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SUMMARY
Punishing and rewarding experiences can change the valence of sensory stimuli and guide animal behavior in
opposite directions, resulting in avoidance or approach. Often, however, a stimulus is encountered with both
positive and negative experiences. How is such conflicting information represented in the brain and resolved
into a behavioral decision? We address this question by dissecting a circuit for sexual conditioning in
C. elegans. In this learning paradigm, an odor is conditionedwith both a punishment (starvation) and a reward
(mates), resulting in odor approach. We find that negative and positive experiences are both encoded by the
neuropeptide pigment dispersing factor 1 (PDF-1) being released from, and acting on, different neurons.
Each experience creates a distinct memory in the circuit for odor processing. This results in the sensorimotor
representation of the odor being different in naive and sexually conditioned animals, despite both displaying
approach. Our results reveal that the positive valence of a stimulus is not represented in the activity of any
single neuron class but flexibly represented within the circuit according to the experiences and predictions
associated with the stimulus.
INTRODUCTION

Animals need to constantly evaluate the stimuli they encounter to

decide to approach, avoid, or ignore them. The valence (i.e., the

value and sign) of a stimulus is subjective and depends on ge-

netics, physiological needs, and previous experiences. Some

stimuli, such as food odors or mates’ pheromones, have positive

valence and are innately attractive, whereas other stimuli, such

as the smell of a predator, are innately aversive. However,

even valence that is innately assigned can be switched through

learning and experience.1,2 For example, the response of male

fruit flies tomated females switches from attraction to avoidance

after repeated courtship rejection,3 and C. elegans worms learn

to avoid the innately attractive bacteria Pseudomonas aerugi-

nosa after ingesting this pathogen.4,5 How is valence appropri-

ately and flexibly assigned? Studies in diverse species have

identified specific and segregated circuits dedicated to process

positive (approach) and negative (avoidance) valence.5–8 Such

circuits provide information about the motivational state of the

animal or about the experiences associated to a stimulus to

guide approach or avoidance. However, and with the exception

of the gill withdrawal reflex in Aplysia,9 a fully mapped-out circuit

and path of information flow, from the rewarding or punishing

experience that modifies the valence assigned to a stimulus to
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the behavioral decision to approach or avoid it, has not been

described. Furthermore, in nature, stimuli are experienced

together with positive and negative events. How is this conflict

in valence assignment resolved? We address this question by

dissecting the circuit mechanisms underlying sexual condition-

ing in C. elegans.

C. elegans worms are innately attracted to many chemical

stimuli, including salt and the odor benzaldehyde, which is a

bacterial metabolite.10,11 Innate approach, however, can be

switched to learned avoidance after aversive conditioning in

which worms experience the stimulus together with a punish-

ment such as starvation.12–14 An additional switch in preferences

has been described in males, for which learned avoidance can

be overridden by the presence of mates during conditioning re-

sulting in approach.15,16 This form of male-specific learning,

which is termed sexual conditioning, provides a paradigm to un-

derstand how conflicting rewarding and punishing experiences

are integrated and resolved to assign valence and guide

behavior to a stimulus. Here, we aversively and sexually condi-

tioned the behavior of males to the odor benzaldehyde and

asked the following questions: (1) how is information about

mate-experience incorporated into the circuit for odor process-

ing? and (2) how does this information change odor processing

to guide behavior? Through cell-specific manipulation of
Author(s). Published by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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neuropeptide signaling, imaging of neuronal activity, and behav-

ioral analysis, we identify a circuit modulated bymate experience

through the neuropeptide pigment dispersing factor 1 (PDF-1)

and show that during sexual conditioning, punishment and

reward form two distinct memories. The result of this is that

sexually and aversively conditioned animals, although displaying

opposite behaviors, have a more similar sensorimotor represen-

tation of the odor than sexually conditioned and naive animals,

which both display approach. Our findings reveal that the

valence of a stimulus is not represented in the activity of any sin-

gle neuron class but distributed within the circuit and flexibly rep-

resented according to experience.

RESULTS

Odor preferences can be sexually conditioned in males
The presence of mates has previously been shown to condition

the behavior of males to salt.15,16 To establish whether male sex-

ual conditioning is a phenomenon generalizable to stimuli of

other modalities, we tested conditioning to the odors benzalde-

hyde and butanone. To optimize our conditioning protocol, we

tested several concentrations of benzaldehyde and conditioning

times. We determined 15% benzaldehyde for 3 h as the optimal

condition that elicits robust aversion to benzaldehyde without

producing any toxicity (Table S1). We used controls (starvation

without odor or odor with food) that did not change behavior

from attraction to repulsion (Figures 1A and 1B). We then tested

whether aversive learning could be overridden by the presence

of mates during conditioning. Hermaphrodites were repelled

by the odor regardless of whether mates (males) had been

present or not during conditioning with odor and starvation (Fig-

ure 1B). In contrast, males that had been conditioned with odor,

starvation, and mates displayed attraction to the odor (Fig-

ure 1B). These results show that, as with salt, behavioral re-

sponses to odor can be sexually conditioned in males but not

in hermaphrodites. Next, we tested male sexual conditioning to

butanone. Males were conditioned and assayed at 1:1,000 dilu-

tions of butanone. Similar to what we had observed with benzal-

dehyde, mock and sexually conditioned males were fully at-

tracted to butanone and aversively conditioned males were

strongly repelled (Figure 1C). This supports the idea that for

males, who need to mate to reproduce, the presence of mates

is a rewarding experience that can modulate the behavioral

response to other environmental stimuli17,18 and even override

aversive learning in some instances. We next sought to identify

the molecular and cellular mechanisms underlying sexual

conditioning.

PDF neuropeptide signaling regulates aversive learning
and sexual conditioning
Sexual conditioning to salt is regulated by the neuropeptide

PDF-1.16 We therefore tested whether mutants for pdf-1, for

the PDF-1 receptor pdfr-1, and for a second ligand, pdf-2,19,20

had altered behavioral responses to odor. To determine whether

a genotype was proficient or defective at learning, we compared

the frequency distribution of chemotaxis scores between condi-

tions. We made two comparisons: one across genotypes

comparing mutant and wild-type worms for a given conditioning

treatment and another within genotype comparing mock with
aversive conditioning and aversive with sexual conditioning

(see STAR Methods). As previously reported for sexual condi-

tioning to salt,16 pdf-1(tm1996) mutants exhibited a defect in

sexual conditioning to odor compared with wild-type males.

Although chemotaxis scores were shifted toward more positive

values compared with aversively conditioned worms, the scores

were distributed across all possible categories and mainly

concentrated around 0, indicating a lack of preference for the

odor (Figure 1D). pdf-1mutants were defective for sexual condi-

tioning specifically and displayed naive and aversive responses

equivalent to those of wild-type animals (Figure 1D). Surprisingly,

pdfr-1(tm4457) receptor mutants were defective in both sexual

conditioning and aversive learning. Although the chemotaxis

scores of pdfr-1 mutants shifted toward lower values after aver-

sive conditioning, most animals displayed a lack of preference—

or even some residual attraction—and this similar distribution

was maintained after sexual conditioning (Figure 1D). To estab-

lish whether aversive learning is mediated by another PDF

ligand, we tested the responses of pdf-2 single and pdf-1;

pdf-2 double mutants. pdf-2 (tm4393) mutants did not differ

from wild-type animals in either aversive learning or sexual con-

ditioning (Figure 1D). In contrast, pdf-1(tm1996); pdf-2(tm4393)

double mutants lacking both PDF ligands displayed similar de-

fects to pdfr-1 receptor mutants in both aversive learning and

sexual conditioning (Figure 1D). Altogether, these data show

that both PDF-1 and PDF-2 are sufficient for full aversive learning

but only PDF-1 is required to modulate odor preferences toward

full attraction after sexual conditioning.

PDF signaling acts on different neurons to drive odor
avoidance or approach after learning
Next, we asked which cells respond to PDF-1 neuromodulation

to effect sexual conditioning. We generated rescue constructs

that express wild-type pdfr-1 cDNA in pdfr-1mutant animals us-

ing two pdfr-1 promoters that drive expression in different

groups of neurons21,22 (Figures 2A and 2B). The proximal pro-

moter drove expression in neurons and body muscle21 (Fig-

ure 2B). The distal promoter drove Cre-dependent conditional

expression of the receptor22 (Figure 2B).

Expression of pdfr-1 under the proximal promoter fully

rescued odor avoidance in pdfr-1mutants after aversive learning

(Figure 2C). After sexual conditioning, transgene-carrying mu-

tants displayed a frequency distribution of chemotaxis scores

that was not significantly different from that of pdfr-1 mutants.

However, their scores were shifted toward more positive values

compared with those displayed after aversive learning, indi-

cating a loss of aversion and, therefore, a partial rescue of sexual

conditioning (Figure 2C). Restoring expression of pdfr-1 from the

distal promoter with a panneuronal Cre line fully rescued odor

attraction in pdfr-1mutants after sexual conditioning, with a dis-

tribution of chemotaxis scores not significantly different from

that of wild-type worms (Figure 2D). This construct, however,

did not rescue odor avoidance after aversive conditioning and

worms displayed lack of preference, similar to pdfr-1 mutants

(Figure 2D). Together, these data suggest that the PDFR-1 re-

ceptor is required in different neurons to drive either aversion

or attraction to the odor after learning.

The distal, but not the proximal, pdfr-1 promoter has been

shown to drive expression in the interneurons ring interneuron
Current Biology 34, 5470–5483, December 2, 2024 5471



Figure 1. PDF neuropeptide signaling regulates aversive learning and sexual conditioning to odor

(A) Odor conditioning paradigm.

(B–D) (B and D) Chemotaxis scores to benzaldehyde and (C), to butanone, after conditioning. c2 for trend test was used to compare between conditions and

genotypes. White cross represent the mode. Black asterisks correspond to comparisons between conditions within genotype; green and red asterisks corre-

spond to comparisons between genotypes for aversive and sexual conditioning, respectively. ***p < 0.001; **p < 0.01; *p < 0.05; n.s., no statistically significant

difference p R 0.05. n, number of animals. See also statistical analysis section of STAR Methods.

See also Table S1.
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M (RIM), ring interneuron A (RIA), and anterior interneuron Y

(AIY).22 These neurons are part of the circuit for odor process-

ing23,24 and have been implicated in naive and learned behav-

ioral responses to other sensory stimuli.5,25,26 We used the

tdc-1,22 glr-3,22,27 and ttx-328 promoters to drive expression of
5472 Current Biology 34, 5470–5483, December 2, 2024
Cre recombinase in RIM, RIA, and AIY, respectively. Expression

of pdfr-1 in RIM, RIA, and AIY together partially rescued odor

attraction after sexual conditioning (Figure 2D). After aversive

learning, the scores of transgene-carrying pdfr-1 mutants re-

mained distributed across all possible categories and mainly



Figure 2. PDFR-1 is required in different neurons for learned approach and learned avoidance

(A) Genomic locus of the pdfr-1 gene.

(B) DNA constructs to rescue expression of the pdfr-1 gene.

(legend continued on next page)

ll
OPEN ACCESS

Current Biology 34, 5470–5483, December 2, 2024 5473

Article



ll
OPEN ACCESS Article
concentrated around 0, indicating a lack of preference for the

odor (Figure 2D). These results indicate that odor attraction after

sexual conditioning, but not odor avoidance after aversive

learning, requires modulation of RIM, RIA, and AIY by PDF-1.

We further confirmed the requirement of RIM, RIA, and AIY in

learned odor attraction by silencing them with a histamine-gated

chloride channel transgene HisCl129 during conditioning.

Silencing resulted in males that displayed no preference for the

odor after sexual conditioning and had intact naive and aversive

responses (Figure 2E).

PDF-1 is required in the interneurons AVB and MCM to
mediate sexual conditioning
We next asked which neurons are important sources of PDF-1 to

mediate odor attraction after sexual conditioning. Two pdf-1-ex-

pressing neurons that receive inputs from mate-sensing circuits

were identified as good candidates to incorporate information

about mate experience into the odor circuit: the sex-shared

anterior ventral process B (AVB) interneurons and the male-spe-

cific mystery cells of the male (MCM) interneurons (previously

implicated in sexual conditioning to salt)16,17,30–33 (Figures 3A

and 3B). To remove pdf-1 with cell selectivity, we generated a

single copy insertion of a Lox P-flanked pdf-1 transgene22 (Fig-

ure 3C), which fully rescued the sexual conditioning defects of

pdf-1(tm1996) mutants (Figure 3D). Cre-dependent excision of

pdf-1 from MCM interneurons resulted in a significant shift in

the distribution of chemotaxis scores of sexually conditioned an-

imals toward more negative values and across all categories

(Figure 3D). Removing pdf-1 from AVB interneurons resulted in

males that failed to undergo sexual conditioning and displayed

a similar distribution of chemotaxis scores after sexual condi-

tioning and after aversive learning (Figure 3D). In contrast,

removing pdf-1 from the sublateral interneuron A ventral (SIAV)

interneurons, which, unlike MCM and AVB neurons, do not

receive any synaptic input from mate-sensing circuits,30 did

not result in any defects in naive or learned odor preferences

(Figure 3D). These results demonstrate that sexual conditioning

requires PDF-1 from both male-specific MCM and sex-shared

AVB interneurons.

Next, we tested whether MCM and AVB neurons are also

required sources of PDF-1 during aversive learning, which is

mediated by both PDF-1 and PDF-2. For this, we carried out

cell-specific removal of pdf-1 in a pdf-1(tm1996); pdf-2(tm4393)

double-mutant background. We found that removing pdf-1 from

either MCMs or AVBs had no effect on the odor avoidance re-

sponses of aversively conditioned animals (Figure S1). Together,

these data show that PDF-1 conveys different information within

the circuit for odor processing, depending on its source of release.

AVB interneurons are activated by mate sensation
If the MCM and AVB interneurons incorporate information about

mate experience into the circuit for odor processing through the

release of PDF-1, we would expect them to become activated by

mate sensation during conditioning. To test this, we measured
(C–E) Chemotaxis scores to benzaldehyde after conditioning. pdfr-1(tm4457) dat

trend test was used to compare between conditions and genotypes. Black asteris

red asterisks correspond to comparisons between genotypes for aversive and

statistically significant difference p R 0.05. n, number of animals. See also statis
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changes in intracellular Ca2+ (as a proxy for neuronal activation)

during conditioning. We used the pdf-1 promoter to drive

expression of the calcium indicator calcium-modulated

photoactivatable ratiometric integrator (CaMPARI), which irre-

versibly photoconverts from green to red upon blue light stimu-

lation at high levels of intracellular Ca2+.34 We induced photo-

conversion during conditioning and then measured and

compared levels of photoconversion in AVB and MCM neurons

of animals that had been conditioned with odor and lack of

food in the absence or presence of mates (Figure 3E). Consistent

with the hypothesis that mate sensation activates the AVB neu-

rons, we saw high levels of photoconversion in AVB neurons only

if mates were present during conditioning (Figure 3E). In

contrast, and opposite to our expectations, we did not observe

an increase in Ca2+ levels in MCM neurons (Figure 3E).

AVB activity is highly correlated with forward movement.35,36

We confirmed that AVB activation during conditioning was spe-

cifically due to mate sensation, rather than to an increase in for-

wardmovement, with two additional experiments.We compared

the proportion of time that males spent moving forward and

backward during mock, aversive, and sexual conditioning. As

expected for males engaged in the mating sequence, males in

sexual conditioning plates spent a significantly higher proportion

of their time moving backward compared with males in mock

and aversive conditioning plates (Figure S2A). Second, we

measured CaMPARI photoconversion in the AVB neurons of

tail-defective mab-3 mutant males during conditioning. mab-3

males fail to develop rays 1–6 (sensory structures required for

sensing mates) and are unable to undergo sexual conditioning15

(Figure S2B). We observed similarly low levels of photoconver-

sion in mab-3 mutant males regardless of whether mates were

present or not during conditioning (Figure 3E). This result sup-

ports the idea that AVB activation requires mate contact and

drives sexual conditioning.

The lack of CaMPARI photoconversion in the MCM neurons

led us to seek further evidence of their involvement in sexual con-

ditioning. We used a temperature-sensitive mutant isolated in

the Poole lab, nom-8 (drp-8), which fails to develop MCM neu-

rons at 25�C. When raised at the permissive temperature

(20�C), nom-8 mutants were proficient at naive and learned

behavioral responses to odor (Figure S2C). In contrast, when

raised at the restrictive temperature (25�C), which results in

lack of MCM interneurons, nom-8mutants failed to undergo sex-

ual conditioning and displayed a distribution of chemotaxis

scores that were negative and no different from those displayed

after aversive learning (Figure S2C). Although raising animals at

25�C resulted in a slight shift of chemotaxis scores toward lower

values in mock and sexually conditioned animals of both geno-

types (Figure S2C), sexual conditioning was severely impaired

only in nom-8 mutants. Altogether, these experiments demon-

strate that AVB interneurons are activated by mate sensation

during sexual conditioning. PDF-1 neuropeptide released from

AVB neurons modulates the circuit for odor processing to switch

subsequent behavior from odor avoidance to approach.
a in (C) are the same as in Figure 1C. White cross represents the mode. c2 for

ks correspond to comparisons between conditions within genotype; green and

sexual conditioning, respectively. ***p < 0.001; **p < 0.01, *p < 0.05, n.s., no

tical analysis section of STAR Methods.



Figure 3. The MCM and AVB interneurons are a source of PDF-1 for sexual conditioning

(A) Circuit for odor processing in males. Triangles, hexagons, and circles represent sensory neurons, interneurons, and PDF-1, respectively. Synaptic con-

nections are depicted as lines and peptidergic communication as arrows. Male-specific neurons are shown in blue. Neuron names are indicated.

(B) Lateral view (anterior to the left) of the anterior-most part of a male expressing a pdf-1::rfp reporter.

(C) Scheme of the excisable single copy pdf-1 transgene integrated by Mos-1 mediated single-copy insertion (MosSCI ) in chromosome II.

(D) Chemotaxis score to benzaldehyde after conditioning. Data for pdf-1(tm1996)mutants are the same as in Figure 1C. White cross represents the mode. c2 for

trend test was used to compare between conditions and genotypes. Black asterisks correspond to comparisons between conditions within genotype; green and

red asterisks correspond to comparisons between genotypes for aversive and sexual conditioning, respectively. ***p < 0.001; **p < 0.01; *p < 0.05; n.s., no

statistically significant difference p R 0.05. See also statistical analysis section of STAR Methods.

(E) CaMPARI photoconversion experiment. A non-parametric two tail Mann Whitney-U test was performed. Each circle represents a neuron. ***p < 0.001; **p <

0.01; *p < 0.05; n.s., no statistically significant difference p R 0.05. Error bars represent SEM. n, number of neurons.

Also see Figures S1 and S2.
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Furthermore, our results suggest that although the MCM inter-

neurons are required for the modulation of odor preferences by

mate sensation, their activation may not be reflected as changes

in intracellular Ca2+ levels.

The aversive memory forms in both aversively and
sexually conditioned animals
Our data show that starvation andmate sensation act as punish-

ing and rewarding experiences, respectively, which condition
odor preferences in opposite directions: avoidance versus

approach (Figures 4A and S3A). However, sexual conditioning

in which the odor is presented with both starvation andmates re-

sults in clear odor approach. How does the presence of mates

override the behavioral consequences of aversive learning?

We postulated two alternative models (Figure 4B). In model 1,

the presence of mates inhibits the formation of the aversive

memory in which odor predicts starvation. In this model, only

the rewarding memory in which odor predicts mates is formed.
Current Biology 34, 5470–5483, December 2, 2024 5475



Figure 4. The aversive memory is also formed during sexual conditioning

(A) Tracks of conditioned worms chemotaxing. Black cross indicates approximate starting point.

(B) Proposed models for integration of punishment and reward during sexual conditioning.

(C) Odor-evoked GCaMP6f/red fluorescent protein (RFP) fluorescence ratios in RIA interneurons after conditioning.

(D and E) (D) AIB and (E), axonal RIM activity. Left, odor-evoked GCaMP6f/RFP fluorescence ratios. A non-parametric one-way ANOVA with Dunn’s multiple

comparisons was used to compare between conditions; middle, maximum activity during odor removal (each circle represents one neuron). A non-parametric

ANOVA was used to compare between conditions; right, proportion of neurons active at each time point during odor removal. A binary logistic regression and

ANOVA was used to compare between conditions. ****p < 0.0001; *p < 0.05; n.s., no statistically significant difference p R 0.05. Shaded areas in odor-evoked

GCaMP6f/RFP fluorescence ratios graphs represent SEM. Solid lines represent themean of activity of the neuronal population tested (see also statistical analysis

section of STAR Methods).

Also see Figure S3.
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Alternatively, in model 2, the presence of mates creates an addi-

tional reward memory that co-exists with the aversive memory.

Because memories can be identified as biophysical changes in

the brain, to distinguish between the two models, we monitored

and compared odor-evoked neuronal responses after condition-

ing. The prediction was that in aversively conditioned animals we

would observe evidence of an aversive memory having formed

as changes in neural activity within the circuit compared with

naive animals. Such changes would be absent in sexually condi-

tioned animals if model 1 was correct but present if model 2 was

correct instead.

We measured odor-evoked neuronal activity with the Ca2+ in-

dicator GCaMP6f in an olfactory chip.37,38 We monitored 4 clas-

ses of interneurons (AIY, anterior interneuron B [AIB], RIM, and

RIA), which act postsynaptically to the odor-sensing neuron am-

phid wing neuron C (AWC) (Figure 3A) and control navigation in

an odor gradient by driving forwardmovement (AIY) or reorienta-

tions (AIB, RIM, and RIA).23,24,39–41 Moreover, three of them (AIY,

RIM, and RIA) receive PDF-1 neuromodulation during sexual

conditioning and are required for learned attraction (Figures 2D

and 2E). RIA interneurons have three axonal domains (dorsal

[nrd], ventral [nrv], and sensory loop) that display coordinated

odor-evoked activity.40 We observed a fall and rise in Ca2+

upon odor presentation and removal, respectively, in naive and

conditioned animals (Figure 4C). However, upon a second round

of stimulation, RIA responses in the ventral loop became rapidly

adapted in naive animals but not in aversively or sexually condi-

tioned animals (Figure 4C). Although this change is subtle and its

impact on behavior unclear, it reveals a memory trace that is

linked to both aversive and sexual conditioning.

At rest, AIB and RIM alternate between high and low activity

states24 (Figures S3B and S3C). Although odor presentation in-

hibits and odor removal activates AIB and RIM, these responses

are constrained by the activity state (high or low) that the neuron

is in when stimulated.23,24 To examine AIB and RIM odor-evoked

responses, we classified the neurons according to their activity

state at the time of odor removal (see STAR Methods). In naive

males, AIB was activated by odor removal (Figure 4D). In condi-

tioned animals, in contrast, odor-evoked AIB responses were

reduced. We observed a trend toward lower amplitude re-

sponses and a significant reduction in the number of neurons

that responded to odor removal. This was observed in both aver-

sively and sexually conditioned animals, consistent with model 2

in which the aversive memory is also formed during sexual con-

ditioning (Figure 4D). Similar observations were obtained for the

axon of RIM interneurons. The number of RIM neurons that re-

sponded to odor removal was significantly reduced in both aver-

sively and sexually conditioned animals compared with naive

(Figure 4E). The reduction in the proportion of AIB and RIM neu-

rons becoming active was specific to odor-evoked responses

because there was no difference in the proportion of neurons

that were in a high activity state at rest, prior to odor exposure,

in conditioned and naive animals (Figures S3D and S3E).

Together, these results show that the memory formed during

aversive learning, by pairing odor with starvation and character-

ized by a reduction in odor-evoked responses in AIB and RIM, is

also formed during sexual conditioning.

Two additional experiments ruled out an alternative interpreta-

tion: that the observed changes in AIB and RIM activity reflect a
change inmotor state independentofodor sensation. Indeed,pre-

vious experiences can impact behavioral states and modulate

locomotion during exploration independent of stimulus presenta-

tion andmemory retrieval.42 First, we confirmed that AIB and RIM

are required for the formation of a fully aversivememory. Silencing

AIB and RIMwith a HisCl1 transgene during conditioning resulted

in a significant shift in chemotaxis scores toward more positive

values, mainly concentrated around 0 in aversively conditioned

animals (Figure 5A). Second, we confirmed that aversive learning

does not significantly alter the animal’s locomotion state. We

measured and compared the length and frequency of reversals,

locomotion parameters regulated by AIB and RIM, in conditioned

worms exploring in the absence of odor. We found no significant

differences between mock and aversively conditioned animals

(Figures 5B and S3F) despite significantly different odor-evoked

responses in AIB and RIM between these conditions (Figures 4D

and 4E). In sexually conditioned animals, we did observe a signif-

icant increase in the frequency of reversals during exploration

(Figures 5B and S3F), which is consistent with the impact that

mate experience has on male behavioral state: increased

dwelling.21,43

To strengthen our observations that aversive memories are

also formed in sexually conditioned animals, we assessed nu-

clear translocation of the cyclic guanosine monophosphate

(cGMP)-dependent protein kinase PKG/EGL-4 in the odor-

sensing neuron AWC, a cellular signature of aversive odor

learning.44,45 We measured the sub-cellular localization of

PKG/EGL-4 with a transgene driving expression of a GFP-

tagged EGL-4 in AWC.44 Consistent with the idea that the aver-

sive memory is formed also during sexual conditioning, we

observed a similar proportion of AWC neurons with EGL-4 nu-

clear localization in aversively (84.1%) and sexually (76.5%)

conditioned animals (Figure 5C; Table S3). In contrast, only

25% and 13% of AWC neurons displayed EGL-4 nuclear locali-

zation in naive and control animals exposed to odor while on

food, respectively (Figure 5C; Table S3).

Altogether, these data argue against model 1, which proposes

that the presence of mates during conditioning inhibits the for-

mation of the aversive memory, and in favor of model 2.

Reward and punishment form two co-existing memories
during sexual conditioning
Next, we asked whether a reward memory associated with mate

experience also forms during sexual conditioning. We imaged

neural activity in AIY neurons, which promote forward move-

ment.41,46,47 The ventral domain (zone 2) of the axon of AIY inter-

neurons responds to odor stimulation with a rise in Ca2+ levels.23

We did not observe any significant difference between naive and

aversively conditioned groups, both of which displayed a rise in

Ca2+ in AIY axons upon odor presentation (Figures 6A and 6B). In

sexually conditioned animals, however, we observed a qualita-

tive change in the responses of AIY. In a significant proportion

of animals (39%), the initial Ca2+ increase that was normally

observed in the other conditions was followed by a second, de-

layed peak of higher magnitude (maximum peak at least 15 s af-

ter odor exposure and R-Rmin/Rmax > 0.4) during odor ON

(Figures 6A and 6B). This type of sustained response, which

we termed type 2 response (Figure S4A), was significantly less

represented in naive (21%) and aversively conditioned (17%)
Current Biology 34, 5470–5483, December 2, 2024 5477



Figure 5. Impact of aversive learning on the

circuit for odor sensing

(A) Chemotaxis score to benzaldehyde after con-

ditioning for wild-type males and males with

silenced RIM and AIB interneurons. White cross

represents the mode. c2 for trend test was per-

formed to compare between conditions and ge-

notypes. Black asterisks correspond to compari-

sons between conditions within genotype; green

and grey asterisks correspond to compariosns

between genotypes for aversive and mock condi-

tioning, respectively. ***p < 0.001; n.s., no statisti-

cally significant difference p R 0.05. n, number of

animals.

(B) Locomotion parameters of conditioned worms

exploring in the absence of odor. For comparing

reversal and omega turn frequency, a non-para-

metric ANOVA (Kruskal-Wallis) test with multiple

comparisons was performed. For comparison of

reversal length, a c2 for trend analysis was used

using the deciles of mock reversals as bin edges to

determine categories. Each circle represents an

event and black lines represent themean. *p < 0.05;

n.s., no statistically significant difference pR 0.05.

n, number of animals.

(C) EGL-4::GFP localization in AWC neurons after

conditioning and chemotaxis score of animals

carrying the odr-3::egl-4::gfp transgene. White

cross represents the mode. c2 for trend test was

performed to compare the chemotaxis score be-

tween conditions and genotypes. Black asterisks

correspond to comparisons between conditions

within genotype. A c2 test was used to compare

EGL-4 nuclear translocation between conditioning

groups, ***p < 0.001; n.s., no statistically significant

difference p R 0.05. n, number of animals.

See also Table S3.
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animals (Figures 6B and 6C), suggesting that it may be a

signature of sexual reward. As sexual reward is conveyed by

the neuropeptide PDF-1, and AIY responds to PDF-1 to drive

odor approach after sexual conditioning (Figures 1D and 2D),

we hypothesized that if AIY type 2 responses were a signature

of the rewarding memory, they would be dependent on PDF-1.

Indeed, in sexually conditioned pdf-1 (tm1996) mutant males,

the proportion of AIY type 2 responses was significantly reduced

to levels similar to those of mock and aversively conditioned an-

imals (Figures 6A–6C and S4).
5478 Current Biology 34, 5470–5483, December 2, 2024
Sustained activity in AIY can lead to
robust attraction despite reduced
activity in AIB
Our data show that during sexual condi-

tioning, an aversive memory and a

rewarding memory are formed and

compete for behavioral expression. How

do these memories drive approach

instead of avoidance? We made some

predictions based on what is known about

themotor output of the neurons in the odor

circuit.23,24,41,45 A reduction of AIB and

RIM activity may result in a reduction in

the probability of reorientation when the
animal is moving down the odor gradient. Although such lack

of reorientations cannot account for the avoidance displayed

by aversively conditioned animals, it may result in lack of prefer-

ence. The inability to reorient may be compensated in sexually

conditioned animals by sustained and high activity of AIY, which

may result in longer forward movement when the animal is mov-

ing up the gradient. To test this hypothesis, we built a simplified

ordinary differential equation model of the odortaxis circuit,

including only the sensory neuron (AWC) and the first layer of

postsynaptic interneurons (AIB, AIA, and AIY). We used



Figure 6. Sexual conditioning changes the neural representation of odor in AIY neurons in a PDF-1-dependent manner

(A) Odor-evoked normalized GCaMP6f/RFP fluorescence ratios in the axon of AIY after conditioning. Neurons are sorted according to time to maximum

activation.

(B) Average normalized traces of type 1 and type 2 responses. Shaded areas represent SEM.

(C) Proportion of type 2 responses in AIY axons. c2 test was performed to compare between genotypes. **p < 0.01.

(D) Simulated neural activity (left) and worm behavior (middle and right) of a population, with transient activity in AIY and sustained activity in AIB. Right, quantile-

quantile (QQ) plot comparing the probability distribution of chemotaxis scores in the simulated and observed worm population.

(E) Same as (D) but for a population with sustained activity in AIY and reduced activity in AIB. For (D) and (E), bars within violin plots represent the 10th and 90th

percentiles of each distribution.

See also Figures S4–S7.
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behavioral data from mock-conditioned animals to fit the synap-

tic weights (the sign of the synapse was pre-set, according to

functional connectivity) of a population of 100 simulated worms

using an evolutionary algorithm over 100 generations (Figure S5).

We then examined the simulated activity of AIY and AIB neurons

in the final generation and their correlated chemotaxis scores

(Figures S6–S8). Although none of the simulations fully recapitu-

lated the real dynamics of activity in AIY and AIB, a good approx-

imation of naive responses (transient AIY activity upon odor pre-

sentation and prolonged AIB activity after odor removal) was

present in 20% of simulations. This neural activity was frequently

correlated with attraction, with scores centered around +3

(Figures 6D, S6, and S7). Sustained AIY activity, approximating

the type 2 responses observed in sexually conditioned animals,

was produced in 45%of simulations, some of which (9%) were in

the context of reduced AIB activity. For these, the chemotaxis

scores shifted toward higher positive values, all above +3 and/

or concentrated at +5 in 55% of the cases (Figures 6E, S6, and

S7). Therefore, the simulations indicate that, in the context of

reduced AIB activity, sustained AIY activity can lead to robust

approach. Although it is likely that both aversive learning and

sexual conditioning may create many other changes within the

circuit for odor processing in addition to the ones identified in

this work, our data show that distinct patterns of circuit activity

underlie odor approach in naive versus sexually conditioned

worms.

DISCUSSION

Specificity of information coding by neuropeptide
signaling
Here, we have identified the mechanisms by which valence is

flexibly modified by experience and neuropeptide signaling.

We found that the neuropeptide PDF-1 can encode both positive

and negative valence, depending on its neuronal sources and

targets. PDF-1 release from the interneuronsMCMand AVB pro-

vides information about mate experience, which acts as a teach-

ing signal for reward. This signal is incorporated into the odor cir-

cuit through the interneurons RIM and RIA and modulation of

odor-evoked Ca2+ responses in the axon of AIY. Underscoring

the characteristic delay and slow kinetics with which neuropep-

tide signaling impacts neural circuit function and behavior, the

source of PDF-1, AVB, becomes activated during conditioning

but the consequences of PDF-1 neuromodulation on AIY are

observed during retrieval. Modulation of this circuit by PDF-1

leads to odor approach. Detailed mapping of the circuit for

avoidance awaits further study. The encoding of opposite

valence by a single neuromodulator acting with circuit specificity

appears to be a universal property of nervous systems.48–53 It

would be important to investigate the role that neuromodulation

through mammalian vasoactive intestinal peptide (VIP), which

belongs to the same family as PDF-1,54,55 plays in associative

learning, long-term potentiation, andmemory retrieval in the cor-

tex and amygdala.56–59

The mechanisms underlying sex-specific learning
As previously shown by Sakai et al., we find thatmate experience

is rewarding only for males because odor preferences can only

be sexually conditioned in males. The neurons underlying sex-
5480 Current Biology 34, 5470–5483, December 2, 2024
specific learning (AVB, RIM, RIA, and AIY), however, are present

in both sexes. Although there is male-specific input connectivity

from mate-sensing circuits into AVB, it remains unknown

whether the other sex-shared neurons display dimorphism in

their ability to respond to neuropeptide modulation to switch

odor valence.

Although the male-specific MCM interneurons also receive

input connectivity from mate-sensing circuits and are a required

source of PDF-1, we did not observe changes in intracellular

Ca2+ during conditioning. This suggests that other mechanisms

may underlie their activation. A similar observation has been

made for amphid single cilium I (ASI) neurons, which despite ex-

pressing receptors for pheromones and their function being

required for pheromone-induced developmental and behavioral

processes, do not display changes in intracellular Ca2+ levels

upon pheromone exposure.60–62 Alternative activation mecha-

nisms may include changes in gene expression63 or membrane

excitability.64 Nonetheless, we cannot rule out the possibility

that our experimental system may not be sensitive enough to

detect all meaningful Ca2+ changes.

Reward and punishment create two memories that co-
exist and compete for behavioral expression
Our results reveal that pairing a stimulus with both a punish-

ment and a reward creates two co-existing memories, one

aversive and one rewarding, which compete for behavioral

expression. The aversive memory, which arises from the asso-

ciation of an odor with the punishment of starvation and leads to

odor avoidance, leaves a signature trace in the circuit charac-

terized by reduced odor-evoked responses in AIB and RIM

and nuclear translocation of EGL-4/PKG in AWC. This signa-

ture, which is absent in naive animals, remains present in ani-

mals that have been conditioned to associate the odor with

both a punishment and the reward of mating partners (sexually

conditioned animals) despite their behavior being approach.

Reduction in AIB and RIM activity has only a small impact on

behavior, and other unidentified changes, specifically those

dependent on PDFR-1, are likely to contribute more strongly

to full avoidance. Nonetheless, the changes in circuit activity

that we observe after aversive conditioning represent the trace

and storage of an aversive memory that remains latent after

sexual conditioning. Indeed, memories can exist as biophysical

and biochemical changes in the brain that are generated by

previous experiences but that do not impact behavior.65 These

are latent memories, the behavioral expression of which is

overridden by other memories such as, for example, extinction

memories.66

Distinct neural representations of positive valence
according to task functionality
Approach and avoidance are behavioral readouts of positive

and negative valence, respectively. Research on how circuits

encode valence has put forward two main functional types67:

those that act as modules and those that act as modes. Mod-

ules are those in which approach and avoidance are encoded

by the activity of distinct and segregated circuits.52,53,68,69

Modes are those in which avoidance or approach are encoded

by the activation or inhibition of a neuron (or circuit, brain re-

gion).25,70,71 Here, we do not find evidence of either modules
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or modes. Instead, our results reveal that positive valence can

be flexibly represented according to functionality or predictions

associated with a stimulus. Although both naive and sexually

conditioned animals display approach to the odor benzalde-

hyde, they display very different odor-evoked neural activity,

and this likely reflects the different predictive value of the

odor. Benzaldehyde, which is a bacterial metabolite, innately

predicts food for naive animals. In sexually conditioned ani-

mals, in contrast, benzaldehyde predicts mates, and this is

due to top-down modulation from downstream interneurons

(AVB and MCM) to first-layer interneurons (AIY). A similar pro-

cess of top-down modulation has been proposed for how sen-

sory representation in the cortex changes according to task-

specific brain states.72 Here, we demonstrate that such flexible

representation of sensory information can support learning and

flexible behavior.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli OP50 Caenorhabditis Genetic Center (CGC) OP50

Chemicals, peptides, and recombinant proteins

Benzaldehyde Sigma-Aldrich Cat#B-1334

Butanone Scientific Laboratory Supplies (SLS) Cat#CHE1442

Histamine Sigma-Aldrich Cat#H7125

SYLGARD� 184 Silicone Elastomer Kit Scientific Laboratory Supplies (SLS) Cat#63416.5S

Tetramisole hydrochloride phosphatase inhibitor Sigma-Aldrich Cat#T1512

Fluorescein isothiocyanate-dextran Sigma-Aldrich Cat#FD2000S

Critical commercial assays

Monarch Plasmid Miniprep Kit New England Biolabs Cat#T1010L

NEBuilder HiFi DNA Assembly Master Mix New England Biolabs Cat#E2621L

Monarch PCR & DNA clean kit New England Biolabs Cat#T1030L

Q5 High Fidelity DNA polymerase New England Biolabs Cat#M0491L

PCRBIO Hi-Fi Polymerase Insight Biotechnology

(PCR Biosystems)

Cat#PB10.41-02

Deposited data

Modelling Code This work https://github.com/ucl-cssb/

worm_neural_nets/

Experimental models: Organisms/strains

N2 Bristol CGC N2

him-5(e1490)V CGC CB4088

pdf-1(tm1996)III; him-5(e1490)V This work/Barrios et al.21 BAR109/ PT2248

pdf-2(tm4393) X; him-5 (e1490) V Barrios et al.21 PT2177

pdf-2(tm4393)X; pdf-1(tm1996)III;him-5(e1490)V Barrios et al.21 PT2159

him-5 (e1490)V; pdf-1(tm1996)III;

syb1393[AB01(pLAU-1-EG6699)MosCi

LoxP::pdf-1cDNA::SL2::gfp::loxP::rfp]II

This work BAR155

him-5 (e1490) V; pdf-1(tm1996)III;

syb1393 II; oleEx39[grl-2::Cre+cc::rfp]

This work BAR167

him-5 (e1490) V; pdf-1(tm1996)III;syb1393 II;kyEx4983

[sra-11::nCre(35ng/uL), myo-3::mCherry (5ng/uL)]

This work BAR169

him-5 (e1490) V; pdf-1(tm1996)III;syb1393

II;kyEx4990[ceh-17::nCre(40ng/uL),

myo-3::mCherry(5ng/uL)]

This work BAR170

pdf-2(tm4393)X;pdf-1(tm1996)III;him-

5(e1490)V;syb1393 II

This work BAR187

pdf-2(tm4393)X;pdf-1(tm1996)III;him-

5(e1490)V;syb1393 II; oleEx39[grl-2(p)::

Cre(30ng/ml)+cc::RFP(30ng/ml)]

This work BAR188

pdf-2(tm4393)X;pdf-1(tm1996)III;him-5(e1490)V;

syb1393 II; kyEx4983[sra-11::nCre (35ng/ul),

myo-3::mCherry (5ng/ul)]

This work BAR189

pyIs500[(p)odr-3::gfp::egl-4+(p)odr-1::

dsRed1+unc-122::GFP]V;him-5(e1490)V

Lee et al.44/This work BAR108

him-5(e1490)V; oleEx80 [ttx-3::GCaMP6f::sl2::rfp (5ng/uL)] This work BAR224

him-5(e1490)V; pdf-1(tm1996)III; oleEx80

[ttx-3::GCaMP6f::sl2::rfp (5ng/uL)]

This work BAR227

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

him-5(e1490)V;oleEx64[inx-1::GCaMP6f::sl2::rfp

(15ng/ul)+ ttx-3::GCaMP6f::sl2::rfp (15ng/uL)]

This work BAR184

him-5(e1490)V; oleEx103[glr-3::GCaMP6f::sl2::rfp (30ng/uL)] This work BAR269

him-5(e1490)V;oleEx95[tdc-1::GCaMP6f::sl2::rfp (10ng/uL)] This work BAR253

pdfr-1(tm4457)III;him-5(e1490)V;myEx709[Ppdfr-

1(3kb)::pdfr-1cDNAisofb+Ppdfr-1(3kb)::pdfr-

1cDNAisofd+unc-122::GFP]

This work BAR122

pdfr-1(tm4457)III; him-5(e1490)V; oleIs3[pdfr-1::LoxP::inv

pdfr-1cDNAisofD::sl2::GFP::LoxP(10ng/ml)+

unc122::GFP(10ng/ml)]; oleIs5[rab-3::nCre

(3ng/ul)+unc-122::RFP (30 ng/ul)]

This work BAR273

pdfr-1(tm4457)III; him-5(e1490)V; oleIs3 This work BAR176

pdfr1(tm4457)III; him-5(e1490)V; oleIs 3;

oleEx72[tdc-1::nCre (20 ng/uL pSF178)+

glr-3::nCre (50 ng/uL pSF179) + ttx-3::nCre

(5 ng/uL pLAU 11)+ unc122::RFP(25ng/uL)]

This work BAR206

pdfr-1(tm4457)III; him-5(e1490)V Barrios et al.21 PT2547

lite-1(ce314)X;him-5(e1490)V;oleEx58[pdf-1::

Campari (25 ng/ml) + cc::GFP (30ng/ml)]

This work BAR196

pdf-1(tm1996)III;him-5(e1490)V;

oleEx39[grl-2(p)::Cre(30ng/ml)+cc::RFP(30ng/ml)]

This work BAR119

unc-51(e369) CGC CB369

pdfr-1(tm4457)III; him-5(e1490)V;oleIs5 This work BAR215

him-5(e1490); oleEx110[glr3::HisCl (50ng/uL);

tdc-1::HisCl (20ng/uL); ttx-3::HisCl (5 ng/uL);

unc-122::RFP (15 ng/ul)]

This work BAR294

him-5 (e1490) V; kyEx5704 [inx-1::HisCl1::SL2::mCherry

50 ng/mL, tdc-1::HisCl1::SL2::mCherry 50 ng/mL]

This work BAR302

mab-3 (e1240)II;him-5(e1490)V; oleEx58[pdf-1::Campari

(25 ng/ml) + cc::GFP (30ng/ml)]

This work BAR320

Oligonucleotides

See Table S2

Recombinant DNA

Mos ttTi5605-pdf-1::lox pdf-1-sl2-GFPlox

RFP unc-119 MosttTi560

This work pLAU-1

grl-2::nCre This work pLAU-2

rab-3::nCre This work pLAU-4

glr-3::GCAMP6f-sl2-RFP This work pLAU-9

tdc-1::GCAMP6f-sl2-RFP This work pLAU-10

ttx-3::nCre This work pLAU-11

pdfr-1 distal floxed pdfr-1 iso d Flavell et al.42 pSF134

pdf-1::lox pdf-1-sl2-GFPlox RFP Flavell et al.42 pSF153

tdc-1::nCre Flavell et al.42 pSF178

glr-3::nCre Flavell et al.42 pSF179

ncs-1::nCre Addgene pEM3

pdf-1::CAMPARI This work pRTAB1

inx-1::GCaMP6f-sl2-RFP This work pAB1

ttx-3::GCaMP6f-sl2-RFP This work pAB2

Mos ttTi5605 -unc-119- MosttTi5605 Queelim Ch’ng Lab pQL123

tdc-1::HisCl-sl2-mCherry Jin et al.26 pAG04

glr-3::HisCl-sl2-mCherry Jin et al.26 pNP443

ttx-3::HisCl-sl2-mCherry Jin et al.26 pNP501

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GraphPad Prism GraphPad Prism (http://graphpad.com) RRID:SCR_002798

Image J ImageJ (http://imagej.nih.gov/ij/) RRID:SCR_003070

Motif Video Recording system http://loopbio.com/recording/ Loopbio

Time ToLIve http://www.simi.com/ Caenotec

Arduino IDE https://www.arduino.cc/en/software Version 1.8.13

Tierpsy Javer et al.73 https://github.com/Tierpsy/

tierpsy-tracker

HC Image live Hamamatsu N/A

NEB Builder Assembly Tool NEB (https://nebuilder.neb.com/#!/) N/A

QMPlay2 GitHub https://appimage.

github.io/QMPlay2/

N/A

Other

Arduino Board https://store.arduino.cc/products/

arduino-uno-rev3

Arduino UNO R3
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C. elegans culture and genetics were performed using Escherichia coli OP50 and NGM plates following standard procedures.74,75 A

complete list of the strains used can be found in the key resources table. All strains were in a him-5 (e1490) background to facilitate

male analysis, except for Figure 1B for which him-8(e1489) animals were used. Unless stated otherwise, all strains were grown and

assayed at 20ºC.

METHOD DETAILS

Odour conditioning assays
Males and hermaphrodites were picked as L4s the night before the assay and transferred to single-sex plates with food. Animals

were recovered from the food plates with wash buffer (1 mM CaCl2, 1 mM MgSO4, and 5 mM pH 6.0 potassium phosphate) and

centrifuged at 1,700 r.p.m. for 3 min. A total of four washes were performed to remove the food before placing the animals on the

conditioning plates.

Odour conditioning assay plates were made with 2% agar, 5 mM potassium phosphate (pH 6.0), 1 mM CaCl2 and 1 mM MgSO4.

Mock conditioning plates were 5 cm in diameter (4ml of agar), whereas aversive and sexual conditioning plates were 3 cm in diameter

(2 ml of agar). Between 20–30 males were placed on eachmock and aversive conditioning plate and exposed to either 100% ethanol

or 15% benzaldehyde, respectively. For sexual conditioning, a maximum of 30 males and 200 hermaphrodites were used and ani-

mals were exposed to 15% benzaldehyde. Genotypes that were being compared against one another were sexually conditioned

together in the same plate, tested and scored blindly and then identified through genotyping or by fluorescent markers. When

different genotypes were conditioned together equal amounts of each genotype were used until a total of 30 males were added

to the sexual conditioning plate. Controls in which animals were exposed to the odour on food were also performed for some exper-

iments. In all cases animals were conditioned for 3 h. Immediately after conditioning, animals were tested individually in 5 cm plates

with a 1%benzaldehyde gradient by placing them in the centre of the assay plate, 2 cm away from the odour source (Figure 1A). After

20min, the tracks left by the animal were visualised and the chemotaxis score was calculated as previously described15 by the sumof

the scores of the regions by which the animal had travelled (Figure 1A). Scoring of all sexual conditioning experiments were blind to

the manipulation.

For butanone behaviour assays, 1:1000 butanone in ethanol was used for conditioning (5 x 1mL on agar plugs on lid), and testing

(1x1mL directly on plate agar).

For histamine-treated behaviour assays, histamine was added to the agar before pouring to a final concentration of 10mM.Worms

were conditioned on histamine plates for 3h and tested on standard chemotaxis plates.

unc-51(e369) hermaphroditeswere used for sexual conditioning in the calcium imaging experiments and behaviour experiments with

histamine andmab-3(e1240)mutants. All other sexual conditioning behavioural experimentswere performed usingN2 hermaphrodites.

Plasmid constructs and transgenic strains
All constructs were built using Gibson Assembly.76,77 Primers were designed using the NEBuilder assembly online tool (https://

nebuilder.neb.com). The 30 UTR of the unc-54 gene was used for all constructs. Two different promoters were used to express
e3 Current Biology 34, 5470–5483.e1–e7, December 2, 2024
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pdfr-1 in different cells. A promoter containing a 3kb region upstream of the translational pdfr-1 start site (proximal promoter) drove

pdfr-1 isoforms b and d in neurons and body wall muscle21 (Figure 2B). A second construct drove a floxed isoform d in reverse orien-

tation under a 5.1 kb sequence located 12.1Kb upstream of the translational pdfr-1 start site (distal promoter)22 (Figure 2B). This

construct was used to express pdfr-1 cDNA isoform d in specific neurons through intersectional expression of Cre recombinase (Fig-

ure 2B) A complete list of primers and plasmids used in this study can be found in Table S2 and key resources table, respectively.

Plasmid constructs were injected in C. elegans following standard procedures.78,79 The specific co-injection marker used as well as

the concentration at which each array was injected can be found in key resources table.

CaMPARI measurements
lite-1(ce314)X; him-5(e1490)V; oleEx58[pdf-1::Campari (25 ng/ml) + cc::GFP (30ng/ml)] males were conditioned with 15% benzalde-

hyde in 3 cm plates with no food and with or without unc-51 hermaphrodites for sexual and aversive conditioning, respectively. At

3 hrs during conditioning, CaMPARI was photoconverted by exposing the conditioning plates to 405nmblue light (DAPI filter) for 2mi-

nutes at 50% LED intensity under an inverted Zeiss Axiovert microscope and a 10x objective. Images of the MCM and AVB neurons

were taken by mounting worms in 10% agarose pads with undiluted microbeads.80 Classically used anesthetics such as NaN3 or

levamisole could not be used because they interfere with the fluorescence signal of CaMPARI. Photos were taken with a Zeiss

Axio Imager 2 microscope using a 470nm LED source at 25% intensity and EX470/20 FT493 EM505-503 filter for the green channel

and GYR LED source at 50% intensity and BP546/12 FT580 LP590 filter for the red channel and at 125x magnification. LED intensity

and exposure time were kept constant for AVB andMCMneurons across the sample population but longer exposure was needed for

the MCM neurons. Experiments withmab-3mutants (along with wild type males as positive controls) were performed on a different

day and with exposure times distinct from previous experiments.

Image analysis was performed using Fiji. Before image processing, background intensity was subtracted from both channels. The

average fluorescence intensity for each channel wasmeasured by manually drawing a polygon containing the region of interest (ROI)

on the z-plane at which the neuron analysed provided the brightest signal. The ratio between the average fluorescence intensity for

green and red channels was calculated for each ROI.

Calcium imaging
Animals were first subjected to one of the three conditioning protocols in the same way as for behavioural analysis. Immediately

after conditioning, animals were injected into a nose trap microfluidic device37 using wash buffer 1 mM CaCl2, 1 mM MgSO4,

and 5 mM pH 6.0 potassium phosphate and 0.5 mM tetramisole to reduce movement of the animals while imaging. Animals

were exposed to alternative periods of 10-4 benzaldehyde (diluted in wash buffer, no fluorescein) or wash buffer with

0.003 mg/ml fluorescein. Flow control buffer contained 0.03 mg/ml fluorescein. This allowed visualisation of flow with fluores-

cence, and control checks of adequate flow were done between every recording. Imaging was performed in an inverted Zeiss

Axiovert microscope with a 460/565nm LED. Emission filters ET515/30M and ET641/75 and dichroic T565lprx-UF2 were placed

in the cube of a Cairn OptoSplit II attached between the microscope and an ORCA-Flash four camera (Hamamatsu). Acquisition

was performed at 10 fps with a 63X objective (Zeiss plan-apochromat, numerical aperture 1.4) and 1.5X optovar, using HC im-

age live from Hamamatsu. To avoid photobleaching pulse illumination was used. The cell body was imaged for AIB neurons,

whereas the projection was imaged for RIM, AIY (specifically zone 2), and RIA (loop domain, ventral nerve ring domain and dor-

sal nerve ring domain).

Microfluidic chip fabrication
Male-adapted polydimethylsiloxane (PDMS) olfactory chips38 were made and plasma-bonded to a glass coverslip as previously

described.38,81 After plasma bonding, chips were placed on a hot plate at 80 ºC for one hour to improve bonding efficiency.

Finite difference model of worm behaviour
To investigate the worm’s behaviour an ordinary differential equation model was developed (Figure S4). This simulated the worm’s

response to a concentration gradient bymodelling a simple neural network. The network was comprised of the AWC sensory neurons

and the AIB, AIA and AIY neurons. We adapted the modelling approach in.82 The sensory neuron AWC is comprised of two compo-

nents which react to the concentration of odour on different timescales, a fast, F, and slow, S, component.82 The input to the sensory

neuron is given by

Is = F � S

The fast component integrates over a sensory stimulus C with a characteristic rate a and decay rate b

dF

dt
= aC � bF:

The slow component moves towards the fast component with a delay

dS

dt
= gðF � SÞ:
Current Biology 34, 5470–5483.e1–e7, December 2, 2024 e4
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The intermediate neurons AIB, AIA, AIY were modelled according to the approach in.82 All neurons are modelled as leaky

integrators:

tm
dVi

dt
= � Vi + tanhðIÞ;

where Vi is the voltage or activity of neuron i, tm is a time constant, V0;i is the resting potential and I is an input term. The input term is a

sum over all inputs to a neuron I =
P

j

wijVj. The parameter values were a = 4s� 1;b = 15s� 1;g = 2s� 1; tm = 0:5s82

AIB activation is known to correspond to reorientation behaviour in the worm and AIY activation to cause the worm to move for-

wards along its current trajectory. To include this in the model the worms make stochastic decisions in each modelled time step to

either continue going straight forward or to reorient to a new, random orientation. The probability of reorientation is governed by the

response neuron R which is influenced by the activation of AIB and AIY. At each time step the worm can choose to continue moving

forward on its current direction or to reorient itself by choosing a new random direction uniformly from 0-360 degrees. This decision is

made by the reorientation neuron R, the output of which is

R = tanhðw8VAIB + w9VAIYÞ:
Tomake a reorientation decision a random number is drawn uniformly between -1 and 1. If this number is lower thanR thewormwill

reorient, otherwise the worm will continue moving in its current direction.

Wormmovement was simulated on a circular plate with radius 30mmusing the forward Eulermethodwith a timestep dt = 0:005s.

A worm starts at position (0,0) with an initial direction of motion, q, drawn uniformly from 0–360 degrees. Wormsmovewith a speed of

v = 0:11mms� 1,82 and at every timestep a reorientation decision ismade. If the worm decides to reorient a new direction ofmotion is

sampled from 0–360 degrees and the worm starts moving in this direction, otherwise the worm continues on its current direction of

motion. The concentration of odour is given by a gaussian function with origin at (4.5, 0) and standard deviation of 4mm Cðx;yÞ =

100 � Nð4:5;0;4Þ.
To compare the simulated worms to the real worms a fitness function (F) was constructed using summary statistics of the distri-

bution of sectors visited by the simulated and real worms. The score of a worm is the sum of all sectors that it visited. The range of a

worm is the difference between the highest and lowest sector visited. The fitness function of a set of weights is based on the mean,

standard deviation and skew of the score and themean, standard deviation and skew of the range of the worms in a simulated exper-

iment compared to the real data.

Fscore = ðmeanðscoressimÞ � meanðscoresrealÞÞ + ðstdðscoressimÞ � stdðscoresrealÞÞ + skewðscoressimÞ � skewðscoresrealÞ
Frange = ðmeanðrangessimÞ � meanðrangesdataÞÞ + ðstdðrangessimÞ � stdðrangesdataÞÞ+ ðskewðrangessimÞ � skewðrangesdataÞÞ
F = Fscore +Frange

First data for 92 worms with no odour applied was used to find an effective sampling time for the worms. Simulated experiments of

92 worms were carried out for sampling time [0.06, 0.07, 0.08, 0.09, 0.10, 0.11, 0.12, 0.13, 0.14] seconds (Figure S5C). A sampling

time of 0.10 was found to have the highest fitness and therefore was used as the sampling time for all subsequent simulations.

The method to fit the weights of the neural network to different behaviours is shown in Figure S5D. The target behaviour is defined

by 212 behavioural assay data points of mock conditioned worms. The evolutionary algorithm starts from a population of randomly

initialised weights, howeverw8 was always set to 1 and w9 to -1. During each round of evolution, the fitness of each set of weights in

the population was calculated by carrying out a simulated experiment and calculating the fitness of the weights. The population was

then ranked according to fitness. The top 40%of the population is left unchanged to go onto the next generation. The next 40%of the

population is replaced by the top 40% after each weight has been perturbed by small random numbers. The final 20% of the pop-

ulation is replaced by new randomly sampled weights. The output of the evolutionary algorithm is the final population of weights. For

all simulations the population size was 100 and it was evolved for 100 generations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Calcium imaging analysis
A moving region of interest in both channels was identified and mean fluorescent ratios (GFP/RFP) were calculated with custom-

made Matlab scripts by the de Bono lab.83 All further analysis was performed using our own custom-made Matlab scripts. For

RIA neurons, where photobleaching was evident, bleach-correction was applied independently to each channel by fitting an expo-

nential decay curve to the raw fluorescence signal and dividing the signal by its fitted exponential.84 Ratios were smoothened using a

5-frame rolling median. Baseline-adjusted ratios were calculated as (R-R0)/R0, where R0 is the average ratio during the baseline

period (10s prior to odour presentation for AIY and RIA, and 10s prior to odour removal for RIM and AIB). Normalised ratios were

calculated as (R-Rmin)/Rmax, where Rmin and Rmax are the average of the smallest and largest 5% of values in that trace,
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respectively. For AIB and RIM, normalised ratios were calculated in order to classify neurons as being in either their ON or OFF state

(classed as ON if (R-Rmin)/Rmax > 0.5, as per,24,26 and then baseline-adjusted ratios were plotted to show differences in magnitude

of response across conditions.

Imaging of EGL-4 subcelluar localisation
Animals were first subjected to one of the four conditioning protocols in the same way as for behavioural analysis. Immediately after

conditioning, animals were split in two groups. One group was imaged for EGL-4 localization and the other group was tested for

chemotaxis to benzaldehyde. Imaging of GFP-tagged EGL-4 was performed with a Zeiss Axio Imager 2 microscope, a Zeiss

ECPLAN-NEOFLUAR 100x/1.3 oil immersion objective and TimeToLive 10_2016 Caenotec software. Animals were immobilised

with 3ml of NaN3 at a concentration of 25mM. AWC neurons were identified by expression of odr-1::dsRed, morphology and position.

Z-stack images were taken for each animal and analysed using ImageJ blindly to the conditioning that the worms had been subject

to. Average green fluorescence intensity at nuclear and cytoplasmic locations was calculated by drawing a polygon containing each

region of interest (ROI) on the middle section of the z-stack for each AWC neuron and the ratio was calculated. Animals with ratiosR

1,4 were classified as having EGL-4 nuclear translocation.

Worm tracking
Videos of 10 minutes (during conditioning and exploration post-conditioning) or 20 minutes (chemotaxis post-conditioning) were

taken at 15 frames per second using the Motif Video Recording System from Loopbio. Locomotion features were extracted and

defined using Tierpsy Tracker as described in Javer et al. (2018).73 Worms with missing skeletons for more than 50% of frames

were excluded from the analysis. Because Tierpsy cannot resolve worms in contact, manual scoring using the QMplay2 video player

was performed to analyse locomotion of males during sexual conditioning. For automated analysis, a sample of 10 videos per mock

and aversively conditioning groups were manually checked for potential annotation mistakes made by Tierpsy. A cut off point of 80

frames (6.67 seconds) was decided as an upper limit for genuine reversal length (76% of reversals between 37.5 and 80 frames were

manually scored as genuine reversals, whereas only 33% of reversals above 80 frames were genuine). A cut off point of 15 frames

(1 second) was chosen as the lower limit for reversal length ( 83% of reversals between 15–25 frames were genuine based on Gray

et al. 2005’s description of R1 reversals – head bend followed by a change in direction of at least 40 degrees41). As Tierpsy fails to

skeletonise worms in which head and tail are touching, omega turns could be reliably identified (89% of cases) as periods of missing

data between 45 and 400 frames length preceded by negative speed.

Statistical analysis
For behavioural assays, because chemotaxis scores are discrete categorical data, c2 for trend analysis was used to compare the

frequency distribution of values of different conditions. Bonferroni corrections were applied to account for multiple comparisons-

derived false positives. For graphs of violin plots showing chemotaxis scores, each empty circle represents the score of an individual

animal. White cross represents the mode. Black asterisks correspond to comparisons between conditions within genotype; green

and red asterisks correspond to comparisons between genotypes for aversive and sexual conditioning, respectively. *** p< 0.001;

** p< 0.01; * p<0.05; n. s. no statistically significant difference pR0.05. n, number of animals. At least 3 independent experiments

were done for each group.

For CaMPARI photo conversion, a non-parametric two tailed Mann Whitney-U test was performed. For graph showing CAMPARI

photoconversion (Figure 3E), each circle represents a neuron. ***p<0.001; ** p<0.01, * p<0.05. Error bars represent SEM. n, number of

neurons.

For baseline-adjusted GCaMP6f/RFP fluorescence ratios analysis between conditions, non-parametric one-way ANOVA (Kruskal

Wallis test) with Dunn’s multiple comparisons was performed because the data did not follow a normal distribution. For RIA axonal

domains comparisons were made during the second odour exposure (70-75 seconds). * p<0,05; n.s. no statistically significant dif-

ference pR0.05. 32 neurons were analysed for mock, 23 for aversive, and 24 for sexual conditioning for RIA nrd. 26 neurons were

analysed for mock, 24 for aversive, and 31 for sexual conditioning for RIA nrv. 28 neurons were analysed for mock, 23 for aversive,

and 26 for sexual conditioning for RIA loop. For AIB and RIM, only neurons with low activity (normalised fluorescence R- Rmin/Rmax

<0.5) before odour removal were selected. For AIB, 75 neurons were analysed for mock, 42 for aversive, and 48 for sexual condition-

ing. For RIM axon, 36 neurons were analysed for mock, 29 for aversive, and 40 for sexual conditioning. To comparemaximum activity

in AIB and RIM neurons during odour removal (60 sec) (Figures 4D and 4Emiddle), non-parametric ANOVA test was used to compare

conditions. Each dot represents one neuron. Black lines represent the average. n. s. no statistically significant difference pR0.05. To

compare the effect of conditioning on the proportion of active neurons (Figures 4D and 4E right), we used a binary logistic regression

(generalised linear model with a logit link and the binomial family), and compared the full model (activity � condition + time) with the

partial model (activity �time), using an ANOVA, in order to evaluate the effect of condition. **** p< 0.0001; * p< 0.05. For all GCaMP

imaging at least three independent experiments were done for each condition.

For activity in the axon of AIY (Figures 6A and 6B), responses were analysed as normalized GCaMP6f/RFP fluorescence ratios

(R-Rmin)/Rmax) and plotted as heat maps for each neuron (Figure 6A) or as average traces for type 1 and type 2 responses (Figure

6B). 29 neurons were analysed for mock, 24 for aversive, and 75 for sexual conditioning for AIY wild type. 35 neurons were analysed

for mock, 36 for aversive, and 50 for sexual conditioning for AIY pdf-1(tm1996). c2 test was used to compare the proportion of type 2

responses in AIY between conditions and genotypes. ** p< 0.01. At least 3 independent experiments were performed for each group.
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For comparison of reversal and omega turn frequency, and proportion of time moving forward during conditioning (Figure 5B and

Figure S2A), a non-parametric ANOVA test (Kruskal-Wallis) with multiple comparisons was performed. For comparison of the distri-

bution of reversal length between conditions, a c2 for trend analysis was used, using the deciles of mock reversals as bin edges to

determine categories. In those graphs, each dot represents an event and black lines represent themean. * p<0.05; n. s. no statistically

significant difference pR0.05. n = number of animals.

To compare EGL-4 nuclear translocation between different conditioning groups (Figure 5C) a c2 test with Bonferroni corrections

was used to account for multiple comparisons derived false positives. Black asterisks show statistically significant difference

between conditioning types. *** p< 0.001; n. s. no statistically significant difference pR0.05. n= number of neurons
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