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The preference for a particular thermal range is a key determinant of the
distribution of animal species. However, we know little on how temperature

preference behaviour evolves during the colonization of new environments. Here
we show that at least two distinct neurobiological mechanisms drive the evolution
of temperature preference in flies of the genus Drosophila. Fly species from mild
climates (D. melanogaster and D. persimilis) avoid both innocuous and noxious
heat, and we show that the thermal activation threshold of the molecular heat
receptor Gr28b.d precisely matches species-specific thresholds of behavioural
heat avoidance. We find that desert-dwelling D. mojavensis are instead actively
attracted toinnocuous heat. Notably, heat attraction is also mediated by Gr28b.d
(and by the antennal neurons that express it) and matches its threshold of heat
activation. Rather, the switch in valence from heat aversion to attraction correlates
with specific changes in thermosensory input to the lateral horn, the main target
of central thermosensory pathways and a region of the fly brain implicated in

the processing of innate valence' . Together, our results demonstrate that,

in Drosophila, the adaptation to different thermal niches involves changes in
thermal preference behaviour, and that this can be accomplished using distinct
neurobiological solutions, ranging from shifts in the activation threshold of
peripheral thermosensory receptor proteins to a substantial change in the way
temperature valence is processed in the brain.

Onthe timescale of evolution, adaptationto new thermal environments
is usually thought of as a set of coordinated changes in biochemis-
try and physiology that make it possible for a species to tolerate and
eventually thrive in new thermal conditions. Likewise, resilience or
vulnerability to rapid climate change is often portrayed as the abil-
ity (or lack of ability) to physiologically adapt to changes in climate.
Yet, for animals that are able to move and migrate, behavioural
responses to temperature (and temperature preference in particu-
lar) are at the forefront of their interactions with the environment.
As a consequence, changing temperatures can alter the distribution
and migratory routes of many species, even before directly threaten-
ing their survival (for example, refs. 6,7). We know little on how the
species-specific preference for a particular thermal habitat is deter-
mined, or on how thermal preference changes as an animal adapts
to a new environment. Here we study the evolution of temperature
preference behaviour using Drosophila species representing adapta-
tionto diverse thermal environments, ranging from cool high-altitude
forests to hot deserts. For this, we leverage the understanding of the
cellular and molecular mechanisms of temperature sensing and
preference accumulated from work in the common laboratory fly
D. melanogaster.

Thermal preference in Drosophila species

D. persimilisis restricted to the northern Pacific coastal range of North
America, whereitis foundin cool forest habitats, including Dobzhan-
sky’s classic collection sites in the transition forest of the Sierra
Nevada range of California, at altitudes exceeding 1,500 m (ref. 8). In
line with its natural environment, in two-choice temperature prefer-
enceassays, D. persimilis prefers distinctly cool conditions® (15-20 °C;
Fig.1a,b).

D. melanogaster originated in southern Africa, from where it has
colonized nearly all regions of the planet by following human migra-
tions. Outside Africa, D. melanogasteris an obligate human commensal,
and itis therefore perhaps not unexpected that in laboratory assays
this species prefers temperatures close to those also favoured by its
human host!®" (about 25 °C; Fig. 1c).

D. mojavensisis endemic to the deserts of the Southwestern United
States and Mexico. Desertsin thisregionare characteristically hot and
dry,and D. mojavensis are exposed to extreme daily and seasonal ther-
mal excursions, including temperatures routinely reaching above 40 °C
(ref. 12), conditions that would be quickly lethal for most Drosophila
species®. Again in line with their native habitat, in two-choice assays,
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Fig.1|Drosophilaspecies exhibit different thermal preferencerelated to
conditionsin native habitats. a, Two-choice thermal preference assay: groups
of15fliesaregivenachoice between25°Cand avariable test temperature
inalternating spatial configurations; a preferenceindexis calculated onthe
basis of the time spentat each temperature. b, D. persimilisis restricted to

the northern Pacific coastal range of North America, whereitis foundin cool
forest habitats. Intwo-choice preference assays, it prefers about 15-20 °C.

¢, D. melanogasteris acosmopolitan human commensal mostly found in
temperateregions and prefers about 25 °C over lower or higher temperatures.

D. mojavensis prefers distinctly hot conditions®* (30-35 °C; Fig. 1d),
conditions that were strongly avoided by both D. melanogaster and
D. persimilis.

The three species described above hail from very different habitats
and belongto groups (the obscura, melanogaster and repleta groups,
respectively) separated by 30-50 million years® (Fig. 1e). They there-
fore offer an opportunity to investigate evolutionary changes that may
underlie the preference for distinct temperature ranges observed in
different Drosophila species.

Divergent heat thresholds for Gr28b.d

InD. melanogaster, the preferred thermal range of about 25 °C emerges
astheresultofindependent pushes fromhot and cold avoidance, medi-
ated by hot- and cold-sensing neurons of the antenna'™. By contrast,
noxious temperature responses rely on broadly tuned nociceptors
foundinthe body'. Heat-sensing neurons of the antennainnervate the
arista’ (the last antennal segment) and express the unusual ‘gustatory’
receptor molecule Gr28b.d (ref. 17). Starting from a nested set of gene
promoters, the Gr28b locus produces five different gene products
characterized by adifferent coding sequence, function and expression
pattern (Gr28b.a-Gr28b.e; ref. 18). The Gr28b.d variant is necessary and
sufficient to mediate rapid heat avoidance behaviourintheinnocuous
range (<35 °C (ref. 16)) and is the only variant that has proved capable
of generating temperature-dependent currents in vitro'”. Moreover,
the sequence of Gr28b is divergent across Drosophila species (Fig. 2a
and see Extended Data Fig. 1 for a full alignment), especially within
the amino terminus and the transmembrane domains encoded by
the D exon (by contrast, the pore domain is much more conserved;
see Fig. 2b—-d for areconstruction and comparison between species).
Gr28b.d is therefore a strong candidate innocuous-heat receptor in
Drosophila and a prime target to test the hypothesis that differences
in peripheral heat sensing may underlie species-specific differences
inbehaviour.

Our initial expectation was that if Gr28b.d represents the critical
temperature receptor that mediates heat avoidance in D. persimilis and
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d, D. mojavensisisendemic to the deserts of the southwestern United States and
Mexico and prefersabout30-35°C.Inb-d, redlines show mean; grey boxes
show onestandard deviation; empty boxes show 95% confidence interval for
the mean; empty circles represent datafor groups of 15 flieseach; n=8, 6 and
11groups per condition, respectively; grey shading shows the approximate
favourite thermalrange. e, Phylogenetic tree representing species relationships
(Methods). Thefly drawingsinb-d are reproduced and adapted with permission
from M. Stensmyr.

D. mojavensis, as it does in D. melanogaster, the threshold of Gr28b.d
heatactivationin each species may reflect the onset of heat avoidance
we recorded in two-choice behaviour. Our results partially support
thisidea (Fig. 2e-o0).

First, we established anin vitro recording system (using heterologous
expressionin HEK293T cells and patch-clamp electrophysiology) and
characterized the responses of D. melanogaster Gr28b.d (DmelGr28b.d;
Fig.2e-i). Our datasupport the notionthat DmelGr28b.dis anion chan-
nel that is activated by hot temperature® and directly demonstrate a
defined threshold for heat activation of about 26 °C (Fig. 2h and see
Fig. 2n for quantification). This threshold is just above the D. mela-
nogaster species-specific preferred temperature of about 25 °C (Fig. 1c)
and therefore in line with the onset of behavioural heat avoidance
(>25°C). Notably, the in vitro threshold of about 26 °C was not a func-
tion of the expression system, as it was the same when DmelGr28b.d
was expressed in an insect cell line (S2R+ cells from D. melanogaster;
Fig. 20 and compare with Fig. 2n).

Next, we tested D. persimilis Gr28b.d (DperGr28b.d; 84% identical
tothe DmelGr28b.d proteinsequence, Fig. 2c). Inagreement with our
initial hypothesis, our data showed that DperGr28b.d exhibited alower
threshold for heat activation of about 21 °C (Fig. 2j,k,n), just above
the D. persimilis species-specific preferred range of about 15-20 °C
(Fig.1b),and againinline with the onset of behavioural heat avoidance
(>20°C).

Finally, we tested D. mojavensis Gr28b.d (DmojGr28b.d; 79.7% iden-
tical to DmelGr28b.d and 79.7% identical to DperGr28b.d, Fig. 2d).
Notably, the threshold for heat activation of DmojGr28b.d was
recorded to be about 29 °C (Fig. 2I-m), indeed higher than those of
both DmelGr28b.d and DperGr28b.d (Fig. 2n). Remarkably, however,
a heat activation threshold of about 29 °C would put channel open-
ing just below the preferred D. mojavensis thermal range of 30-35 °C
(Fig.1d) and is therefore not in line with the onset of behavioural heat
avoidanceinthis species (>35 °C). Rather, this observation suggests the
possibility that Gr28b.d-mediated activation of hot cells may promote
heat attraction in D. mojavensis rather than heat avoidance as it does
in D. melanogaster and D. persimilis.
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Fig.2| Theionchannel Gr28b.d exhibits species-specific thresholds of heat
activation. a, Gr28b.d protein alignment from 25 Drosophila species (histogram
shows mean pairwise identity across species; green denotes100%; red denotes
<30%; orange blocks below represent variable residues). b, AlphaFold3 model
of aGr28b.d tetramer. TMD, transmembrane domain. ¢,d, Colour-coded
conservationbased on the alignmentina (c) and between the indicated
species (red denotes difference, percentages are sequenceidentity; d; see

also Extended DataFig.1). D. mel., D. melanogaster; D. moj., D. mojavensis;

D. per.,D. persimilis. e, Invitro recording schematic. V,,,q, command voltage.
f,Representative current-clamp recordings. Unlike controls cells, cells
expressing DmelGr28b.d produce aninward currentin response to heating.

g, Representative current-voltage plots from control cells (grey trace) and
DmelGr28b.d-expressing cells (black trace) at about 40 °C. h,i, DmelGr28b.d
threshold for heatactivation. h, Arepresentative Arrhenius plot (Methods)
reveals two distinct processes characterized by different Q,, values; the

Conserved heat sensing in D. mojavensis

D. mojavensishas evolved separately from D. melanogaster and D. per-
similisfor atleast 30 million years, and it is therefore conceivable that
their temperature-sensing system may have reconfigured, in particu-
lar when considering the unique selective pressures imposed by its
extreme desert habitat. One important question is whether Gr28b.d
is expressed in hot receptor neurons of the arista in D. mojavensis as
itis in D. melanogaster. Our results indicate that this is the case, and
that the molecular and anatomical layout of the antennal hot-sensing
system is not substantially different in D. mojavensis as compared to
D. melanogaster (Fig. 3a-i and see below). At the genome level, the
structure of the Gr28b locus is very similar between the two species,
including the existence of five predicted variants that differ in the first

thresholdisrecorded as theintersection of the twofitlines.i, Q,, quantification
(n=13cells).j k, Representative Arrhenius plot (k) from a cell expressing
DperGr28b.d (j).I,m, Representative Arrhenius plot (m) from a cell expressing
DmojGr28b.d (I). n, Systematic differencesin threshold reveal species specificity
(n=9,13and 13, respectively). 0, The threshold recorded from Drosophila S2R+
cellsexpressing DmelGr28b.d (n=13) isthe same as that recorded in HEK293T
cells (compareton).Inh,k,m, red shading denotesincreasing temperature.In
i,n,0,blacklines andredlines show mean; filled boxes represent one standard
deviation; empty boxes show 95% confidence interval of the mean; empty
circlesrepresent data points; each datapoint corresponds toonecell threshold
recording;*P<0.05,P=2.9x107°,9.9 x10™°,1.39 x 10™*and 0.986 for D. persimilis
versus D. melanogaster, D. persimilis versus D. mojavensis, D. melanogaster
versus D. mojavensis, and D. melanogaster expressed in HEK293T versus
inS2R+cells, respectively; one-way analysis of variance.

coding exon, each originating from an independent gene promoter
(DmaojGr28b.a-DmojGr28b.e; Fig.3a,b). Todirectly look at expression,
we performed RNA sequencing of D. mojavensis arista samples and
confirmed selective expression of the DmojGr28b.d variant in this
organ, at levels comparable to those of other gene products that have
known expression in thermoreceptors (Ir25a and Ir93a; Fig. 3c-e).
We then cloned the DmojGr28b.d variant-specific gene promoter (by
similarity with its D. melanogaster counterpart; Fig. 3a,b), and pro-
duced atransgenic D. mojavensis strainin which the Gr28b.d promoter
is fused to green fluorescent protein (Gr28b.d™¥-GFP). This reagent
directly allowed us to visualize expression in three neurons of the
arista, which is consistent with the expression of an analogous con-
struct in D. melanogaster'®* and with the fact that the arista contains
three hotreceptor cells' (Fig. 3f-i). Thus, our resultsindicate that the
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Fig.3|Cross-species transfer of Gr28b.d reveals aswitchfromheatavoidance
toattractionin D. mojavensis. a,b, Gr28b genomiclocus, mutations used,
andtheir predicted effect.a, DmelGr28b.b, DmojGr28b.c-e, RNA sequencing
(RNA-seq) of samples from D. mojavensis aristae demonstrates expression of
the Gr28b.d variant. ¢, Schematic of the method. d, Alignment of reads to the
locus. Cov., coverage. e, Quantification of expression; neuronal markers nSyb,
Ir25aandIr93aare shown for comparison. RPKM, reads per kilobase per million
reads mapped.f-i, AGr28b.d promoter fusion drives GFP expressionin the three
hotcells (HCs) of the arista (asterisks). f,g, D. melanogaster. h,i, D. mojavensis.
g,i, Confocal stack of transgenics (blue: cuticle, green: GFP; scale bars, 20 pm).
j, Control D. melanogaster avoid heat above 25 °C (n = 11 each); DmelGr28b®¢
mutants lose avoidance of27.5°Cand 30 °C (empty arrowheads; n =8 each);
expression of DmelGr28b.d rescues avoidance starting at 27.5 °C (arrowheads;
n=8each); expression of DmojGr28b.d rescues avoidance to 30 °C (filled
arrowhead) but not 27.5 °C (empty arrowhead; n =10 each). k, Wild-type

D. mojavensis are indifferent to 27.5 °Cbutattracted to30 °Cand 35°C

peripheral heat-sensing mechanisms may be broadly conserved in
D. mojavensis.

Divergent heat response in D. mojavensis

Todirectly test the possibility that Gr28b.d-mediated activation of the
aristareceptor neurons may promote heat attractionin D. mojavensis,
rather than heat avoidance as it is known to do in D. melanogaster, we
first compared the behavioural outcome of Gr28b.d-null mutationsin
each species. We have previously demonstrated that DmelGr28b-null
mutants (Fig. 3a; Gr28b.d**°"8 (Gr28b.d®*5; ref. 16)) lack avoidance of
innocuous heat (<35 °C) but exhibit near-normal avoidance to noxious
hot temperatures (=35 °C (ref. 16)), consistent with a selective role
for the heat-activated arista temperature receptor neurons (TRNs) in
the avoidance of innocuous heat' (note that noxious heat responses
dependinstead on TRPA1, amultimodal nociceptor thatis more broadly
expressed®**?; Fig. 3j).

Next, we produced a DmojGr28b.d mutant using CRISPR-Cas9 tech-
nology. Our mutant D. mojavensis strain carries asmall deletion that is
expectedtoresultinaGr28b.d truncation andistherefore afunctional
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(n=6each); DmojGr28b.d* mutants lose attraction to 30 °C and 35 °C (empty
arrowheads; n = 8 each); expression of DmelGr28b.d in mutants rescues
attractionto30 °Cand 35 °C (arrowheads) butalso produces attractionto 27.5°C
(empty arrowhead; n=7,7,7 and 6 for test temperatures from low to high).

Inj, k, two-choice, base temperature =25 °C; red lines show mean; filled boxes
showones.d.; empty boxes show 95% confidence interval of the mean; empty
circlesrepresent data for groups, 15 flies per group; ablack box and/or @ denote
notdifferent from zero; two-tailed one-sample t-test, P< 0.05; Pvalues for test
temperatures fromlow to highare: P=0.331,9.16 x107%,2.21x1072,6.87 x 10’
and1.11x107° for controlinj; P= 0.854,0.671,0.864,4.94 x 10 *and1.08 x10*
formutantinj; P=0.331,9.16 x1073,2.21x107,6.97 x107 and 1.11 x 10~ for
DmelGr28b.drescueinj,and P=0.362,0.685,6.94 x1073,6.49 x10®and

5.38 x107°for DmojGr28b.d rescueinj; P=0.833,0.986,2.57 x 10> and 8.56 x 107
for controlink; P=0.845,0.443,0.080 and 0.282 for mutantink;and P=0.701,
7.15x107,2.43 x10 *and 8.14 x 10 for DmelGr28b.d rescueink. The fly drawings
infh,j,karereproduced and adapted with permission from M. Stensmyr.

channel null (Gr28b.d*’; Fig. 3b and Methods). Two-choice temperature
preference experiments clearly demonstrated that whereas wild-type
D. mojavensis flies prefer 30 °C and 35 °C over 25 °C (that is, they are
attracted by hot temperatures above the D. mojavensis species-specific
threshold of Gr28b.d activation, about 29 °C), DmojGr28b.d* mutants
lack attraction to 30 °C and 35 °C and spend equal time at those tem-
peratures as compared to 25 °C (Fig. 3k; and note that the DmojGr28b.d*’
mutant exhibited normal avoidance of ‘noxious” heat >40 °C; Extended
DataFig.2).

Together, our results support the notion that, in both D. melanogaster
and D. mojavensis, Gr28b.d (and the TRNs of the arista that express it)
selectively mediates the responses to innocuous heat. Moreover, the
phenotype of the mutants clearly demonstrates that whereas activation
of Gr28b.d mediates innocuous-heat avoidance in D. melanogaster, it
mediates innocuous-heat attraction in D. mojavensis.

Cross-species rescue of Gr28b.d

If Gr28b.d mediates activation of the hot receptor neurons in both
D. melanogaster and D. mojavensis, and if that results in opposing



behaviourineach species (heat attraction in D. mojavensis and avoid-
ance in D. melanogaster), cross-species rescue should reinstate the
appropriate species-specificbehaviour of the host species (avoidance
for D. melanogaster and attraction for D. mojavensis). Furthermore, if
the species-specific threshold of activation of Gr28b.d in vitroreflects
itspropertiesinvivo, cross-species rescue would be expected toimpart
the threshold of activation of the donor species.

Our results confirm these hypotheses (Fig. 3j,k). Here our goal was
to perform a cross-species swap of the Gr28b.d receptor (that is, a
transgenic rescue of a Gr28b mutantin each of the two species using a
coding sequence fromthe other). First, we used the Gr28b-null mutant
(Gr28b* (ref. 16)) and attempted to rescue its heat avoidance pheno-
type using aDmojGr28b.d construct.

We have previously shown that expression of the endogenous
DmelGr28b.d variantin hot cells of the arista can fully rescue the avoi-
dance of 30 °C (innocuous heat) in D. melanogaster DmelGr28b*<-
null mutants®. To test for cross-species rescue, we used again our
two-choice assay (and 25 °C as a base temperature; Fig. 1) and used
aset of test temperatures in the hot range spanning the activation
threshold we recorded in vitro for DmelGr28b.d (about 26 °C) and
DmojGr28b.d (about 29 °C). Our data demonstrate that same-species
rescuerestores the normal D. melanogaster avoidance of hot tempera-
turesstartingat27.5 °C, inline with theinvitro activation threshold of
DmelGr28b.d of about 26 °C. Notably, expression of DmojGr28b.d in
D. melanogaster mutant flies also restored avoidance, but only to 30 °C
andnotto 27.5 °C, whichis consistent with the DmojGr28b.d activation
threshold of about 29 °C we recorded in vitro (Fig. 3j). Hence, expres-
sion of DmojGr28b.d in D. melanogaster mutant flies restores normal
heat avoidance to the mutant but with a D. mojavensis-like threshold
(about30°C).

Our next goal was to perform the reciprocal experiment (that is, to
rescue the behavioural phenotype of the DmojGr28b.d mutant using
aDmelGr28b.d construct). Indeed, our two-choice experiments con-
firmed that wild-type D. mojavensis flies are indifferent to 27.5 °C
but prefer 30 °C and 35 °C over 25 °C (that is, they are attracted by
hot temperatures above the threshold of DmojGr28b.d activation
(about 29 °C)). As expected, DmojGr28b.d* mutants lacked attraction
t027.5°C,butalsoto30 °Cand 35 °C, and spent equal amounts of time
atthose temperatures as compared to 25 °C (Fig. 3k). Finally, we engi-
neered a cross-species transgenic rescue, by fusing the DmojGr28b.d
variant-specific promoter to a DmelGr28b.d-coding sequence, and sta-
bly transformed this constructinto a D. mojavensis strainthatisalsoa
Gr28b.d* homozygous mutant (Fig. 3k and Methods). Cross-species res-
cue of DmojGr28b.d* flies using the D. melanogaster construct restored
heat attraction in the mutant. Remarkably, the D. melanogaster-rescued
D. mojavensis now seemed to also be attracted to 27.5°C, a tempera-
ture that their wild-type counterpart were indifferent to. The tem-
perature 27.5 °C is below the normal threshold for activation of the
D. mojavensis channel (about 29 °C) but above the normal threshold for
activation of the D. melanogaster channel (about 26 °C). We conclude
that the cross-species rescue restored behavioural heat attraction in
the D. mojavensis mutant, but now imparted a D. melanogaster-like
threshold to behaviour.

Mapping heat pathways in D. mojavensis

Our results demonstrate that Gr28b.d-mediated activation of hot
receptor cells results in opposite behaviour in D. melanogaster (heat
avoidance), compared with that of D. mojavensis (heat attraction).
Thisimplies that the valence of heat stimuli (below the noxious range)
has switched from aversive to attractive in the desert species, and
that the central thermosensory system must be wired differently in
D. mojavensis.

To explore this possibility, our next goal was to reconstruct the
neuronal pathways that relay temperature signals in the brain of

D. mojavensis and compare them with their well-known counterpartsin
D. melanogaster™?* (Fig. 4).First, we used our transgenic D. mojavensis
fliesin which a Gr28b.d promoter fusion labels the three hot receptor
neurons of the arista (see above) and imaged the brain to visualize their
projectionsinthe posterior antennal lobe (PAL; see Fig.4a,b for asche-
matic of the cellsand brain regions involved). Our results demonstrate
that, in D. mojavensis, hot receptors of the arista target a location in
the PAL similar to the ‘hot glomerulus’ targeted by the analogous hot
receptor cells in D. melanogaster'®? (Fig. 4b,c).

Next we turned our attention to the second-order neurons of the
thermosensory system: the thermosensory projection neurons (TPNs),
cells that are directly postsynaptic to the antennal receptors (TRNs)
and that extend axons to innervate higher brain centres. We and oth-
ers have previously characterized TPN pathways in D. melanogasterin
detail®?* (Fig. 4d). In fact, owing to the stereotypy of the fly brain, the
same cells and cell types canbe recognized from fly to fly and between
electron microscopy (EM) and light microscopy reconstructions®. The
TPNsrepresent the main conduit for the relay of thermosensory signals
to regions of the brain that process both innate and learned behav-
iour (suchasthelateralhorn (LH) and mushroom body, respectively),
and are therefore uniquely positioned as a potential substrate for the
evolutionary rewiring of heat signals from avoidance into attraction.

Here our goal was to label specific TPN cell types in the brain of
D. mojavensis, study their anatomy, and compare their organizationto
that of D. melanogaster TPNs. For this, we again turned to our Gr28b.d™-
GFPtransgenics and, using GFP fluorescence as a guide, targeted a
dye-filled electrode into the brain and to the hot glomerulus of the
PAL:abriefelectrical shock resulted in stochastic dye labelling of one
to a few TPNs innervating the hot glomerulus (Extended Data Fig. 3a
and Methods).

Dye labelling revealed that the main TPN pathways that we previ-
ously described in D. melanogaster are also present in D. mojavensis,
sothatthesame cell types we described in light microscopy (and later
reconstructed inthe EM connectome) of D. melanogaster could beiden-
tified indye fills of this species. These include, for example, projection
neurons that innervate both the hot and cold glomerulus of the PAL
(TPN-Ia, TPN-Ib, TPN-Illand TPN-VI; Fig. 4e). Infact, for D. melanogaster,
the frequency of dye labelling of each TPN cell type corresponded
well withthe degree of connectivity with the TRNs innervating the hot
glomerulus (Fig. 4f and Extended Data Fig. 4a) and was very similar
to that observed in D. mojavensis (and in the other species described
below; Extended Data Fig.4b-d). Hence, the overall organization of TPN
pathways seems conserved between D. melanogaster and D. mojavensis.

Divergent TPN-V innervation of the LH

Toexplore the connectivity of Gr28b.d-expressing cells to higher brain
centres, we focused our attention on the TPN cell type that, accord-
ing to connectomic analysis in D. melanogaster, represents the main
common TPN synaptic output of the hot receptors of the arista: a cell
type that we previously described as TPN-V (ref. 26; receiving 26% of
the combined output synapses of the three arista hot TRNs; Fig. 4f and
Methods). Consistent with its privileged connectivity with the hot cells,
TPN-Vwas by far the most common TPN cell type labelled in our experi-
ments (28/32 brains we injected had at least some TPN-V labelling;
Extended Data Fig. 4). As expected, TPN-V dye fills in D. melanogaster
showed innervation of the calyx of the mushroom body? (especially
ofthelateralaccessory calyx (IACA) Fig. 4h,h’, asterisk) as well as of the
ventral region of the LH (Fig. 4i,i’, arrowheads). Again as expected, the
TPN-V pattern of innervation highlighted in our dye fill experiments
in D. melanogaster was highly consistent across individuals and with
EM reconstructions.

Notably, D. mojavensis TPN-V demonstrated a distinct pattern of
innervation both in the IACA of the mushroom body and in the LH
(Fig.4h,i). First, in D. mojavensis, the innervation of the IACA by TPN-V
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¢, Confocal stacks from D. melanogaster (left) and D. mojavensis (right) brains
stained by the neuropil marker nc82 (magenta). Below, the axon terminals of
hot-activated TRN of the antenna are independently labelled by transgenic
expression of GFP (stained by anti-GFP, green; arrows). AL, antennal lobe. Scale
bars, 50 pm.d, EM reconstruction of TPN pathwaysin D. melanogaster; front
view. MB, mushroombody. e, D. melanogaster EM reconstructions paired with
representative two-photon microscopy (2PM) images of similar dye-labelled

D. mojavensis TPNs. Cell types: TPN-la, TPN-1b, TPN-Vland TPN-V (arrowheads;
empty arrowheads mark additional pathways). Scale bars, 25 um. Dye fill
statisticsare providedin Extended DataFig. 4.f, Schematic of celltypesinvolved
and pie chart ofthe common TPN synaptic output of hot-activated TRNs. Glom.,
glomerulus. g, EMreconstruction of D. melanogaster TPN-V showinginnervation

appeared more extensive than that of D. melanogaster (asterisks in
Fig.4h” and compare with Fig. 4h’); second, TPN-V innervation of the
LH followed a different patternin D. mojavensis as compared to D. mela-
nogaster.In D. melanogaster, TPN-V axons form en passant synapses
within the calyx; they then veer ventrally to invade the LH (Fig. 4h,h’,
arrowheads). A dorsal view illustrates how the D. melanogaster TPN-V
axon innervates the LH along its diameter and arborizes extensively
extending branches towards both the anterior and posterior LHregion
(Fig.4i,i"). D. mojavensis TPN-V also veers ventrally toinnervate the LH
(Fig.4h”, arrowheads). Yet, in contrast to their D. melanogaster coun-
terpart, TPN-V projections within the ventral LH appear less extensive
and are limited to the posterior half of the ventral LH region. Infact, in
D. mojavensis, the anterior-ventral LH appears to entirely lack TPN-V
innervation (Fig. 4i”, empty arrowheads, and compare with Fig. 4i’,
arrowheads; and Extended Data Fig. 3 and see Methods for details on
reconstructions).

Although a different pattern of TPN-V IACA innervation in the two
species may reflect anumber of differences in temperature processing
and behaviour (for example, in temperature regulation of sleep*?),
differential innervation of the LH is potentially very important in the
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ofthe lACA (asterisk) and ventral LH (arrowhead; front view shows anterior-
posterioraxis). CA, calyx; D, dorsal; V, ventral. h,i, Representative two-photon
z-stacks of dye-labelled TPN-V, in D. melanogaster (W’,i’) and D. mojavensis
(h”,i”); h, front view. In D. mojavensis, TPN-V more densely innervates the
IACA, as compared to D. melanogaster (asterisks). Inboth cases, TPN-V veers to
innervate the ventral aspect of the LH (arrowheads). i, Top view. Two-photon
stacks demonstrate abroaderinnervation within the anterior-ventral LHin

D. melanogaster (i’, arrowheads) compared with D. mojavensis (i”’, empty
arrowheads). Bottom panelsinhandiare3D reconstructions of the dye-filled
neurons (Methods), thesmallinsetiniisan EMreconstruction shown for
comparison. P, posterior; A, anterior. Scale bars, 25 pm. Dashed linesinh,i
outline the calyx and LH; dotted lineis for reference across panels. Green
outlinesareincluded for emphasis.

context of innate heat attraction or avoidance, as the LH has previ-
ously been implicated as a key centre for the processing of olfactory
valence' . Hence, at face value, our results indicate that differential
TPN-Vinnervation of the LH in D. melanogaster versus D. mojavensis
may reflect differential wiring of thermosensory projections in this
region, which in turn could explain the switch from heat avoidance
to attraction.

Insupportofthisidea, in D. melanogaster, TPN-V projections within
the ventral LH target at least two cell types whose normal activity is
essential for heat avoidance: the thermosensory LH output neuron |
(TLHON-I), a cell type we recently identified as involved in rapid heat
avoidance®; and TLHON-II, a cell type we report here as the main
synaptic output of TPN-V (both overall and within the LH; Extended
Data Fig. 5a-c and Methods). We identify a driver exclusively active
inthis cell type (Extended DataFig. 5) and show that genetic silencing
of TLHON-II severely reduces heat avoidance, whereas optogenetic
activation triggers avoidance of the optogenetic stimulus (Extended
Data Fig. 5d-f). Hence, in D. melanogaster, the targets of TPN-Vin the
LH (TLHON-I and TLHON-II, in particular) are critical to process the
aversive valence of heat.



As D. melanogaster and D. mojavensis have evolved separately for
about 50 million years and belong to different Drosophila groups, the
different pattern of TPN-V LH innervation may reflect lineage-specific
differences in LH architecture rather than selective differences in its
innervation by TPNs that relay heat. To explore this possibility, as an
‘internal control’, wereconstructed a well-characterized olfactory pro-
jectionneuron pathway thatinnervates the LHinboth D. melanogaster
and D. mojavensis (using two-colour two-photon microscopy in the
same D. mojavensis brain; Extended Data Fig. 6). Our results directly
demonstrate that the LH architecture of D. mojavensis is not very dif-
ferent from that of D. melanogaster (in fact, the olfactory projections
we map are very similar between the two species; Extended Data Fig. 6),
supporting the notion that a different pattern of innervation of the LH
by TPN-Vin D. mojavensis may reflect differential wiring to TLHONs and
correlate with the change in behaviour we observe.

LHinnervation matches species behaviour

Our next goal was to extend these results and to rule out the possibility
that, in Drosophila species, the pattern of LH innervation may follow
aspecies’ phylogenetic relationships rather than matching tempera-
ture preference behaviour (Fig. 5a). For this, we devised a strategy that
allowed us to target the hot glomerulus of the PAL and to dye-label
TPN-V by in vivo electroporation without resorting to transgenic rea-
gents: weloaded the aristal nerve (containing the axons of TRNs inner-
vating the hot and cold glomerulus of the PAL) with a red fluorescent
dye; thenwe dissected the brainand, under atwo-photon microscope,
targeted the hot glomerulus of the PAL for electroporation as before.
First, we directed our attention to D. persimilis, a species that in
our experiments preferred distinctly cooler conditions than D. mela-
nogaster (15-20 °C) and that robustly avoided temperatures above this
range, with a matching threshold for Gr28b.d heat activation (about
21°C, see above; Fig. 2k,n). Notably, the D. persimilis TPN-V innerva-
tion pattern was similar to that of D. melanogaster within both the
mushroom body and the ventral LH (Fig. 5b). Innervation of the IACA
appeared more pronounced thaninD. melanogaster (asterisks). Our dye
fillsdemonstrated substantial innervation of the anterior-ventral LHin
D. persimilis, similar to what we described for D. melanogaster (Fig. 5b,
top view, arrowhead) and again supporting a correlationbetween inner-
vationoftheanterior-ventral LH and heat avoidance. We also tested one
additionalstraineach of D. melanogaster, D. mojavensis and D. persimilis
(chosen, when possible, to represent a distinct origin within the geo-
graphicrange of each species). Our results demonstrate the stability of
the correlation of thermal preference behaviour and TPN-Vinnervation
patterns between strains of the same species (Extended Data Fig. 7).
Next, we focused on D. mettleri, a desert relative of D. mojavensis
that has the unusual distinction of having the lowest heat tolerance
among the four Drosophila species endemic to the desert®, a trait that
isbelieved torelate toits unique ability tobreed in the cooler soil mois-
tened by liquid excreted by rotting cacti (rather than on the cactithem-
selves). In our two-choice assays, D. mettleri demonstrated clear heat
avoidance, bothintheinnocuous and noxious range (Fig. 5c). Despite
its phylogenetic relationship with D. mojavensis, the fact that D mettleri
avoids heat (rather than being attracted toit like D. mojavensis) creates
anideal natural experiment, as this species is closer to D. mojavensis by
descent, but more similar to D. melanogaster and D. persimilis in tem-
perature preference behaviour (heat avoidance). Notably, in two-choice
assays, this species seems indifferent to 27.5 °C (like D. mojavensis)
but robustly avoids 30 °C (like D. melanogaster); if indeed the thresh-
old of activation of Gr28b.d determines the threshold of the specific
response to heat, one would predict a threshold between 27.5 °C and
30 °Cforthe D. mettlerichannel. Thisis very close to the threshold we
recordedinvitro (about 30 °C, Fig. 5d, and see Extended Data Fig. 1b for
analignment of the channels), demonstrating that receptor threshold
and behavioural outcome (attraction/avoidance) can be separated

even in the same group of species (the repleta group, to which both
D. mojavensis and D. mettleribelong).

Finally, we performed dye fills in the D. mettleri brain. Our results
showample TPN-Vinnervation of the anterior-ventral LHin this species
(Fig. 5e), more closely resembling the innervation pattern of D. mela-
nogaster and D. persimilis than that of its relative D. mojavensis (see
Fig. 5ffor side-by-side three-dimensional (3D) reconstructions). By
contrast, the D. mettleri pattern of TPN-V innervation within the IACA
appearstolieinbetween that of D. mojavensis and D. persimilis (Fig. Se,f,
asterisks). To better quantify these differencesininnervation, we devel-
oped apipeline thatallows one to align 3D reconstructions of dye-filled
neurites within species (Fig. 5f, using the volume of the LH and calyx
asaguide) and to compare branching morphologies and innervation
patterns across species (combining distances in morphology space
calculated by CAJAL* with a measure of centre of mass for each neuron’s
innervation; Extended DataFig. 3 and Methods). The cell-cell distances
obtained are then used to produce a dendrogram and to represent
clusteringin uniform manifold approximation and projection (UMAP;
Fig. 5g) space. The results of this analysis show that the D. mojavensis
TPN-Vinnervation of the LH indeed stands out as different from that
of the other species.

Takentogether, our results support theidea that the pattern of TPN-V
innervation withinthe anterior-ventral LH correlates withtemperature
preference behaviour (heat avoidance or attraction) rather than phy-
logeny in each of the four Drosophila species (Fig. 5f). Moreover, our
results support amodelin which the ventral LH may be akey substrate
for the evolutionary switch from heat avoidance into heat attraction
we describe in the brain of the desert-dwelling D. mojavensis.

Discussion

Despite the critical role of temperature in shaping the distribution
of animal species, we know little on how animals adapt to different
thermal conditions during the colonization of new environments. One
open questionis whether, like for the olfactory and taste systems (for
example, refs. 31-33), thermal preference behaviour can evolve directly
asaresult of changesintheresponse properties of peripheral sensory
neurons and of the molecular receptors they express. Recent work has
led to the discovery of many of the molecular mechanisms thatendow
thermosensory neurons with the ability torespond to changesin exter-
nal temperature, and in some cases the in vitro properties of the ion
channelsthat functionas molecular receptorsin different animal spe-
ciesbroadly correlate with the overall thermal range of their habitat. Yet
the observed differencesin channel properties have beenso far linked
to differences in thermal tolerance rather than thermal preference®*™,
For example, the heat receptor TRPV1 of ground squirrels and camels
has lower overall sensitivity to heat than the homologous receptors
from rat or humans, an adaptation that has been suggested to relate
to the higher heat tolerance of this species*. We do not know whether
specific changes in the activation threshold of hot and cold receptor
molecules may also represent an evolutionary mechanism to shift a
species’ behavioural preference towards a different thermal niche.

Here, using species of the genus Drosophila adapted tolife indiverse
thermal environments, we show that ecologically relevant shifts in ther-
mal preference can be explained by changes in the activation thresh-
old of the innocuous-heat receptor Gr28b.d (as we demonstrate for
D. melanogaster and D. persimilis). Unexpectedly, whereas Gr28b.d
activationresultsin heatavoidanceinboth D. melanogaster and D. per-
similis, adaptationto desertlife in D. mojavensis seems to have required
asubstantial additional change, as Gr28b.d-mediated activation of
hot-sensing neurons in this species results in innocuous-heat attrac-
tionrather than avoidance. Our data furtherindicate that this change
may involve central thermosensory circuits within the ventral LH, a
region of the fly brain historically associated with processing innate
behaviours and sensory valence! .
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Fig.5| TPN-Vinnervation of the LH matches behaviour rather thanfollowing
phylogeny. a, Phylogenetic tree. b, Representative two-photon z-stacks of
dye-labelled TPN-V terminalsin the calyx and LH of D. persimilis; upper panel:
frontview (z-projection of ascanacquired onthe anterior-posterior axis),
illustrating innervation of the calyx (IACA, asterisks); lower panel: top view
(z-projection of ascanacquired on the dorsal-ventral axis), illustrating
innervation of the anterior-ventral LH (arrowhead). ¢, D. mettleri avoids heat
above 27.5°Cintwo-choiceassays.d, Theinvitro threshold for heat activation
of D. mettleriGr28b.disabout 30 °C.Inc,d, red lines show mean; filled boxes
show onestandard deviation; empty boxes show 95% confidenceinterval of the
mean; empty circlesrepresent data points;inc,n=8groupsof15flies; ind,
n=13recordings. e, Representative two-photon z-stacks of TPN-V terminalsin
the calyxand LH of D. mettleri (upper panel: front view; lower panel: top view;

The benefit of such a marked change in behaviour in the context of
adaptation to the desert climate is not obvious. In the cosmopolitan
D. melanogaster, the preferred thermal range emerges as the result of
opposing pushes from hotand cold avoidance', so that, in permissive
conditions, the thermosensory systemis less active (whichis energeti-
cally less costly). The microclimate that D. mojavensis experience has
been studied in detail in the Sonoran Desert of southwestern North
America: habitat temperatures often exceed even the very high ther-
mal tolerance limits for this species, and flies in the field are exposed
to highly variable temperatures, sometimes ranging between <5 °C
to >40 °C in a single 24-h period™. We speculate that heat attraction
may have originated in the D. mojavensis lineage as a response to the
extreme thermal excursions that flies encounter onadaily basis in their
desert habitat. Insuch conditions, tracking temperature changes and
seeking out suitable thermal niches may represent a constant priority.

How behaviour evolves to support adaptation to new environmental
conditions is a central question in evolutionary biology. Our results
advance our knowledge on the evolution of temperature prefer-
ence in Drosophila species, establish a framework for studying the
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® D. melanogaster ® D. persimilis ® D. mojavensis ® D. mettleri

inb,e dashed ovals outline the calyx and LH; dotted line is for reference). f, 3D
reconstructions of TPN-V arborizations from D. melanogaster, D. persimilis,
D. mojavensis and D. mettleri, respectively (n = Seach, aligned within species;
Methods). Intop views, the LHinnervation of the D. mojavensis TPN-V stands
outaslackingany projectionsin the anterior-ventral LH (empty arrowhead).
g, Adistance matrix for reconstructionsin f(Methods) demonstrates distinct
clustering of the D. mojavensis TPN-V arborizations within the LH. Cell-cell
distances arerepresented both asadendrogram (left) and UMAP (clustering
Pvalue =1.97 x1075; SigClust test). Ing, every dendrogram line or UMAP dot
representsareconstructioninf.Ina,f, red and green dots denote heat avoidance
and attraction, respectively.Ing, colour represents species. Scalebars, 25 pm
(b,e,f). Theflydrawingsinb,carereproduced and adapted with permission
from M. Stensmyr.

neurobiological determinants of thermal habitat preference in the
insects, and may eventually help us better understand the impact of
climate change on the distribution of invertebrates and on the many
systems that depend on them.
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Methods

Fly stocks and husbandry

All Drosophila strains were reared on cornmeal agar medium at room
temperature (about 23 °C). D. melanogaster fly stocks and sources are as
follows: Canton-S, HC>Gal4 (ref. 10), HC>LexA (ref. 22), Gr28b.d(exc66)
and Gr28b.d(exc8) (described in ref. 16), 13LexAop-DmelGr28b.d
(ref. 16), 13LexAop-DmojGr28b.d (this study), VT017654-Gal4.DBD
(BDSC: 73303), 20E07-Gal4.AD (BDSC: 70586), UAS-CD8:GFP (BDSC:
32186), UAS-TdTomato (BDSC: 32221), UAS-Kir2.1 (BDSC: 6595) and
UAS-CsChrimson (BDSC: 55136), obtained from the Bloomington Dros-
ophila Stock Center (BDSC). D. melanogaster Egypt strain (EG16) was
obtained from]. Pooland wasreportedinref. 36. D. mojavensis mojaven-
sis (NDSSC stock: 15081-1352.47), D. mojavensis wrigleyi (NDSSC stock:
15081-1352.29), D. persimilis (NDSSC stock: 14011-0111.51), D. persimi-
lis (NDSSC stock: 14011-0111.24) and D. mettleri (NDSSC stock: 15081-
1502.13) were obtained from the National Drosophila Species Stock
Center (NDSSC). All D. mojavensis mutants and transgenics were gen-
erated as part of this study and maintained as homozygotes for the
mutation or transgenic construct.

Temperature preference assays

Two-choice assays for temperature preference were carried out
with groups of 3-5-day-old male flies raised under 12:12 h light/dark
cycles'®?, Flies were anaesthetized on ice, and groups of 15 flies were
introduced to an array of individually addressable Peltier tiles (1-in
squares) covered by athin piece of black masking tape (Thorlabs). Flies
were enclosed over theintersection of 4 Peltier tiles by a circular arena
laser-cut out of ablack acrylic sheet (1.8-in diameter) and covered by a
sheet of glass coated with Sigmacote (Sigma Aldrich catalogue number
SL2) to prevent flies from climbing on the walls and ceiling. Flies were
givenachoice between abase temperature (BT, 25 °Cfor all trials) and a
testtemperature (TT) inopposing quadrants for 3 min, and the spatial
configuration of BT and TT quadrants was then reversed for an addi-
tional 3 min. Every change in configuration was interleaved by a brief
30-sstep at 33 °C for D. melanogaster, D. persimilis and D. mettleri and
39 °Cfor D. mojavensisto ensure redistribution of the flies. Temperature
setpoints were calibrated using an infrared thermal imaging camera
(FLIR Systems). To record temperature preference behaviour, arenas
were illuminated by infrared light, and videos of flies were recorded
during each 3-min trial from above using a Chameleon3 USB camera
(FLIR Systems). The position of each fly in every frame (375 frames s™)
was determined and quantified using a preference index (PI), calculated
as the difference between the number of flies in the BT quadrants and
the number of flies in the TT quadrants, divided by the total number
of flies (PI = (no. BT — no. TT)/total no.). For each TT condition, the Pl
values from the two trials (one at an initial configuration, and a sec-
ond alternatingthe BT and TT quadrants) were averaged. A positive Pl
value indicates avoidance of the TT, whereas a negative valueindicates
attraction for the TT. A value of zero indicates no preference (equal
time spent in both TT and BT). Two-tailed t-tests (threshold P=0.05)
were used to determine whether Pl values were significantly different
from zero. Pl data are plotted using the notBoxPlot function (https://
github.com/raacampbell/notBoxPlot).

Optogenetic preference assays

Two-choice assays for red-light preference in D. melanogaster flies
expressing the redshifted channelrhodopsin CsChrimson were carried
out with groups of 3-5-day-old male flies raised on standard fly food
supplemented with 300 puM all-trans-retinal (Sigma Aldrich catalogue
number R2500) in constant darkness and at room temperature (about
23 °C). Modelled after the two-choice assays for temperature prefer-
encedescribed above, abehavioural arenawasbuilt to analyse fly behav-
iour when given a choice between blue light and red light (Extended
DataFig. 5f). A16-by-16 array of light-emitting diodes (BTF-LIGHTING

WS2812B) controlled by a Raspberry Pi computer with the Adafruit
CircuitPython NeoPixel module (https://github.com/adafruit/Ada-
fruit_CircuitPython_NeoPixel) was placed underneath a laser-cut cir-
cularblackacrylicarena (1.8-in diameter) separated by a diffuser (40%
light transmission acrylic sheet). The arena was covered by a sheet of
glass coated with Sigmacote to prevent flies from climbing on the walls
and ceiling. Flies were anaesthetized onice in groups of 25 individuals,
and after a 6-min acclimation period (3 minin the dark followed by
3 minin all blue light), were given a choice between blue light and red
light of equal brightness in opposing quadrants for 3 min, and then the
spatial configuration of the quadrants was reversed for another 3 min.
Flies were recorded from above using a camera (Arducam Raspberry
Pi Camera OV5647), and the position of each fly was determined and
quantified using a Pl the same as described above for temperature
preference assays. A positive Pl value indicates avoidance of the red
light, whereas a negative value indicates attraction to the red light.
Avalueofzeroindicatesnopreference (equaltimespentinbothblue-and
red-light quadrants). Two-tailed t-tests (threshold P= 0.05) were used to
determine whether Plvalues were significantly different fromzero. For
allbehavioural experiments, sample sizes were not predetermined but
were kept consistent across experiment type; approximate sample size
was determined based on variance assessed by preliminary experi-
ments. Collection of groups of flies was randomized and controlled
for sex, species, time of day and strain.

Phylogenetic analysis

The phylogenetic tree representing Drosophila species relationships
was adapted from https://doi.org/10.6084/m9.figshare.5450602.v1.
A multiple sequence alignment of Gr28b.d proteins was generated
using Clustal Omega (v1.2.3), and structural models of Gr28b.d were
generated using AlphaFold3 (ref. 37).

Generation of reagents for transgenic flies

DmojGr28b.d* was generated using CRISPR-Cas9 technology.
A target in exon D was found using the CRISPR Optimal Target
Finder tool®, and an RNA oligonucleotide was synthesized as single-
guide RNA (sgRNA) using the MEGAscript T7 Transcription Kit (Invi-
trogen) with a DNA oligonucleotide containing the CRISPR target
and the T7 promoter as a template. The sgRNA was cleaned using
the MEGAclear Transcription Clean-Up Kit (Invitrogen). To create
D. melanogaster flies bearing 13LexAop-DmojGr28b.d, the sequence
of DmojGr28b.d CDS was predicted from the DmojGr28b genomic
locus and amplified by PCR using an adult body D. mojavensis cDNA
library (iScript Select cDNA Synthesis Kit, BioRad) as template
and primers DmojGr28b.d F (5’-caaaacATGTGGCCAATTTGGAGGC
AAC-3’, modified Kozak sequence is in lowercase) and DmojGr28b.d R
(5-AATTCAATAATTAAAATTTAATAAAGAAT-3’). The PCR fragment
was cloned into pCR8/GW/TOPO TA (Invitrogen) and sequenced.
DmojGr28b.d cDNA was transferred into a p13xLexAop destina-
tion vector (described in ref. 16, by LR recombination, Invitrogen).
The construct was then injected into D. melanogaster by BestGene.
The DmojGr28b.d promoter > DmelGr28b.d CDS fusion was created
using NEBuilder HiFi DNA Assembly (New England Biolabs). A frag-
ment containing a region 1,500 base pairs upstream exon D from
the Gr28b locus was amplified from D. mojavensis genomic DNA
using primers DmojGr28b.d pF (5’-ACCTGGGCACTGCATTTC-3’) and
DmojGr28b.d pR (5-TATAGAGCGACTGCAACTTAGTTGC-3). The frag-
ment was then joined to DmelGr28b.d cDNA and the piggyBac vec-
tor pIM148-hr5-ielp-mCherry (a gift fromJ. Parker) with NEBuilder
HiFi DNA Assembly (New England Biolabs). To generate DmojGr28b.d
promoter > CD8-GFP, the same promoter fragment was inserted
upstream to the CD8-GFP fusion using NEBuilder HiFi DNA Assembly
(New England Biolabs). The promoter fusions were sequenced, and
the vector was purified using the NucleoBond Xtra Midi Plus EF kit
(Macherey-Nagel).
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Cell transfections

Tostudy Gr28b.dfromdifferent speciesin cultured cells, Gr28b.d-coding
sequences from D. melanogaster, D. mojavensis, D. persimilis and
D. mettleriwere cloned into standard expression vectors?. DperGr28b.d
was predicted from the Gr28b.dlocus, and the CDS was amplified from
aD.persimilis cDNAlibrary that was generated using the iScript Select
cDNA Synthesis Kit (BioRad) followed by a PCR reaction with the fol-
lowing primers: DperGr28b.d F (5’-caaaacATGAGTGGATTTTGGC-3’,
modified Kozak sequenceis lowercase) and DperGr28b.dR (5’- CTAATT
TGTATGATTCGTTATATTATTG-3’). The PCR fragments were cloned into
pCR8/GW/TOPO TA (Invitrogen) and sequenced (GenBank 0Q624956).
DmojGr28b.d, DmelGr28b.d and D. mettleri Gr28b.d (DmetGr28b.d)
were amplified from respective cDNA libraries using the same methods
withthefollowingprimers: DmojGr28b.dF (seeabove) and DmojGr28b.dR
(see above), DmelGr28b.d F (5’-caaaacATGTCATTTTACTTTTGCG-3")
and DmelGr28b.d R (5’-AAACGATTAAAAATTTATTTCCAATC-3'),
DmetGr28b.dF (5’-caaaacATGTGGCCAATTTGGAGGCAACTGCTCAG-3')
and DmetGr28b.d R (5’- CTAAACCGTATGATTCGATATATTATGAAAC
GCCTCACAACAGTC-3) (modified Kozak sequences arein lowercase).
For expressioninmammalian cell culture, DmelGr28b.d, DmojGr28b.d,
DperGr28b.d and DmetGr28b.d cDNA in pCR8/GW/TOPO TA (Invi-
trogen) sequences were transferred into pcDNA3.1/nV5-DEST by
LR reaction (ThermoFisher). HEK293T (ATCC) cells were cultured in
Dulbecco’s modified Eagle medium (ThermoFisher) supplemented with
10% FBS and 1% penicillin-streptomycin (100 U ml™ and 100 pg ml™,
respectively; from Fisher). Cell cultures were maintained in 25 cm?
tissue culture flasks with plug seal caps at 37 °C with 5% CO,. For
electrophysiological recordings, cells were grown on coverslips and
co-transfected with 0.5 pg of pcDNA3.1-GFP vector and 1.5 pg of either
one of the vectors harbouring DperGr28b.d, DmelGr28b.d, DmojGr28b.d
or DmetGr28b.d, and mixed with 4 pl of transfection reagent and 200 pl
oftransfection buffer (jetPRIME in vitro DNA & siRNA transfection rea-
gent, PolyPlus). After transfection, cells were incubated for 24-48 hat
37 °Cwith 5% CO, to allow for gene expression. Drosophila S2R+ (Dros-
ophila Genomics Research Center, DGRC Stock 150) were cultured in
GlenCloneSchneider’s Insect Medium (Sigma Aldrich) supplemented
with 10% FBS and 1% penicillin-streptomycin at room temperature.
S2R+ cells were grown on coverslips and transfected with pAC-GW
expression vectors harbouring DmelGr28b.d and co-transfected with
pAC-GFP as described above. After transfection, the cells were incu-
bated for 72-120 h at room temperature to allow for gene expression.
All cells lines were authenticated by the manufacturer and tested for
mycoplasma contamination.

Electrophysiology

Whole-cell patch-clamp electrophysiology experiments were per-
formed on HEK293T and S2R+ transfected cells identified by GFP
fluorescence. The intracellular solution for recordings with HEK293T
cells contained 140 mM K-gluconate, 1 mM MgCl,, 1 mM EGTA, 10 mM
HEPES; pH was adjusted to 7.2 + 3 and the osmolarity was adjusted to
283 + 5mOsm with sucrose. The intracellular solution for recordings
with S2R+ cells contained 140 mM K-gluconate, 2 mM MgCl,, 0.01 mM
CaCl,, 1mMEGTA, 5 mMHEPES and 1 mM Na,ATP; pH was also adjusted
to 7.2 + 3, and the osmolarity was adjusted to 290 + 5 mOsml with
sucrose. Allinternal solutions were stored at —20 °C. The extracellular
solution for recordings with all cells contained 140 mM NaCl, 5 mM
KCI, 1 mM CaCl,, 1 mM HEPES and 10 mM glucose; pH was adjusted to
about 7.2withNaOH, and the osmolarity was adjusted to 305 + 5 mOsm
with sucrose. The resistance of patch pipettes ranged from3 to 7 MQ.
Recordings were obtained with an AxoPatch 200B amplifier (Axon
Instruments), analysed with AxoGraph software, scaled to 1x output
gain, lowpass-filtered with 5 KHz, and digitized with a Digidata1320A
(Axon Instruments). Bath offset and capacitance were compensated;
series resistance was 9.5 + 5.5 MQ without compensation. Recordings

were made at about 19-23 °C, and heating was achieved by using an
inline heater (HPT-2A, ALA Scientific Instruments), TC-20 temperature
controller (NPI Electronics) and a T-384 thermocouple (Physitemp
Instruments) tethered to the electrode holder, such that the tip of
the thermocouple was at a close distance to the electrode. Cells were
held at constant —60 mV, and currents were monitored during heat
stimulation. To obtain current-voltage relationships, voltage ramps
from-100to 100 mV were applied every 200 ms, such that //V curves
were obtained before, during and after 40 s heat stimulations at 40 °C.
Arrhenius plots were generated from recordings both in HEK293T
and S2R+ cells in IgorPro (WaveMetrics). First, recordings (including
current and temperature traces) from cells expressing Gr28b.d from
D. melanogaster, D. persimilis, D. mojavensis and D. mettleri were fil-
tered using a cutoff frequency of200 Hz on Axograph software. Next,
currents were normalized to the maximum value for each recording,
log-transformed and plotted as afunction of the reciprocal of tempera-
tureinkelvin. The temperature threshold of activation was calculated
from the intersection point of the two lines, generated by linear fits
to the shallowest and steepest regions of the plots. Q,, values were
calculated using the following equation: Q,, = (12/11)4%™-™ 1 was
the value of the current taken at the lower temperature T1, whereas
thel2 value wastaken at the higher temperature T2, before and after the
temperature threshold. Temperature threshold distributions and Q,,
values are displayed using the notBoxPlot function (see above) in MAT-
LAB, in which means are shown as thick lines and the boxes represent
standard deviation from the mean (shaded boxes) and 95% confidence
interval (unshaded boxes).

D. mojavensis embryo microinjection

Microinjections of D. mojavensis embryos were carried out using aLeica
DM IRB microscope equipped with a Narishige IM 300 Microinjector
and MN-153 micromanipulator, and pulled glass capillaries (1B100-F4,
1.00 mm OD/0.58 ID) with a Sutter P-97 micropipette puller. Before
injections, D. mojavensisflies were reared in cages with Opuntia cactus
juice agar plates to promote egg laying, and eggs were collected in
45-60-min intervals, aligned on coverslips, and staged according to
the developmental time point. The eggs were left to dry for 1-3 min
to allow adhesion to the coverslip and were then covered with olive
oilto prevent further drying during the injection process. For CRISPR
injections, the sgRNA oligonucleotide was mixed with EnGen Spy Cas9
NLS (New England Biolabs) and injected into D. mojavensis embryos
at afinal concentration of 187.5 ng pl sgRNA and 300 ng pl™ Cas9
protein. The presence of the mutation was confirmed by sequencing
of the genomic region containing the CRISPR target. For piggyBac
injections, plasmid vectors bearing transgenic constructs were mixed
with mRNA for the hyperactive pBase (made from a linearized vector
containing the hyperactive transposase as template with HiScribe T7
ARCA mRNAKit, New England Biolabs) and purified with RNAClean SPRI
XP beads (Beckman Coulter) at a final concentration of 300 ng pl™ of
DNA and mRNA. Injection mixtures were then transferred into pulled
glass capillaries. The filled injection needles were loaded onto the
microinjector, and stage-1-2 embryos were injected through the cho-
rion from the posterior end. After injection, embryos were washed
with 95% ethanol to remove the oil and soaked in deionized water for
10 min for rehydration. Coverslips with the embryos were then placed
in softened cornmeal agar medium, and embryos were monitored
to ensure viability. Transgenics were screened for fluorescence from
the mCherry transformation marker (driven by the iel promoter as
described in ref. 40) using a stereo microscope equipped with a fluo-
rescence adaptor (NIGHTSEA Model SFA).

RNA sequencing and expression analyses

To extract RNA from D. mojavensis aristae, the tissue was homoge-
nized in TRIzol (Invitrogen), and RNA was purified using the RNeasy
MicroKit (Qiagen). RNA sample quality evaluation, library preparations
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and sequencing were carried out at the NUSeq Core Facility, North-
western University. RNA integrity and concentration were assessed by
on-chip electrophoresis with the Bioanalyzer (Agilent). The SMART-seq
V4 Ultra low input RNA kit (Takara Bio) was used to construct a cDNA
library from total RNA, and single-end sequencing was carried out with
the Illumina HiSeq2000 sequencing system. Reads were trimmed to
75 bp and read quality was assessed with FastQC; none was flagged as
poor quality out of the 19,107,080 total reads. The D. mojavensis genome
wasindexed, and the reads were aligned onto the genome using STAR
with default parameters, as well as in Geneious Prime (Dotmatics) for
visualization with 92.12% of reads uniquely mapped to the genome.
Read counts per gene were obtained from the alignment through STAR,
and RPKM values were calculated in R for each gene using the gene
lengths and total mapped reads. The heat map for visualizing relative
expression of key genes with log,[RPKM + 1] was generated in R using
the image function.

Immunostaining of Drosophilabrains

D. melanogaster and D. mojavensisbrains were dissected from 3-5-day-
old adults in phosphate-buffered saline (PBS) and stained with anti-
bodies using standard protocols. Following dissections, brains were
fixed with 4% paraformaldehyde for 30 min, washed three times with
PBS +0.2% Triton X-100 (PBST), and incubated with PBST + 3% bovine
serum albumin (BSA) for 1 h. Following rinsing and blocking, tissues
were incubated with primary antibody diluted in PBST + 3% BSA
(1:1,000 anti-GFP and 1:20 nc82) for about 16 h, and after rinsing six
times with PBST, were then incubated with secondary antibody diluted
in PBST + 3% BSA (1:2,000 AlexaFluor 488 and 1:250 AlexaFluor 594)
for about 16 h. To prepare for imaging, brains were washed six times
with PBST and mounted in VECTASHIELD (Vector Laboratories). The
primary antibodies used were mouse anti-nc82 (DSHB) and chicken
anti-GFP (ab13970, Abcam), and the secondary antibodies used were
AlexaFluor 488 donkey anti-chicken IgY and AlexaFluor 594 donkey
anti-mouse IgY (Jackson ImmunoResearch Laboratories).

Fluorescence microscopy

Confocal imaging of D. melanogaster and D. mojavensis antennae
and brains was performed on a Zeiss LSM 510 confocal microscope
equipped withargon 450-530 nm, helium-neon 543 nmand helium-
neon 633 nm lasers and a Zeiss LCI Plan-Neofluar/0.8 DIC Imm Corr
x25 objective ataresolution of 1,024 x 1,024 pixels. Maximum projec-
tions were obtained from stacks taken at 1 pm steps. For antennae,
autofluorescence of the cuticle was excited with a 561-nm laser, and
emitted light was captured with a 575-nmlongpass filter. Images were
processed in Fiji (Image}).

Labelling of projection neurons by electroporation

Labelling of Drosophila TPNs by electroporation was performed accord-
ing to previously described methods with some modifications* .
Adult flies were anaesthetized by brief cold exposure inanice bath and
brains were dissected in artificial haemolymph (AHL; pH 7.3) containing
103 mM NacCl, 3 mMKCl, 26 mM NaHCO,,1 mM NaH,PO,, 8 mM treha-
lose dihydrate, 10 mM dextrose, 5 mM TES, 4 mM MgCl, and 1.5 mM
CaCl, (adjusted to 270-275 mOsm and equilibrated with 95% O, and
5% CO,). Brains were pinned to a SYLGARD-lined dish (Dow Corning
184 Silicone Elastomer, Fisher catalogue number NC9285739) and
perfused with AHL (flow rate of 1-2 ml min™) at 25 °C using an in-line
heater-cooler (Warner, catalogue number SC-20) controlled by a
dual-channel bipolar temperature controller (Warner Instruments,
CI-200A). Glass electrodes (1B150F-5) were prepared using a Sutter P-97
pullertoanopentip resistance of 2-5 MQ and back-filled with 1-2 pl of
100 mg ml™ AlexaFluor 488 3 kDa, AlexaFluor 48810 kDa or AlexaFluor
594 10-kDa dextran dye (ThermoFisher catalogue numbers D34682,
D22910 and D22913, respectively). Dye-filled pipettes were loaded
ontoamicropipette holder (WPI, MPH6S) controlled by aSutter QUAD

micromanipulator, and asilver wire was used to generate d.c. voltage
pulses with one terminal inserted into the glass pipette and the other
terminal placed in the bath solution adjacent to the brain.

Asaguide, theelectrode tip wastargeted to the axon terminals of hot
cells (HCs) within the PAL using expression of CD8-GFP in D. mojaven-
sisunder the control of the DmojGr28b.d promoter, or expression of
UAS-CD8-GFP or UAS-TdTomato in D. melanogaster under control of
HC-Gal4. Tolabel TPNsin D. persimilis and D. mettleri, axon terminals of
HCswere visualized by implementing an aristal dye staining procedure,
and to label olfactory projection neurons in D. mojavensis, olfactory
glomeruli were visualized with an antennal dye staining procedure.
Adult flies were anaesthetized by brief cold exposure and mounted
onacustom-made head-restraint apparatus, and both aristae were cut
with forceps. The aristal nerve was loaded using a pipette filled with
50 mg ml™ TexasRed dextran dye solution (3 kDa, ThermoFisher cata-
logue number D3329), and flies were subsequently incubated at room
temperature for 1-3 h. For labelling of olfactory glomeruli, the same
procedure was performed as above but the aristae were not cut, and the
dyewasplaced directly on the third antennal segment. Brains were then
dissectedin AHL and prepared for electroporation as described above.

Electroporation of the dye was performed using an S48 stimulator
(Grass) todeliver a50-V pulse witha duration of 10 ms and afrequency of
0.2 Hz (5-sinter-stimulusinterval) for 3-10 min. Toreduce background
fluorescence of excess extracellular dye and allow for transport of the
internalized dextran-conjugated dye, brains were perfused in AHL for at
least15-20 min after electroporation. Dye fills were monitored with an
upright Zeiss Examiner.Z1 microscope with aZeiss W Plan-Apochromat
x40, 0.9 numerical aperture water-immersion objective. Brains were
imaged at 945 nm by a Chameleon Ultra Ti:sapphire laser (Coherent)
and detected using a photomultiplier tube through a bandpass filter
(490-560 nmfor AlexaFluor 488 and GFP, or 580-630 nm for AlexaFluor
594 and TdTomato) using a modified Ultima 2-photon laser scanning
microscope (Bruker). Two different mounting orientations were used,
the ‘front view’ and ‘top view’. For the front view, brains were laid flat
and pinned on aSYLGARD-lined dish and were scanned on the anterior—
posterior axis of the brain. For the top view, brains were rotated 90° and
pinnedinacustom SYLGARD-lined dish such that the dorsal surface of
the brain was facing upwards (towards the objective) and were scanned
onthe dorsal-ventral axis of the brain (Extended Data Fig. 3a). Images
were acquired at aresolution of 1,024 x 1,024 pixels using PrairieView
software v5.2 (Bruker) and processed as described below.

Neuron reconstructions

D. melanogaster brain volume images, neuron skeletons and brain
regions of interest were downloaded from the Hemibrain:v1.2.1 data-
set* using Python scripts and displayed in ParaView (v5.11.0). Three-
dimensional reconstructions of TPNs filled by electroporation of
dextran dyes were generated from two-photon microscopy z-stacks.
z-stacks were processed in Fiji (ImageJ) to optimize contrast, and LH
and calyx volumes were segmented along all z-slices using the Segmen-
tation Editor (built-in Fiji plugin) and were then used as a reference
channel for within-speciesimage registration as well as for visualization
alongside 3D neuron reconstructions (Extended DataFig. 3b). Toalign
images to reference neuropils for each species, we used the Compu-
tational Morphology Toolkit (http://www.nitrc.org/projects/cmtk)
software as well as the Registration GUI plugin for Fiji (ImageJ; https://
github.com/jefferis/fiji-cmtk-gui). Once each z-stack was registered,
we then used neuTube® to trace the neuronal projectionin eachimage,
first by thresholding the images to create a binary mask, and second
by using the mask as input to neuTube for automatic tracing in three
dimensions. For most z-stacks, favourable signal to noise allowed us to
directly threshold the images; however, for some fills that had higher
background or off-target labelling, we used the Simple Neurite Tracer
program*® to manually trace the branches and produce abinary mask
asinput for neuTube automatic tracing (see Extended Data Fig. 3c for
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representative reconstructions of D. melanogaster and D. mojavensis
TPN-V alongside two-photon z-stack maximum projections). With
3D reconstructions of neuron skeletons and brain volumes in hand,
we then visualized them together in neuTube, and exported neuron
skeletons as SWC files for further analysis (see below).

Quantification of projection neuron anatomy

To quantify branching patterns of reconstructed neurons, we used the
CAJAL package®. For each species (D. melanogaster, D. mojavensis,
D. persimilis and D. mettleri), we used 3D reconstructions of TPN-V
croppedinthe LHand calyx separately as input (n = Sreconstructions
per species). First, the software samples a set of points (100) along each
neuron skeleton and generates a pairwise Euclidean distance matrix.
Second, it performs optimal matching of each cell Euclidean matrix
with each other by computing the Gromov-Wasserstein distance,
quantifying the amount of deformation needed to convert one neu-
ron skeleton to another. This Gromov-Wasserstein pairwise distance
matrix canbe thought of as the distances between each neuronrecon-
struction in intrinsic cell morphology space (Extended Data Fig. 3d).
As the CAJAL analysis is agnostic to spatial differences in innervation
of brainregions, we separately quantified the centre of mass (COM)
of each LH and calyx projection pattern (Extended Data Fig. 3e). For
each z-stack, we produced a maximum-intensity projection centred
ontheLH or calyx neuropil (thatis, cropped by asquare at the edge of
the neuropil outline; defined using the 3D volume as defined above);
we then transformed these images to normalize dimensions and
measured the COM ofthe 2D projection using the COM function in Fiji
(ImageJ). We also repeated this analysis on the basis of an ‘artificial’ pro-
jectionofaD. melanogaster EM volume reconstruction. With COM meas-
urements for each cell, we calculated pairwise taxicab distances. Finally,
wetook the Gromov-Wasserstein pairwise distance matrix (from CAJAL)
and the pairwise taxicab distance matrix (from COM), normalized them
bothto their respective maximum values, and we then summed these
two measures to produce a matrix of cell-cell distances. Distances
were used for hierarchical clustering (Extended Data Fig. 3f) using the
Agglomerative Clustering function from the scikit-learn Pythonmodule
(https://github.com/scikit-learn/scikit-learn, using Gower distance as
asimilarity measure) and visualized using the ‘dendrogram’ function
in the SciPy Clustering package. Distances were also independently
used for UMAP embedding (from the umap-learn package). We used
SigClust* to test for statistically significant clustering (P=0.05).

Connectomics

Identification of postsynaptic targets and quantification of synaptic
weights of hot TRNs in the D. melanogaster connectome was carried
outby querying the EM Hemibrain:v1.2.1 (ref. 44; neuprint.janelia.org;
Fig. 4f). Using the Common connectivity function, the common out-
puts of the three hot TRNs were identified and ranked (threshold >9
synapses). Note that the top common synaptic output of hot TRNs is
TPN-V, followed by TPN-la and TPN-Ib. TPN-V stands as the overall top
common synaptic output of the hot TRNs (receiving 14% of all output
synapses), as well as if one excludes connections to local interneurons
(cellsthatdo notleave the PAL), in which case TPN-V receives 26% of all
hot TRN output synapses (564/2146 synapses; Fig. 4f). Reconstruction
ofthe pathways fromhot TRNs of the aristato TLHON-II (Extended Data
Fig.5a) was performed using the Shortest path function, by identifying
direct hot-specific TPN connections from each hot TRN to TLHON-II
(neuronID 514068564). We then summed all synaptic connections from
TRNsand other hot-specific TPNs to calculate the percentage of synapses
thatconnectto TPN-V, and the percentage of total synapses from TPN-V
to TLHONG-II, respectively. Identification of the synaptic loci between
TPN-V and TLHON-I and TLHON-II (Extended Data Fig. 5c) was carried
out using the Synapses for connection function, restricting output to
the right-side LH for each respective connection: TPN-V to TLHON-I
(ref.28),and TPN-V to TLHON-II, respectively. Synapticloci coordinates

were thenimported into ParaView (v5.11.0) and overlaid on the skeleton
for TPN-V.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data are available in the main paper and Extended Data Figs. 1-7.
Maps were created in MATLAB and traced in Adobe Illustrator; all
other illustrations were created in Adobe Illustrator. Gr28b.d-coding
sequences from D. persimilis (GenBank 0Q624956), D. mojavensis
(GenBank 0Q621410) and D. mettleri (GenBank PP885916) are avail-
able via GenBank. Raw read sequences from RNA-seq of samples from
D. mojavensis aristae are available via the Sequence Read Archive of
the National Center for Biotechnology Information with the Bio-
Project ID PRJNA948454. The following database was also used: EM
Hemibrain:v1.2.1 (https://neuprint.janelia.org/). Source dataare pro-
vided with this paper.

Code availability

No custom algorithms or computer code was produced as part of this
work.
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D. pse Gr28b.d MSIFWRELFIPRDAIGSEQTLLLCTVILGLTPFRLRGAGARIYILSKIGYLNALIQLSFFSVCFLTALIIQQSI\/GVFFKSEISQVG.SLQKFIGMTGMS!LFLCSTIRVRLLI-CNIISRIDEILLIIGVIFNYPA!
D. per Gr28b.d MSGFWRELFHPRDABGSEQTLLLCTYMLGLTP FRLRGEAGARI QS IVGYFFKSE | SQVGEMSLQKF | GMTGMS | LFLCST IRVRLL | SR IDGHL LBMGVMFNYPA |
D. mir Gr28b.d MS!FWRELFIPRDAIGSEQTLLLCTFILGLTPFRLRGITGARIVILSKIGVLNALIQLSFFSVCF LTAL IRQQS I VGYFFKSE I SQVGEMSLQKF IGMTGMS I LFLCSTIRVRLL I-cﬂl I SRIDGHL LBV GVMFNYPA |
D. ana Gr28b.d BINTCL PKMSBFHIRE L FRPRDAFGAEQTLLLETYLLGLTP FRLKGQPGNRRFBLSKLGYLNAFLQLTFFSYCFLSAL | EQQS IVGYFFKSBISQVGDSLQKF | GVBGMSTLFLCSS IRVKLL IR IWDR IHK | DARL LBMGHCFNYSA|
D. bip Gr28b.d MNTFNGKSL P! MR ELFRPRDAFGAEQTLLLETYLLGLTPFRLKGQAGNRQFELSKLGYLNAFLQLSFFSYCFLSALMEQQS IVGYFFKSBISQVGDSLQKF | GMTGMSTLFLCSS IRVKLL IR IWDR | SK | DARLLBMGVCFNYSA|
D. rho Gr28b.d MBKFYRELFRPRNAFGSEQSLLLYTYLLGLTPFRLRGQAGHKHFKPCKIMGY LNAFLQLSFFSYCFLAAL I EQQS IVGYFFKSE | SKIIGDSLQKF IGMTGMS I LFLCSS IRVBLL IR IWDR | SSTODRLLNEGVCFNYPAI
D. ele Gr28b.d MFKIICE L FRPRNAFGAEQSL LEYTYLLGLTP FRLRGHYGEMQYRS S KHGY LNAFLQLSFFSYCFLAAL | EQQS I VGYFFKSE | SKVGD SMIQK F | GMBIGMT I LFLCSS IRVRLL IR IWDR | SF I DDRLLNBGVCFNYSA |
D. suz Gr28b.d MS'SFCRELFRPRDAFGAEQSLLEYTYLLGLTPFRLKGQAGERQFRLSKLGYLNAFLQLSFFSYCFMAAL | EQQS I VGYFFKSB I SQEGESLQKF I GMTGMSMLFLCSS IRVRLL IR IWDR | S§ | DDRFLNBGVCFNYSA |
D. bia Gr28b.d MSISFCRELFRPRDAFGAEQSLLFYTYLLGLTPFRLKGQAGERQFBLSKLGYLNAFLQLSFFSYCFMAAL | EQQS IVGYFFKSE | SQMGDSLQKF IGMTGMS ILFLCSS IRVRLL IRIWDR IS5 IDDRFLNEGVCFNYSA |
D. tak Gr28b.d MSSYCR EMIFRPRDAFGAEQSLLLYTYLLGLTPFRLTGQAGHRQFRLSKFGYLNAFLQLSFFSYCFLAAL I EQQS IVGYFFKSE | SQMGDSLQKF IGMTGMSTLFLCSS IRVRLL IR IWDR | S5 | DDRLLNEGVCFNYAA |
. ere Gr28b. MBHSFGE LBKPRDAFGAEQTLLEYTYLLGLTP FRLRGQAGHERQF@LSKLGYLNALLQLSFFSYCFLAAL | ERQS I VGYFFKSE | SQMGDSLQKIS I GMTGMS I LFLCSS IRVRLL IR IWDR | SC | DERFLGMGVCFNYPA|
D. yak Gr28b.d MSNTFCELFKPRDAFGAEQTLLEYTYLLGLTPFRLRGQAGERQFRLSKLGYLNALLQLSFFSYCFLAAL I EQQS IVGYFFKSE I SQMGDSLQKF IGMTGMS ILFLCSS IRVRLL IR IWDR | SCWDDRFLNMGVCFNYPA |
D. sec Gr28b.d MSF FFCBL FKPRDAFGAEQTLLEYTYLLGLTP FRLRGQAGERQFHEL SKMGY LNAFLQLSFFSYCFLAAL | EQQS IVGYFFKSE | SQMGDSLQKF IGMTGMS I LFLCSS IRVRLL IR IWDR | S€ | DDRFLNEGVCFNYPA |
D. sim Gr28b.d MSFFCBL FKPRDAFGAEQTL LFYTYLLGLTP FRLRGQAGERQFHL SKMGY LNAFLQLSFFSYCFLAAL I EQQS IVGYFFKSE | SQMGDSLQKF I GMTGMS I LFLCSS IRVRLL IR IWDR | SC | DDRFLNBGVCFNYPA |
D. mel Gr28b.d MSFYFCEMFKPRDAFGAEQTLLLYTYLLGLTPFRLRGQAGERQFHLSKIMGY LNAFLQLSFFSYCFLAAL I EQQS IVGYFFKSE | SOMGDSLQKF IGMTGMS ILFLCSS IRVRLL IHIWDR | SY I DDRFLNEGVCFNYPAI
D. eug Gr28b.d MS'S FCREL FRPRDAFGAEQSLLEYTYLLGLTP FRLRGQAGERQFMLSKMGY LNALLQLSFFSYCFLAAL | EQQS IVGYFFKSRISQEMGDSLQKF IGMTGMS I LFLCSS IRVRLL IR IWDR | SS | DDRFLNEGVCFNYAA |
. fic Gr28b.d MTS FRGL FKPADAFGAEQSL LFYTYLLGLTP FRLKGHAGERQFRLSKLGYLNAFLQLSFFSYCFLAAL | EQQS I VGYFFKS@ISQVGDSLQKF I GMTGMS I LFLCSS IRVRLL IR IWDR | S5 | DYRFLNBGVCFNYSA |
D. kik Gr28b.d MENFYRELFSPRDAFGAEQTLLFCTYLLGLTPFRLRGQAGERQFELSKFGYLNALNQLSFFSYCFLBAL | EQQS IVGYFFKSE | SQMGDSLQKF I GMTGMS I LFLCSS IRVRLL IR IWDR | SC | DERFLNBGVCFNYSA |
D. wil Gr28b.d MGK FYK EMF SASDAYGAEQSLLFFTYLLGLTPFRLKGPEGEREHFRLSRLGY LNALMQMS FFSYCFLSAL | EQQS I VNYFFKSE I SQVGDSLQKF I GMTGMC | LFTCSA IRVRLL | KMCOMMYH | DDK L LEIGVCFNYNR |
D. ari Gr28b.d MWPHWR E LIS PRDAYGAEQTL LLFTYMLGLTP FRLRGH-GTRHFIEL SRLGY LNAL LQLTFFGYCFLSALMQEQS | VGYFFNSP | SQVGDSLQKF | GMTGMFTLF L CCGERVR L L | RECDR |AC | DI
D. moj Gr28b.d MWPHIWRQLIS PRDAYGAEQTLLLFTYLLGLTPFRLRGH-GRREFELSRLGYLNALLQLTFFGYCFLSALMAEQS | VGYFFNSP I SQVGDSLQKF I GMTGMFTLF LCCGERVRL L | RECOM IAC | DNHL LBMGHICFNYSR |
D. nav Gr28b.d MWP FWRQLIES PRDAYGAEQTLLLETYLLGLTP FRLRGH-GTRHFELSRLGYLNALLQLTFFGYCFLAALMREQS | VGYFFNSP 1 SQVGDSLQKF | GMTGMETLF LCCﬂRVRLLIRICDIIARIDDILLIICICFNVER!
D. vir Gr28b.d MWPHWRL F'SPRDAYGAEQTLFLETYLLGLTP FRLKGQAAGRHFRL SRMIGY LNAL LQLSFFGEYCFLBALMRQQS I VGYFFNSP | SQVGDSLQKF I GMTGMETLF L CCGERVRLL | RIECOM |/AH | DDHL LNMGHIC FNYGK |
D. gri Gr28b.d MRSHWRQL FHPRDAYGAEQSLLLFTYMLGLTPFRLSGQPAARHFRMSRLGY LNALLQLSFFGYCFLSAL IRQQS IVGYFFBISP I SQVGDTLQKF I GVMIIGMFTLF L CSGEEVRRL | REFDH |ARMDDHL LSMGVC FRYGK |
D. bus Gr28b.d MWQEWRTL FRPRDABGAEQTLLLFTYLLGLTP FRLRGNAGARHFRLSRLGYLNALLQLSFFBYCFLTAL IRQQS I VGYFFRSKISQVGDSLQKF I SEMGMSTL FACSABRVRKL | KBCOY IAR | DER L LBBGVCFISYPR |
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D. pse Gr28b.d MR LRHS QI LBISTVQLAYL | SSTWML LRNDVR PSYPAAVAF YVPHl | F L LSTVEIL F GAF L HRL WQHIBAL NKVL KNLSHQWDSHS L KGVMQKQR SLQCLDS FSMYT I VTKDPAE | | QESME | HHL I CEAAATANKYFTYQLLT I IS IAFL I
D. per Gr28b.d MRLRHSQEF LBBSTVQLAYL | SSTWMLLRNDVRPISYPAAVAFYVPH | FLLSTVEIL F GAF L HRLWQHIEMAL NKVL KNLSHQWDSHS L KGVEQKQRSLQCLDS FSMYTIVTKDPAE | | QESME IHHL I CEAAATANKYFTYQLLTIISIAFLII
D. mir Gr28b.d MR LRHS QlIF LISTVQLAYG | S STWML LRNDVR PSYPAAVAF YVPHl | F L L STVAIL F GAF L HRL WQHIBAL NKVL KNLSHQWDSHS L KGVMQKQRSLQCLDS FSMYT IVTKDPAE | | QESME | HHL I CEAAATANKYFTYQLLT I IS IAFLII
D. ana Gr28b.d MRLRHSK | F L | TAMQLAYL | SSUWML LRNDVRP | YTAAIISFYVPQIFLLS | VML F GANL HRLWQHF DAL NKVL KNLAHQWDNRSLKAVTQKQRSLQCLDS FSMYT I VTKDPAE | | QESME | HHL | CEAAATANKYFTYQLLT I IS IAFL I
D. bip Gr28b.d MRLRHSK | FL I TABQLGYL | SSHWMLLRNDVRP | YTAAISFYVPQIFLLS | VML FGANLHRFWQHFIBALNQVLKNLAHQWDSRSLKAVNQKQRSLQCLDSFSMYTIVTKDPAE | | QESME IHHL | CEAAATANKYFTYQLLTIISIAFLII
D. rho Gr28b.d MRLRHEQ!F L INGVQLSYL | S SHWML LRNDVRP | YTAAVAFYVPH I FLLS | VML F GACL HRLWQHF DML NQVL KNLSHQWDTRTLKAVTQKQRSLQCLDS FSMYTIVTKDPAE | | QESME I HHL I CEAAATANKYFTYQLLT IS IAFLII
D. ele Gr28b.d MR LRHMQ |HL INGVQLSYL | S SHWMLEIRNDVRP | YTAAVAF YVPH | F L L SMVML F GACL HRLWQHF DML NQVL KNLSHQWDSRTLKAVTQKQRSLQCLDS FSMYTIVTKDPAE | | QESME | HHL | CEAAATANKYFTYQLLT I IS IAFL I
D. suz Gr28b.d MRLRHBQ!F L INGVQLSYL | SSHWML LRNDVRP | YTAAVAFYVPQIFLLS | VML F GARL HRLWQ@F DL NQVL KNLAHQWDSRTLKAVTQKQRSLQCLDS FSMYT I VTKDPAE | | QESME | HHL | CEAAATANKYFTYQLLT I IS TAFL I
D. bia Gr28b.d MREIRHGK | ML INGVQLSYL | S SMWML LAINDVRP | YTAAVAFYVPQIFLLS | VML F GAAL HRLWQHF DL NQVL KNLAHQWDSRTLKAVTQKQRSLQCLDS FSMYT I VTKDPAE | | QESME | HHL | CEAAATANKYFTYQLLT I IS IAFL I
D. tak Gr28b.d MR LRHAQ IHIL INGVQLSYL | S SHWML LRNDVRP | YTAAVAFYVPQIFLLS | VML F GATLHRLWQHF DILNQVL KNLAHQWDSRTLKAVTQKQRSLQCLDS FSMYT I VTKDPAE | | QESME | HHL | CEAAATANKYFTYQLLT I IS IAFL I
. ere Gr2 MR LRHECQHIF L INGVQLSYLMS SNWML LGNDVRP | YTAMVAFYVPQIFLLS | VML FINATL HRLWQHF ML NQVL KNLAHQWD TRTLKAVAQKQRSLQCLDS FSMYTIVTKDPAE | | QESME | HHL I CEAAATANKYFTYQLLT I IS IAFLI I
D. yak Gr28b.d MRLRHEQIHEL INGVQLSYL | SSNWMLLGNDVRP | YTAMIVAFYVPQIFLLS | VML FIBATLHRLWQHF TMLNQVLKNLAHQWDTRTLKAVTQKQRSLQCLDSFSMYTIVTKDPAE | | QESME IHHL | CEAAATANKYFTYQLLTIISIAFLII
D. sec Gr28b.d MRLREBQ| F L INGVQLBYL | SSNWML LGNDVRP | YTABIVAFYVPQIFLLS | VML FINATL HRLWQHF L NQVL KNLAHQWDTRSLKAVTQKQRSLQCLNS FSMYT I VTKDPAE | | QESME | HHL I CEAAATANKYFTYQLLT I IS TAFL I
D. sim Gr28b.d MRLREBQ| F L INGVQLBYL | SSNWML LGNDVRP | YTABIVAFYVPQIFLLS | VML FINATL HRLWQHF TML NQVL KNLAHQWDTRSLKAVTQKQRSLQCLDS FSMYTIVTKDPAE | | QESME | HHL I CEAAATANKYFTYQLLT I IS TAFL I
D. mel Gr28b.d MRLREEQ!F L INGVQLBYL | SSNWMLLGNDVRP | YTABIVAFYVPQIFLLS | VML FINATLHRLWQHF TBILNQVL KNLAHQWDTRSLKAVNQKQR SLQCLDS F SMYT I VTKDPAE | | QESME | HHL | CEAAATANKYFTYQLLT I IS IAFL I
D. eug Gr28b.d MRLRHFQIHL INGVQLSYL | SSHWMLLGNDVRP | YTATVAFYVPQIFLLS | VML F GAAL HRLWQHF DML NKVL KNLAHQWDSRNL KAVTQKQRSLQCLDS FSMYT IVTKDPAE | | QESME IHHL I CEAAATANKYFTYQLLT I IS IAFLII
D. fic Gr28b.d MR LRHEIQ | F LEINGEIQLIS YL | S SMWML LGNNVRP | YTAAVAFYVPQIFLLS | VML F GATLHRLWQHF DML NQVL KNLAHQWD TRAL KAVTQKQRSLQCLDSFSMYT I VTKDPAE | IHESME I HFL | CEAAATANKYFTYQLLTIISTAFLII
D. kik Gr28b.d MRLRHEK | FL ITSVQLAYL | S SHWHLLRNNVRP | YTAAVAFYVPQIFLLS | VML F GANLHRLWQHF DML NKVL KNLAHQWDSR SBIKAVTQKQRSLQCLDSFSMYTIVTKDPAE | | QESME IHHL | CEAAATANKYFTYQLLT I ISTAFLI |
D. wil Gr28b.d MQLRHVKIEEL | CSVOWAY LAS SHCML LWNNVRP | YTATVAFYVPQI F L L SCVIlL FIAF L HRCWQHEKML NEVL KNLAHQWDSRSLKA-TQKQRSLQCLDS FSMYTIVTKDPAE | | QESME IHHL | CEAAATANKYFTYQLLT I IS IAFLII
D. ari Gr28b.d MS LRHTKEF L IAGVQLAYLAS SSMLIIYNDVR PSY TMAVAF YVPQEF L LS | VML F GAlIL HRCWQEF DAL NKVL KNLAHQWD TR SBIKA-MQKQRSLQCLDS FSMYT I VTKDPAE | | QESME | HRL | CEAAATANKYFTYQLLT I IS TAFL I
D. mOj Gr28b.d MS LRHTKEF L IAGVQLAYLAS MLEIYNDVRPSY TAVAFYVPQEF LLS | VEIL F GAlIL HRCWQRF DAL NKVLKNLAHQWD TR KA-MQKQRSLQCLDSFSMYTIVTKDPAE | | QESME |HRL I CEAAATANKYFTYQLLTIISIAFLII
D. nav Gr28b.d MS LRHTKEF L IAGVQLAYLAS SSML LYNDVR PSY TMAVAFYVPQIFLLS | VEIL F GANIL HRCWQRF DAL NKVL KNLAHQWD TRSIIKA-BQKQRSLQCLDS FSMYT I VTKDPAE | | QESME | HRL | CEAAATANKYFTYQLLT I IS IAFL I
D. vir Gr28b.d MS LRHTQEF L |CMVQLAYLAS SHCML LYNDVR PSYPMAVAF YVPQUF L LS | VL F GANIL HRCWQHF DAL NQVL KNLAHQWD TR SBIKA-MQKQRSLQCLDS FSMYT I VTKDPNE | | QE SME | HRL | CEAAATANKYFTYQLLT I IS IAFL I
D. gri Gr28b.d MNLRHTKEF L ISGOWAYLAS ML LWNDEWPTYPAAVAFYVPQEIFLLS | VL FBANML HRCWQHFIBAL NEIVLKNLAHQWD TCHllKA-NQKTR SBQCLDSFSMYT I VSKDPAE | | QETME IHHL | CEAAATANKYFTYQLLTIISIAFLI I
D. bus Gr28b.d MR LRHS QEEIL |MISVQLSYLMS SHCHELWNGVR PSYPAAVAF YVP QUF L L SW VL BGAML HRCWQHF AL NKVL KNLAHQWDTRSLKA-MQKQRSLQCLDS FSMYTIVTKDPAE | | QESME | HRL | CEAAATANKYFTYQLLTIISIAFLII
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D. pse Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLENKTK SPEVKEK L QQF SMQLIBHLK INFTAAGLFNIDRTLYFT I SGALTTYL I 1LLQFTSNSPHNSNGNYY'SCCETENNITNHTN
D. per Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIAI1SIVEGSNRAIKKSEKTGGIVHSLENKTKSPEVKEKLQQF SMQLIBHLK INFTAAGLFNIDRTLYFTISGALTTYL | I LLQFTSNSPENSNGNYYSCCETENNITNHTN
D. mir Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATIISIVEGSNRAIKKSEKTGGIVHSLEINKTK SPEVKEK L QQF SMQUEBHLK INFTAAGLFNIDRTLYFT I SGALTTYL I ILLQFTSNSPHNSNGNYYSCCETENNITNHTN
D. ana Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLBNKTK SAEVKEK LQQF SMQLMHLK IISFTAAGLFNIDRTLYFT I SGALTTYL | ILLQFTSNSPNNGYGSGYPCCENYNNEITNHTL
D. bip Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIAI1SIVEGSNRAIKKSEKTGGIVHSLBNKTK SAEVKEK LQQF SMQLMHLK INFTAAGLFNIDRTLYFTISGALTTYL | ILLQFTSNSPNNGYGNGYPCCENYNNITNHTL
D. rho Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL | | LLQFTSNSPNHGYGNGS SCCEAYNNMTNHTL
D. ele Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I 1LLQFTSNSPHNBYGNGSSCCETYNNMTN
D. suz Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIAIISIVEGSNRAIKKSEKTGGIVHSLLNKTKSAEVKEKLQQF SMQLMHLK INFTAAGL FNIDRTLYFTISGALTTYL I ILLQFTSNSPNNGYGNGESCCETYNNMTNHTL
D. bia Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL | ILLQFTSNSPNNGYGNGBSCCETYSNMTNRTL
D. tak Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIAIMS | VEGSNRA IKKSEKTGGIVHSLLNKTK SAEVKEK LQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I I LLQFTSNSPISNGYGNGEBSCCETYNNMTNHTL
D. ere Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I ILLQFTSNSPNNGYGNGSSCCETFSNMTNHTL
D. yak Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL | ILLQFTSNSPNNGYGNGSSCCETFNNMTNHTL
D. sec Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I | LLQFTSNSPNNGYGNGSSCCETENNMTNHTL
D. sim Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIAT1SIVEGSNRAIKKSEKTGGIVHSLLNKTKSAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL | ILLQF TSNS PNNGYGNGSSCCETFNNMTNHTL
D. mel Gr28b. VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL | ILLQFTSNSPNNGYGNGSSCCETENNMTNHTL
D. eug Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I ILLQFTSNSPISNGYGRGSSCCEMFNSTANHTY
D. fic Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I ILLQFTSNSPNNGYGNGSSCCEMYNNETNSTH
D. kik Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIAIMS I VEGSNRAIKKSEKTGGIVHSLLNKTKSAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFTISGALTTYL | ILLQFTSNSPNNGYGNGPSCCIBISYNNMTNHTL
D. wil Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGG I VHALLNKTK SMEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I ILLQFTSNSPISNN-SHEYSCC EABNNITANHT L
D. ari Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIAIMS | VEGSNRA IKKSEKTGAIVHSLLNKTKSPEVREKLQQF SMQLMHLK INFTAAGLFNIDRTLYFTISGALTTYL | | LLQF TSNS PISNENSSGFBCCEAYRNMTNHTM
D. moj Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIAIMS | VEGSNRA IKKSEKTGAIVHSLLNKTK SPEVREKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I ILLQFTSNSPISNEISSTGFBCC EAYENVTNHTY
D. nav Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIAIMS | VEGSNRA IKKSEKTGAIVHSLLNKTK SAEVREK L QQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I ILLQF TSNS PISSENGSGFBCC EAYENVTNHTM
D. vir Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SPEVREK L QQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I ILLQF TSNS PISNIIS GNGFBCC EAYHNMTNRTI
D. gri Gr28b.d VFDSYYVLETHMLGRSKRBGK FRTVE FVTFFACQMILYLIAT1S | VEGSISRA I KK SKKTGG | VHIL LNRTK SAEVKEK L QQF SMQLMHEIK INFTAAGL FNIDRTLYFT I SGALTTYL | | L LQF T SRKANWNIINA FIC CRAAYNVMTNGTL
D. bus Gr28b.d VFDAYYVLETLLGKSKRESKFKTVEFVTFFSCQMILYLIATISIVEGSNRAIKKSEKTGGIVHSLLNKTK SAEVKEKLQQF SMQLMHLK INFTAAGLFNIDRTLYFT I SGALTTYL I L LQF TTNS PISG-VENSSBC CGSHQNETNHTN
b 1 10 20 30 40 50 60 70 80 90 100 C Dmel vs Dmet
D. mel Gr28b.d MSFYFCEMFKPRDAFGAEQTLLLYTYLLGLTPFRLRGQAGERBFEILSKIGYLNAFLQLSFFSYCFLAAL IMQQS IVGYFFKSE | SQMGDSLQKF IG
D. per Gr28b.d MSGFWRE L FIHPRDABIGISIEQTL L LETYMILGLTPFRLRGEAGARHYML SK I GYLNALMIQLSFFSYCFLTAL1QQQSIVGYFFKSEISQVGHMSLQKFIG
D. moj Gr28b.d MWP IWRQLLSPRDAYGAEQTLLLFTYLLGLTPFRLRGHE-RRHFELSRLGYLNALLQLTFFGYCFLISALVQEQSIVGYFFNSPISQVGDSLQKFIG
D. met Gr28b.d MWP IWRQLLSPRDAYAAEQTLLLFTYMLGLTPFRLRGRA-TRRIFELSRLGYLNALFQLTFFGYCFLAALVQEQSIVGYFFNSPISQVGDSLQKFIG
110 120 130 140 150 160 170 180 190 200 210
D.mel Gr28bd  MTGMS I LFLCSSIRVRLL | HEMWOR | S/ DDRFLNIEGVCFNYPA | MR L REBEQMF L INGVQLEYL | SSNWML LGNDVRPEY TABIVAF YVPQIFLLS I VML FNATLHRLW
D.perGr28b.d  MTGMSILFLCSTIRVRLL | HEECNEI SR I DIGHL LDVGVMFNYPA IMRLRHSIQLFLMSTVQLAYL I SSTWMLLRNDVRPSYPAAVAFYVPEIFLLSTVILFGAFLHRLW
D.moj Gr28b.d MTGMFTLFLCCGLRVRLL IRHCDMIACIDNHLLDVGICFNYSRIMSLRHTKLFL IAGVQLAYLASS IISMLEYNDVRPSYTVAVAFYVPQEFLLSIVVLFGAILHRCW
D.metGr28b.d MTGMFTLFLCCGLRVRLL IRHFDMIAR IDDERILLNVGICFNY@GRIMSLRHTKLFLMSGVQFAYLTSSLYMLLHNDVRPSYTVAVAFYVPQMFLLSIVLLFGAILHRCW
220 230 240 250 260 270 280 290 300 310 320
D.mel Gr28b.d  QHF TRAL NGV LKNLAHQWDTRSLKAVNQKQRSLQCLDSFSMYTIVTKDPAE | | QESME | HHL I CEAAATANKYFTYQLLTIISIAFLIIVEDAYYVLETLLGKSKRES
D.per Gr28b.d  QHEEEALNKVLKNLISIHQWDISHIS L KBVVQKQRSLQCLDSFSMYTIVTKDPAE | | QESME IHHL I CEAAATANKYFTYQLLTIISIAFLIIVFDAYYVLETLLGKSKRES
D.mojGr28b.d QEFDALNKVLKNLAHQWDTRS IKA-VQKQRSLQCLDSFSMYTIVTKDPAE | | QESME | HRIL | CEAAATANKYFTYQLLTIISIAFLIIVFDAYYVLETLLGKSKRES
D.metGr28b.d QHFDALNKVLKNLAHQWDTRSIKA-VQKQRSLQCLDSFSMYTIVTKDPAE | IQESME IHHL ICEAAATANKYFTYQLLTIISIAFLIIVFDAYYVLETLLGKSKRES
330 340 350 360 370 380 390 400 410 420
D.melGr28b.d KFKTVEFVTFFSCQMILYLIAIISIVEGSNRAIKKSEKTGGIVHSLLNKTKSAEVKEKLQQFSMQLMHLK INFTAAGLFNIDRTLYFTISGALTTYLIILLQFTSNS
D. per Gr28b.d KFKTVEFVTFFSCQMILYLIAIISIVEGSNRAIKKSEKTGGIVHS LBINKTKSPEVKEKLQQFSMQLIMHLK INFTAAGLFNIDRTLYFTISGALTTYLIILLQFTSNS
D.mojGr28b.d KFKTVEFVTFFSCQMILYLIAIVSIVEGSNRAIKKSEKTGAIVHSLLNKTKSPEVREKLQQFSMQLMHLK INFTAAGLFNIDRTLYFTISGALTTYLIILLQFTSNS
D. met Gr28b. KFKTVEFVTFFSCQMILYLIAIVSIVEGSNRAIKKSEKTGAIVHSLLNKTKSAAVRBIKLQQFSMQLMHLK INFTAAGLFNIDRTLYFTISGALTTYLIILLQFTSNS
430 440 450 452
D. mel Gr28b.d PNINGY/GNGISIS CCETFNNMTNHTIE
D. per Gr28b.d PHEINSINGNYY/'SCCETFNN I TNHTN
D.moj Gr28b.d P SNEISSTGFDCCEAYHNMTNHTV
D.metGr28b.d PSNENGISIGFDCCEAFHNIISINHTV

Extended DataFig.1|Alignment of Gr28b.d protein sequences across
Drosophilaspecies. (a) Multiple alignment of Gr28b.d protein sequences from
25 Drosophilaspecies (names abbreviated tofirst threeletters, e.g. D. mel =

D. melanogaster), (b) and of the 4 species D. melanogaster, D. persimilis,

D. mojavensis, and D. mettleri. (c) Location of amino acid differences between

theindicated species (red=different). (histogram: bars =mean pairwise
aminoacid sequenceidentity across species, green=100%, yellow = <100% and
>30%, orange = <30%; highlighted residues below denote divergence from the
consensus sequence and are colored by amino acid identity using the default
Geneious color scheme).
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Extended DataFig. 2| The D. mojavensis Gr28b.d null mutant displays normal
avoidance of noxious heat. For each panel, the dataplotted on theleftis the
preference index for wild-type D. mojavensis (WT), and the data plotted onthe
rightis the preference index of D. mojavensis Gr28b.d* mutants. Inall cases,
flieswere givenachoicebetween25°CandaTT of 40°or 45 °C, respectively.
Thetransparentbox ontheleft represents wild type D. mojavensis data
re-drawn from Fig.1to allow for direct comparison. @indicates the wild type
and mutant preference distributions are not statistically different (two-tail
two sample t-test, *p < 0.05; p =[0.678,0.720] for WT vs. mutant for 40 °C

and 45 °C, respectively; red lines=mean, grey boxes=one standard deviation,
empty boxes=95% confidence interval for the mean, empty circles=datapoints;
each datapointis one group of15flies; N = 11 datapoints /condition).
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Extended DataFig. 3 |Labelling, reconstructing, and analyzing
thermosensory projectionneuronsin Drosophilabrains. (a) TPN labeling
strategy using electroporation of dextran-conjugated dyes, followed by
imaging in Front view (on anteroposterior axis) and Top view (on dorsoventral
axis) of the brain. (b) Following the acquisition of 2-photon zstacks, 2D outlines
ofbrainregions are segmented to produce a3D model ofthe CAand LH whichis
used forimage registration (to alignimages to arepresentative brain for each
species). Neuronsaretraced intheregistered volumes using neuTube and
visualized alongside the 3D CA and LH volumes. (¢) Maximum projections

and corresponding 3D neuronal reconstructions of five labelled TPN-Vin

D. melanogaster and D. mojavensisbrains. (d) Neuronreconstructions are
exported in SWC format, and intrinsic neuronal morphology is quantified

with the CAJAL package. UMAP embedding of pairwise distances from CAJAL

X (;;ixels)

analysis alone shows neuronal morphologies sort out by speciesin the Lateral
Horn (LH) but not as much for the Calyx (CA). (e) Center of Mass (COM) of each
projection patternis measured in FIJI/Imagej] using a z-projection for each
z-stack cropped around either the CA or LH (see methods for details); XY plots
representaverage + STD of 5COM measurements for each species, the COM of
the D. melanogaster EM reconstruction is shown for comparison. Next, amatrix
of pairwise taxicab distancesis computed between the COMs. (f) Pairwise
distance matrices from CAJAL and COM analysis are normalized to their max
values, summed, and used as input for hierarchical clustering analysis and
UMAPembedding. Abbreviations: Thermosensory Receptor Neurons, TRNs;
Thermosensory Projection Neurons, TPNs; Posterior Antennal Lobe, PAL;

LH, Lateral Horn; CA, Calyx.Scalebarsina=10 umandinc=25pm.
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Extended DataFig. 4 |Frequency of Thermosensory Projection Neuron
celltypeslabelledin dye electroporation experiments across Drosophila
species. (a-d) Counts (tables) and frequencies (visualized as radial bar graphs)
of Thermosensory Projection Neuron (TPN) cell types labeled in dye-filling
experiments, arranged by species. Included are all experiments that successfully
labelled asmallnumber of TPNs (up to 3-4) allowing unambiguousidentification
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ofeach cell type. We excluded experiments in which only local interneurons of
the PALwerelabeled, where too many TPNs were labeled, or where labeling of
olfactory projections prevented us from classifying TPNs. (Note that individual
percents for cell types add up to more than100% due to double- and triple-
labeling of TPNsin the same brains).
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Extended DataFig. 5| ThermosensoryLateral Horn OutputNeuronll
of 2-photon z-stacks of the brain and VNC of TLHON-II-Gal4>GFP animal). Scale

(TLHON-II) is the primary output of TPN-V and s critical for heat avoidance
behaviorin D. melanogaster. (a) Connectomic diagramillustrating the bars=25pm. (e) Genetic silencing using TLHON-1I:Gal4>Kir2.limpacts heat
pathways thatrelay temperature information from the hot thermosensory avoidance (*p <0.05,2-way ANOVA, p =[0.748,1.95e-3,4.15e-5,4.91e-7] for test
receptor neurons (TRNs) to the Thermosensory Lateral Horn Output Neuron |l temperatures 25,30, 35,and 40, respectively) (f) Optogenetic activation via
(TLHON-II). TPN-Vis the major output of the aristalhot TRNs (comprising 52.67%  TLHON-II:Gal4>CsChrimsonis sufficient toinduce avoidance of red light

of hot TRN output synapses to TPNs) and the major direct path of connectivity  (*p <0.05indicates significant difference fromzeroin two-way one sample
fromhot TRNsto Thermosensory Lateral Horn Output Neuron Il (TLHON-II), t-test, p=[0.440,0.983,2.54e-5] for Gal4/+, UAS/+, and Gal4>UAS, respectively).
whichisinturnthe majortarget of TPN-V (black arrows represent alternative (ine-fredlines=mean, grey boxes=one standard deviation, empty boxes=95%
direct pathways of connectivity between hot TRNsand TLHON-II, Ns=numberof  confidenceinterval for the mean, circles=groups of 15and 25 flies each fore
synapses). (b) D. melanogaster EM reconstruction of TPN-V (red) and TLHON-II andf, respectively; N =8and 9 groups/condition for e and f, respectively).
(lightblue). (c) TPN-V::TLHON-Isynapses (yellow dots) and TPN-V::TLHON-II Abbreviations: LateralHorn, LH; Calyx, CA; Posterior Antennal Lobe, PAL;
synapses withinthe LH (blue dots) tile the TPN-V axonal arbor within the LH Mushroom Body, MB; Superior Medial Protocerebrum, SMP.
(synapselocation was reconstructed from EM data, see methods for details).
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Extended DataFig. 6 | Labelling olfactory projections in the D. mojavensis
brainrevealslargely conserved Lateral Horn organization. (a) Schematic
ofthe Drosophilaolfactory system. Olfactory Receptor Neurons (ORNs) send
axonstothe Antennal Lobe (AL) where they connect with specific second-order
Olfactory Projection Neurons (OPNs) that relay information to higher brain
centerssuchasthe CAand LH. The ORN/OPN circuit of glomerulus DM1is
schematized nexttoan EM reconstruction of the D. melanogaster DM1 OPN.
(b) Loading of dextran-conjugated dyes on the antennal nerve allows
visualization of stochastic subsets of ORN axons that canbe recognized due to
the stereotype position of glomeruli (a D. mojavensis DM1is shown) and used
asatargetforelectroporation. (c) Innervation of the CA and LH by DM1-OPN is
identicalin D. mojavensis (in neuronal reconstructions and 2-photon z-stacks)
as compared to D. melanogaster (EM reconstructions). Stacks from three

TPN-V

individual D. mojavensis flies are shown to highlight stereotypy of innervation
(right). (d) Tolabel both olfactory and thermosensory projections in the same
brain, ared dye was first used to load the aristal nerve while a green dye was
later used toload the antennal nerve (see methods for details). This allows
independent visualization of PAL and AL glomeruli as targets for 2-color
dye-labelling experiments. (e) 2-photonimaging demonstrates that DM1-PN
innervation (white, labelled with AlexaFluor™ 594 dye) of the LH is essentially
identical in D. mojavensis as compared to D. melanogaster (green, EM). In
contrast, D. mojavensis TPN-Vinnervates only the posterior LH (red, labelled
with AlexaFluor™ 488 dye), while the D. melanogaster TPN-V counterpart
innervates more broadly (red, EM). Abbreviations: Lateral Horn, LH; Calyx, CA;
AntennalLobe, AL; Posterior Antennal Lobe, PAL; Olfactory Receptor Neurons,
ORNSs; Olfactory Projection Neurons, OPNs. Scale bars =25 pm.
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Extended DataFig.7|See next page for caption.




Extended DataFig.7 | Temperature preference behavior and TPN-V
innervation are species-specific and consistent across populations.

(a-c) Preference indexes measured from additional strains of D. persimilis,

D. melanogaster, and D. mojavensis, demonstrate consistent behavior within
populations of the same species (compare to datashownin Fig.1b-d, based on
different strains-see methods). (a) A D. persimilis strain from Santa Rosa,
California (strain24) (N =8,8,8,7,7,7 groups of 15 flies for test temperatures 15,
20,25,30,35,and 40 °C, respectively). (b) Awild-derived D. melanogaster
strainfrom Egypt (EG16; N=13,11,12,12 groups of 15 flies for test temperatures
15,20,25,30,and 35 °C, respectively). (c) A D. mojavensis wrigleyi strain from
Catalinalsland (D. m. wrigleyiis a subspecies of D. mojavensis; N=20,19,18,20
groupsof15flies for 25,30, 35,and 40 °C, respectively) (d-f) 2-photon z-stacks
of dye-labelled TPN-Vin each of the three strains shows consistent anatomy

withinspecies (compare to datashownin mainFigs.4 and 5, based on
different strains of the same species -see methods). (g) A distance matrix of
reconstructions (see methods) shows additional strains cluster by species
(highlighted branches/datapoints representadditional strains generated
from 2P imagesind-f, whereas greyed out ones arere-plotted from Fig. 5).
Abbreviations: Lateral Horn, LH; Calyx, CA.Scalebars=25um. Asterisks:
lateral Accessory Calyx (IACA). Arrowheads =ventral anterior LH, the dotted
lineis for reference. (Ina-c: red lines=mean, filled boxes=one standard
deviation, empty boxes=95% Cl of the mean, empty circles=groups of flies, grey
shading =approx. favorite thermal range, and @ denotes preference indexes
notsignificantly different from zero in two-tail one sample t-test; p < 0.05,
p=1[6.30e-3,3.33e-4,0.747,2.47e-5,7.67e-6,1.55e-7]fora, p=[2.22e-9,9.38e-6,
0.488,1.34e-5,1.76e-10]forb,and p =[0.888, 3.66e-8,1.58e-7,1.13e-5] for ¢).
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Data collection  Voltage clamp recordings were acquired with Axograph software v. 1.5.4 (Axon Instruments). For two-photon imaging experiments, images
were acquired using Bruker PrairieView software (v. 5.2). For confocal imaging experiments, images were acquired using LSM 5 PASCAL
Software (v. 4.0 SP2). 2-choice temperature preference behavior videos were acquired using MATLAB (v. R2023a), and 2-choice optogenetic
preference behavior videos were acquired using a Raspberry Pi Camera with picamera Python package (v. 1.12) and Adafruit CircuitPython
NeoPixel module (v. 6.3.8).

Data analysis Two-photon images were processed and analyzed using Fiji (ImageJ2, v. 2.14.0), Fiji plugins (Segmentation Editor; Simple Neurite Tracer;
CMTK Registration GUI), neuTube software (v. 1.0), Vaa3D (v. 1.1.2), Cajal Python package (v. 1.0.3), and scikit-learn Python package (v. 1.5.0).
Confocal images were processed and analyzed using Fiji (ImageJ2, v. 2.14.0). D. melanogaster brain volume images, neuron skeletons, and
brain region ROIs were downloaded from the Hemibrain:v1.2.1 dataset (from neuPrint database) and analyzed in Paraview (v. 5.11.0). For
analysis of RNA sequencing data the following open source code was used: STAR (v. 2.7.9a), Samtools (v. 1.13), and R (base package, build
576). Data from voltage clamp recordings were analyzed offline using Axograph software v. 1.5.4 (Axon Instruments) and in Igor Pro (v. 6.37).
All 2-choice behavior videos were processed and analyzed using MATLAB (v. R2023a) and the “notBoxPlot” function (v. 1.31.0). Multiple
sequence alignment of Gr28b.d protein sequence was generated using Clustal Omega (v. 1.2.3) in the Geneious Prime software (v. 2023.1.1).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data in this paper are available in the main text or as supplementary materias and source data are provided. Gr28b.d coding sequences from D. persimilis
(GenBank 0Q624956), D. mojavensis (GenBank 0Q621410), and D. mettleri (GenBank PP885916) are deposited in Genbank. Raw read sequences from RNAseq with
D. mojavensis aristae are uploaded to the NCBI Sequence Read Archive (SRA) with the BioProject ID: PRINA948454. The following databases were also used: EM
Hemibrain:v1.2.1 (https://neuprint.janelia.org/).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size To choose sample sizes, preliminary data were used to assess the variance for each experiment. While sample sizes were not predetermined,
they were kept consistent across experiment type. Additionally, sample sizes are comparable to recent studies for behavior data (e.g. Frank et
al, 2015; Jouandet et al, 2023; Kim et al, 2021) electrophysiology measurements (e.g. Arenas et al, 2017; Nguyen et al, 2022; Hiro et al, 2023),
and neuron dye fills in non-D. melanogaster species (e.g. Ellis et al, 2024).

Data exclusions  No data were excluded from the analysis.

Replication For the electrophysiological experiments, repeated measurements were taken from a number of cells and cell lines as indicated in the
corresponding Figure legend of panels. For behavior, experiments were replicated in independent biological replicates across days and
months, with groups of 15-20 flies with sample sizes indicated in the corresponding Figure legend for each panel. In cases where
representative images are depicted, experiments were repeated with a minimum of 5 animals, and for independently performed dye fills the
summary statistics of the number of biological replicates are indicated in Extended Data Figure 4 for each condition. All data were successfully
replicated.

Randomization  For behavior data, individual animals from each genotype/treatment were randomly selected from groups. Groups being compared were
randomly interleaved when running behavior experiments each day, and behavior data were performed and analyzed by different
experimenters. For electrophysiology experiments, cells were screened for GFP marker expression and then randomly chosen for recording
from a dish of cells. For imaging and dye fill experiments, individual biological replicates were randomly chosen from groups for each
condition.

Blinding The experimenters were not blind to genotypes. Blinding was not relevant for behavior and electrophysiology experiments as data analysis
was automated eliminating potential operator bias. For dye filling experiments, blinding was not possible as the experimenter was guided by
GFP fluorescence or a combination of fluorescent dyes (GFP, tdTomato, AlexaFluor 488, TexasRed), respectively. Reconstructions and data
analysis were automated eliminating potential operator bias.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Plants
Antibodies
Antibodies used Mouse anti-nc82 (AB_2314866, DSHB), Chicken anti-GFP (ab13970, abcam), AlexaFluor® 488 donkey anti-chicken IgY (AB_2340375,
Jackson ImmunoResearch Laboratories, Inc), and AlexaFluor® 594 donkey anti-mouse IgY (AB_2340854, Jackson ImmunoResearch
Laboratories, Inc).
Validation All primary antibodies were validated by the manufacturer. The mouse anti-nc82 (DSHB) antibody was validated with IHC, IHC-IF, ICC,

and IF. Cited in 1019 publications, and further details are described on the manufacturer’s website. The chicken anti-GFP (ab13970,
abcam) antibody was validated with WB, ICC, and IF. Cited in over 3820 publications, further details are described on the
manufacturer’s website.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells where sourced from ATCC (CRL-3216). S2R+ cells were sourced from the Drosophila Genomics Resource
Center (DGRC Stock 150, RRID:CVCL_Z831).

Authentication For the HEK293T cell line, ATCC performed authentication and quality-control tests before distribution with PCR amplification
and Sanger Sequencing. Cited in 38367 publications, further details are described on the manufacturer’s website. For the S2R
+ cell line, DGRC performed authentication and quality-control tests before distribution with genome sequencing and
transcriptome analysis via RNAseq. Cited in 718 publications, further details are described on the manufacturer’s website. All
cell lines used were at early passage number as shipped from the distributor. No further authentication tests were
performed.

Mycoplasma contamination The cell lines used were not tested for Mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals D. melanogaster (FL50), D. melanogaster (EG16), D. persimilis (14011-0111.51), D. persimilis (14011-0111.24), D. moj. mojavensis
(15081-1352.47), D. moj. wrigleyi (15081-1352.29), and D. mettleri (15081-1502.13). All animals used in experiments were tested on
3-5 day post-eclosion male flies.

Wild animals No wild animals were used in the study.
Reporting on sex n/a
Field-collected samples  No field collected samples were used in the study.

Ethics oversight No ethical approval was required because Drosophila melanogaster, D. mojavensis, D. persimilis, and D. mettleri were used as
experimental animals.
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Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a
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