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Fly kan le padanu o6run kan, sib¢ 0 tun le yi pada.
Ninu virtual plume, direction ti 6 ranti ran an 1owo

Tethered fruit flies pada si odor boundary léraléra léyin ti won rin sini clean air. Behavior, modeling ati
neural perturbations se atileyin fiin compact memory ti direction, ki i se complete map. Result nda wa ldati
controlled virtual-reality assay, ko si tii fi strategy kan nda han ninii free natural flight.
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Fly kan le padanu o6run kan, sibe 6 tin le yi pada si 0do r¢

Fly n4a ti fi 06run n4a sil¢ 1éyin.

O 1i bd a lo ni ririn nind aféfé¢ mimd, nigha mii fin Opolopo aaya ati ogdéroorin virtual millimita. Léyin nda 6 yi si
aala ti 6 ti kojd, 6 si tun ri odor nda. Ni akéko yen, o6run finra re ko 1¢ fi ona pada han.

Eyi ni central observation nintl iwadii Nature tuntun I6ri navigation fruit fly. Awon olusewadii so pé awon fly nda
lo compact irdnti ti itdsdna: ki 1 se map ti gbogbo odor plume, ki 1 se irdnti ti ijinna ti won ti rin, bi ko se bearing
ti won ranti si aala kan ti won ko le detect mo.

Abajade naa yato nitori 6 fi han pé information kékeré ti a pa mo Ie t6. O tin rorln 14ti so ju bo se ye lo. Awon
fly wonyi ko fo 16fe€ nind natural landscape. Wén rin nigba ti a tether won m¢ 1611 ball ti aféfé gbé, nind virtual
world ti a sakéso pekipeki. Iwadii nda se atileyin fin vector-based strategy nint apparatus yen; ko fi han pé fly ii

ko mental maps, ko salayé gbogbo ona ti eranko fi 1 t¢lé 06run, ko si mo awon seeli ti irdnti nda wa nind won ni

ara gangan.

Software 16 da corridor ti a ko Ie ri naa sile

Odor plume jé agbegbe 06run ti aféfé i gbé ti 6 si i rin. Nita gbangba, plume 1 t¢, fi f6 si apd, 6 si 1 darapd m¢o

ara r¢ 1éekansi bi aféfé se i yi. Eyi mud ki 6 nira 1dti mo gangan ohun ti eranko kan gb6 ni gbogbo akéko.

Awon oluisewadii mu isoro nda seé sakéso pela closed-loop virtual reality. Won tether ara fly nda si ibi kan 16ke
ball féere ti 11 fo 1611 aféfé. Bi fly se i rin, camera kan i won rotation ball nda nikan bi igba 60 ni aaya kan. Software

yi rotation yen pada si virtual two-dimensional position ati heading.

Heading yen 11 sakéso motorized nozzle ti 6 1& yi kd ni 360 degrees. Bi fly se 11 yi virtual heading r¢ pada, nozzle
naa n yi ka fly nda lati jé ki wind ba itéséna kan t6 diré sinsin mu nind virtual world fly nda. Ni akoko kan naa,
mass-flow controllers 1 yi iye clean air tabi apple-cider-vinegar odor ti i dé antennae pada gégé bi virtual position
fly nda. Nitori naa, fifi software-defined aala koja ri tan odor si on tabi off, 6 i1 d4 fictive corridor kan té gbooro 50

millimita, t6 si gun mita kan sil¢ bi fly nda ko til¢ kiro 16ri ball.

Apparatus nda da synchronized akosile ti virtual position, heading, odor ip0 ati airflow controls fly naa sile ni
gbogbo akoko kokoé. Lati akosile yen, awon olusewadii reconstruct trajectories, won samisi entry ati exit kookan,
woén si won bi fly se pada taara t6. Wind flnni ni external itdsona cue; movement fly finra r¢ 16 pinnu igba ti 6

padé egbé méjeeji virtual odor aala.
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Fly naa duro ni tether l16ke air-supported ball. Camera kan ati FicTrac yi rotation ball pada si virtual movement ati
heading; |éyin naa software yi air-and-odor nozzle ka, 6 si switch odor gégé bi virtual position. Ni awon
neural-imaging idanwo to6 yato, two-photon microscope loké fly naa akosilé calcium-dependent fluorescence
lati EPG tabi FC2 neurons, ki a |& align neural activity pelu ihuwasi. Microscope naa ko jé dandan fun gbogbo
behavioral idanwo.
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One behavioral cycle at a virtual odor boundary

Wind remained the external direction cue; software switched odor with virtual position.
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BEHAVIOR SUPPORTS A REMEMBERED RETURN DIRECTION
* it does not reveal a full map or where the memory is stored

Original diagram - The Clean Paper - CC BY 4.0

Ninu controlled assay, fly kan wo virtual odor corridor fun igba di¢, ¢ jade, 6 rin ninu aféfé ti ko ni odor, 0 si se
directed return. Behavior naa se atileyin fun remembered return itdsona; ko fi ibi ti information naa ti wa pamo
han.

The Clean Paper CC BY 4.0

Ninu pataki vertical-corridor idanwo, fly 40 wo odor 1éraléra, won counter-turn jade kdrd nind r¢, won si pada si
edge kan nda. “Vertical” ni oriko iwé iwddii fiin geometry O-degree: long axis corridor néa rin parallel si upwind
itdésona. Ko tdmo si pé apparatus nda diro ni indro.

Awon onkOwé pe apeere yii ni edge tracking. Bout jé continuous episode kan 14aarin aala crossings: inside bout
bere 14ti entry si exit, outside bout si bere lati exit titi fly fi pada. Koja 755 inside bouts, visit kan gba 4.9 aaya ni
average. Nigba return, mean ijinna 14ti aala jé 10.4 millimita. Kéré ju 4% nind 793 bouts 16 koja titi dé opposite
edge corridor néa.

Awon ndémba méji t6 kéyin nda i sapejiwe bouts, ki 1 se ogéroorin independent flies. Iyatd nda se pataki nitori

eranko kan I¢ képa nind bouts pipo.

Awon return naa ki i se fixed upwind reflex lasan

Awon iddnwo pip0 ddn awon explanation t6 rorun ju wo.

Awon olusewadii koké yi ohun té selé ni gigun corridor pada bi fly se 1i rin upwind. Odor 1& 1dgbara si i si virtual
orisun, ¢ diré bakannda, tabi 1e rorun si i. Awon fly nda se path té jora nind gbogbo oran méta. Nitori naa, simple

ofin bi “mada 1o si ibi ti 06run ti A 1dgbdra si 1” ko 1¢ salayé edge tracking nind apparatus yii.
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L¢yin nda wén j¢é ki sideways edge corridor nda rd si Gaussian profile, nibi ti concentration ti A yi diedi¢ dipo ki
6 switch lojiji. Awon fly k6 jo Iégbeé flank nibi ti concentration ti yi ydra ju, ki 1 se ni centre nibi ti odor ti ldgbéra
ju. Nitori nda, cue t6 se pataki ni lateral change t6 samisi effective aala, ki i se sourceward mu po si i ti a gbddo

ni ni giglin corridor.

Eyi ko timo si pé concentration gradients ko se pataki nind iseda. O timo si pé sourceward mua po si i ko jé dandan

fin ithtwasi yii 14b¢é awon ipo ti a ddn wo.

Awon oluisewadii tin yi orientation corridor pada. Separate egbé track vertical, 45-degree ati 90-degree corridors,
egb¢ miiran si padé corridor ti 6 jump sideways I€yin exits. Group sizes jé fly 40, 21, 20 ati 24, 1¢s¢s¢. Outside

paths won yi peld geometry. Generic ofin bi “yi upwind ni gbogbo igba” ko I¢ salayé flexibility yen.

SN N 12N 2

Ninu setup yii, odor dé antennae méjeeji ldadrin nikan bi millisecond méji. Pairing bilateral optogenetic activation
peld wind Ie reproduce apeere t6 da bi edge tracking. Optogenetics 1 lo light-sensitive proétini 1ati yi selected seeli
pada. Nihin-in, abajade nda dabaa pé left-versus-right difference nint odor arrival ko jé dandan fin ihuwasi yii.
Ko mu bilateral ifiwéra di ohun ti ko se pataki fin freely moving animals nind plumes miiran.

Vector kere ju map lo

Vector j¢ itdsona peli iwon kan. Stored quantity t6 wiildo nihin-in jé directional ju lo: ona wo ni fly ye ki 6 yi si

lati dé plume aala? Iwadii nda ko ri eri pé fly naa pa full layout plume tabi position tir¢ nind r¢ mo.

Awon onkdwé koké se artificial paths nipa shuffling awon ingredients ti gidi fly movement. Wén yan observed
run lengths ati turn angles ni random, wén si so won po. Di¢ ldra synthetic walkers wonyi dé odor aala 1é¢kansi
nigbeyin, suigbén won rin jin si i, won si lo routes ti ko taara bi ti gidi flies. Paapaa fifi ordinary tendency fly lati yi
upwind kun un ko reproduce short, directed returns. Nitori nda, gidi thuwasi ni itdséna pipo si i ju random remix

ti movements kan naa lo.

Awon olusewadii 1éyin naa ko awose peli mode mé;ji: kiro ni aala ati pada si aala. Awon mode yii ki 1 se label
fin gbogbo isé;ju ti fly wa nind tabi nita odor. Won j¢€ alternative steering ofin ti 6 I¢ switch bi fly se 1 rin.

Boundary crossing kookan fiin awose nda ni itdgsdna kan 1ati ranti. Ni exit, 6 update itdsdna ti a 10 nigba ti 6 1i kiro.

Ni entry, 6 update separate return itgsona: ni itumo re, “nigba ti mo ri aala, ona yii ni mo 1 19.” Ni return t6 wa

I¢yin, remembered itdsdna yen bias motion simulated fly pada si edge.

Awon oluisewadii fit awdse naa si trajectories koja 0-, 45- ati 90-degree corridors. Ninti summary ifiwéra, gidi flies
72 ati simulations 75 finni ni path statistics t6 jora. Nigba ti won yo return itgséna ti a ké ni entry kiiro, tracking
din efficiency ki kojd gbogbo corridor orientations. Eyi se atileyin fiin usefulness ti entry-direction iranti; ko fidi

re¢ mule pé opolo fly nda i se equations awose naa gangan.

Ki ni “memory"” tamo si ninu paper yii?

Awon olusewadii ko ka arrow ti a pa m¢ taara lati opolo fly. “Directional irdnti” jé inference ti thuwasi,
awose ati neural measurements se atileyin fin. awose nda so pé itdsona di¢ ti i yi pada e reproduce
important path statistics. Ko fidi r¢ mule pé fly nda i implement equations nda gangan, tabi pé neuron egbé
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kan ti a dardko ni storage location.

Additional experience peli oppositely oriented 45-degree segment yi later thuwasi pada nind fly 10, peld awose
simulations 29. Eyi mu directional account n4a specific si i ju post-hoc description lo, bé tile jé pé 6 si jé model-

based interpretation.

Heading reference ati goal lowolowo

Iwadii na 1€yin nda won, 6 si disrupt activity nind central complex fly, opolo region kan té képa nint navigation.

Signal méji pelu isé t6 yato

EPG ati FC2 j¢é oriko neuron populations méji nind central complex. EPG activity i sis¢ bi compass
reading: 6 1 track itgséna ti fly i doji ko lowolowo ni ibasepod peld wind. FC2 activity ni ibasepo peli
itéséna ti fly i gbimo 14ti rin. Downstream steering circuit 1& fi current heading wé goal yen. Iwédii nda
dan populations méjeeji wo, sugbdn ko fi han pé okan nind won nikan ni 6 pa gbogbo irdnti nda mé.

EPG neurons 11 gbé heading ami: apeere activity won i track 1téséna ti fly i doju ko ni ibasep0 peld external cue.
Ni lilo calcium imaging, indirect optical readout ti neural activity, awon olusewadii ri i pé EPG activity phase t¢lé
heading relative to wind nigba edge tracking. itipal¢ yii lo 16 idanwo lati fly 9.

Lati inhibit EPG neurons, awon olusewadii engineer won lati express GtACR1, anion channel ti green light 1i tan si
on. LED kan diré on jakejado iddnwo iddnwo, 6 activate channel yen, 6 si suppress selected neurons; illumination
kan nda ko impair genetic-control flies.

Nigba ti EPG neurons jé inhibited ni ona yii, experimental flies 12 se directed returns ti ko munadoko t6 bi
genetic-control flies 6. Bounded conclusion ni pé heading reference ti EPG activity i gbé jé dandan fun effective
edge tracking labé tested conditions. Ki i se ¢ri pé EPG neurons nikan 16 pa aala itgséna mo.

FC2 neurons fi relationship miiran han. Population activity won ni ibdsep0 peld current navigation goal, 6 si toka

si plume aala sddja turns nind assay. Imaging lo fly 6, silencing comparisons si lo egb¢ fly 9 si 14 da lori ittipalg.
Silencing impair edge tracking.
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Five evidence layers, five different claims

The cards converge; they are not a directly observed neural chain.
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Directed returns Geometry + replay Changing directions Heading reference Activity consistent
after odor contact challenge simple reproduce key required for with the current
ended reflex stories patterns effective returns goal
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@

SUPPORTED: COMPACT DIRECTIONAL MEMORY IN THIS CONTROLLED ASSAY
* not shown: a full map, a universal strategy or the cellular storage site

Original diagram - The Clean Paper - CC BY 4.0

Behavior, changed plume geometry, fitted awdse ati neural perturbations méji se atileyin fun apa té yato ti
directional-memory account. Ni apap0, won se atileyin fun compact goal itdsona ninu controlled assay vyii, ki i
se complete map tabi proven cellular storage site.

The Clean Paper CC BY 4.0

Eyi jé converging &ri, ki i se photographed chain of causation. EPG activity finni ni required heading reference.

FC2 activity bé goal itgséna mu, 6 si jé dandan fin effective thuwasi. Awon iddnwo nda ko ri single irdnti “engram’

tabi fidi r¢ mule pé FC2 synapses pa itgsona nda mé ni ara gangan.

Gégé bi rough human-scale analogy, foju int wo pé o jade kuro nintd bank of fog tin-in-rin, nigba ti steady wind
si 11 so fin ¢ ibi ti north wa. Compass 1¢ so ona ti o i doji ko, stigbdn 14ti pada si fog nda o tin nildo remembered
bearing si edge ré. Fifi current heading wé desired bearing yen so dna ti o ye ki o yi si. Iyen ni division of labor ti
a dabaa nihin-in fin EPG ati FC2 ami. O jé explanatory analogy, ki i se &ri pé eniyan lo seeli tabi algorithm kan

naa.

Memory nda gbéke 1€ action, ki 1 se odor timing nikan

Ninu replay idanwo, flies gba sequence odor times kan nda bi téle, suigbdn timing nda ko ni ibasepd m¢ ohun ti
woén 1 se lowolowo. Learned directional bias din ku kojé replay bouts. Eyi se atileyin fiin operant, action-linked

update: ohun t6 se pataki ki 1 se passive exposure si odor sequence nikan, bi ko se relationship ldadrin odor ati

movement fly nda.

Denominator yi pada kojd analyses wonyi. Extended data panels ni fly 8 tabi 9 da lori ifiwéra; sequential-bout
series lo fly 8; trajectory panels nilo 6 kéré tan 10 effective entries; paired awose panels si lo simulated trajectories
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21 ti won tin bé entry threshold yen mu. Wonyi ki 1 se pooled apeere kan ti méjo.

/ \

Plume t6 ni irregularity papo si 1 wulo, sugbon 6 si j€ virtual

Awon olusewadii tin replay plume té ni irregularity pipo si i ti a ti akosile téle. Won scale r¢ ni igba marun-tn

nind space ati akoko ki tethered flies 1¢ encounter r¢ déédéé t6. Fly 10 nint 12 dé 1dadrin 50 virtual millimita si
orisun re.

Eyi ki 1 se fly méwaa ti i ri orisun gidi ni open air. O jé performance ninu controlled replay ti naturalistic plume.

Fin dynamic-plume type kookan, awose nda da trajectories 2,000 sile. Scaled-plume ifiwéra analyse 1,850 nind
2,000 wonyi I¢yin requirement ti effective entry ati exclusion ti trajectories ti won bere¢ sunm¢ orisun ju. Memory
ran 16wo si i 1€gbeé orisun, nibi ti successive encounters ti pa coherent directional isetd mo, 6 si ran 1owo die si i
nind turbulent region t6 jin si downwind.

Qualification nda jé apa kan ti esi. Compact itdsona I¢ ran 10wé nikan nigba ti ayé ba si coherent t6 ki encounter
t6 koja 1¢ so ohun té wiilo nipa encounter t6 telé.

Ohun t1 iwadii naa ko fi han

Ko fi han pé fly n ko complete spatial map.

Ko fi han free flight nind unmodified natural plume.

Ko fidi r¢ mule pé gbogbo odor-guided navigation 1 lo strategy yii.

Ko fi han pé EPG tabi FC2 neurons ni exclusive physical storage site ti irdnti naa.
Ko yi fitted awose nda pada si literal biological algorithm fly n4a.

Ko generalize taara si éniyan navigation.

Iwadii nda lagbara ju nibi ti 6 ti specific jii. Closed-loop control fin awon oluséwadii ni precise access si odor
encounter kookan. Geometry changes, replay, modeling, calcium imaging ati silencing I€yin nda dén apa t6 yato
ti account kan wo. Sugbdn behavioral, imaging ati silencing cohorts yatd; apeere sizes ko predetermined; data
collection ati itdpal¢ ko randomized tabi blinded; kéré ju 10% ti tethered flies ni a exclude fin acclimation, iddhtin
tabi tracking isoro.

Awon aala yen ko pa phenomenon nda ré. Won salayé aala r¢.

AKkétéan té6 mé

Tethered fruit flies ti A rin nind virtual odor corridor pada si aala léraléra 1€yin ti won fi 06run sile. Changes si
concentration ati corridor geometry, fitted switching awose, neural imaging ati optogenetic silencing se atileyin

fin account kan nibi ti fly ti A lo compact remembered itdséna dipo full map. EPG neurons flnni ni required
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heading reference, nigba ti FC2 activity ba current goal it¢sona mu. ¢si nda ni aala si controlled walking assay; ko
mo cellular storage site ti irdnti nda, ko si fi computation kan nda han nind free natural flight.

Ayewd No-BS

Ohun ti iwé iwadii fi han: Ninu closed-loop tethered assay, flies se directed returns si virtual odor boundaries ti
won ko 1¢ sense m¢. Multiple behavioral controls, modeling ati neural perturbations se atileyin fin vector-based
strategy.

Ohun ti a infer: P¢é ihuwasi nda lo compact directional irdnti, ati pé FC2 population activity 1l represent current

navigation goal. A ko ka irdnti content nda taara.

Ohun ti ko fi han: Full mental map, universal olfactory strategy, free-flight performance nind natural plume,

single memory-storage site tabi éniyan analogue.

Awon aala pataki: Species kan ati controlled apparatus; fly cohorts ati itdpal® units t6 yatd koja idanwd; indirect
calcium ami; necessity idanwo ti ko fi eri mule sufficiency; ati naturalistic plume ti a replay ti a si scale.

Igbékanlé méloé ni olika gbogbogho ye ki 6 ni? Igbdkanlé giga pé directed-return phenomenon jé gidi nind
apparatus yii ati pé heading ati goal-related central-complex activity se pataki. Igbékanlé adrin nind awose naa
gégé bi compact explanation. Igb6kanlé kékeré nint claim kankan t6 gbooro re laiyipada si open air tabi t6 pe e

ni complete map.
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