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Figure 1. Evolution of olfactory responses of Ir75a neurons across the drosophilid phylogeny. (A) Phylogeny of analyzed drosophilid species and their
known ecological niches adapted from Figure 2, Markow, 2015. (B) Representative traces of extracellular recordings of neuronal responses in antennal
coeloconic 2 (ac?) sensilla (schematized top left) to the indicated odors in different drosophilid species. ac2 sensilla were identified based on their
morphology, their location on the antennal surface — either near the entry to the sacculus or in the distal posterior part intermingled with ac3 sensilla
(Silbering et al., 2011) - their pattern of basal firing, and the conserved responses of the Ir41a neuron toward pyridine and the lack of response to

octanol which is detected by the Or35a neuron in ac3 sensilla (Yao et al., 2005). (C) Heatmap of electrophysiological solvent-corrected responses (see
Materials and methods) of ac2 sensilla of all species in (A) to a series of linear carboxylic acids; the color scale is on the right. Each rectangle represents
the responses measured in a single sensillum. (D) Loadings of the first principal component of all responses shown in (C). (E) Responses of ac2 sensilla
for all species plotted as z-scored responses (see Materials and methods) of C2 against z-scored responses to C4. This plotting reveals two clear clusters
with species responding maximally to C2 (orange) or C4 (blue).

Figure 1A is adapted. (A) Phylogeny of analyzed drosophilid species and their known ecological niches (adapted from Figure 2, Markow, 2015)..
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Figure 2. Ancestral sequence reconstruction of Ir75a. (A) Phylogeny of the protein sequences of drosophilid Ir75a orthologs used for the reconstruction

of ancestral nodes (Ir75a% and Ir75am"*>) (see Figure 2—figure supplement 1). The orange and blue dots indicate maximal responses of the
corresponding neurons to C2 and C4, respectively (Figure 1C). The branches of the tree have been similarly color-coded according to predicted

receptor responses based on parsimony. Drosophila species abbreviations (where not presented in Figure 1): Dmir (miranda), Dper (persimilis), Dame
(americana), Dbuz (buzzattii), Dgri (grimshawi), and Dalb (albomicans). (B) Representative traces of extracellular recordings of neuronal responses to the
indicated odors of receptors expressed in the Ir decoder neuron (see text). Genotypes are of the form: UAS-xxx/UAS-xxx;Ir84a°"*/Ir84a%", here and in all
subsequent figures. (C) Quantification of responses of the indicated receptors expressed in the Ir decoder neuron. In this and subsequent similar figure
panels, the top row shows barplots of responses normalized by maximal response, and the bottom row shows individual datapoints, mean and standard
error of mean (SEM) of raw solvent-corrected responses to odor stimuli.

Prieto-Godino et al. eLife 2021;10:€69732. DOI: https://doi.org/10.7554/eLife.69732

30f 10



eLife

Evolutionary Biology

-5
-8
L
-8
s
-&
g
3
-8
L
-3

80 90 100
Dmellr75a LFMKP 1[Z P ITRVYEEQF VQITR GV LIYWS HIRE L SYMGHTQPTLA T YVDITACDE TQDL L EFASETES T YNQHY.
Dseclr75a NI =NE@WANEVE DNEVEETII GV LIEHCWQSRES = L [IFNER F MK P | P IIVAVEQE VYR G V/LNWS HNE L N¥MGH TQPTIAINVDIIIC DEAQDINE EHASRH ECINVNGHY
Dsimlr75a m_LFMKP | [ZP IMVYIZIQF VAR GVHIWS HEE L NYMGH TQPTLATYVDRECDEEQDLL EHASK ERIYNQHY
Derelr75a LF IKPVI-\IID-I——Q-E
Dyakir75a
F-L
Dmirlr75a -i-i_F-
Dpselr75a F DE
Dperlr75a QSR \/IIE_E
Dwillr75a _ LE_FV-V.!IE_R- EHLQPTLATYVDITIC E[#EK | LETMANENELYNQHY
Dvirlr75a MEI - I HLEANEVEHNELEEE SEI F IFHCWA GIVERI - FEIZAQH | NK P -[ZHQPIYEQF AHEND - WWD HINE QRY/L DHLQPTLATYVDIENC L FER SELVIFASE SILYNQHY!
Damelr75a NIeIN - IEHLVINFVE QN LERE SIZITI F FHCWAGIVER - FEIFAQE! | NK P ~[XHQPIYIZIQF AHIEND -WINWD HINE QRL DH L QPTLATYVDIANC L SR SILL VIFASIH STALYNQHY
Dmojir75a NIEIE=IHEIANEVEQNIECETSN SIZINI F FHCWANNEL = LFIFAQE | HQ P =[EQQPIN YQEAHMRD=WNWE HINEQRNI D HAQRTEAINVDINICMEER S NEAEASHAREYNQHY
F171 F EHCWANNEE G L HEVKAK VK | = QHQINTYIZIQF AHIEND -WIWE R-DR_-E.E_
Dgrilr75a £l Ll HVMQPTLATYVDINICMIARHL L AFAST ELENQHY!
Dalblr75a LETFIQE] | YNS - - P QINIYIEIQF VHIND D -WYWE FI-R-DK_

IF75a00s QA QSR EF 13 LEIFAQE] | HNP LEHQINEYEQF VHEND VWIYWE HINE QR DH L QPT LAY VDINICMEER S L AFASE SEILYNQHY
Ir75ameobs F- LIAFQE]F MK P L EQHNIVIZIQE QK G VRN E HINE L RIVIl D H L QPIREAINYVDIYIC QL2 K GIN E [HAST ECINVNQHY
110 120 130 140 150 160 170 180

200 s1
Dmellr75a HWWISEVG QK L EFNIELIZGL FINASTIDADVENVIMEQ 1 QD= == NND SVAY A VIZDVANNGK | IGGQLNVAIGEIEIIM TP FVER
Dseclr75a HWIBEVGNQSELEENDLIFAL FIV FYMHEQ1QD- - - AVIIDVYNNGK | IGGQLNVT GEIEIEMSICHP FKCRR TRELSHL QKREKYENREQLIIDVIVLRVA
€ ) Y

5 0 b2 oY
B s e
==l

>

g
3
3
3
a
g
>!

bk
H
g
BEE
II!I

>

>

g

N

3

a

g

O

le] e}

>

OO

%

|01 0]

=

|Z]

g

)] ‘el

5

>

RO

&

=
B

-3
8
N
3

T
%

% %

<

VI

Derelr75a MWBEVGH QS ELKENMECIEAL FIVESHDADVISYAIIE £ FQD===NND S V¥A\VI/DVYNNGK | [IGGOENVATASEEMSEHP F EGRRTRNESSEQKRSKYENREQEDVERVA

Dyakir75a HWIBBEVGN Q SELERMBLIEAL F_E_N-SE\/IA_KMSIE_R_

Danalr75a -F-lQS_E FIEAP FINTSTDADVEIYMIEDL | A- - - SNSTIURY S LEDVYSNGK | IGGQLNMT GERZETACE L K GCQRVK FILSHL L KRERYIENREQLIIDVIYLRVA

Dmirlr75a HNIMEHGI E SEVGENS FIE ST F_E_N-AMVIA_R | IGGQLNLTANACGCEL SGCQRMRIZLSPILH L_
HGIY E SEVGFIA A

7 W %
<]«
w

L]l

2
El
3
a
g
o
a
I
o
1Z]2]
)
=~
i
i
i
=
!
=
=
i
ol

<

ol % %
L)

mmmmmm

%
%
SIS

<Kkl<kkklk

o]

i
Bl
=
<
=l (=l
)
H
|
B
%W
o]
2

SP FE_N-AEVIA_R I_HL_
Dwillr75a HWISEHD'| ENS SNERIS FVAP F_N_L_ . | DCIYRRVENGKQIZLSHL H L RIKYIENREQLNDVTLRVS|
Dvirr75a -_ 3 FIEK TKIUISVDADVEYVIHQRH - = - AGS SDDIY | T LIIDVYSNGNHIIGGQLNMTADCEE L_R_ HMRPKY SNREQLEIDVIYLRVA
S
S DFAEV-LS_HL_

Dgrilt75a -FC—_KVSHL
Dalblr75a HINNAN  GF GFRIQFIAP FINLSVDANVDYWISQE VL - - - ~GNGDTNYAV SDVYSNGNHIIGGKLNIT GI4E VNCIY VTKE T L KREZLSTIL H L REKYICHREQLRDVAVLRVA

Ir75a HWIELHDE'S EAF NS FIEAP FIISVDADVEIYVIIQ EMP GNS YDK GAIY VY A LEIDVY SNGNHIIGGQLNMT GIYRZ3 V SICIY Q SNEN L NRIZESHIL H L REKYICHREQLIIDVAVLRVA
Ir753"'=‘°°’ [HWIEEHGI E SE L EIFNID FIFAP FINIISIIDADVISYWIIE EL PASNYNASAN VYA LIVDVAVSNGK | IGGQENMTGYEZ:M SIERL S GEQRTRIZESHEL H L REKVIENREQLEIDVAVERVA

220 230 240 250 260 270 280 290 300 310 320

%
!I
o
&
2]

8
58
i
=
i
m
I
=
<]<]<|
% %
|

(o] @]
SEzE
KB

g
EAE
3
a
g
[
!
e
=
Z]
=
<1
Z]
BE
B
B
o
P P4 vd
<= 1<I<]
%4
B
E
% % % %
olo)
-1
<|<l<l<

<]<!

Dmellr75a
Dseclr75a ‘I'IS—SS_VV__E_
Dsimir75a TIS—SS_VV_E_
Derelr75a MVAVARER'SITL SDRIEMIIFNSG ENBITIEND S WARIEGHE HEANIERDINE HEKMKIE [ SD SWSKSD V'
Dyakir75a TNAVARSRISITIL SDNEIIIFENSG ERBITEND S IRIEGE

Danalr75a TWS‘_—SS_VV__E_
Dmirlr75a MVAAKEREANYWS EPILV LIFLESQ ENETIEID S LEREGE HLLINI'LRDLL HCOMKFF | E VD SWSKED V VGGAVGAWDEITAD I TATP SLATECRLI-MLSATTETGFFRSVCI
Dpselr75a MVAVARCREARY W S ERIOINV LIFIEEIQ ENBITIZIND S WARIEGHE HEENIERDINE HERMKIE VD SWSKSD v
Dperir75a WS_SS_V

Dvirlr75a SILVRIEGF QLEIN I LKDML QCGMNF TF KDRWS LEID F NGGSVGAWAYDEITAD | GSAPCLATAERLE -EILSATIETGYFRSVCL
Damelr75a SILVRIEGF QLEIN I LKDML QCGMNF TEKDRWS | ED F NGGSVGAVAYDEITAD | GSAPCLATAERLE -EILSATIETGYFRSVCL
Dmojir75a
Dbuzlr75a S
Dgrir75a TVTISRIAID R SWS | iE | YGGAVGALANRSADIMS APGLATS VRIS TEIITAT TESGYFRSICL
Dalblr75a -TWS___ INGGSVGAVIDEITAD | ASAPCLATE[ERLIA-RMSA I IETGYFRSVCI

Ir75a0s TNAYAR® P\I DiiH TARIEGFHLEINTLKDL L QCGMNF TE TDRWS IFID | NGGSVGAVIVDEITAD I GSAPCLATEERLIATEILSATTETGYFRSVCL
Ir75ame-es TWSSS_VV__E

o
£
3
]
g
<l
B
&
&
ol o)
)
o &
=] e =
>>]
ol |
| -
o
g I
<
<l<l<ll<kkk|<!
olololololololo
mmm mm
@] @] @) @) @] @ @] @
oA=L
B9 9 9 I o Y 9

o
<

ool

Tlc)<|

5 o
Iol0
olofx|
¥4
olo)|
e e e
>l
o]
|~
%
<I<I<|
m|mlojo
[l @ @ @

>
<]

<|

340
Dmelli75a m:-_-mm_
Dseclr75a g WYIREEE VAN TIFRYE KRN

e e
&
o)
a

Dgrili75a _ c-v_
Dalblr75a |

IF75a00s G L] LoGG L TFIAVE CKRMRETTIL EYAUP S L LIST F LIISIEGAACIIQS SFAL | PRSTGGRLAVIZALIELIISF IMYNYYTSVV
Ir75ame-ovs Tmﬂl__F_ IPRSTGGRL I

430 S 2 440 450 460 470 480 490 500 510 520 530
Dmelii75a
Dseclr75a SLEIVGLEPIIPFTKSYLNIZSEL PN_
Dsimir75a
Derelr75a
Dyaklr75a
Danalr75a
Dmirr75a
Dpselr75a
Dperir75a
Dwillr75a
Dvirlr75a
Damelr75a
Dmojir75a
Dbuzlr75a
Dgrilr75a
Dalblr75a SLEVGLEPISFTKSYLNSLR P

175400 VSSLLSSPVKSIATKTMEEILAES SILEIVGLEPINSETK'S Y LNISE R P EIEING ETCOSINNPE RY
Ir75am-b= VSSLLSSPVKSIHIKTMEEILAE S SLEIVGLEPIEPFTKSYLNIWSEHRPE IEIHE ES KNA_

600 639

|

>
>

>

>l

Dmellr75a Q) L

o

8

S

3

3

g
|
T

i

o]
85°
=S
= =
mmnm

=

=

A

o)

=]

5

=
|
=<
<
-
2
5 Fol
£l

Dmirlr75a TLFRPEQMFYTELERNSTYKEL FRLR L LRVLETGVYRK QRE YWVHIKLHC VAENFV ITIVGMEYVAPLL LMLTFGY! O AWQR JIR]

H
o
3
o
g
0
©)
e mn
T}
E
g
=
88
o] ‘e) ']
-1
Qa
<<
<|<]<
>
=]

510
&l sl
-
ii

[«
[€

oF
3
23
3
EF
g8
=1
HES
E e me
SES
o] 'e] 'e]
-1
A
000
<=<=<
<|<|<|
<|-1-]
>1>]
HEE
o] 's] 's]
K

,_
i
o)
=<
=
|
>
5
&

[«
€
Dalblr75a LERVLESGVYRKHRIY | WARIKLHC YAECNFVIEIVGMEYVAPL F FMLIEG YV LVLEL LELCELETERY Y QR

Ir75a°" H [LRVLETGVYRKHRIVQWAHIK LHC YAENF V IiiVGME YVAPL F FML I[EGY L JATCT VQRSNKR FEIP
Ir75a"'=‘°°= _L—Q-V-GV LINAL JXTCTW L TIRPTKR FEIP

g8
ESS
3y
33
B
BEE
g
s
I
AI
o
<
BB
>
0]
0]

i
=
S]]

Figure 2—figure supplement 1. Alignment of Ir75a orthologs. Multiple sequence alignment of Ir75a orthologs

used for the ancestral protein reconstruction. Dark blue shading (100% similar residues across the aligned

sequences), dark grey (>80% similar), light blue (>60% similar), light grey (<60% similar). The red lines indicate
the spans of S1 and S2 lobes of the ligand-binding domain (LBD); the hotspot is marked with an asterisk. The

Figure 2—figure supplement 1 continued on next page
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Figure 2—figure supplement 1 continued

sequences of the reconstructed ancestral receptors that were functionally tested, Ir75a and Ir75a°*™, are
shown beneath the alignment; in these, the amino acids colored in red are those positions that were estimated by
FastML to have a marginal posterior probability <0.7 (see Materials and methods).
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Figure 3. Mapping the evolutionary landscape of Ir75a. (A) Top: cartoon of the domain organization of Ir75a; bottom: protein model of Dmellr75a,
generated by ab initio protein folding by AlphaFold (Jumper et al., 2021). A magnified view of the ligand-binding domain (LBD) is shown on the
right, in which the three functionally important amino acid positions that differ between Dmellr75a and Dseclr75a are highlighted in orange. (B, C)
Quantification of responses of the indicated receptor versions expressed in the Ir decoder neuron. (D) Loadings of the first principal component of
all responses shown in (B, C). (E) Responses of each of the indicated receptor versions plotted in the C2 vs C4 space. (F) Visualization of epistasis
and accessible mutational pathways. Each of the individual, double, and triple mutations are plotted in the first principal component (PC1) axis (error
bars are standard error of the mean). Possible evolutionary paths join these mutants with lines. Solid lines indicate when the path joins two points
that significantly increase PC1 value (i.e., increased responses to C4 and C5 and decreased responses to C2); dashed lines denote paths that, while
accessible, do not lead to significantly increased PC1 values (see Source data, for statistical values). Red lines indicate the cases where two mutations

Figure 3 continued on next page
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interact epistatically when combined, that is, the combination of the two mutations is not equal to the expected response if their effects added linearly
(see Materials and methods for details and source data for statistical values).
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Figure 4. A hotspot for tuning lonotropic receptor (Ir) sensitivity. (A) Phylogeny of species’ Ir75a receptors used for the reconstruction of ancestral
nodes. The inferred identity of hotspot mutation for key nodes is shown as well as for each of the extant receptors at the end of each leaf, together with
the measured (solid circle) or predicted (empty circle) sensitivity. On the right, the nucleotides encoding the hotspot amino acid position in Ir75a across
species. (B) Top: protein sequence alignment of Dmellr75a and Dmellr75b. Dark blue indicates identical residues, light blue indicates similar residues,
and gray indicates dissimilar residues. The red lines indicate the spans of S1 and S2 lobes of the ligand-binding domain (LBD). The red box indicates
the common amino acid position (‘hotspot’). Bottom: separate alignments of the hotspot region in Ir75a and Ir75b for D. melanogaster and D. sechellia
proteins showing that while the residue position is conserved, the identity of the amino acids is different for these two receptors. (C) Protein models of

Figure 4 continued on next page
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Figure 4 continued

the Dmellr75a LBD and Dmellr75b LBD, and X-ray crystal structure of the Rattus norvegicus (Rnor) iGIuR GIuA2 LBD in complex with glutamate (PDB
accession 1FTJ). The hotspot residue in the Irs and the equivalent residue (Y732) in RnorGluA2 are shown in orange. A conserved arginine (R) residue
that, in iGluRs, interacts with the glutamate ligand (yellow) is shown (see Discussion). Amino acid numbering corresponds to that of the full-length
sequence.
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Figure 5. Epistasis in the ligand-binding domain of Ir75b. (A) Quantification of responses of the indicated
wild-type and mutant Ir75b variants expressed in the Ir decoder neuron. The Dmellr75b%<" variant includes

the six derived changes between D. sechellia and D. simulans/D. melanogaster as well as a seventh amino acid
substitution common to D. sechellia and D. simulans receptors. (B) Protein model of the Dmellr75b ligand-binding
domain (LBD) (as in Figure 4C). The S1 and S2 lobes are colored pale and dark green, respectively. Surface-located
amino acids that differ between Dmellr75b and Dseclr75b in the S1 domain are depicted in magenta; the hotspot
(position 523) is depicted in orange and other residues in the ligand-binding pocket in the S2 domain that are
different in Dseclr75b are shown in red. (C) Dmellr75b LBD model (colored as in (B)) aligned to the full-length
homotetrameric X-ray crystal structure of RnorGluA2 (PDB accession 3KG2), which is colored by chain in faded
gray, red, blue, and yellow (the LBD of the gray chain is hidden to facilitate visualization of the Dmellr75b LBD
(green) in this position). The RnorGluA2 amino-terminal domain, which is not present in most Irs (Rytz et al.,
2013), has been removed for clarity.
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