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Synopsis

SYNOPSIS

C.elegans, depend on olfactory mechanism, chemotax to different odour sources for
food (bacteria), mating and defence. Both informative and uninformative cues are
prevalent in its natural habitat. A well-developed neuroanatomy has aided the animal
to detect changes in odorant concentration and a gradient of one odorant while
ignoring ubiquitous odorants.
Saturation assay facilitated us to mock a model experimental habitat which depicted
that of the worm’s normal environment. In this assay the chemotaxis behaviour of the
worm is analysed towards an odorant spot (isoamyl alcohol, butanone or
benzaldehyde) while being presented with a saturated background odorant (in our
case benzaldehyde and butanone saturated background) respectively. This assay
helped us find answers to alteration in behaviour of worms under such conditional
cues.
The results suggested significantly lower efficiency in detecting the spot odour in
presence of a saturated background. It was observed that C. elegans showed an
aversive behaviour when the spot odorant was the same as the saturated background.
However, it is seen that detection of other solvent that were different to that of the
saturated background was also significantly affected when compared to its chemoattractiveness towards these solvents when presented individually.
Our interest progressed towards exploring different receptor genes that could be
involved in the discrimination pathway. We subjected mutant strains with genes
associated to olfactory receptors (str-2, sra-11); glutamate receptors (glc-3, glr-1, glr2 and nmr-1) and motor neuron receptor (tdc-1) on two different background
saturations of benzaldehyde and butanone respectively. The results obtained for these
experiments indicated significant alteration in odour detection for isoamyl alcohol and
butanone. Interestingly the glutamate receptors exhibited to be involved in odour
discrimination. In addition, it is surprising to witness the interneuron olfactory
receptor gene like the sra-11 did not play a role in the odour discrimination pathway.
1
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Overall, the results indicate that glutamate receptors are essential for butanone
detection pathway while both isoamyl alcohol and benzaldehyde detection is
independent of these receptors.
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INTRODUCTION
1.1 Background:
Mammalians are gifted with complex sensing mechanisms to distinguish different
stimuli from their environment. Humans rely on senses such as sight, hearing, touch,
smell, and taste to recognize the external stimuli. Out of the senses mentioned above,
the sense of smell is one of the oldest senses which allows the organisms constituting
receptors for the odorant to identify food, prospective mating partners, dangers, and
enemies. Smell has been an important means by which many living organisms and
mankind interact with the environment.
Our nose is offered with millions of olfactory sensory neurons that detect volatile
odorants [Shepherd 1988; Buck 1996]. These neurons are responsible to transmit
signals to the olfactory bulb of the brain, which, in turn, sends signals to the primary
olfactory cortex. From there, olfactory information is relayed both to higher cortical
areas and to the limbic system, which

allows for both the conscious perception of

odours and their emotional and motivational effects. The olfactory perception begins
in the nose via the olfactory sensory neurons. These neurons arise in the olfactory
epithelium that occupies about 5cm2 of the back of nasal cavity. Several million
neurons supported with glia-like cells are constituted in this area over-lined with basal
layer of stem cells. Olfactory neurons possess a unique feature among other neurons
in that they have a short life span of about 30-60 days and that they are replenished by
the basal stem cell population [Buck, 2005].
The olfactory neurons consist about 50 million receptor cells with 8-20 cilia extending
down in a layer of mucus secretion by the Bowmann glands in the olfactory
epithelium [Elsaesser & Paysan, 2007]. Volatile substances that are soluble in mucus
can only produce sensations as they efficiently reach the receptors and interact with
them. The axonal ramifications of these neurons come together in groups of 10 to 100
fibres and traverse the cribriform plate and extend towards olfactory bulb where they
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join to form glomeruli and from which they converge to mitral cells [Sarafoleanu D,
1999].
The complexity of mammalian olfactory system offers them an enormous
discriminatory power. Although humans are known to have a poor sense of smell
when compared to many other animals, they still can perceive a vast number of
volatile solvents. Odorants are small organic molecules (< 400 Da) and are of diverse
nature based on number of factors like shape, size, functional groups and charge
[Amoore 1970]. They comprise of a range of aliphatic acids, alcohols, aldehydes,
ketones, and esters; chemicals with aromatic, alicyclic, polycyclic, and heterocyclic
ring structures; and large number of substituted chemicals of each of these types, as
well as combinations of them. Diversifying nature of these chemicals can be detected
and discriminated remarkably well by the olfactory system.
Olfactory perception studies on humans have revealed information that is both
astonishing and baffling at the same time. It has been documented that slight change
in the structure of an odorant can affect the manner in which that particular odour is
perceived [Beets 1970; Polak 1973]. This can be well illustrated in case of octanol,
where hydroxyl group replaced with carboxyl group forms octanoic acid and the same
is sensed as orange and rose-like to rancid and sweaty [Arctander 1969]. Also it is
been observed that the change in concentration of the odorant can in turn cause a
change in the perceived quality of an odorant. Indole when concentrated gives a putrid
odour while the same when diluted gives a floral odour and is an example of one such
situations. Perception of odours also differ with some odour detectable at a lower
concentration than others [Cain 1988)]. Such mechanisms by which the olfactory
system achieves its perceptual task and the means of the puzzling features of olfactory
system are yet to be understood. Studies on rodent olfactory system have deciphered
information about the cellular functioning and structure of the mammalian olfactory
system and also provided molecular tools that allow to solve mysteries of the
molecular bases of olfactory system.
Rats (Rattus rattus) have a well-developed ability to detect and identify odorants in
minimal concentration [Quignon et al. 2005]. Interestingly, food- deprived rats
4
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possess increased detection of odorant at low concentrations indicating the fact that
olfactory sensitivity is increased in food- deprived animals [Aime et al. 2007].
Improvement in olfactory performance is attributed to repeated exposure to a
particular substance in mammals such as rats [Doty and Ferguson- Segall 1989,
Wilson 2000, Wilson and Stevenson 2003] and mice [Wang et al. 1993, Yee and
Wysocki 2001].
Duration of exposure to an odour has been shown to influence the degree of
adaptation and the rate of recovery. Investigations to back up this concept have been
conducted by employing olfactory adaptation in nematodes [Colbert and Bargmann,
1995] and Drosophila larvae [Wuttke, 1999; Wuttke and Tompkins, 2000]. The basic
model of such experiments involve introducing the organism in the centre of a Petri
plate on which odorant and water (control) is spotted equidistant from it on opposite
sides. In their normal state they will be responsive to most, but not all odorants.
However, upon adaptation they would be randomly distributed throughout the plate.
Although many vertebrate and invertebrate models are used to study olfactory aspects,
the most prominent model for study are hermaphroditic, free-living nematodes,
Caenorhabditis elegans. C .elegans was introduced as a model organism in the early
1960s by Sydney Brenner for research in developmental biology and neurobiology.
These are used to widely investigate biological processes that have remained
unchanged during evolution [Brenner. S, 1974]. They exist as both hermaphrodites
and males. Under normal conditions they can self-fertilize and give rise to several
hundred progeny. Reproductive maturity is attained within 3-5 days, depending on
the cultivation temperature. In addition, they can mate with males, resulting in crossprogeny. But since the number of males emerge at 0.1- 0.2 % frequency, it requires a
large brood size to set up genetic crosses.
Wild-type worm consists of 959 somatic cells, of which 302 cells are neurons. Its
transparent body allows easy access to track cells, follow cell lineages and biological
processes [Sulston. et al., 1983]. The genome of the worm is well-mapped and is
known to comprise a hundred million base pairs. The genome is completely
sequenced and is remarkably identical to that of humans. Estimates suggest that 605
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80% of the genes have human counterparts [Harris et al., 2004]. Working with such a
model is flexible as it allows one to manipulate them genetically to efficiently
generate viable mutant strains, strains that overexpress a gene or lack a gene function
so as to identify the resulting phenotype [Hariharan et al., 2003].
Complete information regarding gene structure, expression patterns, protein- protein
interactions, mutant or RNA interference (RNAi) phenotypes and microarray data, is
available in Wormbase, the online resource for nematode-related information
(http://www. wormbase.org/) [Chen et al., 2005]. Wild-type and mutant strains of the
worm can be stored indefinitely in liquid nitrogen allowing large mutant collections
and public mutant repositories to be set up. C. elegans has emerged as a powerful
experimental system to study the molecular and cellular aspects of human disease in
vivo. It has been estimated that about 42% of the human disease genes have an
ortholog in the genome of C. elegans, including those genes associated with
Alzheimer’s disease (AD), juvenile Parkinson’s disease (PD), spinal muscular atrophy
(SMA), hereditary nonpolyposis colon cancer, and many others age-related disorders
[Baumeister et al.,2002; Poulin et al., 2004; Kenyon et al., 2005]. Modelling a human
disease in a simple invertebrate, such as C. elegans, allows the dissection of complex
molecular pathways into their component parts, thus providing a meaningful insight
into the pathogenesis of a complex disease phenotype.
Much of what is known about olfaction in C. elegans is based on classical genetic
studies of mutant strains defective in chemosensory response [Hart and Chao, 2010].
C. elegans depend on olfactory mechanism to chemotax to different odour source for
food (bacteria), mating, and defence. Both informative and uninformative cues are
prevalent in its natural habitat like compost or mud. A well-developed neuroanatomy
has aided the animal to detect changes in odorant concentrations and a gradient of one
odorant while ignoring ubiquitous odorants.
Environmental signals have an impact on the behaviour in which the worm responds.
For instance, in C.elegans prolonged exposure to a particular odorant decreases its
response to that odorant [Colbert & Bargmann 1995]. This behavioural modification
represents a primitive form of memory. Viable mutants with specific defects in
6
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olfactory adaptation while retaining normal olfactory perception have been identified
[Colbert & Bargmann 1995].
Interestingly, adaptation to different odorants require different receptors that are
encoded by different genes. Olfactory adaptation is not fully understood and the
inherent mechanism to detect a gradient of one odorant while disregarding ubiquitous
odorants is not well- established. Hence our experiments focus to demystify such
puzzles so as to find answers on how the neural connectome of the worm is able to be
responsive towards a particular odorant when placed in an environment constituting a
background odorant.

7
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1.2 Literature Review:
Evolution has facilitated all organisms with unique mechanisms to decode the
information from their external milieu for adaption and survival. Most of the
organisms are endowed with spectacular ways to recognize information from their
environment. Sensory cues are perceived from the environment and relevant
information is transmitted to the brain where it is processed to depict an internal
image of the external environment. Animals explore the outer world via various
senses such as taste, vision, touch and smell. An organism’s perception about the
environment is only based on the surrounding that it is subjected to and this varies
among different organisms. The brain is then accountable to create its own selective
image from that perceived by the external world. This image is critical for the survival
and reproduction of the species.
For humans, smell is regarded to have an aesthetic sense, as it can be associated to
elicit enduring emotions, thoughts and memories. Being of primal origin, smell is the
sense that enables most of the organism with the ability to detect food, mate and
predators. Humans are capable of recognizing varied different odours. Representing
the central modality for many animals, smell has fascinated neuroscientist studying
the brain to understand how external odorant molecules convey important information
to be imaged in the brain for its molecular recognition and perceptual discrimination.

1.2.1 The Olfactory System:
For past 20 years, comprehensive knowledge of the mechanisms behind the detection
of odours and reconstruction of the signals extracted from our external milieu to
generate a ‘smell map’ in the brain has greatly advanced. Most of the work in this
area was revealed from the remarkable work done by two Nobel laureates, Richard
Axel and Linda Buck, who won the 2004 Nobel Prize in Physiology or Medicine “for
their discoveries of odorant receptors and the organization of the olfactory system”
[Rinaldi, 2007]. Their breakthrough work enabled us a clearer understanding of the
process by which the odorants are detected by sensory neurons in the olfactory
epithelium of the nose. The signals from here are in turn transmitted to the olfactory
8
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bulb that passes the signal on to the olfactory cortex as represented in the Figure: 1
below.

Fig 1. The human olfactory system. The odorant receptors are localized on olfactory sensory
neurons, which occupy a small area in the upper part of the nasal epithelium. Every olfactory
receptor cell expresses only one odorant receptor. On activation, signals from olfactory
receptor cells are relayed in the glomeruli—well defined micro-regions in the olfactory bulb.
Receptor cells of the same type are randomly distributed in the nasal mucosa but converge on
the same glomerulus. In the glomerulus, the receptor nerve endings excite mitral cells that
forward the signal to higher regions of the brain [Rinaldi, 2007].

The odorant receptors (ORs) present on the surface of the neurons show species
dependent variability and specificity. For example the mouse has approximately 1,200
ORs, whereas humans comprise of much less than 400 ORs (Malnic, et al., 2010)).
Each OR binds to several odorants, and each odorant is specifically detected by a
combination of ORs. This results in a primary input which is used in a combinatorial
manner to encrypt odour identities. Neurons expressing the same OR, segregate with
other neurons in an area in the olfactory bulb where the ‘first map’ of the odour input
is formed. Axons which arise from the olfactory bulb link with several partly
9
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overlapping clusters of neurons in the olfactory cortex. The resultant is a sensory map
that differs from that obtained in the olfactory bulb as the olfactory cortex receives
signals from other different ORs. This could build a possibility that single cortical
neurons could assimilate signals obtained from different ORs that detect the same
odorant to perform an initial step in the generation of an odour image from its
deconstructed features [Zou and Buck, 2006]. Subsequently, neurons in the olfactory
cortex might act coincidently to detect the required input from more than one OR to
be active. The idea about the synthetic capacity of the olfactory cortex was illustrated
by an experiment which inferred that binary odorant mixtures stimulated cortical
neurons that were not active in presence of initial individual odorants, thereby
creating a new odour image in the brain [Zou & Buck, 2006]. Although, further work
needs to be carried out to understand how humans and animals in general are able to
sense odorants in the first place.
1.2.2 Olfactory Discrimination
A combination of 275 unique component smells is known to combine to give the
actual smell of a rose [Ohloff et al., 1994], however each of these smells when present
independently smell identical to that of the the flower as a whole.
For animals that are widely dependable on olfaction as one of their sensory modes of
survival, accurately finding their ways to identify concoction of odours is a crucial
problem to be solved. The enormous diversity of odours that differ from each other on
the basis of quality and intensity, and the fact that the same has to be perceived,
brands olfaction as an vital sensory mechanisms from which the information acquired
can be utilised even in humans whose olfactory perceptual abilities are known to be
weak when compared with other animal species [Castellucci et al., 1970; Rawson et
al., 1997]. Estimates suggest that olfactory stimuli are 100,000 folds more
discriminable in comparison to that of sight which is the next most sensitive modality
[Bushdid et al., 2014]. This however is claimed to be controversial [Gerkin & Castro,
2015]. This distinct information assimilated from the primary sensory organs must be
successfully transmitted to the brain for higher processing and persists a challenge for
animal signal transduction.
10
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The history of scientific research into olfaction is short. Early researches on olfaction
was based on the idea that the varied range of smell must be simplified to
combinations of some very small number of essential components [Daniel Merrit,
2016]. A classifier himself, Linneaus was the first to have attempted this, classifying
enormous diverse smells to various combination of intensities of seven constituents
namely, camphoraceous, musky, floral, pepper minty, ethereal, pungent and putrid
[Weinstock, 1985]. Following this various other forms of representations came into
picture, of which included Hendrik Zwaardemaker’s classification in the late 19

th

century. Such mode of influential classification extended the key components of smell
to nine in number and were categorised as ethereal, aromatic fragnant, ambrosiaac,
alliaceous, empyreumatic, hircine, foul and, nauseous [Zwaardemaker, 1889]. Even
though the various classification schemes came into existence and was approved and
disapproved, allowing all the efforts to reach to fruition in a publication in 1927
which was then termed as the “Crocker- Henderson System”. This system organised
smells into four primary types- fragrant, acid, burnt and, caprylic. Each of this smells
when ranked in a scale of 1 and 8, were adequate enough to appropriately describe all
possible smells [Crocker and Henderson, 1927].
Ultimately in the 1960’s, a much clearer perspective was attained about the
physiology of olfaction. A broader picture about the mammalian olfactory system
came into light. The mammalian olfactory system consisted of the mammalian
epithelium which lines the nasal cavity, and was found to constitute networks of
olfactory sensory neurons, known to be responsible for olfactory signal transduction.
This region also consisted of sub-sets of basal cells that played an important role to
replenish the olfactory sensory neurons; brush cell, which functioned as nonolfactory modalities; and supporting cells [Haryran, 2013; Moulton and Beidler,
1967]. Olfactory sensory neurons protrude to single, long, unbranched axons through
the cribriform plate, where it forms dense bundle in a region of glomeruli. Here these
neurons are known to synapse onto dendrites of mitral and tufted cells [Pinching and
Powell, 1971; Read, 1908; Ressler, Sullivan and Buck, 1994].
The mid 1970’s the biochemical understanding of odorants and its perception by our
system in turn lead to the discovery, that the odorant molecules bind to olfactory
11
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sensory neuron via the cilia of the olfactory sensory neurons [Bronstein and Minor,
1997]. In addition during this time it was also understood that olfactory signal
transduction progressed through a cyclic adenosine monophosphate (cAMP)
dependent mechanism [Pace et al., 1985]. Further studies suggested finding of an
olfactory sensory neuron specific G protein alpha subunit [Jones and Reed, 1989],
together with the exogenous Guanosine triphosphate (GTP)

stimulated olfactory

cells [Sklar et al., 1986]. These findings gave some notion to the researchers working
in the field, that olfactory receptors might constitute a specialised subgroup of
heterotrimeric G protein coupled receptors (GPCR). Cloning experiments and analysis
of the genes representative of the diverse family of GPCRs solely expressed in the
olfactory epithelium confirmed this concept. Both mouse and human genome were
known to contain genes that encoded approximately 1000 olfactory receptors [Ressler
et al., 1994; Rouquier et al., 1998]. All these genes in the mouse genome are known
to be functional, whereas 70% of olfactory receptor like open reading frame in the
human genome are non-functional pseudogenes [Rouquier et al., 1998].
Olfactory sensory neurons in mammals were found to express one or only few of the
olfactory receptors in their genome [Ngal et al., 1993; R. Vassar et al., 1993].
Moreover, in mammals the olfactory epithelium are split into four zones. Each of
these zones expresses a particular receptor specific to that zone and the location is
conserved across animals [R. Vassar et al., 1993]. The choice of a receptor or
receptors a given olfactory sensory neuron expresses appears to be determined by the
process of allelic inactivation which ensures that only one receptor from a large
cluster of genes is expressed per cell [Chess et al., 1994].
The axon of the olfactory sensory neuron expressing a particular kind of receptor tend
to congregate and meet up to the same glomerulus, in such a manner that a given
glomerulus in the olfactory bulb contains projections from neurons that express one,
or at the most few olfactory receptors [Robert Vassar et al., 1994]. An odorant
molecule activates the olfactory receptor which results in signal transduction directed
to a particular corresponding glomerulus. Many odorants can activate individual
olfactory receptor or several olfactory receptors can be activated by a single odorant.
The resultant is a multitude encrypt for olfaction wherein the uniqueness of a
12
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particular odorant is conveyed to the brain by the respective combinatorial codes from
distinctive combination of olfactory receptors activated by it [Malnic et al., 1999].
Since each axon of the neurons expressing one or a few olfactory receptors converge
on single glomeruli, the problem of cross-talk between mammalian olfactory systems
is largely avoided. Even if this is the case still, the ability of an animal to discriminate
between odours activating a partially overlapping combinatorial set of glomeruli
remains limited, with the odour activating highly similar sets of glomeruli being less
distinguishable that those activating more divergent sets [Rokni et al., 2014].
Initially researches focused on agonists of olfactory receptors to determine the
molecular mechanisms underlying olfaction. However recent studies have been
deviated to resolve the antagonism of olfactory discrimination [Yuki Oka et al.,
2004]. As anticipated olfactory antagonists share some structural association with
agonist like having similar functional groups even with different length of carbon
chains when compared to that of its agonist’s kind [Sanz et al., 2005] or in other being
oxidatively dimerized versions of the agonists [Y Oka et al., 2004]. It can be
predicted that antagonisms by odorants at olfactory receptor with respect to agonism
by related odorants notably improves the complexity of the combinatorial olfactory
code thus allowing for greater olfactory discrimination to be achieved by a
mechanism making use of receptor alone [Sanz et al., 2005].
Although diseases associated with olfaction is of limited importance, it is known to
affect around one- fifth of the population and is said to have a significant detrimental
impact on the quality of life. Olfactory disorder could arise as an abnormal condition
as post nasal infections or head injuries [Croy et al., 2014]. But it could be genetic in
origin as in case of the developmental disorder Kallmann Syndrome [MacColl et al.,
2002]. Loss of olfaction (anosmia), or reduced olfaction (hyposmia) is attributed as a
causative factor of depression. About approximately a quarter to a third of people
suffering anosmia are being afflicted [Croy et al., 2014].
In Alzheimer’s patients, it is common to observe failure to detect and discriminate
between odours [Talamo et al., 1989] and the same has been proposed as an early
indicator of the disease [Devanand et al., 2000]. Relatedly idiopathic hyposmia can be
13
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an early prophet of Parkinson’s disease [Haehner et al., 2007]. Early involvement of
the olfactory system in these neurodegenerative diseases, fascinated researchers to
come up with the concept of the “olfactory vector hypothesis”, which stated that
either or both of these diseases are caused due to the entry of a chemical or virus in
the nasal passage, wherein it affects the olfactory bulb and the tract before invading
and expanding the remainder of the brain [Hawkes et al., 1999], this concept however
poses conflicts among researchers [Doty, 2008].
1.2.3 Invertebrates as model system for olfactory research:
1.2.3.1 Drosophila
The remarkable work of evolutionary biologists Thomas Hunt Morgan in establishing
the utility of fruit flies for the study of biology paved way to give importance to small
model organisms for understanding the principles governing mammalian biology
[Morgan, 1910]. Utilising small, invertebrate model organisms for research has
proven to be advantageous due to low cost of maintenance, well- understood short life
span and the fact that it does not pose any ethical issue as compared to the
experiments conducted in large vertebrates.
Early studies on olfaction in Drosophila began with the assays understanding learning
and memory behaviours associated with odours presented as a conditioned stimulus.
These assays included punishing (electric shock) the flies in presence of one or a
combination of odours, which would, in turn affect the fly’s behaviours towards that
odour [Quinn et al., 1974]. Odorant based behavioural studies paved way to the
discovery of specific olfactory genes [Ayyub et al., 1990] as well as the mapping
brain regions linked to olfaction [de Belle et al., 1985].
Advancement in studies of Drosophila genetics, directed researchers to identify
genetic mutants that was relative to odour detection at an early stage [Benzer &
Konopka, 1971; Kikuchi, 1973]. Both ethological and behavioural researches cleared
the cellular and physiological basis of odour perception. Remarkable works by
researchers have highlighted that individual glomeruli in the anterior lobe are
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functional units that receive antennal inputs in distinctive combinations [Stocker et
al., 1983].
With the discovery of mammalian odorant receptors [Buck & Axel, 1991] paired with
algorithms to search for these genes in the fully sequenced Drosophila genome
[Adams et al., 2000; Clyne et al., 1999] led to the neuroscientific tools and methods
used today that thrust Drosophila into the forefront of olfactory research.
1.2.3.2 Caenorhabditis elegans
In the twentieth century Sydney Brenner introduced Caenorhabditis elegans as a
model organism to decipher the molecular and cellular biology affecting animal
behaviour [Tissenbaum, 2015]. A large body of work has been carried such as to
delineate the principles in cell biology, developmental biology, cell lineages,
apoptosis, and siRNA to name a few. These innovative works on the nematode worm
earned five Nobel Prize winning discoveries.
The adult hermaphrodites constitute totally 959 cells, an invariant cell lineage and, a
very superficial genetics thus making it a powerful model by which developmental
and behavioural processes might be understood in their totality. Progress of research
in C. elegans has made is feasible of our profound understanding of the concepts
governing aging [Dorman et al., 1995], embryogenesis [Sulston et al., 1983]
apoptosis [Ellis & Horvitz, 1986] and RNA regulation [Fire et al., 1998], etc. Apart
from these, studies on C. elegans have also provided important knowledge about
complex phenomena that seem difficult to be modelled in a 1mm long worm, along
with olfactory processing of information from the external milieu [Sengupta et al.,
1996], and the mechanisms influencing learning and memory functions [L’Etoile et
al., 2002]. In spite of its simple nature, still the in depth understanding about such
process yet remains a puzzle that poses some challenges to be solved.
Olfaction research on nematode C. elegans embarked upon a realization that C.
elegans demonstrated naïve chemoattraction or chemorepulsion from volatile
odorants [Bargmann et al., 1993], however chemotaxis by the worm towards the
water soluble odorants was long known [Ward, 1973]. Captivatingly it emerged that
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over half of the odorant when tested, provoked some chemotactic behaviour by the
worms, with most being chemoattractive to the odorant [Bargmann et al., 1993].
Furthermore it became clear from laser ablation studies of selected individual neurons
revealing that some odorants are sensed widely by the AWA, AWB or AWC
chemosensory neurons. Extensively varied variety of chemical structures were
detected by the worms, which included alcohols, ketones, aromatic compounds,
pyrazines, etc. Generation and screening of mutants further enlightened us about the
information about the genes involvement on the olfactory behaviour of the worm.
Some of these mutant strains were unable to detect some or all odorants, an example
of which included mutations in the genes odr-1, odr-2, odr-3, odr-4, and odr-5
respectively. Consequently research has also disclosed that unlike mammals, worms
appear to express many chemosensory olfactory receptor genes, an inevitable
evidence that the worm possesses many olfactory receptors and only 32
chemosensory neurons [Bargmann, 2006].
C. elegans ability to perceive diversity of chemical structures encouraged scientists to
question whether different odorants were distinguishable from each other by the
worms, or whether the signals generated exhibited crosstalk either by sharing a
common receptor or by corresponding across a shared pathway [Merrit D, 2016]. To
answer this question an experiment was formulated, where in worms were placed in a
petri dish on agar which was previously saturated uniformly with one odorant at a
high concentration, and on to which another spot of second odorant was applied.
Worms showed directed chemotaxis towards the point source of odorant despite being
surrounded by a background of saturated odorant. This was observed for many
combination of odorants. In contrast, when the point odorant was same as the
background of saturated odorant, no chemotaxis to the point source of the odorant was
seen, even if the point odorant was spotted at a higher concentration than the saturated
odorant. This skill of differentiating between odorants was found to be the case for
pairs of odorants sensed by the same cells, as seen in the case of isoamyl alcohol and
benzaldehyde, each of which is sensed by both AWC neurons [Merrit D, 2016].
Conversely even though the worms express many olfactory receptors per sensory
neurons and mammals are known to express only one or very few, much is conserved
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between olfaction in C. elegans and mammals. The olfaction in worms is perceived
when the odorant molecules bind to the olfactory receptors that line the cilia of
amphid sensory neurons. Like in mammals, these olfactory receptors are 7transmembrane GPCRs, however they are not closely related to mammalian GPCRs
[Robertson, 1998]. Upon activation these receptors results in release of G-protein
alpha subunit. This in turn is responsible for downstream signal transduction [Roayaie
et al., 1998] through an ion channel. For both cases, the ion channel is cyclic
nucleotide gated, but the particular cyclic nucleotide differ in that for C. elegans it is
cGMP and cAMP for mammals [Komatsu et al., 1999]. Conversely, much of the
machinery of olfactory signal transduction is conserved between worms and humans,
thus allowing functional expression of worm’s olfactory receptors in human cells
[Zhang et al., 1997]. However along with such similarities there are significant
differences between mammalian and nematode olfaction. The particular sensory
neuron olfactory receptors are expressed to play important role in determining
responses to the corresponding ligands. Odr-10 is the first olfactory receptor to have
identified and studied in C. elegans. Odr-10 was learnt to be required for
chemmoattraction to low-concentrations of diacetyl, but with the mutations in the
gene or loss of the gene has no significant effect on chemotaxis toward other
odorants. Including those known to be sensed by the diacetyl- responsive AWA
neuron pair [Sengupta et al., 1996]. Attractive olfactory responses are mediated by
receptors and expressed in the chemosensory neurons AWA and AWC, however
those associated with repulsive responses are expressed in the chemosensory neurons
AWB and ASH [Bargmann & Mori, 1997]. Transgenic expression of odr-10 in AWB
neurons resulted diacetyl to switch from being chemo attractive to being chemo
repulsive respectively. This suggested that the entire valence of odours is determined
by the identity of the neuron the corresponding receptor is expressed in [Troemel,
Kimmel, & Bargmann, 1997]. By demonstrating that the valence of the response to
chemosensory stimuli depends exclusively on the cell on which the receptor is
expressed in, and is independent to the identity of that receptor, these experiments
further come up with a curiosity about how the identity of various ligands binding to a
receptor on a single cell can be encoded after initial binding at olfactory receptors.
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Lastly but not the least problem of perception can be solved with an understanding of
how the sensory input is conveyed into meaningful neural output in the forms of
thoughts and behaviours.
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HYPOTHESIS
Olfactory signalling pathway is complex. It is however not clear whether behaviour of
an organism can get altered in the presence of two different background signals
compare to its behaviour to a single signal.
It is also not clear how olfactory receptors help in differentiating multiple odours
when presented simultaneously.
Since there are indications that there is involvement in Ca2+ in odour recognition, it
would be interesting to see whether Ca2+ gated glutamate receptors in the neurons
play any critical role in the odour recognition pathway.
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OBJECTIVES

1. To understand the worms behaviour towards odorants such as isoamyl alcohol,
butanone, and benzaldehyde when presented with a saturated benzaldehyde or
butanone background.
2. To identify the role of following receptors using receptor mutants in odour
recognition :


olfactory receptors like sra-11, str-2.



glutamate receptors like glc-3, glr-1, glr-2 and nmr-1.



motor neuron receptors like tdc-1.
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MATERIALS AND METHODS

2.1 WORM MAINTENNANCE AND STRAINS:
C. elegans strains were maintained under standard conditions (Brenner. S, 1974).
Growth and maintenance of all the strains were on Nematode Growth Medium
(NGM) at 200C (LABLINE incubators: BOD Incubator). Plates were seeded with
E.coli OP50 strain, which is a uracil auxotroph that serves as a food source for the
worms at 370C (TORREY PINES SCIENTIFIC- ECHO therm chilling incubator).
2.2 STRAINS:
The following strains were used: N2 Bristol (Wild Type), JC2209 (str-2 mutant),
RB594 (glc-3 mutant), RB816 (sra-11 mutant), MT10549 (tdc-1 mutant), VM487
(nmr-1 mutant), KP4 (glr-1 mutant), and RB1808 (glr-2 mutant).
All the strains were procured from Caenorhabditis Genetics Centre (CGC), University
of Minnesota. All experiments were performed on the day-1 adult stage worms.
2.3 SYNCHRONISATION OF C. ELEGANS
Healthy gravid adult worms were washed with M9 buffer (3 g KH2PO4, 6 g Na2HPO4,
5 g NaCl, 1 ml 1 M MgSO4, H2O to 1 litre. Sterilize by autoclaving) and collected in
Eppendorf tube (1.5mL). The worms were washed thrice with M9 buffer. 1mL of
Bleach solution (Sodium hypochlorite + NaOH [20%]) was added and the tube was
vortexed (SPINIX) every 2 minutes for 10-12 minutes until the worm cuticle lysed off
completely to obtain a clear solution. This solution was centrifuged at 7000 RPM
(Biofuge pico- Heraus Instruments) for a minute. Supernatant was discarded and the
pellet obtained was suspended in M9 buffer and centrifuged. This step was repeated
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twice to wash off any excess bleach content in the pellet. The pellet consisting of the
eggs were re-suspended in few drops of M9 buffer and dropped on to OP50 seeded
NGM plates and were kept at 200C. Eggs are hatched after 9-12 hours to give
synchronised worms.

2.4 CHEMOTAXIS ASSAY
Test and control spots were marked behind on a 8.6 cm chemotaxis plate at about 0.5
cm from the edge of the plate. A drop of M9 buffer was placed on the centre of the
plate. 15 worms were pick transferred onto the drop. Sodium azide (1µL, 100mM), an
anaesthetic agent was spotted on both spots. Test and control solvents (1µL) were
spotted on the respective marks 3.8cm equidistant from both the sides. The M9 drop
was dried of to remove any excess moisture with a Kim wipe and lid was closed
immediately. The assay time for all the assays was set to 60 minutes [Bargmann et al.,
1993]. The number of worms at each spot was counted after 60 minutes under
microscope (LEICA S8APO) and the chemotaxis index was calculated using the
following formula:

2.5 SATURATION ASSAY:
Saturation assay is analogous to the above mentioned chemotaxis assay. The assay
utilises a saturated chemotaxis plate and a normal assay plate (which is the control
plate). The chemotaxis assay is performed as mentioned above and chemotaxis index
(CI) calculated [Bargmann et al., 1993].
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2.6 STATISTICAL ANALYSIS
All statistical analysis and graphs were generated using Graph pad prism 6th edition
(Graphpadprism.inc).
Each experiments were conducted in three sets for every individual dilutions. The
significance for both the test and control values for each strains were analysed using
two way ANOVA.
Further the values for both control and test for N2 and each mutant strain were
compared and analysed using Fisher’s test respectively.
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RESULTS AND DISCUSSIONS

3.1 Chemotaxis Behaviour in C. elegans alters:
Chemoattractive behaviour of C.elegans to different volatile odorants in well
characterised. C. elegans demonstrate a peculiar behaviour towards solvent
benzaldehyde, in that it’s seen to be attractive towards benzaldehyde at lower
concentration but shows an aversive behaviour when presented with a higher
concentration. Interestingly, isoamyl alcohol and butanone attracted worm at higher
concentrations [Bargmann et al., 1993]. This typical behaviour by the worm was
observed when it was presented with individual solvents at a time. Conversely, this
further interested us to understand the alteration in behaviour of the worm when
exposed to a solvent in the presence of a background solvent.
To understand this we performed saturation assays [Bargmann et al., 1993], in which
we questioned whether the worm would be able to discriminate between the spot of a
solvent in the presence of a background solvent. When we analysed the chemotaxis of
the wild type N2 worm in the saturated benzaldehyde background towards different
solvents like isoamyl alcohol, butanone and benzaldehyde itself, the results show that
there is significant lower efficiency in detecting the odour in the presence of a
background (Figure 1). It is seen that when spot odorant is the same as the saturated
background the worm displayed an aversion to the odorant spot, by directing its
movement towards the control solvent. However, when presented with a different
solvent (isoamyl alcohol and butanone) other than the background, a significant
reduction in the chemotaxis index is observed. These results were similar to that of
Bargmann et al., 1993.
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Fig.1. Chemotaxic index of worms control (without any background solvent) vs
benzaldehyde (Bz) solvent as background

3.2 Involvement of olfactory receptors in the odorant recognition pathway:
With some insight about the altering behaviour of C. elegans in the presence of a
background, we next wanted to understand if any olfactory receptor had a role to play
in the odorant recognition pathway.
As documented, C. elegans constitute distinct genetic mechanisms to control the
initial specification and maintenance of a pair of olfactory neuron AWCON and
AWCOFF. Both these neurons share similar morphologies. However, they have
different functions and patterns of gene expressions [Troemel et al., 1999]. AWCON
senses the odorant butanone and is known to express the G protein-coupled receptor
gene str-2, which promotes either attractive or repulsive behaviours based on inputs
from guanylate cyclase [Troemel et al., 1999; Wes and Bargmann, 2001; Tsunozaki et
al., 2008]. Upon performing a saturation assay on str-2 mutant on a saturated
benzaldehyde background, it showed a significantly low detection of butanone which
is same for the control plate i.e. without any background saturation. This indicated
butanone sensing defect due to the receptor mutation. In addition, str-2 mutants also
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show significantly low attraction towards isoamyl alcohol in the saturated background
when compared to the control assay plate (Figure: 2). Though the Fisher’s test
showed the change in attraction is not significantly different from that of N2 for
isoamyl alcohol and butanone. This suggests that str-2 in AWC neuron becomes a
processing ‘bottle neck’ when str-2 is mutated for butanone and affects the
recognition of other odorants also.
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Fig 2. Chemotaxic behaviour and percentage of chemotaxis of str-2 mutant worms. . A:
Chemotaxis index for Saturation Assay for JC2209 (str-2 mutants) on a Benzaldehyde (Bz)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and JC2209 (str-2 mutants). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and JC2209 (str-2 mutants). D: Fisher’s Test comparing
percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and JC2209 (str-2 mutants). The
p value showed that both for isoamyl alcohol (IAA) and Benzaldehyde (Bz) the behaviour
patterns were similar to that of N2 (p value <1.0 and <0.65 respectively).

Tyramine synthesis in C.elegans occurs via tyrosine decarboxylase (tdc-1), and a
tyramine beta-hydroxylase (tbh-1) which is required for conversion of tyramine to
octopamine [Alkema et al., 2005]. Both tcd-1 and tbh-1 are co-expressed within a
single pair of interneurons, the RICs, and in gonadal sheath cells that indicates that
these are octopaminergic. Moreover, tdc-1 is also expressed solitarily in the RIM
motor neurons and the uterine UVI cells and is uniquely tyraminergic in C. elegans.
The absence of tyramine and octopamine (tdc-1 mutants) in worms have shown to
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retain behavioural defects like defects in egg laying, reversal behaviour and failure to
supress head movements upon response to gentle anterior touch. Cell ablation and
neural wiring diagram studies [White et al., 1986] in C.elegans, reveal that the
tyraminergic RIM neurons are associated to the neural circuits that control locomotion
and head movements [Pirri et al., 2009]. When tdc-1 mutant is subjected to saturation
assay under benzaldehyde background, no significant attraction were shown in
recognition to isoamyl alcohol, benzaldehyde and butanone odours in the background
of benzaldehyde compare to that of N2 (Fisher’s test p value <0.2, <0.08 and <0.12
respectively suggesting that RIM neurons do not involve in odour discrimination
(Figure 3).
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Fig. 3: Chemotaxic behaviour and percentage of chemotaxis of tdc-1 mutant worms. A:
Chemotaxis index for Saturation Assay for MT10549 (tdc-1 mutants) on a Benzaldehyde (Bz)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and MT10549 (tdc-1 mutants). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and MT10549 (tdc-1 mutants). D: Fisher’s Test
comparing percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and MT10549 (tdc-1
mutants). The p value showed that isoamyl alcohol (IAA), butanone (B) and Benzaldehyde
(Bz) the behaviour patterns were not significantly different from that of N2.
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3.3 Role of receptors in the interneurons in the solvent recognition pathway
Further, we were interested to see if the receptors in the interneurons had a role to
play in odour discrimination. Hence, we used sra-11 receptor mutant for the assay.
Sra-11 is a

serpentine receptor that is expressed in neurons and intestine during the

late AIY development [Troemet et al., 1995], and is said to have a role in determining
the fine aspects of AWC-AIY connectivity that may be modulated upon olfactory
imprinting (Remy and Hobert, 2005). There is a general defect in odorant recognition
in this mutant as compared to N2 as observed from the results obtained (see Figure 4
A). Sra-11 when assayed on a saturated benzaldehyde background did not show any
significant effect in odour discrimination when compared to its own control (Fisher
test isoamyl alcohol, p <0.6191, butanone p <0.5280 and benzaldehyde 0.7140)
(Figure 4). This data suggest that sra-11 in AIY neuron might not be participating in
odour discrimination pathway.
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Fig. 4: Chemotaxic behaviour and percentage of chemotaxis of sra-11 mutant worms. A:
Chemotaxis index for Saturation Assay for RB816 (sra-11 mutants) on a Benzaldehyde (Bz)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and RB816 (sra-11 mutants). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and RB816 (sra-11 mutants). D: Fisher’s Test comparing
percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and RB816 (sra-11 mutants).
The p value showed that both for isoamyl alcohol (IAA) and Benzaldehyde (Bz) the
behaviour patterns were similar to that of N2.

We next checked glc-3 mutants that lack the functional glc-3 receptor, a chloride
channel glutamate receptor associated with the AIY neurons and whose function leads
to polarization of AIY membrane potential. The results for glc-3 mutants shows that
there is a significantly lower detection of solvents when compared to N2 normally.
However, after being assayed on a benzaldehyde saturated background this mutation
significantly altered the isoamyl alcohol recognition, (Fisher’s p value <0.01) while
the butanone attraction was significantly better than that of the control (Fisher p value
<0.04) (Figure 5). It suggests that not switching off of AIY neurons through glc-3
channels would enhance butanone detection levels and isoamyl alcohol detection
becomes significantly low.
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Fig 5: Chemotaxic behaviour and percentage of chemotaxis of glc-3 mutant worms. A:
Chemotaxis index for Saturation Assay for RB594 (glc-3 mutants) on a Benzaldehyde (Bz)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and RB594 (glc-3 mutants). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and RB594 (glc-3 mutants). D: Fisher’s Test comparing
percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and RB594 (glc-3 mutants). The
p value showed that both for isoamyl alcohol (IAA) and Benzaldehyde (Bz) the behaviour
patterns were significantly different from that of N2.

3.4 Role of Ca2+ channel NMDA or Non NMDA receptors in the solvent
recognition pathway
nmr-1, a C. elegans NMDA-type ionotropic glutamate receptor subunit (N-Methyl-Daspartic acid), plays a role in the control of movement and foraging behaviour. nmr1 mutants show a lower probability of switching from forward to backward movement
and a reduced ability to navigate a complex environments [Brockie et al., 2001]. nmr1 mutants when assayed results in no major attraction defect in odour detection as
seen with respect to that of N2. However, in presence of a saturated benzaldehyde
background, butanone recognition were significantly affected (Fisher’s test p value
<0.0001). In fact, it is seen that isoamyl alcohol attraction has not changed from that
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of control suggesting nmr-1 is essential for butanone discrimination pathway (Figure:
6).
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Fig. 6. Chemotaxic behaviour and percentage of chemotaxis of nmr-1 mutant worms. A:
Chemotaxis index for Saturation Assay for VM487 (nmr-1 mutants) on a Benzaldehyde (Bz)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and VM487 (nmr-1 mutants). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and VM487 (nmr-1 mutants). D: Fisher’s Test comparing
percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and VM487 (nmr-1 mutants).
The p value showed that for butanone, the behaviour patterns were significantly different
from that of N2.

glr-1 is a gene encoding non-NMDA glutamate receptor sub -type which is expressed
exclusively in a subset of neurons, including the interneurons AVA, AVD, and AVE
(the backward command interneurons), and AVB and PVC (the forward command
interneurons). It is also known to be critical for long term memory in C. elegans
[Rose, et al., 2003]. Mutations in this gene is associated to disrupted
mechanosensation that is mediated by the ASH neurons [Hart et al., 1995; Maricq et
al., 1995]. Saturation assay on a benzaldehyde background shows glr-1 mutant to
have no major changes in odour detection when compared with wild type N2 but
when presented with a background, it significantly affects the solvent recognition
pathway for both isoamyl alcohol and butanone (Fisher’s test p <0.001 for isoamyl
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alcohol, p<0.001 for butanone) (Figure:7). This data suggest glr-1 is essential for
butanone and isoamyl recognition pathway.
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Fig. 7. Chemotaxic behaviour and percentage of chemotaxis of glr-1 mutant worms. A:
Chemotaxis index for Saturation Assay for KP4 (glr-1 mutants) on a Benzaldehyde (Bz)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and KP4 (glr-1 mutants). C: Fisher’s Test comparing percent chemotaxis index
(CI) for butanone (B) for N2 and KP4 (glr-1 mutants). D: Fisher’s Test comparing percent
chemotaxis index (CI) for benzaldehyde (Bz) for N2 and KP4 (glr-1 mutants). The p value
showed that for butanone and isoamyl alcohol, the behaviour patterns were significantly
different from that of N2.

The glr-2 subunit is expressed in many of the neurons that express glr-1, including the
command interneurons. Glr-1 and glr-2 mutants share the same behaviour defects,
although some are less severe in glr-2 mutants [Mellem et al., 2002]. We next tested
glr-2 mutants. Under normal conditions, glr-2 mutants showed significantly lower
butanone attraction compared to wild type N2. The presence of a background
benzaldehyde affects the recognition pathway of the worm significantly for both
isoamyl alcohol and butanone (Fisher’s test p value <0.0001 and <0.0001
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respectively) (Figure: 8). This data suggest that similar to glr-1, glr2 is also essential
in both isoamyl alcohol and butanone recognition.
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Fig. 8: Chemotaxic behaviour and percentage of chemotaxis of glr-2 mutant worms. A:
Chemotaxis index for Saturation Assay for RB1808 (glr-2 mutants) on a Benzaldehyde (Bz)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and RB1808 (glr-2 mutants). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and RB1808 (glr-2 mutants). D: Fisher’s Test comparing
percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and RB1808 (glr-2 mutants).
The p value showed that for butanone and isoamyl alcohol, the behaviour patterns were
significantly different from that of N2.

3.5 Altered behaviour of C. elegans when presented with butanone as saturating
background
After observing the above results on a saturated benzaldehyde background, we want
to test whether similar patterns can be obtained on a butanone background. In the wild
type N2, attraction to isoamyl alcohol and benzaldehyde is significantly affected when
assayed on a butanone background (Figure: 9) similar to that of benzaldehyde
background (Figure 1).
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Fig.9. Chemotaxic index of worms control (without any background solvent) vs butanone (B)
solvent as background.

The mutant strains that are used for the saturation assay with benzaldehyde
background is also used for the assays that is performed with a butanone background.
str-2 mutant show the same behaviour towards isoamyl alcohol and butanone when
presented under butanone background. When compared to N2, str-2 mutants shows
significantly better recognition for both isoamyl alcohol and benzaldehyde (Fisher’s p
value <0.0001 and <0.0001respectively) (Figure 10), suggesting absence of str-2
enhanced the recognition of solvents under background noise. Under benzaldehyde
background recognition of isoamyl alcohol was affected besides a significant loss of
detection of butanone because of the mutation. This data suggest that both butanone
and isoamyl recognition pathways are different. Besides when benzaldehyde is given
as background isoamyl alcohol recognition also equally suffers. This suggest that both
isoamyl alcohol and benzaldehyde recognition is through a single pathway.
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Fig. 10: Chemotaxic behaviour and percentage of chemotaxis of str-2 mutant worms. . A:
Chemotaxis index for Saturation Assay for JC2209 (str-2 mutant) on a Butanone (B)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and JC2209 (str-2 mutant). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and JC2209 (str-2 mutant). D: Fisher’s Test comparing
percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and JC2209 (str-2 mutant).The p
value showed that for benzaldehyde and isoamyl alcohol, the behaviour patterns were
significantly different from that of N2.

Similar to str-2, glc-3 mutants also showed a significantly higher recognition of
isoamyl alcohol and benzaldehyde (Fisher’s p value <0.0062 and <0.0021
respectively) under a saturated butanone background as compared to the normal N2
worms. These results indicate that absence of glc-3 does not affect the recognition of
these solvents. (Figure 11).
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Fig. 11: Chemotaxic behaviour and percentage of chemotaxis of glc-3 mutant worms. A:
Chemotaxis index for Saturation Assay for RB594 (glc-3 mutants) on a Butanone (B)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and RB594 (glc-3 mutants). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and RB816 (sra-11 mutants). D: Fisher’s Test comparing
percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and RB594 (glc-3 mutants). The
p value showed that for benzaldehyde and isoamyl alcohol, the behaviour patterns were
significantly different from that of N2.

On the other hand, sra-11 mutants show significantly better recognition of isoamyl
alcohol. However, benzaldehyde recognition is similar to that of N2 worms (Fisher’s
test p value <0.002 and <0.4 for isoamyl alcohol and benzaldehyde respectively)
(Figure: 12). This suggest that even though there is a common circuit for isoamyl and
benzaldehyde, the molecular pathway involved are different. For example sra-11
shutting down helps better recognition of isoamyl alcohol without affecting
benzaldehyde pathway. Sra-11 is ODR receptor present in AIY interneurons.
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Fig. 12: Chemotaxic behaviour and percentage of chemotaxis of sra-11 mutant worms. A:
Chemotaxis index for Saturation Assay for RB816 (sra-11 mutants) on a Butanone (B)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and RB816 (sra-11 mutants). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and RB816 (sra-11 mutants). D: Fisher’s Test comparing
percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and RB816 (sra-11 mutants) The
p value showed that for isoamyl alcohol, the behaviour patterns were significantly different
from that of N2.

The glutamate receptor mutants like nmr-1, glr-1, and glr-2 show significantly high
recognition towards isoamyl alcohol and benzaldehyde when compared to that of the
normal N2 (Figure: 13, Figure: 14, Figure: 15). Fisher’s test showed p values of
<0.006 and <0.0001 for isoamyl and benzaldehyde for nmr-1. Similar pattern was
observed for glr-2 mutant with p values <0.02 and <0.004 for isoamyl and
benzaldehyde respectively. However for glr-1 only butanone detection was
significantly altered (p, <0.01) while isoamyl alcohol showed a behaviour similar to
that of N2 (p, <0.1). It is interesting to note that this behaviour is similar to that of sra11 under butanone background with isoamyl alcohol becoming significantly
recognized and that for benzaldehyde was similar to N2 (see Figure 12). These data
suggest that absence of these glutamate receptors even though essentIAAl for
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butanone recognition they do not play a critical role in isoamyl and benzaldehyde
recognition. Rather in the absence of these channels it enhances the recognition of the
solvents.
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Fig. 13: Chemotaxic behaviour and percentage of chemotaxis of nmr-1 mutant
worms. A: Chemotaxis index for Saturation Assay for VM487 (nmr-1 mutants) on a
Butanone (B) background. B: Fisher’s Test comparing percent chemotaxis index (CI)
for isoamyl alcohol (IAA) for N2 and VM487 (nmr-1 mutants). C: Fisher’s Test
comparing percent chemotaxis index (CI) for butanone (B) for N2 and VM487 (nmr-1
mutants). D: Fisher’s Test comparing percent chemotaxis index (CI) for benzaldehyde
(Bz) for N2 and VM487 (nmr-1 mutants). The p value showed that for isoamyl
alcohol and benzaldehyde, the behaviour patterns were significantly different from
that of N2.
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Fig. 14: Chemotaxic behaviour and percentage of chemotaxis of glr-1 mutant worms. A:
Chemotaxis index for Saturation Assay for KP4 (glr-1 mutants) on a Butanone (B)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and KP4 (glr-1 mutants). C: Fisher’s Test comparing percent chemotaxis index
(CI) for butanone (B) for N2 and KP4 (glr-1 mutants). D: Fisher’s Test comparing percent
chemotaxis index (CI) for benzaldehyde (Bz) for N2 and KP4 (glr-1 mutants). The p value
showed that for benzaldehyde, the behaviour patterns were significantly different from that of
N2.
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Fig. 15: Chemotaxic behaviour and percentage of chemotaxis of glr-2 mutant worms. A:
Chemotaxis index for Saturation Assay for RB1808 (glr-2 mutants) on a Butanone (B)
background. B: Fisher’s Test comparing percent chemotaxis index (CI) for isoamyl alcohol
(IAA) for N2 and RB1808 (glr-2 mutants). C: Fisher’s Test comparing percent chemotaxis
index (CI) for butanone (B) for N2 and RB1808 (glr-2 mutants). D: Fisher’s Test comparing
percent chemotaxis index (CI) for benzaldehyde (Bz) for N2 and KP4 (glr-1 mutants). The p
value showed that for isoamyl alcohol and benzaldehyde, the behaviour patterns were
significantly different from that of N2.

All the above results suggest that there is a significant alteration in odour detection for
isoamyl alcohol and butanone. It is interesting to note that glutamate receptors do not
involve in IAA and BZ detection pathway while butanone detection involve all the
glutamate receptors tested (Figure: 16).
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Fig 16. Summary of various behavioural differences between two background signals
Benzaldehyde (BZ) and Butanone (B) towards Isoamyl alcohol (IAA), Butanone (B) and,
Benzaldehyde (BZ). (Pink colour-indicative of mutation defect).
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SUMMARY

All these results suggest that glutamate receptors play a critical role in the
discriminatory pathway in presence of a background when compared to that of the
results obtained for the wild type N2. Interestingly, involvement of NMDA receptors
in the odour discrimination pathway is an interesting observation which needs to be
further probed. Moreover, it was surprising to find that the interneuron receptor
mutants like sra-11 mutants, that is known to play a part among olfactory sensory
receptors did not have a role in the odour discrimination pathway.
Most of the mutants assayed on butanone background show a consistent trend of
better recognition of isoamyl alcohol and benzaldehyde under the presence of a
butanone background. However, an exception in this case is sra-11 mutants that show
better recognition for isoamyl alcohol but recognition towards benzaldehyde is
unchanged with respect to that of the normal wild type N2 worm.
These results suggest that glutamate receptors are essential for butanone detection
pathway while both isoamyl alcohol and benzaldehyde detection is independent of
these receptors. It would be interesting to see how neurons decode information based
on these various calcium channel activation.
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APPENDIX
PREAPARATION OF CHEMICALS AND REAGENTS:
 Preparation of Nematode Growth Medium (NGM) (Brenner, 1974):
100 mL of the media constitute the following components:

Agar

1.7g

NaCl

0.3g

Peptone

0.25g

Distilled Water

100mL

All the above components are measured and added onto a conical flask, which is
autoclaved at 1210 C for 15 minutes. The media is then cooled to 550 C before
adding the following minerals and chemicals
1M KPO4 buffer (pH: 6)

2.5mL

1M MgSO4

0.1mL

1M CaCl2

0.1mL

Cholesterol (5mg/mL)

0.1mL

The media is poured into sterile petri plates under aseptic conditions and allowed
to set. The media is stored at 40C until use.
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 Preparation of Chemotaxis Media:
100 mL of chemotaxis media includes the following composition:

Distilled water
Agar

100mL
1.5g

The agar media was autoclaved at 1210C for 15 minutes. It was then cooled up to
550C to add the remaining minerals and chemicals.
1M KPO4 buffer (pH: 6)

0.5mL

1M MgSO4

0.1mL

1M CaCl2

0.1mL

The media is poured onto sterile petri plates and allowed to set. The plates were
kept upside down over night for drying and to prevent excess moisture until the
assay is to be performed the next day.
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