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ABSTRACT 

Animal’s behaviors are governed by complex signaling pathways that 

diverge in their function and architecture. This is evident when analyzing the 

enormous diversity of brain sizes and brain structures across the animal kingdom 

(Herculano-Houzel 2012). However, the molecular mechanisms responsible for 

these changes are nor very well understood. To shed some light on the genetic 

and neural mechanisms that drive behavioral adaptations in animals, I have 

examined the olfactory system of Drosophila melanogaster and its closely related 

species as model systems to tackle evolutionary questions. D. melanogaster’s 

well-described neuroanatomy, accessibility, and easy manipulation, as well as its 

mapped olfactory pathways (Couto, Alenius and Dickson 2005, Grabe et al. 

2016), make this organism a preeminent model for sensory neurobiology and 

evolutionary genetic studies.  

During the time course of my thesis, I have worked on the following topics:    

• The evolution of peripheral organs, including Odorant receptor (Or) 

gene copy number variations, Or tuning and variations in Olfactory 

Sensory Neurons (OSNs) population size (Chapter 2). In this work, I 

and my co-authors have described a novel species-specific olfactory 

sensory adaptation driven by changes in Or gene copy number.  

• The evolution of olfactory processing centers, including changes in the 

representation of the olfactory information in the central brain (Chapter 

3). In this section, I analyze species-specific expression pattern of 

neuromodulators and describe species-specific odorant representation 

in the central brain.  
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• The behavioral consequences of species-specific olfactory system 

adaptations using Drosophila’s egg lying behavior as read-out 

(Chapter 4). With the help of some collaborators, in this chapter I show 

species-specific oviposition behavioral adaptations that required the 

acquisition of novel response profiles of a (at least one) olfactory 

receptor gene.  

 

Overall, I have learned that behavioral evolution is governed by complex 

and multiple mechanisms that exert evolutionary pressures at different levels on 

the fly’s olfactory system (periphery and central brain) to control species-specific 

behaviors.  
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RÉSUMÉ EN FRANÇAIS 

 
Le comportement des animaux est régi par des voies de signalisation 

complexes qui divergent dans leur fonction et leur organisation. Cela est évident 

lors de l'analyse de l'énorme diversité des tailles de cerveaux et des structures 

cérébrales à travers le règne animal (Herculano-Houzel 2012). Cependant, les 

mécanismes moléculaires responsables de ces changements ne sont pas très 

bien compris. Pour mieux comprendre les mécanismes génétiques et neuronaux 

qui déterminent les adaptations comportementales chez les animaux, j'ai 

examiné le système olfactif de la Drosophila melanogaster et de ses espèces 

étroitement apparentées en tant que modèles pour aborder les questions 

évolutives. La neuroanatomie, l'accessibilité et la facilité de manipulation bien 

décrites de D. melanogaster, ainsi que ses voies olfactives cartographiées 

(Couto, Alenius et Dickson 2005, Grabe et al. 2016), font de cet organisme un 

modèle prééminent pour la neurobiologie sensorielle et les études génétiques 

évolutives. 

  

Au cours de ma thèse, j'ai travaillé sur les sujets suivants : 

• L'évolution des organes périphériques, y compris les variations du 

nombre de copies du gène du récepteur odorant (Or), l'ajustement de 

l'Or et les variations de la taille de la population des neurones 

sensoriels olfactifs (OSN) (chapitre 2). Dans ce travail, moi et d'autres 

co-auteurs avons décrit une nouvelle adaptation sensorielle olfactive 

propre à chaque espèce, entraînée par des changements dans le 

nombre de copies du gène Or. 
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• L'évolution des centres de traitement olfactif, y compris les 

changements dans la représentation de l'information olfactive dans le 

système nerveux central (Chapitre 3). Dans cette section, j'analyse 

l'expression des neuromodulateurs propre à chaque espèce et décris 

leur représentation odorante correspondante dans le système nerveux 

central.  

 

• Les conséquences comportementales des adaptations du système 

olfactif propres à chaque espèce en utilisant la ponte des œufs de la 

drosophile comme paramètre de mesure (chapitre 4). Avec l'aide de 

quelques collaborateurs, je montre dans ce chapitre des adaptations 

comportementales de ponte spécifiques à chaque espèce qui ont 

nécessité l'acquisition de nouveaux profils de réponse d'au moins un 

gène du récepteur olfactif. 

Dans l'ensemble, j'ai appris que l'évolution comportementale est régie par 

des mécanismes complexes et multiples qui déploi des pressions évolutives à 

différents niveaux sur le système olfactif de la mouche (au niveau périphérique 

et système nerveux central) pour contrôler les comportements spécifiques à 

chaque espèce. 
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CHAPTER 1: GENERAL INTRODUCTION 

In this chapter, I will describe basic concepts regarding behavioral 

evolution, and I will highlight examples of behavioral adaptation across related 

animal species.  

1.1.      What is behavior and how do behaviors evolve?  

The word “behavior” refers to the way animals, including humans, act in a 

particular situation or under certain conditions, ranging from simple reflexes to 

complex sequences of actions. Behaviors are generally triggered by sensory 

perception, and they are the result of the interaction of external stimuli and the 

animal’s internal motivation state (i.e., starved animals will seek food sources 

more persistently, and sexually mature animals will court potential mating 

partners). When studying animal behavior, researchers are interested in 

understanding how animals move in their environment, the way they socially 

interact and how they learn from the stimuli that surround them.  

The genetic information controlling sensory perception and the way it is 

processed, motivation, and neuronal development and plasticity, are important 

for determining behavior. At the same time, the morphological and physiological 

features intrinsic to each species will be instrumental for an adaptive behavioral 

output.  

Animal’s behaviors must evolve (change over time in response to selective 

pressures) and adapt (to be better suited to its environment and increase their 

fitness) to the ever-changing conditions where animals live. Adaptations can 

occur through changes at different levels, such as sensory perception, 

processing of internal information (given by the feeding or reproductive state, for 
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example), or by modulating motor outputs. From Charles Darwin and his theory 

of evolution (Darwin 1859) – built through the systematic observation and 

annotation of interspecific behavioral differences – to nowadays, the way to study 

evolutionary adaptations have changed. Thanks to the development of new tools 

to study changes over time across animal species, evolutionary biologists are 

now capable to relate single genetic mutations with behavioral adaptive traits in 

animals.  

1.2.      Genetic approaches to study the evolution of behavioral traits 

Generally, the first step towards understanding behavioral evolution is to 

compare closely related species that display marked differences in at least one 

of their behaviors. The more similar their genomes, the easier it will be to spot 

genetic variations by genomic alignments of regions of interest (such as the loss 

of sweet gustatory receptor in cats (Li et al. 2006)) and subsequent mutagenesis 

experiments (methodology used, for example, in flies (Auer et al. 2020, Prieto-

Godino et al. 2017)).  

Genomic-wide association studies (GWAS) are observational studies that 

help scientist identify genes associated to a particular trait. Through the analysis 

of the entire genome in a broad group of individuals having varying phenotypes, 

they can identify single nucleotide polymorphisms (SNPs) – or genomic variants 

– that can be linked to an observed trait (Hardy and Singleton 2009).  

Another broad linkage-based mapping technique used is Quantitative Trait 

Locus (QTL). Through the generation of hybrid individuals that are unilaterally 

back crossed to the parental lines, QTL allows the genetic characterization (or 

mapping) of certain phenotypic traits that vary to a certain extent and can be 

associated to monogenic or polygenic effects, as well as to changes in the 
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environment. Extensive QTL approaches both in fruit flies and mice have 

revealed a high complexity in the genetic architecture of behavioral traits meaning 

that, although there are exceptions, behaviors are far from being explained by 

single-gene mutations (Edwards and Mackay 2009, Flint 2003, Jordan, Morgan 

and Mackay 2006). While these genetic methods can provide high-resolution 

mapping of candidate genes, the next steps necessary to describe the causality 

of gene expression are rarely taken. Furthermore, these studies have their 

limitations: small sample sizes, lack and not so well-defined controls, or a low 

reproducibility are the main caveats (Tabor, Risch and Myers 2002). 

Candidate-gene approaches, on the other hand, constrain the analysis to 

relatively fewer numbers of genes based on prior hypothesis and focus on 

describing gene function. There are at least three tests that provide information 

about the phenotypic variation harbored by a candidate gene (Stern 2014). One 

of them is the homologous recombination (= gene targeting) test, that consists in 

the genetic replacement of a genomic region of interest with its orthologous 

genomic region from another strain or species. Although less precise, 

transgenesis has also been employed to explain the causality of gene differences 

between organisms. Generally, loci of interest from different species are 

transferred into a model organism in which transgenesis is more efficient and 

simpler. A third method is the reciprocal hemizygosity test, easier to use than the 

homologous recombination test and sorts some of the limitations of transgenesis. 

In brief, this test compares genetically identical hybrids that only differ on the 

locus of interest, which is formed by the two parental alleles – therefore 

hemizygous – (Stern 2014). If differences between the two reciprocal hemizygous 
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genotypes are observed, this can be explained by the evolution of the two 

parental alleles.  

Although the genetic tests previously mentioned serve of general use to 

address gene-phenotype associations, many behaviors are far from being mono-

allelic and alternative approaches are needed. Thanks to the increasing 

understanding of the phenotype, architectural organization of tissues, and genes 

and proteins’ function, we can now perform more direct evolutionary analysis by 

performing comparative neuroanatomy and comparative neurophysiology 

studies. In fact, these types of studies are the ones I have employed during my 

thesis work, and they will be explained throughout the chapters of this thesis.  

In the next section (1.3.) I will discuss several examples of behavioral 

evolution that have been studied using (some) of the methodologies mentioned 

above.   

1.3.     Examples of behavioral evolution in closely related species 

Below, I highlight some of the most studied cases of interspecific 

behavioral evolution, which have (partially) identified the underlying genetic 

mechanisms.  

1.3.1. Burrowing behavior in deer mouse species 

Burrowing is an ecologically relevant behavior that greatly varies across 

related species of deer mouse in North America (Metz et al. 2017). For example, 

Peromyscus polionotus individuals show precocious digging behaviors, starting 

at 17 days after birth, building deeper and longer tunnels an incorporating an 

escape tunnel that projects back towards the surface away from the main burrow 

entrance. By contrast, P. maniculatus, starts its burrowing activity 10 days later, 



 15 

excavating more superficial and shorter tunnels that lack an escape path. After 

comparing morphology, size and activity rate among these two species, it was 

concluded that the precocious burrowing in P. polionotus, as well as the length 

of the tunnels, reflected a behavioral difference that was not due to physiological 

or morphological advantages (such as bigger or stronger limbs) in P. polionotus 

pups (Metz et al. 2017, Weber, Peterson and Hoekstra 2013).  

 This study also disentangles the effects of genetics from environment by 

reciprocally cross-fostering pups of the two species of deer mouse. After 

analyzing burrowing onset, length and depth of the tunnels, they found no 

differences in burrowing behavior across the cross-fostered individuals. These 

data suggest that the parental phenotype does not influence pups’ behavior, 

revealing a strong genetic component to the development of burrowing behavior.  

 F1 hybrid crosses between the sibling species revealed a dominant 

genetic contribution from P. polionotus to burrowing behavior. The subsequent 

generation of hybrid backcrosses accompanied by QTL data showed that a 

common genetic region – formed by a single pleiotropic gene or a group of genes 

– was linked to precocious burrowing as well as to variation in tunnel length (Hu 

et al. 2022). In fact, it has been described that the behavioral differences 

observed in these species of mice can be explained by distinct cis-regulatory 

networks controlling locomotor-related genes’ expression (Hu et al. 2022). 

1.3.2. Schooling behavior in marine and freshwater sticklebacks 

Schooling is a complex social grouping behavior in which many fish get 

together maintaining a coordinated body position and display a synchronized 

swimming appearing to act as a single organism. Group behaviors provide 
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several benefits, such as safety for the individual, but it can also be detrimental 

in some cases, so the frequency of schooling will vary depending on the 

ecological context. This behavior is commonly observed in clupeiform fish such 

as sticklebacks (Gasterosteus aculeatus). Populations of sticklebacks from 

marine environments or from freshwater regions display divergent schooling 

behavior. Lab-raised marine sticklebacks show strong schooling while lab-raised 

benthic sticklebacks have considerably reduced their schooling capacity (Wark 

et al. 2011). 

First, to reveal the genetic basis of schooling behavior diversity in 

sticklebacks, a model school assay and a parallel QTL analysis with 229 benthic-

marine F2 hybrids were developed. Two genetically separated fundamental 

components of schooling were described at first: schooling tendency (referring to 

the time, latency and the number of schooling sessions) and schooling position 

(referring to the body and head disposition). While they were able to identify two 

QTL associated with schooling position, they could not identify any QTL for 

schooling tendency, suggesting a multigenic regulation of these features or an 

important environmental component over it (Greenwood et al. 2013).  

Second, the neurosensory phenotypes associated with schooling behavior 

were analyzed, and visual cues and the lateral line (a mechanoreceptive sensory 

system consisting of hair cells that detect changes in the water flow) were strong 

candidates to influence position and orientation during schooling. However, while 

vision differences across populations of sticklebacks were discarded, benthic 

sticklebacks display a very superficial lateral line. Interestingly, a common QTL 

for both schooling position and aspects of the lateral line anatomy was detected 
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(Wark et al. 2012), which favors the hypothesis that the differences observed on 

schooling behaviors are due to sensory modifications of the lateral line.  

1.3.3. Courtship song behavior in fruit flies 

During courtship behavior in fruit flies, males vibrate their wings producing 

songs that are attractive for females. Interestingly, the courtship songs are 

species-specific, and they are relatively easy to quantify (Greenspan and Ferveur 

2000), making them powerful candidate behaviors for evolutionary genetics 

studies. Two different components can be differentiated in within the courtship 

song: sine song (continuous sound at a certain frequency) and pulse song (series 

of pulses separated by intervals) (Greenspan and Ferveur 2000). In the close-

related species D. simulans and D. mauritiana some courtship song components 

have diverged, such as the carrier frequency of sine song (Ding et al. 2016).  

The slowpoke gene encodes a calcium-activated potassium channel and 

regulates male’s singing performance during mating (Atkinson, Robertson and 

Ganetzky 1991). Through QTL mapping and reciprocal hemizygosity tests (Stern 

2014), a genetic difference in the slowpoke locus – caused by a retrotransposon 

– could explain why certain strains of D. simulans males sing lower frequencies 

of sine song compared to D. mauritiana males (Ding et al. 2016). This study 

illustrates how a highly pleiotropic gene can modulate species-specific behaviors 

in flies. 

1.3.4. Mate preference in flies 

 Among the different decisions that animals make, the choice of a mating 

partner will directly impact their evolutionary success (Arbuthnott et al. 2017). 
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During speciation, reproductive isolation is driven by genetic and behavioral 

differences that will reinforce the species identity and will minimize interspecies 

sexual encounters. As an example, D. melanogaster and D. simulans are two co-

occurring cosmopolitan species and yet they rarely or never hybridize. How are 

they capable of selecting conspecific mates? One mechanism is directed using 

sexual species-specific pheromones that control courtship attraction between 

different sexes of the same species and mediates courtship avoidance between 

individuals of the same sex or between different species (Jallon and David 1987).  

D. melanogaster females produce 7,11-heptacosadiene (7,11-HD), a 

pheromone that elicits courtship in D. melanogaster males but keeps D. simulans 

males from courting (Jallon and David 1987). Through the comparison of 

pheromone information processing pathways in males, the mechanism by which 

D. melanogaster and D. simulans endow 7,11-HD with the opposite behavioral 

valence to allow inter-species discrimination was described (Seeholzer et al. 

2018). In brief, homologous peripheral sensory pathways Ppk23+ (Ppk23 

DEG/ENaC channel) in males of both species similarly detected 7,11-D (Lu et al. 

2012). However, this information was differentially transduced to P1 neurons – 

neurons that form the central node of the Fru+ (fruitless-expressing neurons) 

circuitry and initiate courtship behavior in D. melanogaster (Kallman, Kim and 

Scott 2015) – due to alternative excitability of GABAergic interneurons (Seeholzer 

et al. 2018) that antagonize the excitatory input elicited by 7,11-D in D. simulans 

males. With this study the authors revealed how alterations in synaptic 

excitability, and not necessarily circuitry architecture modifications, led to 

behavior diversification.   
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Overall, these studies provide valuable genetic and behavioral information 

on the evolution of innate behaviors and reveal strong genetic components 

across closely related species. In my thesis projects, I wanted to further 

investigate behavioral evolution using the olfactory system of flies as model 

system. 

1.4.     Olfaction as a model system to understand behavioral evolution 

Chemosensory systems, such as olfaction, have been of great help to 

study evolutionary mechanisms since chemoreceptor gene families are 

characterized for rapid gene number changes (Arguello et al. 2016, Auer, 

Shahandeh and Benton 2021, D'Oliveira Albanus et al. 2014, Hansson and 

Stensmyr 2011, McBride, Arguello and O'Meara 2007, Niimura, Matsui and 

Touhara 2014, Robertson 2019, Robertson and Wanner 2006).  

Odors can either be attractive cues to recognize mates, feeding or mating 

substrates, or repulsive cues to avoid predators and other hazardous organisms. 

When the environmental conditions change, the chemical inputs and therefore 

how they are perceived by animals will also change. Because olfactory systems 

mediate in between the external chemical cues and the internal state of the 

organism, olfactory systems are believed to be under strong selective pressures 

making olfaction evolve rapidly (Arguello et al. 2016). A well characterized 

example displaying fast sensory evolution is the nematode Caenorhabditis. In the 

context of social interactions, two species of Caenorhabditis have exhibit parallel 

evolution of their pheromone receptor genes repertoire to adapt to high density 

growth. Two strains of C. elegans, when raised in high density environments in 

laboratory conditions, have acquired multigenic resistance to a pheromone 

responsible for inducing dauer formation – a long-lived but not-reproductive state 
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– (Golden and Riddle 1984b, Golden and Riddle 1984a, McGrath et al. 2011). 

QTL mapping described a deletion that disturbs the serpentine receptor class g 

(srg)-36 and 37 genes causing resistance to the pheromone ascaroside C3 

controlling this behavior. Similarly in C. briggsae, multigenic resistance has also 

arisen due (in part) to a deletion in the paralogous srg gene. These events argue 

for the fact that variations in the environment can cause repeated modifications 

in the chemosensory gene repertoire. 

 

1.5. Drosophila species as model system to understand the evolution of 

olfactory systems in insects 

 
Drosophilids represent one of the most extensively characterized 

examples of peripheral olfactory circuit evolution (Zhao and McBride 2020). They 

have recently emerged as interesting models to study the genetic basis of 

olfactory evolution due to the species-specific odor-driven behaviors that include 

foraging, mating and oviposition (Dekker et al. 2006, Linz et al. 2013, Markow, 

Beall and Matzkin 2009, Prieto-Godino et al. 2017).  

In nature, instances of drosophilids with very diverse ecologies have been 

reported. Some of them are considered generalists, which are species capable 

of exploiting a large diversity of food substrates for feeding or reproduction, such 

as D. melanogaster and D. simulans (Markow et al. 2009) or D. mauritiana 

(Garrigan et al. 2012, Stensmyr, Dekker and Hansson 2003). Others are 

considered specialists, which are species with very stringent adaptations to 

certain fruits/plants such as D. sechellia and its high specialization to the – toxic 

for other species – Morinda citrifolia fruit in the Seychelles islands (Auer et al. 
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2021, Dekker et al. 2006, Markow et al. 2009), or the cactophilic D. mojavensis 

in the Sonoran Desert (Matzkin et al. 2006). A third group is formed by species 

of flies with intermediate phenotypes, such as the seasonal specialism of D. 

erecta to the Pandanus fruit. While some species exploit rotten fruits and are 

attracted to their fermented compounds, other species such as the agricultural 

pest D. suzukii have developed phenotypical adaptations (a serrated ovipositor) 

that allows them the exploitation of sugar-enriched ripening fruits (Akutsu and 

Matsuo 2022, Dweck et al. 2021, Karageorgi et al. 2017, Keesey, Knaden and 

Hansson 2015). 

Evolutionary analyses are possible with these – and many other – 

drosophilid olfactory systems since, first, they have a simple neuronal 

architecture that has been thoroughly described (Dekker et al. 2006, Linz et al. 

2013, Prieto-Godino et al. 2017). Second, there is extensive knowledge about 

the olfactory function which can be easily monitored by physiological techniques 

such as electrophysiology (in the periphery) or calcium imaging (in the central 

brain). Third, we can take advantage of the recent and rapidly increasing number 

of genetic tools available across drosophilids. Finally, their genomes have been 

sequenced, making genetic inter-species comparisons and genotype-phenotype 

associations easier (Drosophila 12 Genomes et al. 2007).  

1.6.     Organization of the olfactory system in Drosophila 

The periphery of the olfactory sensory system in Drosophila consists of a 

pair of antennae and maxillary palps. Each antenna consists of three different 

segments ((a1-a3) also known as the scape, pedicel and funiculus, respectively). 

The third segment of the antenna contains many OSNs (Couto et al. 2005) and 

mediates both long- and short-range behaviors (Auer et al. 2020). The maxillary 
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palps consist of a single segment that contains olfactory neurons displaying 

overlapping functions to the antenna (de Bruyne, Clyne and Carlson 1999, 

Shiraiwa 2008, Vosshall and Stocker 2007), probably necessary to discriminate 

feeding substrates in combination with the gustatory neurons situated in the 

mouth parts (Shiraiwa 2008).  

In Drosophila, many chemosensory receptors involved in the recognition 

of chemical volatiles are members of the Odorant receptor (Or) and Ionotropic 

receptor (Ir) families (Benton et al. 2006, Benton et al. 2009, Vieira and Rozas 

2011, Vosshall et al. 1999, Vosshall and Stocker 2007). Ors are seven-

transmembrane domain odor-gated ion channels unrelated to the mammalian 

GPCR-family Ors (Benton et al. 2006). Irs have evolved from ionotropic 

glutamate receptors (iGluRs) and generally occupy different locations in the 

antenna (Benton et al. 2009, Rytz, Croset and Benton 2013)). Olfactory receptors 

are expressed by OSNs whose ciliated sensory dendrites are protected from the 

external environment by porous cuticular hairs, called sensilla, projecting from 

the surface of the olfactory organs. Sensilla can be classified into four 

morphological groups: basiconic, coeloconic, trichoid and intermediate sensilla 

(Couto et al. 2005, Lin and Potter 2015, Vosshall and Stocker 2007). OSNs send 

axonal projections from the antenna to the antennal lobes in the central brain 

(Figure 1B-C). Generally, OSNs express only one type of Or, although a few 

exceptions have been described (Couto et al. 2005, Grabe et al. 2016). OSNs 

expressing the same Or extend axonal projections to one of the 58 regions of 

neuropil (glomeruli) in the antennal lobe (Barish and Volkan 2015, Couto et al. 

2005, Grabe et al. 2016, Schlegel et al. 2021, Vosshall and Stocker 2007). 
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OSNs synapse with both local interneurons (LNs), which regulate 

interglomerular communication compiling different olfactory information valences 

to create elaborate responses, and projection neurons (PNs), that carry sensory 

information to higher brain centers, such as the mushroom bodies and the lateral 

horn (Figure 1B-C), which are responsible for learned and innate behaviors, 

respectively (Jefferis et al. 2001, Ramdya and Benton 2010, Schlegel et al. 2021, 

Vosshall and Stocker 2007). Depending on the internal state of the fly and on its 

physiological requirements, such as nutritional or reproductive state, synaptic 

transmission within glomeruli can be shaped by neuromodulatory molecules 

(Carlsson et al. 2010, Kim, Su and Wang 2017, Martelli et al. 2017, Su and Wang 

2014, Wang and Wang 2019, Zandawala et al. 2018).  

 
Figure 1. The Drosophila olfactory system. A) Schematic of a Drosophila adult with olfactory 
organs shown in brown (modified from (Ziegler, Berthelot-Grosjean and Grosjean 2013)). B) 
Olfactory sensory neurons (OSNs) are mainly located in the antenna housed by modifications 
of the cuticle called sensilla. First and second level brain processing centres of olfaction 
include the antennal lobes, where the odor information experiences its first processing, and  
the mushroom bodies and the lateral horn involved in stimulus-related learned behaviors or 
innate behaviors, respevtively. C) OSNs send axonal projections from the third antennal 
segment to the antennal lobes from where projection neurons send the information to higher 
brain centres. OSNs that express the same receptor send axonal projections to the same 
glomerulus (modified from (Ramdya and Benton 2010)).  
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1.7. Evolution of olfactory systems 

 
In this section, I describe and compile information about the different levels at 

which olfactory systems have evolved in drosophilids. 

1.7.1. Evolution of the periphery of olfactory circuits  

Changes at the peripheral level can occur through: (a) changes in OSN 

tuning as a consequence of mutations in the Or gene sequences; (b) changes in 

OSN number as a result of the adjustment of the number of neurons in preexisting 

neuronal populations; (c) the expansion and contraction of Or gene families (by 

duplications or deletions); or (d) the expansion and contraction of OSN population 

types due to changes in developmental processes.  

 

(a) Changes in OSN tuning is probably one of the most common ways in 

which peripheral olfactory systems can evolve with several examples in the 

literature (Hansson and Stensmyr 2011, Mansourian et al. 2018, Zhao and 

McBride 2020). Modifications of OSN tuning reflect increased sensitivity or 

reduced attraction towards compounds with new ecological relevance. While 

most OSNs show conserved tuning across the melanogaster subgroup 

(Stensmyr et al. 2003), the antennal basiconic 3A (ab3A, Or22a) neuron tuning 

rapidly switched across sibling species producing main shifts in neuronal 

response properties (Keesey et al. 2022). In D. melanogaster, ab3 sensilla 

housing the broadly tuned Or22a receptor is tuned towards ethyl esters. In D. 

sechellia, the Or22a channel has shifted its sensitivity towards methyl esters 

characteristics of the noni fruit (Auer et al. 2020, Dekker et al. 2006). This sensory 

adaptation is caused mainly, but not only, by the exchange of a single amino acid 
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in the predicated ligand-binding pocket (Auer et al. 2020). D. erecta, another 

close relative of D. melanogaster, has shifted Or22a’s tuning towards the 

Pandanus-derived volatile 3-methyl-2-butenyl in a very specific manner (Linz et 

al. 2013), picturing the Ab3A channel as a pre-eminent olfactory pathway to drive 

species-specific ecological adaptations. 

Another well described case of OSN re-tuning is observed in the antennal 

coeloconic 3I (ac3I) housing the acid sensing Ir75b receptor. In D. sechellia, Ir75b 

has evolved hexanoic acid sensitivity (compared to D. melanogaster’s Ir75b 

receptor tunned to butyric acid) principally through a single residue exchange in 

its ligand-binding domain (Prieto-Godino et al. 2017).  

 

(b) Generally, Or gene evolution is considered a continuous “birth and 

death” process as genes undergo duplications or deletions (Sanchez-Gracia, 

Vieira and Rozas 2009). There are instances of novel Or genes originating as 

well as instances of rapid reduction in size of Or subfamilies (Albalat and 

Canestro 2016, Guo and Kim 2007, Niimura 2009, Ramdya and Benton 2010). A 

particularly interesting Or subfamily that contains examples of both of these 

phenomena is the Or67a subfamily (Arguello et al. 2016, McBride et al. 2007). 

Closely related species show remarkable differences in terms of Or67a gene 

copy number. For instance, D. melanogaster and D. sechellia only have one 

intact copy of this gene. Conversely, D. simulans and D. mauritiana present three 

intact copies of the Or67a gene. These properties prompted the work described 

in Chapter 2.  
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(c) Changes in OSNs number is another way in which pre-existing neural 

circuits can evolve. Increasing or decreasing the number of neurons that respond 

to certain compounds can also help to increase or diminish detection of 

ecologically relevant (or not) volatiles. Although these changes have been less 

reported in the literature, they still occur, and they accompany receptor tuning 

adaptations. Two well-known evolutionary mechanisms that drove adaptation 

towards noni fruit involve augmentations of the size of the ab3A (Or22a) and ac3I 

(Ir75b) olfactory sensory neuron populations in D. sechellia (Auer et al. 2020, 

Dobritsa et al. 2003, Prieto-Godino et al. 2017). The increase in sensitivity 

towards 3-methyl-2-butenyl described in D. erecta has also been correlated to 

the increase in Or22a neuron numbers (Linz et al. 2013).  

 

(d) OSN population changes due to developmental processes. As 

described above, OSNs are contained in sensory sensilla. The cells of each 

sensillum derives from a single sensory organ precursor (SOP) harbored in the 

larval antennal imaginal disc. After asymmetric cell divisions, each SOP produces 

eight cells. Out of them four cells will adopt a non-neural fate becoming the 

“support cells” determining the structure of the sensilla, while the other four cells 

will have the potential of developing into OSNs (Endo et al. 2011). In most 

sensilla, 1-3 of those cells will be removed through programmed cell death (or 

apoptosis) (Endo et al. 2007). It is reasonable to hypothesise that altered patterns 

of apoptosis will affect the final number of OSNs in animals. Indeed, artificial 

apoptosis blockage during Drosophila pupal development resulted in an 

increased number of OSNs present in the antenna (Prieto-Godino et al. 2020). 

Furthermore, these “undead” OSNs could express selected Ors, showed odor-
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evoked responses and integrated into the pre-existent olfactory circuitry forming 

and reorganizing previous synapsis (Prieto-Godino et al. 2020).  

1.7.2. Evolution of olfactory processing centers 

Evolution of the olfactory processing centers can occur at the level of the 

(a) antennal lobe, (b) lateral horn, (c) mushroom bodies or (d) by modifying the 

neuromodulatory systems (Figure 1B).  

 

(a) The antennal lobe is the first processing center in the central brain of 

olfactory information. Here, the sensory information carried out by OSNs is 

processed and transformed before being sent to higher brain centers. It is 

expected that changes at the peripheral level will be reflected in the antennal 

lobe. For example, Or22a and Ir75b OSN population enlargements in D. sechellia 

caused an increased volume of their corresponding glomeruli in the antennal 

lobe, DM2 and DL2d, respectively (Auer et al. 2020, Dekker et al. 2006, Prieto-

Godino et al. 2017).   

 

(b) The lateral horn is a sexually dimorphic high olfactory center that 

coordinates innate and learnt olfactory behavioral responses (Hansson and 

Stensmyr 2011, Schultzhaus et al. 2017). Interestingly, PNs have very 

stereotyped projection patterns in the lateral horn, where OSNs-derived 

connections proceeding from different sensilla groups are clustered. 

Furthermore, fruit odor-responsive PNs generally project to the posterior-dorsal 

region of the lateral horn, while pheromones are mostly represented in the 

anterior-ventral part (Jefferis et al. 2002, Jefferis et al. 2007). Presumably, 
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modifications of its stereotyped organization by the appearance (or 

disappearance) of projection neuron branches can, potentially, affect innate 

responses. Indeed, a novel axonal branch from the DM2 PNs has been described 

in D. sechellia flies compared to D. melanogaster's DM2 PNs axonal pattern 

(Auer et al. 2020). If and how this brain structural modification leads to alternative 

processing of the odorant information across species and how it affects 

behavioral outputs is, however, unknown. 

 

(c) The mushroom bodies (MBs) are the primary high olfactory center for 

olfactory learning and memory in insects, including Drosophila (Heisenberg 

2003), It is formed by Kenyon cells that can be subdivided in three different 

groups: a/b and a’/b’ neurons which project to medial and vertical lobes, and g 

neurons that only project medially (Lee, Lee and Luo 1999). MB’s size varies 

across insect species, including Drosophila melanogaster, although little is known 

about the effect that changes in MB lobes’ size have on behavioral evolution. 

Using the Drosophila Genetic Reference Panel (Mackay et al. 2012) intra-species 

natural genetic variation in lobes’ size were described and negative correlations 

between MB morphology/dimensions and behaviors such as aggression, sleep 

and lifespan have been reported (Zwarts et al. 2015). However, no structural or 

physiological adaptations that could explain olfactory changes across strains or 

species of flies have so far been described.  

 

(d) The activity of most or all the neuronal classes described above is 

systematically regulated to match the organism’s internal state by 

neuromodulatory cells that release neuropeptides and biogenic amines. While 
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the role of several of them has been extensively characterized in D. melanogaster 

(discussed further in Chapter 3), little is known about how they contribute to the 

evolution of olfactory systems in flies.  

1.8.     Thesis “road map” 

 In this thesis, I present several research projects to address different 

aspects of olfactory evolution across four Drosophila species: D. melanogaster, 

D. simulans, D. sechellia and D. mauritiana. They share a common ancestor 3 

million years ago (Garrigan et al. 2012, Lachaise and Silvain 2004) and some 

aspects of their ecology have already been mentioned. Despite their evolutionary 

relative proximity, in within these four species important differences exist related 

(among others) with their fruit host exploitation adaptations. D. melanogaster and 

D. simulans are generalist species distributed worldwide. In nature, these species 

are commonly found feeding on several types of overripe fruits that lie on the 

ground and coexisting with larvae and other drosophilids (Markow et al. 2009). 

D. mauritiana is endemic to the Mauritius island and is also considered a 

generalist fly species (Garrigan et al. 2012). Remarkably, D. sechellia’s stringent 

specialization on the fruit of Morinda citrifolia, noni fruit, in the Seychelles Islands 

has supposed a sensory and metabolic adaptation. From the sensory 

perspective, several cases of re-tunned olfactory receptors (and probably 

gustatory as well, although this needs to be confirmed) have been described 

(Auer et al. 2020, Dekker et al. 2006, Prieto-Godino et al. 2017). Noni fruit is toxic 

for all tested drosophilids, including D. melanogaster, D. simulans and D. 

mauritiana (although resistance to this fruit has also been seen in the substrain 

D. yakuba mayottensis (Yassin et al. 2016)). For this reason, metabolic 

adaptations must have occurred in the D. sechellia lineage to survive the toxic 
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acids of noni fruit (Huang and Erezyilmaz 2015, Lavista-Llanos et al. 2014, 

McBride 2007, Shiao et al. 2015). The intriguing adaptation of D. sechellia to its 

host has prompted several questions I tried to answer in Chapters 3 and 4 of this 

thesis.  

This work is organized into four chapters that tackle different evolutionary 

questions – at the level of olfactory-related circuits’ architecture, circuits’ function 

and odor-related behavior – and resulted into two publications and one submitted 

pre-print.  

 Chapter 2 describes a collaborative effort to study the impact that changes 

in olfactory receptor numbers have on fly’s olfactory adaptations.  

 Chapter 3 describes data from two main evolutionary questions: first, how 

odorant representations vary across drosophilids with different ecological niches 

and, second, the role of neuromodulation in controlling odorant-derived 

excitability in the central brain across species.  

 Chapter 4 describes my investigations of the evolution of olfactory 

regulation of oviposition behavior in D. sechellia during its stringent specialization 

the noni fruit.  

 Chapter 5 contains a general discussion that englobes the three different 

evolutionary approaches I have taken to answer evolutionary questions during 

my thesis work and includes challenges encountered and future perspectives of 

my thesis research.  
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CHAPTER 2: Copy number changes in co-expressed odorant receptor 

genes enable selection for sensory differences in drosophilids species 

 

Summary of the results 

This chapter describes the result of a collaborative effort from past and current 

members of the Richard Benton’s lab (Auer*, Álvarez-Ocaña*, Cruchet, Benton 

and Arguello; *equal contribution), published in Nature Ecology and Evolution 

(Auer et al. 2022). In this work, we used Drosophila’s evolutionary dynamic Or67a 

olfactory receptor subfamily to study OSN evolution. While the common ancestor 

of the Drosophila trio (D. melanogaster, D. simulans and D. sechellia) had three 

Or67a paralogs that diverged in their odor-evoked responses, following their 

speciation, two Or67a paralogs were lost in D. melanogaster and D. sechellia. 

Comparative and population genomic analyses revealed ongoing positive 

selection (the conservation of novel traits that lead to evolutionary adaptations) 

acting on the intact genes. Unexpectedly, the three Or67a paralogs were co-

expressed in the same neuron population in D. simulans and D. mauritiana, which 

deviates from the “one neuron–one receptor” general rule (although some other 

exceptions have already been reported). Therefore, while peripheral 

neuroanatomical properties of these pathways are conserved across species, 

independent selection on co-expressed receptor has contributed to species-

specific peripheral coding of olfactory information. 

 

My contribution to this work 

During my master thesis, and continuing into my PhD research, I worked 

on the evolution of the Or67a receptor subfamily across Drosophila species 

through the analysis of the expression pattern of Or67a orthologs in D. 
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melanogaster, D. simulans, D. sechellia and D. mauritiana. I described the 

expression of a single Or67a gene in D. melanogaster and D. sechellia and the 

expression of three Or67a paralogs in D. simulans and D. mauritiana using RNA 

FISH probes and GFP reporter lines (Figure 3 and Supplementary Figure 5). I 

discovered that D. simulans Or67a paralogs were all expressed in the same 

population of OSNs and showed that these neurons project to the DM6 

glomerulus in the antennal lobe (Figure 3). I analyzed the promoter regions 

across orthologs and paralogs revealing a degree of conservation inferior to 50% 

(Supplementary Table 6). Finally, and in order to have a broader idea about the 

natural genetic variation segregating within the Or67a paralogs, I sequenced 

these loci in 13 D. simulans strains. In three of the strains (07, 09 and 13) a 

premature stop codon possibly indicated the presence of a truncated protein 

(Supplementary Table 5). I also contributed to the preparation of Figures 3a-d 

and S5b-d, wrote a first draft of the results contained in Figures 3 and S5 and 

helped with comments and corrections throughout the manuscript.   

2.1. Article: Copy number changes in co-expressed odorant receptor genes 

enable selection for sensory differences in drosophilids species  
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The evolution of animal chemoreceptor families is character-
ized by rapid changes in gene copy number1–6. Numerous 
studies have correlated expansions and contractions of these 

families to known ecological shifts (for example, dietary change 
or host-plant specialization), reflecting their capacity to quickly 
respond to environmental variation and to contribute to adaptive 
modifications3,6–9. The evolution of chemoreceptor gene repertoires 
has raised considerable interest from a molecular evolutionary per-
spective, where it is often modelled as a stochastic birth-and-death 
process10,11. Receptor gene deletion and duplication events are par-
ticularly compelling in light of their roles in establishing the periph-
eral coding of chemical stimuli and because of their highly selective 
expression patterns: only one or a small number of receptor genes 
are expressed in a given sensory neuron population. Whether and 
how chemoreceptor duplicates evolve cell type-specific expression, 
and how chemoreceptor gains and losses functionally impact the 
sensory cells in which they are expressed, remain unclear.

A challenge to addressing these questions is the need for experi-
mentally tractable systems with which to link changes at the level 
of the genome to physiology and neuroanatomy. Drosophila mela-
nogaster and its closely related drosophilid species have emerged as 
an outstanding group for functional comparative studies of nervous 
systems. The extensive knowledge and resources that are avail-
able for D. melanogaster12–15 are driving the development of genetic 
reagents in its ecologically diverse sister species16–20. Additionally, 
the short evolutionary distances between multiple species in the  
D. melanogaster species group help to identify key mutational  
events and in inferring the evolutionary processes that underly the 
changes of interest.

Drosophila’s odorant receptor (Or) family is advantageous for 
relating between-species changes in chemoreceptor gene copy 
number to expression and neuronal response evolution. As in 
many other insects, Ors are expressed in olfactory sensory neurons 
(OSNs) housed in the sensilla of two olfactory organs in adults, the 
antennae and the maxillary palps. Importantly, a large majority of 
Ors are uniquely expressed in individual OSN populations (together 
with the broadly expressed co-receptor Orco21), which is analogous 
to the singular expression of vertebrate olfactory receptor genes22,23. 
The axons of OSNs expressing the same receptor converge onto a 
discrete, stereotypically positioned glomerulus in the primary olfac-
tory centre, the antennal lobe24. The distinct pattern of Or expres-
sion raises the possibility that between-species changes in Or copy 
number reflect the evolution of new OSN populations or the loss of 
sensory pathways, in coordination with Or duplication and deletion 
events, respectively. Here we investigate a drosophilid Or subfamily, 
Or67a, to examine the relationship between sequence, function and 
expression evolution of olfactory receptors across species.

Results
Or67a copy number is evolutionarily dynamic. Or67a is one of the 
few olfactory receptor genes that differ in copy number among the 
closely related D. melanogaster subgroup species3,10,25, which share 
a common ancestor ~3.4 million years ago26. The Or67a subfam-
ily has also experienced remarkable expansions in more distantly 
related species: for example, D. suzukii, which shares a last com-
mon ancestor with D. melanogaster ~15 million years ago27, has 
five paralogues (Fig. 1a)10,25,28. D. melanogaster Or67a is the most 
broadly responding antennal Or when presented with headspace 
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odours from an extensive collection of fruits29, suggesting that evo-
lution of the Or67a subfamily is related to species-specific olfactory 
responses to food. In this study, we focused on D. melanogaster and 
its sister species in the simulans complex (D. simulans, D. sechellia 
and D. mauritiana), which share a common ancestor ~0.24 million 
years ago30,31, to connect between-species differences in Or copy 
number and potential differences in the function and/or organiza-
tion of the sensory neurons in which they are expressed (Fig. 1b).  
D. sechellia and D. melanogaster have a single intact Or67a gene, 
while D. simulans and D. mauritiana have three (Fig. 1a,b). We refer 
to these three Or67a genes as Or67a.P (the 3L copy proximal to the 
centromere), Or67a.D (the 3L copy distal to the centromere) and 
Or67a.3R (the copy on the right arm of the third chromosome).

To determine the evolutionary history of this Or67a subfamily, 
we first inferred a protein tree for the eight receptors from these 
four species. The well-supported tree clusters each of the Or67a.P, 
Or67a.D and Or67a.3R members together, indicating that the three 
paralogues existed prior to this group’s speciation events and that 
the Or67a.D and Or67a.3R genes were lost independently along  
D. melanogaster’s and D. sechellia’s branches (Fig. 1c). The sce-
nario involving two independent Or67a.D and Or67a.3R losses is  

further supported by inspecting alignments of the homologous 
chromosomal regions and polarizing the changes using the outgroup 
species D. yakuba and D. santomea. The genes flanking the Or67a 
paralogues are conserved across the six species, verifying that the 
chromosomal regions are homologous (Fig. 1d and Supplementary 
Data 1 and 2). However, considerable nucleotide and indel differ-
ences have arisen between species within the intervals containing 
the Or67a paralogues, as have remnants of transposable elements, 
particularly for the Or67a.3R-containing region in D. yakuba and 
D. santomea (Fig. 1d and Extended Data Figs. 1 and 2). These align-
ments clarify that independent deletions have completely removed 
the Or67a.D orthologue in D. sechellia (secOr67a.D), D. melanogas-
ter (melOr67a.D) and D. santomea, although it remains intact in 
D. yakuba. Deletions have also entirely removed the melOr67a.3R 
orthologue and a portion of the coding region in the D. sechellia 
orthologue (secOr67a.3R), eliminating sequences encoding two 
transmembrane domains that are required for forming the ion 
channel of the receptor32,33. Short remnants of the Or67a.3R ortho-
logues are still detectable in D. yakuba and D. santomea, addition-
ally indicating that the orthologue was present in these more distant 
species. In combination, these data support a history in which three 
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Or67a paralogues existed in the common ancestor of D. melanogas-
ter and the simulans group and that D. sechellia and D. melanogaster  
have recently lost the Or67a.D and Or67a.3R copies in parallel. 
The rapid change in Or67a copy number is probably related to past 
transposable element insertions and deletions in these loci.

Recurrent positive selection on Or67a paralogues. The observa-
tion of recent parallel gene losses among these closely related spe-
cies raises questions about the selective constraints acting on the 
intact receptors. We tested models of protein evolution by fitting 
rates of amino-acid-changing (dN) and silent (dS) substitutions 
along the branches of the Or67a tree (Fig. 1c). Among the models 
we investigated, those that fit best consistently resulted in strong 
selective constraint along nearly all branches (dN/dS < 0.45). The 
branch leading to the Or67a.P clade was the only exception, with 
an elevated rate of amino acid change that is consistent with posi-
tive selection acting on the Or67a.P coding sequence following 
the Or67a.D/Or67a.P tandem duplication event (dN/dS = 1.5–1.9; 
Supplementary Tables 1 and 2). Using available population genomic 
datasets for D. melanogaster and D. simulans, we carried out more 
sensitive tests of ongoing purifying selection based on the ratio of 
nucleotide diversity at amino-acid-replacement positions (πrep) to 
nucleotide diversity at silent positions (πsil). These measures lent 
additional support for functional constraint currently acting on  
the intact Or67a genes for these two species, with all πrep/πsil < 0.2 
(Table 1 and Supplementary Data 3). The alignment of the 
Or67a.P/D paralogues suggests that gene conversion has not been 
an ongoing force homogenizing the two genes. Sequence iden-
tity between the paralogues (82.5%) is lower than what would be 
expected if conversion had occurred recently or was ongoing (closer 
to 100%), and patterns of shared polymorphism did not uncover 
signals of conversion tracts.

Combining our polymorphism datasets with between-species 
alignments, we applied McDonald–Kreitman tests34 of adaptive 
protein changes and estimated the fraction of amino acid substi-
tutions that have been fixed within a species by positive selection 
(α)35. These analyses also identified signals of adaptive protein 
evolution for the Or67a.P copies in both D. melanogaster and D. 
simulans, where 69% and 55%, respectively, of the protein changes 
were estimated to have been fixed by positive selection (Table 2). By 
contrast, the simOr67a.D and simOr67a.3R copies did not carry sig-
natures of adaptation. This D. melanogaster result is consistent with 
previous population genomic studies that identified melOr67a.P as 
evolving adaptively between species, as well as experiencing very 
recent positive selection between extant populations36,37, and fur-
ther underscores past and ongoing adaptive changes in melOr67a.P. 
Adaptive receptor gene loss may be an important route for sen-
sory change within chemosensory systems38. If the two D. melano-
gaster deletions were adaptive and swept to fixation in the recent 
past, reduced genetic variation (and a negative Tajima’s D39; may be 
detectable40. However, analyses of the polymorphism at the loci con-
taining these deletions did not provide evidence of adaptive loss, as 
the genetic variation was not different from the larger surrounding 
chromosomal regions (Extended Data Fig. 3). These results provide  

evidence that the intact Or67a genes are currently under functional 
constraint, despite parallel gene losses in the recent history of the 
subfamily. They additionally highlight recurrent bouts of positive 
selection that presumably diversified receptor function, particularly 
for the Or67a.P clade.

Positive selection has diversified Or67a receptor tuning. To test the 
hypothesis that positive selection has contributed to the diversifica-
tion of receptor function within the Or67a subfamily, we performed 
in vivo electrophysiological recordings of odour-evoked activity of 
Or67a paralogues and orthologues. We expressed individual Or67a 
receptors in a D. melanogaster ‘decoder’ neuron—the antennal basi-
conic sensillum 3A (ab3A) neuron that lacks its endogenous tuning 
receptor (Or22a) but still expresses Orco41 (Fig. 2a,b)—and quanti-
fied neuronal responses to a panel of nine odours. These odours 
were selected to cover a range of strong to weak Or67a.P ligands 
on the basis of previous work in D. melanogaster42–44. Globally, we 
observed highly significant evolutionary changes in odour response 
profiles across the tested receptors (global Wilks’ Λ, 15.06; P ≪ 0.01; 
Fig. 2c). When we tested for differences across the Or67a.P/D/3R 
paralogues within D. mauritiana or D. simulans, all comparisons 
were significantly different (P < 0.01). When we tested for differ-
ences among orthologues across species (between all four species 
for Or67a.P or between D. simulans and D. mauritiana for Or67a.D 
and Or67a.3R), all comparisons were again significant (P < 0.01), 
except for the responses measured for Or67a.3R orthologues of 
D. simulans and D. mauritiana (P > 0.01). The statistical approach 
used to test for differences in odour responses45 also allowed us to 
calculate the relative effects that the odours have on the receptor 
responses, thereby highlighting key odour combinations that drove 
these significant orthologue/paralogue differences (Fig. 2d and 
Supplementary Table 3). For example, the relative effect of geraniol 
on simOr67a.3R is 86%, indicating a high probability of this recep-
tor responding the strongest to this odour given a random sample 
from the full set of recordings (a comparable effect (85%) exists for 
mauOr67a.3R). Similarly, simOr67a.D has a 97% probability of hav-
ing the strongest responses to ethyl hexanoate that, together with 
the large relative effects of pentanoic acid, methyl hexanoate and 
2-heptanone, strongly differentiate it from its mauOr67a.D ortho-
logue. Clustering these response data using principal component 
analysis further highlights the evolutionary changes among recep-
tors (Fig. 2e). In particular, the variation among Or67a.P orthologues 
is readily apparent, as is the distinct separation of the two Or67a.3R 
copies (together with secOr67a.P) from the other receptors.

We tested for differences in sensitivity to our panel of odours by 
generating dose–response curves for the five odours that resulted 
in the strongest responses at the highest concentration (10−2 (v/v)). 
These experiments revealed numerous differences in sensitivity 
among both paralogues and orthologues, but the differences were 
the most pronounced in Or67a.P and Or67a.D, concordant with the 
elevated diversity in response profiles to the full odour panel at the 
10−2 concentration (Fig. 2f and Extended Data Fig. 4). For example, 
simOr67a.D is significantly more sensitive across concentrations 
of ethyl hexanoate than mauOr67a.D (P < 0.01; Supplementary 
Table 4), while the opposite is the case for 6-methyl-5-hepten-
2-one (P < 0.01; Supplementary Table 4). Other notable differences 
are the Or67a.P responses to 6-methyl-5-hepten-2-one, where 
secOr67a.P has high sensitivity across all concentrations, with addi-
tional species differences increasing with concentration (Fig. 2f 
and Supplementary Table 4). These data demonstrate widespread 
evolution of ligand response profiles within the Or67a subfamily, 
supporting our molecular evolutionary inferences that positive 
selection has contributed to functional changes.

The three D. simulans Or67a paralogues are co-expressed. Our 
evolutionary genetic analyses and electrophysiological experiments 

Table 1 | Functional constraint on Or67a paralogues

Species Gene n πrep/πsil

D. melanogaster Or67a.P 84 0.083
D. simulans Or67a.P 210 0.13
D. simulans Or67a.D 210 0.129

D. simulans Or67a.3R 208 0.134

Constraint has been measured by πrep/πsil. All copies have πrep/πsil!<!0.5, indicating ongoing purifying 
selection. Sample size is indicated by n.
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uncovered adaptive functional diversification in the Or67a subfam-
ily. The three D. simulans receptors could either define different 
populations of OSNs (some of which were lost in D. melanogaster 
and D. sechellia) or be co-expressed in a single neuron population 
(Fig. 1b). To investigate these possibilities, we first examined recep-
tor expression using RNA fluorescence in situ hybridization (FISH). 
For all four species, we detected Or67a-expressing neurons within a 
comparable spatial domain of the antenna (Fig. 3a). Quantification 
of neuron numbers indicates similar numbers of cells express-
ing Or67a.P and Or67a.D in D. simulans. We observed very  
few Or67a.3R-positive cells (possibly because of lower expression 
levels of this receptor); similarly, mauOr67a.P and mauOr67a.3R 
expression was weak but detectable.

One caveat to interpreting these experiments is that the level 
of sequence identity across paralogues (Supplementary Table 5)  
may result in cross-reactivity of RNA FISH probes; this issue 
also precluded double RNA FISH experiments to examine recep-
tor co-expression. To circumvent this limitation, we generated 
paralogue-specific transgenic transcriptional reporters in D. simu-
lans. We used CRISPR–Cas9 to integrate Gal4 at the simOr67a.3P 
and simOr67a.3R loci (simOr67a.PGal4 and simOr67a.3RGal4) 
(Extended Data Fig. 5a) and combined these alleles with a fluores-
cent reporter (UAS–GCaMP6s) to visualize promoter activity. Our 
attempts to generate an equivalent simOr67a.D Gal4 insertion were 
unsuccessful, so we generated a transgenic promoter reporter for 
this gene (similar to a melOr67a.P reporter24; Extended Data Fig. 5b) 
using the upstream sequence of simOr67a.D to drive RFP expres-
sion (simOr67a.D–RFP). Using these tools, together with RNA 
FISH, we confirmed that transcription from the simOr67a.3R locus 
overlaps with simOr67a.P, and transcription from the simOr67a.P 
locus overlaps with simOr67a.D RNA expression (Fig. 3b).

In D. melanogaster, the axons of melOr67a.P neurons inner-
vate the DM6 glomerulus in the antennal lobe24 (Fig. 3c). Similarly, 
in D. simulans, the neurons labelled by either simOr67a.PGal4 or 
simOr67a.3RGal4, as well as the simOr67a.D–RFP promoter trans-
genic reporter, all targeted the same glomerulus, which is located 
in the identical location of the antennal lobe to that of DM6 in 
D. melanogaster (Fig. 3c). These results collectively argue for the 
co-expression of the three D. simulans Or67a paralogues in a neuron 
population that is homologous to D. melanogaster Or67a neurons.

The evolutionary stability of the co-expression of D. simulans 
paralogues is notable, given the nucleotide sequence divergence 
between their putative regulatory regions (Supplementary Table 6).  
To investigate the transcriptional activity of these sequences out-
side of their endogenous genomic context, we generated promoter 
transgenic transcriptional reporters containing the upstream 
sequences of each D. simulans Or67a paralogue and inserted them 
into an identical genomic site within a common D. melanogaster 
genetic background. All three reporters displayed neuronal expres-
sion patterns in the antenna that are consistent with that of endog-
enous melOr67a.P RNA (Extended Data Fig. 5b,c), and they paired 
with Or49a/Or85f-expressing neurons within the ab10 sensillum 
class (Extended Data Fig. 5d)24. Moreover, all three labelled neu-
ron populations target DM6 (Fig. 3d). Computational searches for 

putative regulatory motifs within these upstream sequences identi-
fied different degrees of overlap across the Or67a genes in D. mela-
nogaster and D. simulans. Consistent with their sequence identity 
(Supplementary Table 6), more motifs were shared between the 
upstream sequences of simOr67a.P and simOr67a.D than either 
shared with simOr67a.3R (Fig. 3e and Supplementary Table 7). This 
observation suggests that co-expression of the three receptors has 
probably been maintained by common transcriptional regulators of 
Or expression; the higher sequence identity between the regulatory 
regions of the Or67a.P and Or67a.D paralogues presumably reflects 
their more recent divergence.

Co-expressed Or67a paralogues have unique but overlapping 
contributions. The observation that the three Or67a paralogues 
are co-expressed in D. simulans led us to investigate the correspon-
dence between the decoder neuron responses (Fig. 2b,c) and those 
from endogenous neurons (housed in ab10 sensilla) in D. melano-
gaster and D. simulans. To facilitate unambiguous targeting of ab10 
sensilla in D. simulans, we generated a simOr67a.P–GFP promoter 
reporter in D. simulans (similar to that in D. melanogaster; Fig. 3c 
and Extended Data Fig. 5b) for fluorescent-guided electrophysio-
logical recordings. In D. melanogaster, the wild-type ab10 response 
profile to the nine odours was qualitatively similar to that obtained 
from the decoder neuron (Figs. 2c and 4a). In D. simulans, the rela-
tive responses across the odour panel of wild-type ab10 neurons 
globally matched the profile predicted from the individual con-
tributions of the three receptors in the decoder neuron, though 
with overall lower absolute responses (Fig. 4b). For example, ethyl 
hexanoate, which evoked the strongest responses across any of the 
three simOr67a paralogues in the decoder neuron, was the strongest 
ligand in D. simulans ab10 Or67a neurons (Fig. 4a), while geraniol, 
which evoked a response only by simOr67a.3R in the decoder neu-
ron, evoked a more modest response in ab10 neurons.

To investigate contributions of the individual D. simulans 
Or67a paralogues to the overall response profile in their endog-
enous neurons, we measured odour-evoked activity in ab10 
sensilla in a simOr67a.3RRFP loss-of-function mutation (pro-
duced during the generation of simOr67a.3RGal4 (Extended Data  
Fig. 5)), as well as our simOr67a.PGal4 knock-in allele. The 
simOr67a.3RRFP mutation led to a loss of Or67a neuron responses 
to geraniol and a significant reduction in responses to phenethyl 
alcohol (both Wilcoxon rank sum tests, P < 0.01), but no modi-
fication in the responses to the other odours, consistent with 
simOr67a.3R contributing uniquely to the global response pro-
file (Fig. 4c; one-way multivariate analysis of variance, F = 5.45, 
P > 0.05; only the pairwise Wilcoxon rank sum tests for gera-
niol and phenethyl alcohol were significant). Unexpectedly, the  
overall response profile of the simOr67a.PGal4 mutant was not sig-
nificantly different from that of wild-type ab10 sensilla (Fig. 4c;  
one-way multivariate analysis of variance, F = 2.42, P > 0.05), 
including responses to this receptor’s best ligand, 6-methyl-
5-hepten-2-one (Wilcoxon rank sum test, P > 0.05). The absence 
of phenotype of this receptor mutant (for at least the tested odour 
panel) is probably because simOr67a.D and simOr67a.3R also 

Table 2 | McDonald–Kreitman tests for adaptive protein evolution

Species Gene n Drep Dsil πrep πsil P α
D. melanogaster Or67a.P 84 65 56 20 42 0.0015 0.69
D. simulans Or67a.P 210 30 24 28 50 0.0325 0.55
D. simulans Or67a.D 210 53 70 19 33 0.5021 0.24

D. simulans Or67a.3R 208 19 39 24 67 0.4597 0.26

The Or67a.P copies were found to have experienced adaptive protein evolution in both D. melanogaster and D. simulans, while signatures of adaptation were not found in simOr67a.D or simOr67a.3R. Drep, 
number of amino-acid-replacement substitutions; Dsil, number of silent substitutions.
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respond to most or all of its ligands (Fig. 2c). Together, these 
results highlight both specific and overlapping contributions that 
the Or67a paralogues make to the odour response profile of their 
endogenous OSNs.

Discussion
Analyses of odour responses of homologous OSNs across species 
have identified many instances of evolutionary change16,18,46–49. Such 
changes are generally assumed to be due to modifications in the 
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tuning of singularly expressed receptors, which has been supported 
by the direct assessment of receptor responses in heterologous 
expression systems18,41. In a few cases, amino acid substitutions that 
underlie the tuning differences between orthologous receptors have 
been mapped16,18. Our study of the Or67a subfamily reveals an addi-
tional mechanism of tuning evolution of OSNs, in which neurons 
stably co-express multiple receptors that independently diversify 
under positive selection.

Although we have found signatures of selection within the Or67a 
subfamily, one important open question is the ecological basis of 
the changes in tuning properties of Or67a neurons across the 
four Drosophila species. D. melanogaster and D. simulans are both 
human-commensal cosmopolitans, while D. sechellia and D. mau-
ritiana are endemic to the Seychelles archipelago and Mauritius, 
respectively. D. sechellia is an extreme specialist, spending most 
of its life cycle on a single host fruit50, but less is known about the 
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corner (simOr67a.P, n!=!12 antennae; simOr67a.D, n!=!12; mauOr67a.P, n!=!10; secOr67a.P, n!=!11; melOr67a.P, n!=!11). Weak staining prevented the quantification 
of OSN numbers expressing Or67a.3R in D. simulans and Or67a.3R and Or67a.P in D. mauritiana. The arrowheads indicate weakly labelled cells. b, Antennal 
co-expression of knock-in Gal4 transcriptional reporters (simOr67a.PGal4 and simOr67a.3RGal4, visualized by UAS–GCaMP6s; GCaMP6s detected by anti-GFP) 
and Or67a.P (top) and Or67a.D (bottom) RNA in D. simulans. Scale bar, 25!μm. c, Top, antennal lobe innervation of neurons labelled by a previously described24 
promoter transcriptional reporter for Or67a in D. melanogaster (Bloomington Drosophila Stock Center (BDSC) no. 52633); neuropil is visualized with nc82 
(magenta). Bottom, schematic illustrating the innervation of DM6 by Or67a-expressing neurons. Right, Gal4 and promoter transcriptional reporters for Or67a 
paralogues in D. simulans. All reporter lines label neurons innervating the glomerulus that is homologous to D. melanogaster’s DM6 (arrowheads). Scale bar, 
25!μm. d, Antennal lobe innervation of promoter transcriptional reporters for all three D. simulans paralogues in D. melanogaster (the arrowheads point to DM6); 
neuropil is visualized with nc82 (magenta). Scale bar, 25!μm. In a–d, the experiments were repeated at least three times for each staining on independent days, 
and the pictures show representative examples for each condition. e, Putative regulatory motifs identified in the 5′ DNA sequences of the Or67a paralogues 
in D. simulans and melOr67a.P (1.5–2!kb; Methods). The boxes indicate the placement of candidate motifs, with colours illustrating the same motif sequence. 
Positive-strand motifs are above the horizontal line, and negative-strand motifs are below. The sequences have been arranged to approximate a DNA alignment 
without gaps. The plot to the right summarizes the number of motifs per sequence and the overlap of motifs between the four sequences.
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chemical ecology of the other drosophilids (although all three 
are thought to be generalists)51,52. Given melOr67a’s broad tuning 
towards fruit esters29, an expanded survey of fruit odour bouquets 
via single-sensillum recording coupled to gas chromatography–mass 
spectrometry will be instrumental to characterizing species-specific 
receptor tuning in more detail. Such an analysis will be particularly 
insightful for simOr67a.P, which has diverged adaptively yet displays 
a relatively similar response profile to simOr67a.D, indicating that 
ecologically relevant, receptor-specific odour ligands remain to be 
discovered. Similarly, our observation that simOr67a.3R responses 
are generally lower than those of simOr67a.D and simOr67a.P sug-
gests that we have not identified its most potent ligands. Behavioural 
studies will also be necessary to understand how species-specific 
Or67a OSN tuning relates to an animal’s actions in nature. Even in 
D. melanogaster, the behavioural role of the Or67a sensory path-
way is unclear: the correlation of odour-evoked neuronal activ-
ity across the Or repertoire with odour preference assays suggests 
(indirectly) that Or67a contributes to behavioural aversion29, while 
the optogenetic activation of Or67a neurons in this species induces 
oviposition site preference53. Our analysis of the projections of the 
Or67a-expressing neurons to the DM6 glomerulus in D. melano-
gaster and D. simulans argues that they synapse with homologous 
projection neurons that carry olfactory information to higher brain 
centres. However, we cannot exclude that anatomical changes have 
occurred in central circuit elements, as has been observed in other 
olfactory pathways in D. sechellia16. Moreover, it remains possible 
that the evolution of Or67a paralogues in other lineages has been 
accompanied by the formation of new OSN populations with novel 
glomerular targets. Future work examining the expression of Or67a 
paralogues in more divergent species (such as D. suzukii (Fig. 1a))54 
may provide different snapshots of evolutionary outcomes and 
stages in the diversification of OSNs and olfactory circuits.

The one-receptor–one-neuron model has been pervasive in our 
understanding of olfactory coding in insects, emphasizing a paral-
lel with vertebrate olfactory systems55. However, non-insect inver-
tebrates (notably nematode worms) express multiple receptors in 
olfactory neurons56, and the insect Or family itself evolved from the 
gustatory receptor (Gr) family, whose members display widespread 

receptor co-expression in contact chemosensory neurons57–65. Why 
are D. melanogaster Or genes (and probably those of other droso-
philids) mostly expressed individually in sensory neurons? We 
speculate that this property reflects a biochemical constraint of 
olfactory receptor function, because tuning Ors (but not Grs) act 
together with the broadly expressed Orco21; singular Or expres-
sion may prevent multiple types of tuning receptors from forming 
non-functional complexes that lack the co-receptor subunit. For 
co-expressed Or67a paralogues in D. simulans, it remains unclear 
whether they function with Orco in independent complexes, or—
given the likely heterotetrameric nature of Or complexes32,33—
form complexes comprising two distinct tuning receptor subunits 
together with Orco. Alternatively, or additionally, the singular 
expression of Ors may reflect a difference in the neuronal cod-
ing properties of the olfactory system. Current models propose 
that many (though not all) odours are encoded by the activity of 
combinations of multiple populations of OSNs66. Given this partial 
redundancy in sensory coding of odour-evoked behaviours, further 
redundancy by co-expression of functionally similar Ors (if they 
arose by gene duplication) may have little selective advantage. By 
contrast, in the gustatory system, individual sensory channels are 
more closely tied to behavioural responses (for example, attraction 
by sugar-sensing neurons or aversion by bitter-sensing neurons)63, 
so co-expressed receptors may still individually have a substantial 
behavioural impact—for example, by broadening neuronal tuning 
to a greater diversity of sugars or toxic compounds. Whatever the 
reason for singular olfactory receptor expression, its importance is 
supported by recent studies in D. melanogaster and Anopheles gam-
biae indicating the existence of feedback mechanisms ensuring that 
insect OSNs express only single types of olfactory receptor67–69.

Adaptive changes in peripheral tuning via receptor co-expression 
are unlikely to be unique to the Or67a subfamily. Copy number 
changes for other olfactory receptor subfamilies exist, as do sev-
eral cases of receptor co-expression70–73. For example, another fruit 
odour receptor, Or22a, and a tandem duplicate, Or22b, are thought 
to be co-expressed in D. melanogaster, and paralogues of these 
receptors vary substantially in copy number between drosophi-
lid species3,10,16,41,74,75. Additionally, the highly divergent Or33c and 
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Or85e are co-expressed in several drosophilids70. While physiologi-
cal data suggest that some examples of endogenous co-expression 
impact neuron response properties16,48,75,76, more detailed evolution-
ary and expression studies are needed to determine whether simi-
lar processes as described here for the Or67a subfamily are shaping 
other olfactory channels. Furthermore, D. melanogaster is the only 
insect for which receptor expression has been comprehensively ana-
lysed24,77,78, and it is possible that this species offers a biased view 
into the molecular logic of peripheral coding in insects79. Indeed, 
recent studies of receptor expression in other insect species have 
revealed several cases of co-expression80–82. For example, in A. gam-
biae, RNAs encoded by six clustered Or genes have been detected 
in the same OSN population, which is probably the result of these 
loci being transcribed polycistronically81. If multiple types of func-
tional Ors are translated from such transcripts, the tuning of the 
OSNs may depend on the combined activities of these receptors. In 
addition, recent single-nucleus RNA-sequencing analyses of Aedes 
aegypti OSNs revealed many cases of co-expression of Ors and 
members of a different family of olfactory receptor, the ionotropic 
receptors82. While the contribution of tuning receptor co-expression 
to OSN response properties remains to be elucidated in this mos-
quito, electrophysiological analysis of neurons lacking Or or iono-
tropic receptor co-receptors provided evidence for the participation 
of different receptor families in odour-evoked signalling82 (similar 
observations have been made in D. melangaster83). The existence of 
receptor co-expression in OSNs may help explain why more recep-
tor genes are expressed in the olfactory organs of A. aegypti than 
there are OSN classes (as estimated by the number of glomeruli in 
the antennal lobe), a discrepancy also noted in other insect spe-
cies82,84. These studies, together with our present work, raise the 
possibility that evolutionarily stable receptor co-expression in sen-
sory neurons may be a more widespread feature of insect olfactory 
systems than currently appreciated.

Methods
Drosophila stocks. Drosophila stocks were maintained on standard wheat !our/
yeast/fruit juice medium under a 12 h light:12 h dark cycle at 25 °C. For D. sechellia 
strains, a few grams of Formula 4-24 Instant Drosophila Medium, Blue (Carolina 
Biological Supply Company), soaked in noni juice (nu3 GmbH), were added on top 
of the standard food. "e wild-type strains that we used were D. simulans (DSSC 
14021-0251.004, DSSC 14021-0251.005, DSSC 14021-0251.006, DSSC 14021-
0251.007, DSSC14021-0251.008, DSSC 14021-0251.009, DSSC 14021-0251.013, 
DSSC 14021-0251.014, DSSC 14021-0251.016, DSSC 14021-0251.019, DSSC 
14021-0251.165, DSSC 14021-0251.192, DSSC 14021-0251.195, DSSC 14021-
0251.196 and DSSC 14021-0251.198), D. mauritiana (DSSC 14021-0241.151),  
D. sechellia (DSSC 14021-0248.07) and D. melanogaster (CantonS, w1118). To 
generate transgenic D. melanogaster strains for the decoder neuron experiments 
and for promoter transgenic reporters, we used BDSC no. 24749 (M{3xP3-RFP.
attP}ZH-86Fb) !ies for phiC31-mediated transgenesis. Transgenes in D. simulans 
were integrated into the attP landing site of Dsim#2178 and Dsim#2176 (ref. 20; gi# 
from D. Stern) to generate the simOr67a.D–RFP and simOr67a.P–GFP promoter 
reporter lines, respectively. Genome engineering in D. simulans (described 
below) was performed in DSSC 14021-0251.195. To visualize Gal4 expression 
in D. simulans, we combined Gal4 alleles (simOr67a.3RGal4 and simOr67a.PGal4) 
with D. simulans UAS–GCaMP6s transgenics19 (gi# from D. Stern). For the 
decoder neuron experiments, we combined DmelOr22a/bΔhalo !ies41 (gi# from J. R. 
Carlson) with Or22a-Gal4 (ref. 85, BDSC no. 9952) and the respective UAS–Or67a 
transgenics. DmelOr67a–GFP transgenic !ies24 (BDSC no. 52633) were used 
to visualize Or67a-expressing neurons, and DmelOr85f–Gal4 (ref. 77, BDSC no. 
23136) and UAS–RFP (BDSC no. 35841) transgenic !ies were used to visualize 
Or85f-expressing neurons in D. melanogaster.

CRISPR–Cas9-mediated genome engineering. Single guide RNA expression vectors. 
To express multiple sgRNAs from the same vector backbone, oligonucleotide pairs 
(Supplementary Table 8) were used for PCR, and the amplicons were inserted 
into pCFD5 (Addgene no. 73914) via Gibson Assembly, as previously described86. 
For single sgRNA expression, oligonucleotide pairs (Supplementary Table 8) were 
annealed and cloned into BbsI-digested pCFD3–dU6–3gRNA (Addgene no. 49410), 
as previously described87.

Donor vectors for homologous recombination. Homology arms (1–1.6 kb) 
for simOr67a.3R were amplified from D. simulans (DSSC 14021-0251.195) 

genomic DNA and inserted into pHD–DsRed–attP88 via restriction cloning. The 
oligonucleotide sequences are listed in Supplementary Table 8. For endogenous 
tagging of simOr67a.P, we generated a T2A–Gal4 targeting vector flanked by 
homology arms (1–1.1 kb) via gene synthesis (GenScript Biotech) as previously 
described89.

Generation of Gal4 reporter alleles. To target the D. simulans Or67a.3R locus, we 
used three guide RNAs binding within the first exon to integrate an attP site and a 
3P3–DsRed reporter cassette, resulting in a loss-of-function allele. Subsequently, we 
employed phiC31-mediated transgenesis to insert a Gal4 reporter cassette in the 
newly created attP site as described previously16. For D. simulans Or67a.P, we used 
two sgRNAs binding within the first coding exon to directly integrate a T2A–Gal4 
reporter cassette (labelled with 3P3–DsRed) into the locus. In both cases, parts of 
the coding sequence of the respective Or genes intercalating the sgRNA cutting 
sites were removed.

Molecular cloning and sequencing. UAS expression vectors. To express the 
di$erent Or67a receptors in the decoder neuron system, open reading frames were 
ampli%ed from genomic DNA of the respective species via PCR, digested with 
restriction enzymes (BglII, EcoRI and/or KpnI) and integrated into pUAST–attB90. 
"e oligonucleotide sequences are listed in Supplementary Table 8.

OrX reporter vectors. Promoter fragments for transcriptional reporters were 
amplified from D. simulans (DSSC 14021-0251.195) genomic DNA by PCR 
and inserted into pDONR221–MCS16 via restriction cloning, and the resulting 
vector was combined with pDEST–HemmarG or pDEST–HemmarR91 via LR 
recombination (Gateway, Thermo Fisher Scientific). The oligonucleotide sequences 
are listed in Supplementary Table 8.

The oligonucleotides used for Sanger sequencing of D. simulans paralogues 
from multiple strains are listed in Supplementary Table 8. The FASTA sequences 
for these samples are provided in Supplementary Data 7–9.

Drosophila microinjections. Transgenesis of D. simulans and D. melanogaster was 
performed in-house following standard protocols (http://gompel.org/methods), 
except for simOr67a.D–RFP transgenics (generated by Rainbow Transgenic 
Flies). The respective fly strains used are listed above in ‘Drosophila stocks’. For 
CRISPR–Cas9-mediated homologous recombination, we injected a mix of an 
sgRNA-encoding construct (150 ng μl−1), donor vector (400 ng μl−1) and pHsp70–Cas9  
(400 ng μl−1) (Addgene no. 45945)88. Site-directed integration into attP sites was 
achieved by co-injection of an attB-containing vector (400 ng μl−1) and pBS130 
(encoding phiC31 integrase under control of a heat shock promoter (Addgene  
no. 26290)92). All concentrations are given as final values in the injection mix.

Electrophysiology. Single-sensillum electrophysiological recordings in the decoder 
neuron were performed as described previously93 using chemicals of the highest 
purity available from Sigma-Aldrich. Spike visualization and quantification 
were performed using AutoSpike32 (Syntech). To target wild-type ab10 sensilla 
in D. melanogaster, we used (R)-actinidine, which is a diagnostic odour for the 
neighbouring Or85f-expressing neuron94. To target ab10 sensilla in D. simulans, 
we carried out fluorescent-guided recordings95 with GFP fluorescence using a 
Nikon Eclipse FN1 with a C-FLED2 LED light source. For wild-type recordings, 
we used the simOr67a.P–GFP reporter; for Or67a mutants, we combined either 
the simOr67a.PGal4 allele in homozygosity with UAS–GCaMP6s or the simOr67a.P–
GFP reporter with simOr67a.3RRFP in homozygosity. Spike visualization and 
quantification for these data were performed using the Spike2 software (CED). 
Generally, we observed a lower response rate in D. simulans ab10 recordings than 
in the recordings from the individually expressed receptors in the D. melanogaster 
ab3A ‘decoder’ neurons (Fig. 4a). This might be related to differences between the 
two recording rigs used for the experiments, but it may also reflect a biological 
difference between natively expressed receptors and the misexpressed receptors. 
Odorants (6-methyl-5-hepten-2-one (CAS 110-93-0), methyl benzoate (CAS 
93-58-3), ethyl hexanoate (CAS 123-66-0), 2-heptanone (CAS 110-43-0), methyl 
hexanoate (CAS 106-70-7), phenethyl alcohol (CAS 60-12-8), pentanoic acid (CAS 
109-52-4), geraniol (CAS 106-24-1) and methyl acetate (CAS 79-20-9)) were used 
at 10−2 (v/v) in all experiments (unless noted otherwise in the figures or figure 
legends) and diluted in double-distilled water (for pentanoic acid) or paraffin oil 
(for all other odours). The odours were presented in 1 s pulses using Syntech’s CS55 
stimulus controller. Corrected responses were calculated as the number of spikes 
in a 0.5 s window at stimulus delivery (200 ms after stimulus onset to account 
for the delay due to the air path), minus the number of spontaneous spikes in a 
0.5 s window 2 s before stimulation, multiplied by two to obtain spikes per s. The 
amplitude of the A and B spikes in D. simulans’s ab10 did not differ greatly, and 
when the A cell fired upon odour stimulus, the amplitude would ‘pinch’ such that 
spike sorting by amplitude was not possible. As a result, the number of spikes 
for these recordings included both cells during the 0.5 s stimulation window. 
Odours that resulted in saturated bursts of spiking that were too numerous to 
count were replaced with the maximum value from those that were countable. The 
solvent-corrected responses shown in the figures were calculated by subtracting 
from the response to each diluted odour the response obtained when stimulating 
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with the corresponding solvent. Recordings were performed on a maximum of 
three sensilla per fly. The response data were plotted using R’s (v.4.1.0)96 ggplot2 
library (v.3.3.0)97. To test for differences between Or67a.P/D/3R responses, we 
carried out a non-parametric multivariate approach implemented in the npmv 
library (v.2.4)45 in R (see the GitLab repository, https://gitlab.com/roman.arguello/
or67a_dsim_trio). Principal component analyses were carried out with the prcomp 
function within R’s (v.4.1.0) stats library and plotted with the scatterplot3d library 
(v.0.3.41)98. Missing data were imputed using the non-parametric approach 
implemented in R’s missForest (v.1.4)99 on a per-odour basis. The full odour 
response datasets for all single-sensillum recordings are provided in Supplementary 
Data 4–6, and an R markdown file with analyses and plotting code are provided in 
the GitLab repository (https://gitlab.com/roman.arguello/or67a_dsim_trio).

Immunohistochemistry. RNA FISH using digoxigenin- or fluorescein-labelled 
probes and immunofluorescence on whole-mount antennae were performed 
essentially as previously described100,101 using a rabbit anti-GFP 1:500 (Invitrogen) 
and a chicken anti-GFP 1:500 (Abcam) polyclonal antibody. D. simulans probe 
templates were generated by amplification of regions of genomic DNA (DSSC 
14021-0251.004) using the primer pairs listed in Supplementary Table 8; these 
were cloned into pCR–Blunt II–TOPO and sequenced. Species-specific in situ 
probes were generated for D. melanogaster, D. sechellia and D. mauritiana but did 
not show better staining quality than D. simulans probes. Immunofluorescence on 
adult brains was performed as previously described102 using mouse monoclonal 
antibody nc82 1:10 (Developmental Studies Hybridoma Bank), rabbit anti-GFP 
1:500 (Invitrogen), rabbit anti-RFP 1:500 (Abcam) and chicken anti-GFP 1:500 
(Abcam). Alexa488- and Cy5-conjugated goat anti-rabbit and goat anti-mouse 
IgG (Molecular Probes; Jackson Immunoresearch) and Alexa488-conjugated goat 
anti-chicken (Abcam) secondary antibodies were used at 1:500.

Image acquisition and processing. Confocal images of antennae and brains were 
acquired on an inverted confocal microscope (Zeiss LSM 710) equipped with an 
oil immersion 40× objective (Plan Neofluar 40× oil immersion DIC objective; 1.3 
NA), unless stated otherwise. The images were processed in Fiji103. OSN numbers 
were counted using the Cell Counter Plugin in Fiji or Imaris (v.9.8.2, Bitplane).

Molecular evolution and polymorphism analyses. To infer the protein tree, 
Or67a.P/D/3R amino acid sequences were aligned using Clustal Omega with 
the default settings104. The Or67a protein tree was inferred using Mr.Bayes 
(v.3.2.7a)105 with the following settings: lset nucmodel, protein; mcmc nchains, 
6; ngen, 10,000; samplefreq, 500; printfreq, 100; diagnfreq, 1,000; burnin, 
500. To estimate dN/dS ratios over the branches of the Or67a subfamily tree, 
we used maximum likelihood estimation implemented in PAML’s CODEML 
(v.4.8)106, using the pamlX GUI (v.1.3.1)107. Model testing was carried out using 
likelihood ratio tests on the outputted likelihoods of the models provided in 
Supplementary Table 1. For the analyses of D. simulans polymorphism data 
in Fig. 1, we used an existing dataset108 and the sequences from 15 additional 
wild-type strains (listed in ‘Drosophila stocks’). For the dataset of Signor et al.108, 
we extracted Or67a.P/D/3R regions from the full VCF file using VCFtools 
(v.0.1.17)109, requiring a minimum mean depth of 5 (min-meanDP, 5) and sites 
that have a proportion of missing data greater than 0.5 (max-missing, 0.5). 
We converted these gene region VCF files to FASTA format using the custom 
script vcf2fasta_remove_het.py, where nucleotides at heterozygous positions 
were sampled randomly. These FASTA sequences were combined with the 
15 Sanger-sequenced samples for the results shown in Tables 1 and 2. For 
melOr67a.P, we extracted the gene region for the prefilter VCF provided in  
ref. 110. For calculating silent and replacement diversity estimates, we used a 
custom script, calc_N_S.py, together with the paralogue-specific GTF file. 
Similarly, for calculating silent and replacement divergence for the Or67a.D 
and Or67a.3R genes, we used a custom script, Div_N_S.py. The custom scripts 
can be found in the GitLab repository at https://gitlab.com/roman.arguello/
or67a_dsim_trio. For estimating the lineage-specific divergence between 
Or67a.P orthologues in D. melanogaster and D. simulans, we first inferred the 
ancestral sequence using FastML111 and then counted branch-specific silent and 
replacement changes on the basis of an alignment of the three sequences. The 
reference genomes used to make the alignments in Fig. 1d were as follows: for 
D. melanogaster, v.6.4 from Flybase.org; for D. sechellia and D. simulans, from 
ref. 112; for D. mauritiana and D. yakuba, from ref. 113; and for D. santomea, 
Prin_Dsan_1.0 (https://www.ncbi.nlm.nih.gov/assembly/GCF_016746245.1). 
The alignments of the Or67a-containing regions were generated with Clustal 
Omega (v.1.2.3)104. Annotations of the transposable element fragments used 
RepeatMasker (v.4.1.2-p1)114, with Dfam_3.0 and rmblastn v(2.9.0+), and 
existing annotations within Flybase’s JBrowse.

Regulatory motif searches. We used the MEME programs within the MEME 
package (v.5.4.1)115,116 to search for putative regulatory motifs within the 5′ 
promoter regions of the D. simulans and D. melanogaster Or67a copies. We 
inputted 2 kb for each gene, except for simOr67a.P, where only ~1.5 kb exists 
between it and the upstream simOr67a.D copy. We limited the total number of 
significant motifs to 12 for the comparative analysis.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All raw data generated for this study are available in the supplementary files or in 
the GitLab repository at https://gitlab.com/roman.arguello/or67a_dsim_trio.

Code availability
The code for this study is available in the GitLab repository at https://gitlab.com/
roman.arguello/or67a_dsim_trio.
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Extended Data Fig. 1 | Microsynteny for chromosomal regions containing Or67a.D and Or67a.P. Alignment for the chromosome 3L interval containing 
Or67a.D and Or67a.P (and flanking genes, light blue) for six species. High sequence identity is indicated with black alignment blocks with low sequence 
identity indicated with light grey alignment blocks. Thin horizontal lines are alignment gaps. Red annotations indicate locations of transposable elements. 
Chromosome position on the horizontal axis are relative to the extracted interval. See Supplementary Files 1 for the alignment in a flat file.
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Extended Data Fig. 2 | Microsynteny for chromosomal region containing Or67a.3R. Alignment for the chromosome 3R interval containing Or67a.3R (and 
flanking genes, light blue) for six species. High sequence identity is indicated with black alignment blocks with low sequence identity indicated with light 
grey alignment blocks. Thin horizontal lines are alignment gaps. Red annotations indicate locations of transposable elements. Chromosome position on the 
horizontal axis are relative to the extracted interval. See Supplementary Files 2 for the alignment in a flat file.
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Extended Data Fig. 3 | Genetic diversity in regions containing D. melanogaster’s Or67a.D and Or67a.3R deletions. Nucleotide diversity (Π) and Tajima’s  
D over D. melanogaster’s chromosomal regions containing the intact Or67a.P gene and the deleted Or67a.D and Or67a.3R. The regions containing the deleted 
Or67a paralogs do not show differences in genetic diversity in comparison to the surrounding regions, as would be expected if the deletions were adaptive  
and swept in the population. The black line in each panel is the smoothed curve fit with LOESS, with the grey ribbon around it displaying the standard error. 
The sample size (number of genomes) = 84.
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Extended Data Fig. 4 | Evolution of odour sensitivity across Or67a orthologs. The full set of dose-response experiments for the subset of odours 
that evoked high or intermediate responses in our initial screen of nine odours (Fig. 2b). For simplicity, the level of significance indicated above each 
concentration’s comparison is only for the single comparison with the largest difference (see Supplementary Table 4 for the full set of tests; *p!<!0.05, 
**p!<!0.01, ***p!<!0.001). Colours correspond to those in Fig. 2d. p-values were calculated with a two-sided Dunn test; correction for multiple comparisons 
was done using the Holm method. For sample sizes and all test results see Supplementary Table 4.
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Extended Data Fig. 5 | Transgenic tools for Or67a expression analyses in D. simulans and D. melanogaster. a, Schematics of the wild-type and knock-in 
Gal4 transcriptional reporter alleles at the DsimOr67a.3R (top) and DsimOr67a.D/P (bottom) loci. The first was created via a two-step process (CRISPR/
Cas9 engineering + PhiC31 mediated integration) while the latter was resulting from a direct CRISPR/Cas9 mediated insertion. The red lines indicate sgRNA 
cutting sites; three and two sgRNAs were used to target the Or67a.3R and Or67a.P locus, respectively. Note that the intercalated sequence was removed 
upon donor vector integration. b, Antennal co-expression of the melOr67a.P-GFP transcriptional reporter and Or67a.P RNA in D. melanogaster. Scale bar = 
25!μm. c, Antennal co-expression of the simOr67a.P-GFP and simOr67a.D-RFP transcriptional reporters (top) and the simOr67a.3R-GFP and simOr67a.D-RFP 
transcriptional reporters (bottom) in D. melanogaster. Scale bar = 25!μm. d, Pairing of the simOr67a.P-GFP promoter transcriptional reporter and melOr85f-Gal4, 
UAS-RFP expression in neighboring neurons in the antenna of D. melanogaster. Scale bar = 25!μm. Inset scale bar = 5!μm. (b-d) Experiments were repeated at 
least three times for each staining on independent days and pictures show representative examples for each condition.
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Sample size For electrophsyioloyg, preliminary experiments were used to assess variance and the adequate sample size. We generally aimed to have 
~5-10 replicates.   
For the population genomic analyses, sample sizes were large and were determined on exiting data for D. melanogaster (# individuals = 84); 
We generated  data for D. simulans and then combined it with an existing data set (# of individuals per gene = 208-210). 
See additional details in the "Molecular evolution and polymorphism analyses" section of "Methods". 
For immunohistochemical and in situ stainings, we collected data from multiple independent experiments and aimed for a sample size of 9-12 
replicates.

Data exclusions For the electrophysiology data, several recordings were excluded if the paired solvent recordings were not obtained or if quantification was 
prevented by "pinching" of spike amplitudes upon neuron firing rate saturation.  

Replication Our replications were successful. Repeated physiology and immunohistochemical experiments remained consistent across days and months.  

Randomization For all experiments, we interleaved genotypes and stimuli when applicable and randomized their order if possible. To control for day effects, 
we were careful to collect similar sample sizes for each variable on multiple days when possible. 

Blinding Blinding was not used in the study.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used The following antibodies were used in this study (with source and identifier): 

Rabbit polyclonal anti-GFP, Invitrogen, Cat#A-11122 
Mouse monoclonal nc82, Developmental Studies Hybridoma Bank, RRID:AB_2314866  
Goat polyclonal anti-mouse Cy5, Molecular Probes, Jackson Immunoresearch, RRID: AB_2338714  
Goat polyclonal anti-rabbit Alexa488, Molecular Probes, Jackson Immunoresearch, RRID: AB_2338049 
Chicken polyclonal anti-GFP, Abcam, Ab13970 
Goat polyclonal anti-chicken Alexa488, Abcam, Ab150169 
Please refer to the "Immunohistochemistry" section in the "Methods" for more details.  

Validation All antibodies used were commercially available and had already been established/tested. 
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Lab stocks of Drosophila were used: D. simulans, D. melanogaster, D. mauritiana, and D. sechellia.  
For physiology experiments, adult males and females were used. For all immunohistochemistry experiments,  3-6 day-old female flies 
were used. For more details on the strains of each species see "Drosophila Stocks" in the "Methods". 

Wild animals No wild animals were used. 

Field-collected samples No field-caught samples were used. 

Ethics oversight All experiments were conducted in accordance with ethical guidelines from the University of Lausanne. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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CHAPTER 3: Evolution of odor representation and neuromodulation of 

sensory signals in the antennal lobe 

  

In this chapter I will describe two related projects regarding how olfactory 

information is represented as neural activity patterns in the antennal lobe of D. 

melanogaster and D. sechellia, and how such activity may be differentially 

modulated between species. While some of this work has been published 

(manuscript provided below), several lines of investigation were technically 

difficult to pursue, or deemed to be of lower priority due to progress in other 

research (notably in Chapter 4). Nevertheless, I provide the context and most 

important experimental results from these efforts as they may represent a starting 

point for future investigations. 

First, I was interested in studying changes in odor representations in the 

central brain between the generalist D. melanogaster and the noni fruit specialist 

D. sechellia. To do so, I learnt the in vivo calcium imaging technique using a 

widefield microscope and helped with the development of the technique in D. 

sechellia. Calcium imaging is a microscopy technique and a reliable method to 

study neuron excitability in response to certain stimuli. The most standardized 

calcium imaging technique in Drosophila uses genetically encoded calcium 

sensing fluorescent proteins (notably GCaMP (GFP-Calmodulin-M13)) that 

monitors calcium concentration changes in neurons. More specifically, upon 

stimulation of a neuron (or group of neurons) it will respond, in the form of action 

potentials, opening cation channels that allow the entrance of ions, such as 

calcium, contributing to depolarizing the neuron. Calcium will bind to the GCaMP 

protein leading to a conformational change and increased GFP fluorescence, 

which can be detected with a camera. 



 34 

I contributed to the analysis of noni representation in D. sechellia’s antennal 

lobe using the wide field calcium imaging technique. Part of this work was 

published in Nature (attached below in section 3.1.1 (Auer et al. 2020)), and the 

other part focuses on two olfactory pathways (Or19a and Or56a projecting to DA1 

and DC2 glomeruli, respectively) that exhibit differences in functionality between 

D. melanogaster and D. sechellia (sections 3.1.2 and 3.1.3).  

In a second approach to gain insights into inter-species differences, I wanted 

to study species-specific neuromodulation in the Drosophila antennal lobe, the 

first olfactory processing center. To do so, I combined the use of transgenic 

reporter lines, hybrid crosses and the use of antibodies to describe the 

expression pattern of a group of selected neuromodulators in both D. 

melanogaster and D. sechellia. These findings are described below in this 

chapter (section 3.2.).  

3.1. Comparative physiology in D. melanogaster and D. sechellia  

3.1.1. Olfactory receptor and circuit evolution promote host specialization 

Summary of the results 

This section describes the result of a collaborative effort from past and 

current members of the Richard Benton’s lab (enclosed publication; Auer, 

Silbering, Zappia, Álvarez-Ocaña and Arguello), as well as members of other 

institutions (Khallaf, Ellis, Hansson, Jefferis, Caron and Knaden) (Auer et al. 

2020). In this work, we developed D. sechellia as a neurogenetic model system 

and studied the relationship between nervous system structure and function and 

flies’ specialization for noni fruit. Using calcium imaging, we described olfactory 

pathways responsible for noni attraction in D. sechellia and described some 
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olfactory pathways important for the long-range attraction. Furthermore, we 

described that the odor tuning of one of these receptors, Or22a, is important for 

species-specific host-seeking and identified the molecular determinants of this 

functional change. Through brain circuit tracing we identified species-specific 

central projection patterns.  

 

My contribution to this work 

I helped to developed calcium imaging in D. sechellia using widefield 

microscopy. I compared the neuronal activity patterns in the antennal lobes of D. 

melanogaster and D. sechellia when these flies were stimulated with the odors of 

various juices, including apple vinegar, grape, noni juice and noni fruit extracts. 

Using diagnostic odors, I localized the relative position of antennal lobe glomeruli 

of interest, including those mediating noni attraction. Subsequently, I measured 

the juice-evoked calcium responses in each of the glomeruli and finally quantified 

the maximum calcium response amplitudes for each animal tested. All these 

results are compiled in the Extended Data Figure 4a-b of the manuscript included 

below.  

3.1.2. Article: Olfactory receptor and circuit evolution promote host specialization 
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Olfactory receptor and circuit evolution 
promote host specialization

Thomas O. Auer1 ✉, Mohammed A. Khallaf2, Ana F. Silbering1, Giovanna Zappia1, Kaitlyn Ellis3, 
Raquel Álvarez-Ocaña1, J. Roman Arguello4, Bill S. Hansson2, Gregory S. X. E. Jefferis5,  
Sophie J. C. Caron3, Markus Knaden2 & Richard Benton1 ✉

The evolution of animal behaviour is poorly understood1,2. Despite numerous 
correlations between interspeci!c divergence in behaviour and nervous system 
structure and function, demonstrations of the genetic basis of these behavioural 
di"erences remain rare3–5. Here we develop a neurogenetic model, Drosophila 
sechellia, a species that displays marked di"erences in behaviour compared to its 
close cousin Drosophila melanogaster6,7, which are linked to its extreme specialization 
on noni fruit (Morinda citrifolia)8–16. Using calcium imaging, we identify olfactory 
pathways in D. sechellia that detect volatiles emitted by the noni host. Our mutational 
analysis indicates roles for di"erent olfactory receptors in long- and short-range 
attraction to noni, and our cross-species allele-transfer experiments demonstrate 
that the tuning of one of these receptors is important for species-speci!c host-
seeking. We identify the molecular determinants of this functional change, and 
characterize their evolutionary origin and behavioural importance. We perform 
circuit tracing in the D. sechellia brain, and !nd that receptor adaptations are 
accompanied by increased sensory pooling onto interneurons as well as species-
speci!c central projection patterns. This work reveals an accumulation of molecular, 
physiological and anatomical traits that are linked to behavioural divergence between 
species, and de!nes a model for investigating speciation and the evolution of the 
nervous system.

The genetic and neural basis by which animals adapt behaviourally to 
their ecological niche is largely unknown1,2. Insights have previously 
been gained from investigating intraspecific variation in traditional 
model organisms, including anxiety behaviours in Mus musculus17 
and exploration versus exploitation decisions in Caenorhabditis ele-
gans18. Interspecific differences are more marked than intraspecific 
differences. For example, distinct species of Peromyscus mice display  
variations in burrowing and parental care3,5, and the predatory nem-
atode Pristionchus pacificus exhibits feeding behaviours that are 
divergent from those of C. elegans19. Defining the molecular basis of 
interspecific differences is challenging as it requires both that species 
are comparable in molecular and anatomical terms, and that they can 
be genetically manipulated.

Drosophilid flies are attractive models for investigating behavioural 
evolution: D. melanogaster offers deep neurobiological knowledge in 
a numerically relatively simple brain, and closely related drosophi-
lid species show distinct behaviours that are linked to their diverse 
ecologies20. Several of these behavioural traits have previously been 
correlated to anatomical and/or physiological changes in sensory or 
central pathways4,11,13,15,21,22. One notable drosophilid is D. sechellia, 
which is endemic to the Seychelles and shares a recent common ances-
tor with the cosmopolitan ecological generalists D. melanogaster 

and Drosophila simulans6,7 (Fig. 1a). D. sechellia has evolved extreme  
specialism for noni fruit (Fig. 1a), and displays olfactory11–13,15,16, gusta-
tory14 and reproductive behaviours8–10 that are unique among known 
drosophilids. Mapping approaches have located causal loci for some 
traits specific to D. sechellia (typically within large genomic regions8,10), 
and candidate approaches have correlated chemosensory phenotypes 
with changes in the peripheral sensory pathways of this species11,14,15.

Despite the potential that D. sechellia presents for comparative neu-
roscience, investigations of the behaviours of D. sechellia have been 
limited by a lack of genetic tools. Here we develop D. sechellia into a 
genetic model system, moving from genotypic–phenotypic correla-
tions to test the role of genetic changes in behavioural evolution.

Specific noni attraction of D. sechellia
Noni-derived volatiles are probably the initial cues that guide 
D. sechellia host-seeking16. We used two assays to compare the attrac-
tion of wild-type strains of D. sechellia, D. simulans and D. melanogaster 
to noni at distinct spatial scales (Fig. 1b, c, Extended Data Fig. 1). In a 
long-range wind tunnel assay23, D. sechellia displayed a higher attrac-
tion to noni than that of its sister species (Fig. 1b); in a short-range trap 
assay15, only D. sechellia exhibits a marked preference for noni (Fig. 1c). 
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The behaviour of this species towards noni juice (which represents 
an odour stimulus that is more reproducible than that of noni fruit) 
was comparable to that for ripe fruit (Fig. 1b, c), concordant with their 
qualitatively similar odour bouquets (Fig. 1d, Extended Data Fig. 2a, 
b, Methods). Assays using other natural odour sources, as previously 
described in field studies24, confirmed the unique attractiveness of 
noni for D. sechellia (Extended Data Fig. 1a–e, g).

Noni-sensing olfactory pathways
Drosophilids detect odours using olfactory sensory neurons (OSNs) in 
sensilla on their antennae and maxillary palps25. Most OSNs express a 

single odorant receptor (Or) or ionotropic receptor (Ir)—which defines 
odour-tuning properties—along with an obligate co-receptor26–28.  
Neurons that express the same tuning receptor converge onto a dis-
crete glomerulus in the antennal lobe25. Previous electrophysiological 
analyses in D. sechellia have identified several OSN populations that 
respond to individual noni odours11,13,15,29, but the global representation 
of the noni bouquet has not been examined.

We generated transgenic D. sechellia that express GCaMP6f in the 
majority of OSNs, under the control of Gal4 inserted at the Or co-recep-
tor (DsecOrco) locus (Extended Data Fig. 3). Using wide-field imaging 
to compare this and an equivalent D. melanogaster line (Extended Data 
Fig. 4a), we did not detect noni-responsive olfactory channels unique 
to D. sechellia but instead found quantitative differences in individual 
glomerular responses between species (Extended Data Fig. 4b). Two-
photon calcium imaging highlighted two glomeruli (DM2 and VM5d) 
that are distinguished by their very high sensitivity to noni compared 
to grape juice in D. sechellia (Fig. 1e, f, Extended Data Fig. 4b–d). These 
glomeruli are innervated by OSNs that are housed in the same antennal 
basiconic sensillum class (ab3) and that respond electrophysiologically 
to individual noni odours11,13.

Genetic targeting of olfactory receptors
We determined the electrophysiological responses of noni-sensitive 
olfactory channels to a range of noni odours (Fig. 2a, b, Extended Data 
Figs. 4e, 5, 6), and mutated candidate olfactory receptors (Extended 
Data Figs. 5, 6). In wild-type ab3 sensilla, the larger-spiking ab3A neuron 
responded most strongly to methyl esters and the smaller-spiking ab3B 
neuron was highly stimulated by 2-heptanone and 1-hexanol (Fig. 2a). 
All of these responses were lost in DsecOrco mutants, (Fig. 2a), which 
indicates that these responses are dependent on Or signalling.

The D. melanogaster ab3A neuron expresses the Or22a and Or22b 
genes30, whereas D. sechellia possesses only DsecOr22a11. Targeted 
mutation of this latter locus abolished the odour-evoked responses 
of the ab3A, but not the ab3B, neuron (Fig. 2a). The receptor in the 
D. melanogaster ab3B neuron is thought to be Or85b25,31, but D. sechellia 
neurons with a mutation in DsecOr85b retained some sensitivity to 
noni odours (Fig. 2a). Deletion of DsecOr85b and the neighbouring 
DsecOr85c —transcripts of which have previously been detected in an 
antennal transcriptome32—led to complete loss of responses of ab3B 
neurons, arguing for partial receptor redundancy (Fig. 2a).

In D. sechellia, Ir75b neurons in antennal coeloconic 3I (ac3I) sen-
silla have evolved a sensitivity to hexanoic acid that does not exist in 
D. melanogaster or D. simulans15. Mutations in DsecIr75b or DsecIr8a 
(which encodes an Ir co-receptor27) led to a selective loss of responses to 
hexanoic acid and butyric acid in the ac3I sensillum (Fig. 2b, Extended 
Data Fig. 6). Mutation of DsecOr35a (expressed in the paired neuron) 
diminished responses to all odours except these acids, consistent with 
the broad tuning of this receptor in D. melanogaster33.

Odorant receptors for long-range attraction
We used the receptor mutants to determine the behavioural role  
of individual olfactory pathways. In the long-range assay, DsecOrco 
mutants exhibited no attraction to the odour source (Fig. 2c). Notably, 
flies with a mutation in DsecOr22a or in DsecOr85c and DsecOr85b (here-
after, DsecOr85c/b) both displayed similar, strong defects (Fig. 2c). By 
contrast, DsecOr35a mutants were not impaired (Fig. 2c). Loss of Ir8a 
also led to a significant decrease in long-range attraction in D. sechellia 
(Fig. 2c). This does not appear to be primarily due to defects in the 
hexanoic-acid-sensing pathway, as DsecIr75b mutants had either no 
or milder defects than DsecIr8a mutants (Fig. 2c). Loss of DsecIr64a—
which is broadly tuned to acids in D. melanogaster34, and responded 
to noni in D. sechellia (Extended Data Fig. 4f,g)—had no effect on this 
behaviour.

Fig. 1 | Behavioural and physiological responses of D. sechellia to noni. 
 a, D. sechellia specializes on noni fruit, whereas D. simulans and D. melanogaster 
are food generalists. Ma, million years ago. b, Behavioural responses to noni fruit 
or juice in a wind tunnel assay of D. sechellia, D. simulans and D. melanogaster 
wild-type strains (n = 20 experiments, with 10 female flies per experiment). 
Comparisons to the responses of D. sechellia 14021-0248.07 flies (Dsec.07) 
(Supplementary Table 2 provides details of fly strains) to noni juice are shown. 
Kruskal–Wallis test, Dunn’s post hoc correction. c, Behavioural responses in a 
trap assay testing preferences between noni and grape or between noni juice 
and grape juice, using the same strains as in b. n = 15–27 experiments, 22–25 
 female flies per experiment (exact n values are given in the Source Data). 
Comparisons to the responses of Dsec.07 flies to noni juice are shown. Pairwise 
Wilcoxon rank-sum test, P values adjusted for multiple comparisons using the 
Benjamini and Hochberg method. d, Odour bouquet of a ripe noni fruit 
determined by gas chromatography–mass spectrometry (Extended Data Fig. 2, 
Methods, Supplementary Table 1). e, Representative odour-evoked calcium 
responses in the axon termini of Orco OSNs in the D. sechellia antennal lobe 
(genotype UAS-GCaMP6f/UAS-GCaMP6f;;DsecOrcoGal4/+) acquired by two-
photon imaging. Three focal planes are shown, revealing different glomeruli 
(outlined) along the dorsoventral axis. Left, raw fluorescence images. Right and 
middle, relative increase in GCaMP6f fluorescence (∆F/F%) after stimulation 
with noni juice (10−2 dilution in H2O; denoted noni juice−2) or grape juice.  
Scale bar, 25 µm. f, Quantification of responses for the flies represented in e. 
Maximum response amplitudes for each experiment are plotted. n = 7–10 female 
flies. Wilcoxon signed-rank test. All box plots show the median and first and 
third quartiles of the data, overlaid with individual data points. NS, not 
significant (P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001.
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and mean spike counts) in wild-type and receptor-mutant D. sechellia 
(schematized in the cartoons), with representative traces for methyl hexanoate 
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In the short-range assay, DsecOrco mutants displayed a reduced, but 
not abolished, preference for noni (Fig. 2d). Flies with mutations in 
individual Or pathways had very slight (DsecOr22a) or no (DsecOr85c/b 
and DsecOr35a) defects in this behaviour (Fig. 2d, Extended Data 
Fig. 7). DsecIr8a or DsecIr75b (but not DsecIr64a) mutants displayed a 
reduced preference for noni, with notable frequent preference rever-
sals in several trials (Fig. 2d). Flies with mutations in both DsecOrco 
and DsecIr8a, as well as antennaless flies, displayed no noni preference 
(Fig. 2e, Extended Data Fig. 7c, d), indicating that this short-range 
behaviour depends on multiple partially redundant olfactory inputs. 
Consistent with these observations, individual noni odours promoted 
a strong preference at short range, whereas they triggered no or little 
flight attraction at long range11,13,15 (Extended Data Fig. 7f, g). The rela-
tive contribution of individual channels to these behaviours may be 
related to their detection thresholds (Extended Data Fig. 2c) and/or 
differential diffusion of cognate odours within each assay (Extended 
Data Fig. 2d, e).

Tuning of Or22a affects behaviour
Given the crucial role of Or22a and Or85c/b in long-range attraction, 
we explored the evolution of these pathways. Or85c/b neurons dis-
played an indistinguishable sensitivity across species to their best 
agonist, 2-heptanone. By contrast, Or22a neurons of D. sechellia, and 

Or22a and Or22b (hereafter, Or22a/b) neurons of D. simulans, exhib-
ited increased sensitivity to methyl hexanoate, compared to that of 
D. melanogaster11,29 (Fig. 3a, Extended Data Fig. 8a). Broader profiling 
of Or22a/b neurons in the D. melanogaster species subgroup of droso-
philids (Fig. 3b, Extended Data Fig. 8g) revealed that D. sechellia was 
the only species with selective and high sensitivity to methyl esters; 
other species—including D. simulans—also responded to ethyl esters 
(Fig. 3b). This suggests that changes in the tuning sensitivity and/or 
breadth of Or22a (but not Or85c/b) contribute to the differences in 
behaviour of D. sechellia relative to D. melanogaster.

We next reintroduced wild-type DsecOr22a (DsecOr22aWT), DsimOr-
22aWT or DmelOr22aWT into the DsecOr22a endogenous locus (Extended 
Data Fig. 8b). Expression of DsecOr22aWT or DmelOr22aWT restored 
electrophysiological-response profiles similar to those of the native 
neuronal responses, indicating that the receptor is key for the species-
specific tuning of neurons (Fig. 3c top). Introducing DsimOr22aWT con-
ferred sensitivity to methyl esters, but not to ethyl esters (Fig. 3b, c, 
Extended Data Fig. 8h); genetic analysis in D. simulans indicated that the 
detection of ethyl esters by the endogenous Or22a/b neurons depends 
on the coexpressed Or22b (Extended Data Fig. 8c–f).

Concordant with their physiological properties, DsecOr22aWT and 
DsimOr22aWT—but not DmelOr22aWT—rescued long-range behavioural 
responses to almost wild-type levels (Fig. 3d). Reciprocally, the expres-
sion of DsecOr22aWT in the neurons of D. melanogaster flies with Or22a/b 
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mutations (Fig. 3e top) conferred higher noni sensitivity and long-range 
attraction than that associated with DmelOr22aWT (Fig. 3f, Extended 
Data Figs. 8i, 9a).

Molecular basis of Or22a tuning changes
We next sought the molecular basis of the differences in the tuning 
of Or22a. Expression of chimeric versions of wild-type DsecOr22a 
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Genotypes of D. sechellia and D. melanogaster are as in e; genotype of D. simulans 
is DsimOr22a-GFPnls. Bottom three rows, representative lateral-horn DM2 
arbour traces. Ovals, location of branch specific to D. sechellia. P, posterior;  
L, lateral; V, ventral. Scale bars, 10 µm. g, Left, single dye-filled DM2 projection 
neuron in D. sechellia. MB, mushroom body; LH, lateral horn. Scale bar, 50 µm. 
Middle, representative lateral horn arbour traces of DM2 projection neurons in 
D. sechellia and D. melanogaster. Scale bar, 10 µm. Right, quantification of 
anteriomedial branch length. n = 4–9 female flies. Pairwise Wilcoxon rank-sum 
test. NS, not significant (P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001.  h, Evolution 
of structural and physiological changes in the Or22a pathway.
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and DmelOr22a in Or22a/b neurons in D. melanogaster (Extended 
Data Fig. 9c) indicated that high sensitivity and selectivity for methyl 
esters are determined by the N-terminal 100 amino acids of DsecOr22a 
(chimaera C) (Extended Data Fig. 9b, c, e). Within these amino acids, 
three positions (I45, I67 and M93) differ between DmelOr22a and its 
orthologues in species that display a narrowed tuning for methyl 
esters (Extended Data Fig. 9b). Exchange of these residues to pro-
duce DmelOr22a(I45V/I67M/M93I) narrowed the responsiveness to 
methyl esters, similar to DsecOr22aWT (Fig. 3c, e bottom, Extended Data 
Fig. 9d, f). Individual mutations revealed that DmelOr22a(M93I) most 
closely recapitulated the higher sensitivity of this receptor to methyl 
esters over ethyl esters (Fig. 3c, e bottom, Extended Data Fig. 9d–g).  
Conversely, DsecOr22a(I93M) exhibited a broadened sensitivity to both 
classes of ester (Fig. 3c bottom, Extended Data Fig. 9g).

In the long-range olfactory-behaviour assay, expression of 
DmelOr22a(I45V/I67M/M93I) in Or22a neurons of D. sechellia restored 
an attraction to noni similar to that of wild-type D. sechellia, whereas 
both DmelOr22a(M93I) and DsecOr22a(I93M) displayed levels of 
attraction intermediate between those of the wild-type-receptor res-
cues (Fig. 3d). Similarly, expression of DmelOr22a(I45V/I67M/M93I) 
in D. melanogaster conferred noni attraction at levels equivalent to 
those of DsecOr22aWT, and DmelOr22a(M93I) supported intermediate 
levels of attraction (Fig. 3f). These results provide evidence that the 
molecular differences in Or22a orthologues contribute to species-
specific olfactory behaviours.

Sensory representation of Or22a
The functional similarity of Or22a orthologues in D. sechellia and D. sim-
ulans (Fig. 3c, d) indicates that additional changes have occurred during 
the speciation of D. sechellia. Concordant with ab3 sensilla counts11,29, 
D. sechellia exhibits a threefold increase in the number of Or22a neu-
rons (recapitulated in rescue experiments shown in Extended Data 
Fig. 10a) and the paired Or85c/b neurons, but not several other classes 
of neurons15 (Fig. 4a, b, Extended Data Figs. 5d, 10b).

To analyse OSN projections in D. sechellia, we inserted Gal4 at the 
corresponding receptor loci and combined these with UAS-GCaMP6f as 
an anatomical marker (Extended Data Fig. 3). Extending single-neuron 
dye-filling analyses11,13,15, OSN glomerular innervation patterns were indis-
tinguishable between D. sechellia and D. melanogaster (Fig. 4c, Extended 
Data Fig. 3c, d). However, the glomerular targets of Or22a and Or85c/b 
neurons (DM2 and VM5d, respectively) were nearly doubled in volume 
in D. sechellia compared to D. melanogaster or D. simulans11,13 (Fig. 4d).

Differences in Or22a circuit wiring
To visualize higher-order elements of the Or22a pathway, we combined 
a pan-neuronal driver (Extended Data Fig. 10c) with a photoactivat-
able GFP transgene to selectively photolabel DM2 projection neurons. 
Analysis with analogous genetic reagents in D. melanogaster—as well 
as targeted electroporation of a lipophilic dye35 into this glomerulus in 
D. simulans, D. sechellia and D. melanogaster—permitted cross-species 
comparisons. Two DM2 projection neurons were consistently labelled 
in all three drosophilids (Fig. 4e).

Projection neurons innervate the mushroom body (which is required 
for learning and memory) and the lateral horn (which is implicated 
in innate olfactory responses)36. Within the former, the number and 
arrangement of projection-neuron axonal branches were similar 
between species (Fig. 4e). In the lateral horn, global anatomy was con-
served, with the main tract bifurcating into dorsal and ventral branches. 
However, dorsal to the bifurcation, D. sechellia DM2 projection neu-
rons had a prominent branch innervating an area that was not targeted 
by the homologous D. melanogaster or D. simulans neurons (Fig. 4e, 
f). Using successive photo- and dye-labelling to visualize single DM2 
projection neurons in D. sechellia and D. melanogaster, we confirmed 

quantitatively the presence of a branch specific to D. sechellia (Fig. 4g); 
this was also detected in flies lacking a functional DsecOr22a receptor 
(Extended Data Fig. 10d, e), indicating its independence of sensory 
input. These data raise the possibility that changes in the central circuit 
that are specific to D. sechellia form part of the olfactory specialization 
of this species towards noni.

Discussion
We have developed D. sechellia as a model to link genetic and neural-
circuit changes to behaviours relevant for its ecology. The charac-
terization of the Or22a pathway and comparison of the functional 
and structural properties of this circuit across closely related species 
provides several insights into behavioural evolution (Fig. 4h).

The Or22a allele-transfer experiments provide evidence that 
olfactory receptor tuning contributes to species-specific odour-
evoked behaviour. Our definition of determinants of Or22a retun-
ing also informs the molecular basis of odour–receptor interactions.  
When mapped onto a presumed homologous Orco structure37,  
the key change (M93I) falls within a putative ligand-binding pocket,  
and may be a ‘hotspot’ for functional evolution (Extended Data  
Fig. 11a–c).

Although functional differences in Or22a are important, they cannot 
explain the behavioural differences of D. sechellia and D. simulans, as 
these receptors are interchangeable for supporting noni attraction. 
We note that the responses of native Or22a neurons in D. sechellia and 
Or22a/b neurons in D. simulans are not identical (Fig. 3a, b); the loss of 
Or22b in D. sechellia led to a narrowed (and possibly slightly increased) 
sensitivity to methyl esters, which could be behaviourally relevant. The 
expansion of this population of neurons specifically in D. sechellia is 
probably a key additional evolutionary innovation, although alone it 
is insufficient to restore host attraction similar to that of D. sechellia 
when expressing DmelOr22a. The difference in D. sechellia projec-
tion neuron axon innervations suggests that changes in central-circuit  
connectivity form part of the adaptation of this species to noni. Future 
studies are necessary to understand the genetic bases and behavioural 
importance of these neuroanatomical differences.

The critical role of Or22a in host attraction in D. sechellia may account 
for the rapid molecular evolution of this locus38–40 (Extended Data 
Fig. 11d–h). Drosophila erecta—a specialist on Pandanus fruit—also 
exhibits expansion of this OSN population21. However, a second noni-
adapted drosophilid (D. yakuba mayottensis)41 does not share the 
receptor or OSN number changes that we describe here (Extended 
Data Fig. 11i–m) which implies it has developed an independent evo-
lutionary solution to locate a common host fruit.

Finally, other olfactory channels are important for noni attraction. 
These include Or85c/b neurons (which have conserved physiology 
but increase in number in D. sechellia relative to other drosophilids) 
and Ir75b neurons, which have both changed in function and number 
in D. sechellia while apparently preserving the anatomy of partner 
projection neurons15. Future application of the D. sechellia genetic 
toolkit should offer further fundamental insights into how genes and 
neurons control behaviour and enable the evolution of novel traits.
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Methods

Data reporting
Preliminary experiments were used to assess variance and determine 
adequate sample sizes in advance of acquisition of the reported data; 
no statistical methods were used to predetermine sample size. Several 
experiments were carried out repeatedly, because they served as con-
trols for different genetic manipulations. In particular, we ran wild-type 
controls in parallel with mutant analyses in behavioural assays and 
therefore replicated them multiple times. In the wind tunnel assay, 
the number of possible samples per day is rather low, leading to test-
ing of flies of different genotypes on different days. In these cases, 
experiments were started at the same time of the day under stringently 
controlled conditions of temperature, humidity, light and age of flies. 
For electrophysiological recordings, data were collected from multiple 
flies on multiple days in randomized order, interleaving wild-type and 
mutant genotypes. Within datasets, the same odour dilutions were 
used for acquisition of the dataset. In all cases, the results were reliable 
and robust over the course of the many years it took to complete this 
study. For olfactory trap assays, the experiments were conducted with 
the experimenter blinded to the genotype. The experimenter was not 
blinded to the genotype of flies in the wind tunnel assay or physiological 
experiments. All replicates are biological replicates.

Volatile collection, gas chromatography and mass spectrometry
Volatiles were collected from 1 ml of fruit juice or 13 g of noni fruit at 
different ripening stages in capped 15-ml glass vials with poly-tetra-
fluoroethylene-lined silicone septa (Sigma, 23242-U). After penetrat-
ing the septum of the cap with a solid phase microextraction (SPME) 
fibre holder, the SPME fibre (grey hub plain, coated with 50/30 µm 
divinylbenzene/carboxen on polydimethylsiloxane on a StableFlex 
fibre (Sigma, 57328-U)) was exposed to the head space of each vial 
for 30 min at room temperature. For collection of head spaces in the 
trap assay, a single noni juice trap was placed in the arena and odours 
were collected with SMPE for 5 min at 0 h, 5 h and 10 h after placement. 
For collection of head spaces in the wind tunnel assay, samples were 
captured with SPME for 10 min at the landing platform and the release 
platform directly after application of noni juice. After each odour col-
lection, the SPME fibre was retracted and immediately inserted into the 
inset of a gas chromatography–mass spectrometry (GC–MS) system 
(Agilent 7890B fitted with MS 5977A unit) for desorption at 260 °C in 
split mode (split ratio 100:1). The gas chromatograph was operated with 
a HP-INNOWax column (Agilent 19091N-133UI). Samples were injected 
at an initial oven temperature of 50 °C; this temperature was held for 1 
min and gradually increased (3 °C min−1) to 150 °C before holding for 
1 min. Subsequently, the temperature was increased (20 °C min−1) to 
260 °C and held for 5 min. The mass spectrometry transfer line was 
held at 260 °C, the mass spectrometry source at 230 °C, and the mass 
spectrometry quad at 150 °C. Mass spectra were taken in EI-mode (70 
eV) in a 29–350 m/z range. Between different collections, the SPME 
fibre was conditioned at 270 °C for 15 min. All chromatograms were 
processed using MSD ChemStation F.01.03.2357 software. Volatile 
compounds were identified using the NIST library and matched to 
standards of the Max Planck Institute for Chemical Ecology library. 
For quantification, peak areas were measured for three replicates 
for each sample. SPME allows only for a qualitative analysis of odour  
compositions as well as for an estimate of changing ratios of odours 
across different samples. Vapour pressure values for hexanoic acid, 
methyl hexanoate and 2-heptanone have previously been described 
(www.thegoodscentscompany.com)42,43.

Drosophila strains
Drosophila stocks were maintained on standard wheat flour–yeast–
fruit-juice medium under a 12-h light:12-h dark cycle at 25 °C. For all 
D. sechellia strains, a few grams of formula 4-24 instant Drosophila 

medium, blue (Carolina Biological Supply) soaked in noni juice (nu3) 
were added on top of the standard food. Wild-type Drosophila strains 
are described in Supplementary Table 2. These strains do not show 
intraspecific sequence variation in Or22a or Ir75b for known odour-
specificity-determining residues (Extended Data Fig. 12), suggest-
ing that other polymorphisms (or nongenetic factors) underlie the 
observed minor intraspecific behavioural differences (Fig. 1b, c). The 
mutant and transgenic lines used and generated in this study are listed 
in Supplementary Table 2.

CRISPR–Cas9-mediated genome engineering
Single guide RNA expression vectors. For expression of individual sin-
gle guide (sg)RNAs, oligonucleotide pairs (Supplementary Table 3) were 
annealed and cloned into BbsI-digested pCFD3-dU6-3gRNA (Addgene 
no. 49410), as previously described44. To express multiple sgRNAs from 
the same vector backbone, oligonucleotide pairs (Supplementary  
Table 4) were used for PCR and inserted into pCFD5 (Addgene no. 73914) 
via Gibson Assembly, as previously described45.

Donor vectors for homologous recombination. To generate an eGFP-
expressing donor vector (pHD-Stinger-attP), the fluorophore was ex-
cised from pStinger46 with NcoI/HpaI and used to replace the DsRed 
sequence in NcoI/HpaI-digested pHD-DsRed-attP (Addgene plasmid 
no. 51019)47. Homology arms (1–1.6 kb) for individual target genes were 
amplified from D. sechellia (Drosophila Species Stock Center (DSSC) 
14021-0248.07), D. simulans (DSSC 14021-0251.195) or D. melanogaster 
(Research Resource Identifier Database: Bloomington Drosophila Stock 
Center (RRID:BDSC)_58492) genomic DNA and inserted either into 
pHD-DsRed-attP or pHD-Stinger-attP via restriction cloning. Details 
and oligonucleotide sequences are available from the corresponding 
authors upon request.

Transgenic source of Cas9. pBac(nos-Cas9,3×P3-YFP) (a gift of 
D. Stern) was integrated into D. sechellia (DSSC 14021-0248.07) via  
piggyBac transgenesis. The insertion was mapped to the fourth chro-
mosome using TagMap48.

Transgene construction
Oligonucleotides for each cloning step are listed in Supplementary 
Table 5.

attB-nSyb-Gal4,miniW. The 1.9-kb upstream sequence of the neuronal 
Synaptobrevin (nSyb) gene was amplified from D. sechellia genomic 
DNA (DSSC 14021-0248.07) and inserted into pGal4attB49 via restriction 
cloning using NotI and KpnI.

attB-Gal4,3×P3-Stinger. We first generated an eGFPnls-SV40 fragment 
via PCR (using pHD-Stinger-attP as template) and fused it to a minimal 
attB40 site50,51 before insertion into pCR-Blunt II-TOPO (Thermo Fisher). 
We added a 3×P3-Stinger fragment amplified from pHD-Stinger via 
restriction cloning using EcoRV and SalI. Subsequently, we placed a 
loxP site downstream of the initial SV40 sequence via oligonucleotide  
annealing and SpeI/KpnI restriction cloning, to produce pCR-TOPO-
loxP-attB40-eGFPnlsSV40rev-3×P3:Stinger. We replaced the eGFPnls-
SV40 sequence with an hsp70-Gal4-SV40 fragment via PCR amplifica-
tion of the vector backbone and Gal4 from pGal4attB49 and subsequent 
Gibson Assembly resulting in attB-Gal4,3×P3-Stinger.

attB-Or22aWT,3×P3-Stinger. In the pCR-TOPO-loxP-attB40eGFPnls 
SV40rev-3×P3-Stinger plasmid described in ‘attB-Gal4,3×P3-Stinger’, 
the eGFPnlsSV40 fragment was flanked by EcoRV and SalI sites, which 
were used to integrate the D. sechellia or D. melanogaster Or22a open 
reading frame (ORF) + 3′ untranslated region (UTR) after PCR amplifi-
cation from cDNA, or the D. simulans Or22a ORF + 3′UTR (synthesized 
by Eurofins Genomics), to produce attB-DsecOr22aWT,3×P3-Stinger, 
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attB-DmelOr22aWT,3×P3-Stinger and attB-DsimOr22aWT,3×P3-Stinger, 
respectively.

Or22a chimaeras. Chimeric sequences of D. sechellia and D. mela-
nogaster Or22a were generated by PCR amplification and fusion using 
the Or22a gene templates of the respective species. After subcloning 
into pCR-Blunt II-TOPO and sequence confirmation, the chimaeras were 
integrated into pCR-TOPO loxP attB40eGFPnlsSV40rev-3×P3-Stinger 
via restriction cloning.

Or22a site-directed mutant constructs. Point mutations were  
introduced via site-directed mutagenesis following standard procedures.

attB-UAS constructs. DsecOr22aWT, DmelOr22aWT, DmelOr22atriple and 
DmelOr22aM93I were amplified by PCR incorporating flanking EcoRI 
and SalI restriction sites using the constructs described in ‘attB-
Or22aWT,3×P3-Stinger’ as template, and integrated into the EcoRI/
XhoI-digested pUAST-attB52.

pDONR221-MCS. A pDONR221 entry vector carrying a multiple clon-
ing site (MCS) was generated by amplification of the MCS of pCR-Blunt 
II-TOPO incorporating flanking attB1/2 sites and the PCR fragment in-
tegrated into pDONR221 via a BP reaction (Gateway, Thermo Fisher 
Scientific).

pDONR221-DsimOr22a. A 5.7-kb promoter region upstream  
of the Or22a start codon was amplified from D.  simulans (DSSC  
14021-0251.195) genomic DNA, subcloned into pCR-Blunt II-TOPO  
and transferred to pDONR221-MCS via BamHI/EcoRV restriction  
cloning.

pDEST-Hemmar-eGFPnls. The eGFPnls fragment of pStinger46 was 
amplified by PCR incorporating XhoI and SpeI restriction sites and 
integrated into the XhoI/XbaI-digested vector pDEST-HemmarG53 to 
replace eGFP.

pDsimOr22a-eGFPnls. pDONR221-DsimOr22a and pDEST-Hemmar-
eGFPnls were combined using LR recombination (Gateway, Thermo 
Fisher Scientific).

Drosophila microinjections
Transgenesis of D. sechellia, D. simulans and D. melanogaster was 
performed in-house following standard protocols (http://gompel.
org/methods), except for DsimOr22a-GFPnls (generated by Rainbow 
Transgenic Flies). For the D. sechellia egg-laying agar plates, grape 
juice was replaced with noni juice and a few grams of formula 4-24 
instant Drosophila medium, blue (Carolina Biological Supply) soaked 
in noni juice (nu3) were added on the surface . Embryos were manually 
selected for the appropriate developmental stage before alignment 
and injection. All D. sechellia transgenic and mutant lines were gener-
ated in the Dsec.07 genetic background. For piggyBac transgenesis,  
a piggyBac vector (300 ng µl−1) was injected together with the piggyBac 
helper plasmid54 (300 ng µl−1). For CRISPR–Cas9-mediated homologous 
recombination, a mix of an sgRNA-encoding construct (150 ng µl−1), 
donor vector (400 ng µl−1) and pHsp70-Cas9 (400 ng µl−1) (Addgene 
no. 45945) was injected55. The DsRed fluorescent marker was destroyed 
in DsecnSyb-Gal4 and DsecUAS-C3PA-GFP via injection of an sgRNA 
construct targeting DsRed (150 ng µl−1) and pHsp70-Cas9 (400 ng µl−1).  
Injections into Dsecnos-Cas9 were of a mix of an sgRNA construct 
(150 ng µl−1) and donor vector (500 ng µl−1). Site-directed integration  
into attP sites was achieved by coinjection of an attB-containing vector 
(400 ng µl−1) and either p3xP3-EGFP.vas-int.NLS (400 ng µl−1) (Addgene 
no. 60948)56 or pBS130 (encoding φC31 integrase under control of a 
heat shock promoter (Addgene no. 26290)57). All concentrations are 
given as final values in the injection mix.

Wind tunnel assay
Long-range attraction experiments were performed in a wind tunnel 
as previously described23 with a flight arena of 30-cm width, 30-cm 
height and 100-cm length. The airstream in the tunnel (0.3 m s−1) was 
produced by a fan (Fischbach), and filtered through an array of 4  
activated charcoal cylinders (14.5-cm diameter × 32.5-cm length) 
(Camfil). The wind tunnel was maintained within a climate cham-
ber at 25 °C and 50–55% relative humidity under white light. Flies 
were starved for approximately 20 h; to ensure the flight ability of 
assayed flies, flies were first released into a mesh cage (50 × 50 ×  
50 cm, maintained at the same conditions as the wind tunnel) and 
female flies escaping from the food vial were collected with an aspira-
tor. For each assay, ten 4–6-day-old female flies were released from 
a plastic tube (with a mesh covering one end and the open end fac-
ing the landing platform) fixed horizontally in the centre of the first  
5–10 cm of the downwind end of the tunnel. The landing platform 
was built using a filter paper (3 × 3 cm) charged with either 100 µl of 
juice (noni (nu3), grape (Beutelsbacher Fruchtsaftkelterei), pineapple 
(Andros) or mango (Migros)), apple cider vinegar (Migros) or about  
100 µl of homogenized ripe fruit (noni or fig) and fixed on a metal 
holder. Fruit homogenization was performed by blending 10 g of 
ripe fruit in 20 ml of distilled water; fruit particles were pelleted by 
centrifugation and the supernatant collected for experiments. In two-
choice assays, two identical landing platforms were positioned with 
equal distance (7.5 cm) from the centre of the air stream alternating 
the position of noni fruit and apple cider vinegar between assays. 
The fly tube was placed within the centre of the airstream and 85-cm 
downwind of the odour source. An experimenter observed the land-
ing platform(s) for the entire duration of the assay; flies arriving and 
staying on the landing platform(s) within the first 10 min after release 
were counted.

Olfactory trap assay
The two-choice olfactory trap assay was performed essentially as 
previously described15. For each experiment, traps contained 300 µl 
of juice (noni (nu3), grape (Beutelsbacher Fruchtsaftkelterei), pine-
apple (Andros) or mango (Migros)) or apple cider vinegar (Migros). 
When using fruits as stimuli (noni, grape, papaya, banana and fig), ripe 
fruits were peeled (banana and papaya) or used whole, homogenized  
with pestles and each trap was filled with a spatula of the mix (to about 
300 µl). Single odours (see ‘Electrophysiology’ for CAS numbers) were 
used at a 10−2 dilution in grape juice. Triton X-100 (final concentration 
0.2%) was added to all traps containing single odours and respective 
control traps to drown trapped flies. Twenty-two to twenty-five fed, 
mated, ice-anaesthetized female flies (3–5 days old) were used for each 
experiment. D. sechellia flies were transferred to standard food with-
out noni supplement 24 h before the start of the assay, unless stated 
otherwise. The distribution of flies was scored after 24 h at 25 °C under 
red light at 60% relative humidity; experiments with >25% dead flies in 
the arena after 24 h were discarded. The attraction index was calculated 
as follows: (number of flies in treatment (for example, noni juice) trap 
− number of flies in control (for example, grape juice) trap)/number of 
trapped and untrapped flies alive. For the trap assay quantifications in 
Fig. 2e, all untrapped flies (including those that died during the assay) 
were counted owing to the high mortality rate in these experiments 
(Extended Data Fig. 7c).

The multiple-choice olfactory trap assay was performed using eight 
traps containing mango, pineapple, noni and grape juices, apple cider 
vinegar and fig, banana and papaya fruits. Traps were placed equidis-
tantly in a circle in random order for each experiment and conditions 
were as described for the two-choice assay. The percentage of flies 
per trap was calculated as follows: (number of flies in trap/number of 
trapped and untrapped flies alive) × 100. Experiments with >25% dead 
flies in the arena after 24 h were discarded.
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Two-photon calcium imaging
Flies were mounted and dissected as previously described58, and images 
were acquired using a commercial upright two-photon microscope 
(Zeiss LSM 710 NLO). In detail, an upright Zeiss AxioExaminer Z1 was 
fitted with a Ti:Sapphire Chameleon Ultra II infrared laser (Coherent) 
as excitation source. Images were acquired with a 20× water-immersion 
objective (W Plan-Apochromat 20×; NA 1.0, VIS-IR DIC), with a resolu-
tion of 128 × 128 pixels (1.1902 pixels µm−1) and a scan speed of 12.6 µs 
pixel−1. The excitation wavelength was set to 920 nm at a laser output 
of 64.1–70.2 mW measured at the exit of the objective. Emitted light 
was filtered with a 500–550-nm band-pass filter, and photons were 
collected by an external nondescanned detector. Each measurement 
consisted of 50 images acquired at 4.13 Hz, with stimulation starting 
about 5 s after the beginning of the acquisition and lasting for 1 s. Fly 
antennae were stimulated using a custom-made olfactometer as previ-
ously described59, with minor modifications. In brief, the antennae of 
the fly were permanently exposed to air flowing at a rate of 1.5 l min−1 
and with 55% relative humidity obtained by combining a main stream 
of humidified room air (0.5 l min−1) and a secondary stream (1 l min−1) of 
normal room air. Both air streams were generated by vacuum pumps 
(KNF Neuberger AG) and the flow rate was controlled by two inde-
pendent rotameters (Analyt). The secondary air stream was guided 
through either an empty 2-ml syringe or, to generate an odour pulse, 
a 2-ml syringe containing 20 µl of odour or solvent on a small cellulose  
pad (Kettenbach). Solvents were either double-distilled water (for noni 
juice and apple cider vinegar) or paraffin oil (for methyl hexanoate (CAS 
106-70-7), 2-heptanone (CAS 110-43-0), 2,3-butanedione (CAS 431-03-
8), ethyl propionate (CAS 105-37-3) and 1-hexanol (CAS 111-27-3)). To 
switch between control air and odour stimulus delivery, a three-way 
magnetic valve (The Lee) was controlled using Matlab via a VC6 valve 
controller unit (Harvard Apparatus). Data were processed using Fiji60 
and custom-written scripts in Matlab and R as previously described59. 
Because bleaching was very strong at the beginning of each acquisition, 
the first 1.5 s were not considered for the analysis, and bleach correc-
tion was not applied. Colour-coded images and box plots show the 
peak response calculated as the mean relative change in fluorescence 
(∆F/F%) of 3 frames around the maximum during frames 19–30.

Wide-field calcium imaging
Flies were mounted and dissected as previously described58. Images 
were acquired with a charge-coupled device camera (CoolSNAP-
HQ2 Digital Camera System) mounted on a fluorescence microscope 
(upright fixed stage Carl Zeiss Axio Examiner D1) equipped with a 
20× water-immersion objective (W Plan-Apochromat 20× ; NA 1.0, 
VIS-IR DIC) (Extended Data Fig. 4a) or 40× water-immersion objective 
(W Plan-Apochromat 40× ; NA 1.0 VIS-IR DIC) (Extended Data Fig. 4f). 
Excitation light of 470 nm was produced with an LED light (Cool LED 
pE-100, VisiChrome, intensity 1.8–3.9%). Light was guided through a fil-
ter block consisting of a 450–490-nm excitation filter, a dichroic mirror 
(T495LP) and a 500–550-nm emission filter (Chroma ET). Binned image 
size was 400 × 300 pixels (Extended Data Fig. 4a) or 266 × 200 pixels 
(Extended Data Fig. 4f) on the chip, corresponding to 465 × 349 µm  
(Extended Data Fig. 4a) or 149 × 112 µm (Extended Data Fig. 4f) in the 
preparation. Exposure time varied between 30 and 100 ms to adjust for 
different basal fluorescence values across preparations. Films (12.5-s 
duration) were recorded with an acquisition rate of 4 Hz. Metafluor 
software (Visitron) was used to control the camera, light, data acqui-
sition and onset of odour stimulation. Odour stimulation and data 
analysis were otherwise performed as described for two-photon cal-
cium imaging.

Electrophysiology
Single sensillum electrophysiological recordings were performed as 
previously described61. The noni and grape juice stimuli are as described 

in ‘Wind tunnel assay’ and ‘Olfactory trap assay’; other chemicals of the 
highest purity are available from Sigma Aldrich. Odorants were used at 
10−2 (v/v) in all experiments unless noted otherwise in the figures or fig-
ure legends. Solvents were either double-distilled water (for noni juice, 
butyric acid (CAS 107-92-6), hexanoic acid (CAS 1821-02-9)) or paraffin 
oil (for octanoic acid (CAS 124-07-2), methyl butanoate (CAS 623-42-7), 
methyl hexanoate (CAS 106-70-7), methyl octanoate (CAS 111-11-5), 
ethyl butanoate (CAS 105-54-4), ethyl hexanoate (CAS 123-66-0), ethyl 
octanoate (CAS 106-32-1), 2-heptanone (CAS 110-43-0), 1-hexanol (CAS 
111-27-3) and 3-buten-1-ol (CAS 627-27-0)). Odours for sensilla stimula-
tion were used for a maximum of five consecutive trials. If noni juice 
or noni fruit extract (see ‘Wind tunnel assay’) were used, odours were 
renewed after 2 stimulations or, for 10−4, 10−3 and 10−2 dilutions, after 
each stimulation. Corrected responses were calculated as the number 
of spikes in a 0.5-s window at stimulus delivery (200 ms after stimulus 
onset to take account of the delay due to the air path) subtracting the 
number of spontaneous spikes in a 0.5-s window 2 s before stimulation, 
multiplied by 2 to obtain spikes s−1. The solvent-corrected responses 
shown in the figures were calculated by subtracting from the response 
to each diluted odour the response obtained when stimulating with the 
corresponding solvent. Recordings were performed on a maximum 
of three sensilla per fly. Exact n values and mean spike counts for all 
experiments are provided in Supplementary Table 7.

Immunohistochemistry
RNA fluorescent in situ hybridization (FISH) using digoxigenin- or fluo-
rescein-labelled RNA probes and immunofluorescence on whole-mount 
antennae were performed essentially as previously described59,62. 
D. sechellia probe templates were generated by amplification of regions 
of genomic DNA (DSSC 14021-0248.07) using primer pairs listed in 
Supplementary Table 6; these were cloned into pCR-Blunt II-TOPO and 
sequenced. D. sechellia Or22a antibodies were raised in rabbits against 
the peptide epitope PHISKKPLSERVKSRD (amino acids 7–22), affinity-
purified (Proteintech Group) and diluted 1:250. Other antibodies used 
were: guinea pig anti-Ir75b (RRID: AB_2631093)63 1:200, rabbit anti-Ir64a 
(RRID: AB_2566854)34 1:100, rabbit anti-Orco28 1:200, guinea pig anti-
Ir8a (RRID: AB_2566833)27 1:500, rabbit anti-Ir25a (RRID: AB_2567027) 
1:50064 and rabbit anti-GFP 1:500 (Invitrogen). Immunofluorescence on 
adult brains was performed as previously described65 (except for the 
D. sechellia reference brain samples; see ‘D. sechellia reference brain’) 
using mouse monoclonal antibody nc82 1:10 (Developmental Studies 
Hybridoma Bank), rat monoclonal anti-Elav 1:10 (Developmental Stud-
ies Hybridoma Bank) and rabbit anti-GFP 1:500 (Invitrogen). Alexa488-, 
Cy3- and Cy5-conjugated goat anti-guinea pig, goat anti-mouse, goat 
anti-rat and goat anti-rabbit IgG secondary antibodies (Molecular 
Probes, Jackson Immunoresearch) were used at 1:500.

D. sechellia reference brain
D. sechellia (DSSC 14021-0248.07) brains (2–7-day-old flies) were stained 
with nc82 and imaged as previously described66. From 88 brains imaged 
from female flies, 26 high-quality confocal stacks of the midbrain were 
selected for averaging on a selected ‘seed’ brain, essentially as pre-
viously described67,68. Similarly, a reference brain for a male fly (not 
shown) was constructed, using 20 high-quality confocal stacks (from 
87 brains initially imaged). Reciprocal bridging registrations between 
D. melanogaster and D. sechellia reference brains were also generated to 
permit comparison of homologous neurons within a common template, 
essentially as previously described68. The reference brains (D. sechellia 
female and D. sechellia male), bridging registrations and associated 
code are available for download via http://jefferislab.org/si/auer2019.

Image acquisition and processing
Confocal images of antennae and brains were acquired on an inverted 
confocal microscope (Zeiss LSM 710) equipped with an oil immersion 
40× objective (Plan Neofluar 40× oil immersion DIC objective; 1.3 NA), 
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unless stated otherwise. Images were processed in Fiji60. D. sechellia 
brains were imaged and registered to a D. sechellia reference brain 
using the Fiji CMTK plugin (https://github.com/jefferis/fiji-cmtk-gui), 
as previously described69. For segmentation of individual glomeruli of 
the antennal lobe, glomerular identity was confirmed by location and 
labelling with Gal4 reporters (Extended Data Fig. 3) and segmentation 
performed using Amira 6.5 (Thermo Fisher Scientific). Glomerular 
volumes were calculated following segmentation with the Segmenta-
tion Editor plugin of Fiji using the 3D Manager Plugin. OSN numbers 
were counted using the Cell Counter Plugin in Fiji or Imaris (Bitplane). 
Projection-neuron morphologies were reconstructed and measured 
in neuTube 1.0z70.

Projection-neuron labelling
Photoactivation was performed as previously described35 on 3–5-day-
old female flies. Brains were dissected in saline71 (low carbonate; 2 mM 
Mg2+ pH 7.2) and treated with collagenase (2 mg ml−1, 45 s). Dissected 
brains were initially imaged at 925 nm to identify the DM2 glomerulus 
based on anatomical position. Photoactivation was achieved through 
multiple cycles of exposure to 710-nm laser light with a 15-min rest 
period between each cycle to allow diffusion of the photoactivated 
fluorophore within the neuron. Photoactivation and imaging was per-
formed on an Ultima two-photon laser scanning microscope (Bruker) 
equipped with galvanometers driving a Chameleon XR laser (Coherent). 
Emitted photons were collected with a GaAsP photodiode detector 
(Bruker) or a PMT detector through a 60× objective (Olympus 60× water 
immersion; 0.9 NA).

Projection neuron dye-fillings were performed as previously 
described35 with some modifications. Brains were dissected in saline, 
briefly treated with collagenase (2 mg ml−1, 45 s), washed and pinned 
with fine tungsten wires to a Sylgard sheet (World Precision Instru-
ments) in a 35-mm Petri dish (Falcon) filled with saline. Pulled-glass 
electrodes were backfilled with Texas Red Dextran (3000, lysine fixable, 
Thermo Scientific). The electrode was targeted to the DM2 glomerulus 
using as a guide either basal expression of the pan-neuronal, photoacti-
vatable GFP (D. sechellia and D. melanogaster) or DM2-specific labelling 
(D. simulans; that is, the DsimOr22a-GFPnls strain, in which trace GFP 
levels were detected in OSN axon termini). The dye was electroporated 
by applying voltage pulses (30 V) until it became visible in distal neural 
processes of the projection neuron, and left to diffuse for 60 min. Brains 
were subsequently imaged by two-photon microscopy, as described.

To label single projection neurons, the DM2 glomerulus was first 
subjected to one cycle of exposure to 710-nm laser light to identify 
the cell bodies of DM2 projection neurons. Subsequently, the filled-
glass electrode was placed in the centre of the soma of one DM2 pro-
jection neuron and the dye was electroporated by applying voltage 
pulses (30 V) until it became visible in distal neural processes. The 
dye was left to diffuse for 60 min, before the brains were fixed with 2% 
paraformaldehyde for 45 min and subjected to immunofluorescence 
using nc82 (1:20) and anti-mouse Alexa488 (1:500), as described in 
‘Immunohistochemistry’. Images were acquired on a Zeiss LSM 880 
Airy scan confocal microscope using a 40× objective (Plan Neofluar 
40× oil immersion DIC objective; 1.3 NA).

Molecular evolution and polymorphism analyses
The Or22a/b gene tree was inferred using annotations after manual 
verification by BLASTing Or22a/b protein sequences (using tblastn 
with default settings, BLAST+ v.2.7.172) to the genomes of D. simulans 
(r2.01), Drosophila mauritiana (r1), D. yakuba (r1.04), D. sechellia (r1.3) 
and D. erecta (r1.3). Genomic regions were annotated using Wise2 
(v.2.4.1)73, with the protein sequences of D. melanogaster as guides. 
All genes appeared intact and consistent with existing models, with one 
exception: D. mauritiana Or22b is truncated by about 240 bp owing to 
a gap in the reference genome. The cDNAs were frame-aligned using 
TranslatorX74. The gene tree based on these alignments was inferred 

using MrBayes (v.3.2.6)75 with the following settings: rate varia-
tion = invariable+gamma, number of substitutions = 6, substitution 
model = default, number of generations = 10, sample frequency = 10, 
burn-in = 250.

The Or22a/b topology outputted from MrBayes was used for PAML 
(v.4.8)76 CodeML branch tests of protein evolution-rate change. Seven 
models were tested, one with a freely varying ω value and six other 
models with 1, 4, 5, 7, 8 and 9 ω values (CodeML parameters were all set 
to zero except for the following: seqtype = 1, CodonFreq = 2, ndata = 1, 
model = 2, kappa = 2, omega = 0.4, fix_alpha = 1, ncatG = 5, getSE = 1, 
Small_Diff = 5e-7, cleandata = 1). Nested comparisons between these 
models using likelihood ratio tests identified a model with 5 ω values 
to provide the best fit (Extended Data Fig. 11d, Supplementary Table 8).

Polymorphism data for Or22a/b was extracted from previously 
published data. The D. simulans, D. sechellia and D. melanogaster  
datasets were from previous publications7,77–79. VCFtools (v.0.1.17)80 
was used to extract variable sites from the respective VCF files, as well 
as to output allele frequencies. Variant calling in one of the D. simulans 
datasets7 was based on a subversion of the D. simulans r2 genome, 
which is slightly different to r2 on FlyBase. This subversion is available 
at https://github.com/kern-lab/FILET/blob/master/simSechResults/
dsimV2-Mar2012_chrsonly.fa.bz2.

Statistics and reproducibility
Data were analysed and plotted using Excel and R (v.3.2.3; R Foundation 
for Statistical Computing, www.R-project.org).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data, availability
All relevant data supporting the findings of this study are available from 
the corresponding authors upon request or, for behavioural experi-
ments, are included with the paper as Source Data for Figs. 1b, c, 2c–e, 
3d, f, Extended Data Figs. 1c, e, f, g, h, 7e–g. Supplementary Table 7 lists 
the exact n and mean values for all electrophysiological data.

Code availability
Code used for analyses and all unique biological materials generated 
in this study (for example, mutant and transgenic Drosophila strains) 
are available from the corresponding authors upon request.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Species-specific short- and long-range behavioural 
responses to diverse fruit stimuli. a, Data reproduced from Fig. 1c. 
Behavioural responses in a trap assay testing preferences between noni and 
grape, or between noni juice and grape juice. n = 15–27 experiments,  
22–25 female flies per experiment. Comparisons to responses of Dsec.07 flies 
to noni juice are shown. In a–d, h (right), pairwise Wilcoxon rank-sum test and 
P values adjusted for multiple comparisons using the Benjamini and Hochberg 
method. b, Proportion of flies (mean ± s.e.m.) in each stimulus trap for the 
assays shown in a. Comparisons to responses of Dsec.07 flies are shown.  
c, Behavioural responses in a trap assay testing preferences between noni juice 
and diverse fruit juices or fruits for D. sechellia, D. simulans and 
D. melanogaster. n = 9–11 experiments, 22–25 female flies per experiment. 
Comparisons to responses of Dsec.07 flies are shown. d, Proportion of flies 
(mean ± s.e.m.) in each stimulus trap for the assays shown in c. Comparisons to 
responses of Dsec.07 flies are shown. e, Radar plot showing the mean 
percentage of flies per trap in a multiple-choice trap assay with eight different 
stimuli for D. sechellia, D. simulans and D. melanogaster. n = 11 experiments,  
22–25 female flies per experiment. ACV, apple cider vinegar. f, Left, behavioural 

responses to noni juice in a wind tunnel assay of D. sechellia reared on standard 
food with (+) and without (−) noni supplement. Kruskal–Wallis test. Right, 
behavioural responses in a trap assay testing preferences between noni juice 
and grape juice for D. sechellia reared on standard food with (+) and without (−) 
noni supplement. Pairwise Wilcoxon rank-sum test. g, Behavioural responses 
to apple cider vinegar, mango juice, pineapple or fig in a wind tunnel assay of 
D. sechellia, D. simulans and D. melanogaster. n = 10–12 experiments, 10 female 
flies per experiment. Comparisons to responses of Dsec.07 flies are shown. In 
g, h (left), Kruskal–Wallis test with Dunn’s post hoc correction. h, Behavioural 
responses in a wind tunnel assay testing preference between noni fruit and 
apple cider vinegar of D. sechellia, D. simulans and D. melanogaster. 
n = 15 experiments, 10 female flies per experiment. Left, total number of flies 
landing on an odour source. Comparisons to responses of Dsec.07 flies are 
shown. Right, attraction index calculated as: (flies landing on apple cider 
vinegar − flies landing on noni)/flies landing on either source. Comparisons to 
responses of Dsec.07 flies are shown. NS, not significant (P > 0.05); *P < 0.05; 
***P < 0.001.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Chemicals emitted by natural odour sources and 
odour bouquet changes in behavioural assays. a, Principal constituents of 
the odour bouquet of noni fruit at different stages of ripening and commercial 
noni juice, as determined by gas chromatography–mass spectrometry. AU, 
arbitrary units. b, Chemical composition of the odour bouquet of noni fruit at 
different stages of ripening, noni juice, grape juice and apple cider vinegar. 
Representative gas chromatograms are shown on the right. Numbers 
correspond to compounds as listed in Supplementary Table 1 (not all identified 
peaks are shown). c, Dose-dependent electrophysiological responses of Or22a, 
Or85c/b and Ir75b neurons in Dsec.07 to their best odour agonists. 

Mean ± s.e.m. and individual data points, n = 7–20, female flies. The 
contribution of Or35a neurons (the spiking of which is difficult to separate 
from Ir75b neurons in ac3I) to hexanoic-acid responses is likely to be minimal 
(Fig. 2b). D. sechellia Or22a and Or85c/b neuron dose–response data are 
replotted from Fig. 3a. d, Chemical profile of odours collected by SPME at the 
release and landing platforms in the wind tunnel assay within the first 10 min of 
noni-juice application. e, Chemical profile of odours collected by SPME in the 
trap assay arena within 5 min of the placement of a trap (that is, t = 0 h), and after 
5 h and 10 h, using noni juice as stimulus; 0% indicates that only trace 
proportions of the compound were detected.
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Extended Data Fig. 3 | OSN Gal4 driver lines in D. sechellia. a, Schematic of  
the Gal4 reporter-allele generation strategy, through CRISPR–Cas9-mediated 
integration of an attP site (marked by 3×P3:DsRed) into the desired Or or Ir gene 
(Extended Data Figs. 5, 6 provide details of specific alleles), followed by 
introduction of a Gal4 ORF via φC31-mediated transgenesis. b, Coexpression of 
the indicated OrGal4-driven, IrGal4-driven or control background GCaMP6f signal 
(detected by anti-GFP) with the corresponding receptor protein or RNA in 
whole-mount antennae. Arrowheads point to examples of colabelled cells. 
Scale bars, 25 µm (main panels), 5 µm (insets). Whereas DsecOr22aGal4 and 
DsecIr64aGal4 flies completely recapitulate endogenous receptor expression, 
DsecOrcoGal4 and DsecOr85c/bGal4 flies lack expression in some receptor-
expressing neurons. DsecOr35aGal4 and DsecIr75bGal4 might be expressed in 
ectopic cells (as shown in c, d) or the protein or RNA signal for these receptor 
genes could be below the detection threshold. c, Expression of the indicated 

OrGal4-driven, IrGal4-driven or control background GCaMP6f signal (detected by 
anti-GFP) in glomeruli of whole-mount antennal lobes. Three focal planes of the 
neuropil (visualized with nc82 (magenta)) are shown. Images were registered to 
a D. sechellia reference brain (Methods) for better comparison of antennal lobe 
structure. Scale bar, 25 µm. d, Summary of the glomerular labelling by OrGal4 or 
IrGal4 drivers as characterized in c (dark blue indicates GCaMP6f signal was 
detected in at least 3/3 independent brains). Glomeruli are organized by the 
compartmentalization of the corresponding OSN populations into different 
classes of sensilla (based on data in D. melanogaster81). ab, antennal basiconic; 
at, antennal trichoid; ai, antennal intermediate; ac, antennal coeloconic; pb, 
palp basiconic; sac, sacculus; ?, OSN population unknown. DsecOrcoGal4 is 
expressed in most—but not all (for example, Or67d DA1)—of the expected OSN 
populations; DsecOr35aGal4 and DsecOr85c/bGal4 display some ectopic 
expression, as inferred from their labelling of more than one glomerulus.



Extended Data Fig. 4 | Comparative olfactory representations of noni in 
D. melanogaster and D. sechellia. a, Representative odour-evoked calcium 
responses in the axon termini of Orco OSNs in the antennal lobes of 
D. melanogaster (Orco-Gal4/Orco-Gal4;UAS-GCaMP6f/UAS-GCaMP6f ) and 
D. sechellia (UAS-GCaMP6f/UAS-GCaMP6f;;DsecOrcoGal4/+;), acquired by wide-
field imaging. Left, raw fluorescence signals. Right, relative increase in 
GCaMP6f fluorescence (∆F/F%) after stimulation with the indicated complex 
stimuli and single odours. Diagnostic odours: ethyl propionate (10−4 dilution 
(v/v)) for Or42b neurons (innervating DM1); methyl hexanoate (10−6 dilution) 
for Or22a or Or22a/b neurons (DM2); 2-heptanone (10−5 dilution) for Or85c/b 
neurons (VM5d); 2,3-butanedione (10−4 dilution) for Or92a neurons (VA2); and 
1-hexanol (10−4 dilution) for Or35a neurons (VC3). Glomerular boundaries and 
the entire antennal lobe are outlined. Scale bars, 50 µm. b, Quantification of 
odour-evoked calcium responses for the flies represented in a. Maximum 
calcium-response amplitudes for each experiment are plotted. n = 5–8 female 
flies. Significantly different responses of species to the same stimulus are 
shown. Wilcoxon signed-rank test. c, Combined electrophysiological 
responses of neurons in the ab3 sensillum in D. melanogaster (top) and 
D. sechellia (bottom) upon stimulation with increasing concentrations of noni 
juice or noni fruit extract. Mean ± s.e.m. and individual data points; 
n = 6, female flies. Significant differences in responses are shown. Pairwise 

Wilcoxon rank-sum test. Responses of D. sechellia are stronger to noni fruit 
than noni juice, which may reflect the lower abundance of relevant ligands in 
the juice. d, Representative odour-evoked calcium responses in the axon 
termini of Orco OSNs in the antennal lobe of D. sechellia (UAS-GCaMP6f/UAS-
GCaMP6f;;DsecOrcoGal4/+) acquired by two-photon imaging. Three focal planes 
are shown, revealing different glomeruli along the dorsoventral axis. Far left 
column, raw fluorescence images. Other columns show relative increase in 
GCaMP6f fluorescence (∆F/F%) after stimulation with diagnostic odours. Scale 
bar, 25 µm. e, Electrophysiological responses in the antennal coeloconic (ac) 
sensilla classes to the indicated stimuli (n = 6–11, female flies) in D. sechellia 
(DSSC 14021-0248.07) representing the summed, solvent-corrected activities 
of the two or three neurons that they house. f, Representative odour-evoked 
calcium responses in the axon termini of Ir64a OSNs in the D. sechellia antennal 
lobe (UAS-GCaMP6f/UAS-GCaMP6f;;DsecIr64aGal4/+) acquired by wide-field 
imaging. Left, raw fluorescence signals. Right, relative increase in GCaMP6f 
fluorescence (∆F/F%) after stimulation with noni juice (10−2 dilution) or grape 
juice. Scale bar, 25 µm. g, Quantification of odour-evoked calcium responses 
for the flies represented in f. Maximum calcium-response amplitudes for each 
experiment are plotted. n = 7–10 female flies. Comparisons of responses to 
noni (10−2 dilution) and grape juice are shown. Wilcoxon signed-rank test. 
*P < 0.05; ** P < 0.01.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Generation and validation of loss-of-function alleles 
of D. sechellia Or genes. a, Schematic of the strategy for generating mutant 
alleles of Or genes, through integration of an eye-expressed fluorescent 
marker (3×P3:DsRed or 3×P3:GFPnls) into the desired locus via CRISPR–Cas9-
cleavage induced homologous recombination. Brown triangles, loxP sites for 
removal of the fluorescent marker via Cre recombination. b, Schematics 
depicting Or gene organization, the structure of mutant alleles and the 
location of the sequences that encode antibody epitopes. For DsecOrco1, the 
fluorescent marker was integrated into the first coding exon; for DsecOrco2, the 
marker replaces parts of exons 1 and 3 and the whole of exon 2. DsecOr22aRFP 
carries the fluorescent marker in the first coding exon close to the start codon. 
DsecOr35aRFP lacks most of exons 1 and 2. For DsecOr85bGFP, the marker was 
integrated into exon 1; for DsecOr85c/bRFP, the marker replaces most of the 
Or85c gene and part of exon 1 of Or85b. c, Immunofluorescence for Orco and 
Ir25a (as an internal staining control) on whole-mount antennae from wild-type 
and DsecOrco2 flies. Scale bars, 25 µm (c–g, main panels), 5 µm (c–g, insets).  
d, RNA FISH for Or22a and Or85b on whole-mount antennae from wild-type, 
DsecOr22aRFP and DsecOr85bGFP mutant flies. e, Immunofluorescence for Ir75b 
and RNA FISH for Or35a on whole-mount antennae from wild-type and 
DsecOr35aRFP mutant flies. Arrowheads indicate Or35a-expressing cells. Or35a 
neurons also pair with Ir75c neurons in ac3II sensilla15, which is reflected in 

Or35a-positive cells that are not paired with Ir75b-expressing cells in wild-type 
antennae. f, Immunofluorescence for Or22a on whole-mount antennae from 
wild-type and DsecOr22aRFP mutant flies. Arrowheads indicate sensilla that 
house Or22a neurons. g, Far left, immunofluorescence for Orco and Ir25a (as an 
internal staining control) on whole-mount antennae from wild-type (same 
image as shown in c) (top) and DsecOrco1 (bottom) flies. Middle and right, 
electrophysiological responses in the two neurons of the ab3 sensillum (Fig. 2a) 
to odours present in noni in wild-type D. sechellia and DsecOrco1 mutants 
(n = 5–20, female flies). Representative response traces to methyl hexanoate 
(10−6 dilution) and 2-heptanone (10−6 dilution) are shown. Data points represent 
the solvent-corrected activities per neuron. Responses of wild-type D. sechellia 
neurons are replotted from Fig. 2a. Even though Orco expression is 
undetectable by immunofluorescence, weak electrophysiological responses 
in ab3 sensilla (and other Orco-dependent sensilla (data not shown)) can be 
detected. These observations suggest that trace levels of functional Orco are 
produced from this allele, potentially through use of in-frame start codons 
downstream of the marker insertion site (as shown in h). h, Schematic depicting 
the location of the Orco start codon, the fluorescent-marker insertion site of 
the DsecOrco1 allele and downstream potential alternative in-frame start 
codons.
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Extended Data Fig. 6 | Generation and validation of loss-of-function alleles 
of D. sechellia Ir genes. a, Schematics depicting organization of Ir genes, the 
structure of mutant alleles and the sequences that encode antibody epitopes. 
For DsecIr8aRFP or DsecIr8aGFP, the fluorescent marker was integrated into the 
first coding exon. For DsecIr64aRFP, the marker replaces parts of exon 2. 
DsecIr75bRFP lacks parts of exons 3 and 4, and for DsecIr75bGFP the marker  
was integrated into exon 3. For both alleles of Ir75b, the fluorophore was 
removed via Cre-mediated recombination to produce Ir75b1 and Ir75b2.  
b, Immunofluorescence for Ir64a and Ir8a (as an internal staining control) on 
whole-mount antennae from wild-type and DsecIr64aRFP mutant flies. 
Arrowheads indicate the Ir64a-neuron dendrites that innervate sensilla in the 
sacculus (sac). Scale bars, 25 µm (main panels), 5 µm (insets). c, Left, 
immunofluorescence for Ir8a and Ir25a (as an internal staining control) on 
whole-mount antennae from wild-type and DsecIr8aGFP flies (top and middle). 
Left, immunofluorescence for Ir75b and RNA FISH for Or35a on whole-mount 
antennae from DsecIr75b2 mutant flies (bottom). Scale bars, 25 µm (main 
panels), 5 µm (insets). Right, electrophysiological responses in the ac3I 
sensillum (neurons housed are indicated in the cartoon) to noni juice, grape 
juice and odours present in noni (n = 4–11, female flies) in wild-type D. sechellia 

and olfactory-receptor mutants with the Ir75b neuron affected (DsecIr8aGFP and 
DsecIr75b2). Data points represent the summed solvent-corrected activities of 
the sensillum. Responses of wild-type D. sechellia are replotted from Fig. 2b. 
The Or35a neuron exhibits residual responses to hexanoic acid in the DsecIr8a 
and DsecIr75b olfactory-receptor mutants (Fig. 2b). d, Left, 
immunofluorescence for Ir8a and Ir25a (as an internal staining control) on 
whole-mount antennae from wild-type (same image as shown in c) and 
DsecIr8aRFP and DsecIr8aGFP (same image as shown in c) flies. Scale bars, 25 µm 
(main panels), 5 µm (insets). Right, electrophysiological responses in the ac2 
sensillum (neurons housed are indicated in the cartoon) to noni juice, grape 
juice and odours present in noni (n = 3–11, female flies) in wild-type D. sechellia 
and olfactory-receptor mutants in which the Ir75a neuron is affected 
(DsecIr8aRFP and DsecIr8aGFP). Data points represent the summed solvent-
corrected neuronal activities of the sensillum. Responses of wild-type 
D. sechellia to noni and grape juice are as shown in Extended Data Fig. 4e.  
e, Immunofluorescence for Ir75b and RNA FISH for Or35a on whole-mount 
antennae from wild-type and DsecIr75b1 and DsecIr75b2 (same image as shown in 
c) flies. Scale bars, 25 µm (main panels), 5 µm (insets).



Extended Data Fig. 7 | Genetic and chemical contributions that promote the 
attraction of D. sechellia to noni. a, Data reproduced from Fig. 2d. 
Behavioural responses in a trap assay testing preference of the indicated 
genotypes for noni juice or grape juice. n = 13–25 experiments, 22–25 female 
flies per experiment. Comparisons to responses of Dsec.07 flies are shown. In 
a–d, f, pairwise Wilcoxon rank-sum test and P values adjusted for multiple 
comparisons using the Benjamini and Hochberg method. Red bars, no 
significant difference; salmon bars, significantly different responses of  
D. sechellia genotypes. b, Proportion of flies (mean ± s.e.m.) in each stimulus 
trap for the assays shown in a. Comparisons to responses of Dsec.07 flies are 
shown. c, Olfactory responses in a trap assay testing preferences between noni 
juice and grape juice of wild-type D. sechellia, DsecOrco1 Ir8aGFP double mutants 
and wild-type D. sechellia with the third antennal segments removed 
(antennaless). n = 9–15 experiments, 22–25 female or male flies (as indicated) 
per experiment. These data represent the same experiments shown in Fig. 2e, 
but attraction indices were calculated here taking only alive flies into account. 
The percentages of flies alive at the end of the assay are indicated below, 
revealing the high mortality rate of antennaless flies and DsecOrco1 Ir8aGFP 
double mutants (DsecOrco2 Ir8aGFP mutants appeared to be nonviable). 
Normally, trap assay experiments with >25% fly mortality were discarded 
(Methods). Comparisons to responses of Dsec.07 flies are shown.  
d, Proportion of flies (mean ± s.e.m.) in each stimulus trap for the assays shown 
in c. Comparisons to responses of Dsec.07 flies are shown. e, Behavioural 
responses in a trap assay testing preferences between noni fruit and grape juice 
of Dsec.07 and DsecOr22aRFP flies. Comparisons to responses of Dsec.07 flies 
are shown. Pairwise Wilcoxon rank-sum test. f, Behavioural responses in a trap 
assay testing preferences between grape juice and 10−2 dilutions of the 
indicated odours in grape juice of D. sechellia, DsecOr22aRFP, D. simulans and 
D. melanogaster. Comparisons to responses of Dsec.07 flies to methyl 
hexanoate are shown. g, Behavioural responses in a wind tunnel assay testing 
attraction of D. sechellia to three single noni odours (10−2 dilution in water), a 
mix of all three in the approximate proportions of ripe noni fruit (1:0.04:1, 
methyl hexanoate:2-heptanone:hexanoic acid) and noni juice. 
n = 10 experiments, 10 female flies per experiment. Comparisons to responses 
of Dsec.07 flies to noni juice are shown. Kruskal–Wallis test with Dunn’s post 
hoc correction. NS, not significant (P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Odour-tuning properties of drosophilid Or85c/b and 
Or22a/b neurons, and genomic modifications of the Or22a/b loci. a, Left, 
dose-dependent electrophysiological responses of Or85c/b neurons (ab3B) in 
Dsec.07 to 2-heptanone and 1-hexanol. Mean ± s.e.m. and individual data 
points; n = 11–20, female flies. Right, dose-dependent electrophysiological 
responses of Or22a neurons (ab3A) in Dsec.07 to methyl butanoate, methyl 
hexanoate and methyl octanoate. Mean ± s.e.m. and individual data points; 
n = 11–20, female flies. The dose–response curves for 2-heptanone and methyl 
hexanoate are replotted from Fig. 3a. b, Schematics depicting the arrangement 
of wild-type, mutant and rescue allele versions of DsecOr22a (top) and 
DmelOr22a/b (bottom). Asterisk, stop codon that prevents read-through from 
the endogenous Or22a ORF. c, Schematics depicting the arrangement of wild-
type and mutant alleles of DsimOr22a and DsimOr22b. d, RNA FISH for Or22a on 
whole-mount antennae from wild-type D. simulans (DSSC 14021-0251.195 
(Dsim.195)), DsimOr22aRFP and DsimOr22a/bRFP mutant flies. As Or22a shares 
85% sequence similarity with Or22b, the Or22a probe hybridizes with 
transcripts from both genes. Arrowheads indicate Or22b-expressing  
cells in DsimOr22aRFP. Scale bar, 25 µm (main panels), 5 µm (insets).  

e, Electrophysiological responses of Or22a/b neurons to different esters in  
wild-type D. simulans and olfactory-receptor mutants (DsimOr22aRFP and 
DsimOr22a/bRFP). n = 6–10, female flies. Representative response traces to 
methyl hexanoate (10−6 dilution) and ethyl butanoate (10−2 dilution) are shown 
to the left. f, Heat maps of the data shown in e, together with the data of the 
DsimOr22aWT response profile when expressed in DsecOr22aRFP (replotted from 
Fig. 3c). The receptors expressed in the analysed neurons are listed to the right. 
Significant differences to responses of wild-type D. simulans are shown. 
Pairwise Wilcoxon rank-sum test and P values adjusted for multiple 
comparisons using the Benjamini and Hochberg method. The equivalent 
responses to ethyl butanoate of wild-type D. simulans and Or22a-mutant 
neurons (but complete loss in Or22a/b-mutant neurons) suggests that this 
odour is detected principally by Or22b. g, Box plots with individual data points 
of the electrophysiological data presented in Fig. 3b. h, Box plots with 
individual data points of the electrophysiological data presented in Fig. 3c.  
i, Box plots with individual data points of the electrophysiological data 
presented in Fig. 3e. NS, not significant (P > 0.05); *P < 0.05; **P < 0.01; 
***P < 0.001.
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Extended Data Fig. 9 | Mapping of odour-specificity determinants of Or22a. 
a, Electrophysiological responses of D. melanogaster Or22a/b-mutant neurons 
expressing DsecOr22aWT or DmelOr22aWT upon stimulation with increasing 
concentrations of noni fruit extract. Mean ± s.em. and individual data points; 
n = 9, female flies. Significantly different values are indicated. Pairwise 
Wilcoxon rank-sum test. b, Protein sequence alignment of Or22a orthologues 
of six species within the D. melanogaster species subgroup of drosophilids. Red 
shading, amino acid differences between D. melanogaster, D. sechellia, 
D. simulans and D. mauritiana that were analysed by mutagenesis in this study; 
blue shading, all other sequence differences. Arrowheads, chimaera 
breakpoints (for chimaeras analysed in c). Predicted transmembrane (TM) 
domains are indicated with grey lines (location as in a previous publication11).  
c, Electrophysiological responses to a panel of noni odours conferred by 
chimeric Or22a proteins encoded by transgenes integrated at the Or22a/b 
locus of D. melanogaster. n = 5–6, female flies. Schematics on the left indicate 
the relative proportions of D. sechellia (red) and D. melanogaster (dark grey) 
sequences in each chimaera (precise chimaera breakpoints are shown in b). 

Significant differences to responses of DmelOr22aWT-expressing neurons are 
shown. In c, d, g, pairwise Wilcoxon rank-sum test and P values adjusted for 
multiple comparisons using the Benjamini and Hochberg method.  
d, Electrophysiological responses of D. melanogaster Or22a/b-mutant neurons 
expressing different Or22a variants. n = 5–7, female flies. The location of each 
mutated residue is indicated in b. Data for responses of Or22a/b-mutant and 
DmelOr22aWT-expressing neurons are replotted from c. Significant differences 
to responses of DmelOr22aWT-expressing neurons are shown. e, Box plots with 
individual data points showing the same data as in c. f, Box plots with individual 
data points showing the same data as in d. g, Dose-dependent 
electrophysiological responses of D. sechellia Or22a neurons that express the 
indicated transgenes to ethyl or methyl hexanoate. Mean ± s.e.m. and 
individual data points; n = 10–11, female flies. Significant comparisons to the 
responses of neurons expressing the DmelOr22aWT (left) or the DsecOr22aWT 
(right) transgene are shown. NS, not significant (P > 0.05); *P < 0.05; **P < 0.01; 
***P < 0.001.



Extended Data Fig. 10 | Changes in the peripheral and central olfactory 
circuit in D. sechellia. a, Quantification of the number of OSNs expressing 
Or22a/b in antennae of D. sechellia and D. melanogaster (data as shown in 
Fig. 4b), Or22a/b mutants in both species and rescue lines expressing 
DsecOr22aWT. n = 9–11, female flies. Comparisons of rescue and wild-type 
genotypes for each species are shown. Pairwise Wilcoxon rank-sum test. No 
significant differences in Or22a cell number were observed for different rescue 
transgenes (data not shown). b, Quantification of the number of OSNs 
expressing Or13a (ab6), Or98a (ab7) or Or35a (ac3I/II) in D. sechellia, 
D. simulans and D. melanogaster (n = 10–15, female flies). Comparisons to cell 
number counts in Dsec.07 flies are shown. Pairwise Wilcoxon rank-sum test and 
P values adjusted for multiple comparisons using the Benjamini and Hochberg 
method. c, Immunofluorescence with nc82 (neuropil), anti-Elav (neurons) and 
anti-GFP in a DsecnSyb-Gal4/UAS-C3PA-GFP transgenic line, which expresses 
photoactivatable GFP pan-neuronally. The schematic on the left indicates the 
region of image acquisition. An anterior section through the antennal lobe (AL) 
is shown to reveal the position of the labelled projection neuron (PN) somas 
(circled in the right panel). Scale bar, 25 µm. d, Electrophysiological responses 
of the Or22a neuron to odours present in noni in homozygous DsecOr22aGal4 
(mutant) transgenic flies. n = 6, female flies. Data points represent the solvent-
corrected activities. Representative response traces to methyl hexanoate (10−6 
dilution) in wild-type and transgenic flies are shown on top. e, Tracing of axonal 
branches in the lateral horn of dye-filled DM2 projection neurons in wild-type 
D. sechellia and homozygous DsecOr22aGal4 mutant flies. Three representative 
samples are shown. The circles depict the position of the axonal branch 
specific to D. sechellia. Scale bar, 10 µm. Samples could not be discriminated by 
genotype when presented to six independent researchers blindly. NS, not 
significant (P > 0.05); **P < 0.01; ***P < 0.001.
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Extended Data Fig. 11 | See next page for caption.



Extended Data Fig. 11 | Phylogenetic and functional analysis of odour-
specificity determinants in Or22a. a, Side view of the Orco monomer 
structure (determined by cryo-electron microscopy37); the approximate 
location of the plasma membrane is indicated. The location of the residues 
corresponding to the odour-specificity determinants of Or22a analysed in this 
study (on the basis of previously generated alignments37) are highlighted as 
spheres. b, Top view of a cross-section through the putative ligand-binding 
pocket of the Orco structure shown in a. c, Partial protein sequence alignment 
of Or22a and Or59b. The equivalent residue to D. melanogaster Or22a M93 in 
Or59b is V91, which exhibits intraspecific sequence variation that affects odour 
sensitivity82. d, Results of branch-based models of molecular evolution that 
tested for changes in the rates of protein evolution among Or22a and Or22b 
orthologues (Methods, Supplementary Table 8): the rate of protein changes 
within the Or22a and Or22b phylogenetic tree highlights dN/dS ratios (ω) that 
differ from the ‘background rate’ (ω = 0.1772). Most branches exhibited low ω, 
arguing for strong purifying selection to maintain protein function over much 
of the tree. The two ω values that are >1 indicate an excess of protein changes, 
consistent with positive selection. The branch leading to D. simulans and 
D. sechellia Or22a displays nearly equal rates of silent and replacement 
substitutions, consistent with relaxed constraint during this period. e, Allele 
frequencies within population datasets for D. melanogaster78,79, D. simulans7,77 
and D. sechellia7 at the three sites of Or22a that were functionally characterized 
in this study. The table displays amino acid (aa) positions 45, 67 and 93 of Or22a 
and the frequencies at which variants within the corresponding codons are 
segregating (number of alleles with respective variant/number of alleles 
analysed). NA (not applicable) indicates that positions within the codon are 
invariant. Datasets analysed are referenced on the right. Selected Or22a 
variants from the Drosophila melanogaster Genetic Reference Panel (DGRP)79 
were confirmed by sequencing (f) and Or22a-neuron physiology was analysed 
(g, h). f, Protein sequence alignment of Or22a orthologues of 
D. melanogaster83, three lines of the DGRP, D. mauritiana (DSSC 14021-0241.151 

(Dmau.151)) and D. sechellia. Red shading, amino acid differences (compared to 
the other analysed sequences) that are shared by DGRP-303, DGRP-304 and 
D. mauritiana at position 59 and the key odour-specificity determinant at 
residue 93; blue shading, all other sequence differences. No line within the 
DGRP with a polymorphism only at position 93 was identified.  
g, Electrophysiological responses of the Or22a/b neuron to odours present in 
noni (n = 5–20, female flies) in the strains shown in f. The similarity between the 
response profiles of DGRP-303, DGRP-304 and D. mauritiana suggests that 
their only shared polymorphism (at position 59) modifies Or22a-response 
properties in these strains. Comparisons to responses of Dmel BER flies are 
shown. Pairwise Wilcoxon rank-sum test and P values adjusted for multiple 
comparisons using the Benjamini and Hochberg method. D. mauritiana and 
D. sechellia data are replotted from Fig. 3b. h, Box plots with individual data 
points showing the same data as in g. D. mauritiana and D. sechellia data are 
replotted from Extended Data Fig. 8g. i, Protein sequence alignment of Or22a 
orthologues of the noni-specialized D. yakuba mayottensis (Dyak may.)41 and 
three other strains of D. yakuba (DSSC 14021-0261.00 (Dyak.00), 14021-
0261.40 (Dyak.40) and 14021-0261.49 (Dyak.49)). Blue shading, differences 
between these sequences. j, Collection sites of D. yakuba strains shown in i.  
k, Quantification of the number of OSNs that express Or22a/b in D. sechellia, 
D. simulans, D. melanogaster (data as shown in Fig. 4b) and D. yakuba. n = 10–
12 female flies. Comparisons to cell number counts in Dsec.07 flies are shown. 
In k, l, pairwise Wilcoxon rank-sum test and P values adjusted for multiple 
comparisons using the Benjamini and Hochberg method. l, 
Electrophysiological responses to odours present in noni of the Or22a/b 
neurons in D. sechellia, D. melanogaster and D. yakuba (n = 5–20, female flies). 
Comparisons to responses of Dsec.07 flies are shown. D. sechellia, 
D. melanogaster and Dyak.00 data are replotted from Fig. 3b. m, Box plots with 
individual data points showing the same data as in l. D. sechellia, 
D. melanogaster and Dyak.00 data are replotted from Extended Data Fig. 8g. 
NS, not significant (P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001.
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Extended Data Fig. 12 | Protein sequence alignments of Or22a and Ir75b. 
 a, Or22a orthologues of strains used for behavioural assays as well as genome-
sequenced strains (‘gen.’) of each species (version: D. sechellia (r1.3), 
D. simulans (r2.01) and D. melanogaster (r6.28)). Blue or red shading indicates 
differences between species or strains, respectively. Green boxes, residues 
tested in this study for their role in defining ester tuning specificity. b, Ir75b 

orthologues of same strains as shown in a. Blue or red shading indicates 
differences between species or strains, respectively. Black boxes, residues 
predicted to be located within the ligand-binding domain that contributes to 
odour tuning specificity63. The premature stop codon of the Canton-S strain 
(position 169, marked by an asterisk) does not impair receptor function, as 
shown in other strains63.
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3.1.3. Comparative calcium imaging responses in Drosophila’s antennal lobe: 

Or19a (DC1) olfactory sensory pathway 

As described below in the comparative analysis of neuropeptide expression 

in the antennal lobe of drosophilids, I observed that the DC1 glomerulus in D. 

sechellia (but not in D. melanogaster) had higher levels of sNPF neuropeptide, 

prompting my interest in the physiological properties of this olfactory pathway. D. 

melanogaster DC1 glomerulus is innervated by Or19a OSNs which are 

specifically activated by terpenes present in the skin of citrus, such as valencene 

and limonene (Couto et al. 2005, Dweck et al. 2013, Grabe et al. 2016). These 

terpenes act both as strong oviposition attractants in D. melanogaster and repel 

endoparasitoid wasps, thereby protecting Drosophila larvae (Dweck et al. 2013). 

Therefore, the proper identification and localization of these volatiles could be 

determinant for Drosophila’s offspring survival.  

As different levels of sNPF across drosophilids’ DC1 glomerulus could imply 

different neuromodulation, I set out to perform calcium imaging in Or19a axon 

terminals and possibly find alternative excitatory patterns between species. In D. 

melanogaster, OSNs and PNs elicit calcium responses in the presence of 

valencene (Dweck et al. 2013). I confirmed this result in D. melanogaster with 

different valencene concentrations (Figure 1A). However, D. sechellia’s DC1 

barely responded to valencene, and the response became unspecific (as several 

glomeruli were activated) at the highest concentration of valencene (Figure 1A). 

Through the heterologous expression of DsecOr19a in D. melanogaster Or22a 

OSNs to perform single sensillum recordings further supported the calcium 

imaging results as neither valencene, nor any other terpene present in the citrus  
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Figure 1. Or19a (DC1) OSN population architecture and physiology in D. melanogaster and D. sechellia. A, 
Representative odor-evoked calcium responses in the axon termini of Orco OSNd in the antennal lobes of 
D. melanogaster (Orco:Gal4;UAS:GCaMP6f) and D. sechellia (OrcoGal4:UAS-GCaMP6f). The images show 
the relative increase in GCaMP6f fluorescence (DF/F%) after stimulation with different concentrations of 
valencene. B, Antennal electrophysiological responses of D. sechellia Or22a/b mutant neurons expressing 
DsecOr19a. C, Antennal FISH using Or19a (top) and Or43a (bottom) mRNA probes. Or43a is expressed by 
the neighboring neuron of Or19a in ac1 sensilla. We used this probe to control for ac1 physical distribution 
in the antenna between species. The average number of Or19a or Or43a cells in the antenna are shown in 
the right-hand panel. Error bars represent s.e.m. Comparisons to DmelCS are shown (Kruskal-Wallis rank 
sum test with Nemeyi post-hoc test). Scale bars represent 15µm. D, Behavioral responses in the olfactory 
trap assay testing preference for 1% limonene using wild type D. melanogaster CS and D. sechellia 28. 
Preference Indexes compared to 0 (no preference) are shown (one-sample Wilcoxon test with Bonferroni 
correction). ***P<0.001; **P<0.01; *P<0.05; NS, Not Significant.  

 

spectrum, elicited responses in D. sechellia’s Or19a (Figure 1B, performed 

by Thomas Auer).  

The lack of physiological responses towards terpenes in D. sechellia 

suggested either 1) a re-tuning of the Or19a OSNs or 2) the absence of Or19a 
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OSNs in D. sechellia’s antenna. To test the second hypothesis, I performed RNA 

FISH using an Or19a probe. In fact, D. sechellia’s Or19a OSNs numbers were 

drastically reduced (Figure 1C). 

To test if D. sechellia maintains a behavioral response towards citrus 

terpenes despite the strong reduction in Or19a OSN population (maybe 

overtaken by a different olfactory pathway), I ran behavioral trap assays to test 

fly’s attraction (or aversion) towards limonene, a volatile that strongly attracts and 

promotes oviposition in D. melanogaster (Dweck et al. 2013). Surprisingly, in this 

behavioral set up, D. melanogaster significantly avoided traps containing 

limonene (Figure 1D) while D. sechellia seemed indifferent in the presence of this 

volatile (Figure 1D). While the inability to reproduce previous behavioral data in 

D. melanogaster (Dweck et al. 2013) makes it difficult to theorize about the role 

of citrus-related terpenes in oviposition performance across drosophilids, my 

latest results suggest altogether a less prominent (or missing) role of the Or19a 

pathway in D. sechellia. Ultimately, these observations stimulated my interest in 

understanding what chemical cues promote oviposition in D. sechellia, motivating 

the major piece of work presented in Chapter 4.  

3.1.4. Comparative calcium imaging responses in Drosophila’s antennal lobe: 

Or56a (DA2) olfactory sensory pathway 

The interspecific differences that affect Or19a OSNs made me wonder if other 

labeled olfactory pathways, previously described in D. melanogaster, such as 

Or56a (DA2) had also been targets of species-specific changes. Or56a OSNs 

are activated exclusively by geosmin, a microbial-derived chemical that alerts 

flies of the presence of harmful microorganisms on food substrates (Mattheis and 

Roberts 1992, Stensmyr et al. 2012). In fact, the addition of geosmin to attractive 
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feeding substrates, such as apple vinegar, reduced attraction of flies to apple 

cider vinegar (Becher et al. 2010).  

 

Figure 2. Or56a (DA2) OSN population architecture and physiology in D. melanogaster and D. sechellia. A, 
Representative odor-evoked calcium responses in the axon termini of Orco OSNd in the antennal lobes of 
D. melanogaster (Orco:Gal4;UAS:GCaMP6f) and D. sechellia (OrcoGal4:UAS-GCaMP6f). The images show 
the relative increase in GCaMP6f fluorescence (DF/F%) after stimulation with different concentrations of 
geosmin. B, Antennal FISH using Or56a (top) and Or7a (bottom) mRNA probes. Or7a is expressed by the 
neighboring neuron of Or56a in ab4 sensilla. We used this probe to control for ab4 physical distribution in 
the antenna between species. The average number of Or19a or Or43a cells in the antenna are shown in the 
right-hand panel. Error bars represent s.e.m. Comparisons to DmelCS are shown (Kruskal-Wallis rank sum 
test with Nemeyi post-hoc test). Scale bars represent 15µm. C, Behavioural responses in the olfactory trap 
assay testing preference for 0.01%, 0.1% and 1% geosmin using wild type D. melanogaster CS and D. 
sechellia 28. Preference Indexes compared to 0 (no preference) are shown (one-sample Wilcoxon test with 
Bonferroni correction). ***P<0.001; **P<0.01; *P<0.05; NS. 

 

In D. sechellia Or56a OSNs, low concentrations of geosmin elicited stronger 

responses in DA2 glomerulus compared to D. melanogaster DA2 glomerulus 

(Figure 2A). Furthermore, D. sechellia antennae harbored twice the number of 

Or56a OSNs compared to D. melanogaster (Figure 2B). However, in an odor trap 
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assay, neither D. sechellia nor D. melanogaster were repelled by geosmin (Figure 

2C). The failure to reproduce previously described geosmin-elicited aversion in 

D. melanogaster (Stensmyr et al. 2012) made it difficult to further study the 

ecological role (if any) of geosmin in D. sechellia.  

 

3.2. Comparative neuromodulation in the Drosophila brain 

Innate behaviors depend on genetically hardwired neural circuits and are 

crucial for animal’s survival. However, innate behaviors can also be modulated, 

and this flexibility is determined by a subset of neurotransmitters and 

neuromodulators, such as neuropeptides or hormones. Neurotransmitters are 

chemical compounds necessary for neuron-to-neuron or glial cell-to-neuron 

communication, whereas neuromodulators are chemicals that adjust 

neurotransmission in a whole group of neurons. Neuromodulators can be 

released and exert their function locally as a neurotransmitter, or either diffused 

throughout the neural tissue with the purpose of regulating neuronal excitability 

depending on the organism’s internal and external contexts (such as feeding or 

mating state or the food resources and mating substrates availability) (Kim et al. 

2017).  

The best example of neuromodulation in D. melanogaster is the regulation 

of its food-seeking behavior in fed and starved animals. This adaptive behavior 

is orchestrated by the parallel action of short neuropeptide F (sNPF) and sNPF 

receptor (sNPFR) and tachykinin (DTK) and DTK receptor (DTKR) (Ko et al. 

2015, Root et al. 2011). In fed flies, apple cider vinegar rarely elicits attraction, 

and very low concentrations of this juice are indicative of substrates with a low 

nutritional value (Root et al. 2011). However, during starvation, a stronger 
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olfactory sensitivity makes flies accepting even lower value food sources in order 

to fulfill their feeding requirements. Insulin is the chief metabolic regulator, whose 

levels rise after feeding and decrease upon starvation. Reduce insulin signaling 

is necessary and sufficient for the upregulation of sNPFR1 in OSNs, such as 

Or42b neurons (DM1 glomerulus) (Root et al. 2011). Then, sNPF is locally 

released and binds sNPFR1 promoting facilitation in OSNs that mediate odor-

guided attraction (Kim et al. 2015, Root et al. 2011). In parallel, DTK neuropeptide 

and DTKR upregulation mediate the desensitization of odor-guided rejection of 

Or85a OSNs (DM5 glomerulus) (Ko et al. 2015, Semmelhack and Wang 2009). 

A combined action of these two neuromodulatory pathways is crucial for a proper 

feeding-state adjustment in D. melanogaster (Kim et al. 2017, Ko et al. 2015). 

Other neuromodulatory hormones, such as adipokinetic hormone (AKH), have 

been also described in feeding modulatory roles. Upon starvation, insulin levels 

fall whereas AKH levels increase. These metabolic signals modulate the activity 

of the interoceptive sensory neurons (ISNs) in the subesophageal zone (SEZ) to 

promote feeding and suppress drinking (Bharucha, Tarr and Zipursky 2008, Kim 

et al. 2015).  

Although there are several neurotransmitters and neuropeptides acting as 

neuromodulators, here I focus on characterizing two main neurotransmitters, 

dopamine and GABA, and one neuropeptide, sNPF, whose functions have been 

well described in D. melanogaster. 

3.2.1. Dopamine 

In a preliminary analysis, I studied the expression pattern of dopamine and 

its connectome in D. melanogaster and D. sechellia. The motivation for this study 
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relays on previous published data (Lavista-Llanos et al. 2014) that suggested 

increased dopamine levels but reduced L-DOPA (DA precursor) in D. sechellia. 

This was due to a mutation in the gene Catsup (encoding the protein 

Catecholamines up, functioning as a negative regulator of the tyrosine 

hydroxylase activity (Stathakis et al. 1999)). The L-DOPA deficit was suggested 

to be responsible for impaired egg production capacity and smaller egg size. 

However, supplementing flies with L-DOPA, but not tyrosine (another DA 

precursor) or dopamine itself, could revert this phenotype and promote resistance 

towards octanoic acid, an abundant volatile present in noni fruit known for its high 

toxicity across Drosophila species, excluding D. sechellia.  

To study this phenomenon further, I performed immunostainings using the 

Tyrosine Hydroxylase (TH) antibody and compared its expression pattern across 

D. melanogaster and D. sechellia brains. Dopaminergic cell bodies were mainly 

located in the mushroom bodies and lateral horn (Figure 3A). Several cell bodies 

were also bilaterally present surrounding the antennal lobes (4 to 8 cell bodies) 

and the SEZ (4 cell bodies) (Figure 3A), possibly exerting a modulatory function 

on sensory neurons. Future analysis using transgenic reagents that label TH+ 

populations across species will help clarify if inter-species differences exit.  

3.2.2. GABABR2 

I also examined the expression of the inhibitory neurotransmitter GABA 

and its receptor GABABR2. GABA and GABABR2 roles have been described in 

D. melanogaster but very little (or nothing) is known about their mechanism of 

action in D. sechellia.  
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GABABR2 is a metabotropic receptor present in the cell membrane of 

multiple neuron types, including OSNs. In D. melanogaster, the expression levels 

of GABABR vary among OSN types. The population of Gr21a/Gr63a OSNs that 

sense CO2 (Jones et al. 2007, Kwon et al. 2007) do not express GABABR and, 

therefore, they do not show presynaptic inhibition (Root et al. 2008). CO2 is a 

harmful volatile for flies and its detection mediates avoidance. The lack of 

GABABR in CO2-sensing OSNs must be, consequently, important to maintain 

high sensitivity towards this molecule. Conversely, OSNs involved in pheromone 

detection show high levels of presynaptic inhibition mediated by GABABRs (Root 

et al. 2008). Since GABA is the chief inhibitory neurotransmitter in the nervous 

system (Enell et al. 2007), their levels and the levels of its receptor will determine 

to a large extent the excitability of the neurons in the presence of an action 

potential (Root et al. 2008).  

GABA and GABABR2 expression was previously studied in D. melanogaster by 

using both GABA antibody and GABABR2:Gal4 transgenic reporter (Root et al. 

2008). Since the GABABR2 antibodies were no longer available, I decided to 

develop D. sechellia GABABR2 transcriptional reporters.   

I designed and made a P2A-based endogenous tag for GABABR2 gene 

for both D. melanogaster and D. sechellia. The P2A approach consists in the 

utilization of a self-cleaving peptide-based multi-gene expression system initially 

described in Bombyx mori that allows endogenous gene targeting without 

affecting protein stability and function (Daniels et al. 2014, Wang et al. 2015). 

Unfortunately, the transgenesis with these DNA constructs never worked. An 

alternative approach was to clone the GFP sequence downstream the GABABR2  
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Figure 3. Comparative expression of neuromodulator and neuropeptide D. melanogaster and D. sechellia. 
A-D, Whole-mount brains expressing the indicated antibodies or transgenic construct (in green). Brain 
structures are labeled using nc82 antibody (magenta). In B and D inter-species differences of 
neuromodulator expression in the antennal lobe are highlighted in the zoom ins. E, Summary of the 
glomerular labelling with sNPF (a-RLRW) antibody characterized in D. melanogaster and D. sechellia. F, 
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Whole-mount brains expressing sNPF antibody (green) after 18h of starvation. G, sNPF mRNA levels 
quantification by qRT-pcr in fed or 4h starved flies. H, Drosophila resistance to starvation during 60h. Notice 
the higher resistance of D. melanogaster (grey) compared to D. sechellia (red). Whole-mount scale bars 
represent 20µm. Antennal lobe zooms in scale bars represent 30µm.   

 

promoter in both species, which I did. However, these were very weakly 

expressed (data not shown). 

I then decided to analyze Dmel-GABABR2:Gal4 expression pattern in 

Dmel/Dsec hybrid flies. The DA1 (Or67d) glomerulus is robustly labeled by 

GABABR2:Gal4;UAS-GFP in D. melanogaster (Root et al. 2008). However, 

Dmel/Dsec hybrids’ DA1 was not (Figure 3B). By contrast, neighboring DL3 

(Or65a/b/c) and DA3 (Or23a) glomeruli were labeled in Dmel/Dsec. hybrids but 

not in D. melanogaster (Figure 3B). While these observations are intriguing, there 

are several caveats to analyzing reporter transgenes in hybrids, such as ectopic 

expression of trans-species reporters. 

Although these data are preliminary, they suggest that GABABR2 

expression in the antennal lobe might be different across species. In D. 

melanogaster, Or67d (DA1) and Or65a (DL3) bind the pheromone cVA, which is 

produced by males and fulfills a primary role in sexual and social communication 

(Kurtovic, Widmer and Dickson 2007, Liu et al. 2011, Symonds and Wertheim 

2005). However, the close relative D. suzukii has lost the ability to produce cVA 

and, therefore, the presence of the aphrodisiac pheromone reduces copulation 

rate in this species (Dekker et al. 2015). Whether D. sechellia has also evolved 

different mating behaviors is unknown, but my data might indicate an alternative 

modulation of the cVA pathway. In the future, it would be interesting to study the 

different excitability of DA1 (Or67d) and DL3 (Or65a) glomeruli between D. 
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melanogaster and D. sechellia as well as to better understand the role of GABA 

in D. sechellia’s glomerular excitability.  

3.2.3. Neuropeptide expression in the Drosophila brain  

At least 42 genes that encode precursors of neuropeptides have been 

described in D. melanogaster (Hewes and Taghert 2001, Li et al. 2008, Nassel 

and Winther 2010, Roller et al. 2008, Yew et al. 2009). Of these, 8 are expressed 

in the antennal lobe and mushroom bodies: Amnesiac-derived (Amn), 

Allatostatin-A (AstA), Mioinhibitory peptide (MIP), Myosuppressins (DMS), 

IFamide (SIFa), IPNamide (IPNa), short Neuropeptide F (sNPF) and Tachykinin-

related peptides (DTK) (Nassel and Winther 2010).  

In a first approach, I established hybrid transgenic lines with the Gal4:UAS 

expression system using D. melanogaster neuromodulatorX-Gal4:UAS-GFP. I 

then analyzed the fluorescent reporter expression (GFP) in D. melanogaster and 

Dmel/Dsec hybrid backgrounds. This comparison provided a quick initial way to 

determine whether there may be species-specific differences in neuromodulators 

expression. Preliminary data suggested a conserved MIP reporter expression 

pattern across species, where cell bodies were clustered along the mushroom 

bodies, antennal lobes and SEZ (data not shown). These results were also 

confirmed using MIP antibody (Figure 3C) (Carlsson et al. 2010). However, most 

of the results obtained through the use of transcriptional reporters were 

inconclusive since some of the transgenic lines, such as DTK, did not recapitulate 

the published expression pattern in D. melanogaster (data not shown) (Nassel 

and Winther 2010).  
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3.2.4. sNPF 

To analyze sNPF expression in the fly brain I initially tested two antibodies 

(a-sNPF and a-RLRW) that bind alternative isoforms of the sNPF neuropeptide. 

Both antibodies recapitulated sNPF expression (data not shown), but a-RLRW 

gave a stronger signal and therefore I decided to pursue the analysis with it. The 

high level of sNPF sequence conservation across species allowed me to use the 

same antibodies in D. sechellia.  

D. melanogaster flies showed very low levels and absence of specific 

staining across their brain (Figure 3D). On the other hand, D. sechellia flies 

displayed a significantly brighter staining highlighting multiple cell bodies 

throughout the brain (Figure 3D). The increased presence of sNPF in D. sechellia 

suggested the existence of nutritional deficits in their diet giving rise to more 

“hungry” brains. To test this hypothesis, I performed survival assays to measure 

species’ resistance to starvation (Figure 3H). The results from this experiment 

suggested a lower tolerance to starvation in D. sechellia, where the population 

was reduced to half after 37h (Figure 3H). A previous study reported differences 

in the amount of ingested food between wild type D. melanogaster and D. 

sechellia in laboratory conditions (Watanabe et al. 2019). In the future, it would 

be interesting to analyze the repercussion that a fly food laboratory diet has on 

D. sechellia’s starvation resistance compared to a natural noni fruit diet.  

sNPF expression pattern in the antennal lobe was different between 

species. Consistent with previous observations (Carlsson et al. 2010), D. 

melanogaster expressed high levels of sNPF in 13 different glomeruli of the 

antennal lobe (Figure 3E). However, this expression distribution was not 

conserved in D. sechellia (Figure 3E). Intriguingly, D. sechellia’s DC1 glomerulus, 
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but not D. melanogaster’s DC1, expressed high levels of sNPF (Figure 3D). This 

result was confirmed with the second antibody a-sNPF (data not shown). This 

observation prompted my interested in the corresponding olfactory pathways 

(Or19a neurons), as described above. 

Previous qRT-PCR results showed that sNPF levels rise as soon as 4h 

after starvation in D. melanogaster (Lee et al. 2009, Lee et al. 2008, Lee et al. 

2004, Root et al. 2011). To analyze inter- and intra-specific differences in sNPF 

expression pattern, I performed immunostainings in 18h starved fly brains 

(expecting that more prolonged periods of starvation would accentuate sNPF 

expression levels variations). D. melanogaster sNPF staining slightly increased 

compared to fed conditions (Figure 3D,F). However sNPF levels remained 

unchanged in starved D. sechellia (Figure 3D,F). To confirm these observations, 

I performed qRT-PCRs in D. melanogaster and D. sechellia heads either fed or 

after 4h of starvation. Preliminary data showed no variation across conditions, 

nor across fly species (Figure 3G). Although this experiment should be repeated 

exclusively using fly brains (since peripheral head tissues might be masking the 

levels of sNPF in the brain), the differences between protein and mRNA 

expression could be due to differential post-transcriptional regulatory 

mechanisms. 

3.3. Materials and methods 

Drosophila strains 

Drosophila stocks used for Fluorescent In Situ Hybridization (FISH) or 

Immunohistochemistry were maintained at room temperature (~23ºC) on 

standard corn flour, yeast and agar medium. D. sechellia stocks were 

supplemented with noni paste (Morinda (noni) juice (Raab Vitalfood) and a few 
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grams of Formula 4-24® instant Drosophila medium). The following strains were 

used: D. melanogaster Canton-S, D. sechellia 07 and 28 (Drosophila species 

stock center of San Diego [DSSC]).  

Drosophila stocks used for calcium imaging experiments and behavioral 

assays were maintained at 25ºC on standard corn flour, yeast and agar medium, 

or supplemented with instant medium and noni juice in the case of D. sechellia 

flies, under 12h light and 12h dark cycle. The following stocks were used for 

calcium imaging: Dmel-Orco-Gal4:UAS-GCaMP6f/CyO and Dsec-UAS-

GCaMP6f/UAS-GCaMP6f;;OrcoGal4/+.  

 

Antenna dissection and fixation 

For antenna dissection, 3-4 days old flies were used and separated by sex. 

Flies were anesthetized with CO2, disposed inside a sieve with a metal mesh 

(250nm diameter, SciencewareTM), and flash-frozen in liquid nitrogen for 5 

seconds. Antennae were harvested and fixed in 2 mL of 1xPBS-PFA (4%), Triton-

X-100 (3%) for 3 h at 4ºC. After fixation, samples were washed 3 times in 1xPBS 

Triton-X-100 (3%) and once in 1xPBS Triton-X-100 (0,1%) and then used for 

experiments. Antennae for storage were washed 2 times in cold Methanol and 

placed at -20ºC.  

 

Adult brain fixation and dissection 

For adult brain dissection, 2-3 days old flies were used and separated by 

sex. Flies were fixed in 2 mL of 1xPBS-PFA (4%) plus Triton-X-100 (0.2%) for 3 

h at 4ºC. After fixation, brains were dissected using forceps. Finally, brains were 

washed 4 times using 1xPBS Triton-X-100 (0,2%). 
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Immunohistochemistry (IHC)  

Immunofluorescence on adult brains was performed as described 

(Sanchez-Alcañiz 2017) using mouse monoclonal antibody nc82 1:10 

(Developmental Studies Hybridoma Bank), rabbit a-GFP 1:500 (Invitrogen) and 

chicken a-GFP 1:500 (Abcam). Alexa488- and Cy5-conjugated goat a-rabbit and 

goat a-mouse IgG (Molecular Probes; Jackson Immunoresearch) and Alexa488-

conjugated goat a-chicken (Abcam) secondary antibodies were used at 1:500. 

 

Confocal imaging and image processing 

For microscopy, a LSM710 laser scanning confocal microscope (Zeiss) 

was used to obtain the images of the antenna (40X) and brain (20X). Images 

were processed using Fiji, Adobe Illustrator CC 2015 and Adobe Photoshop CC 

2015 software.    

 

Wide-field calcium imaging 

Fly preps were performed as described in (Silbering et al. 2012). Briefly, 

4-12 days old flies were immobilized in a Plexiglas chamber with the help of a 

cactus spine and UV-glue and a window would be opened on top of the fly’s head 

by removing the cuticle with a scalpel allowing the visualization of the antennal 

lobes. During the imaging, the fly’s brain is hydrated using Ringer, a buffer based 

on distilled water and ions that mimic fly’s interstitial medium. For the stimulation, 

a constant current of compressed air from a tank would pass through a system 

of Teflon tubes and a glass bottle filled with distilled water in order to humidify the 

air up to 90% RH. The air current is directed to the fly’s antennae from 

approximately 0,5 cm. 20 mL of odor mixtures of interest were supplied in a 1 x 
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0,5 cm filter paper contained in a plastic syringe, that is placed 38 cm away from 

the tube exit. The opening of the valve that allows the release of the odor solution 

is controlled from a computer using the MetaFluor software (Visitron) injecting 1 

ml (1 ml/s) of odor per stimulus. Odors were obtained from Sigma and the 

dilutions were prepared every month for each set of experiments. More details 

can be found in the figure legends.  

 

Data processing 

Flies showing consistent calcium responses throughout the experiment 

and low or moderate responses to paraffin oil or water were selected for data 

analysis. First, each set of images would be opened in Fiji (Fiji is just Image J) 

and corrected for lateral movement, in case this was necessary, taking as 

references different anatomical structures. The resulting movies would be saved 

as .tiff files. The .tiff files were opened using MatLab and the relative calcium 

change was calculated for each frame i as (DF/F)I (%) = (F(i) - F0)/F0 X 100, 

where F(i) is the absolute fluorescence of the ith and F0 the average fluorescence 

of the four frames before stimulus onset. Regions of interest were selected with 

a circumference of 10 pixels of diameter in order to obtain activity traces of 

desired glomeruli. These traces were transformed into color-gradient images. 

The numeric values for each experiment were exported in excel file for their 

statistical analysis.   

 

qRT-PCR 

40 female flies belonging to control (fed) or experimental (4h starvation) 

groups were introduced in 1.5 ml Eppendorf tubes and the heads were collected 
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after flash-freezing in liquid nitrogen for 5’’. For RNA extraction, the RNeasy kit 

(QIAGEN) was used. The reverse transcription was performed using SuperScript 

III First-Strand Synthesis System (ThermoFisher). Gene expression was 

measured in a final volume of 10 µl by qRT-PCR using 5 µl of SYBR Green 

Master Mix (Applied Biosystems) in a 7500 Fast Light Cycler System (Applied 

Biosystems). The values showed in Figure 1G come from one replicate. The fold 

change is quantified compared to the levels of the control gene actin. The primers 

used for the qRT-PCR were the following:  

sNPF (97 bp) F: CAAAAAGCGTGGCATACATT, R: AATGTCCGGATTTCAAGGAG  

sNPFR1 (77 bp) F: CTGGCCATATCGGACCTACT, R: GGCCAGTACTTGGACAGGAT 

actin (109 bp) F: TCTTCCAGCCCTCGTTCC R: TTGTTGGCATACAGGTCCTTAC 

 

Survival assay 

For each assay, a total of a 100 of young, mated females per species were 

separated in 4 different tubes. 24 h before of the starting time of the starvation 

assay, flies were flipped to fresh tubes provided with enriched food specific for 

each species: blue paste (instant medium plus water) for D. melanogaster or noni 

paste for D. sechellia. During the survival assay flies were maintained at 25ºC in 

fly incubators with controlled humidity, 12 h light and 12 h dark cycle and provided 

with a humid tissue. The number of dead flies was annotated every 3 h until the 

last fly would die. 

 

Olfactory trap assay 

The two-choice trap assay was performed as described in (Auer et al. 

2020). In brief, traps contained 300 µL of juice (noni or grape (Bio Demeter)) 
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mixed with 0.1% Triton to break the water tension. Different concentrations 

(indicated in the figure legends) of limonene (Sigma) were added to the solution.  

During the experiment, 25 young (3-5 days old) fed, mated females were 

anesthetized on ice were used. Fly choosing was scored after 24 h of experiment 

at 25ºC and 60% relative humidity in a dark room; experiments with over 25% 

dead flies were discarded. The attraction index was calculated as follows: 

(number of flies in trap X – number of flies in trap Y)/number of trapped and 

untrapped flies alive in the arena. 
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CHAPTER 4: Odor-gated oviposition behavior in an ecological specialist 

 

Summary of the results 

This section describes the result of a collaborative effort from members of 

the Richard Benton’s lab (enclosed publication; Álvarez-Ocaña, Shahandeh, 

Auer and Benton), as well as members of other institutions (Ray and Gompel) for 

which a manuscript has been deposited on bioRxiv (Álvarez-Ocaña 2022) and is 

under review at Nature Communications. In this work, I developed protocols to 

study fly’s oviposition preference with single individuals and in groups to study 

evolutionary changes that might had happened in the stringent specialist D. 

sechellia. Through the systematic analysis of D. melanogaster, D. simulans and 

D. sechellia strains, I described D. sechellia’s robust preference for noni-

containing oviposition substrates. I, with the contribution of Shahandeh, 

eliminated the role of vision and substrate stiffness in D. sechellia’s oviposition 

preference. Using D. sechellia mutants for noni-related olfactory pathways, we 

studied the role of the olfactory system in this decision making. Moreover, we 

described that the abundant noni odor hexanoic acid promotes both oviposition 

preference and motivation in D. sechellia, and that mutants for its cognate 

receptor, Ir75b, lack egg-laying in the sole presence of hexanoic acid enriched 

substrates. Lastly, we showed that that expression of DsecIr75b in D. 

melanogaster is sufficient to switch oviposition preference towards hexanoic acid-

containing substrates.  
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My contribution to this work 

During this project, I developed the oviposition assays for single flies and 

groups of flies employed in this study to analyze oviposition preference. I 

performed most of the experiments shown in the figures except for those in Figure 

2B, Figure 3B and Figure 6D, and I only contributed to set the experiments for 

Figure S3 together with Shahandeh. 

4.1. Article: Odor-gated oviposition behavior in an ecological specialist 
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Abstract 51 
 52 
Colonization of a novel ecological niche can require, or be driven by, evolution of 53 
an animal’s behaviors promoting their reproductive success in the new 54 
environment. Little is known about the underlying mechanisms. We have exploited 55 
an emerging genetic model for behavioral neuroecology, Drosophila sechellia – a 56 
close relative of Drosophila melanogaster that exhibits extreme specialism for 57 
Morinda citrifolia noni fruit – to study the evolution and sensory basis of oviposition. 58 
D. sechellia produces fewer eggs compared to other drosophilids, but lays these 59 
almost exclusively on noni substrates, contrasting with avoidance or indifference of 60 
noni by generalist species. Visual, textural and social cues do not explain the 61 
species-specificity of this preference. By contrast, loss of olfactory input in D. 62 
sechellia, but not D. melanogaster, essentially abolishes egg-laying, suggesting 63 
that this sensory modality gates gustatory-driven noni preference. We find the noni 64 
bouquet is detected by redundant olfactory pathways. By parsing the fruit’s volatile 65 
chemicals and genetic perturbation of individual olfactory pathways in D. sechellia, 66 
we discover a key role for hexanoic acid and its cognate receptor, the Ionotropic 67 
receptor Ir75b, in odor-evoked oviposition. Through receptor exchange in D. 68 
melanogaster, we provide evidence for a causal contribution of odor-tuning 69 
changes in Ir75b to the evolution of oviposition behavior during D. sechellia’s host 70 
specialization. 71 
 72 
Introduction 73 
 74 
Colonization of, and specialization on, a new ecological niche by an animal can 75 
provide many benefits, such as access to new resources, protection from biotic and 76 
abiotic threats, and avoidance of competition (Sexton et al., 2017). Niche 77 
specialization often requires adaptation of multiple behavioral, physiological and 78 
morphological traits to survive and reproduce in a new habitat. Divergence of many 79 
traits can potentially lead to reproductive isolation and ultimately speciation, making 80 
niche specialization a likely driver of biodiversity (Caillaud and Via, 2000; Rundle 81 
and Nosil, 2005; Seehausen, 2006). Many striking examples of adaptations to new 82 
niches are known, from the rapid evolution of beak morphology of Darwin’s finches 83 
as they radiated across the Galápagos archipelago (Grant and Grant, 2005) to 84 
visual system loss in Mexican tetra (Astyanax mexicanus, blind cave fish) in cave 85 
dwellings in the Gulf of Mexico and Rio Grande (Maldonado et al., 2020). While 86 
candidate genomic regions and genes have been implicated in some of these 87 
adaptations (e.g., (Abzhanov et al., 2004; Lamichhaney et al., 2015)), the restricted 88 
genetic tractability of these species – and most other examples in nature – limits 89 
our understanding of the mechanistic basis of evolutionary adaptations. 90 
 The fly Drosophila sechellia provides an exceptional model to investigate 91 
the genetic and cellular basis of niche adaptation (Auer et al., 2021; Jones, 2005; 92 
Stensmyr, 2009). This species is endemic to the Seychelles archipelago, where it 93 
has evolved an extreme specialist lifestyle, feeding and breeding exclusively upon 94 
the “noni” fruit of the Morinda citrifolia shrub. Adaptation to this niche has occurred 95 
in the last few 100,000 years, potentially only since its divergence from a last 96 
common ancestor with the cosmopolitan generalist, Drosophila simulans (Figure 97 
1A). Importantly, the close phylogenetic proximity of D. sechellia to the laboratory 98 
model, Drosophila melanogaster (Figure 1A), has facilitated the development of 99 
genetic tools in this species to explore the mechanistic basis of niche specialization 100 
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(Auer et al., 2020; Auer et al., 2021; Combs et al., 2018). Previous work has 101 
identified D. sechellia Odorant receptors (Ors) essential for long-range detection of 102 
noni odors, Or22a and Or85c/b (Auer et al., 2020; Dekker et al., 2006; Ibba et al., 103 
2010), and demonstrated a causal relationship between differences in tuning 104 
properties of Or22a in D. melanogaster and D. sechellia and species-specific noni 105 
attraction (Auer et al., 2020). 106 
 Long-range olfactory attraction to noni is only one facet of D. sechellia’s 107 
phenotypic adaptations in this specialized niche (Auer et al., 2021). Notably, the 108 
fruit is highly toxic to other drosophilids (and more divergent insects) – 109 
predominantly due to its high levels of octanoic acid – indicating the existence of 110 
robust (albeit unclear) resistance mechanisms of D. sechellia throughout its life 111 
cycle (Legal et al., 1994; Legal et al., 1992; R'Kha et al., 1991). Host fruit toxicity 112 
has been suggested to relieve D. sechellia from interspecific competition and 113 
parasitoidization (Salazar-Jaramillo and Wertheim, 2021), providing a potential 114 
explanation for the selective advantage of its stringent niche specialization. 115 
 Another unique set of phenotypes of D. sechellia relates to the production 116 
and deposition of eggs. Compared to its generalist cousins, D. sechellia ovaries 117 
contain ~3-fold fewer ovarioles, with a commensurate reduction in egg number 118 
(Coyne et al., 1991; Green and Extavour, 2012; R'Kha et al., 1991). The 119 
evolutionary advantage (if any) of reduced fecundity is unclear, but may be linked 120 
with the larger size of D. sechellia eggs (~50% by volume (Markow et al., 2009)) 121 
and the greater tendency of this species to retain fertilized eggs (resulting in 122 
facultative ovoviviparity) (Markow et al., 2009). Such observations hint that these 123 
traits may be related to more investment of D. sechellia in fewer eggs to protect 124 
them from the acid-rich noni substrate and/or predators. However, non-adaptive 125 
explanations (e.g., pleiotropic effects of mutations in genes underlying other 126 
adaptations (Jones, 2004; R'Kha et al., 1997)) cannot be excluded. 127 
 Whatever the reason(s) for reduced fecundity of this species, this trait makes 128 
the decision of D. sechellia females to engage in oviposition particularly important. 129 
Previous work has shown that D. sechellia depends on the presence of noni for 130 
both egg production and laying (Lavista-Llanos et al., 2014; Louis and David, 1986; 131 
R'Kha et al., 1991). Furthermore, the most abundant noni chemicals, hexanoic and 132 
octanoic acids, can alone induce oviposition (Amlou et al., 1998; Higa and Fuyama, 133 
1993). However, the cognate sensory pathways are unknown, as is the 134 
contribution, if any, of other chemosensory or non-chemosensory information to 135 
this behavior. 136 
 137 
Results 138 
 139 
Species-specific oviposition preference and rate 140 
 141 
To investigate the neurosensory basis of egg-laying behavior in D. sechellia, we 142 
first compared the specificity of oviposition site selection of D. sechellia, D. 143 
simulans and D. melanogaster in a semi-natural, multi-choice assay in which 144 
animals were offered slices of different ripe fruits (noni, banana, apple and grape) 145 
within an enclosed arena (Figure 1B). While D. melanogaster and D. simulans flies 146 
avoided using noni fruit as an oviposition substrate (preferring two or three of the 147 
other fruits instead), D. sechellia laid eggs almost exclusively on noni (Figure 1B).  148 
 To systematically test the species-specificity of oviposition behavior and its 149 
sensory basis, we next established two-choice group oviposition assays. In these, 150 
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egg-laying substrates comprised of commercial juices/vinegar (to ensure 151 
consistency of chemical stimulus) mixed in either agarose or Formula 4-24® instant 152 
Drosophila medium (hereafter, “instant medium”). The latter substrate supported 153 
higher egg-laying rate that was important when examining the influence of single 154 
odors in subsequent experiments. Two independent strains of each species were 155 
tested in all assays to distinguish interspecific from intraspecific differences. D. 156 
melanogaster and D. simulans strains generally exhibited indifference between 157 
noni and grape juice substrates, in either agarose or instant medium, with small 158 
differences between strains (Figure 1C and Figure S1A). By contrast, D. sechellia 159 
consistently displayed a strong preference for noni juice-containing substrates 160 
(Figure 1C and Figure S1A). Similar, though less marked, differences between 161 
species’ preferences were observed in assays offering a choice between noni juice 162 
and apple cider vinegar in agarose (Figure 1D), but not in instant medium (Figure 163 
S1B). 164 
 As social interactions can influence drosophilids’ oviposition preference 165 
(Churchill et al., 2021; Elsensohn et al., 2021), we also established a single-fly 166 
oviposition assay (see Methods and Figure S2) (Gou et al., 2016). Using the same 167 
combinations of stimuli and substrates as in group assays, we observed even more 168 
marked species differences in oviposition site preference: D. sechellia laid the vast 169 
majority of its eggs on noni juice substrates in all assays (Figure 1E-F and Figure 170 
S1C-D), while D. melanogaster and D. simulans exhibited strong preference for 171 
either grape juice or apple cider vinegar in agarose, and variable levels of 172 
preference for these counter-stimuli in instant medium (with the exception of one 173 
strain of D. simulans).  174 
 Both group and single-fly assays also confirmed the substantially lower 175 
fecundity of D. sechellia compared to D. melanogaster and D. simulans (Figure 1C-176 
F and Figure S1). Quantification of eggs laid by individual flies revealed large 177 
variation in egg-laying rate for all species, even within a given assay (Figure 1E-F 178 
and Figure S1C-D). However, on average, D. sechellia consistently laid a low 179 
number of eggs (~5-7 eggs/female/day), while the mean egg-laying frequency for 180 
the other species could vary substantially (from ~10 to ~30 eggs/female/day), which 181 
may be related to the provision of more or less appealing substrates in different 182 
assays. 183 
 Together, these results highlight the innate, social-context independent, 184 
and robust preference for D. sechellia for noni substrates, contrasting with the more 185 
context-dependent noni indifference or avoidance exhibited by the generalist 186 
drosophilids. 187 
 188 
D. sechellia exhibits robust probing of the oviposition substrate 189 
 190 
In the oviposition experiments with D. sechellia on agarose, we observed many 191 
small indentations in the substrate surface at the end of the assay (Figure 2A). 192 
Such indentations were only occasionally observed on the agarose substrates 193 
where D. melanogaster or D. simulans had laid eggs (data not shown). (The 194 
presence of indentations could not be easily assessed in the instant medium 195 
substrate due to its more granular texture). Furthermore, indentations were not 196 
observed on agarose exposed only to D. sechellia males (data not shown), 197 
suggesting that they are not the result of non-sexually dimorphic behaviors such 198 
as proboscis probing of the substrate. 199 
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 The size and shape of the indentations led us to hypothesize that they 200 
correspond to the substrate marks formed by the ovipositor during “burrowing” –  201 
rhythmic digging of the ovipositor into the substrate prior to egg deposition – 202 
described in D. melanogaster (Cury and Axel, 2021). To test this hypothesis, we 203 
used high-speed imaging to visualize D. sechellia oviposition behavior at high 204 
spatio-temporal resolution (Bracker et al., 2019). Notably, although the total 205 
number of egg-laying events captured was low (precluding detailed quantitative 206 
analyses), we observed frequent interactions of the ovipositor with the substrate 207 
that did not culminate in egg deposition. These interactions ranged from simple 208 
substrate touching or scratching by the ovipositor (Video S1-2; see Methods for 209 
classification of behaviors) to more involved digging behaviors (Video S3). In two 210 
instances, such digging resulted in the formation of a visible indentation (Figure 2B 211 
and Video S4). However, post-hoc observation of the substrate revealed several 212 
other examples of indentations that were not captured during the recordings, 213 
possibly because they were not visible at the camera angle to the substrate. 214 
Conversely, we did not observe any other behaviors of the fly that could explain 215 
the formation of the indentations. Very similar ovipositor digging events were 216 
observed prior to egg laying (Video S5). 217 
 These observations support the hypothesis that indentations represent 218 
aborted oviposition events in D. sechellia. We reasoned that they provide a relevant 219 
complementary measure of oviposition behavior to the numbers of eggs laid. We 220 
therefore quantified the number of indentations and eggs for all three species in 221 
single-fly two-choice assays (Figure 2C). The total number of indentations and 222 
eggs were comparable for D. sechellia and D. simulans strains, and slightly lower 223 
than for D. melanogaster (Figure 2D). These observations indicate that, despite the 224 
much lower egg number than the generalist species, D. sechellia still robustly 225 
probes the oviposition substrate (see Discussion). 226 
 227 
No evidence for contribution of visual cues to D. sechellia’s species-specific 228 
oviposition preference 229 
 230 
To assess the sensory basis of D. sechellia’s strong preference for oviposition on 231 
noni substrates, we first tested the contribution of vision as the natural fruits (as 232 
well as the artificial substrates) have characteristic colors that might influence 233 
decisions on where to lay eggs. In single-fly two-choice assays run in the dark, D. 234 
sechellia retained very strong, species-specific, preference for laying on noni juice 235 
substrates, and no decrease in egg-laying rate was noted (Figure 3A).  We 236 
extended this analysis to examine whether D. sechellia exhibits any unique color 237 
preference, reflecting its preference for ripe (dull white/yellow) over unripe (green) 238 
fruit. As the noni juice colored the oviposition substrate brown, we tested this 239 
possibility using a short-range trap assay (Prieto-Godino et al., 2017), in which 240 
identical odor traps – containing noni juice for D. sechellia or balsamic vinegar for 241 
D. melanogaster and D. simulans – were enclosed within green or white casings 242 
(Figure 3B). Because noni fruit may be found among green foliage, or on the white 243 
sandy substrate below Morinda citrifolia shrubs (Auer et al., 2021), we reasoned 244 
that color contrast may also play an important role in substrate preference, and 245 
therefore tested trap preference on a white or green background, as well as in the 246 
dark as a control. We observed no preference of any species to enter different 247 
colored traps (Figure 3B), suggesting that color is not a critical cue that D. sechellia 248 
uses to locate host fruit, at least at short-range. 249 
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 250 
D. sechellia and D. simulans prefer softer substrates compared to D. 251 
melanogaster 252 
 253 
Substrate hardness is another potential factor influencing oviposition site 254 
preference that might have diverged between species. For example, the pest 255 
species D. suzukii – which oviposits in various ripe, but not rotten, fruits – exhibits 256 
stronger preference for stiffer substrates (that presumably resemble more closely 257 
ripe fruit) than D. melanogaster (Karageorgi et al., 2017). We compared the texture 258 
preference profile of D. sechellia, D. simulans and D. melanogaster through single-259 
fly two-choice assays in which both substrates contain the same attractive chemical 260 
stimulus (either noni juice or apple cider vinegar) but different stiffness, obtained 261 
by pairing a soft agarose substrate (0.5%) with one ranging from 0.5-2% agarose. 262 
Although all three species preferred to oviposit on softer agarose, the discrimination 263 
threshold was different: D. melanogaster only exhibited such a preference when 264 
0.5% was paired with 1.25% (or higher) agarose, while D. simulans and D. sechellia 265 
discriminated a more subtle difference in texture, preferring 0.5% agarose over 266 
0.75% (Figure 3C-D). Textural discrimination ability of D. sechellia therefore cannot 267 
explain its ecological specialization. However it is consistent with our observations 268 
that on native fruits, D. sechellia lays its eggs on the softest part of the fruit: the 269 
pedicel cavity in intact fruits (or internal flesh in cut/broken fruits) (Figure 3E), which 270 
is much softer that the fruit skin, whose stiffness is approximately equivalent to 271 
0.75% agarose (Figure 3F).  272 
 273 
Olfactory pathways required for oviposition and oviposition preference 274 
 275 
Having excluded the importance of vision for D. sechellia’s egg-laying preference 276 
(Figure 3A-B), we reasoned that olfactory cues are likely to be the first sensory 277 
signals that D. sechellia uses when assessing potential oviposition sites, as these 278 
do not require direct contact with the substrate. We first tested near-anosmic 279 
double mutant animals for the conserved olfactory co-receptors Orco (required for 280 
the function of all Ors) and Ir8a (required for the function of volatile acid-sensing 281 
Irs) (Abuin et al., 2011; Auer et al., 2020; Benton et al., 2006; Larsson et al., 2004). 282 
Strikingly, in single-fly assays – offering a choice of noni juice and apple cider 283 
vinegar in agarose – these flies laid essentially no eggs (Figure 4A-B). Moreover, 284 
no indentations were observed on the substrate at the end of the assay (Figure 285 
4B). This lack of oviposition activity is not due to any overt locomotor defects, as 286 
these mutant animals display similar levels of activity as wild-type strains (Figure 287 
S3). It is also not due to any decrease in egg production, as their ovaries contain a 288 
similar number of mature eggs as in wild-type animals (Figure 4C). Importantly, 289 
equivalent D. melanogaster near-anosmic Ir8a1,Orco1 double-mutant animals lay 290 
many eggs (Figure S4). These observations provide evidence that olfactory input 291 
is critical for oviposition behavior in D. sechellia, but not D. melanogaster.  292 
 To test whether olfactory cues are sufficient to promote oviposition, we 293 
performed a no-choice oviposition assay in which flies were provided with an 294 
agarose/sucrose substrate with a non-accessible source of noni juice or, as control, 295 
water (Figure S5). No differences were observed in egg-laying rate of D. sechellia 296 
(or D. melanogaster) strains between these substrates (Figure S5). These results 297 
argue that noni odors alone are insufficient to promote egg-laying behavior, which 298 
presumably relies also upon gustatory input through multiple contact 299 
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chemosensory organs, as is the case in D. melanogaster (Chen et al., 2022; Chen 300 
and Amrein, 2017; Chen and Dahanukar, 2020). 301 
 To further understand the contribution of olfaction to D. sechellia’s 302 
oviposition behavior, we next tested the Orco and Ir8a co-receptor mutants singly: 303 
both showed a decreased egg-laying rate compared with wild-type controls, but 304 
only Ir8a mutants displayed reduced preference for noni juice (Figure 4A,4D). 305 
Similar phenotypes for these mutants were observed in two-choice assays with 306 
grape juice as a counter-stimulus (Figure S6). We went on to screen the 307 
phenotypes of mutants lacking genes encoding individual odor-specific “tuning” Ors 308 
and Irs (Auer et al., 2020), including Or22a and Or85c/b, which are required for 309 
long-range noni attraction (Auer et al., 2020). While these lines displayed variable 310 
reductions in egg-laying rate, none of them displayed significantly diminished 311 
oviposition preference for noni substrates (Figure 4A,4D and Figure S6). The 312 
maintenance of robust oviposition preference towards noni in most of these assays 313 
suggested that multiple, partially redundant olfactory signals contribute to 314 
oviposition behavior in D. sechellia. 315 
  316 
Analysis of the effect of individual noni chemicals on oviposition 317 
 318 
To characterize the noni chemicals promoting D. sechellia-specific oviposition, we 319 
tested several candidates in single-fly assays using the different species and three 320 
odor concentrations (0.05%, 0.1%, 0.5%) (Figure 5 and Figure S7). Confirming and 321 
extending previous group assays (Amlou et al., 1998; Higa and Fuyama, 1993; 322 
Matsuo et al., 2007), we found that hexanoic acid promoted very strong preference 323 
in D. sechellia at all concentrations tested and a higher egg-laying rate (compared 324 
to water-only control substrates) at least at intermediate concentrations (Figure 5A-325 
B). D. melanogaster and D. simulans both display slight preference or indifference 326 
at lower concentrations of hexanoic acid and strong aversion at the highest 327 
concentration (Figure 5A-B). Octanoic acid has also been described to be an 328 
oviposition stimulant/attractant for D. sechellia in some (Amlou et al., 1998; Legal 329 
et al., 1999; Matsuo et al., 2007), though not all (Markow et al., 2009) reports. In 330 
our assays, this acid did not evoke strong oviposition preference of D. sechellia at 331 
lower concentrations; moreover, egg-laying was largely suppressed at the highest 332 
concentration, although the very few eggs laid were found on the octanoic acid 333 
substrate (Figure 5A-B). D. melanogaster and D. simulans found this odor generally 334 
aversive (Figure 5A). 335 
 We tested two other noni chemicals that are behaviorally-important for long-336 
range noni location: methyl hexanoate (detected by Or22a) and 2-heptanone 337 
(detected by Or85c/b) (Auer et al., 2020; Dekker et al., 2006; Ibba et al., 2010). 338 
Methyl hexanoate stimulated a slight enhancement of egg-laying at intermediate 339 
concentrations, but flies did not display a strong oviposition site preference for 340 
substrates containing this chemical (Figure 5A-B). Similarly, neither D. 341 
melanogaster nor D. simulans exhibited strong preference or aversion to methyl 342 
hexanoate-containing substrates. 2-heptanone had little influence on oviposition-343 
site selection of any species, and was highly toxic for flies at the highest (0.5%) 344 
concentration (Figure 5A and data not shown). 345 
 Lastly, we tested oviposition stimulants described in D. melanogaster, 346 
valencene and limonene, which are detected by Or19a neurons (Dweck et al., 347 
2013). D. sechellia flies were indifferent to or avoided oviposition on substrates 348 
containing either of these chemicals, and egg-laying was suppressed at high 349 
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stimulus concentrations (Figure S7). Interpretation of these results must be 350 
tempered, however, with our inability to consistently reproduce behavioral effects 351 
of these compounds on oviposition reported in D. melanogaster (Figure S7) (Dweck 352 
et al., 2013), potentially reflecting observations that the behavioral function of this 353 
olfactory pathway is context dependent (Chin et al., 2018).  354 
 Together these experiments reveal the complex, concentration-dependent 355 
influence of different individual chemicals on drosophilid oviposition behavior, 356 
which might be due to their detection via both olfactory and gustatory systems. 357 
Nevertheless, the robust and D. sechellia-specific effect of hexanoic acid on 358 
oviposition led us to focus on determining the sensory mechanism by which this 359 
noni chemical is detected. 360 
 361 
Olfactory detection of hexanoic acid by Ir75b promotes oviposition in D. 362 
sechellia 363 
 364 
To define the sensory mechanisms of volatile hexanoic acid-mediated control of 365 
oviposition behavior, we tested our panel of D. sechellia olfactory receptor mutants. 366 
Loss of either Ir8a or Orco alone led to abolished or greatly diminished egg-laying 367 
on hexanoic acid substrates (Figure 6A), suggesting that both Ir and Or pathways 368 
contribute. Within the Ir repertoire, Ir75b was an excellent candidate as this 369 
receptor has evolved novel sensitivity to hexanoic acid in D. sechellia from the 370 
ancestral butyric acid sensitivity of the D. melanogaster and D. simulans orthologs 371 
(Prieto-Godino et al., 2017). Indeed, mutation of Ir75b in D. sechellia led to 372 
complete loss of egg-laying on hexanoic acid substrates, a phenotype confirmed in 373 
two independent alleles, and a transheterozygous Ir75b mutant combination 374 
(Figure 6A). Dissection of these flies’ ovaries revealed a similar number of eggs as 375 
in controls (Figure 6B), suggesting the defect was in egg-laying not production. 376 
Consistent with this hypothesis, DsecIr75b mutant flies also produced no 377 
indentations in these assays (Figure 6C). By contrast, D. sechellia lacking the 378 
broadly-tuned acid-sensor, Ir64a (Ai et al., 2010), still oviposited, laying almost all 379 
eggs on hexanoic acid substrates (Figure 6A). 380 
 Amongst the Ors, all three mutants (DsecOr22a, DsecOr35a and 381 
DsecOr85c/b) displayed reduced egg-laying rate (Figure 6A). Of the subset of flies 382 
that did lay eggs, the DsecOr35a and DsecOr85c/b mutants maintained strong 383 
preference for oviposition on hexanoic acid substrates while DsecOr22a mutants 384 
no longer discriminated this substrate from the control medium (Figure 6A). Or22a 385 
neurons are generally considered to be ester sensors in drosophilids (de Bruyne et 386 
al., 2010), but weak Or22a-dependent hexanoic responses have been described 387 
in D. sechellia (Auer et al., 2020) as well as in D. melanogaster (Hallem and 388 
Carlson, 2006) (where it is the most sensitive hexanoic acid sensor of this species 389 
(Munch and Galizia, 2016)), suggesting that it might be a second olfactory pathway 390 
for this oviposition stimulant (see Discussion). 391 
 392 
Evolution of Ir75b tuning can explain species-specific behavioral responses 393 
 394 
Given the important role of Ir75b for hexanoic acid-stimulated oviposition of D. 395 
sechellia, we asked if the evolution of the tuning of this receptor might explain 396 
species-specific oviposition behavior. In an Ir75b mutant of D. melanogaster (Mika 397 
et al., 2021), we rescued Ir75b function through transgenic expression of either D. 398 
sechellia Ir75b or, as a control, D. melanogaster Ir75b. These flies were offered a 399 
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choice to lay eggs on substrates containing hexanoic acid or butyric acid, the 400 
preferential ligand of the receptors from D. sechellia and D. melanogaster, 401 
respectively (Prieto-Godino et al., 2017). Egg-laying rate was broadly comparable 402 
between all control mutant and both rescue lines (Figure 6D). This result indicates 403 
that a functional Ir75b pathway is not important for egg-laying in D. melanogaster 404 
– consistent with our observation that near-anosmic D. melanogaster lay many 405 
eggs – thereby permitting assessment of the contribution of the Ir75b pathway to 406 
oviposition preference. Rescue flies expressing D. melanogaster Ir75b displayed a 407 
substrate preference that was not significantly different from parental genotypes 408 
(Figure 6D). By contrast, expression of D. sechellia Ir75b was sufficient to shift 409 
oviposition preference from butyric acid to hexanoic acid substrates compared to 410 
controls (Figure 6D). These results are consistent with a causal contribution of 411 
Ir75b to the evolution of oviposition site preference during D. sechellia’s host 412 
specialization. 413 
 414 
Discussion 415 
 416 
Decisions on when and where to lay an egg are critical for all oviparous animals to 417 
maximize the chance of survival of their offspring, in particular those lacking 418 
parental care (Cury et al., 2019; Rudolf and Rodel, 2005). As such, these decisions 419 
are influenced by multiple biotic and abiotic factors in the environment. When 420 
species establish themselves within a new ecological niche, changes in these 421 
factors can exert selective pressures for novel or modified behavioral responses to 422 
sensory cues. It is also possible that chance evolution of traits can permit 423 
exploitation of a new niche. Either way, studying such differences between species 424 
can provide insight into the relative importance of the plethora of environmental 425 
signals, as well as the mechanisms by which nervous systems evolve, changing 426 
the relationship between these signals and behavioral outputs. D. sechellia offers 427 
an excellent opportunity to study oviposition behavioral adaptations, both because 428 
its specialist lifestyle likely constrains the set of pertinent sensory cues and 429 
because its low fecundity presumably renders the decision to lay an individual egg 430 
more important than for highly fertile species. Moreover, the phylogenetic proximity 431 
of D. sechellia to the generalists D. melanogaster and D. simulans facilitates 432 
comparative behavioral and genetic analyses that might enable reconstruction of 433 
the (still-unknown) evolutionary history of this species (Auer et al., 2021; Matsuo, 434 
2008). 435 
 Studies in D. melanogaster have revealed that oviposition decisions are 436 
complex, multisensory-guided behaviors (Cury et al., 2019), and the ultimate 437 
choice of egg-laying site is often assay-dependent (e.g., (Schwartz et al., 2012; 438 
Yang et al., 2008)). Using several types of behavioral assays, we have confirmed 439 
the importance of noni for D. sechellia for egg-laying rate and site selection. The 440 
latter trait contrasts with the variable preferences of D. melanogaster and D. 441 
simulans. We also discovered an unappreciated feature of oviposition behavior of 442 
D. sechellia: extensive probing of the substrate surface, resulting in the formation 443 
of numerous indentations. These indentations are most likely equivalent to the 444 
“burrows” resulting from aborted oviposition events of D. melanogaster (Cury and 445 
Axel, 2021). One explanation for the high rate of indentations in D. sechellia is that 446 
females engage in the initiation of the oviposition routine unaware of the low 447 
number of eggs they carry. This seems unlikely, however, as it would represent a 448 
futile energetic investment for these animals, and D. melanogaster mutants that 449 
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lack eggs do not make indentations (R.A.-O. and R.B., unpublished). Moreover, 450 
high-resolution behavioral observations suggest that the presence of the egg in the 451 
ovipositor is integral to penetration of the substrate in D. melanogaster (Cury and 452 
Axel, 2021) and D. sechellia. We favor a hypothesis that extensive indentation 453 
formation by D. sechellia reflects greater choosiness of this species to deposit eggs 454 
only after the female has ascertained to have found the optimal substrate available. 455 
 To account for the species-specificity of D. sechellia substrate selection, we 456 
have been able to exclude several sources of sensory information. Visual input is 457 
unimportant (at least at short-range), and D. sechellia does not exhibit obvious 458 
changes in preference for colors that mimic the choice this species makes in 459 
nature. While D. sechellia prefers to lay eggs within the softest part of the fruit, and 460 
within softer agar, there is no difference in texture preference compared to D. 461 
simulans, suggesting that this trait is not a key facet of host adaptation, contrasting 462 
with the fresh-fruit feeder D. suzukii (Karageorgi et al., 2017). Finally, although 463 
communal egg-laying is widespread in many invertebrates and vertebrates (Doody 464 
et al., 2009), we do not find evidence that this phenomenon contributes to noni 465 
preference; if anything, isolated flies lay more eggs with stricter noni preference 466 
than those in groups. 467 
 Our genetic analysis indicates that olfactory input is essential for egg-laying 468 
in D. sechellia, as near-anosmic flies fail to lay eggs even in the presence of noni 469 
despite normal egg production. Conversely, exposure of flies to noni odors alone, 470 
without allowing them to have gustatory sensation of noni juice, does not enhance 471 
oviposition rate. Together, these observations suggest that both olfactory and 472 
gustatory inputs are important: without olfaction, gustatory signals are insufficient 473 
for promoting oviposition, but olfactory signals without gustatory inputs are similarly 474 
ineffective. A future priority is to determine how D. sechellia detects noni via 475 
gustation and if, as in the olfactory system, any gustatory pathways differ between 476 
drosophilids. 477 
 While loss of the vast majority of olfactory input prevents egg-laying on noni 478 
in D. sechellia, we found substantial redundancy, as loss of any single tuning Or or 479 
Ir (or even Orco) did not strongly diminish noni preference. This observation 480 
indicates that multiple distinct odors, acting via several different olfactory receptors, 481 
must contribute to short-range behavioral decisions. By simplifying the noni 482 
odorscape in our oviposition assays we demonstrate the unique oviposition-483 
promoting role of hexanoic acid and, importantly, define Ir75b and its obligate co-484 
receptor Ir8a, as the cognate sensory receptor. Although hexanoic acid might also 485 
be detected by gustatory neurons (based upon studies in D. melanogaster (Ahn et 486 
al., 2017; Sanchez-Alcaniz et al., 2018; Tauber et al., 2017)), the selective 487 
expression of Ir75b and Ir8a in the antenna argues that this is an odor-guided 488 
behavior. Moreover, the demonstration that Ir75b is required for this behavior 489 
provides an explanation for the evolutionary changes described in this sensory 490 
pathway: while D. melanogaster (and D. simulans) Ir75b are tuned primarily to 491 
butyric acid, the D. sechellia receptor has evolved novel sensitivity to hexanoic 492 
acid, through amino acid substitutions within the ligand-binding domain (Prieto-493 
Godino et al., 2017; Prieto-Godino et al., 2021). In addition, D. sechellia exhibits a 494 
2-3-fold increase in number of sensory neurons expressing Ir75b, resulting in 495 
increased sensory pooling onto partner interneurons in the brain (Prieto-Godino et 496 
al., 2017). Importantly, replacement of D. melanogaster Ir75b with the D. sechellia 497 
receptor induces a small but significant shift in oviposition site preference, 498 
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indicating that receptor tuning changes are sufficient alone to confer more D. 499 
sechellia-like behavior on D. melanogaster. 500 
 Together with previous work (Auer et al., 2020), our studies of noni-501 
dependent odor-guided behaviors in D. sechellia reveal similarities and differences 502 
in the coding and evolution of olfactory pathways mediating long-range and short-503 
range detection (Figure 6E). The high redundancy in short-range olfactory signals 504 
contrasts markedly with olfactory contributions to long-range noni host-seeking, 505 
where loss of single tuning receptors essentially abolished the ability of flies to 506 
locate the odor source (Auer et al., 2020). This difference might reflect the 507 
complexity of the noni odor blend at different spatial scales: there are likely to be 508 
fewer, highly-volatile, compounds reaching behaviorally-relevant concentrations at 509 
a distance compared to odors present at short-range (Auer et al., 2020). 510 
Concordantly, the behaviorally most-important receptors for long-range (Or22a and 511 
Or85c/b) and short-range (Ir75b) noni detection, display differences in sensitivity: 512 
Ir75b neurons require several orders of magnitude higher odor stimulus 513 
concentration to evoke the same level of neuronal firing as Or22a or Or85c/b 514 
neurons (Auer et al., 2020). The segregation of behavioral function of the pathways 515 
is, however, not absolute: the long-range olfactory detectors, notably Or22a, also 516 
appear to contribute to oviposition behaviors on hexanoic acid substrates, though 517 
further genetic analysis will be necessary in future studies. 518 
 One striking commonality of all three of these OSN populations is their 519 
expansion in D. sechellia, although the functional significance of this phenotype is 520 
unknown. By contrast, the nature of odor specificity evolution of these pathways is 521 
different: Or85c/b neuron sensitivity to 2-heptanone is unchanged across the 522 
drosophilid species (Auer et al., 2020), D. sechellia Or22a has enhanced sensitivity 523 
to methyl hexanoate compared to the orthologous receptor in D. melanogaster (but 524 
not in D. simulans) (Auer et al., 2020; Dekker et al., 2006), while Ir75b has acquired 525 
new sensitivity to hexanoic acid specifically in D. sechellia (Prieto-Godino et al., 526 
2017; Prieto-Godino et al., 2021). In addition, methyl hexanoate and 2-heptanone, 527 
but not hexanoic acid, are emitted by a wide range of fruits (Dweck et al., 2018). A 528 
model to unify these observations is that the methyl hexanoate and 2-heptanone 529 
act as “habitat odor cues” (Webster and Carde, 2017), attracting D. sechellia (but 530 
also other species) in the vicinity of noni, while hexanoic acid is a specific “host 531 
odor cue” (Webster and Carde, 2017) that, through Ir75b, evokes short-range 532 
behaviors only in D. sechellia. 533 
 In this context, the ecological role of the Ir75b sensory pathway in D. 534 
melanogaster is unclear, although optogenetic activation experiments have 535 
provided evidence for a role in positional attraction and oviposition preference 536 
(Prieto-Godino et al., 2017; Wu et al., 2022). Several other olfactory pathways have 537 
been implicated in oviposition promotion in D. melanogaster (Cury et al., 2019; 538 
Dweck et al., 2015; Lin et al., 2015), including Or19a, which detects the citrus odors 539 
valencene and limonene (Dweck et al., 2013). Interestingly, D. sechellia Or19a 540 
neurons appear to have lost sensitivity to these odors (Dweck et al., 2013), which 541 
are not reliably detected in noni fruit (Auer et al., 2020). Adaptation of this species 542 
might therefore have involved sensory gain or loss in several olfactory pathways to 543 
match the pertinent chemical signals in its niche. 544 
 Finally, beyond the issues mentioned above, a key future question – in any 545 
species – is how olfactory input controls oviposition behavior. Recent studies in D. 546 
melanogaster have defined circuitry linking mating and egg-laying (Wang et al., 547 
2020); notably, the activity of some of the component neuron populations (i.e., 548 
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ovoENs and ovoINs in the central brain) are activated or inhibited by gustatory and 549 
mechanosensory input (Wang et al., 2020). It is possible that olfactory sensory 550 
pathways (e.g., downstream of the Ir75b sensory input in D. sechellia) impinge on 551 
this circuitry (Nojima et al., 2021). Alternatively, olfactory signals might have only 552 
an indirect influence, for example, by modulating gustatory inputs to this egg-laying 553 
circuitry. Further exploration of the neural basis of oviposition in D. sechellia should 554 
yield insights into the mechanistic basis of the adaptations of this critical behavior 555 
to this species’ unique lifestyle. 556 
 557 
Methods 558 
 559 
Drosophila strains 560 
 561 
Drosophila stocks were cultured in a 25ºC incubator under a 12 h light:12 h dark 562 
cycle on a standard wheat flour–yeast–fruit juice food. Unless noted otherwise, D. 563 
sechellia culture vials were supplemented with noni paste, consisting of a few 564 
grams of Formula 4-24® instant Drosophila medium, blue (Carolina Biological 565 
Supply) and noni juice (Raab Vitalfood Bio). All strains used in this study are listed 566 
in Table S1 and sources of chemicals are listed in Table S2. 567 
 568 
Oviposition assays 569 
 570 
We maximized flies’ egg-laying capacity by following the protocol of (Gou et al., 571 
2016): prior to the experiments, ~50 1-2 day-old females and males were collected 572 
and placed in new fly food tubes enriched with dry yeast (D. melanogaster and D. 573 
simulans) or with dry yeast and noni paste (D. sechellia) for 5 days. At this point 574 
the food was typically full of crawling larvae, inducing females to retain eggs until 575 
transferred to the assay chamber. Unless otherwise stated, oviposition assays 576 
were performed at 25ºC, 60% relative humidity and a 12 h light:12 h dark cycle 577 
(starting assays in the early afternoon), in either an incubator or behavior room for 578 
22-72 h (depending upon the assay, see below).  579 
 Previous work suggested that the low egg-laying rate of D. sechellia is due 580 
to alterations in dopamine metabolism – which contributes, at least indirectly, to 581 
fertility in D. melanogaster (Gruntenko and Rauschenbach, 2008; Neckameyer, 582 
1996) – and could be partially compensated by supplementation of food with the 583 
dopamine precursor 3,4-dihydroxyphenylalanine (L-DOPA), which is found in noni 584 
fruit (Lavista-Llanos et al., 2014). To increase D. sechellia’s oviposition rate, we 585 
cultivated flies’ for five days on noni food supplemented with L-DOPA (1 mg/ml), 586 
but did not observe increased egg-laying in either group or single-fly assays 587 
compared to control flies given noni paste (Figure S8). Treatment with a-methyl-588 
DOPA (0.4 mM), a non-hydrolysable L-DOPA analog that acts as a competitive 589 
inhibitor of DOPA decarboxylase (which converts L-DOPA to dopamine) reduced 590 
egg-laying in the single-fly assay but not the group assay (Figure S8). Our inability 591 
to fully reproduce the reported effects on oviposition (Lavista-Llanos et al., 2014) – 592 
we did not examine other traits investigated in that study, such as egg size and 593 
germline cyst apoptosis – might be due to experimental differences in our assays 594 
(e.g., use of noni fruit in (Lavista-Llanos et al., 2014)) or the use of more fertile D. 595 
sechellia strains.  596 
 597 
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Fruit multiple-choice assay: ripe fruits (apple, banana, grape (all from Migros); noni 598 
from M. citrifolia plants (University of Zurich Botanical Gardens and Canarius) 599 
grown in a greenhouse) were cut into thick (1-2 cm) slices. Fruit pieces were placed 600 
in a 5 cm Petri dish (Falcon) inside a plastic chamber (15 cm length ´ 14 cm width 601 
´ 5 cm height; Migros). For all species, 50 females and 20 males were anesthetized 602 
on ice and introduced into the chamber, which was covered with a fabric gauze. 603 
The chambers were placed in a behavioral room in constant darkness for 72 h, 604 
after which the number of eggs on each fruit piece was quantified. 605 
 606 
Group two-choice assay: agarose (Promega) substrates were prepared as follows: 607 
a 1% agarose solution was prepared and let to cool down until it was possible to 608 
hold the glass Erlenmeyer flask with bare hands. The 1% agarose preparation was 609 
added to juice/odor solution in a 2:1 ratio, resulting in a final concentration of 0.67% 610 
agarose. The final mixture was poured up to a 0.5 cm depth into 3 cm Petri dishes 611 
(Falcon). Agarose plates were conserved at 4ºC for a maximum of 3 days. Instant 612 
medium substrates were prepared by diluting 12 g of instant medium in 100 ml of 613 
noni juice (or apple cider vinegar) creating a semi-solid consistency. The instant 614 
medium was added into a 3 cm Petri dish until fully covering the bottom of the plate. 615 
Instant medium mixes were conserved at 4ºC and used within two weeks. Two 616 
Petri dishes containing the desired combination of substrates were placed into the 617 
same chamber used for the fruit multiple-choice assay. 10 females and 8-10 males 618 
(D. melanogaster and D. simulans) or 20 females and 15-20 males (D. sechellia) 619 
were anesthetized with CO2 and introduced into the chamber for three consecutive 620 
days. Due to D. sechellia’s low fecundity, through preliminary experiments we 621 
considered that the number of eggs laid by 20 D. sechellia female flies was 622 
sufficient to observe a clear behavioral preference between two conditions. Petri 623 
dishes were exchanged with fresh ones every 24 h by quickly lifting the mesh cover. 624 
The number of eggs laid per substrate was counted independently on each plate. 625 
 626 
Group no-choice odor cue assay: as for the “Group two-choice assay” except using 627 
a single 3 cm diameter Petri dish containing 0.67% agarose and 150 mM sucrose 628 
(Sigma) onto which a non-accessible container covered with a fabric gauze and a 629 
perforated cap of a 15 ml Falcon tube (diameter 1 cm, height 2 cm; Techno Plastic 630 
Products AG) into which 300 µl of H2O or noni juice was placed.  631 
 632 
Single-fly two-choice assay: 30-cell single-fly chambers were designed and 633 
manufactured by Formoplast S.A. following published blueprints (Gou et al., 2016), 634 
but using poly(methyl methacrylate) instead of acrylic, and adding a small handle 635 
to the top door. Flies were anesthetized in CO2 and placed in individual egg-laying 636 
chambers. Animals were allowed a 30 min period for recovery from anesthetization 637 
and acclimation to the chamber, during which time the oviposition substrate was 638 
prepared as described above. For single-odor assays, instant medium was 639 
dissolved in the desired odor solution diluted in water or juice. The concentration 640 
range of odors was defined from preliminary tests and previous studies (Amlou et 641 
al., 1998); specified concentrations represent those before adding the instant 642 
medium. For agarose substrates, 1 ml of agarose solution (containing the desired 643 
stimulus) was added to the bottom slot on one side of the oviposition chamber, 644 
which underlies 5 separate cells. For instant medium substrates, the paste was 645 
applied to the slot with a spatula. The fly loading slot of the single fly multi-chamber 646 
was placed on top of the bottom slot and flies accessed the instant medium. Eggs 647 
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were scored on each substrate after 22 h. Preliminary tests of oviposition 648 
preferences on different substrates, which informed subsequent experimental 649 
design, are shown in Figure S2. 650 
 651 
Texture assays: single-fly oviposition assays were performed as described above, 652 
but preparing substrates with different final concentrations of agarose. 653 
 654 
For all assays, eggs were scored manually under a binocular microscope. The 655 
oviposition preference index was calculated as: (number of eggs in substrate X - 656 
number of eggs in substrate Y)/total number of eggs only when the number of eggs 657 
laid was ≥2. Indentations were scored as a small break/holes in the substrate 658 
surface; in some cases, the presence of multiple indentations in the same region 659 
of the substrate likely led to underestimation of the number of independent 660 
indentations.  661 
 662 
High-speed imaging of oviposition behavior 663 
 664 
D. sechellia flies were cultured on standard cornmeal media. Mated D. sechellia 665 
females (aged 4-10 day-old in standard cornmeal food vials with or without 666 
supplementation with noni paste), were placed in empty vials with hydrated tissue 667 
for 14-20 h before the day of the experiment to force egg retention. A group of 2-3 668 
individuals was introduced into a cubical oviposition filming chamber as described 669 
(Bracker et al., 2019). A trough on one side of the chamber was filled with a noni 670 
juice-agar substrate (1:3 or 1:6 v/v), with a wet pad at its base to limit sagging 671 
caused by desiccation. Flies were filmed with an external high-speed camera (JAI 672 
RMC-6740 GE, IMACO as detailed in (Bracker et al., 2019) using the custom 673 
FlyBehavior software (Bracker et al., 2019), focused on the surface of the agar 674 
column, which provided a 1 ´ 3 mm oviposition substrate. Recording of the group 675 
was performed for several separate 2 h-sessions over the course of one day (from 676 
late morning to mid-evening). The following specific behaviors were observed 677 
qualitatively by visual inspection of the resulting videos: Touching (Video S1) - the 678 
ovipositor simply touches the substrate; Scratching (Video S2) - the ovipositor 679 
brushes against the substrate, giving the impression of gentle scratching; Digging 680 
(Video S3) - the ovipositor burrows into the substrate surface; Indentation formation 681 
(Video S4) - the fly digs with its ovipositor at a particular site on the substrate 682 
leaving a minor depression (indentation) but no egg; occasionally, we observed 683 
that a fly returns to an indentation for egg-laying; Egg laying (Video S5) - the fly 684 
starts digging into the surface and lays an egg at this site. In many videos, we also 685 
observed flies exuding a liquid droplet, possibly from their anal plates (e.g., Video 686 
S1, example 4, left-hand animal); this action does not appear to be related to 687 
oviposition as it was observed also in virgin female and male flies (V.R. and N.G., 688 
unpublished). Video sequences were cropped and assembled in Fiji (Schindelin et 689 
al., 2012). 690 
 691 
Color preference assays 692 
 693 
Color preference was assessed by adapting an olfactory trap assay (Prieto-Godino 694 
et al., 2017), in which the arena contained two traps filled with 300 µl of the same 695 
attractive odor – noni juice (D. sechellia) and balsamic vinegar (Antica Modena) (D. 696 
melanogaster and D. simulans) – masked with different visual cues. To simulate 697 
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fruit at a ripe or unripe stage, a trap was covered with a green or white matte table-698 
tennis ball (Lakikey; 40 mm diameter) with two opposing holes cut into it: one large 699 
hole on the bottom to insert the trap vial, and a smaller hole on top to allow the flies 700 
to enter the trap through a 200 µl pipette tip that was flush with the ball surface. 701 
Arenas were lined with either green or white paper (to provide different contrast for 702 
the green and white traps), and assays were performed in the light as well as under 703 
complete darkness in a behavior room (25ºC and 60% relative humidity). Prior to 704 
the assay, flies were kept on standard media without noni supplement for 24 h. 705 
Twenty-five fed and mated 3-5 day-old females were introduced into each arena 706 
after brief ice anesthesia. The number of flies in each trap (as well as untrapped 707 
animals) was counted after 24 h; replicates where >25% of flies died within the 708 
experimental period were discarded. The preference index was calculated as: 709 
number of flies in white trap - number of flies in green trap/number living flies 710 
(trapped and untrapped). 711 
 712 
Locomotor activity monitoring 713 
 714 
Activity was measured for 5-7 day old mated females at 25ºC under a 12 h light: 715 
12 h dark cycle, staged as for oviposition assays to ensure mating status, in the 716 
Drosophila activity monitor (DAM) system (Chiu et al., 2010) in incubators with 717 
continuous monitoring of light and temperature conditions (TriTech Research DT2-718 
CIRC-TK). In brief, this system uses an infrared beam that bisects a 5 mm glass 719 
tube, in which the fly is housed, to record activity as the number of beam crosses 720 
per minute. Each tube is plugged with a 5% sucrose/2% agar (w/v) food source at 721 
one end and cotton wool at the other. Each DAM was used to record the activity of 722 
up to 32 flies simultaneously, and multiple monitors were contained in a single 723 
incubator. For all genotypes, we recorded flies over at least 2 technical replicates. 724 
Mean activity of an animal was calculated as the average number of beam crosses 725 
per minute over three complete days of recording. 726 
 727 
Ovary dissection and egg quantification 728 
 729 
Females, prepared as for the oviposition assays, were anesthetized with CO2 and 730 
their ovaries dissected with forceps in phosphate buffered saline, using a surgical 731 
needle to separate the ovarioles. Mature eggs present in each ovary were counted 732 
under a binocular microscope.  733 
 734 
Statistical analyses 735 
 736 
Oviposition preference indices were calculated compared to the null hypothesis 737 
(i.e., preference index = 0) for each strain using a Wilcoxon test with Bonferroni 738 
correction for multiple comparisons. Statistical differences across the number of 739 
eggs laid per fly per day for multiple comparisons were calculated applying Kruskal-740 
Wallis rank sum test with Nemenyi post-hoc test. For two-sample comparisons, a 741 
two-sample t-test was used. The reference strain for multiple or two-sample 742 
comparisons is indicated in the figure legends. Error bars show SEM. All statistical 743 
values reported on the figures are as follows: NS (not significant) P > 0.05; * P < 744 
0.05; ** P < 0.01; *** P < 0.001. 745 
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Figure Legends 780 
 781 
Figure 1. D. sechellia displays robust, species-specific preference for 782 
oviposition on noni substrates. 783 
(A) Phylogeny of the drosophilid species studied in this work. Mya, million years 784 
ago.  785 
(B) Fruit multiple-choice oviposition preference assay. Left: image of the assay with 786 
noni, banana, apple and grape (clockwise from top left) in the arena. Right: 787 
quantification of the number of eggs laid per day (n = 3 assays/species, using 50 788 
flies each for a duration of 3 days). Strains used: D. melanogaster Canton S (CS), 789 
D. simulans 14021-0251.004 (04) and D. sechellia 14021-0248.28 (28); see Table 790 
S1 for details of all strains used in this work. Mean values ± SEM are shown. 791 
(C) Group oviposition preference assays for noni juice versus grape juice in 0.67% 792 
agarose using two strains each of wild-type D. melanogaster (Dmel: CS and 793 
Oregon R (OR)), D. simulans (Dsim: 04 and 14021-0251.196 (196)) and D. 794 
sechellia (Dsec: 14021-0248.07 (07) and 28). Left: box plots of oviposition 795 
preference index in these assays. In these and all other box plots, the middle line 796 
represents the median, and the first and third quartiles correspond to the lower and 797 
upper hinges, respectively. Individual data points are overlaid on the box-plots, 798 
scaled by the total number of eggs laid in an assay (key at top right of the plot); 799 
data beyond the whiskers are considered outliers. For these and other box plots 800 
statistical differences from 0 (no preference) are indicated: *** P < 0.001; ** P < 801 
0.01; * P < 0.05; NS (not significant) P > 0.05 (Wilcoxon test with Bonferroni 802 
correction for multiple comparisons); n = 12 (representing 4 group assays, each 803 
scored on 3 successive days with fresh oviposition plates each day). Right: bar 804 
plots of egg-laying rate per fly per day in these assays. Mean values ± SEM are 805 
shown. Statistically-significant differences from the D. melanogaster CS strain are 806 
indicated: *** P < 0.001; ** P < 0.01; * P < 0.05; NS P > 0.05  (Kruskal-Wallis rank 807 
sum test with Nemenyi post-hoc test).  808 
(D) Group oviposition preference assays, as in (C), for noni juice versus apple cider 809 
vinegar (n = 12, as in (C)). 810 
(E) Single-fly oviposition preference assays for noni juice versus grape juice in 811 
agarose for the same strains as in (C). Top: total number of eggs laid in each 812 
substrate by each female. Bottom left: oviposition preference index. Statistical 813 
differences from 0 (no preference) are indicated as in (C). n = 30-60 flies across 1-814 
2 technical replicates. Bottom right: egg-laying rate. Mean values ± SEM are 815 
shown; statistical analysis as in (C). 816 
(F) Single-fly oviposition preference assays, as in (E), for noni juice versus apple 817 
cider vinegar. n = 30-90 flies across 1-3 technical replicates. 818 
 819 
Figure 2. D. sechellia makes frequent substrate indentations during 820 
oviposition. 821 
(A) Photo of the noni juice/agarose substrate at the end of a single-fly oviposition 822 
assay with D. sechellia illustrating the many indentations in the agarose surface 823 
and rare eggs. 824 
(B) Still images from high-speed video sequences of D. sechellia oviposition 825 
behavior illustrating a digging event that does not lead to egg deposition, which 826 
results in the formation of a visible indentation on the substrate (left), and digging 827 
event that culminates in egg deposition (right). The full videos are provided in 828 
Videos S4 and S5. 829 
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(C) Quantification of the number of eggs and indentations produced by different 830 
species and strain on different substrates in 19-28 single-fly two-choice oviposition 831 
assays with noni juice and apple cider vinegar (ACV).  832 
(D) Rate of summed egg-laying and indentations events observed in the 833 
experiments in (C). Mean values ± SEM are shown. Statistically-significant 834 
differences from the CS strain are indicated: ** P < 0.01; * P < 0.05; NS P > 0.05 835 
(Kruskal-Wallis rank sum test with Nemenyi post-hoc test). 836 
 837 
Figure 3. Analysis of visual and textural contributions to D. sechellia’s noni 838 
preference. 839 
(A) Single-fly oviposition preference assays in the dark for noni juice versus apple 840 
cider vinegar in agarose (fly strains as in Figure 1C). Left: oviposition preference 841 
index. Statistical differences from 0 (no preference) are indicated: *** P < 0.001; ** 842 
P < 0.01; NS P > 0.05 (Wilcoxon test with Bonferroni correction for multiple 843 
comparisons); n = 60 flies across 2 technical replicates. Right: egg-laying rate in 844 
these assays. Mean values ± SEM are shown (Kruskal-Wallis rank sum test with 845 
Nemenyi post-hoc test). 846 
(B) Group color preference assays in which flies are given a choice to enter two 847 
traps containing the same chemical stimulus (balsamic vinegar (D. melanogaster 848 
and D. simulans) or noni juice (D. sechellia)) and distinguished only by colored 849 
casings with different light and background conditions. Statistical differences from 850 
0 (no preference) are indicated: * P < 0.05; NS P > 0.05 (Wilcoxon test with 851 
Bonferroni correction for multiple comparisons); n = 12-24 assays across at least 2 852 
technical replicates. 853 
(C) Single-fly oviposition preference assays testing between the indicate agarose 854 
concentrations on the top and 0.5% agarose in the counter-substrate. Both 855 
substrates contain apple cider vinegar (D. melanogaster and D. simulans) or noni 856 
juice (D. sechellia). Statistical differences from 0 (no preference) are indicated: *** 857 
P < 0.001; **P < 0.01 * P < 0.05; NS P > 0.05 (Wilcoxon test with Bonferroni 858 
correction for multiple comparisons); n = 30-60 flies across 1-2 technical replicates. 859 
(D) Graph recapitulating data from (C). Dots represent the mean values and the 860 
bars represent ±SEM. The statistical values represent the most similar strains of 861 
the different species: *** P < 0.001; ** P < 0.01; NS P > 0.05 (Kruskal-Wallis rank 862 
sum test with Nemenyi post-hoc test).  863 
(E) Close-up image of noni fruit illustrating the concentration of D. sechellia eggs 864 
in the pedicel cavity (where the fruit was attached to the stem) and in the flesh 865 
exposed by a skin break. Flies were placed in a group assay oviposition chamber 866 
containing whole noni fruits during 72 h. 867 
(F) Graph of stiffness of substrates of different agarose concentrations (in noni 868 
juice), overlaid with the stiffness ranges of unripe and ripe noni fruits (illustrated in 869 
the photos) within the pedicel cavity or on the external skin. Measurements were 870 
made using Semmes-Weinstein Monofilaments following the procedure described 871 
in (Sanchez-Alcaniz et al., 2017).  872 
 873 
Figure 4. Olfactory pathways required for D. sechellia oviposition. 874 
(A) Single-fly oviposition preference assays for noni juice versus apple cider 875 
vinegar in agarose for the indicated genotypes (Table S1). The plots show the 876 
number of eggs laid per fly (n = 30-60 flies across 1-2 technical replicates). 877 
DsecIr75b1/2 is a transheterozygous mutant combination. 878 
(B) Quantification of the number of eggs and indentations on different substrates 879 
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of the indicated genotypes (n = 30 (Dsec 07) and 58 (DsecIr8aRFP,Orco1) across 1-880 
2 technical replicates). 881 
(C) Mean number of mature eggs per fly (i.e., a pair of ovaries) of the indicated 882 
genotypes. Mean values ± SEM are shown. NS P > 0.05 (two-sample t-test); n = 883 
9-10 flies. 884 
(D) Left: oviposition preference index for the assays shown in (A). Statistical 885 
differences from 0 (no preference) are indicated: *** P < 0.001; ** P < 0.01; * P < 886 
0.05; NS P > 0.05 (Wilcoxon test with Bonferroni correction for multiple 887 
comparisons); n = 30-60 flies across 1-2 technical replicates. Dsec 07 and 888 
DsecIr8aRFP show statistical difference (P = 0.0328; Wilcoxon test with Bonferroni 889 
adjustment). Right: egg-laying rate. Mean values ± SEM are shown. Statistically-890 
significant differences from the Dsec 07 strain are indicated: *** P < 0.001; * P < 891 
0.05; NS P > 0.05 (Kruskal-Wallis rank sum test with Nemenyi post-hoc test). The 892 
non-significant PI for the DsecIr8aRFP,Orco1 double mutant was calculated from the 893 
4/60 animals that laid >2 eggs. 894 
 895 
Figure 5. Analysis of the effect of individual noni chemicals on oviposition. 896 
(A) Single-fly oviposition assays of the indicated strains testing different odors and 897 
concentrations in an instant medium substrate. Oviposition preference index. 898 
Statistical differences from 0 (no preference) are indicated: *** P < 0.001; ** P < 899 
0.01; * P < 0.05; NS P > 0.05 (Wilcoxon test with Bonferroni correction for multiple 900 
comparisons); n = 30-60 flies across 1-2 technical replicates. For Dsec 07 assays 901 
with 2-heptanone (indicated with a white rectangle), the low number of flies laying 902 
eggs prevented calculation of a preference index. 903 
(B) Egg-laying rate of the assays in (A). Mean values ± SEM are shown. Statistical 904 
comparisons of the effect of odors on egg-laying rate were performed across 905 
strains: *** P < 0.001; ** P < 0.01; * P < 0.05; NS P > 0.05 (Kruskal-Wallis rank sum 906 
test with Nemenyi post-hoc test).  907 
 908 
Figure 6. D. sechellia Ir75b is required for hexanoic acid responses and 909 
sufficient to shift oviposition preference in D. melanogaster. 910 
(A) Single-fly oviposition assays testing H2O versus 0.1% hexanoic acid and H2O 911 
versus 0.5% hexanoic acid in instant medium. Left: oviposition preference indices 912 
are only shown for genotypes that laid 2 or more eggs in these assays. Statistical 913 
differences from 0 (no preference) are indicated: *** P < 0.001; ** P < 0.01; NS P 914 
> 0.05 (Wilcoxon test with Bonferroni correction for multiple comparisons); n = 30-915 
83 flies, 1-3 assays. Right: egg-laying rate. Mean values ± SEM are shown. *** P 916 
< 0.001; * P < 0.05; NS P > 0.05 (Kruskal-Wallis rank sum test with Nemenyi post-917 
hoc test). 918 
(B) Average number of mature eggs per pair of ovaries per fly. Mean values ± SEM 919 
are shown. NS P > 0.05 (two-sample t-test); n = 9 flies.  920 
(C) Quantification of the number of eggs and indentations on different substrates 921 
of the indicated genotypes (n = 30 flies in one technical replicate). 922 
(D) Single-fly oviposition assays testing 0.05% hexanoic acid versus 0.05% butyric 923 
acid of D. melanogaster Ir75b mutant and rescue genotypes. Left: egg-laying rate 924 
for Ir75b-Gal4 control (w;Ir75b-Gal4/+;Ir75bDsRed), UAS-DmelIr75b control (w;UAS-925 
DmelIr75b/+;Ir75bDsRed), UAS-DsecIr75b control (w;UAS-DsecIr75b/+;Ir75bDsRed), 926 
DmelIr75b rescue (w;Ir75b-Gal4/UAS-DmelIr75b;Ir75bDsRed), and DsecIr75b 927 
rescue (w;Ir75b-Gal4/UAS-DsecIr75b;Ir75bDsRed). DmelIr75b and DsecIr75b 928 
rescue strains showed a significant reduction in the number of eggs compared to 929 
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DmelIr75b-Gal4 control. Right: oviposition preference indices for these genotypes. 930 
No significant differences were detected between Ir75b-Gal4 control, UAS-931 
DmelIr75b control and DmelIr75b rescue strains. The DsecIr75b rescue strain 932 
showed a significant shift in preference toward 0.05% hexanoic acid compared to 933 
both DmelIr75b-Gal4 and UAS-DsecIr75b controls. *** P < 0.001; ** P < 0.01; P < 934 
0.05 (Wilcoxon tests with Bonferroni correction for multiple comparisons). N = 28-935 
55 flies per genotype measured across at least 2 technical replicates. 936 
(E) Schematic summarizing the contributions of different olfactory pathways to 937 
niche specialization in D. sechellia. 938 
 939 
Supplementary Data 940 
 941 
Figure S1. Oviposition preference assays using instant medium-based 942 
substrates.  943 
(A) Group oviposition preference assays for noni juice versus grape juice in instant 944 
medium 10g/100mL, using the same strains as in Figure 1C. Left: box plots of 945 
oviposition preference index. Statistical differences from 0 (no preference) are 946 
indicated (as in Figure 1C); n = 12 (representing 4 assays of 40-80 flies, each 947 
scored on 3 successive days with fresh oviposition plates each day). Right: bar 948 
plots of egg-laying rate. Statistically-significant differences from the D. 949 
melanogaster CS strain are indicated (as in Figure 1C). 950 
(B) Group oviposition preference assay, as in (A) for noni juice versus apple cider 951 
vinegar. n = 12 (representing 4 assays of 40-80 flies, each scored on 3 successive 952 
days with fresh oviposition plates each day).  953 
(C) Single-fly oviposition preference assay for noni juice versus grape juice in 954 
instant medium for the same strains as in (A). Top: total number of eggs laid in 955 
each substrate by each female. Bottom left: oviposition preference index. Bottom 956 
right: egg-laying rate. Mean values ± SEM are shown. 957 
(D) Single-fly oviposition preference assays, as in (C), for noni juice versus apple 958 
cider vinegar. n = 43-60 flies across 2 technical replicates. 959 
 960 
Figure S2. Establishment of single-fly oviposition assays. 961 
(A) Single-fly oviposition preference assays testing H2O versus either 150 mM 962 
sucrose or noni juice in agarose. Left: oviposition preference index. Statistical 963 
differences from 0 (no preference) are indicated: *** P < 0.001; * P < 0.05; NS P > 964 
0.05 (Wilcoxon test with Bonferroni correction for multiple comparisons); n = 30-45 965 
across 1-2 technical replicates. Preference of D. melanogaster for the plain the 966 
plain substrate resembles previous observations (Gou et al., 2016). To the right of 967 
each plot are bar plots of egg-laying rate. Mean values ± SEM are shown. *** P < 968 
0.001 (two-sample t-test). 969 
(B) Single-fly oviposition preference assays, as in (A), in instant medium. n = 30-970 
45 across 1-2 technical replicates. The higher egg-laying rate of both species on 971 
instant medium compared to agarose substrates might reflect differences in texture 972 
and/or humidity; to avoid interfering with juices attraction, the vast majority of 973 
experiments were performed using agarose. Instant medium substrates were used 974 
in most single-odor experiments as egg-laying rate was very low on agarose 975 
substrates. 976 
 977 
Figure S3. Locomotor activity levels of olfactory receptor mutants. 978 
Mean activity of D. sechellia mutant flies represented by the number of beam 979 
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crosses per minute per fly recorded over three complete light-dark cycles. 980 
Statistical differences from Dsec 07 (the genetic background strain for all mutants) 981 
are indicated: * p < 0.05; NS P > 0.05 (Wilcoxon test with Bonferroni correction for 982 
multiple comparisons); n = 23-46 flies per genotype across at least 2 technical 983 
replicates.  984 
 985 
Figure S4. Near-anosmic D. melanogaster do not display defects in 986 
oviposition behavior. 987 
(A) Single-fly oviposition preference assays for apple cider vinegar versus noni 988 
juice in agarose for the indicated genotypes. The plots show the number of eggs 989 
laid per fly (n = 26-29 flies across 1 technical replicate). 990 
(B) Left: oviposition preference index for the assays shown in (A). Statistical 991 
differences from 0 (no preference) are indicated: *** P < 0.001 (Wilcoxon test with 992 
Bonferroni correction for multiple comparisons). Dmel CS and DmelIr8a1/Orco1 993 
show statistical difference (P = 6.334´10-5; Wilcoxon test with Bonferroni 994 
adjustment). Right: egg-laying rate. Mean values ± SEM are shown. Statistically-995 
significant differences from the D. melanogaster CS strain are indicated: * P < 0.05 996 
(Kruskal-Wallis rank sum test with Nemenyi post-hoc test). As the Ir8a1;Orco1 997 
mutant is not in the CS genetic background, it is unclear if the slight increase in 998 
preference for ACV and in egg-laying rate in the mutant strain reflects a role for 999 
these olfactory co-receptors or an effect of genetic background. 1000 
 1001 
Figure S5. Olfactory cues are not sufficient for noni oviposition preference. 1002 
Left: schematic of the one-choice group oviposition assay in the presence of a non-1003 
accessible noni juice source (or H2O control). Agarose plates supplemented with 1004 
150 mM sucrose were provided as oviposition substrates. Right: egg-laying rate. 1005 
Mean values ± SEM are shown. NS P > 0.05 (Kruskal-Wallis rank sum test with 1006 
Nemenyi post-hoc test); n = 12 (representing 4 assays, each scored on 3 1007 
successive days with fresh oviposition plates each day). 1008 
 1009 
Figure S6. Olfactory pathways required for D. sechellia oviposition. 1010 
(A) Single-fly oviposition preference assays for noni juice versus grape juice in 1011 
agarose for the indicated genotypes. The plots show the number of eggs laid per 1012 
fly (n = 30-60 flies across 1-2 technical replicates).  1013 
(B) Single-fly oviposition assay for the same strains and conditions as in (A). Left: 1014 
oviposition preference index. Statistical differences from 0 (no preference) are 1015 
indicated: *** P < 0.001; ** P < 0.01; * P < 0.05 (Wilcoxon test with Bonferroni 1016 
correction for multiple comparisons); n = 30-60 flies, 1-2 assays. Dsec 07 and 1017 
DsecIr8aRFP show statistical difference (p-value = 0.0223; Wilcoxon test with 1018 
Bonferroni adjustment). Right: egg-laying rate in these assays. Mean values ± SEM 1019 
are shown. *** P < 0.001; ** P < 0.01 (Kruskal-Wallis rank sum test with Nemenyi 1020 
post-hoc test). 1021 
 1022 
Figure S7. Influence of valencene and limonene on oviposition behavior. 1023 
(A) Single-fly oviposition assays for valencene and limonene at the indicated 1024 
concentrations. Odors were diluted in apple cider vinegar (for D. melanogaster and 1025 
D. simulans) or noni juice (for D. sechellia) and agarose. For further information 1026 
about fly strains and statistical meaning refer to the legend for Figure 1C. Statistical 1027 
differences from 0 (no preference) are indicated: *** P < 0.001; ** P < 0.01; * P < 1028 
0.05; NS P > 0.05 (Wilcoxon test with Bonferroni correction for multiple 1029 
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comparisons); n = 30-90 flies, 1-3 assays. 1030 
(B) Bar plots of egg laying rates for flies from (A). Mean values ± SEM are shown.  1031 
(C) Single-fly oviposition assays of same strains as in (A), with an instant medium 1032 
substrate. Left: oviposition preference index in control (H2O versus H2O) or 1033 
experimental (0.1% valencene versus H2O) conditions. Statistical differences from 1034 
0 (no preference) are indicated: *** P < 0.001; NS P > 0.05 (Wilcoxon test with 1035 
Bonferroni correction for multiple comparisons). n = 30-60 flies, 1-2 assays. Right: 1036 
egg-laying rate in these assays. Mean values ± SEM are shown. Statistical 1037 
comparisons of the effect of odors on egg-laying rate were performed across 1038 
strains: *** P < 0.001; ** P < 0.01; * P < 0.05; NS P > 0.05 (two-sample t-test). For 1039 
some strains (indicated with a white rectangle), the low number of flies laying eggs 1040 
prevented calculation of a preference index. 1041 
 1042 
Figure S8. Impact of modulation of L-DOPA levels on egg-laying rate of D. 1043 
sechellia 1044 
Egg-laying rate of D. sechellia cultivated on non-supplemented noni juice food 1045 
media (green) or supplemented with L-DOPA or a-methyl-DOPA (see Methods). 1046 
Left: group oviposition assays (representing 2 assays of either 10 (D. melanogaster 1047 
and D. simulans) or 20 (D. sechellia) flies each, each scored on 3 successive days 1048 
with fresh oviposition plates each day). Right: single-fly oviposition assays. Mean 1049 
values ± SEM are shown (statistical differences from the noni juice substrates are 1050 
shown: *** P < 0.001; * P < 0.05; NS P > 0.05 (Kruskal-Wallis rank sum test with 1051 
Nemenyi post-hoc test); n = 60 flies across 2 technical replicates. 1052 
 1053 
Video S1. Compilation of video sequences illustrating substrate touching by 1054 
the ovipositor in D. sechellia. 1055 
 1056 
Video S2. Compilation of video sequences illustrating substrate scratching 1057 
by the ovipositor in D. sechellia. 1058 
 1059 
Video S3. Compilation of video sequences illustrating substrate digging by 1060 
the ovipositor in D. sechellia. 1061 
 1062 
Video S4. Compilation of video sequences illustrating indentation formation 1063 
by the ovipositor in D. sechellia.  1064 
 1065 
Video S5. Compilation of video sequences illustrating egg-laying by D. 1066 
sechellia. 1067 
 1068 
  1069 
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Table S1. Drosophila strains. 1070 
 1071 

Strain Source Identifier 
D. melanogaster wildtype Canton-S (CS)   
D. melanogaster wildtype Oregon-R (OR)   
D. melanogaster Ir8a1  (Abuin et al., 2011) RRID:BDSC_41744 
D. melanogaster Orco1 (Larsson et al., 2004) RRID:BDSC_23130 
D. melanogaster Ir75bDsRed (Mika et al., 2021)  
D. melanogaster Ir75b-Gal4 (Prieto-Godino et al., 2017)  
D. melanogaster UAS-DmelIr75b (Prieto-Godino et al., 2017)  
D. melanogaster UAS-DsecIr75b (Prieto-Godino et al., 2017)  
D. simulans wildtype Dsim 04 Drosophila Species Stock 

Center [DSSC]  
14021-0251.004 

D. simulans wildtype Dsim 196 DSSC 14021-0251.196 
D. sechellia wildtype Dsec 07 DSSC 14021-0248.07 
D. sechellia wildtype Dsec 28 DSSC 14021-0248.28 
D. sechellia Orco1 (Auer et al., 2020)  
D. sechellia Or22aRFP (Auer et al., 2020)  
D. sechellia Or85b/cRFP (Auer et al., 2020)  
D. sechellia Or35aRFP (Auer et al., 2020)  
D. sechellia Ir8aGFP (Auer et al., 2020)  
D. sechellia Ir64aRFP (Auer et al., 2020)  
D. sechellia Ir75b1 (Auer et al., 2020)  
D. sechellia Ir75b2 (Auer et al., 2020)  

 1072 
Table S2. Chemicals. 1073 
 1074 

Odor Supplier CAS 
Agarose Promega - 
Apple cider vinegar Migros - 
BACTO Agar BD 214010 
Balsamic vinegar Antica Modena - 
Butyric acid Sigma-Aldrich 107-92-6 
3,4-dihydroxyphenylalanine (L-DOPA) Sigma-Aldrich 53587-29-4 
Formula 4-24® instant Drosophila medium 
(“instant medium”) 

Carolina Biological Supply - 

Grape juice Beutelsbacher Bio - 
2-heptanone Sigma-Aldrich 110-43-0 
Hexanoic acid Sigma-Aldrich 142-62-1 
Limonene Sigma-Aldrich 5989-27-5 
a-methyl-DOPA Sigma-Aldrich 41372-08-1 
Methyl hexanoate Sigma-Aldrich 106-70-7 
Noni juice Raab Vitalfood Bio - 
Octanoic acid Sigma-Aldrich 124-07-2 
Sucrose Sigma 57-50-1 
Valencene Sigma-Aldrich 4630-07-3 

 1075 
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CHAPTER 5: FINAL DISCUSSION AND CONCLUSIONS 

5.1.     General discussion 

 “Why do we eat what we eat?” was the title of the Master project offer that 

brought me to Richard Benton’s laboratory in 2016, which involved the study of 

odorant receptor families’ dynamics (expansions or contractions) across 

drosophilids and their repercussion on fly’s ecology. Although the answer to this 

question remains open due to its complexity, during my thesis I contributed to the 

better understanding of neuronal evolution using the olfactory system of D. 

melanogaster and some of its close relatives as model systems.  

 Olfactory systems are formed by complex connectomes that control 

sophisticated stereotyped behaviors that undergo evolutionary changes at 

different levels across individuals (see introductory Chapter 1) and I am happy to 

have brought new mechanisms of olfactory evolution to the scientific community.  

First, I presented a novel example of how evolution can shape 

Drosophila’s peripheral olfactory organs by changing odorant receptor tuning 

through the co-expression of multiple receptors in the same OSN (see Chapter 

2). In this study, we described the co-expression of three Or67a genes (P, D and 

3R, according to their chromosomal localization) in D. simulans and D. mauritiana 

and analyzed their electrophysiological response profiles through single 

sensillum recordings. Using Or67a-copies single mutants, we discovered that the 

encoded receptors had unique but overlapping responses that globally 

resembled D. simulans ab10 sensillum wild type responses. Although other co-

expression examples have previously been described in D. melanogaster (such 

the tandem genes Or22a/Or22b (Aguade 2009, Dobritsa et al. 2003, Guo and 

Kim 2007, McBride 2007) or the highly divergent Or33c and Or85e (Goldman et 
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al. 2005)), ours is the first study that analyzes the physiological consequences of 

odorant receptor gene co-expression and opens the door to analyzing other 

instances of stable receptor co-expression as an adaptive evolutionary 

mechanism in other insect species. In D. melanogaster, Or67a is broadly tuned 

towards fruit esters (Dweck et al. 2018) and has been indirectly linked to aversive 

behaviors in odor preference assays (Dweck et al. 2018) and to mediate 

oviposition site preference through optogenetic activation (Wu et al. 2022). In the 

future, analyzing the behavioral outputs of Or67a co-expressed receptors would 

bring new insights into D. simulans ecology and adaptation mechanisms.  

Second, I contributed to the development of D. sechellia as a new genetic 

model to address evolutionary questions that involve species-specific 

adaptations (see Chapter 3). During D. sechellia’s adaptation to its fruit host, a 

vast olfactory sensory reorganization has occurred. Using wide field calcium 

imaging, I described the representation of D. sechellia’s noni fruit-elicited 

responses in the antennal lobe and discovered important differences with D. 

melanogaster: For instance, D. sechellia’s DM2 (Or22a) and VM5d (Or85c/b) 

glomeruli elicit stronger responses to commercial noni juice (although not 

significant) and noni fruit extract (significant), but weaker responses to apple cider 

vinegar (significant) compared to D. melanogaster. The absence of statistical 

significance to commercial noni juice could be explained by differences in its odor 

bouquet compared to real noni fruit extract (Auer et al. 2020), or by a low 

sensitivity of the wide field calcium imaging technique. Using less diluted noni 

juice or a – more sensitive – two-photon microscope to perform these 

experiments could clarify if these are the case. Later, I studied the glomerular 

representation and the cellular expression of Or19a (DC1) and Or56a (DA2) in 
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D. sechellia. In previous studies, Or19a OSNs were described to specifically 

respond to citrus-related terpenes (such as valencene or limonene (Dweck et al. 

2013)) and promote oviposition in D. melanogaster female flies. On the other 

hand, through the sensation of geosmin, Or56a OSNs drive oviposition aversion 

in D. melanogaster (Stensmyr et al. 2012). Here, I have shown changes in Or19a 

(decrease) and Or56a (increase) OSN population size in D. sechellia compared 

to D. melanogaster. Furthermore, calcium imaging shows that D. sechellia’s DC1 

glomerulus fails to respond to valencene (supported by heterologous single 

sensillum recording of DsecOr19a and the lack of phenotype in attraction-trap 

assays) while D. sechellia’s DA2 has developed a stronger sensitivity to geosmin 

compared to D. melanogaster. However, D. sechellia’s Or56a does not mediate 

aversion as flies fail to show behavioral preference at least in the trap assays. If 

the lack of DC1 responses is related to the low number of Or19a OSN (indicating 

that this olfactory channel is disappearing in D. sechellia) or because we have 

not found its cognate ligand needs to be determined. Similarly, even though the 

structures are maintained, the valence of geosmin must have changed in D. 

sechellia flies during its speciation towards noni fruit. Altogether, this work shows 

how evolutionary adaptations are rarely governed by one single change or 

mutation, but that they rather are the result of complex and numerous phenotypic 

changes. Although I did not follow up this line of research further, these results 

could be the starting point for future studies to connect species-specific olfactory 

changes to their individual ecologies.  

Third, I studied a different aspect of D. sechellia’s adaptation focusing on 

its egg laying behavior on noni fruit (see Chapter 4). Oviposition-related decisions 

(that might include when and where to lay eggs) are crucial for the reproductive 
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success and the maintenance of species, and they are even more important for 

those without parental care (Cury, Prud'homme and Gompel 2019, Rudolf and 

Rodel 2005). In this regard, environmental factors will determine and modify fly’s 

egg-laying-related decisions, and changes in these factors will exert selective 

pressures on sensory perception, therefore modifying animals’ behaviors. 

Through single-fly and group oviposition assays, I demonstrated that D. 

sechellia’s olfaction was necessary (although not sufficient) to make egg-laying-

related decisions, as near-anosmic flies (D. sechellia Ir8a1, Orco1 double 

mutants) failed to lay eggs in the presence of noni juice. However, near-anosmic 

D. melanogaster flies succeeded in laying eggs at similar rates as the wild type 

strains, suggesting that D. sechellia has developed a more dependent 

requirement of its olfactory system to identify its host (at least in an oviposition 

context). An interesting candidate receptor that could explain D. sechellia’s egg-

laying adaptation was Ir75b for several reasons. Previous studies showed that 

Ir75b OSN population increased its size in D. sechellia and that Ir75b receptor 

developed novel ligand-binding properties towards hexanoic acid compared to D. 

melanogaster (Prieto-Godino et al. 2017). Furthermore, hexanoic acid was 

reported to generate attraction and promote egg-laying in D. sechellia but not in 

D. melanogaster nor D. simulans (Amlou, Moreteau and David 1998). In fact, D. 

sechellia Ir75b mutants show an egg-laying arrest in the sole presence of 

hexanoic acid that is not due to a defect in egg production. Unexpectedly, D. 

sechellia Or22a mutants also experience a noticeable reduction in the number of 

eggs laid in hexanoic acid-enriched substrates. However, D. sechellia Ir75b and 

Or22a mutants did not show a significant reduction in the preference for noni 

juice. To analyze the possibility of olfactory redundancy, I plan on performing 
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single-fly oviposition assays testing D. sechellia Or22aRFP, Ir75b1 double mutants’ 

preference for noni juice. If they individually are required for detecting noni-

related oviposition-inducing chemicals, mutant flies for these two receptors would 

potentially show a bigger trend for reduce preference. Alternatively, no-choice 

odor cue oviposition assays show that noni juice olfactory cues are not sufficient 

to promote oviposition. Indisputably, this argues towards the prominent role of 

gustation during the making of oviposition-related decision. In D. melanogaster, 

Irs (Chen and Amrein 2017) and Grs (Joseph and Heberlein 2012) are necessary 

for oviposition preference and oviposition performance. Future analysis will be 

necessary to shed light on the role of gustation on D. sechellia’s egg-lying 

behavior. While many question remain, my work explicitly demonstrates distinct 

genetic contributions underlying D. sechellia’s olfactory adaptations to noni fruit. 

5.2.     Final remarks 

Altogether, these studies highlight complex adaptation mechanisms that 

animals undergo within the course of evolution. One of the main challenges I 

experienced while working on these topics, was the reduced (although 

increasing) genetic tool repertoire in non-melanogaster species, sometimes 

enhanced by the less straightforward transgenesis protocols. In fact, this was the 

main reason why I decided to set aside the comparison of neuromodulators 

expression across drosophilids (see Chapter 3). In some cases, fly stocks of non-

melanogaster species (such as D. sechellia) are harder to maintain or require 

more care, which can be very time consuming. In the same line, D. sechellia’s 

fragility difficulted the design of efficient protocols to assess oviposition site 

preference and overall egg-lying performance of these flies, extending the trouble 

shooting period to over three months (where different pre-experimental and 
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oviposition assays’ conditions were tested). However, overcoming these 

limitations and encouraging evo-devo projects will be essential to better 

understand how neuronal systems are shaped by evolution.  
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