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N E U R O S C I E N C E

A neurogenetic mechanism of experience-dependent 
suppression of aggression
Kenichi Ishii1†, Matteo Cortese1, Xubo Leng1,2‡, Maxim N. Shokhirev3, Kenta Asahina1,4*

Aggression is an ethologically important social behavior, but excessive aggression can be detrimental to fitness. 
Social experiences among conspecific individuals reduce aggression in many species, the mechanism of which is 
largely unknown. We found that loss-of-function mutation of nervy (nvy), a Drosophila homolog of vertebrate 
myeloid translocation genes (MTGs), increased aggressiveness only in socially experienced flies and that this could 
be reversed by neuronal expression of human MTGs. A subpopulation of octopaminergic/tyraminergic neurons 
labeled by nvy was specifically required for such social experience–dependent suppression of aggression, in both 
males and females. Cell type–specific transcriptomic analysis of these neurons revealed aggression-controlling 
genes that are likely downstream of nvy. Our results illustrate both genetic and neuronal mechanisms by which the 
nervous system suppresses aggression in a social experience–dependent manner, a poorly understood process 
that is considered important for maintaining the fitness of animals.

INTRODUCTION
Animals adjust their aggressiveness toward conspecifics according 
to the perceived costs or benefits of the interaction (1). Although 
innate variability in the level of aggression has been observed across 
animal species (2–5), an animal’s prior social experiences play an 
important role in either promoting or suppressing the intensity of 
aggression (5, 6). Even in laboratory animals with relatively homo-
geneous genetic backgrounds (rodents and the fruit fly), interactions 
with conspecific males (7–12) and females (13, 14) are known to 
profoundly alter the level of aggression. Most notably, across species, 
individuals reared as a group have markedly reduced aggressiveness 
compared with individuals reared in isolation (7, 10, 12). This phe-
notype has been linked to social isolation–induced stress, with sub-
stantial implications for human psychological and cognitive health 
(15). The experience of group rearing can have diverse consequences 
depending on the genetic and behavioral variabilities within a group 
(16–18), although several theoretical (19,  20) and experimental 
(17, 20) works argue that reduction of aggressive behavior under 
high population density is generally a favorable trait. Here, we focused 
on understanding at both the genetic and neuronal levels how the 
brain of the fruit fly Drosophila melanogaster, a genetically tractable 
model, decreases aggression after group rearing.

Recent studies have focused primarily on neuromodulatory fac-
tors and circuits that promote aggression (21–24) and dominance 
(25–28). Reported genetic and neural substrates that are associated 
with suppression of aggression (29–32) have not been directly 
linked to social experience. In the fruit fly, specific chemosensory 
inputs are implicated in the suppression of aggression after rearing 
with males (7, 33) and females (14), while the visual system is mostly 

dispensable (34). However, the precise mechanism by which the 
central brain converts the social experience to lower levels of 
aggression remains poorly understood despite recent progress in 
uncovering neuronal and molecular mechanisms that link social 
experience and behavioral changes (35–39).

In this study, we found that the neuronal transcription regulator 
nervy (nvy) plays a key role in the social experience–dependent sup-
pression of aggression. Null mutation and neuronal knockdown of 
nvy result in an unusually high level of aggression specifically in 
group-reared flies. Detailed behavioral analysis revealed that func-
tional abrogation of nvy increases the probability of attacks when 
the fly is in a striking position. This high level of aggression causes a 
mating disadvantage in a competitive environment. nvy is specifi-
cally required in a subset of octopaminergic/tyraminergic (OA/TA) 
neurons to influence aggression. In contrast to the nvy-negative 
OA/TA subpopulation [which promotes aggression (40–44)], neu-
ral activity in the nvy-expressing OA/TA subpopulation is necessary 
and sufficient to suppress aggression. Transcriptomic analysis of 
OA/TA neurons identified several genes that likely act downstream 
of nvy in this neuronal subpopulation. Our findings illustrate a 
mechanism by which a dedicated group of neuromodulatory cells 
converts social experience into the appropriate level of aggression. 
The function of these neurons is supported by an evolutionarily 
conserved transcriptional regulator, which orchestrates the molecular 
machinery that is required for the proper control of aggression. These 
findings provide insight into a common neural mechanism under-
lying experience-dependent suppression of aggressive behavior, a 
phenomenon widely observed from invertebrates to vertebrates.

RESULTS
nvy is necessary for social experience–dependent 
suppression of aggression
We used the fruit fly D. melanogaster to identify the genes necessary 
for suppressing aggression under group-rearing conditions, which 
plastically reduce aggression (7). We performed a systematic behavioral 
screen using group-reared adult male flies in which candidate genes 
were knocked down in neurons via RNA interference (RNAi). Fly 
aggressiveness was quantified by automated counting of lunges (45, 46), 
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a male-type aggressive behavior (40, 47). We began our screen 
with 1408 RNAi effector lines, each controlled by the pan-neuronal 
elav-GAL4 driver, and found that 57 lines passed the initial thresh-
old of increased aggression after group rearing (Fig. 1A, left, and 
table S1: see Materials and Methods for details and Source Data file 
for the complete dataset). Among those, flies from 11 lines showed 
a significant increase in lunges compared with both driver-only 
and effector-only genetic controls in the secondary round of assays 
(Fig. 1A, right, and table S2; see Table 1 for the list of all 11 genes 
and Source Data file for the complete dataset). The strongest 
phenotype was produced by neuronal knockdown of the gene nvy 
(Fig. 1A; Fig. 1B, left; and fig. S1A), which we focus on herein. The 
heads of the nvy RNAi flies showed reduced levels of nvy mRNA 
(less than 40% of controls) and Nvy protein expression (fig. S1B).

We generated a CRISPR-Cas9–mediated null mutation of the 
nvy gene (∆nvy; Fig. 1C) and confirmed that nvy is indeed necessary 
to dampen aggressiveness after group rearing. The homozygous 
∆nvy mutation, as well as trans-heterozygosity of ∆nvy and a small 
chromosomal deficiency, led to increased aggressiveness relative to 

genetic controls after group rearing (Fig. 1D, left; fig. S1C, left; and 
movies S1 and S2). When ∆nvy homozygous mutants were reared 
in isolation, a condition known to elevate aggression (7), they showed 
levels of aggression similar to those of wild-type flies (Fig. 1D, 
right). This result was replicated with the trans-heterozygous flies 
with the deficiency (fig. S1C, right). Likewise, pan-neuronal RNAi 
knockdown of nvy did not increase aggression among socially 
isolated flies (Fig. 1B, right). Pan-neuronal nvy expression via the 
UAS-nvy transgene (Fig. 1E) reversed the hyperaggressive pheno-
type of the group-reared ∆nvy mutants (Fig. 1F). In addition, nvy 
overexpression in the wild-type background (fig. S1D) reduced high 
aggressiveness in single-reared flies (Fig. 1G). These results suggest 
that nvy is required specifically for social experience–dependent 
suppression of aggression.

While pairs of group-reared ∆nvy males were more active (traveled 
a longer distance) than group-reared wild-type flies (fig. S1E, left), 
levels of aggression and activity are tightly correlated (40), presumably 
because aggressive interactions involve frequent chasing (48, 49). 
The locomotor activity of flies introduced into the arena solitarily 

Fig. 1. The nvy gene suppresses aggression specifically in socially experienced flies. (A) Pan-neuronal RNAi screen for Drosophila genes that suppress aggression 
after group rearing. The pie chart (left) summarizes the result of the first screening. Bars on the right represent median lunge numbers in the second screening of the 
57 lines that passed the first screening. The 11 RNAi lines that showed a significant increase in lunges compared with two genetic controls are indicated in red. All flies 
used in the screenings were group-reared. (B) Pan-neuronal RNAi of the nvy gene increased the lunges performed by group-reared (left), but not single-reared (right), 
males. (C) Genome schematics of two deletion alleles for nvy. (D) Deletion of nvy increased the lunges in group-reared (left), but not in single-reared (right), flies, mirroring 
RNAi of nvy. (E) Pan-neuronal expression of Nvy in ∆nvy males verified by Western blot (WB). (F) Reversal of the hyperaggressive phenotype in group-reared ∆nvy males 
by pan-neuronal nvy expression. (G) Reduced aggression in single-reared flies by pan-neuronal nvy overexpression. ***P < 0.0005 and not significant (n.s.) P ≥ 0.05 [(B, D, F, 
and G) Kruskal-Wallis one-way analysis of variance (ANOVA) and post hoc Mann-Whitney U test with Bonferroni correction].
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was comparable between wild-type and ∆nvy males (fig. S1F). 
Moreover, the distance traveled by pairs of socially isolated wild-
type and ∆nvy males (which show similar levels of aggression) was 
statistically indistinguishable (fig. S1E, right). Thus, it is unlikely 
that ∆nvy causes general hyperactivity. Overexpression of nvy in the 
nervous system did not reduce the locomotion of solitary flies com-
pared with a control that expresses green fluorescent protein (GFP) 
(fig. S1G), suggesting that reduction of aggressiveness in this 
genotype is not due to general inactivity. We also normalized the 
number of lunges by the distance traveled (40) to ask whether the 
observed changes in lunges were simply proportional to the changes 
in activity level. In all cases, statistical results using a normalized 
lunge number were consistent with the results using raw lunge 
numbers described above (fig. S1, H to K), arguing that activity level 
alone cannot account for nvy’s effect on aggression.

nvy controls a behavioral transition leading to lunges
Our results thus far indicate that a reduction of nvy in the nervous 
system elevates aggression only in socially experienced (group-reared) 
flies. One possible function of nvy may be to gate the process that 
leads to the group-reared state. The mutation in nvy may force the 
flies to maintain a more aggressive, socially isolated state even after 
group rearing. Alternatively, nvy mutation may alter the behavioral 
dynamics during aggressive interactions, but the number of lunges 
alone does not illuminate such a transformation. To understand 
how nvy mutation affects fly interactions, we analyzed the behavioral 
transition patterns. We annotated all frames into five mutually 
exclusive behaviors: (i) stopping (the state where a fly moves very 
little), (ii) orienting (the state where a fly moves toward the other fly 
within a short distance with above-threshold speed), (iii) non-
orienting (the state where a fly moves above-threshold speed without 
orienting toward the other fly), (iv) lunging, and (v) performing a 
wing extension (see Materials and Methods for the precise definitions 
of each behavior). “Orienting” can be largely equated with “chasing.” 
We then constructed ethograms to summarize the first-order transi-
tion probabilities from each behavior, for each experimental group. 

Fly courtship behavior, which also consists of complex motor sub-
programs (50, 51), is largely characterized by three relatively simple 
latent states (52), suggesting that this level of analysis is sufficient 
to reveal important aspects of behavioral dynamics during social 
interactions.

We noticed that the group-reared ∆nvy pairs generally had more 
behavioral events (including lunges) than group-reared wild-type 
pairs (fig. S2, A to F). In other words, the ∆nvy mutants switched 
behaviors more often than the group-reared wild-type flies, which 
tended to dwell at “stopping” events for a longer duration (fig. S2B2; 
see also movies S1 and S2). Theoretically, a uniform reduction in all 
behaviors would reduce the number of lunges as well while preserving 
the overall structure of behavioral transitions. We identified several 
transitions that were significantly different between group-reared 
∆nvy mutants and wild-type flies (Fig. 2, A and B). These differences 
should also be present between single-reared and group-reared 
wild-type flies if ∆nvy mutation simply prevents social experience–
dependent behavioral transformations. However, ethograms revealed 
that the ∆nvy mutation altered transition probabilities in a distinctly 
different manner from single rearing, relative to group-reared wild-
type flies. The transition probabilities to and from lunges were com-
parable between group-reared and single-reared wild-type flies 
(Fig. 2, A and C), suggesting that socially isolated flies lunge more 
than group-reared flies by scaling up the number of events that lead 
to lunges. By contrast, ∆nvy mutants transitioned from “orienting” to 
“lunges” and from “lunges” to “orienting” more frequently (Fig. 2B), 
forming a recurrent loop between these two behaviors. This loop was 
further enhanced by a reduction in the “lunge”-to-“nonorienting” 
transition probability relative to group-reared wild-type flies. As a 
result, the group-reared ∆nvy mutants generally showed shorter 
intervals between lunges than single-reared wild-type flies (fig. S2G). 
These observations suggest that ∆nvy mutation elevates aggression 
by altering behavioral dynamics in response to group rearing differ-
ently from wild-type flies rather than maintaining the behavioral 
characteristics of single-reared wild-type flies. In support of this 
hypothesis, group-reared ∆nvy mutants performed fewer orienting 

Table 1. Details of 11 “hit” genes in the secondary RNAi screening. cAMP, adenosine 3′,5′-monophosphate. 

Annotation symbol Gene name Function Median lunge number per pair/min

CG3385 nvy Transcription repressor, A kinase 
anchoring protein (AKAP) 32.7

CG15862 PKA-R2 Regulatory subunit of the cAMP-
dependent protein kinases 23.6

CG7986 Atg18a Autophagy regulation 14.7

CG9436 CG9436 d-threo-aldose 1-dehydrogenase, 
aldose reductase 11.0

CG2346 FMRFa Neuropeptide signaling 10.0

CG13948 Gr21a Gustatory receptor, response to 
carbon dioxide 6.9

CG8930 rk G protein–coupled receptor, 
neuropeptide signaling 2.7

CG32742 Cdc7 Cell cycle regulation 0.6

CG7529 Est-Q Carboxylesterase 0.4

CG7331 Atg13 Autophagy regulation 0.3

CG5954 l(3)mbt Cell proliferation regulation 0.3
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behaviors (the major source behavior leading to lunges; see Source 
Data for details) than single-reared wild-type flies (fig. S2C), although 
the number of lunges was comparable between these two groups 
(fig. S2E1: see data S1 for statistical results).

To further investigate which of the three transitions that are 
distinctly altered in group-reared ∆nvy mutants are relevant for the 

increased aggression in this genotype, we compared the probabilities 
of these transitions in flies subjected to the genetic manipulations 
performed in Fig. 1. “Orienting-to-lunge” transitions were more 
frequent in ∆nvy mutants than wild-type flies specifically under 
group-reared (and not single-reared) conditions (Fig. 2D), suggesting 
a unique gene-environment interaction in this genotype. We found 

Fig. 2. nvy suppresses aggression by modulating probability to lunge while orienting. (A to C) Ethograms between five classified behaviors for group-reared 
wild-type (A), group-reared ∆nvy (B), and single-reared wild-type (C) males. Numbers represent transition probabilities from the source of arrows. (D to O) Comparisons 
of transition probabilities from orienting to lunge (D to G), from lunge to orienting (H to K), and from lunge to nonorienting (L to O) among wild-type and ∆nvy males 
[(D, H, and L) dataset from Fig. 1D], group-reared flies with pan-neuronal RNAi knockdown of nvy [(E, I, and M) dataset from Fig. 1B, left], group-reared ∆nvy males in which 
nvy was pan-neuronally expressed [(F, J, and N) dataset from Fig. 1F], and single-reared males in which nvy was overexpressed pan-neuronally [(G, K, and O) dataset 
from Fig. 1G]. Only the orienting-to-lunge transition correlates with the changes in the number of lunges. *P < 0.01 and n.s. P ≥ 0.01 [(B to O) permutation test with 
Bonferroni-like correction].
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that wild-type flies and ∆nvy mutants altered several behavioral 
transitions differently (fig. S2, H and I) after group rearing. The fre-
quency of “orienting-to-lunge” transitions was correlated with the 
number of lunges in flies with neuron-specific RNAi knockdown of 
nvy (Fig. 2E), neuron-specific rescue of the ∆nvy mutation (Fig. 2F), 
and neuron-specific overexpression of nvy (Fig. 2G). “Lunge-to- 
orienting” transitions were more frequent in ∆nvy mutants regard-
less of social experience (Fig. 2H) but were not consistently different 
from genetic controls in any of the RNAi, rescue, or overexpression 
experiments (Fig. 2, I to K). Last, “lunge-to-nonorienting” transitions 
were reduced in both single- and group-reared ∆nvy mutants 
(Fig. 2L) but were not consistently coupled to the amount of nvy in 
the RNAi, rescue, or overexpression experiments (Fig. 2, M to O). 
These results suggest that ∆nvy mutation promotes aggression after 
group rearing by increasing the probability of lunging while the 
mutant fly chases or confronts an opponent.

The dense behavioral annotations prompted us to analyze other 
behaviors in detail. We first asked whether male-to-male courtship 
was also affected by nvy. Male-to-male wing extensions are observed 
infrequently in wild-type flies (25, 48, 53, 54). Consistent with a 
previous report (55), single-reared wild-type flies performed more 
wing extensions than group-reared wild-type flies (fig. S2F), although 
even in single-reared wild-type flies, wing extensions accounted for 
only 0.3% of the total behavioral events (fig. S2A). The duration of 
wing extensions in both single-reared and group-reared ∆nvy 
mutant flies was comparable to that in single-reared wild-type flies 
(fig. S2F). While RNAi knockdown of nvy in neurons increased 
male-to-male wing extensions (fig. S3A), genetic rescue of ∆nvy 
(fig. S3B) and nvy overexpression (fig. S3C) did not alter wing 
extensions relative to genetic controls. Together, nvy does not 
influence male-to-male courtship as consistently as it does aggres-
sion. The small effect size of male-to-male wing extensions relative 
to male-to-female wing extensions (see Fig. 3 for the wing extension 
index toward females) may be secondary to increased opportunities 
to interact (55, 56).

Chasing is observed in both courtship (50, 57–59) and aggressive 
interactions (48, 49, 60). Considering the low level of wing exten-
sions among males, as discussed above, the higher level of orienting 
events observed among group-reared ∆nvy mutants than among 
wild types (fig. S2C) likely reflects a difference in the level of aggression 
rather than courtship. We also analyzed whether the locomotor pat-
terns showed any obvious temporal structure. The binned distance 
traveled by pairs of flies was overall uniform across the 30-min 
assay duration in wild types and ∆nvy mutants (fig. S3, D and E) 
and in the RNAi against nvy (fig. S3, F and G), genetic rescue of ∆nvy 
(fig. S3, H and I), and nvy overexpression (fig. S3, J and K) experi-
ments. Although analysis at higher temporal resolution may reveal 
differences among genotypes, we conclude that nvy manipulations 
do not have a gross impact on the temporal structure of fly locomo-
tion. Lunges were also distributed relatively uniformly throughout the 
duration of the recordings (fig. S3L).

nvy prevents inappropriate aggression in the presence 
of a female
We next addressed whether nvy is also necessary for another type of 
social interaction, i.e., male-to-female interactions. Wild-type males 
vigorously courted a virgin female (Fig. 3A) (50), and more than 
80% of males successfully copulated within 10 min (Fig. 3B). ∆nvy 
males performed wing extensions toward a virgin female (Fig. 3A) 
and copulated (Fig. 3B) at rates comparable to the wild-type males, 
indicating that ∆nvy mutation does not affect male courtship capa-
bility. However, ∆nvy males lunged toward a female after copula-
tion, which was rarely observed in wild-type males (Fig. 3A). Virgin 
∆nvy males also lunged toward premated females and had lower 
scores on the wing extension index relative to wild-type males (Fig. 3C 
and movies S3 and S4), suggesting that mating is not required for 
the ∆nvy males to attack females. The restoration of nvy expression 
in neurons suppressed male-to-female aggression in ∆nvy males 
(Fig. 3D). ∆nvy males formed courtship memories in the same way 
as wild-type males (fig. S4A), suggesting that ∆nvy males do not 

Fig. 3. Behavior phenotypes of Δnvy males under various social contexts. (A) ∆nvy males performed wing extensions as vigorously as wild-type (WT) males before 
copulation (top), but, unlike wild-type males, they lunged toward females after copulation (bottom). (B) ∆nvy males copulated with virgin females at a rate comparable 
to wild-type males. (C) Virgin ∆nvy males had lower scores on the wing extension index (top) and performed more lunges (bottom) toward premated females (i.e., females 
mated before the experiment: see Materials and Methods for details) than wild-type males. (D) Reversal of the male-to-female wing extensions (top) and lunges (bottom) 
in ∆nvy by pan-neuronal expression of nvy. Genotypes of male testers are indicated below the plots. (E) Competitive copulation assay using two males and one virgin 
female. Left: Copulation success of either male #1 or #2 (wing clipped). Right: Lunge bouts (top) or wing extension indices (bottom) quantified in wild-type versus ∆nvy 
groups during the precopulation period. ***P < 0.0005, **P < 0.01, and n.s. P ≥ 0.05 [(A) (in black) and (C): Mann-Whitney U test; (A) (in gray) and (E) right: Wilcoxon signed-rank 
test; (D): Kruskal-Wallis one-way ANOVA and post hoc Mann-Whitney U test with Bonferroni correction; (E) left: Fisher’s exact test].
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misidentify a mated female as a male. It is possible that ∆nvy males 
are sensitized to 11-cis-vaccenyl acetate, an aggression-promoting 
male pheromone (61) that is transferred to the female during mat-
ing (62). However, decapitated male (fig. S4B) or premated female 
(fig. S4C) opponents provoked no lunges from ∆nvy males, indicat-
ing that male chemical cues alone are insufficient to promote ag-
gression in ∆nvy mutants. These data argue that nvy is necessary for 
suppressing aggression toward both male and female targets, with-
out affecting sex recognition per se.

Contrary to a popular view, experimental results have remained 
inconclusive about whether high levels of aggression are advanta-
geous to fitness (9, 20, 47), possibly because the context can change 
the payoff of aggression (1, 17). We next wished to address whether 
highly aggressive ∆nvy males gain a benefit in a competitive envi-
ronment. We created a situation in which one wild-type male and 
one ∆nvy male competed over one virgin female and observed 
which of the two genotypes was more successful in copulating with 
the female (63). The ∆nvy males had less copulation success than 
wild-type rivals (Fig. 3E, left). We found that the ∆nvy males per-
formed more lunges (all of which were directed toward the wild-
type rivals) and had lower scores on the wing extension index 
(Fig. 3E, right), suggesting that the reduced mating success of the 
∆nvy males was due to their failure to appropriately suppress ag-
gression and commit to courtship toward the female target. These 
results collectively indicate that nvy is necessary for flies to prevent 
unnecessary aggression in multiple social contexts, which, in turn, 
can help increase fitness.

nvy-expressing QA neurons suppress aggression
To identify the neuronal mechanisms by which nvy suppresses 
aggression, we screened selected GAL4 lines to restrict nvy RNAi 
to relatively small neuronal populations. Among those tested, 
loss of nvy in neurons labeled by Tyrosine decarboxylase 2 (Tdc2)– 
GAL4 increased aggression most markedly in group-reared flies 
(Fig. 4A, left, and table S3). Lunges by the same genotype under 
social isolation were not different from those of genetic controls 
(Fig. 4A, right), consistent with the results from pan-neuronal 
RNAi manipulation (Fig. 1B). Moreover, nvy expression driven 
by Tdc2-GAL4 suppressed the hyperaggressive phenotype of ∆nvy 
(Fig. 4B).

Tdc2 encodes the biosynthetic enzyme for octopamine/tyramine 
(OA/TA) (64), the invertebrate counterparts of norepinephrine/
epinephrine. Since OA itself and Tdc2 neurons have been reported 
to promote fly aggression (40–43), identification of Tdc2 neurons as 
the site of nvy-dependent suppression of aggression intrigued us. 
We gained genetic access to the nvy-expressing cells by creating a 
CRISPR-Cas9–mediated knock-in allele of the nvy locus that ex-
presses the bacterial transcription factor LexA in place of nvy (nvyLexA; 
fig. S5, A and B). This knock-in allele is null for nvy, as the heteroallelic 
combination of nvyLexA and ∆nvy reduced Nvy protein expression 
to an undetectable level, and resulted in hyperaggressiveness, simi-
larly to homozygous ∆nvy (fig. S5, C and D). Although Nvy protein 
was expressed in a large population of neurons in the central brain 
(fig. S5E), we found that only a subset of Tdc2-GAL4 neurons was 
colabeled by nvyLexA in the central brain (Fig. 4C). From the loca-
tions of cell bodies and previously published nomenclature (65), we 
identified most nvyLexA-labeled Tdc2 neurons as being in the anterior 
superior medial (ASM) and ventrolateral (VL) clusters. Both clusters 
showed immunoreactivity to Nvy (fig. S5E) (66). nvyLexA-negative 

Tdc2 neurons were mostly in the VPM, VUMa, VUMd (collectively 
known as the VM cluster), and AL2 clusters (Fig. 4C).

Selective expression of Kir2.1, an inwardly rectifying potassium 
channel that induces neuronal hyperpolarization, in this nvyLexA- 
positive Tdc2 population (Fig. 4D and movie S5) markedly increased 
aggression in group-reared males that normally have low basal 
aggressiveness (Fig. 4E). By contrast, the high intensity of basal 
aggression in single-reared males was not affected by the same manip-
ulation (Fig. 4E), similar to the ∆nvy mutant phenotype (Fig. 1E). 
Hyperpolarization of the nvyLexA-negative Tdc2 population (Fig. 4F 
and movie S6) had opposing effects; group-reared males remained 
nonaggressive, whereas single-reared males performed fewer lunges 
(Fig. 4G). This result is consistent with the previously reported 
aggression-promoting function of Tdc2 neurons (40–44).

The OA/TA system (especially in the ventral nerve cord (VNC)] 
has been implicated in locomotion (67). Normalizing the number 
of lunges by the distance traveled by the pair of flies showed that 
silencing of the nvyLexA-positive Tdc2 population (fig. S5G) or the 
nvyLexA-negative Tdc2 population (fig. S5I) did not change the level 
of aggression proportional to overall locomotor activity. We also 
quantified the speed of pairs of flies during nonorienting phases 
(in which flies were walking without interacting) when either the 
nvyLexA-positive or nvyLexA-negative Tdc2 populations were silenced. 
Both populations were present in the VNC, although nvyLexA- 
negative Tdc2 cells were more numerous (fig. S5F). Silencing of the 
nvyLexA-positive Tdc2 population in group-reared flies did not alter 
speed during nonorienting compared with one of the two negative 
controls (fig. S5H, left). In single-reared flies, speed was mildly de-
creased compared with genetic controls (fig. S5H, right), although 
the number of lunges was comparable across experimental and con-
trol flies (Fig. 4E). These findings argue that a difference in activity 
levels cannot account for the difference in aggression among geno-
types. Silencing of the complementary, nvyLexA-negative Tdc2 
population decreased speed compared with flies in which GFP was 
expressed instead of Kir2.1, although not to the extent observed 
when all Tdc2 neurons were silenced (fig. S5J). While the nvyLexA- 
negative Tdc2 population may contain neurons that are necessary 
for normal locomotion (67), it has been previously shown that 
aggression-promoting Tdc2 neurons reside in the central brain 
(41, 43). We therefore conclude that Tdc2 neurons contain both 
an nvy-expressing subpopulation that suppresses aggression and a 
non–nvy-expressing subpopulation that promotes aggression. This 
functional segregation within aminergic neurons can provide a 
complementary “push-and-pull” mechanism for the control of 
aggression according to social experience. Both populations are 
necessary for flies to adjust their level of aggression appropriately. 
Our findings parallel recent studies showing that the lateral habenula 
subpopulations respond in opposite directions during aggressive 
encounters (26, 68).

We addressed whether OA/TA themselves are necessary for the 
function of both the nvyLexA-positive and the nvyLexA-negative Tdc2 
populations by using RNAi to knock down Tyramine  hydroxylase 
(Tbh: another key enzyme in the OA/TA biosynthetic pathway) and 
Tdc2. Consistent with the phenotypes of null mutants (40, 41, 44), 
knockdown of both enzymes in the entire population of Tdc2-GAL4 
neurons reduced aggression among single-reared flies (fig. S6A). 
RNAi against these two genes in only the nvyLexA-positive popula-
tion did not increase aggression in group-reared flies (fig. S6B), in 
contrast to the flies in which this neuronal population was silenced 
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(Fig. 4E). This result implies that glutamate, a neurotransmitter 
often coexpressed in Tdc2-expressing neurons (43), but not OA/TA, 
may be responsible for the function of the nvyLexA-positive Tdc2 
population. However, we cannot rule out the possibility that RNAi- 
mediated knockdown was not effective in this neuronal population. 
Also, it remains possible that Tdc2-GAL4 neurons contain non-OA 
aggression-suppressing nvyLexA-positive neurons [but see our single- 
cell RNA sequencing (scRNA-seq) data below].

The above chronic silencing results encouraged us to probe the 
aggression-suppressing role of Tdc2 neurons in socially isolated 
animals using optogenetics, which allows for greater temporal control of 

neural activity. Single-reared testers that express the channelrhodopsin 
CsChrimson specifically in the nvyLexA-positive Tdc2 population 
were photostimulated by a red light-emitting diode (LED) (Fig. 4H). 
We found that tester males performed significantly fewer lunges 
during the stimulation period compared with both the prestimulation 
period and with genetic controls during stimulation (Fig. 4I; fig. S7, 
A and B; and movies S7 and S8). General locomotion (fig. S7, C and D), 
speed during the nonorienting phase (fig. S7, E and F), and male-to-
female courtship (fig. S7, G and H) were largely unaffected by stimu-
lation. Thus, activation of the nvyLexA-positive Tdc2 population 
specifically blocks the execution of lunges without affecting other 

Fig. 4. Selective manipulation of nvy-expressing Tdc2 neurons suppresses aggression. (A) Increase in lunges by group-reared (left), but not single-reared (right), 
males in which nvy was knocked down by RNAi in Tdc2 neurons. (B) Reversal of the hyperaggressive phenotype in group-reared ∆nvy males by nvy expression in Tdc2 
neurons. (C) Number of neurons colabeled with nvyLexA and Tdc2-GAL4 in four neuronal subtypes, according to a previously described nomenclature (65). (D to G) Selective 
silencing of nvy-positive or nvy-negative Tdc2 neurons in males. Expression of GFP in nvy-positive (D) or nvy-negative (F) Tdc2 neurons is visualized by immunohistochemistry. 
Altered aggression after Kir2.1-mediated silencing of either nvy-positive (E) or nvy-negative (G) Tdc2 neurons is shown in box plots. Silencing of nvy-positive Tdc2 neurons 
increased aggression specifically in group-reared flies (E) (left), whereas silencing of nvy-negative Tdc2 neurons decreased aggression in single-reared flies (G) (right). 
(H) Optogenetic stimulation paradigm. (I) Reduced aggression in socially isolated males by optogenetic stimulation of the nvy-positive Tdc2 neurons. ***P < 0.0005, 
**P < 0.005, and n.s. P ≥ 0.05 [(A, B, E, G, and I) in black: Kruskal-Wallis one-way ANOVA and post hoc Mann-Whitney U test with Bonferroni correction; (I) in gray: Kruskal-Wallis 
one-way ANOVA and post hoc Wilcoxon signed-rank test; (C, D, and F) error bars indicate means ± SD of 8 to 10 brains].
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social behaviors. Our data collectively indicate that the previously 
uncharacterized nvy-expressing Tdc2 subpopulation serves as a 
neuronal switch that controls social experience–dependent changes 
in aggressiveness.

Sex-invariant function of nvy and nvy-expressing 
octopaminergic neurons
Similar to males, female flies also alter their aggressiveness accord-
ing to their social experience (69). Although a few Tdc2 neurons in 
the VM cluster express the sex-determining gene fruitless (70), the 
gross population-level morphology in the central brain (fig. S8A) 
and the number of cell bodies in each of the four Tdc2 neuronal 
clusters (fig. S8B) were comparable between the two sexes, suggesting 
that the female brain contains the aggression-suppressing nvyLexA- 
positive Tdc2 population. To investigate whether our findings on 
the role of nvy are common to both sexes, we applied the above 
genetic and neuronal manipulations to female flies. Female aggres-
siveness was assessed by quantifying headbutts, a female-type 
aggressive action (60). The ∆nvy mutation increased headbutts in 
group-reared females (Fig. 5A), and this increase was suppressed by 
transgenic nvy expression (Fig. 5B and fig. S8C). As with males, the 
elevated basal aggressiveness of single-reared wild-type females was 
reduced by overexpression of nvy (Fig. 5C). Moreover, both silencing 
(Fig. 5D) and optogenetic activation (Fig. 5E) of the nvy-expressing 
Tdc2 population in females had similar effects on aggression as in 
males. Although it is relatively rare that sex-invariant neurons (or 
neurons specified by the same GAL4 line) affect fly aggression in 
both sexes (49,  71), recent studies in mice demonstrated that the 
subpopulation of neurons in the ventromedial hypothalamus (72, 73) 
and medial amygdala (74) controls aggression in both males and 
females. Our work provides an entry point to elucidate underexplored 
sex-invariant mechanisms underlying sexually dimorphic behaviors.

Functional conservation between nvy and its 
human homologs
The results described above prompted us to explore the molecular 
mechanism through which nvy acts to modulate aggression. nvy has 
been identified as a Drosophila homolog of vertebrate myeloid trans-
location genes (MTGs), proto-oncogenes encoding nuclear scaffold 
proteins that form transcription repressor complexes (75–78). In 
line with the high sequence similarities, pan-neuronal transgenic 
expression of human MTG8 and MTG16 significantly reduced the 
number of lunges (Fig. 6, A to C) as well as lunges normalized to the 
distance traveled (fig. S9A) in ∆nvy mutants, suggesting that nvy is 
a functional ortholog of these human genes. The expression of human 
MTG proteins was unlikely to cause a major locomotor deficit, as 
speed during the nonorienting state was comparable across geno-
types (fig. S9B). We also created transgenes that express Nvy 
proteins lacking each of the four highly conserved Nvy homology 
regions (NHRs) (79). Of the truncated nvy constructs, only the vari-
ant that lacked the NHR2 domain (Fig. 6D and fig. S9C) failed to 
reverse the ∆nvy phenotype, measured both by the number of lunges 
(Fig. 6E) and by lunges normalized to the distance traveled (fig. 
S9D). Expression of the truncated constructs did not alter speed 
during the nonorienting state (except for a moderate decline in 
speed in flies expressing the variant lacking NHR3) (fig. S9E). 
NHR2 is required for the formation of homomultimers of Nvy 
proteins (fig. S9F), consistent with its scaffold role in mammalian 
MTGs (80, 81). These results collectively point to NHR2 as the key 

functional Nvy domain for controlling aggression and suggest that 
∆nvy affects aggression by altering the gene expression patterns in 
functionally relevant populations of neurons.

We therefore investigated the transcriptional profiles of Tdc2 
neurons. As shown in Fig. 1, ∆nvy mutation elevates aggression 
relative to wild type in group-reared, but not single-reared, flies. We 
therefore reasoned that genes differentially expressed in wild-type 
and ∆nvy Tdc2 neurons are expected to be important for the control 
of aggressive behavior. To obtain cell type–specific transcriptional 
information from the Tdc2 neurons [which consist of several 
anatomically and functionally distinct subtypes (65)], we used scRNA- 
seq. The number of cells labeled by Tdc2-GAL4 was comparable 

Fig. 5. Both the nvy gene and nvy-expressing Tdc2 neurons suppress female 
aggression. (A) The ∆nvy mutation increased aggression in group-reared virgin 
females, as measured by the number of headbutts. (B) Rescue of the hyperaggressive 
phenotype in ∆nvy females by pan-neuronal nvy expression. (C) Reduced aggression 
in socially isolated females by pan-neuronal nvy overexpression. (D) Increased aggres-
sion in socially experienced females after Kir2.1-mediated silencing of nvy-positive 
Tdc2 neurons. (E) Reduced aggression in socially isolated females by optogenetic 
stimulation of nvy-positive Tdc2 neurons. Single-reared tester females with the 
indicated genotypes were paired with group-reared wild-type target females. The 
optogenetic stimulation paradigm was the same as in Fig. 4H. Raster plots (top) 
and box plots (bottom) of headbutts performed by the tester females are shown. 
***P < 0.0005, *P < 0.05, and n.s. P ≥ 0.05 [(A): Mann-Whitney U test, (B to E) in black: 
Kruskal-Wallis one-way ANOVA and post hoc Mann-Whitney U test with Bonferroni 
correction; (E) in gray: Kruskal-Wallis one-way ANOVA and post hoc Wilcoxon 
signed-rank test].
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in wild-type and ∆nvy brains (Fig. 7, A and B, and movies S9 and 
S10). Clonal labeling of single neurons revealed that several specific 
subtypes of Tdc2 neurons retain their overall neuroanatomy in 
∆nvy brains as well (fig. S10). Although there is a possibility that the 
fine morphology, synapse distribution, or other fine structures of 
some Tdc2 neuronal subtypes may be altered in ∆nvy brains, we 
conclude that the ∆nvy mutation largely preserves the anatomically 
defined Tdc2 neuronal subtypes. Consistent with the anatomical 
data, fluorescence-activated cell sorting captured GFP-labeled Tdc2 
neurons from wild-type and ∆nvy brains at similar rates (0.028 and 
0.024% of the input, respectively) (fig. S11A). Hierarchical cluster-
ing analysis (82) of the data collected from 171 Tdc2 cells (fig. S11B) 
revealed six clusters with distinct gene expression patterns (Fig. 7C 
and fig. S11, C to E). Virtually all cells expressed Tdc2 mRNA (fig. 
S11F), suggesting that all Tdc2-GAL4–positive cells are indeed OA/
TA neurons. Among them, cluster #5 was enriched in cells express-
ing nvy at relatively high levels (Fig. 7C and fig. S11, G to I; note that 
nvy mRNA is detectable in homozygous ∆nvy as the mutation re-
moves only the first exon). We then performed differentially expressed 
gene (DEG) analysis on this cluster. Comparison of wild-type and 
∆nvy cells within cluster #5 identified 25 down-regulated and 12 
up-regulated genes with fold changes greater than 10 (Fig. 7D), 
whereas no such DEGs were detected in an analysis of all Tdc2 cells 
as a whole (fig. S11J). These data suggest that nvy affects gene 
expression in a cell type–specific manner.

If nvy controls aggression through transcriptional regulation, 
DEGs found in the nvy-expressing Tdc2 neurons may contain effector 
genes necessary for appropriate modulation of aggression. Supporting 
this idea, Tdc2-GAL4–driven RNAi targeting nine down-regulated 
protein-coding genes found in cluster #5 significantly increased 
lunge numbers in group-reared males (Fig. 7, E to H, and fig. S12, A 
to C), phenocopying the nvy RNAi. Knocking down two up-regulated 
genes reduced the aggressiveness of ∆nvy mutants (Fig. 7, E, I, and J, 
and fig. S12, D to F), suggesting that these genes normally act down-
stream of nvy. The behavioral phenotypes shown above remained 
the same when lunges normalized by the distance traveled were 
analyzed (fig. S12, G to J), except for RNAi knockdown of CG18273 
(fig. S12K), one of the two up-regulated DEGs in cluster #5. Speed 
during the nonorienting phase was elevated by RNAi knockdown of 
two DEGs (both among nine down-regulated genes in cluster #5; 
fig. S12, L to P), compared with two genetic controls. We conclude 
that changes in aggressiveness by RNAi against most, if not all, DEGs 
are not secondary to the changes in activity levels. We found that 
RNAi knockdown of three DEGs specifically in the nvyLexA-expressing 

subset of Tdc2 neurons was sufficient to modulate aggression, demon-
strating that this subpopulation is where the behaviorally relevant 
DEGs function (Fig. 7, K and L). It is noteworthy that five DEGs that 
showed behavioral phenotypes have proposed roles in RNA-related 
processes (Fig. 7E). The fact that genes controlled by nvy can both 
promote and suppress aggression suggests that nvy serves as a mo-
lecular hub that coordinates gene expression changes within a specific 
subpopulation of Tdc2 neurons to control the level of aggression.

The Nvy protein was detected in the ASM and VL clusters of 
both group-reared (fig. S13A) and socially isolated (fig. S13B) flies, 
suggesting that nvy expression does not markedly change with 
social experience. However, it remains possible that nvy expression 
is modulated specifically in a subtype of OA/TA neurons in response 
to social experience.

DISCUSSION
Our current work identified the genetic and neuronal nodes that are 
necessary for both male and female flies to adequately suppress 
aggression after group rearing, preventing excessive and maladaptive 
aggression (Fig. 7M). Although several mutations are known to 
make mice unusually aggressive (83), the neurogenetic mechanisms 
necessary for animals to reduce their levels of aggression in a social 
experience–dependent manner have not been well understood. The 
neuropeptide Drosulfakinin (Dsk) was reported to be necessary for 
suppressing aggression specifically in socially isolated flies, from the 
observation that deletion of the Dsk gene enhanced aggression in 
socially isolated, but not group-reared, flies (37). However, another 
group reported that Dsk mutation, as well as silencing of Dsk- 
expressing neurons, reduced aggression in socially isolated flies (84). 
Further studies will be necessary to clarify the function of Dsk on 
social experience–dependent modulation of aggressive behavior. 
Recently, mutation of another gene, hts, has been reported to in-
crease aggression specifically among socially isolated flies (36). Last, 
RNAi-mediated knockdown of the transcription factor Tailless in 
pars intercerebralis neurons increased aggression in flies that were 
socially isolated for 2.5 days (85). Isolation for 3 days was sufficient 
to increase aggressiveness to a level comparable to that of flies 
isolated since the time of eclosion (6 days) (7), suggesting that Tailless 
knockdown is effective in enhancing social isolation–induced 
aggression. It is unclear whether Tailless knockdown can elevate 
aggression among group-reared flies. In summary, a function of 
these genes is to enhance aggression elevated by social isolation but 
not to suppress aggression in a social experience–dependent manner. 

Fig. 6. Human MTGs reverse the hyperaggressive phenotype of Δnvy males. (A) Gene structures of human MTGs with amino acid sequence identities (%) against nvy 
within each NHR domain. (B) Pan-neuronal expression of human MTG genes by elav-GAL4, verified in fly head extracts by Western blot. (C) Rescue of the ∆nvy phenotype 
by pan-neuronal expression of human MTGs under the control of UAS. (D) Schematic of the truncated UAS-nvy constructs lacking each NHR domain. (E) Pan-neuronal 
expression of UAS-nvy lacking the NHR2 domain failed to rescue the ∆nvy phenotype. ***P < 0.001, **P < 0.01, *P < 0.05, and n.s. P ≥ 0.05 [(C and E): Kruskal-Wallis one-way 
ANOVA and post hoc Mann-Whitney U test with Bonferroni correction].
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Fig. 7. nvy functions in Tdc2 neurons to control aggression via transcriptional modulation. (A) Neuronal morphology of Tdc2 neurons in the ∆nvy brain. GFP 
expressed under the control of Tdc2-GAL4 was visualized by immunohistochemistry in brains from the nvy locus of wild-type (left) or ∆nvy (right) males. (B) Cell counts of 
Tdc2 neurons in the ∆nvy brain. Subtypes of Tdc2-GAL4 neurons were classified according to a previous anatomical study (65). Note that the values for the wild-type nvy 
locus are replotted from fig. S8B. (C) Hierarchical iterative clustering analysis of Tdc2 cells. (D) Volcano plot of DEGs in cluster #5 cells. Pale colored dots represent genes 
that pass the Benjamini-Hochberg FDR test; dark colored dots correspond to genes that showed behavioral phenotypes in the following RNAi experiments. (E) Names 
and functions of DEGs in cluster #5 that exhibited aggression phenotypes following the Tdc2-GAL4–driven RNAi knockdown. (F to H) Increased aggression by Tdc2-GAL4–
driven RNAi of nine down-regulated DEGs. (I and J) Reduced aggression in the ∆nvy mutants following the Tdc2-GAL4–driven RNAi of two up-regulated DEGs. (F) to (J) 
were organized according to the landing sites of UAS-IR insertions. (K) Increased aggression by RNAi of two down-regulated DEGs specifically in nvy-positive Tdc2 neurons. 
(L) Reduced aggression in the ∆nvy mutants by RNAi of ZC3H3, an up-regulated gene, specifically in nvy-positive Tdc2 neurons. (M) Schematic summary of the modulation 
of social experience–dependent aggression through manipulation of nvy and nvy-expressing Tdc2 neurons. ***P < 0.0005, **P < 0.01, and *P < 0.05 [(F to K): Kruskal-Wallis 
one-way ANOVA and post hoc Mann-Whitney U test with Bonferroni correction; (L): Mann-Whitney U test].
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In contrast to these works, our results clearly demonstrate that nvy 
gene products and nvyLexA-positive Tdc2 neurons are necessary for 
the suppression of aggression specifically among group-reared flies, 
providing a crucial link between social experience and the neuro-
genetic machinery in the central brain that controls the intensity of 
aggression. Functional loss of nvy appears to transform behavioral 
predispositions in response to group rearing rather than simply 
maintaining the socially isolated behavioral status. It has been 
proposed that different genotypes of Drosophila may respond to social 
experiences differently, in part by altering the very experience that 
each fly undergoes (16, 17). It will be interesting to address whether 
nvy underlies the variability in aggressive behaviors that has been 
observed among naturally isolated populations of Drosophila (3).

Nvy and its vertebrate homologs (MTGs) belong to an evolu-
tionarily conserved group of transcription regulator proteins (79). 
Two of the human MTGs (MTG8 and MTG16) are targeted by 
chromosomal translocations that create a fusion protein with the 
MTGs and the DNA binding domain of the transcription factor 
RUNX1 (also known as AML1), which is associated with acute 
myeloid leukemia (79). Biochemical and genetic data suggest that 
MTGs are involved in cellular differentiation and organ develop-
ment by serving as a scaffold protein for a transcription regulatory 
complex that mainly represses gene expression (75, 76, 79, 80, 86, 87). 
This is consistent with our finding that more genes were up-regulated 
(disinhibited) in nvy mutants, although whether the homologous 
genes are regulated in vertebrates remains currently unknown. In 
Drosophila, Nvy protein is proposed to bind to A-kinase anchoring 
proteins (88) [but see (89, 90)] via the NHR3 domain. Our result 
indicates that NHR2, and not NHR3, is the important domain for 
suppression of aggression by Nvy, which is consistent with the find-
ing in MTGs that multimer formation via NHR2 is critical for their 
function as transcriptional regulators (80, 81).

How genetic manipulations of nvy affect the function of the 
Tdc2 neuronal subset is an intriguing question. One possibility is 
that nvy, as well as the candidates downstream of nvy identified in 
this study, is necessary for the maintenance of the connectivity and 
physiology of the nvyLexA-positive Tdc2 neurons. The underlying 
molecular mechanism remains unclear, although enrichment of 
genes related to RNA processing among candidate downstream 
genes implies that nvy-controlled genes may regulate actuators of 
neural functions at pre- and posttranscriptional stages, including 
trafficking of mRNAs and ribosomes to proper locations (91). 
Alternatively, considering the role of nvy and its vertebrate homologs 
in early development and cell differentiation (66, 92), nvy may be 
required for the proper establishment of nvyLexA-positive Tdc2 neu-
rons. These two possibilities are not mutually exclusive. The role of 
Nvy/MTG proteins as a scaffold for histone deacetylases and other 
chromatin modifiers (75, 76, 79) suggests that functional abrogation 
of nvy can affect gene expression patterns across developmental 
stages rather than gating a specific neuronal differentiation process. 
Developmental stage–specific manipulations of nvy expression may 
clarify the function of nvy in aggressive behavior at each develop-
mental stage. The fact that Nvy protein is detectable at the adult 
stage and that DEGs between nvy mutant and wild-type Tdc2 neurons 
at the adult stage modulate aggressive behavior strongly suggest that 
nvy plays a role in the developed nervous system. Genes involved 
in early development can be “repurposed” for neural functions at 
later stages (93, 94). In summary, further functional characteriza-
tions will be required to elucidate the molecular mechanism by 

which nvy influences the neuronal function of Tdc2 neurons and 
whether the behavioral impact of DEGs can be indeed attributed to 
specific subtypes of the Tdc2 neurons.

Inactivation of both the nvy gene and nvyLexA-positive Tdc2 neu-
rons had the same behavioral effect (increased aggression), consistent 
with the idea that nvy is necessary for the proper function of nvyLexA- 
positive Tdc2 neurons. It is interesting that activation of the same 
neurons and overexpression of nvy both suppressed aggression. As 
a transcriptional repressor, an increased amount of Nvy protein 
complex may change the neuronal properties of nvyLexA-positive 
Tdc2 neurons so as to make them more sensitive to excitatory 
inputs (for instance, by altering the postsynaptic strength of synaptic 
inputs or by elevating membrane potential). Another important 
challenge is to understand how the amount of nvy influences the 
function of nvyLexA-positive Tdc2 neurons. Because the gross mor-
phology of several subtypes of Tdc2 neurons remained unaltered in 
nvy mutants, behaviorally relevant changes within nvyLexA-positive 
Tdc2 neurons likely reside in the fine structures or in the physiological 
properties. The neural connectivity and physiology of Tdc2 neurons 
that belong to the so-called “VM” classes (65), which include 
aggression-promoting subtypes (41, 43), have been relatively well 
characterized particularly in the context of olfactory modulation 
(95–97), thanks in part to the complete description of the connec-
tome and genetic drivers for several VM Tdc2 neurons (98, 99). By 
contrast, the ASM and VL clusters of Tdc2 neurons, which constitute 
most of the nvyLexA-positive Tdc2 neurons, have been less studied. 
The ASM cluster is reported to promote wakefulness by modulating 
pars intercerebralis neurons (100). The VL cluster, on the other 
hand, mediates starvation-induced desensitization of bitter-tasting 
gustatory receptor neurons (101). Both the ASM and VL clusters 
consist of multiple subtypes (65). Functional manipulation of specific 
subtypes will be necessary to elucidate which subtype suppresses 
aggression, whether they modulate the other behaviors described 
above as well, and where in the putative aggression-controlling cir-
cuit they are positioned. Although olfactory cues are implicated in 
social experience–dependent suppression of aggression in the fly 
(7, 33), none of the ASM or VL neurons innervate the major olfactory 
centers (98, 99, 102). These neurons may modulate olfactory per-
ception indirectly or may act upon sensory inputs associated with 
social experiences after these are integrated.

Social experience—or the lack of it—influences subsequent 
interactions with conspecific individuals in both animals and hu-
mans. Our findings will serve as an entry point for understanding 
the circuit and molecular mechanisms that mediate a behavioral 
transformation associated with social experience in the fly. Com-
parative studies across animal species will help identify evolutionarily 
conserved genetic and neuronal motifs that are necessary for adaptive 
behavioral changes according to different levels of social experiences.

MATERIALS AND METHODS
Fly strains
Origins of fly lines
Full genotypes of flies used in experiments are listed in table S4. 
Canton-S originally from the laboratory of M. Heisenberg (University 
of Wurzburg) was used as the wild-type strain. UAS-IR lines used in 
the pan-neuronal RNAi screen (tables S1 and S2) were selected 
from the KK collection in the Vienna Drosophila Resource Center 
(VDRC), including UAS-IR-nvy (KK107374; VDRC, #100273, 
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RRID:FlyBase_FBst0472147) used in Fig. 1B and fig. S1B. Other UAS-IR 
lines were obtained from the TRiP collection in the Bloomington 
Drosophila Stock Center (BDSC; University of Indiana), including 
another UAS-IR-nvy (JF03349; RRID:BDSC_29413) used in fig. S1A, 
UAS-IR-Tbh (JF02746; RRID:BDRC_27667), and UAS-IR-Tdc2 
(JF01910; RRID:BDRC_25871) used in fig. S6. The Exelixis deficiency 
Df(2R)Exel6082 was obtained from BDSC (RRID:BDSC_7561). The fol-
lowing GAL4 lines were obtained from BDSC: Akh (RRID:BDSC_25684), 
AstA1 (RRID:BDSC_51978), AstA2 (RRID:BDSC_51977), AstC 
(RRID:BDSC_52017), Burs (RRID:BDSC_51980), Capa (RRID: 
BDSC_51969), Crz (RRID:BDSC_51975), Dh31 (RRID:BDSC_51988), 
Dh44 (RRID:BDSC_51987), Dsk (RRID:BDSC_51981), ETH (RRID: 
BDSC_51982), FMRFa (RRID:BDSC_51990), Mip (RRID:BDSC_51983), 
NPF (III) (RRID:BDSC_25682), Pdf (II) (RRID:BDSC_6900), Proc 
(RRID:BDSC_51971), amon (RRID:BDSC_30554), ato10 (RRID: 
BDSC_9494), ato14a (RRID:BDSC_6480), ey3–8 (RRID:BDSC_5534), 
ey4–8 (RRID:BDSC_5535), GH146 (RRID:BDSC_30026), Orco11.17 
(RRID:BDSC_26818), Poxn1–7 (RRID:BDSC_66685), Ddc4.3D (RRID: 
BDSC_7010), Ddc4.36 (RRID:BDSC_7009), Tdc2 (RRID:BDSC_9313), 
Trh (RRID:BDSC_38389), 5-HT1B (II) (RRID:BDSC_27636), 5-HT1B 
(III) (RRID:BDSC_27637), R11H09 (RRID:BDSC_48478), R15F02 
(RRID:BDSC_48698), R16F12 (RRID:BDSC_48739), R17C11 (RRID: 
BDSC_48763), R20G01 (RRID:BDSC_48611), R27G01 (RRID: 
BDSC_49233), R38G08 (RRID:BDSC_50020), R70B01 (RRID:BD-
SC_39511), R84H09 (RRID:BDSC_47803), and R93G12 (RRID:BDSC_ 
40667). 8XLexAop2-FLPL (in attP40) (RRID:BDSC_55820) and the 
maternal stock for the MultiColor FlpOut (MCFO) (RRID:BDSC_ 
64085) were obtained from BDSC. UAS-Dicer2 (X) from BDSC (RRID: 
BDSC_24644) was used in the w+ background. fruGAL4, elav-GAL4 (III), 
and ppk23-GAL4 were gifts from B. Dickson [Howard Hughes 
Medical Institute (HHMI) Janelia Research Campus]. dsxGAL4 was a 
gift from S. Goodwin (University of Oxford). NP2631 was a gift from 
D. Yamamoto (Tohoku University). ppk25-GAL4 and 10XUAS-IVS- 
Kir2.1eGFP (in attP2) were shared by D. Anderson (California In-
stitute of Technology). 10XUAS-IVS-mCD8::GFP (in VK00005), 
20XUAS-IVS-Syn21-GFP-p10 (in attP2), and 20XUAS-IVS-Syn21- 
CsChrimson::tdTomato3.1 (in attP2) were created by B. Pfeiffer in 
the laboratory of G. Rubin (HHMI Janelia Research Campus) and 
shared by D. Anderson. Tub-FRT-GAL80-FRT was a gift from 
K. Scott (University of California, Berkeley). Tub-FRT-stop-FRT-
GAL80 was a gift from B. Zhang (University of Missouri). hs-Cre (X) 
was a gift from K. Basler (University of Zürich).
Genetic intersection labeling nvy-positive or nvy-negative 
Tdc2 neurons
Genetic access to each subpopulation shown in Fig. 4 (D to I) was 
achieved by selective expression of GAL80 by the following geno-
types: (i) nvy(+) Tdc2(+) neurons were labeled by the genotype: (w; 
Tdc2-GAL4, nvyLexA/Tub-FRT-GAL80-FRT, 8XLexAop2-FLPL; 
10XUAS-IVS-XX/+). In these flies, GAL80 is ubiquitously expressed 
under the tubulin promoter. Cells labeled by nvyLexA express flip-
pase, which excises the GAL80 coding sequence flanked by flippase 
recognition targets (FRTs). This allows Tdc2-GAL4 to express ef-
fectors (XX: GFP or Kir2.1eGFP) selectively in nvy-positive cells; 
(ii) nvy(−) Tdc2(+)neurons were labeled by the genotype: (w; Tdc2-
GAL4, nvyLexA/Tub-FRT-stop-FRT-GAL80, 8XLexAop2-FLPL; 
10XUAS-IVS-XX/+).

As a transcriptional stop cassette flanked by FRTs precedes the 
GAL80 coding sequence, nvy-positive Tdc2 cells flip out the stop 
cassette, leading to GAL80-dependent suppression of GAL4. The 

remaining Tdc2 cells (the nvy-negative Tdc2 subpopulation) can 
express the effector.

Generation of transgenic lines
UAS-nvy, NHR domain–deleted versions of UAS-nvy, LexAop2-nvy, 
UAS-hMTG8, and UAS-hMTG16 lines were generated by C31 
integrase–mediated transgenesis as previously described (103). 
Primer sequences are provided in table S5.

The nvy coding sequence (CDS) [2232 base pairs (bp)] was 
amplified from the complementary DNA (cDNA) of the Canton-S 
strain. The CDS confirmed by sequencing is shown in data S1. 
Either three-tandem c-Myc (3xMyc; EQKLISEEDLEQKLISEED-
LEQKLISEEDL) or HA (3xHA; YPYDVPDYAGYPYDVPDYAG-
SYPYDVPDYA) epitope tag was attached to the 5′ end of the nvy 
CDS. As for the domain-deletion mutants of nvy, primers were 
designed to skip each NHR region (NHR1, 631st to 924th; NHR2, 
1360th to 1440th; NHR3, 1540th to 1686th; NHR4, 1777th to 1890th 
nucleotides within the nvy CDS). The original CDSs of the human 
MTG8b (1815 bp; GenBank: D14821.1) and MTG16b (1704 bp; 
GenBank: AB010420.1) genes were codon-optimized for expression 
in Drosophila (nucleotide sequences shown in data S1) by GenScript 
USA Inc. (Piscataway, NJ).

To make the 10XUAS constructs, the backbone plasmid pJFRC- 
MUH (RRID:Addgene_26213) was inserted with the intervening 
sequence (IVS) (104) downstream of the hsp70 promoter, between 
Bgl II and Not I sites. As for the 13XLexAop2 constructs, pJFRC48- 
13XLexAop2-myr::tdTomato [a derivative of pJFRC19-13XLexAop2- 
myr::GFP (RRID:Addgene_26224) originally described in (104)] 
was used as the backbone plasmid. Linker sequences containing the 
Not I site and the Kozak sequence (CAAA) were added right up-
stream to each CDS. Fragments and vectors were double-digested 
with Not I (NEB, #R3189) and Xba I (NEB, #R0145), followed by 
ligation using T4 DNA ligase (NEB, #M0202). Integrities of the 
resulting plasmids were confirmed by DNA sequencing. Plasmids 
were targeted to the attP site at VK00005 (RRID:BDSC_9725) using 
C31 integrase–mediated transgenesis by BestGene Inc. (Chino 
Hills, CA). Transformants were selected by the eye color marker, 
and the presence of inserted CDSs was confirmed by polymerase 
chain reaction (PCR) genotyping. All transgenic lines were back-
crossed to the wild-type Canton-S for six generations before 
experiments.

CRISPR-Cas9–mediated generation of nvy mutants
∆nvy and nvyLexA lines were created on the basis of the CRISPR- 
Cas9–mediated genome editing (105) as follows. Primer sequences 
are provided in table S5.

Target sites for guide RNAs (gRNAs) were searched by using the 
online CRISPR Target Finder available at the flyCRISPR website 
(https://flycrispr.org/) with default settings. Within the genome 
region surrounding the first exon of the nervy gene (Dmel\CG3385), 
the following sites with no detectable off-targets were selected 
[protospacer adjacent motif (PAM) sequence underlined]: gRNA 
target #1: 5′-TGATGTTTTCGTCTATCGCCCGG-3′; gRNA tar-
get #2: 5′-TCATTGTTTGGAACTATAATAGG-3′.

Primers containing linkers attached to each target without the PAM 
sequence were used for PCR with pCFD4 (RRID:Addgene_49411) 
as a template. The amplified 598-bp fragment was ligated with Bbs 
I–digested pCFD4, and the resulting pCFD4-nvy-gRNA-1 plasmid was 
injected into embryos of the vas-Cas9 (X) strain (RRID:BDSC_51323). 

https://flycrispr.org/
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The F0 adults (17 males and 17 females) were crossed individually 
with a balancer line, and F1 flies (5 to 12 males and 5 females from 
each F0 cross) were screened by PCR genotyping. Among 354 F1 
individuals, two sibling lines with an identical 513-bp deletion 
(from −132 bp to +134 bp of the first exon) were found, designated 
herein as ∆nvy. The ∆nvy line was backcrossed to the wild-type 
Canton-S for 11 generations before experiments.

Our initial attempt for knock-in line generation using the above 
gRNA plasmid failed (none of 478 F1 individuals from 16 F0 crosses 
were DsRed positive) presumably due to the low efficacy of genome 
editing. To overcome this issue, we prepared a secondary plasmid 
(pCFD4-nvy-gRNA-2) for additional supply of gRNAs that target the 
following sites: gRNA target #3: 5′-GTTTCCAAGTTCCCAGGTTC-
CGG-3′; gRNA target #4: 5′-CACCAACAACACAACATCGGCGG-3′.

To construct the nvyLexA knock-in plasmid, pHD-DsRed (RRID: 
Addgene_51434) was used as the backbone. Left (from −1688 to −1 bp 
of the first exon) and right (from +140 to +1859 bp of the first exon) 
homologous arms were amplified from the genome DNA of the 
vas-Cas9 (X) strain. Point mutations were introduced within the 
PAM sequences of gRNA target sites to avoid plasmid cleaving by 
Cas9. The nls::LexA::p65 CDS was amplified from pBPnlsLexA::p65Uw 
(RRID:Addgene_26230). The first exon of nvy, of which the start 
codon was mutated from ATG to TAG, followed by the 139-bp 
downstream region was amplified from the genome DNA. The 
knock-in plasmid was constructed by using an In-Fusion HD Cloning 
kit (Takara Bio USA, #639650) or a NEBuilder HiFi DNA Assembly 
kit (New England Biolabs, #M5520) in two steps: The left homolo-
gous arm, nls::LexA::p65 CDS, and the first exon of nvy were first 
fused with the Xho I/Spe I–digested pHD-DsRed vector; then, the 
resulting plasmid was digested with Not I/Eco RI followed by insertion 
of the homologous right arm to generate pHD-DsRed-nvy-LexA.

Three plasmids (pCFD4-nvy-gRNA-1, pCFD4-nvy-gRNA-2, 
and pHD-DsRed-nvy-LexA) were coinjected to embryos of the 
vas-Cas9 (X) strain. The F0 adults (24 males) were crossed each with 
the balancer line, and F1 offspring were screened for DsRed expres-
sion in compound eyes under a fluorescent microscope. From 382 
F1 males collected from seven F0 crosses, 15 individuals were found 
positive for DsRed. Insertion of LexA was confirmed by genotyping 
PCR with the primers used for the pHD-DsRed-nvy-LexA plasmid 
construction. Three candidate lines were backcrossed to the wild-
type Canton-S for six generations, and the DsRed sequence flanked 
by two loxP sites was excised by crossing with hs-Cre (X). Genomic 
regions surrounding the first exon of nvy were analyzed by Southern 
blot as described below. One of the validated alleles was used as 
nvyLexA for further experiments. Plasmid injections to fly embryos 
were performed by BestGene Inc.

Southern blot
Two hundred adult flies per genotype were ground in 800 l of TE 
buffer [10 mM tris-HCl (pH 9) and 1 mM EDTA] supplemented 
with 1% SDS, followed by incubation at 65°C for 30 min. Samples 
were added with 300 l of 3 M potassium acetate and placed on ice 
for 30 min. After centrifugation at 13,000 rpm for 20 min at 4°C, the 
supernatant (600 l) was collected and mixed with a half volume of 
isopropanol. Samples were centrifuged at 13,000 rpm for 10 min, 
and the pellet was washed with 70% ethanol. Precipitates were dried 
and dissolved in 500 l of TE buffer. Samples were then treated with 
ribonuclease (RNase) A (diluted to 0.4 to 0.8 mg/ml; Sigma-Aldrich, 
#R4642) at 37°C for 15  min. For purification, each sample was 

mixed vigorously with the same volume of PCI [phenol:chloroform: 
isoamyl alcohol = 25:24:1 (v/v); Thermo Fisher Scientific, #15593031]. 
After centrifugation at 13,000 rpm at 5 min, the aqueous upper layer 
was collected and mixed vigorously with the same volume of 
chloroform, followed by another centrifugation. The upper layer 
(400 l) was further subjected to ethanol precipitation. The final 
precipitates obtained were dried and dissolved in 100 l of TE 
buffer. The typical yield of genomic DNA extracted from 200 flies 
was 0.2 to 0.5 mg.

Genomic DNA (10 to 20 g) for each genotype was digested with 
Hind III at 37°C overnight. Electrophoresis was performed using a 
0.7% agarose gel. Digoxigenin (DIG)–labeled DNA molecular weight 
maker III (Roche, #11218603910) was loaded as a marker. The gel 
placed on a shaker was sequentially subjected to depurination (in 
0.25 N HCl for 10 min), denaturation (in 0.5 M NaOH and 1.5 M 
NaCl for 15 min × 2), neutralization [in 0.5 M tris-HCl (pH 7.5) and 
1.5 M NaCl for 15 min × 2], and equilibration (in 20× SSC for 
10 min). DNA was transferred to a nylon membrane (Roche, 
#1120929901) overnight, by sandwiching between paper towels 
soaked in 20× SSC under a weight of 1.5 kg. DNA was immobilized 
onto the membrane by using UV Stratalinker 2400 (Stratagene).

DIG-labeled DNA probes were synthesized using the PCR DIG 
Probe Synthesis Kit (Roche, #11636090910). Primers were designed 
to target either the external (676 bp; the genomic region from −1986 
to −2661 bp upstream of the nvy exon 1) or internal (621 bp; 660th 
to 1280th nucleotides within the nls::LexA::p65 CDS) regions of the 
LexA knock-in construct, as shown in table S5. The DIG-labeled 
probes were hybridized to the membrane in DIG Easy Hyb hybrid-
ization buffer (Roche, #11603558001) at 49°C overnight. The mem-
brane was sequentially washed with a low-stringency buffer (2× SSC 
and 0.1% SDS) at room temperature for 5 min × 2 and with a pre-
warmed high-stringency buffer (5× SSC and 0.1% SDS) at 68°C for 
15 min × 2. After another brief wash with a buffer (from the DIG 
Easy Hyb kit), the membrane was soaked in a blocking buffer (from the 
DIG Easy Hyb kit) at 4°C overnight. Alkaline phosphatase– conjugated 
anti-DIG Fab fragments (Roche, #11093274910, RRID:AB_514497) 
were freshly added to the blocking buffer at 1:10,000, and the mem-
brane was incubated at room temperature for 30 min. The mem-
brane was washed with the wash buffer for 15 min × 2, followed by 
a brief equilibration in a detection buffer (from the DIG Easy Hyb kit). 
As a chemiluminescence substrate, CDP-Star (Roche, #11759051001) 
was freshly diluted to 1:200 in the same buffer. Signals were developed 
on autoradiography films (Genesee Scientific, #30-507).

Western blot
Sixty to 90 adult flies (5 to 7 days after eclosion) were snap-frozen in 
liquid nitrogen. The fly heads were separated from other body parts 
in liquid nitrogen–chilled metal sieves. Collected heads were ground 
in 60 to 90 l of ice-cold extraction buffer [20 mM Hepes (pH 7.5), 
100 mM KCl, 10 mM EDTA, 0.1% Triton X-100, 1 mM dithiothreitol, 
and 5% glycerol; according to (106)] with disposable pestles, followed 
by centrifugation at 1600g for 20 min at 4°C. The supernatant was 
mixed with 4× Laemmli Sample Buffer (Bio-Rad, #1610747), and 
samples were heated in boiling water for 5 min.

Proteins were separated in 4 to 20% Mini-PROTEAN TGX Precast 
Protein Gels (Bio-Rad, #4561096) and transferred to 0.45-m–pore 
size nitrocellulose membranes (Bio-Rad, #1620215). Membranes 
were shaken in TBST [20 mM tris-HCl (pH 7.6), 150 mM NaCl, and 
0.1% Tween 20] supplemented with 5% blotting-grade blocker 
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(Bio-Rad, #1706404) at room temperature for 2 to 3 hours. After 
washing in TBST for 10 min × 3, membranes were incubated with 
primary antibodies (1:1000 to 1:10,000 dilution in 2 to 5% skim milk/
TBST or Can Get Signal solution 1; Toyobo, #NKB-201) at room 
temperature for 1 to 2 hours. Membranes were washed in TBST for 
10 min  ×  3, followed by reaction with horseradish peroxidase– 
conjugated secondary antibodies (1:10,000 dilution in 2 to 5% skim 
milk/TBST or Can Get Signal solution 2; Toyobo, #NKB-301) at room 
temperature for 1 to 2 hours. After the final wash in TBST for 10 min × 3, 
membranes were treated with Clarity Western ECL Substrate 
(Bio-Rad, #1705061). Signals were developed on autoradiography 
films (Genesee Scientific, #30-507). Detailed information for anti-
bodies and incubation conditions are provided in table S6.

Immunoprecipitation
Immunoprecipitation of Myc- and HA-tagged Nvy proteins was 
preformed essentially as described previously (107). Tagged Nvy pro-
teins were pan-neuronally expressed under the control of elav-GAL4. 
Heads from 100 to 120 flies were isolated using liquid nitrogen–
chilled metal sieves as described above, followed by homogeniza-
tion in 700 l of buffer B {20 mM tris-HCl (pH 7.6), 150 mM NaCl, 
5 mM MgCl2, 10% sucrose, 1% glycerol, 1 mM EDTA, and prote-
ase inhibitors [one tablet of cOmplete Protease Inhibitor Cocktail 
(Roche, #11697498001) dissolved in 50 ml]} supplemented with 1% 
CHAPS. Homogenates were first centrifuged at 16,000g for 30 min 
at 4°C, and the supernatants were centrifuged again at 16,000g for 
20 min at 4°C. Cleared lysates (650 l) were collected carefully using 
capillary pipet tips. Lysates were separated into three groups of 200 l 
each and added with 800 l of buffer A [20 mM tris-HCl (pH 7.6), 
150 mM NaCl, 1 mM dithiothreitol, 3 mM MgCl2, and 1 mM EGTA]. 
The remaining lysates were stored at −20°C to be used as “inputs.”

Protein G PLUS-Agarose (Santa Cruz Biotechnology, #sc-2002, 
RRID:AB_10200697) was washed with buffer A, and 10 l of 50% 
bead slurry was added to each sample. As a precleaning step, sam-
ples were gently rotated for 1 hour at 4°C. Samples were then cen-
trifuged at 1000g for 30 s at 4°C, and collected supernatants were 
centrifuged again at 3000g for 30 s at 4°C. For each genotype, one 
sample was kept as a negative control without antibody, another 
sample was added with 2.5 l of normal rat immunoglobulin G (IgG; 
0.4 mg/ml; Santa Cruz Biotechnology, #sc-2026, RRID:AB_737202), 
and the last sample was added with 1 l of anti–c-Myc rat IgG1 
(1 mg/ml; clone JAC6, Abcam, #ab10910, RRID: AB_297569). The 
antibody binding was performed for 2 to 3 hours at 4°C on a rotator. 
To prepare the beads for precipitation, Protein G PLUS-Agarose 
was washed and suspended in buffer B supplemented with 0.2% 
CHAPS and 1% bovine serum albumin and incubated for 30 min at 
4°C on a rotator. Beads were washed twice in buffer B and then 
suspended to make 50% slurry. For immunoprecipitation, each 
sample was added with 40 l of bead slurry and incubated overnight 
at 4°C on a rotator. After centrifugation at 1000g for 30 s at 4°C, 
precipitated samples were washed twice with 0.5 ml of buffer A 
supplemented with 0.2% CHAPS. The final precipitates were sus-
pended in 20 l of 2× Laemmli buffer and heated in boiling water 
for 10 min. Western blot was performed as described above.

Immunohistochemistry
Standard immunostaining
Immunohistochemistry of fly brains essentially followed the method 
described in (108). Fly brains were dissected in phosphate-buffered 

saline (PBS) and then incubated in the fixing solution (2% formal-
dehyde and 75 mM l-lysine in PBS) at room temperature for 1 to 
1.5 hours. All reactions from fixation to clearing were carried out in 
a well of 6  ×  10 microwell minitray (Thermo Fisher Scientific, 
#439225). Brains were washed in PBST (0.3% Triton X-100 in PBS) 
for 5 min × 3, followed by incubation in a blocking solution (5% 
heat-inactivated normal goat serum and 0.3% Triton X-100 in PBS) 
for 30 min. Primary antibodies diluted with the blocking solution [1:10 
(supernatant) or 1:100 (concentrated) for mouse anti-bruchpilot (BRP) 
(Developmental Studies Hybridoma Bank nc82, RRID: AB_2314866), 
1:1000 for chicken anti-GFP (Abcam, #ab13970, RRID: AB_300798), 
1:1000 for rabbit anti-DsRed (Takara Bio USA, #632496, RRID: 
AB_10013483), and 1:1000 for rabbit anti-Nvy (a gift from R. Mann)] 
were applied to the samples at 4°C for 2 days. The brains were washed 
in PBST for 10 min × 3 and then incubated in secondary antibodies 
diluted with the blocking solution [1:100 for goat anti-mouse Alexa 
633 (Thermo Fisher Scientific, #A-21052, RRID: AB_2535719), 1:100 
for goat anti-chicken Alexa 488 (Thermo Fisher Scientific, #A-11039, 
RRID: AB_2534096), and 1:100 for goat anti-rabbit Alexa 568 
(Thermo Fisher Scientific, #A-11036, RRID: AB_10563566)] at 4°C 
overnight. Brains were washed in PBST for 10 min × 3 and then 
incubated in the clearing solution (50% glycerol/PBS) at room tem-
perature for 2 hours. Samples were mounted in VECTASHIELD 
(Vector Laboratories, #H-1000) onto a glass slide. Images were 
acquired by FV-3000 confocal microscopy (Olympus America; shared 
by S. Pfaff at Salk Institute). Stacked images of maximum z-projections 
were generated on Fiji software (RRID: SCR_002285; https://fiji.sc/). 
FluoRender (RRID: SCR_014303; www.sci.utah.edu/software/
fluorender.html) was used to create a three-dimensional rendering 
of a stacked confocal image.
Single-cell stochastic labeling
Single-cell stochastic labeling was performed by the MCFO approach 
described in (109). For wild-type (for nvy) flies, virgin females of the 
MCFO maternal strain (RRID:BDSC_64085) were crossed with 
Tdc2-GAL4 males. The F1 male offspring with the following geno-
type were used for the MCFO experiment: w,hs-FLPG5-PEST in 
attP3/Y; Tdc2-GAL4/+; 10XUAS-FRT-stop-FRT-myr::smGdP-HA in 
VK00005,10XUAS-FRT-stop-FRT-myr::smGdP-V5-THS-10XUAS-FRT-
stop-FRT-myr::smGdP-FLAG in Su(Hw)attP1/+.

For nvy mutant flies, the ∆nvy allele was first combined with the 
MCFO maternal strain. Virgin females from this stock (that carries 
∆nvy on the second chromosome) were subsequently crossed with 
the males that carried both the ∆nvy allele and the Tdc2-GAL4 
insertion. The F1 male offspring with the following genotype were 
used for the MCFO experiment: w,hs-FLPG5-PEST in attP3/Y; 
∆nvy,Tdc2-GAL4/∆nvy; 10XUAS-FRT-stop-FRT-myr::smGdP-HA 
in VK00005,10XUAS-FRT-stop-FRT-myr::smGdP-V5-THS-10XUAS-
FRT-stop-FRT-myr::smGdP-FLAG in Su(Hw)attP1/+. With the use 
of Tdc2-GAL4 driver, preliminary investigation of heat shock con-
ditions revealed that optimally sparse labeling was achieved when 
flies were treated as follows: reared at 25°C from embryo to adult 
4 to 7 days after eclosion, warmed at 37°C for 10 to 11 min, and then 
kept at 25°C for another 1 to 2 weeks before dissection.

Subsequent immunostaining steps were performed according to 
(109) with minor modifications. Brains were dissected in ice-cold 
Schneider’s medium and fixed in 2% paraformaldehyde (PFA)/
Schneider’s medium at room temperature for 55 min, followed by 
PBT (0.5% Triton X-100/PBS) washes for 10 min × 4. Samples were 
incubated in a blocking solution (5% goat serum/PBT) at room 

https://fiji.sc/
http://www.sci.utah.edu/software/fluorender.html
http://www.sci.utah.edu/software/fluorender.html
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temperature for 90 min. Primary antibodies {1:300 dilution of anti-HA 
rabbit monoclonal antibody (mAb) (C29F4, Cell Signaling Technolo-
gies, #3724S, RRID:AB_1549585), 1:200 dilution of anti-FLAG rat mAb 
[DYKDDDDK Epitope Tag Antibody (L5), Novus Biologicals, #NBP1-
06712, RRID:AB_1625981], and 1:10 dilution of supernatant anti-BRP 
mouse mAb (Developmental Studies Hybridoma Bank nc82, RRID: 
AB_2314866), all diluted in 5% goat serum/PBT} were applied at 4°C 
for 2 days. The brains were washed in PBT for 30 min × 3 and then 
incubated with secondary antibodies [1:500 dilution of anti-rabbit Alexa 
Fluor 594 (Jackson ImmunoResearch, #711-585-152, RRID:AB_2340621), 
1:150 dilution of anti-rat Alexa Fluor 647 (Jackson Immuno Research, 
#712-605-153, RRID:AB_2340694), and 1:150 dilution of anti-mouse 
Alexa Fluor 488 (Jackson ImmunoResearch, #715-545-151, RRID: 
AB_2341099), all diluted in 5% goat serum/PBT] for 4 hours at room 
temperature followed by one to two overnights at 4°C. Brains were 
washed in PBT for 30 min × 3 and then incubated with DyLight 550–
conjugated mouse anti-V5 (Bio-Rad, #MCA1360D550GA, RRID: 
AB_2687576) (1:500 dilution in 5% goat serum/PBT) at 4°C overnight.

Mounting of stained brains was also performed according to (109) 
and the “DPX Mounting” protocol shared at the FlyLight website 
(www.janelia.org/project-team/flylight/protocols). Coverslips (22 mm by 
22  mm square no.1, Thermo Fisher Scientific, #12-542B) were 
dipped in a coating solution [0.08% (w/v) poly-l-lysine (PLL) hydro-
bromide (Sigma-Aldrich, #P1524) and 0.2% Kodak Photo Flo 200 
(Electron Microscopy Sciences, #74257) in water, stored at 4°C] and 
air-dried beforehand. Brains were washed with PBT for 30 min × 3 
and fixed once again with 4% PFA/PBS (without Triton X-100) 
at room temperature for 4 hours followed by PBT washes for 
15 min × 4. Slides with spacers were made as described in the above 
website. Before mounting, brains were washed in PBS (without 
Triton X-100) for 5 min × 2 to remove detergents. Several drops of 
PBS were made on the PLL-coated coverslip, and brains were trans-
ferred into the drops and gently placed on the glass surface. With 
the brains stuck to one side, the coverslips were briefly washed with 
water to remove PBS and then subjected to dehydration series by 
10-min soaks in successive baths of ethanol solutions (30, 50, 75, 95, 
100, 100, and 100%), followed by 5-min soaks in three successive baths 
of xylene for clearing. The coverslips taken out of xylene were held 
horizontally and applied immediately with seven drops of DPX 
mountant (Electron Microscopy Sciences, #13512). The coverslips 
were flipped over the slides and placed between the spacers and gently 
pressed down. DPX was further applied near the edges of coverslips. 
The DPX-mounted slides were air-dried in the dark for 2 to 3 days 
before microscopic observations. Images were acquired by a Zeiss 
LSM 880 (at the Waitt Advanced Biophotonics Core, Salk Institute). 
Maximum z-projections were generated by Fiji as described above.

Social behavior experiments
Behavioral apparatus
Twelve-well acrylic chambers were designed as previously described 
(110). Each arena had a diameter of 16 mm and a height of 10 mm. 
The entire floor was covered with apple juice gel [Minute Maid 
100% apple juice, 2.25% agarose, and 2.5% sucrose (w/v)] as food 
source. The inner wall and ceiling were coated with Insect-A-Slip 
(BioQuip Products #2871C) and Surfasil Siliconizing Fluid (Thermo 
Fisher Scientific, #TS-42800), respectively.

The chambers were lit from underneath by LED backlights. For 
optogenetic experiments, 850-nm infrared backlights (Sobel Imaging 
Systems, #SOBL-150x100-850) were used instead. Movies were taken 

using the Point Grey Flea3 USB3.0 digital cameras (FLIR, #FL3-U3-
13Y3M-C) controlled by the BIAS acquisition software (IORodeo; 
http://stuff.iorodeo.com/notes/bias/). The camera was mounted with 
a machine vision lens (Fujinon, #HF35HA-1B). For optogenetic 
experiments with the infrared backlights, an infrared long-pass filter 
(Midwest Optical Systems, #LP780-25.5) was attached to the camera. 
Recording was performed either at 30 fps for the first round of 
RNAi screen (Fig. 1A, left) or at 60 fps for the rest of all experiments. 
The optogenetic stimulation was performed using 655-nm red light 
LEDs controlled by the Arduino Uno board (Arduino) with a custom 
program as described previously (111).
Fly preparation and behavioral assays
Parental flies (no more than 20 females and 10 males per bottle) 
were reared on 50 ml of standard cornmeal-based food and were 
transferred to fresh food every 2 to 3 days. Offspring flies were 
collected on the day of eclosion into vials with standard fly food 
medium. Adult males and females were kept separately to avoid 
mating, except when premated females were prepared for targets in 
some experiments. The premated females (Fig. 3, C and D, and fig. 
S7H) were created by cohousing 10 to 15 virgin females and five 
males (both 3 to 4 days after eclosion) in the same vials 2 to 3 days 
before the day of the experiment. For optogenetic experiments, 
adult testers were reared on food supplied with 0.2 mM all-trans 
retinal (Sigma-Aldrich, #R2500, 20 mM stock solution prepared in 
95% ethanol), and the vials were covered with aluminum foil to 
avoid light exposure. Flies were kept either as a group of up to 
15 (“group reared”) or 1 (“single reared”) per vial at 25°C with 60% 
relative humidity, in a 12-hour light/dark cycle (light phase, 9:00 a.m. 
to 9:00 p.m.). Flies were transferred to new vials with fresh food 
after every 3 days. To keep track of each fly’s identity within a pair 
of males with different genotypes, the tip of either one of the wings 
was clipped by a razor under brief CO2 anesthesia. This marking 
treatment itself does not reduce the level of lunge or wing extension 
by males under our experimental conditions (112).

Behavior experiments were performed in the late afternoon 
(4:00 to 9:00 p.m.) at 22° to 25°C. When pairing group-reared flies 
of the same genotypes (including RNAi screening), two flies were 
always taken from different vials to make a pair that has never met 
each other during their adulthood. For male-male and female-female 
pairs tested in the 12-well chamber, flies were introduced by gentle 
aspiration and acclimated for 5 min before the 30-min recording. In 
the case of male-female pairs (Fig. 3, A to D, and fig. S7H), either 
virgin or premated females were first introduced into the arenas, 
and males were trapped between two small plastic tips set upon the 
lid to prevent contact with females. After 5 min of acclimation, all 
males were simultaneously introduced to the arenas by sliding the 
lid, and the 1-hour recording was immediately started. In competi-
tive copulation assays, group-reared male pairs were first loaded 
into the 12-well chamber, and one group-reared virgin female was 
trapped upon each well as described above. After acclimating the 
male pairs for 15 min, the females were simultaneously introduced 
to all arenas, and recording was immediately started. For experiments 
using the large chamber where we aimed to capture the flies’ behaviors 
from the first encounter, the recording was started before the intro-
duction of flies to the arenas, and the movie was taken for 35 min. 
The 30-min time window after the entrance of the second fly to the 
arena was used for behavior analysis.

Courtship memory assay was performed essentially as described 
previously (113). In brief, a sexually naïve male was introduced into 

http://www.janelia.org/project-team/flylight/protocols
http://stuff.iorodeo.com/notes/bias/
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a 1.5-ml tube with food and either kept alone as the sham-trained 
group or paired with an unreceptive mated female as the trained 
group. Females were removed after 5 hours of training, and the 
males were left in the same tubes for 1 hour. Males were then trans-
ferred into the 12-well chamber, and a new set of wild-type mated 
females was loaded as above. The 30-min recording was started 
immediately after the females were introduced into the arenas.
Behavioral quantification
The 30-fps movies recorded in the first round of RNAi screen 
(Fig. 1A, left, and table S1) were analyzed by CADABRA software 
(45) on MATLAB (RRID: SCR_001622; The MathWorks). The 
program was slightly modified to make it compatible with later 
MATLAB versions (2014b and 2019a) without affecting its func-
tionality. Flies were tracked using the “qtrak” function. Lunges were 
detected using the analysis program that accompanies CADABRA, 
by applying the parameters originally described in (45). The radius 
of the circular region of interest was set to 6.5 mm, which is approxi-
mately one fly body length smaller than the actual well size (8-mm 
radius), to exclude the movements of flies staying close to or climbing 
on the wall that may lead to false-positive detections.

The 60-fps movies recorded for the rest of all experiments 
were processed by the FlyTracker program (56) (version 1.0.5) on 
MATLAB2014b. For pairs of flies with different conditions (sexes, 
genotypes, and/or rearing conditions), the identities of tester and 
target flies (marked by the clipped wing) were manually corrected 
throughout the movie. Behaviors were quantified using automated 
classifiers based on the machine learning system JAABA (RRID: 
SCR_021597). The details of the classifiers for lunges, headbutts, 
and wing extensions are described elsewhere (46). As a postprocessing 
step to remove false positives, extremely short bouts (<50 ms for 
lunges and headbutts and <100 ms for wing extensions) were omitted 
from quantification.

In general, our lunge classifier has been trained to detect lunge 
bouts with reasonably high precision (89%) and recall (88%) (46). 
When testing male-female pairs, however, even a few cases of false 
positives due to tracking errors might significantly affect the statis-
tical analyses of rarely observed male-to-female lunges. For this 
reason, we manually confirmed all male-to-female lunges detected 
in Fig. 3 (A and C to E).
Behavioral transition analysis
A fly in each frame was labeled with one of five mutually exclusive 
behaviors: stopping, orienting, nonorienting, lunge, and wing ex-
tension. Lunge and wing extension were quantified as described 
above. Stopping, orienting, and nonorienting were defined on the 
basis of the fly’s frame-wise kinematic features. First, a fly was clas-
sified as “stopping” when its speed was below the first threshold of 
1 mm/s. To avoid rapid switching of behavior labels around this 
speed threshold, a Schmitt trigger similar to that used in (114) was 
adopted with the second (high) threshold of 2.5 mm/s. The fly was 
classified as moving (i.e., orienting or nonorienting) at above 
2.5 mm/s; the frames in between the two thresholds maintained 
their previous classification until the second threshold was crossed. 
Among all the moving frames, the fly was classified as “orienting” 
toward the other fly when it had a facing angle magnitude smaller 
than 45° and at a distance no larger than 5.0 mm. Schmitt triggers 
on facing angle (high threshold: 60°) and on distance (high threshold: 
7.5 mm) were also introduced. All the remaining moving frames were 
classified as “nonorienting.” As discussed in the Results section titled 
“nvy controls a behavioral transition leading to lunges”, “orienting” 

corresponds to chasing observed in both courtship and aggressive 
interactions (48–50, 57, 60), although the term “orienting” was cho-
sen because it was unclear whether the orienting was evoked by the 
presence of the other fly in our assays, as opposed to an assay in 
which a programmed visual stimulus was presented to trigger an 
active chasing from the fly (57, 58, 115, 116). Last, “lunge” and “wing 
extension” labels were added by overriding stop, orienting, and 
nonorienting labels. An “event” of a behavior was defined as a 
segment of consecutive frames with the same behavior label. Events 
with the same behavior labels that were no more than 50 ms apart 
were merged by overriding the labels of intervening frames. Events 
that were shorter than 100 ms were eliminated from the subsequent 
analysis. This postprocessing was deemed appropriate to prevent 
excessive fragmentation [or “splitting” as described in (117)] of 
behavioral events, which can hinder transition analysis.

A behavioral transition matrix (48) was generated in the following 
procedure. First, all first-order transitions from one event to the fol-
lowing event were tallied for each fly. The result was represented as 
a matrix, in which the source event specifies the row, and the fol-
lowing event specifies the column. The number in each cell corre-
sponds to the total number of transitions from the source event to 
the following event performed by each fly. Our definition of behavior 
events precludes self-transition. Matrices across all flies of the same 
genotype and rearing condition were then summed to have a suffi-
cient number of instances per transition. This population-level tally 
was normalized for each row (the total number of events for the 
given behavior) to generate the transition probability matrix. Each 
probability in the transition matrix provides an estimate of how 
likely a certain behavior was to occur after another behavior for a 
given genotype under the single- or group-reared condition. Abun-
dance, duration, and interval of the behaviors were separately 
analyzed (see fig. S2, A to F) because the transition probability matrix 
does not provide information about these.

An ethogram is a simplified version of a transition matrix. For 
clarity, transitions with a probability of less than 10% were elimi-
nated except when comparing it to the probability in other groups. 
A diameter of a circle (behavior) corresponds to a logarithm of the 
average number of events per fly.

Single-cell RNA sequencing
Preparation of single-cell suspensions
Virgin male and female flies expressing mCD8::GFP under the 
control of Tdc2-GAL4 in either wild-type nvy locus or homozygous 
∆nvy mutant background were used. Adults were collected upon 
eclosion and kept as a group of 15 per vial for 5 to 7 days at 25°C, as 
done for social behavior experiments (see above).

Single-cell suspensions were prepared according to the protocol 
detailed in (118). Fly brains were dissected and stored in ice-cold 
Schneider’s insect medium (Sigma-Aldrich, #21720024) for up to 
2 hours. The brains were rinsed in cold RNase-free PBS and transferred 
to freshly made dissociation buffer [300 l of heat-activated papain 
(100 U/ml; Worthington Biochemical Corporation, #LK003178) 
added with 6 l of Liberase (2.5 mg/ml; Sigma-Aldrich, #5401119001)], 
followed by an incubation for 20 min at 25°C under continuous 
shaking at 1000 rpm. During this 20-min incubation, the suspension 
was pipetted 30 times at the 5- and 10-min time points and then 
forced through a 25-gauge 5/8 needle 7 times at the 15-min mark. 
One milliliter of ice-cold Schneider’s insect medium was added to 
terminate the enzymatic digestion. The suspension was then filtered 
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through a cell strainer with a mesh size of 35 m (BD Biosciences, 
#352235) and centrifuged at 600g for 7 min at 4°C. The pellet was 
resuspended in cold Schneider’s insect medium supplemented with 
DAPI (4′,6-diamidino-2-phenylindole; 1 g/ml; Thermo Fischer 
Scientific, #D-1306). Samples were sorted using the BD Vantage 
DiVa Cell Sorter (BD Biosciences). Gates were set to collect viable 
(DAPI-negative) GFP-positive cells as shown in fig. S11A. Single 
cells were collected into individual wells of 96-well PCR plates con-
taining 9.5 l per well of freshly made lysis buffer (provided in a 
SMART-Seq v4 Ultra Low Input kit for Sequencing; Takara Bio 
USA, #634893). After sorting, samples were immediately placed on 
dried ice and stored at −80°C until use. To prevent nonphysiological 
transcriptional activities triggered during the single-cell preparation 
process, all solutions were supplemented with actinomycin D (Sigma- 
Aldrich, #A1410) at the final concentration of 5 g/ml.

In total, brains were dissected from 359 nvy wild-type (213 males 
and 146 females) and 381 ∆nvy (242 males and 139 females) flies in 
10 experimental days. Lysates of 197 nvy wild-type (93 male- and 
104 female-derived) and 216 ∆nvy (112 male- and 104 female- 
derived) cells were processed as below.
Single-cell sequencing
mRNA in the cell lysate was reverse-transcribed and amplified for 
25 cycles using the SMART-Seq v4 Ultra Low Input kit for Sequencing 
(Takara Bio USA, #634893) according to the manufacturer’s in-
structions. To confirm the presence of GFP transcripts, each cDNA 
was subjected to PCR genotyping using Emerald AMP HS PCR 
Master Mix (Takara Bio USA, #RR330B) and primers shown in table 
S5. As a result, 104 nvy wild-type (55 male- and 49 female-derived) 
and 114 ∆nvy (58 male- and 56 female-derived) GFP-positive 
samples were selected for sequencing. The amplified cDNAs were 
quantified by the Qubit 3.0 Fluorometer (Thermo Fischer Scientific, 
#Q33216) and normalized to a concentration of 0.22 ng/l. Se-
quencing libraries were prepared using the Nextera XT kit (Illumina, 
#FC-131-1096) and mixed into 24 pools (12 samples per pool). 
After purification using the Agencourt AMPure XT beads (Beckman 
Coulter, #A63881), the sample quality was checked with both the 
Qubit 3 Fluorometer and the High Sensitivity D1000 ScreenTape 
assay (Agilent Technologies, #5067-5584). The libraries were equi-
molarly pooled, and the final concentration was estimated by qPCR 
using primers shown in table S5 and the KAPA Library Quantification 
Kit Illumina Platforms KK4828 (Roche, #07960166001) according 
to the manufacturer’s instructions. Sequencing of 75-bp paired-end 
reads was performed with the Illumina NextSeq 500 sequencer.
Bioinformatics analysis
In total, 218 cells were sequenced. Reads were quality-tested using 
FASTQC (RRID: SCR_014583; www.bioinformatics.babraham.ac.uk/
projects/fastqc) and aligned to the D. melanogaster genome dm6 
(from The FlyBase Consortium/Berkeley Drosophila Genome Project/
Celera Genomics) using the alignment algorithm STAR version 
2.5.3a (RRID: SCR_004463). Mapping was carried out using default 
parameters (up to 10 mismatches per read and up to nine multi-
mapping locations) with additional code to filter out alignments 
that contain noncanonical junctions (--outFilterIntronMotifs 
RemoveNoncanonical). Raw gene expression was quantified using 
the software HOMER (RRID: SCR_010881) across exons, and the 
top isoform value was used to represent gene expression. Raw counts 
were processed using the supplied R script. In brief, cells containing 
the bottom 10% of raw sequence counts were filtered (22 cells), and 
TMM (trimmed mean of M values) normalization/size-factor 

correction was applied using the edgeR package version 3.24.3 
(RRID: SCR_012802). Then, the bottom 10% of cells with genes having 
normalized counts of >32 per cell were removed as cells with low 
gene expression (19 cells). As a summary, a sequence depth of 1 × 106 
reads per cell with 6 × 103 average genes per cell (4157 genes after 
the bottom 10% cutoff) was achieved for 171 cells (fig. S11B).

Expression values were log2-transformed, and t-distributed 
stochastic neighbor embedding (tSNE) (119) was performed to 
generate the plots. The scrattch.hicat R package version 1.0.0 
(RRID: SCR_018099) was used to perform hierarchical iterative 
clustering (https://CRAN.R-project.org/package=gplots) (82) on the 
normalized expression dataset (table S7). Default parameters were 
adjusted (see the supplied script), and a stochastic sampling and 
consensus clustering approach (run_consensus_clust) was used to 
assign cell cluster identity, as recommended by the authors of the 
original code. Cell cluster co-occurrence was plotted with heatmap.2 
from gplots in R. For differential expression analysis between the 
wild type and ∆nvy mutant, genes with expression values of 0 in 75% 
or more of the cells were filtered out. For DEGs that showed behav-
ioral phenotypes in the RNAi experiments, predicted biological 
processes and human orthologs were taken from the “Gene Ontology” 
and “Human Orthologs (via DIOPT v7.1)” sections in FlyBase 
(http://flybase.org/), respectively. Custom R codes used in the anal-
ysis are shown in data S2.

Statistical analysis
Behavioral data were analyzed with nonparametric tests. For the 
RNAi screen, P values were calculated by Mann-Whitney U test 
using the MATLAB2014b function (“ranksum”). RNAi mutants 
that (i) passed the Benjamini-Hochberg false discovery rate (FDR) 
test of 0.05 and (ii) showed the median lunge numbers (per pair in 
30 min) more than 3 were selected as hits. Statistical analyses for the 
rest of all experiments were carried out using Prism 6 (GraphPad 
Software), except for Fig. 2 and fig. S2 where MATLAB built-in 
functions including “kruskalwallis,” “multcompare,” and “prctile” 
were used. Multiple comparisons among different genotypes were 
performed using the Kruskal-Wallis test followed by the post hoc 
Mann-Whitney U test. When comparing paired datasets among 
different genotypes within a pair of flies or optogenetic stimulation 
periods within the same fly groups, the post hoc Wilcoxon matched-
pairs signed-rank test was used. Bonferroni correction was applied 
to adjust the P values.

A specific transition probability across different genotypes or 
housing conditions was statistically analyzed using a permutation 
test. First, for two groups of flies, differences in their behavior tran-
sitions were calculated by subtracting the transition probability 
matrix of one group from that of the other (“differential transition 
matrix”). Next, data from all flies in both groups were pooled, and 
each fly was “reassigned” randomly to one of the two groups (note 
that this procedure maintained the entire transition sequence of 
each fly). A transition matrix from the reassigned flies was generated. 
This procedure was repeated 10,000 times, which produced a 
resampled distribution of the differential transition matrix. Last, 
the observed differential transition probability for the transition of 
interest was compared against its resampled distribution. An observed 
difference in the top 0.05% of the distribution is considered a signifi-
cant increase in transition probability; an observed difference in the 
bottom 0.05% of the distribution is considered a significant decrease. 
To maintain the level of stringency when simultaneously comparing 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://CRAN.R-project.org/package=gplots
http://flybase.org/
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20 possible transitions, we applied “Bonferroni-like” correction to 
set the critical value of 0.05% (0.05% × 20 = 1%).

To determine DEGs in cluster #5 of the Tdc2 neurons (Fig. 7D), 
the following criteria were considered: (i) P values by Mann-Whitney 
U tests lower than 0.05, (ii) passed the Benjamini-Hochberg FDR test 
of 0.2, and (iii) fold change greater than 10 (|log2FC| > 3.321928095). 
Data summary, statistical methods, and P values for all panels are 
shown in data S1.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg3203

View/request a protocol for this paper from Bio-protocol.
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