Ranganathan, and Horvitz 2000), and likely represent additional previously unknown sites of
DAF-7/TGF-f expression.

To follow the kinetics of the endogenous daf-7 transcriptional response to P. aeruginosa
in the ASJ neurons, we fixed animals following exposures to P. aeruginosa ranging in duration
from 3 min to 24 h and probed for daf~7 mRNA. On E. coli or following a 3 min exposure to P.
aeruginosa we did not detect daf~7 mRNA in the ASJ neurons (Figure 2J). However after a 6
min exposure to P. aeruginosa daf-7 mRNA was present in the ASJ neurons and did not appear
to increase further over time (Figure 2J). The rapid kinetics of this transcriptional response, far
faster than the kinetics of intestinal infection or aversive learning behavior (Tan, Mahajan-
Miklos, and Ausubel 1999; Y. Zhang, Lu, and Bargmann 2005), led us to hypothesize that the
ASJ chemosensory neurons may be responding directly to specific P. aeruginosa cues.

We determined that transgenic overexpression of daf-7 under the native daf-7 promoter
or the ASJ-specific #rx-1 promoter, as well as under the ASI-specific str-3 promoter, were each
sufficient to restore wild-type pathogen avoidance and susceptibility in the daf-7(0k3125) mutant
background (Figures 3A and 3C), consistent with the activity of DAF-7 as a secreted ligand. We
also observed that the genetic ablation of the ASJ neuron pair conferred a partial deficit in P.

aeruginosa avoidance and susceptibility (Figures 3B and 3D), demonstrating that the AS]
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Figure 3. DAF-7 from the ASJ neuron pair signals to the RIM/RIC interneurons to alter
aerotaxis behavior and promote avoidance of P. aeruginosa

(A-B) Fraction animals alive after being transferred to plates seeded with P. aeruginosa. All data
points represent the average of at least three independent replicates. (C-F) Lawn occupancy of
animals on P. geruginosa after 15 h. *** P <0.001, ** P <0.01, * P <0.05 as determined by
one-way ANOVA followed by Dunnett’s Multiple Comparison Test. n.s. = not significant. Error

bars indicate standard deviation. See also Figure S3.
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neurons are necessary for the complete protective response to P. aeruginosa. To determine if the
ASlJ-ablation avoidance phenotype was due to a loss of DAF-7 secretion from those neurons, we
introduced mutations in the downstream co-SMAD daf-3 that is epistatic to daf-7 (Figure 1E).
Mutant daf-3 alleles were able to partially suppress the avoidance defect of both ASJ-ablation
lines, consistent with the ASJ-ablation phenotype being due in part to a loss of P. aeruginosa-
induced DAF-7 secretion (Figure 3D). These data establish a functional role for the induction of

daf-7 in the ASJ neuron pair upon exposure to P. aeruginosa.

DAF-7 signals to the RIM/RIC interneurons adjacent to the ASJ neurons to promote
pathogen avoidance

To understand how expression of daf-7 from the ASJ neurons promotes pathogen
avoidance, we proceeded to examine the involvement of downstream signaling components of
the canonical DAF-7/TGF-$ pathway in the behavioral avoidance of P. aeruginosa. The daf-1
gene encodes the TGF-B Type I receptor that binds DAF-7 and is expressed in over 80 neurons
including ciliated sensory neurons, pharyngeal neurons, and interneurons (Gunther, Georgi, and
Riddle 2000). We found that daf-1 mutants, like daf-7 mutants, are deficient in avoidance of P.
aeruginosa (Figure 3E). Using daf-1 mutant strains in which transgenic expression of daf-1 is
directed in subsets of neurons, we observed that daf-1 expression under its native promoter or the
pan-neuronal eg/-3 promoter rescued P. aeruginosa avoidance to wild-type levels, but no rescue
was observed when daf-1 was expressed in ~60 ciliated sensory neurons (including ASI and
ASJ) using either the osm-6 or bbs-1 promoters (Figure 3E). Expression of daf-1 in only the

RIM/RIC interneurons under the tdc-1 promoter was sufficient to restore pathogen avoidance



behavior in the daf-1 mutant to wild-type levels (Figure 3E). Previous work showed that DAF-1
also acts in the RIM/RIC interneurons to mediate wild-type development, feeding rate, and
quiescence (Gallagher et al. 2013; Greer et al. 2008), suggesting that despite the broad
expression of daf-1 the RIM/RIC neurons may be the primary site of DAF-1 activity with regard
to regulation of C. elegans behavior and physiology. The close proximity of the left and right
ASJ neurons to the corresponding RIM/RIC interneurons on the ventral side of the amphid are in
striking contrast to the location of the ASI neuron pair on the far dorsal side (White et al. 1986),
and suggest an anatomical basis for how P. aeruginosa promotes enhanced DAF-7/TGF-

B-dependent signaling (Figure 7D).

DAF-7 promotes pathogen avoidance through the modulation of aerotaxis behavior
DAF-7-dependent regulation of dauer entry, feeding rate, and fat storage similarly rely on
repression o‘f the co-SMAD DAF-3 in the RIM/RIC interneurons, but downstream regulation of
each of these physiological processes diverges genetically and utilizes distinct sets of neurons
(Greer et al. 2008). Mutations in the steroid hormone receptor daf-12, for example, are able to
suppress the constitutive dauer entry phenotype of daf-7 but not the increased fat storage or
decreased feeding rate phenotypes. Similarly, mutations in the tyramine and octopamine
synthesizing enzymes fdc-1 and tbh-1 suppress only the feeding rate phenotype of daf-7, while
mutations in the G, signaling molecules goa-1 and dgk-1 suppress only the fat storage
phenotype of daf-7 (Greer et al. 2008). We determined that mutations in daf-12, tdc-1, thh-1,

goa-1, and dgk-1 were all unable to suppress the avoidance phenotypes of daf-7 mutants,



indicating the existence of an additional signaling output by the RIM/RIC interneurons (Figure
3F).

In the presence of bacterial food, the laboratory wild-type strain of C. elegans N2 does
not exhibit a distinct oxygen preference, and in particular does not avoid high atmospheric
oxygen concentrations (i.e. 20% O-). In contrast, daf-7 mutants have altered aerotaxis behavior
preferring oxygen concentrations near 8% and avoiding higher atmospheric oxygen levels (A. J.
Chang et al. 2006). We have previously shown that the P. aeruginosa lawn is hypoxic, and that
altered oxygen preference can affect bacterial lawn avoidance (Reddy et al. 2009; Reddy et al.
2011). To determine whether a similar mechanism underlies the pathogen avoidance behavior
promoted by daf-7, we introduced a mutation in the soluble guanylate cyclase gcy-35, which is
responsible for responding to increases in oxygen concentration (Zimmer et al. 2009), and
observed full suppression of the daf-7 avoidance defect on P. aeruginosa (Figure 3F). In
addition, we performed the pathogen avoidance assay in an oxygen chamber at low oxygen
concentrations, such that the surrounding environment would fall within the preferred oxygen
concentration range of the animals. In this context daf-7 mutants show no avoidance defect
relative to wild-type animals, supporting our conclusion that daf~-7 mutants fail to avoid P.
aeruginosa due to aberrant aerotaxis behavior (Figure S3A). We also conducted further
experiments to demonstrate that the observed effects of DAF-7 on aerotaxis behavior and
pathogen avoidance are not limited to the laboratory-adapted N2 strain (Figure S3B). Our model
suggests that by activating daf-7 expression in the ASJ neurons in response to P. aeruginosa,
inhibition of DAF-3 activity in the adjacent RIM/RIC interneurons is increased, modifying the

response of C. elegans to oxygen levels and promoting exit from the lawn of P. aeruginosa.



G protein-dependent signaling activates daf-7 expression in the ASJ neuron pair in
response to P. aeruginosa

The rapid kinetics and functional consequence of P. aeruginosa-induced daf-7 expression
in the ASJ neuron pair motivated use of the daf-7p:.gfp reporter to identify signaling
mechanisms coupling P. aeruginosa exposure to this robust transcriptional response. We began
by analyzing mutants known to have reduced daf-7 expression levels in the ASI neuron pair,
such as the guanylate cyclase DAF-11 and the cyclic nucleotide-gated channel encoded by tax-
2/tax-4 (A. J. Chang et al. 2006; Murakami, Koga, and Ohshima 2001), which are downstream of
G protein signaling in C. elegans chemosensory neurons (Bargmann 2006). No daf-7 expression
was observed in either the ASI or ASJ neurons on P. aeruginosa in these mutant backgrounds,
consistent with daf-11, tax-2, and tax-4 acting upstream of daf-7 expression in all tissues
(Figures 4A-4D and S4A-S4C). These results suggest that the ASJ response to P. aeruginosa is
downstream of G protein signaling and further motivate the identification of genes that
specifically regulate daf-7 expression in the ASJ neurons.

We performed a forward genetic screen to identify mutants in which the daf-7p::gfp
reporter failed to be expressed in the ASJ neurons on P. aeruginosa but GFP fluorescence
remained unchanged in the ASI neurons. One such mutant, gd262 (Figures S4D-S4E), mapped to
a region of chromosome V containing the G protein alpha subunit gpa-3. Sequencing revealed
that the gd262 mutant carries a missense mutation in gpa-3 that converts a glycine residue
(conserved from yeast to humans) into aspartic acid. Confirming the identity of the gd262 mutant
as an allele of gpa-3, we crossed the gpa-3 deletion allele pk35 into the daf-7p::gfp reporter and

observed reduced fluorescence in the ASJ neurons on P. aeruginosa (Figures 4E and 4M).
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Figure 4. GPA-3 and GPA-2 function cell-autonomously in the ASJ neurons to activate daf-
7 expression in response to P. aeruginosa

(A-L) daf-7p::gfp expression on P. aeruginosa in various genetic backgrounds. Empty triangles
indicate ASJ neurons. (M-N) Maximum fluorescence values of daf-7p::gfp in the ASJ (M) or
ASI (N) neurons after 16 h exposure to indicated bacteria. (O) Lawn occupancy of animals on P.
aeruginosa after 15 h. *** P <0.001, ** P <0.01, * P <0.05 as determined by one-way
ANOVA followed by Dunnett’s Multiple Comparison Test. Error bars indicate standard

deviation. See also Figure S4.
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Mutants carrying a deletion in a second highly homologous G protein alpha subunit, gpa-2, also
displayed reduced daf-7p::gfp fluorescence in ASJ (Figures 4F and 4M), and the gpa-2 gpa-3
double mutant was completely deficient in the ASJ-response to P. aeruginosa (Figures 4G and
4M). Interestingly, the gpa-2(pk16) gpa-3(pk35) double mutant was still able to upregulate
expression of daf-7p::gfp in the ASI neuron on P. aeruginosa, indicating that the ASJ and ASI
responses to P. aeruginosa are genetically distinct (Figure 4N). The C. elegans nervous system is
equipped with approximately 1,300 G ﬁrotein-coupled receptors that act as chemoreceptors
(Thomas and Robertson 2008), and we hypothesize that GPA-3 and GPA-2 may be acting
downstream of one or more GPCRs responsible for sensing P. aeruginosa.

gpa-3 is expressed in at least ten pairs of amphid sensory neurons (including ASJ), and its
known functions include mediating responses to C. elegans pheromone in ASK, odorant
attraction in AWA and AWC, and odorant avoidance in ASH (Hilliard et al. 2004; Jansen et al.
1999; K. Kim et al. 2009; Lans, Rademakers, and Jansen 2004; Zwaal et al. 1997). To determine
if GPA-3 acts cell-autonomously in the ASJ neurons to mediate the response to P. aeruginosa,
we expressed wild-type copies of gpa-3 cDNA under heterologous promoters in the gpa-2(pk16)
gpa-3(pk35) background. Under control of either the pan-ciliated neuronal promoter bbs-1, or the
ASJ-specific promoter #rx-1, gpa-3 cDNA was able to rescue the daf-7 ASJ expression defect,
indicating that GPA-3 acts cell-autonomously in ASJ to mediate the response to P. aeruginosa
(Figures 4H-41 and S4F-S4I).

gpa-2 is reported to be expressed in only one pair of chemosensory neurons (AWC) and
functions in the processes of olfaction and dauer induction (Lans, Rademakers, and Jansen 2004;

Zwaal et al. 1997). To determine the site of action for gpa-2 in the response to P. aeruginosa, we
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expressed wild-type copies of gpa-2 cDNA under heterologous promoters in the gpa-2(pki6)
gpa-3(pk35) background. To our surprise, expression of gpa-2 driven by either the pan-ciliated
neuronal promoter bbs-1 or the ASJ-specific promoter #x-1 was able to rescue the daf-7p::gfp
phenotype, but expression of gpa-2 in the AWC neurons under the ces-36 promoter was not able
to rescue the gpa-2 gpa-3 mutant phenotype (Figures 4J-4L and S4J-S4K). This indicates that
GPA-2, like GPA-3, also acts cell-autonomously in ASJ to induce daf-7 expression in response
to P. aeruginosa. To confirm that gpa-2 was indeed expressed in the ASJ neurons we used single
molecule FISH to probe for gpa-2 mRNA. Using probes specific for gpa-2, we observed 5-10
mRNA molecules in each ASJ neuron (data not éhown). This novel expression supports our
neuron-specific rescue data and indicates that GPA-2 and GPA-3 act together in the ASJ neurons
to activate daf-7 expression in response to P. aeruginosa. Finally, we tested the gpa-2 gpa-3
double mutant for a P. aeruginosa avoidance defect, and observed a partial deficit in lawn
avoidance that we hypothesize is due to a loss of DAF-7 secretion from the ASJ neurons (Figure
40). These experiments identify a conserved G protein signaling pathway that acts cell-

autonomously in the ASJ neurons to induce daf-7 expression in response to P. aeruginosa.

Chemosensory recognition of the P. aeruginosa secondary metabolites phenazine-1-
carboxamide and pyochelin by the ASJ neuron pair of C. elegans

We next sought to identify the specific bacterial cues inducing expression of daf-7 in the
ASJ neuron pair of C. elegans. We observed that exposure of C. elegans to filtered P. aeruginosa
supernatant was sufficient to induce daf-7 expression (Figures 5A and 6A-6B). Furthermore, by

testing supernatants from liquid cultures at various growth stages we determined that P.

63



Figure 5

A
103 e~ P, aeruginosa OD 1.0
o S — = = ]
5 Biliat s - g i, | ams b lrf w CHs
a 8 3 |'!_| & ! "’ I g o H
o 14 . &ﬁ Rk Sl e = 3
3 > Igal — — — —[2| I sovaleric acid
£ 28 38 TIE S
%‘M‘ s B bdill —_— OH
i g o E3T] 0 15 210 12 (ppm) m
L% Lo.2 EB‘ Y —’E“; O
i \ L I.i 2-Phenylacetic acid
0.01 - . v v 0.0 \ ¥ o
© 4 B B @ 9
CHs
B : F*1 pantolactons
] - 32
ot 36
e
o —HE o =] 38
| i 2] W
i 418
w 445
&2 .6
. & .8
‘ @ E@ 50
: ¥ - 5.2
e e P e 50 48 45 44 42 40 38 36 34 32
- R = £ (ppm)
HaC
o
Ho’\LN (]
] 3 -‘.’ N/
H
.‘ ® l H
iy [ Pyochelin (PCH) O~ _OH
. - N
H OxNH; CE <
i P
i N N
i > ] Phenazine-1-
z N carboxylic acid (PCA)
™ Phenazine-1-
= a 80 i O oramiae (PCN)
90 88 86 84 82 80 18 716 14 72 70 68
12 (ppm)

64



Figure 5. Supernatant from P. aeruginosa in stationary phase activates daf-7 expression
and contains secondary metabolites

(A) Growth curve of P. aeruginosa as measured by ODeoonm (blue circles) and activity of
bacterial supernatant in inducing daf-7p::gfp expression in the ASJ neurons (magenta squares).
(B) DQF-COSY spectrum of active metabolome fraction of P. aeruginosa media extract.
Enlarged sections show cross-peaks of the most abundant metabolites present in this fraction.

See also Figure S5.
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aeruginosa in stationary phase induced daf-7 expression in ASJ neurons most dramatically
(Figure 5A), leading us to hypothesize that specific secondary metabolites produced under high
cell density were being sensed by C. elegans. Metabolite identification was accomplished via
activity-guided fractionation followed by 2D NMR spectroscopic profiling. Supernatant from
large volumes of stationary phase P. aeruginosa was fractionated using an automated
chromatography system, and individual fractions were tested for activity in the daf-7p.:gfp assay.
1D and 2D NMR (dqfCOSY, HSQC, HMBC) spectroscopic data of the active fractions were
then analyzed. Such NMR spectroscopic analysis of metabolome fractions of lowered
complexity shifts focus onto testing individual identified components in bioassays, thereby
reducing the need for further time-intensive purification (Taggi, Meinwald, and Schroeder 2004).
2D NMR spectra of the active fractions revealed the presence of pantolactone (Nakata et
al. 2013), isovaleric acid (Niu et al. 2008), phenazine-1-carboxylic acid (Mehnaz et al. 2013),
phenazine-1-carboxamide (PCN, see Table S1), the siderophore pyochelin (see Table S2) and
phenyl acetic acid (Korsager, Taaning, and Skrydstrup 2013) as major components (Figures 5B,
S5A, and S5B), in addition to small quantities of monoacyl glycerides and -hydroxy fatty acids.
When synthetic and HPLC-purified samples of these compounds were tested, PCN and
pyochelin displayed concentration-dependent activity in the daf-7p::gfp assay, regardless of
solvent (Figures 6A and S6), whereas the other identified metabolites were not active in this
assay. Furthermore, we found that other P. aeruginosa-produced phenazines (e.g. pyocyanin and
phenazine-1-carboxylic acid) and pyoverdine, another unrelated P. aeruginosa siderophore, do
not induce daf-7 expression in the ASJ neurons (Figure 6A), indicating that general properties of

these compounds are likely not the cause of their activity. We quantified the daf-7p::gfp
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Figure 6. The ASJ neurons respond to P. aeruginosa secondary metabolites phenazine-1-
carboxamide and pyochelin

(A-B) daf-7p::gfp expression in the ASJ or ASI neurons after 16 h exposure to E. coli, P.
aeruginosa, or E. coli supplemented with indicated material. Data represent (A) the fraction of
animals expressing daf-7p::gfp in ASJ above background or (B) the maximum fluorescence
values of daf-7p::gfp in ASJ and ASI. All compounds were dissolved in DMSO. *** P <0.001,
** P < (.01, * P <0.05 as determined by one-way ANOVA followed by Dunnett’s Multiple
Comparison Test. n.s. = not significant. Error bars indicate standard deviation. (C-D) GCaMP5
expression in the ASJ neurons immediately prior to (C) or following (D) addition of PCN. Filled
triangle indicates the ASJ cell body and open triangle indicates the ASJ sensory projection. (E)
GCaMP5 fluorescence changes in individual animals following the addition of PCN or DMSO at
t = 0 seconds. (F) Average changes in GCaMP fluorescence in the 2-6 s following addition of
either PCN or DMSO. *** P < 0.001 as determined by unpaired t-Test. Error bars indicate

standard deviation. See also Figure S6.
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fluorescence increase in the ASJ neurons following addition of pyochelin and PCN and found the
response was similar to that induced by P. aeruginosa supernatant (Figure 6B). Interestingly we
found that these compounds had no effect on daf-7p::gfp fluorescence in the ASI neurons,
further decoupling the responses of the ASJ and ASI neurons to P. aeruginosa (Figure 6B).
Given the rapid transcriptional response of the ASJ neurons to the presence of P.
aeruginosa secondary metabolites, we tested the ability of phenazine-1-carboxamide (PCN) to
agtivate the ASJ neurons. We constructed a transgenic strain in which the genetically encoded
calcium indicator GCaMP5 (Akerboom et al. 2012) is expressed exclusively in the ASJ neuron
pair. Upon administration of PCN, but not the carrier control DMSO, we observed increased
GCaMPS5 fluorescence in both the ASJ cell body and ASJ ciliated projection that is exposed to
the environment (Figures 6C-6D). We quantified the change in fluorescence in the ASJ cell body
and observed a significant difference between PCN and the carrier control (Figures 6E-6F).
These data suggest that ASJ may be sensing the P. aeruginosa metabolite PCN directly and, in

turn, activating daf-7 transcription.

Microbial discrimination and specificity in the chemosensory response to P. aeruginosa

In the natural environment C. elegans are unlikely to be presented with homogeneous
bacterial lawns consisting of a single bacterial species, and so we wondered how sensitive the
daf-7p::gfp response is to the concentration of P. aeruginosa. We created heterogeneous
bacterial lawns consisting of E. coli and P. aeruginosa and assayed daf-7p::gfp fluorescence. We
observed that the induction of daf-7 expression does not function as a binary switch but rather

can respond in a more subtle manner that is proportional to the fraction of P. aeruginosa present
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in the mixed E. coli/P. aeruginosa lawn (Figures 7A-7B). Interestingly, the P. aeruginosa
concentration range over which daf-7 is activated corresponds to the range sufficient to induce
the C. elegans behavioral avoidance response (Figures 7A-7B).

Finally, we investigated how specific the induction of daf-7 transcription in the ASJ
neuron pair was to P. aeruginosa as compared to other environmental microbes. We exposed
daf-7p.:gfp animals to a wide array of bacterial species and strains, covering pathogenic and
non-pathogenic alpha-, beta-, and gammaproteobacteria as well as gram-positive bacterial
species. We observed that a number of non-E. coli species can induce daf-7 expression in the
ASJ neuron pair on the order of 10-fold, but that the response is 1-2 orders of magnitude greater
upon exposure to P. aeruginosa PA14 (Figure 7C). This result indicates that the identity of the
microbial species is the principal determinant in inducing daf-7 expression in the ASJ neuron
pair, likely due to the relatively species-specific production of P. aeruginosa metabolites PCN
and pyochelin (see Discussion). The presence of low-level activity in bacterial strains other than
P. aeruginosa is consistent with the existence of additional, unidentified bacterial determinants
that also contribute to the induction of daf-7 in the ASJ neuron pair.

PCN and pyochelin are secondary metabolites produced by P. aeruginosa at high cell
density that promote biofilm formation in soil as well as chronic infections in human lungs
(Cornelis and Dingemans 2013; Price-Whelan, Dietrich, and Newman 2006). In P. aeruginosa
production of phenazines and pyochelin are both positively regulated by GacA, a global activator
of cell-density-dependent gene expression and virulence (Reimmann et al. 1997; Wei et al.
2013). We observed that the P. aeruginosa gacA mutant was deficient in inducing daf-7p.:gfp

expression in the ASJ neurons relative to wild-type bacteria (Figure 7C). As such, these
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Figure 7. Microbial discrimination of P. aeruginosa activates daf-7 transcription in the ASJ
neurons and promotes avoidance behavior

(A) C. elegans after 16 h exposure to bacterial lawns consisting of E. coli OP50 and P.
aeruginosa PA14. Fraction of bacteria that were P. aeruginosa when daf-7p::gfp was assayed is
indicated. (B) Fraction of animals expressing daf-7p::gfp in the ASJ neurons after 16 h exposure
to E. coli, P. aeruginosa, or mixtures of E. coli and P. aeruginosa. Error bars indicate standard
deviation. (C) Maximum fluorescence values of daf-7p::gfp in ASJ neurons atter 16 h exposure
to indicated bacteria. *** P < 0.001 as determined by one-way ANOVA followed by Tukey’s
Multiple Comparison Test. Error bars indicate standard deviation. (D) In response to P.
aeruginosa exposure, or P. aeruginosa metabolites phenazine-1-carboxamide (PCN) and
pyochelin, daf-7 expression is activated via G-protein alpha subunits GPA-3 and GPA-2 in the
ASJ neurons. Secreted DAF-7 signals to the TGF-3 receptor DAF-1 the adjacent RIM/RIC
interneurons. DAF-7/TGF-f signaling acts to alter aerotaxis behavior and promote avoidance of

pathogenic bacteria.



molecules may serve as bacterial growth-stage-specific cues for C. elegans, alerting the host to
the presence of bacteria in a “pathogenic state,” and inducing a correspondingly beneficial

behavioral avoidance response.

Discussion

Our data suggest that C. elegans responds to secondary metabolites produced by bacterial
pathogens using G protein signaling pathways in their chemosensory neurons. C. elegans lack
the antigen-specific responses of vertebrate immunity, but the utilization of chemosensory
neurons and the repertoire of an estimated 1,300 GPCRs may provide a means by which a simple
host organism can detect microbial pathogens. Bacterial secondary metabolism can generate a
wide range of molecules that are often largely specific with regard to broducer organism and
regulated by environmental and growth conditions. Redox-active phenazine-1-carboxamide and
the siderophore pyochelin are two such secondary metabolites of P. aeruginosa, produced under
conditions of high cell density and low oxygen. Interestingly, while a number of other bacterial
species produce phenazines, such as Burkholderia, Brevibacterium, and Streptomyces, the
modifying enzyme responsible for producing phenazine-1-carboxamide, phzH, is not part of the
canonical phenazine operon, but rather found elsewhere in the genome and limited to P.
aeruginosa and P. chlororaphis (Chin-A-Woeng et al. 2001; Mavrodi et al. 2001). Similarly,
pyochelin production is restricted to Pseudomonas and Burkholderia species (Gross and Loper
2009). As such, these two metabolites may act as pathogen-specific cues for C. elegans

navigation, providing a molecular readout not only of the presence of P. aeruginosa itself, but
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the presence of P. aeruginosa in a “pathogenic state” that is more strongly associated with
virulence.

Our data demonstrate that DAF-7 neuroendocrine signaling is necessary for the
behavioral avoidance response to P. aeruginosa. The decision to occupy or avoid a lawn of P.
aeruginosa integrates multiple sensory inputs including chemosensation of bacterial compounds,
chemosensation of oxygen, and mechanosensation (H. C. Chang, Paek, and Kim 2011; Ha et al.
2010; Pradel et al. 2007; Reddy et al. 2009). Once C. elegans have learned to avoid a particular
food source, a process that requires the association of bacterial infection with specific odors and
occurs many hours after exposure to pathogenic bacteria (Y. Zhang, Lu, and Bargmann 2005),
they are confronted with conflicting environmental stimuli: the odor of pathogenic bacteria
drives animals out of the lawn, while the relatively low oxygen concentration of the bacterial
environment keeps animals inside the lawn. The DAF-7 pathway suppresses this latter tendency,
and thus increasing the activity of DAF-7 in response to pathogenic bacteria promotes
subsequent avoidance behavior. For C. elegans, which must balance attraction to bacterial food
with avoidance of microbial pathogens, suppressing behaviors such as aerotaxis that keep the
animal inside the bacterial lawn may be just as essential as activating behaviors that drive it
away.

Whereas defining the connectivity of the C. elegans nervous system has provided the
anatomical foundation for functional studies of neuronal circuitry (White et al. 1986), genetic
studies of behavior have revealed pivotal roles for neuromodulators, such as neurotransmitters
and neuropeptides, which modify the activity of synaptic circuits in response to environmental

cues (Bargmann 2012). Prior studies have illustrated how a change in the neuronal expression
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pattern of a single component of neuromodulator signaling can have dramatic effects on complex
behavior (Lim et al. 2004; Pocock and Hobert 2010). Our study establishes that patterns of
neuromodulator expression and activity may be subject to dramatic modification by the
microbial environment. There has been an emerging appreciation of the profound influence that
the animal microbiota can have on host organisms (Clemente et al. 2012; Lyte 2013), and our
study provides a genetic, neuronal, chemical basis for how microbes may influence host

neuroendocrine physiology and behavior.
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Experimental Procedures

C. elegans Strains

C. elegans was maintained on E. coli OP50 as previously described (Brenner 1974). Constitutive
dauer strains were grown at the permissive temperature of 16°C until they had passed the dauer
developmental decision. For assays in which a synchronized population of animals was required,
strains were egg-prepped in bleach and arrested overnight in M9 buffer at the L1 larval stage.

For a complete list of strains used in this study see Table S3.

Genetic Screening and Mapping

daf-7p::gfp animals were EMS mutagenized and 500 POs were egg-laid to produce 32
independent pools each containing 400 F1 animals (approximately 25,000 haploid genomes).
The F1 pools were egg-prepped to create synchronized populations of F2s, which were grown on
E. coli OP50 until the L4 larval stage. Mutagenized F2s were then transferred onto 10 cm NGM
plates seeded with P. aeruginosa PA14, incubated overnight at 25°C, and screened the following
day for a lack of GFP fluorescence in the ASJ neurons. After retesting and backcrossing, mutants
were SNP mapped using a Hawaiian strain carrying the daf-7p::gfp transgene and sequenced

using [llumina technology.

daf-7p::gfp Induction Assays and Bacterial Strains
For testing the dynamics of daf-7 expression on P. aeruginosa PA14, an overnight culture of
PA14 was grown in 2-3 mL LB at 37°C, and the following morning 7 pL of culture was seeded

onto 3.5 cm SKA plates as previously described (Tan, Mahajan-Miklos, and Ausubel 1999).
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PA14 plates were grown overnight at 37°C and then grown for an additional day at room
temperature. Animals at the 1.4 larval stage were then picked onto the center of the bacterial
lawn, incubated at 25°C, and scored for changes in GFP expression 15-20 h later. Cell
identification was performed using the lipophilic dye Dil from Molecular Probes. Images were
acquired with an Axioimager Z1 microscope using animals anaesthetized in 50 mM sodium
azide. To quantify GFP fluorescence animals were imaged at 40x magnification and the
maximum intensity value within the ASJ neuron was determined using FIJI software. The same
procedure (with the indicated modifications) was followed for: Escherichia coli OP50, Serratia
marcescens DB10, Bacillus subtilis PY79, Comamonas sp. DA1877, Enterococcus faecalis
OGI1RF (grown overnight in Brain Heart Infusion Broth), and Staphylococcus aureus
NCTC8325 (grown overnight in Tryptic Soy Broth). To test the activity of bacterial supernatant,
fractionated supernatant, and purified compounds, 3.5 cm SKA plates were seeded with 5 pL E.
coli OP50. Prior to adding C. elegans, 25 uL of test material was added to the bacterial lawn and
allowed to dry. All compounds were dissolved in DMSO. To generate bacterial lawns that
contained mixtures of E. coli and P. aeruginosa, plates were seeded with E. coli and allowed to
grow for two days as above, at which time 7 pL of liquid P. aeruginosa culture (diluted to
varying degrees) was added to the E. coli lawn and allowed to dry. After the experiment had
concluded the fraction of the lawn corresponding to each bacterial species was measured by

counting CFUs of E. coli and P. aeruginosa (distinguished by colony morphology).

P. aeruginosa Avoidance and Killing Assays

Plates for P. aeruginosa avoidance assays were prepared as above. 30 animals at the L4 larval
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stage were transferred to the center of PA14 lawns, incubated at 25°C, and scored for avoidance
15 h later. For avoidance experiments in hypoxia, plates were placed in a Coy Laboratory
Products Inc. Hypoxic In Vitro Cabinet and incubated at 1%-4% O- at room temperature. Plates
for measuring accumulation of red fluorescent beads were prepared as above with addition of
Fluoresbrites 0.2 pm microspheres (Polyscience, Inc.) to the PA14 culture prior to seeding at a
ratio of 50:1 (bacteria:beads). Plates for P. aeruginosa slow killing assays were prepared as
above with the addition of 50 pg/mL 5-fluorodeoxyuridine (FUdR). 30 animals at the L4 larval
stage were transferred to the center of PA14 lawns, incubated at 25°C, and scored for killing over
the course of 5 days. For “Big Lawn” slow killing assays the following modifications were
made: 15 pL of PA14 culture was spread to the edges of the SKA plate and 75 animals were

added to each plate. Statistical analysis was performed using GraphPad Prism Software.

Single Molecule Fluorescent In Situ Hybridization

smFISH was performed as previously described (Raj et al. 2008). Briefly, C. elegans were fixed
in 4% formaldehyde for 45 min at room temperature. After washing with PBS, larvae were
resuspended in 70% EtOH and incubated overnight at 4°C. The following day fixed larvae were
transferred into hybridization solution with the smFISH probe and incubated overnight at 30°C.
The daf-7 and gpa-2 probes were constructed by pooling 25 unique DNA oligos that tile the
coding regions deleted in the daf-7(0k3125) and gpa-2(pkl6) mutants and coupling them to Cy5
dye. For a complete list of oligos see Table S4. Images were acquired with a Nikon Eclipse Ti

Inverted Microscope outfitted with a Princeton Instruments PIXIS 1024 camera. Data were
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analyzed using FLJI software; images presented in Figures 2H, 2I, and S2A are maximum

intensity z-projections of 30 stacked exposures.

Generation of Transgenic Animals

The daf-7 promoter (3.1 kb), trx-1 promoter (1.1 kb) (Fierro Gonzalez et al. 2011), str-3
promoter (2.8 kb), and ceh-36 promoter (<1 kb) (K. Kim, Kim, and Sengupta 2010) were
amplified by PCR from genomic DNA. The bbs-1 promoter (1.9 kb) was amplified by PCR from
plasmid pKA40 (laboratory of K. Ashrafi). daf-7 cDNA was amplified by PCR from an
ORFeome RNAI clone. gpa-3 and gpa-2 cDNAs were amplified by PCR from cDNA generated
with an Ambion RETROscript Kit. The GCaMP5G gene was amplified from Plasmid 31788:
pCMV-GCaMP5G (Addgene). The unc-54 3-prime UTR was amplified by PCR from Fire
Vector pPD95.75. DNA constructs (promoter::cDNA::unc-54 3°UTR) were synthesized using
PCR fusion as previously described (Hobert 2002). PCR fusion products were cloned into
pGEM-T Easy plasmids, sequenced to confirm identity, and injected into animals at a
concentration of 50 ng/pL along with a plasmid carrying either ges-1p::gfp or ofm-1p::gfp (50
ng/ul). At least three independent transgenic lines were analyzed for each rescue construct. For

a complete list of primers used in this study see Table S4.

Biochemical Identification of P. aeruginosa Metabolites
To generate P. aeruginosa supernatant, overnight bacterial cultures were grown in 500 mL LB at
37°C shaking at 200 rpm. Once the cultures had reached ODgy = 3.0 they were passed through a

0.22 um PES filter system. The filtrate was lyophilized and the residue was extracted twice with
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50 mL of 4:1 dichloromethane:methanol mixture over 12 h. The resulting suspension was
centrifuged at 4,750 rpm at 4°C for 15 min and the supernatant liquid was collected. The solvent
was evaporated in vacuo at room temperature to produce the P. aeruginosa supernatant extract
used for chromatographic separations and analysis. For details, see Supplemental Experimental
Procedures. NMR spectra were recorded on a Varian Inova 600 MHz NMR spectrometer
equipped with an HCN indirect detection probe. Spectra were baseline corrected, phased and
calibrated to the solvent peak (CHCI; singlet at 7.26 ppm) using Varian VNMR and MestreLab’s
Mnova software packages. Non-gradient phase-cycled double-quantum filtered correlation
spectroscopy (DQF-COSY) spectra were acquired using the following parameters: 0.6 s
acquisition time, 512 complex increments, 16 scans per increment. DQF-COSY spectra were
zero filled to 8,192 x 4,096, and 90°-shifted sine bell window functions were applied in both
dimensions before Fourier transformation. Heteronuclear single quantum coherence
spectroscopy (HSQC) and heteronuclear multiple bond correlation spectroscopy (HMBC)
spectra were acquired using the following parameters: 0.25 s acquisition time, 400-600 complex
increments, 16 scans per increment. HSQC and HMBC spectra were zero filled to 2,048 x 2,048,
and 90°-shifted sine bell window functions were applied in both dimensions. Unit mass-
resolution HPLC-MS was performed using an Agilent 1100 Series HPLC system equipped with
a diode array detector and connected to a Quattro II mass spectrometer (Micromass/Waters).
MassLynx software was used for MS data acquisition and processing. UV-Vis spectra were
recorded on Agilent Technologies 8453 UV-Vis spectrophotometer. For testing the activity of
candidate compounds, phenazine-1-carboxamide was purchased from Princeton Biomolecular

Research (PBMR030086), phenazine-1-carboxylic acid was purchased from Apollo Scientific

80



(OR01490), pyochelin was purchased from Cfm Oskar Tropitzsch (164104-31-8/164104-32-9),

and pyocyanin (P0046) and pyoverdine (P8374) were purchased from Sigma-Aldrich.

Protocol used for Fractionation of P. aeruginosa supernatant extract

P. aeruginosa supernatant extract (1.8 g) in dichloromethane:methanol (4:1, 100 mL) was added
to Celite powder (10 g), prewashed with ethyl acetate. After rotary evaporation the Celite was
dry-loaded into an empty 25 g RediSepRf loading cartridge. Fractionation was performed using a
Teledyne ISCO CombiFlash system over a RediSepRf GOLD 40 g HP Silica Column using a
normal phase dichloromethane-methanol solvent system, starting with 100% dichloromethane
and a linear increase in methanol content up to 10% at 7 column volumes, followed by another
linear increase up to 30% at 11 column volumes, followed by a third linear increase in methanol
content up to 100% at 12 column volumes, which was then continued up to 18.2 column
volumes. 42 fractions (25 mL each) generated from the CombiFlash run were individually
evaporated in vacuo and prepared for bio-assays and analyses by NMR spectroscopy ("HNMR,

DQF-COSY, HSQC and HMBC) and HPLC-MS.

Protocol for further fractionation via HPLC

Extract fractions of interest were evaporated in vacuo, resuspended in 450 uL of methanol and
submitted to HPLC analysis, using an Agilent 1100 Series HPLC system equipped with an
Agilent Eclipse XDB C-18 column (25 cm x 9.4 cm, 5 pm particle diameter. A 0.1% acetic acid
in water (“aqueous”) — acetonitrile (“organic™) solvent system was used, starting with 5%

organic solvent for 2 min, which was increased linearly to 100% over a period of 28 min and
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continued at 100% organic solvent for 10 min. Fraction collection times were decided based on
the UV trace of the chromatogram. Fractions were collected using a Teledyne ISCO Foxy 200 X-
Y fraction collector from 2 to 29 min. Collected fractions were individually evaporated in vacuo

for further analysis by NMR spectroscopy.

Calcium Imaging

To measure the activity of the ASJ neurons GCaMP5G was expressed exclusively in the ASJ
neurons under the frx-/ promoter. Animals were immobilized on NGM agar pads using Surgi-
lock 2oc instant tissue adhesive (Meridian) and imaged at 40X using a Zeiss AxioVert S100
inverted microscope outfitted with an Andor iXon EMCCD camera. Ten seconds after imaging
had begun approximately 3 pL of stimulant (either PCN 10 mg/mL or DMSO) was added to the
agar pad. In Figures 6C-6F time = 0 refers to the addition of stimulant. Data were analyzed using

custom MATLAB software written by Nikhil Bhatla.
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Supplemental Information

Figure S1, Related to Figure 1
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Figure S1. Pathogen avoidance behavior reduces the dose of ingested bacteria and is
genetically distinct from dauer diapause entry, related to Figure 1

(A) Merged DIC and red fluorescence images of animals exposed to lawns of P. aeruginosa
containing red fluorescent beads after 15 h. Dashed lines indicate the intestinal lumen that
appears distended due to the increased ingestion of pathogenic bacteria. (B) Lawn occupancy of
animals on P. aeruginosa after 15 h. Animals defective for components of DAF-7/TGF-

B signaling show avoidance defects but mutants in the insulin receptor DAF-2 show no P.
aeruginosa avoidance defect. *** P <0.001, * P <0.05 as determined by one-way ANOVA
followed by Dunnett’s Multiple Comparison Test. n.s. = not significant. Error bars indicate
standard deviation. We note that all animals being tested for avoidance and susceptibility
phenotypes were raised at the permissive temperature such that they bypass the dauer diapause

state.
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Figure S2, Related to Figure 2

daf-7{0Kk3125) merge merge

Figure S2. The daf-7 smFISH neuronal expression pattern is specific and includes the OLQ
and ADE mechanosensory neurons, related to Figure 2

(A) daf-7 single molecule FISH in daf-7(0k3125) animals carrying a 664 bp deletion in the daf-7
gene. Non-specific fluorescence is restricted to muscle tissue. (B-D) daf-7 is expressed in the
OLQ neurons (white arrows'). daf-7 smFISH (B), ocr-4::gfp in OLQ neurons (Tobin et al.
2002)(C), and merge (D). (E-F) daf-7 is expressed in the ADE neurons (white arrow). daf-7
smFISH (E), car-2::gfp in ADE neurons (and other neurons) (Flames and Hobert 2009) (F), and

merge (G).
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Figure S3, Related to Figure 3
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Figure S3. DAF-7 promotes P. aeruginosa avoidance through altering aerotaxis behavior
and acts in parallel to NPR-1, related to Figure 3

(A-B) Lawn occupancy of animals on P. aeruginosa. All measurements taken after 15 h unless
otherwise noted. *** P <0.001, ** P <0.01 as determined by one-way ANOVA followed by
Tukey’s Multiple Comparison Test. n.s. = not significant. Error bars indicate standard deviation.
(A) Grey bars indicate animals at normoxia (20% O) and black bars indicate animals incubated
in a hypoxic chamber (~4% Q). After the same animals from the hypoxic chamber were allowed
to equilibrate at normoxia for 2.5 h (hatched bars), the daf-7 mutants reentered the lawn of P.
aeruginosa while the wild-type animals did not, further implicating oxygen preference as the
driving force underlying the daf-7 pathogen avoidance defect. (B) Wild isolates of C. elegans
carry the npr-1(215F) allele and display oxygen preference similar to daf-7 mutants (A. J. Chang
et al. 2006). The daf-7(0k3125); npr-1(215F) double mutant was markedly deficient in
avoidance of P. aeruginosa relative to npr-1(215F) animals. This was especially evident at 24 h,
at which point npr-1(215F) animals had exited the P. aeruginosa lawn while daf-7(0k3125), npr-
1(215F) animals remained almost entirely inside the lawn. These data support the model in
which npr-1 and daf-7 act in parallel to modulate oxygen-related behaviors (A. J. Chang et al.

2006; de Bono et al. 2002).
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Figure S4, Related to Figure 4
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Figure S4. GPA-3 and GPA-2 are necessary for daf-7 expression in ASJ, whereas DAF-11
and TAX-2/TAX-4 are necessary for daf-7 expression in both ASI and ASJ, related to
Figure 4

(A-D) Co-localization of daf-7p::gfp expression and Dil staining (red) in animals on P.
aeruginosa after 16 h. In the dorsal view dye-filled neurons are, from left to right, ASK, ADL,
and ASI. Filled triangles indicate ASI neurons. In the daf-11, tax-2, and tax-4 mutant
backgrounds no GFP fluorescence was observed in the ASI or ASJ neurons, but faint GFP
fluorescence was observed in two additional amphid neurons that we identified as the ADL
neuron pair. (D) In the ventral view the empty triangle indicates the ASJ neuron, which fails to
express GFP on P. aeruginosa in the gpa-3(qd262) background. (E-K) daf-7p::gfp expression on
P. aeruginosa in various genetic backgrounds at 10X magnification (E-G) and 40X
magnification (H-K). In (H-K) the ASJL and ASJR neurons from the same animal are indicated

with empty triangles.
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Figure S5, Related to Figure 5
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Figure S5. DQF-COSY spectrum of CombiFlash fraction of P. aeruginosa metabolome
extract reveals presence of phenazine-1-carboxamide and pyochelin, related to Figure 5;
see also Tables S1 and S2.

(A) Section of DQF-COSY spectrum (600 MHz, CDCls) with boxed cross-peaks indicative of
major component phenazine-1-carboxamide. See Table S1. (B) Section of DQF-COSY spectrum
(600 MHz, CDCls) with boxed crosspeaks indicative of major component pyochelin. See Table

S2.
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Figure S6, Related to Figure 6
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Figure S6. Dose-dependence of the daf-7 transcriptional response to pyochelin and
phenazine-1-carboxamide, related to Figure 6. Fraction animals expressing daf-7::gfp in the
ASJ neurons after exposure to E. coli supplemented with either PCN or pyochelin. Data
represent the average of three independent experiments and error bars indicate standard error.
The data have been fit using a three-parameter dose-response curve and plotted on a semi-log
scale. ECso values for pyochelin and PCN are 11.7 uM and 13.4 uM, respectively, and maximum

response values for pyochelin and PCN are 0.7 and 0.9, respectively.
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Table S1. NMR spectroscopic data of Phenazine-1-Carboxamide, related to Figure SS. 'H
(600 MHz), *C (151 MHz), and important HMBC NMR spectroscopic data for PCN in CDCl;.
Chemical shifts were referenced to (CHCI;) = 7.26 ppm and (CDCl;) = 77.16 ppm. Multiplicities

are indicated in parentheses.

Carbon No. 4 (ppm) Proton No. o (ppm) J (Hz) HMBC
correlations
- NH, 10.80 (bs) -
Carbonyl 170.01 - - -
1 128.41 - - -
2 134.38 2 845 (d) Jo3=8.8 C-4,C-10a
3 129.88 3 7.98 (dd) C-4, C-1
4 135.99 4 9.01 (d) J;,=8.8 C-3,C-2,
C-4a
4a 140.67 - - -
Sa 141.43 - - -
6 129.60 6 8.30 (m) C-5a, C-7
7 131.05 7 7.93 (m) C-6,C-5a
8 129.02 8 7.94 (m) C-9,C-%
9 128.02 9 8.24 (d) Jsy9=8.8 C-7,C-9a
9a 143.09 - -
10a 140.80 -
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Table S2. NMR spectroscopic data of Pyochelin, related to Figure S5. 'H (600 MHz), Be

(151 MHz), and important HMBC NMR spectroscopic data for pyochelin in CDCl;. Chemical

shifts were referenced to (CHCl;) = 7.26 ppm and (CDCl5) = 77.16 ppm. Multiplicities are

indicated in parentheses.

Carbon No. S (ppm) Proton No. 3 (ppm) J (Hz) HMBC
correlations
1 115.97 - - -
2 159.14 - - -
3 117.17 3 7.01 (m) C-1,C-5,C-2
4 130.65 4 7.38 (m) C-6
5 120.44 5 6.90 (m) C-1, C-3,
C-4,C-6
6 133.50 6 742 (d) J56=8.5 C-2
2 173.75 - - -
4 80.02 4 4.89 (m) C-5,C-2°, C-
’7’5
5 33.19 5a’, 5b° 3.28,3.47 (dd) C-2°,C-4°, C-
A
27 77.74 27 4.38 (d) Jor =87 c4,C-5
4 73.51 47 3.84 (1) C-57, C-27,
COOH
57 33.24 5a”, 5b” 3.39,3.32(dd) C-47, C-27,
COOH
Methyl 43.62 Methyl 2.71 (s) Cc-2",C-4”
Carboxylic 172.53 - - -
acid
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Table S3. Complete list of C. elegans strains used in this study, related to Experimental
Procedures.

STRAIN | GENOTYPE

N2 wild type

ZD715 daf-7(0k3125) 5x Backcrossed
CB1372 daf-7(el372)

DR40 daf-1(m40)

CB1393 daf-8(el1393)

DR1572 daf-2(el368)

DA650 npr-1(215F)

NL348 gpa-2(pkl6) gpa-3(pk35)

ZD907 daf-7(0k3125); daf-3(e1376)

ZD889 daf-7(0k3125); dgk-1(nu62)

ZD890 goa-1(nl134); daf-7(0k3125)

ZDI910 tde-1(n3420); daf-7(0k3125)

ZDI911 daf-7(0k3123); thh-1(n3722)

ZD634 gcy-35(0k769); daf-7(0k3125)

KQ143 daf-7(el372); daf-12 (m20)

ZD919 daf-7(0k31235); npr-1(215F)

7D695 daf-7(0k3125); qdEx34[trx-1p::daf-7 + ges-1p::gfp]
ZD696 daf-7(0k3125); qdEx35[trx-1p::daf-7 + ges-1p::gfp]
ZD729 daf-7(0k3125); qdEx37[daf-7p::daf-7 + ges-1p::gfp]
ZD730 daf-7(0k3125); qdEx38[daf-7p::daf-7 + ges-1p:.gfp]
ZD735 daf-7(0k3125); qdEx43[str-3p::daf-7 + ges-1p.:gfp]
ZD736 daf-7(0k3125); qdEx44[str-3p::daf-7 + ges-1p.gfp]
ZD732 daf-7(0k3125); qdEx40[trx-1p::daf-7 + ges-1p::gfp]
ZD733 daf-7(0k3125); qdEx41[trx-1p::daf-7 + ges-1p::gfp]
KQ251 daf-1(m40); fiIEX69[pegl-3::daf-1::GFP; odr-1.:dsRED]
KQ252 daf-1(m40); iIEX70[pbbs-1::daf-1::GFP; odr-1::dsRED]
KQ265 daf-1(m40); IEX83[posm-6::daf-1::GFP; odr-1::dsRED]
KQ280 daf-1(m40); AIEX98[pdaf-1::daf-1::GFP; odr-1::dsRED]
KQ380 daf-1(m40); AIEX205 [ptdc-1::daf-1-gfp; odr-1::dsRED]
ZD762 mgls40[daf-28p::nls-GFP]; jxEx100[trx-1::ICE + ofm-1.:gfp]
7ZD763 mgls40[daf-28p::nls-GFP]; jxEx102[trx-1::ICE + ofin-1::gfp]
ZD818 mgls40, daf-3(e1376); jxEx100

ZD819 mgls40; daf-3(el1376); jxEx102

ZD820 mgls40; daf-3(0k3610); jxEx100

ZD821 mgls40; daf-3(0k3610); jxEx102
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FK181

ksls2[daf-7p::GFP + rol6(sul 006)]

ZD682 ksls2; daf-11(m47)

ZD714 ksls2, tax-4(p678)

7ZD726 tax-2(p671) ksls2

ZD884 ksls2; gpa-3(qd262)

7ZD887 ksls2; gpa-2(pkl6) gpa-3(pk35)

ZD1083 ksls2; gpa-2(pkl6)

ZD1047 ksls2; gpa-3(pk35)

ZD971 ksls2; gpa-2(pkl6) gpa-3(pk35); qdEx64[bbs-1p:.gpa-3 + ofm-1.:gfp]
ZD974 ksls2; gpa-2(pkl16) gpa-3(pk33); qdEx67[trx-1p::gpa-3 + ofm-1::gfp]
ZD1059 ksls2; gpa-3(qd262); qdEx88[bbs-1p::gpa-3 + ofm-1::gfp]

ZD1061 ksls2; gpa-3(qd262); qdEx90[trx-1p::gpa-3 + ofm-1::gfp]

ZDI1111 ksls2; gpa-2(pkl6) gpa-3(pk33); qdEx92[bbs-1p::gpa-2 + ofm-1:.gfp]
ZD1114 ksls2; gpa-2(pkl16) gpa-3(pk35); qdEx95 [trx-1p::gpa-2 + ofm-1.:gfp]
ZDI1115 ksls2; gpa-2(pkl6) gpa-3(pk35); qdEx96[ceh-36p::gpa-2 + ofm-1::gfp]
OE3010 lin-15B(n765); ofEx4[pBLHI9S: lin-15(+) + trx-1::GFP]

CX5478 lin-13B(n765); kyEx381[ocr-4::GFP + lin-15(+)]

OH7547 otls199[cat-2::GFP + rgef-1::dsRed + rol-6(sul006)]

ZD1184 qdEx103[trx-1p::GCaMP5 + ofm-1:.gfp]
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Table S4. Complete list of oligos used in this study, related to Experimental Procedures.

Oligos used for daf-7 smFISH Probe

0ligos used for gpa-2 smFISH Probe

5'-ttcatttctgggtccattgg-3"

5'-cgttgactttccacattctc-3"'

5'-atacatctccaggtagactg-3"

5'-agcaatctcatctgcttgag-3"

5'-tcgtccttctccagtaagte-3"

5'-atctgtgtactgttttgacg-3'

5'-catttcaacgcccatatcct-3'

5'-ttggcctgcgtcaaaagttce-3"'

5'-gatctttggcggtgtagaat-3'

5'-aactatgtttgtgtatacca-3"'

5'-gacgggttctctccataact-3'

5'-tgctttgactaaatgatcca-3"'

5'-gtcaaacttggcaacaagct-3"'

5'-aaattcaatccggcagctgg-3'

5'-gcttctttccaaatcatttg-3'

5'-atcatgttctctcatcggat-3"

5'-tgagtgtggcctgaagaata-3'

5'-aatgtagagggtcagcatgt-3"

5'-gcaggaatctcaattgatac-3’

5'-gttggaagtttttatgttge-3"'

5'-ttgaagcatccctgaatcct-3"

5'-tttctccacatgatctgcag-3'

5'-cgtaaacttgaacttgaaca-3'

5'~ttcaattcttttctctcgge-3"

5'-attgatccatcctcgttctt-3'

5'-aagtattccgtgttatcacc-3'

5'-tccagaagtgaccatctctc-3'

5'—-atattcttggcaggttttca-3'

5'-cggatccctttgtagcgaaa-3'

5'-tcgcatttgggtgataatct-3'

5'-ggaagttgaatgctgatacg-3'

5'-gtccgcaaaagaagggtgtce-3'

5'-ccaacttttgacagtatcaa-3'

5'-tgaatattctccttcttgat-3'

5'-cttggatcggagaaattgtg-3"

5'-tcgatattccggaaacgcct-3'

5'-agcattgccttgacgaagat-3’

5'-tttcagcgtaattttgctct-3'

5'-atgaagggcaacgttgcgcc-3'

5'-ttcgtcttgataaatgcgac-3'

5'-aacgtcagcagtggtctgtt-3°

5'-gttattggaaagcgcctcga-3"'

5'-agagctgaagacgcatgttg-3'

5'-gcacgtagaatgtcttcttc-3"

5'-cgggacccctttggacgagt-3'

5'-tgtgtctgttgcgcatgttt~-3"

5'-tttggcatgagaacggcgtt-3'

5'-ccaaaatcttttgcacttga-3'

5'-tgtgcttcggcattgcaaac-3'

5'-agagtccagatttgtgtagg-3"'

Oligos used for daf-7 rescue
constructs

5 ' -ATGGAAGCTTCGGCAACTAA-3'

daf-7p forward

5'-
GAGTGAAGATGCCATGAACATGGCTGAACTTCAAGCGG
GCTGAACC-3"'

daf-7p reverse + daf-7 homology

5'-ATATTTTGTTGGCCCATCGT-3'

str-3p forward

5'-
GAGTGAAGATGCCATGAACATGTTCCTTTTGAAATTGA
GGC-3'

str-3p reverse + daf-7 homology

5 ' -ATGGATACCTGATCATTC-3'

trx-1p forward

5'-
GAGTGAAGATGCCATGAACATAAGTGAGAAGATGAAGA
G-3°'

trx-1p reverse + daf-7 homology

5'~ATGTTCATGGCATCTTCACTC-3'

daf-7 cDNA forward

5'-
TAGGGATGTTGAAGAGTAATTGGACTTATGAGCAACCG
CATTTCTT-3'

daf-7 cDNA reverse + unc-54 homology

5'-GTCCAATTACTCTTCAACATCCCTA-3'

unc-54 3'UTR forward
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5'-CAGTTATGTTTGGTATATTGGGAATG-3"'

unc-54

3’UTR reverse

Oligos used for gpa-3 and gpa-2 rescue
constructs

5 ' -TTGCAAAGAAGCACATCAAAA-3" bbs-1p forward

5'-

GCAGATTGGCATAATCCCATTTTTTGTTAATTTTGGAG

CAC-3' bbs-1p reverse + gpa-3 homology

5'-
TCACTTTGGCACAGACCCATTTTTTGTTAATTTTGGAG
CAC-3'

bbs-1p

reverse + gpa-2 homology

5 ' -TGAGTTGGGCACTTCGTAGA-3'

trx-1p

forward

5'—
GCAGATTGGCATAATCCCATGATCAATTGCTCAAAGTC
AC-3"'

trx-1p

reverse + gpa-3 homology

5'-
TCACTTTGGCACAGACCCATGATCAATTGCTCAAAGTC
AC-3"'

trx-1p

reverse + gpa-2 homology

5'-acgtggttttcacatttgtgca-3'

ceh-36p forward

5'-
TCACTTTGGCACAGACCCATtgtgcatgcgggggcagyg
-3

ceh-36p reverse + gpa-2 homology

5 ' -ATGGGATTATGCCAATCTGC-3'

gpa-3 cDNA forward

5'—
TAGGGATGTTGAAGAGTAATTGGACTCAGTACAAACCG
CATCCTT-3'

gpa-3 cDNA reverse + unc-54 homology

5'~ATGGGTCTGTGCCAAAGTGA-3"'

gpa-2 cDNA forward

5'-
TAGGGATGTTGAAGAGTAATTGGACTTAATAGAGTCCA
GATTTGTGTAGGT-3'

gpa-2 cDNA reverse + unc-54 homology

5'~GTCCAATTACTCTTCAACATCCCTA-3"

unc-54

3'UTR forward

5 ' -ATTTGCGCGGGAATTCAA-3"'

unc-54

3'UTR reverse

0ligos used for GCaMP5 construct

5 ' -TGAGTTGGGCACTTCGTAGA-3"' trx-1p forward

5'-

GATGATGATGATGATGAGAACCCATGATCAATTGCTCA

AAGTCAC-3"' trx-lp reverse + GCaMP homology

5 ' -ATGGGTTCTCATCATCATCATCATC-3'

GCaMP5

Forward

5'-
TAGGGATGTTGAAGAGTAATTGGACTCACTTCGCTGTC
ATCATTTGTAC-3"'

GCaMP5

Reverse + unc-54 homology

5'—-GTCCAATTACTCTTCAACATCCCTA-3"

unc-54

3'UTR forward

5'~CAGTTATGTTTGGTATATTGGGAATG-3'

unc-54

3'UTR reverse
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Chapter Three

Inhibition of Lithium-Sensitive Phosphatase BPNT-1 Causes Selective

Neuronal Dysfunction in C. elegans

Joshua D. Meisel and Dennis H. Kim

This paper is currently in review for publication.
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Summary

Lithium has been a mainstay for the treatment of bipolar disorder, yet the molecular
mechanisms underlying its action remain enigmatic. Bisphosphate 3’ -nucleotidase
(BPNT-1) is a lithium-sensitive phosphatase that catalyzes the breakdown of cytosolic
3’phosphoadenosine 5’-phosphate (PAP), a byproduct of sulfation reactions utilizing the
universal sulfate group donor 3’phosphoadenosine 5’-phosphosulfate (PAPS) (Figure 1A)
(Murguia, Bellés, and Serrano 1995; Spiegelberg et al. 1999; Lopez-Coronado et al.
1999). Loss of BPNT-1 leads to the toxic accumulation of PAP in yeast and non-neuronal
cell types in mice (Hudson et al. 2013; Spiegelberg et al. 2005). Intriguingly, BPNT-1 is
expressed throughout the mammalian brain (Hudson et al. 2013), and it has been
hypothesized that inhibition of BPNT-1 could contribute to the effects of lithium on
behavior (Spiegelberg et al. 2005). Here, we show that loss of BPNT-1 in Caenorhabditis
elegans results in the selective dysfunction two neurons, the bilaterally symmetric pair of
ASJ chemosensory neurons. As a result, BPNT-1 mutants are defective in behaviors
dependent on the ASJ neurons, such as dauer exit and pathogen avoidance. Acute
treatment with lithium also causes dysfunction of the ASJ neurons, and we show that this
effect is reversible, and mediated specifically through inhibition of BPNT-1. Finally, we
show that the selective effect of lithium on the nervous system is due in part to the
limited expression of the cytosolic sulfotransferase SSU-1 in the ASJ neuron pair. Our
data suggest that lithium, through inhibition of BPNT-1 in the nervous system, can cause
selective toxicity to specific neurons, resulting in corresponding effects on behavior of C.

elegans.
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Results and Discussion

We have previously shown that the daf-7 gene, encoding a TGF-§ ligand that
regulates diverse behaviors in C. elegans (Ren et al. 1996; Schackwitz, Inoue, and
Thomas 1996), is transcriptionally activated in the ASJ chemosensory neuron pair upon
exposure to the pathogenic bacteria Pseudomonas aeruginosa (Meisel et al. 2014). We
conducted a forward genetic screen for animals defective in this transcriptional response,
and identified one such mutant, gd257, which carries a D119N missense mutation in
bpnt-1 (Figures 1B-C). This aspartic acid residue is conserved from yeast to humans, and
is required for the catalytic activity of the superfamily of lithium-sensitive phosphatases
(Pollack et al. 1993; Albert et al. 2000). Confirming the identity of gd257 as an allele of
bpnt-1, we used CRISPR/Cas9-mediated genome editing to generate a loss-of-function
bpnt-1 allele, gd303, in which a deletion/insertion leads to a frameshift at amino acid 20
followed by a premature stop codon. Animals carrying bpnt-1(qd303), or the W294X
nonsense mutation bpnt-1(gk469190), also fail to express daf-7 in the ASJ neurons when
exposed to P. aeruginosa (Figures 1B-C). Notably, the constitutive expression of daf-7 in
the ASI neuron pair is unaffected by loss of bpnt-1 (Figure 1B). These data suggest that
BPNT-1 is required for the expression of daf-7 specifically in the ASJ neurons.

BPNT-1 is conserved in all eukaryotes, and belongs to a family of lithium-
sensitive phosphatases that includes inositol monophosphatase and inositol
polyphosphate-1-phosphatase (Figure S1). Loss of BPNT-1 in mice leads to the toxic
accumulation of PAP and death by liver failure at 45 days (Hudson et al. 2013), and so
we were surprised that bpnt- I mutants were viable and appeared healthy. We used

fluorescent in situ hybridization to analyze the bpnt-1 expression pattern and observed
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Figure 1
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Figure 1. Bisphosphate 3’-nucleotidase (BPNT-1) is required for the function of the
ASJ neurons. (A) BPNT-1 catalyzes the breakdown of cytosolic 3’ phosphoadenosine 5°-
phosphate (PAP), a byproduct of sulfation reactions utilizing the universal sulfur donor
3’phosphoadenosine 5’-phosphosulfate (PAPS). (B) daf-7 expression pattern in animals
exposed to P. aeruginosa for 16 h. Empty triangles indicate the ASJ neurons (posterior)
when visible. The ASI neuron pair (anterior) is unaffected by loss of BPNT-1. All
genotypes contain ksls2[daf-7p::gfp]. (C) Maximum fluorescence of daf-7p.:gfp in the
ASJ neurons after 16 h exposure to P. aeruginosa. All genotypes contain ksls2/daf-
7p::gfp]. (D) Lawn occupancy of animals on P. aeruginosa after 20 h. All genotypes
contain npr-1(215F). (E) Fluorescence microscopy of the ASJ cell body (dashed line)
visualized with a red-fluorescent lipophilic dye (left). Area of the ASJ cell body divided
into nuclear and cytoplasmic compartments (right). (F-G) Fraction of animals that have
exited the dauer developmental diapause state. All genotypes contain daf-2(el1368). For
all panels: *** P <0.001, * P <0.05 as determined by one-way ANOVA followed by
Dunnett’s Multiple Comparison Test. n.s. = not significant. Error bars indicate standard

deviation. See also Figures S1 and S2.



broad mRNA expression throughout the animal (Figure S2), confirming previous high-
throughput expression analysis (Dupuy et al. 2007). bpnt-1 mRNA was almost entirely
absent in the bpnt-1(qd303) mutant, demonstrating that the bpnt-1 expression pattern was
specific (Figure S2). Transgenic expression of genomic bpnt-1 DNA, or bpnt-1 cDNA
under a promoter that drives expression exclusively in the ASJ neurons, each rescued the
daf-7 expression defect in the ASJ neurons (Figures 1B-C). Consistent with this
observation and our previous results that established a role for daf~7 induction in
promoting pathogen avoidance (Meisel et al. 2014), bpnt-1 mutant animals are defective
in the protective behavioral avoidance of P. aeruginosa (Figure 1D). We therefore
conclude that despite its widespread expression, BPNT-1 is not essential in C. elegans,
and is acting cell-autonomously to promote the function of the ASJ neurons.

We determined that the gross morphology of the ASJ neurons was still intact in
the bpnt-1 mutant background through labeling with a lipophilic dye. However, we also
observed a reduction in the cytoplasmic volume of the ASJ neurons (Figure 1E). This led
us to ask if the expression of other genes in the ASJ neurons and additional ASJ-
dependent behaviors might be affected in the bpnt-1 mutant. Indeed, expression of the
insulin-like peptide daf-28 (Li, Kennedy, and Ruvkun 2003), the G protein alpha subunit
gpa-9 (Jansen et al. 1999), and the thioredoxin frx-1 (Miranda-Vizuete et al. 2006) were
all decreased in the bpnr-1 mutant (Figures 2A-C). Expression of gpa-9 in tail neurons
and expression of daf-28 in the ASI neurons was unaffected by loss of hpnt-1 (data not
shown), further suggestive of ASJ-specific effects of the loss of BPNT-1 function. In
addition, exit from the dauer reproductive diapause state, a behavior which requires the

ASJ neurons (Cornils et al. 2011; Bargmann and Horvitz 1991), was severely impaired in

113



Figure 2
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Figure 2. Lithium induces dysfunction of the ASJ neurons through inhibition of
BPNT-1. (A, D, G) Maximum fluorescence of daf-28::gfp in the ASJ neurons. All
genotypes contain mgls40[daf-28p::nls-GFP]. (B) Maximum fluorescence of gpa-9::gfp
in the ASJ neurons. All genotypes contain pkls586/gpa-9p::GFP]. (C) Maximum
fluorescence of trx-1::mCherry in the ASJ neurons. All genotypes contain gqdEx133/trx-
1p::mCherry]. (E) Fluorescence microscopy of the ASJ cell body (dashed line)
visualized with a red-fluorescent lipophilic dye (left). Area of the ASJ cell body (right).
All genotypes contain mgls40{daf-28p::nls-GFP]. (F) Fraction of animals that have
exited the dauer developmental diapause state. All genotypes contain daf-2(e1368).
Dashed lines indicate addition of 15 mM LiCl. For all panels: Open circles indicate
addition of 15 mM LiCl. *** P <0.001, ** P < 0.01, * P <0.05 as determined by one-
way ANOVA followed by Dunnett’s Multiple Comparison Test. n.s. = not significant.

Error bars indicate standard deviation. See also Figure S3.
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animals lacking BPNT-1 (Figure 1F). The dauer exit defect was partially rescued by
expressing bpni-1 from an ASJ-specific promoter, demonstrating that BPNT-1 activity in
the ASJ neurons is required for the dauer exit behavior (Figure 1G). From these
observations we conclude that ASJ transcription and ASJ-dependent behaviors are
defective in BPNT-1 mutants.

Given that BPNT-1 enzymatic activity is potently inhibited by lithium in vitro
(Spiegelberg et al. 1999; Lopez-Coronado et al. 1999; Murguia, Bellés, and Serrano
1995), we asked whether the effects of lithium on C. elegans would mimic the loss of
BPNT-1. Indeed, acute exposure to 15 mM LiCl significantly decreased the expression of
all ASJ-specific genes, including daf-28, gpa-9, and trx-1 (Figures 2A-C). Similar to the
effects of loss of BPNT-1, expression of these genes in other neurons was not affected by
lithium treatment (data not shown). The inhibitory effects of lithium treatment were
reversible — following 24 hours recovery, daf-28::gfp expression in the ASJ neurons had
increased to levels slightly above untreated animals (Figure 2D). Acute lithium exposure
also reduced the cytoplasmic volume of the ASJ neurons (Figure 2E). Additionally, dauer
exit behavior was inhibited by lithium treatment to levels similar to bpnt-1 mutant
animals (Figure 2F). These results indicate that the ASJ neurons are selectively and
reversibly inhibited by lithium.

Lithium can inhibit the activity of phosphatases other than BPNT-1, such as
inositol phosphatases, and we wondered if the effects of lithium were mediated by
inhibition of BPNT-1. A mutation in the BPNT-1 yeast homolog MET22/HAL2 (V70A)
has been characterized that does not affect its catalytic activity but confers 10-fold

resistance to inhibition by lithium (Albert et al. 2000). This hydrophobic residue is
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conserved not only in all BPNT-1 homologs, but in the homologous inositol phosphatases
as well. In fact, introduction of the corresponding mutation into human inositol
monophosphatase (I68A) or a bacterial inositol monophosphatase (L81A) renders these
proteins lithium insensitive (Albert et al. 2000; Nigou, Dover, and Besra 2002),
suggesting that the homologous change would be effective on the much more closely
related C. elegans BPNT-1. Introduction of this BPNT-1 variant (175A in C. elegans)
into the bpnt-1(qd303) mutant fully rescued the ASJ expression defect of daf-28 and in
addition rendered the ASJ neuron resistant to the transcriptional and morphological
effects of lithium treatment (Figures 2E and 2G). Animals expressing BPNT-1(175A)
were also resistant to the effects of lithium treatment on dauer exit, strongly suggestive
that the effects of lithium on C. elegans dauer exit behavior are due to the inhibition of
BPNT-1 (Figure 2F). Additionally, mutations in lithium-sensitive inositol
monophosphatase TTX-7 or Golgi-resident PAP phosphatase GPAP-1 did not mimic the
addition of lithium (Figure S3A). These data suggest that the inhibitory effects of lithium
on the ASJ neurons are mediated through inhibition of the lithium-sensitive phosphatase
BPNT-1.

To identify the molecular mechanism by which loss of BPNT-1 leads to
dysfunction of the ASJ neuron, we undertook cross-species rescue experiments with
homologs of restricted substrate specificity. In addition to catalyzing the breakdown of
PAP into 5°-AMP, BPNT-1 has been shown to have in vitro inositol polyphosphate-1-
phosphatase (IPP) activity (Lopez-Coronado et al. 1999; Spiegelberg et al. 1999).
Intriguingly, although IPP was present in the common ancestor of all animals, as

evidenced by its presence in cnidarians and sponges, IPP was lost in the nematode
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lineage (Figure S1). We therefore sought to determine if BPNT-1 might be functioning as
an IPP in C. elegans neurons. Expression of bpnt-1 cDNA from C. elegans or D.
melanogaster driven by the endogenous C. elegans bpnt-1 promoter rescued the daf-7
expression defect in the ASJ neurons (Figures 3A-B). However introduction of D.
melanogaster or H. sapiens IPP cDNA was unable to rescue the daf-7 expression defect
in bpnt-1 mutants, suggesting that the ASJ defect of bpnt-1 mutant animals is not due a
loss of IPP activity (Figures 3A-B). Instead, introduction of the S. cerevisiae BPNT-1
homolog MET22/HAL2, which has been shown to have PAP phosphatase activity but
weak IPP activity (Spiegelberg et al. 1999; Murguia, Bellés, and Serrano 1995), fully
rescued the bpnt-1(qd303) daf-7 expression phenotype (Figures 3A-B). These data
support our hypothesis that loss of BPNT-1 causes ASJ neuronal dysfunction through the
accumulation of PAP.

How could loss of BPNT-1, which is widely expressed in C. elegans, selectively
increase PAP levels and inhibit the two ASJ neurons? PAP is generated in the cytosol as
a byproduct of sulfation reactions in which cytosolic sulfotransferases transfer a sulfate
group from PAPS onto endogenous and xenobiotic targets such as hormones and
catecholamines (Strott 2002). This is in contrast to Golgi-derived PAP which is generated
by sulfotransferases that act on proteins and carbohydrates and is degraded by a Golgi-
resident PAP 3’-phosphatase that is homologous to BPNT-1 (Frederick et al. 2008).
Surprisingly, C. elegans has only one cytosolic sulfotransferase in its genome, SSU-1,
and SSU-1 is exclusively expressed in the ASJ neurons (Hattori et al. 2006; Carroll et al.
2006). We therefore asked if loss of SSU-1 could suppress the ASJ defect in BPNT-1

mutants. Indeed, loss of SSU-1 could partially suppress the daf-28 and daf-7 expression

118



Figure 3
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Figure 3. Loss of BPNT-1 inhibits the ASJ neurons through accumulation of
cytosolic PAP. (A) daf-7 expression pattern in animals exposed to P. aeruginosa for 16 h.
Empty triangles indicate the ASJ neurons (posterior) when visible. All genotypes contain
ksIs2[daf-7p::gfp]. (B) Maximum fluorescence of daf-7p::gfp in the ASJ neurons after
16 h exposure to P. aeruginosa. All genotypes contain ksls2[daf-7p::gfp]. (C) Maximum
fluorescence of daf-28::gfp in the ASJ neurons. All genotypes contain mgls40/daf-
28p.:nls-GFP]. (D) Fluorescence microscopy of the ASJ cell body (dashed line)
visualized with a red-fluorescent lipophilic dye (left). Area of the ASJ cell body (right).
All genotypes contain mgls40[/daf-28p::nls-GFP]. For all panels: *** P <0.001, ** P <
0.01, * P < 0.05 as determined by one-way ANOVA followed by Dunnett’s Multiple
Comparison Test. n.s. = not significant. Error bars indicate standard deviation. See also

Figure S3.



defects of BPNT-1 mutants, even though ssu-7 mutants themselves were slightly
defective in these assays (Figures 3C and S3B). Loss of SSU-1 could also partially
suppress the reduction of cytoplasmic volume of the ASJ cell body we observe in BPNT-
1 mutant animals (Figure 3D). These data suggest that the specific expression of the
cytosolic sulfotransferase SSU-1 in the ASJ neuron pair may contribute to the selective
neuronal dysfunction caused by loss of BPNT-1.

The incomplete suppression of bpnt-1 phenotypes by mutation in ssu-/ could be
due to residual cytosolic PAP produced by additional unidentified cytosolic
sulfotransferases. Alternatively, Golgi-derived PAP may be enter the cytosol via
PAPS/PAP antiporters in the Golgi membrane (Dejima et al. 2010; Ozeran, Westley, and
Schwartz 1996). Golgi-derived PAP is normally degraded by a Golgi-resident PAP 3°-
phosphatase homologous to BPNT-1 (GPAP-1 in C. elegans), and like bpnt-1 we find
that animals carrying a loss-of-function mutation in gpap-1 are viable and appear healthy.
However we constructed a balanced strain carrying mutations in both bpnt-1 and gpap-1
and found the double mutants to be inviable, displaying early larval lethality. This
observation suggests that BPNT-1 and GPAP-1 act redundantly throughout the organism
to degrade Golgi-produced PAP, which may explain the broad expression pattern of bpnt-
1. However in the ASJ neuron pair, where there exists a unique source of cytosolic PAP
due to expression of ssu-1, and perhaps an increased source of Golgi-derived PAP due to
the secretory nature of the ASJ neurons, BPNT-1 is required for cellular function.

Inositol monophosphatase and inositol polyphosphate-1-phosphatase belong to a
family of evolutionarily conserved phosphatases that are inhibited by lithium at

therapeutic concentrations (York and Majerus 1990; Diehl et al. 1990), which has led to
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the “inositol depletion” hypothesis for explaining lithium’s effects on the mammalian
brain (Berridge, Downes, and Hanley 1982). BPNT-1 has also been proposed to be a
potential therapeutic target of lithium (Spiegelberg et al. 2005). Here we provide
evidence that inhibition of BPNT-1 can cause cell-selective dysfunction resulting in
neuron-specific effects on behavior in C. elegans. The ASJ neurons of C. elegans are
acutely sensitive to both the loss of BPNT-1 and the addition of lithium, perhaps due to
their expression of the cytosolic sulfotransferase SSU-1 that generates cytosolic PAP
(Figure 4). Accumulation of PAP can interfere with numerous cellular processes
including sulfotransferase activity, RNA processing, nucleotide phosphorylation, and
PARP activity (Ramaswamy and Jakoby 1987; Dichtl, Stevens, and Tollervey 1997;
Schneider et al. 1998; Ozeran, Westley, and Schwartz 1996; Toledano et al. 2012). Our
data suggest that the differential expression of cytosolic sulfotransferases may result in
neuron-selective effects of lithium through inhibition of BPNT-1 and buildup of cytosolic
PAP. Intriguingly, cytosolic sulfotransferases are expressed selectively in the mammalian
brain, particularly in neurons that synthesize catecholamine neurotransmitters (Salman,
Kadlubar, and Falany 2009; Sidharthan, Minchin, and Butcher 2013), and we hypothesize
that these populations of neurons may display enhanced susceptibility to inhibition of
BPNT-1. We anticipate that our data in C. elegans on the neuron-selective effects of
lithium, which acts through inhibition of the evolutionarily conserved phosphatase
BPNT-1, may have implications for understanding the remarkable, and yet

mechanistically poorly understood, effects of lithium therapy and toxicity in humans.
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Figure 4. Lithium selectively inhibits the ASJ neurons of C. elegans through
inhibition of BPNT-1. We hypothesize that inhibition of the cytosolic PAP phosphatase
BPNT-1 by lithium or genetic mutation leads to a buildup of toxic PAP, due to ASJ-
specific expression of the cytosolic sulfotransferase SSU-1. PAP, in turn, causes
alterations in cell morphology, transcription, and behavioral outputs of the ASJ neurons.
BPNT-1 can also degrade PAP transported into the cytosol from the Golgi, which may

explain the synthetic lethality between BPNT-1 and the Golgi-resident PAP phosphatase

GPAP-1.
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Experimental Procedures

C. elegans Strains

C. elegans was maintained on E. coli OP50 as previously described (Brenner 1974).
BPNT-1 was formerly known as C. elegans TAG-231/ZK430.2. GPAP-1 was formerly
known as C. elegans Y6B3B.5. The bpnt-1(qd257) allele (D119N) was isolated from an
EMS mutagenesis screen and cloned through SNP mapping followed by whole-genome
sequencing. The bpnt-1(qd303) allele (insertion/deletion) was generated using CRISPR-
based targeting (Friedland et al. 2013). The bpnt-1(gk577587) (G287R) and bpnt-
1(2k469190) (W294X) alleles were isolated from the C. elegans Million Mutation Project
and also conferred daf-7 expression defects in the ASJ neurons. For assays in which a
synchronized population of animals was required, strains were egg-prepped in bleach and
arrested overnight in M9 buffer at the L1 larval stage. For a complete list of strains used

in this study see below.

ASJ Gene Expression and Morphology

To measure the expression of daf-7 in the ASJ neurons on P. aeruginosa PAl4, an
overnight culture of PA14 was grown in 3 mL LB at 37°C, and the following morning 7
uL of culture was seeded onto 3.5 cm SKA plates as previously described (Tan,
Mahajan-Miklos, and Ausubel 1999). PA 14 plates were grown overnight at 37°C and
then grown for an additional two days at room temperature. Animals at the L4 larval
stage were then picked onto the center of the bacterial lawn, incubated at 25°C, and
scored for GFP expression 16 h later. For quantifying the area of the ASJ cell body,

animals were incubated in the lipophilic dye Dil (Molecular Probes) at 10 pg/ml in M9
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buffer for 3 hours. Animals were then destained for 1 hour on a lawn of E. coli prior to
imaging. To measure the expression of daf-28, gpa-9, and trx-1 in the ASJ neurons, L4
larval animals were transferred to E. coli plates with or without 15 mM LiCl and
incubated overnight at 20°C. Images were acquired with an Axioimager Z1 microscope
using animals anaesthetized in 50 mM sodium azide. To quantify fluorescence animals
were imaged at 40x magnification and the maximum intensity value within the ASJ
neuron was determined using F1JI software. Statistical analysis was performed using

GraphPad Prism Software.

P. aeruginosa Avoidance and Dauer Exit Assays

Plates for P. aeruginosa avoidance assays were prepared as above. 30 animals at the L4
larval stage were transferred to the center of PA14 lawns, incubated at 25°C, and scored
for avoidance 15-20 h later. For dauer exit assays, all strains carried a mutation in the
dauer constitutive gene daf-2. Gravid adults were egg-laid at 25°C on plates with E. coli
and the experiment began two days later when all animals had entered the dauer
developmental stage. Dauer animals were moved onto NGM plates seeded with E. coli
with or without 15 mM LiCl. Animals continued to be incubated at 25°C and scored over

the next week for dauer exit.

Single Molecule Fluorescent In Situ Hybridization
smFISH was performed as previously described (Raj et al. 2008). Briefly, C. elegans
were fixed in 4% formaldehyde for 45 min at room temperature. After washing with PBS,

larvae were resuspended in 70% EtOH and incubated overnight at 4°C. The following



day fixed larvae were transferred into hybridization solution with the smFISH probe and
incubated overnight at 30°C. The bpnt-1 probe was constructed by pooling 32 unique 20
nucleotide DNA oligos that tile the bpnt-1 coding region and coupling them to Cy5 dye.
For a complete list of oligos see below. Images were acquired with a Nikon Eclipse Ti
Inverted Microscope outfitted with a Princeton Instruments PIXIS 1024 camera. Data
were analyzed using FIJI software; images presented in Figure S2 are maximum intensity

z-projections of 30 stacked exposures.

Generation of Transgenic Animals

To generate the genomic bpnt-1 rescue construct, a 3.8 kb PCR fragment containing 1.4
kb of upstream promoter was amplified from genomic DNA and cloned into the pGEM-T
Easy vector. To generate the bpnt-1(1754) lithium-insensitive rescue construct the above
plasmid was edited using a QuikChange Il XL Site-Directed Mutagenesis Kit from
Agilent Technologies. To generate the ASJ-specific bpnt-1 and mCherry expression
constructs, the frx-1 promoter (Fierro Gonzalez et al. 2011) (1.1 kb) was amplified by
PCR from genomic DNA. bpnt-1 cDNA was amplified by PCR from a cDNA library
generated with an Ambion RETROscript Kit. The unc-54 3-prime UTR was amplified by
PCR from Fire Vector pPD95.75. The mCherry::unc-54 3 'UTR fragment was amplified
from plasmid pCFJ104. DNA constructs (promoter::gene::unc-34 3°’UTR) were
synthesized using PCR fusion as previously described (Hobert 2002) and cloned into the
pGEM-T Easy vector. To generate the cross-species bpni-1 rescue constructs, D.
melanogaster BPNT-1/CG7789 ¢cDNA (clone LD34542) and IPP cDNA (clone

RE60387) were amplified from plasmids from the Drosophila Genomic Resource Center.
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H. sapiens IPP cDNA (clone 3845956) was amplified from a plasmid from GE
Healthcare Dharmacon. S. cerevisiae MET22/HAL2 DNA was amplified from genomic
yeast DNA. C. elegans bpnt-1 cDNA was amplified as above. These cDNAs were then
cloned into the above genomic bpni-1 rescue construct using Gibson Assembly. All
constructs were injected into animals at a concentration of 50 ng/pL along with a plasmid
carrying the co-injection marker ofm-1p::gfp (50 ng/pL.). At least three independent
transgenic lines were analyzed for each construct. For a complete list of primers used in

this study see below.

Phylogenetic Analysis

NCBI protein BLAST was used to collect homologs of all lithium-sensitive phosphatases
in the following species: yeast (Saccharomyces cerevisiae), sponge (Amphimedon
queenslandica), sea anemone (Nematostella vectensis), Caenorhabditis elegans, fly
(Drosophila melanogaster), zebrafish (Danio rerio), and human (Homo sapiens). A
protein alignment of conserved residues was generated using ClustalX, and a maximum-
likelihood tree with 100 bootstrapped data sets was generated using PhyML (Guindon et

al. 2010). Graphical trees were generated using FigTree.



Complete list of C. elegans strains used in this study

STRAIN | GENOTYPE FIGURE
1b-c, 3a-b,
FK181 ksis2[daf-7p:.GFP + rol6(su1006)] | S3b
ZD886 ksls2; bpnt-1(qd257) 1b-c, S3b
ZD1147 | ksls2; bpnt-1(gk469190) 7xBackcrossed 1b
ZD1146 | ksls2; bpnt-1(gk577587) 6xBackcrossed Text
1b-c, 3a-b,
ZD1181 | ksls2; bpnt-1(qd303) S3b
ZD1150 | ksls2; bpnt-1(qd257); qdEx121[bpnt-1(+) + ofm-1::gfp] 1b
ZD1159 | ksis2; bpnt-1(qd257); qdEx123[trx-1p::bpnt-1 cDNA + ofm-1::gfp] 1b-c
DA650 npr-1(215F) X 1d
ZD1441 | bpnt-1(qd257); npr-1(215F) 1d
ZD1442 | bpnt-1(qd303); npr-1(215F) 1d
N2 wild type Bristol strain 1e, 52
ZD1169 | bpnt-1(qd257) Il 1e
Z2D1224 | bpnt-1(qd303) Il 1e, S2
DR1572 | daf-2(e1368) Il 1f-g, 2f
ZD1396 | bpnt-1(qd257); daf-2(e1368) 1f-g
ZD1425 | bpnt-1(qd303); daf-2(e1368) 1f
bpnt-1(qd257); daf-2(e1368); qdEx123[trx-1p::bpnt-1 cONA + ofm-
ZD1519 | 1::gfp] 1g
2a, 2d-e, 2g,
GR1455 | mgls40[daf-28p::nls-GFP] IV 3c-d, S3a
ZD1572 | bpnt-1(qd303); mgls40 2a, 3c-d, S3a
NL1606 | dpy-20(e1282); pkis586[gpa-9::GFP; dpy-20] 2b
ZD1500 | bpnt-1(qd303); pkis586[gpa-9::GFP; dpy-20] 2b
ZD1446 | qdEx133[trx-1p::mCherry::unc-54 3'UTR + ofm-1.::gfp] 2c
ZD1578 | bpnt-1(qd303); qdEx133(trx-1p::mCherry::unc-54 3'UTR + ofm-1::gfp] | 2¢
ZD1601 | bpnt-1(qd303); mgls40; qdEx135[bpnt-1(I76A) + ofm-1::gfp] 2e, 29
ZD1755 | bpnt-1(qd303); daf-2(e1368); qdEx135[bpnt-1(175A) + ofm-1.:gfp] 2f
ksls2; bpnt-1(qd303); qdEx127[bpnt-1p::S.c. MET22 cDNA::bpnt-1
ZD1528 | 3'UTR + ofm-1::9fp] 3a-b
ksis2; bpnt-1(qd303); qdEx128[bpnt-1p::D.m. bpnt-1 cDNA::bpnt-1
ZD1529 | 3'UTR + ofm-1::gfp] 3a-b
ksls2; bpnt-1(qd303); qdEx129[bpnt-1p::D.m. IPP cDNA::bpnt-1 3'UTR
ZD1530 | + ofm-1::gip] 3a-b
kslis2; bpnt-1(qd303); qdEx131[bpnt-1p::C.e. bpnt-1 cDNA::bpnt-1
ZD1533 | 3'UTR + ofm-1::gfp] 3a-b
ksls2; bpnt-1(qd303); qdEx126[bpnt-1p::H.s. IPP cDNA::bpnt-1 3'UTR
ZD1527 | + ofm-1::gfo] 3b
ZD1687 | mgis40; ssu-1(fc73) 3c-d
ZD1648 | bpnt-1(qd303); mgls40; ssu-1(fc73) 3c-d
ZD1701 | gpap-1(0k2805); mgls40 S3a
ZD1705 | Hx-7(nj50);, mgls40 S3a




ZD1539 | ksis2; ssu-1(fc73) S3b
ZD1540 | ksis2; bpnt-1(qd303); ssu-1(fc73) S3b
ZD1622 | gpap-1(ok2805) ksls2; bpnt-1(qd303)/min1[mis14 dpy-10(e128)] Text

Complete list of DNA oligos used in this study

All sequences are listed in the 5° to 3’ direction.

Primers used to generate bpnt-1 rescue
constructs

acaaggccgaggagtctttg

bpnt-1 genomic rescue forward

ggactcgacgaggaggaatc

bpnt-1 genomic rescue reverse

tttttacctcttcgeecggecaatattaatattettg
aaatgcttctgcagaga

bpnt-1 QuickChange I75A forward

tctctgcagaagcatttcaagaatattaatattge
cggcgaagaggtaaaaa

bpnt-1 QuickChange I75A reverse

Primers used to generate ASJ-specific bpnt-
7 and mCherry constructs

TGAGTTGGGCACTTCGTAGA

trx-1 promoter forward

TGAGAAAACTCGCTTTGTTGAACATGATCAATTGC
TCAAAGTCAC

trx-1 promoter reverse + bpnt-1 tag

CTTCTTCACCCTTTGAGACCATGATCAATTGCTCA
AAGTCAC

trx-1 promoter reverse + mCherry tag

ATGTTCAACAAAGCGAGTTTTCTCA

bpnt-1 cDNA forward

TAGGGATGTTGAAGAGTAATTGGACTCACTTTTTC
GATGAAATCTCCGG

bpnt-1 cDNA reverse + unc-54 3'UTR
tag

ATGGTCTCAAAGGGTGAAGAAG

mCherry forward

GTCCAATTACTCTTCAACATCCCTA

unc-54 3'UTR forward

CAGTTATGTTTGGTATATTGGGAATG

unc-54 3'UTR reverse

Primers used to generate cross-species
bpnt-1 rescue constructs

tctgaagcattccaaatttaatttttttce

Gibson backbone forward

ttcaactggtgccgaaatcattce

Gibson backbone reverse

tcggcaccagttgaaATGTTCAACAAAGCGAGTTT

TCTCA Ce BPNT1 cDNA Forward + Gibson tag
ttggaatgcttcagaTCACTTTTTCGATGAAATCT

CCGG Ce BPNT1 cDNA Reverse + Gibson tag
tcggcaccagttgaaATGGCTGCAACTGCTCCG Dm BPNT1 cDNA Forward + Gibson tag
ttggaatgcttcagaTCACTTGGCTCCCACTGC Dm BPNT1 cDNA Reverse + Gibson tag
tcggcaccagttgaaATGGCATTGGAAAGAGAATT

ATTGGTTG Sc Met22 cDNA Forward + Gibson tag
ttggaatgcttcagaTTAGGCGTTTCTTGACTGAA

TGAC Sc Met22 cDNA Reverse + Gibson tag
tcggcaccagttgaaATGAGCGGCGTGGAGGAG Dm TPP cDNA Forward + Gibson tag
ttggaatgcttcagaTCATTGCTCGGCCAATTTGG | Dm IPP cDNA Reverse + Gibson tag
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tcggcaccagttgaaatgtcagatatcctececggga

gc

Hs IPP cDNA Forward + Gibson tag

ttggaatgcttcagactaggtatgcgtctectgcag

g

Hs IPP cDNA Reverse + Gibson tag

Oligos used to generate bpnt-1 smFISH

probe

gtctcgtgagaaaactcgct

cctctgaaactcggacagac

atttttaataagaccccegg

tgattttgagatctccgecg

gatccgtgctccgatttatce

ctteccgtttgtggatcgtag

gaactatgcagtattgagcc

cactgaatcccatttcgatt

atcaggcgttccatttggag

tcctggatattcttgagete

cacccagactacaacatcat

ttctgatgttccatccaacg

tattcttaactgccaacgcg

tgctccaacaatgccatatt

gcgattccaatcaacacagt

gatgaataattccagccacc

cttccaagcttctcatgata

caaccttgaatcgcccaaac

ccggaacaactccatgaact

tgagatggcttcgagttgtc

agggcgttggagacagattc

cgccaaatttcgagttttca

caccgactttttcaacgcta

aaagacatacgctgcacacc

catttcttacaaccagcact

agtcaacacggcttcaactg

aatgtccgtaagagttcctc

tcatatcgaatatcacggcc

tactcctccecgtattattaa

cttatgcttgacccatgaag

ttcttgtggaatcgtatcga

cgatgaaatctccggcaaca
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Figure S1. Phylogenetic analysis of the conserved family of lithium-sensitive
phosphatases, related to Figure 1. Maximum-likelihood phylogenetic analysis of
conserved regions of the inositol monophosphatase, bisphosphate 3’-nucleotidase
(BPNT-1), Golgi-resident PAP phosphatase, inositol polyphosphate-1-phosphatase, and
fructose bisphosphatase proteins. Colored boxes denote functional homologs. Nodes are
labeled with bootstrap values (out of 100 replicates). Branch lengths are proportional to

number of amino acid changes. C. elegans genes are indicated in red.
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wild type bpnt-1(qd303)
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Figure S2. The bpnt-1 expression pattern is broad and not limited to the ASJ
neurons, related to Figure 1. Single molecule fluorescent in situ hybridization of bpni-1
mRNA in wild type and bpnt-1(qd303) mutant animals. Images presented are maximum
intensity z-projections of 30 stacked exposures of bpnt-1 mRNA (above) and trans-
illumination (below). Animals presented are representative samples from a mixed-stage

population. All images were taken at 100x magnification.
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Figure S3. BPNT-1, but not GPAP-1 or TTX-7, is required for ASJ function
partially due to expression of cytosolic sulfotransferase SSU-1, related to Figures 2
and 3. (A) Maximum fluorescence of daf-28.:gfp in the ASJ neurons. All genotypes
contain.mgls40[daf—28p:.'nls-GFP ']. (B) Maximum fluorescence of daf-7p::gfp in the
ASJ neurons after 16 h exposure to P. aeruginosa. All genotypes contain ksls2/daf-
7p::gfp]. ¥** P <0.001, ** P <0.01 as determined by one-way ANOVA followed by

Dunnett’s Multiple Comparison Test. Error bars indicate standard deviation.
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Chapter Four

Future Directions

Joshua D. Meisel
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Identification of genes coupling microbial detection to neuronal transcription

C. elegans has the remarkable ability to modulate its innate behavioral attraction to
bacteria when confronted with a pathogenic threat. However the molecular and genetic
mechanisms that couple sensory detection of a pathogenic bacterium to a change in behavior
remain enigmatic. Prior to this thesis work, a forward genetic approach to this question would
have been challenging. For example, a screen for animals defective in the behavioral avoidance
of P. aeruginosa, a population-based assay in which 5-10% of wild type animals will remain
inside the bacterial lawn, would require a F3 clonal screen. In Chapter Two, we identify a highly
penetrant transcriptional response in a chemosensory neuron to pathogen exposure. Specifically,
the neuromodulator DAF-7/TGF-B, normally expressed exclusively in the ASI neurons, is
activated in the chemosensory ASJ neurons after five minutes on P. aeruginosa. This induction
can easily be followed using a GFP reporter for daf-7 transcription and a fluorescent microscope,
facilitating a forward genetic approach to identify genes required for the neuronal response to
pathogen exposure.

We conducted a screen for mutants defective in the induction of daf-7 in the ASJ neurons
on P. aeruginosa. Class 1 mutants failed to induce daf-7 in the ASJ neurons, but also lacked wild
type expression of daf-7 in the ASI neurons (Figure 1). We believe such genes to act upstream of
daf-7 in all tissues, or to be required for development of the nervous system as a whole, and not
act specifically in the signaling response to P. aeruginosa. For all Class 1 mutants, ASJ-specific
rescue experiments will be important for distinguishing between cell-autonomous and cell-

nonautonomous effects. In Chapter Two the guanylate cyclase DAF-11 and the cyclic
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Figure 1. Classification of mutants defective in the induction of daf-7 in the ASJ neurons.
On E. coli, wild type animals express daf-7 exclusively in the ASI pair of sensory neurons, but
following exposure to P. aeruginosa, daf-7 is additionally expressed in the ASJ pair of
chemosensory neurons. Class 1 mutants fail to induce daf-7 expression in ASJ neurons, but are
also defective in expression of daf-7 in the ASI neurons. Class 2 mutants are specifically
defective in the induction of daf-7 in the ASJ neurons following exposure to P. aeruginosa.
Class 3 mutants constitutively express daf-7 in the ASJ neurons on E. coli, but are still able to

induce expression on P. aeruginosa to higher levels.
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nucleotide-gated channel encoded by TAX-2/TAX-4 are presented as Class 1 mutants. It is
possible that transcription factors responsible for activating daf-7 will be common between ASI
and ASJ neurons, and characterization of additional Class 1 mutants may identify such DNA
binding proteins.

Class 2 mutants failed to induce daf-7 in the ASJ neurons on P. aeruginosa but displayed
wild type expression of daf-7 in the ASI neurons. The G protein alpha subunits GPA-2 and GPA-
3 presented in Chapter Two are such mutants, and we believe they act cell-autonomously in the
ASJ neurons to transduce the P. aeruginosa signal into a transcriptional response. A Class 2
mutant could also in principal disrupt the ASJ neuron more globally, and so we confirmed that in
gpa-2 and gpa-3 mutants the ASJ neurons were still intact and expressed other ASJ-specific
genes at wild type levels (e.g. trx-1, daf-28). One Class 2 mutant that did not pass this secondary
screen was BPNT-1, discussed in Chapter Three, loss of which globally disrupted the ASJ
neuron through accumulation of toxic PAP. Identification of additional Class 2 mutants will
provide insights into the signaling mechanisms coupling neuronal activation to daf-7
transcription in the ASJ neurons, or shed light on the unique biology of the ASJ neurons.

An additional class of mutants was identified that displayed constitutive expression of
daf-7 in the ASJ neurons. These Class 3 mutants expressed daf-7 in the ASJ neurons when
propagated on benign E. coli, but could still induce daf-7 to a greater extent when exposed to P.
aeruginosa (Figure 2). We therefore hypothesize that Class 3 mutants act in parallel to the
pathway that responds to P. aeruginosa, and function to inhibit daf-7 transcription during
favorable conditions. Perhaps when a transcriptional program is poised to be rapidly activated by

an environmental cue, regulatory networks that prevent inappropriate transcription are critical for
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Figure 2. Class 3 mutants inhibit inappropriate expression of daf-7 in the ASJ neurons.
Maximum fluorescence of daf-7p::gfp in the ASJ neurons after 16 h following transfer to E. coli

OP50 (yellow) or P. aeruginosa PA14 (green). All genotypes contain ksls2/daf-7p::gfp].
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arobust response. Identification of Class 3 mutants will allow for cell-specific rescue
experiments and epistasis analysis with Class 1 and Class 2 mutants. These data will establish the
neuronal and genetic pathways controlling daf-7 transcription and lend insights into how rapid

transcriptional programs are regulated in neurons.

A conserved role for BPNT-1 in mammals?

In Chapter Three we demonstrate that inhibition of the conserved phosphatase BPNT-1
by lithium leads to selective neuronal dysfunction. The cell-specificity of this inhibition by
lithium is due in part to selective expression of the cytosolic sulfotransferase SSU-1 in the ASJ
neuron pair. Intriguingly, BPNT-1 is expressed in the mammalian brain, and cytosolic
sulfotransferases are selectively expressed in mammalian neurons that synthesize catecholamine
neurotransmitters (Hudson et al. 2013; Salman, Kadlubar, and Falany 2009; Sidharthan, Minchin,
and Butcher 2013). Future studies could ask whether lithium may be exerting its inhibitory
effects on the mammalian brain through inhibition of BPNT-1. A recent study by Mertens et al.
analyzed neurons in vitro generated from induced pluripotent stem-cells from patients with
bipolar disorder (Mertens et al. 2015). These neurons were hyperexcitable in culture, and this
phenotype was reversibly inhibited by lithium, but only in neurons generated from patients who
also responded to lithium treatment. Would knockdown or knockout of BPNT-1 in these neurons
mimic lithium treatment? Would expression of the lithium-insensitive BPNT-1 mutant
(discussed in Chapter Three) blunt the effects of lithium? Analysis of transgenic mice in which
BPNT-1 is eliminated or mutated selectively in the brain would also lend insights into how

lithium may be acting to affect mammalian behavior.
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