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Supplementary Figure 1 | Conservation and functional analyses of the J element in 
nonmammals. 
(a) Genomic region of the Olfr544 locus (same as Fig. 1b) and nucleotide percent identity plots 
between mouse and zebrafish or X. tropicalis using VISTA. No significant conservation in the 
intergenic region was detected, even when a 50-bp calculation window was used for high-sensitivity 
detection. 
(b,c) Transient reporter assay of enhancer activity of the J element in zebrafish. (b) Strategy of the 
transient reporter assay in zebrafish. The J element was fused to the hsp basal promoter (hsp-p), 
Gal4FF (a modified GAL4 transcription activator), and a polyadenylation sequence (pA). To test the 
enhancer function of the J element, the J-hspGal4FF driver construct was injected into UAS:GFP 
zebrafish embryos. (c) Whole-mount fluorescent images of injected larvae at 4 dpf (days 
post-fertilization). Specific GFP expression was not observed in the nose (n = 77), indicating the J 
element did not show any enhancer activity in the transient reporter assay in zebrafish. The scale bar is 
500 μm. 
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Supplementary Figure 2 | Multiple alignment of the J element. 
Multiple alignment of the J element for mouse and 7 representative placental mammalian species, 
human (Primates), guinea pig (Rodentia), rabbit (Lagomorpha), horse (Perissodactyla), dog 
(Carnivora), cow (Cetartiodactyla), and African elephant (Proboscidea). 
 

........10........20........30........40........50........60........70........80........90.......100.......110.......120.......130.......140.......150.......160.......170.......180.......190.......200

Mouse ------gccagggca--tctctcaccaagttgaggccagcccgaggcc------------------tgaggagccagcagtgccccagatggccaggcagtagctgggtcttaggccaacctctga-------------------tggcaca-ctgggcttga----gcaacctagagaaacctgggcatcaatggggac  150

Human ------gctagggca--ccccctgccaggttgagagcatcgtcgaggctct---------------ggggagcccagttgtgcctcagaccgccaggctgcagctgagggttgtaccagccccagcggtgacagcagcgtatccatggtgtgcctgg----------gcaacctggagaaagctctgtgcc---------  158

Guinea_pig ------gccaaggga--ccccttgccaaattgagagtatccttgaggctct------gggaatcagtagcatctcaga-----------------------------------tgccgcctccaat---------------------gtgcacctgggcctga----gcaacccggagatcccagg-------cagggac  119

Rabbit ------gccatggc---ccccttgccgggctgagggcactc--gaggctct---------------ggggagcctagcagtg-cccaagctgccaggctgtggctgaaggttacaccagcccttga-------------------tggtgcacctgcgccta-----ggtaactggagaaaccttggcaccagcaggggc  149

Horse ------gctagggca--ctcctcaccaggttgag-gcacctgagaggctct---------------ggggaccccgga------ggcgaccgccaggctacagctgagggttgcgccagccccagcggtgacagcagcataacaacggtgcacctgggcctgggccagccacctggagaaacctgggcaccagcagggac  170

Dog ------gctagagca--cccctcacaggctgaga-gcacctgggaggctgtggggggggggtgcggaggcacctcaga-----cccagaccgctaggctaccgctgagggttgtgccagccccagcggtgacagcagtgtaccagtggtgcagctag----------gcaacctggacaaacctgggcaccagcagggac  176

Cow -------ctagggca--accctccccaggttgag-gcaccaggaagccagt---------------aggcacctc-----------tggcaaccagactagaagggagggttacaccagccccggt-gtgatggccatggatcagtggcgcacctgagcctgg----gcatcctggagaaacccaggcaccaacaaggac  159

Elephant ggataagctgggacaggcctcccgtcaggtcgaaaacaaccgtgagactct---------------ggggagcccagcagcgcctcagacctctgcgctgcggcggagggttacaccagccccagcggagcta-------------ggcacacctgggctgt-----gcaacctggagaagcctgggcgccagcagggac  167

.......210.......220.......230.......240.......250.......260.......270.......280.......290.......300.......310.......320.......330.......340.......350.......360.......370.......380.......390.......400

Mouse ttagtgtccct-----------cgggcttgggaaaagttttatctgcagcaaagaaagttgtgggccgcatgggaagaagtttcgagggctcaaacttttctcgctctgagctcgttgc--agtgtccccgaggct-gccaagtgatttaccactaattaagccataatgaactggaccttggtgtctcctttagtctcc  336

Human -------------------ccccaagggctggaaaagtttcggccaccgtggagaaagctgtgggccgcatgggaaaaagttgtagctcctcaaacttttctcactgtgagcttatggctctctgtccctgaggtcagctgagtgatttgccaacaattaggccataatgagctggacctcagtg--gcctgggagtctc  337

Guinea_pig ttctgtgtcct-----------cttgggttggaa--gtttgggctaccacagagaaagttcatggccgcgtgggagaaagttgttgctgctcgaactttcctcactctgagctcattgcttgctgtccctaaggcctgccagatcatttgcctccaattaggccataatgagctggaccttggtg--gcctgggttgctc  304

Rabbit ctctgcgcctc-----------cagggctgcgaggagtttgggccactgtggagaaagttgtgggccgcctgggaggaagttgtggctgctccaacttttctcactccgagctcattgctttcggtccctgaggtcggccgagggatctgccaccaattaggccataatgagctggacctctgtg--gcctgctgggctc  336

Horse cttggcactcc-------------cagggctggaaagtttgggctcctatggagaaagttgt-ggccgcatgggagaaagttttggctgctccaacttttctcactctgagctcatcactctccctccccgaggctggctgggtgatttgctgccaattaggccataatgagccggacctcggtg--gcccatgatgct-  353

Dog cctggcgctcccctcaccctcccaaggactaggatcgtttgggcctctgcggagaaagttgt-ggccatgtgggagaaagttgtggctgctcaaacttttctcgctctgagctcatcactctctgtccccgaggctggctgaatgatttgccaccaattaggccataatgagctgggccttgttg--accgagaggctcc  373

Cow ctcgggccccc-------------agggctgggaaagtttgggccaccgtggagaaagtttt-ggccgcgtgggagaaagttgcagcgcctcaaacttttcttgctctgagctaatggctctgcgtccctaaggctgactcagtgatttgcca-caattagaccataatgagctggacctcagtg--ccctgtgaggctg  342

Elephant ctctatgcccc------------agggttgggaaaagtttgggccgctgaggagaaagttgt-ggccgcacgggacaaagttgtggctgctcaaacttttctctctatgagctcatcacgctttgtccccaaggctggtggagtgattcgagaccaattaggccgtaatgagctggaccttggtg--gcctgccgggct-  351

.......410.......420.......430.......440.......450.......460.......470.......480.......490.......500.......510.......520.......530.......540.......550.......560.......570.......580.......590.......600

Mouse ccatgaggacacagactca-------gcagggcacctggggcccaattacagcagcctgggcctaatgcctggtccagctgaggcctgcatctcagggagtcccatctgcc-ccaggtgcccactt-tgcttgcctggccaaacttttaatgagc-aaagtggctacttctc------ttacttgcctgccagttgcgca  520

Human ccaggggtacttgggctca-------acaggacacctggggcccagttacagcagcctgag-ctgatgccaggtccagctgcgacctgagccccaaggatatgggcctgcc-ccatgtgaccactt-tgcttgcatggccaaacttttaatgagtgaaaatggctacttctc------ttacttg----ctggtagccca  517

Guinea_pig ctgggggtgtctaggctta-------gcaggacacctggggtgcaattacagctg-ctgggcctgacgccaagtccagctgaggcccaaaccctgaggaattc------------------------tgctcatccagccaaacttttaataagc-aaaatggcaacttctcgtgtgtttgcctg----ctgattgccta  467

Rabbit ctggggccgcctgggctca-------gcagggcgcctggggcccaattacaacagcctggacccaactccatgtccagctgaggtctgagtcccacggagggctgcccgcccc--agtgctcactc-tcctcgcctggccaaacttttaatgagtggagacggctgcttctggattgttcacaca---------------  511

Horse cctggggaacgccggctca-------gcaagacacctggggcccaattacagtcgcctgcgcctgacgctgggtccagctgcggcctgagccccaa----------tggcccccaggggcccactt-cgttcgcttggctaaacttttaatgagtggaaatggctacttctc------tcactga-----ctgtggccca  524

Dog cctgggggacagaggctcggcaggacgcaggacgcctggggcccaattacagcagcccacgcctgatgcc-ggtccagctttggccagagccccaaggagccctgcctgcccccaggtgcccactt-cacttgcctggctaaacttttaatgagtgtaaatggctattctct------cagttga-----ctgtcacctg  560

Cow ccctggagaccagggctca-------gcaggacacctggggcccaattacagtggcctgagcctgacgctgggtctggcagtggcctgagccccaaggggctcccctggcctccgggtgcacactc-tgcttgtctggccaaacttttaatgagtggaagtggctacctgtc------tcactgaa--ctcttctcccag  526

Elephant -cctggacacccgggctca-------gctggacacttggggcccaattacagcagccggaggccgtcgtggggtccagttgcaccctg-gccccaaggagatgagcgggcccccaagtgcccacttctgctcgcctggccaaacttttaatgaatggaaatggctacttttc------tctctag----actgtggccca  532

.......610.......620.......630.......640.......650.......660.......670.......680.......690.......700.......710.......720.......730.......740.......750.......760.......770.......780.......790.......800

Mouse ggcatgacccttgggccctgcctcctctcggcttaaagagataga-gtgatttttagtgtgtga------aagatcttagtggatctatc-aatcaacagtg-------------------------------------------accacatgtgactctggtg-caggctcaggcctctc-agaccatcattcttagca  667

Human ggcatgccacctgggtcctgcctgctcactccttaaagaacc--a-gcaatttctaaaatatgacttgctgcagttta-agtgatcagct-aatcaacaggt---------------------tatgtggggtctagacgctgccccactgtgtgaccctggactgagccccaggcctctctcagtcttagttttcagcg  691

Guinea_pig cttttgtcacctgggccctgcctgctccct-cttaaagcgacaga-gcaatttctagatattgacttgctgcagttga-aatgactgacccatcagttagaa----------------------------ggcctagacactga-ccattgtatgaccaagaa--aagactcagatctctc-aggtcttagatcactgg-  631

Rabbit -----gccacctgggccctgcctgctccctccttaaagggccagaggcattttctagtgtgtgacttgctgcagtttaagtggatttgtc-aatcaacaggc-----------------gggtcgcaggaagtctaggcactgacccaccgtgtgaccctgcac-cgagccgaggctgctc-aggccttagttctcggg-  685

Horse ggcatgccagctgggtcccgctcactccctccttaaagagccaga-gcaagttttagagtatgacttcttgtagtttaaactgcccagtcaagtcaacagat-----------------gggtcaggtggggtctagatgctgaccccttgcgtgaccctgggc-aagccccagctctttctaggccttagttctcaggg  705

Dog ggtctgccacctgggtcctgctcgctccttccttaaagagccaga-gcaatttctagagta-ggcttgctgcagttcaaactgattggtc-aatcaacagaccccctcgtgtgtgtgtgtgtgtgtgtgagttccagatgttgaccccctgtgtgaccttgggc-aagccccaggcctctccaggccttagttcctaggg  756

Cow ggcctgccacctgggccctgctcagttcctccttaaagagccaga-gtgatttctggaacatggcttactgcagttcacagtgatc-----aatcaccagct-----------------gggccgggtggggtctgggtgctcacccatggggtgaccctgggc-aagacccagtcctctctagcccttagttctcaggg  702

Elephant ggcataccacctgagtcctgaccgctctctccttaaagggccaga-gcagtttctagagtaaaacttgctgcagtttaaatcgattggtc-acttgacagaa-----------------gggtcatgtggggtctagacgctgacccattgtgtgaccctgggc-aagtcacagccctctctaggccttaggtctcgggg  712

.......810.......820.......830.......840.......850.......860.......870.......880.......890.......900.......910.......920.......930.......940.......950.......960.......970.......980.......990......1000

Mouse ataacagtcacagagttgacgtgaggaccagatg------------------acatcacacacact---gaagagctggttatttagcagtggttgttattgtccttagcc-----------------ctgctgtgaccttgactctgacctttctttgctgcagataaactgaactagagccagctctgacctgggtgc  829

Human ataataatcacaggcttggcgtgaggcccagatg-----------------aaaataacacaaactgt-aaagtgatggttcctttcaaatgatcattattgtccttaattattgcatcatattagcctggccaggaccttgactctgaccctcactcct--------ggtgaatga-gagccagctctgacctgggtgc  864

Guinea_pig ---------------ttggcacaaggcccagatg--------------------aaaacacaaactat-aaagtgc----------agaataatcatgattgtctttagcc-----------------tggttggaaccttgcctgtggttgcag--cca--------ggctaaatctgagctagttttggcctgggtgc  758

Rabbit ---------------tcagcacgaggcccagatg------------------agatgacacacactgc-aaggcgctggttccttctgaacagcccttatggttcttaatcacc-catcccatcggc-ctgctgctgccttgcctctgagccccaccgc-------------------tagccgactctgacctg-gtgc  829

Horse gtaacaatcacagcattggccagaggcccagctg------------------agattatgcaaactgg-gaagtgctggctacttgtgaagggtcattattgcccttaattattgtatcacattatgctggctgggactgtgaccctgaccccgactcct--------ggctgaatt-aagccaactc-gacctgcgtgc  876

Dog ctagtagtcacagggttggtgtgagggccagatg------------------tgatcacacaaactgtaaaagagccagctacttgtgaatgctcattattgtccttgatt----------------------------------------------------------actgtatc-tagctacctt------------  867

Cow gtcgtaatcacagggttggtgtgagacacagctg------------------agataatgcaaactgt-aaactgctggttacttgtgaatggtcactattgcccttaatt-----------------tgactgagaccctgactctgacccctagtcct--------agctgaatt-aagccagctctgacctgagtgt  857

Elephant ataatgctcacagg-ttggcgtgaggcacgggtgagataatgcttgttaaaaagattaagcaaactgc-gaagtgctagtcaggtgtgaaaggtcattattgtccttaatt----------tttagcctggccaggctactgaccctgacccccactcct--------agcttaatt--agtcaactctgacttgggtgt  890

......1010......1020......1030......1040......1050......1060......1070......1080......1090......1100......1110......1120......1130......1140......1150......1160......1170......1180......1190......1200

Mouse tc--ataatcacgggtgtgggc--ttcctgccctgctggccattg---cactctctgcttcaagctgggttgacctagtgactgtgctgttttaaggtctcctttagcccaagtgtctctttttattctcccaatgttccc----taagcctccagaaaac---------------caagggccccgtctgtaaccaggt 1003

Human tc--agaggcagctgcgtggcccctcctggctctgctggccactggcctgccctctgctccaggctgggctggcctagcaaccacactgtttataggtctctcttggctcaactatcttttttttctcctgctctgttaacaccctaggcctgcagacgggcaccactgagagtgttaagagccctg-atattatcaagt 1061

Guinea_pig tc-cagaggcaaaagtgtggccc-tccctgctcttctgggcactggccgatcctttt--------------------------------------------------tccatcttcccctccctactctgttgctctgtcc----ttggcgagcagacaggcaccatagaagggg-taagggcccca-gtatcaccaaat  900

Rabbit tcacagaggtgccagcgtggccc-gccctgctctgatggccac--------cctctgacccagg-----------------------------------------ggccctgtgttccttggtctctctcctgctctgtcc--cctaggcctgcagacaggcatcacccagagcg-tgagagccccg-gtatcaccaggc  975

Horse tcaaagaggcagcagtggggcccctccctgctctgccgggccctggcctgccgtctgctccaggctgggcccacctagctgccg-ggagtttctgggtttctgttggcccagcctccctctctccctctcttctccccgtc-tcccaggcctgcagacaggccccagcacaagtgttaagagccctg-acattatcaagt 1073

Dog -------------------------------------------------------------------------------------gctgttctgaggtttctcttggcccaacctccctcccccttccctcccctc----------------------------caccatgagtg-taaaagccctg-atattatcaagt  952

Cow tcacagaggcagcactggggctcctccctgttctgctgacccccagcctgccctctgctcctggctgggcacaccaaactcctgtgctgtttctaggtttctcttggcccgaccaccctttcttgctctcctccct------------gccttctgagaagcaccatcatgcgtg-taagagccttg-gtattattaagt 1043

Elephant tcacagaggcagcagtgtggcccatccctgttcctctggtccctgccctgtcctcatctcctggcggggccaacccaacaacctcaacttttctaggtttctcgtggcccaacttccccttccctttttcctcaaatgccc--------cttgcagacaggtgccacagagagtg-taagagtcctg-atattagcaagt 1080

......1210......1220......1230......1240......1250......1260......1270......1280......1290......1300......1310......1320......1330......1340......1350......1360......1370......1380......1390......1400

Mouse cca-tccctcactgcacagatggg--------------aggagatacagg-----------------------------agaggca----------agacttgcatg-----------------------gctgcccatctcagt-------------gaagctaggcaggcattcatctgtgta-cccatt-------- 1104

Human cca-gtccttactgcatagatgggaaacaaaagccca-gggagaagcagg-gtctgagctggaactccttcctttcc--cggggcttagtcacaagaaggcttcatgcgtatgcagtactt-tagtgtcgtctggccttctcggcagccctgtgagg-gtaggtaggctggcacccatctgtcca-ctcactta------ 1247

Guinea_pig cca-actcttattgtacagatgggaaacgcaggccct--gaagaagtagg-gtctgacctggcattccttccttttc--tggggta-agctacaatacgactttatgcatatgtagcactt-ctgtgccctttggccttctcagcagtgctgtgagg-----actggtgggcacccacctgccca-cttgtctaatgtga 1086

Rabbit cct-gccctggctgcacaggtgggaaactgatgccca--ggcagagcagg----ctgtgccacactccttcctcttc--tggggcc-----------cggctgtacgtgcacgaaacactc-tggtgcctcctgg------------------------agggcagcggggggtccacatgccca-ctcgttcatcctgg 1129

Horse cca-acttttacttcacaggtggggaaaccgaggcct-gggaggagcag--ccctggtctcggattcctttcttttc--tggggtggagtaacaagaaacctttgtgcacatgcagagcttttagtaccttttggctttctcagcagcccttgag-------ggagggtggcatccgtgtgttcacctcacttactgagg 1260

Dog cca-gcgcttacttcacagataggtaaactgaggcct-gggaggaacagg-cccaaatctggacttgcttccttttc--tggggct---tagtaataaacctttgtgcacaggcagggcttctagtatcctttggccttctcagcatccctggga-----gtgtaggtaggcatccatctgttca-cttggttatcatgg 1138

Cow atg-acccttactccacagatggtgaaaccaaggcct-ggggggagcaggccccgaaccaggggttccttccttttt--tggggcttcgtaacaataaacctctgtgcacatgtagggcttttagta-tttttgtccttctcggcaaccatgagga---tatgtaggcaggcattcatctgttcg-cttgtttattgtgg 1234

Elephant ccattcccttgctgcacagatggggaaactgaggcccagggagaagcatgggctgaacctgggatctttctctttttgggggggttcagttacaataaatctttatgcacatatagggctttgagtctcttttggccttcttgtcgacccagttgaggatgggtaggcaggcatccatccattca-ttcatt-------a 1272

......1410......1420......1430......1440......1450......1460......1470......1480......1490......1500......1510......1520......1530......1540......1550......1560......1570......1580......1590......1600

Mouse -------tgcagcctccaaagcga----aaccgggcatacgtcctttctccattatttattgggtacattcccgtgcctctctttctccaaataagaaaatattagcattcctctcagatgctagttttattaaatgagtt-agggtccatgt-ggaatgc-tggaactgggccttg-gcatggtgggttttcaataa-- 1287

Human ctaagcttgcagattctaaagccagactgactgggtggacattctgtctccactatttactaggcatgtctctgtgcctcagtttcctcaaatgggaaaacactagtaattacatcatatgattgttgtgttaaatgagtt-agaatctatat-gaaatgtatagaacatggcctagtgca-----ggctctcaataatt 1440

Guinea_pig ttgagtctgcagactccaatg----actgacccagtgtgtatcctgtctcc----tctcctgggcacatctctgtgcctccatttcttcaaatgggaaaacactggctcttaccatatatagtttttatattaaacgctttaagaatctctgt-aaaatatttgcaactgggcctaggaca-agtaggctcccaataatt 1276

Rabbit ctaagc-----------------gggccaacgtggcgcatgtcctgtccccgcggtttaccacgcccgcctcggtgccc------------------------tcgtgttgacctcagccggccactggatggcaggagtg-agaatccacac-cagatgtttag-----------------ggcaggctctcaggagct 1269

Horse ctaagcttgcaggctccacagctagactgactgggttcaaatcctgtctccaccatttaccaggcacatctctgtgcctcagtttcctcaaatgggaaaacaatagtactgacctcgtatggttgctgtattaaatgaatg-agaatccacat-aaaatatgtggaactgggcctagggcacagtgggttctt-ggcaat 1457

Dog ctaagcttgcaggctcaaaagccacacttcctgggttcaaatcctgtctccgctttttaccaggcacatctctgtgcctcggtttcctcaaatgggactactctagtacttacctgatatggtgattatatcaagta-----agaatccatat-aaaatatttggaaccaggcctagtgcacaatggattctcaataatt 1332

Cow cttagcttacaggctccaaagccagacatactgggttcaaa-cctgtgtgca-cgtccaccagacacatctctggatcc--atttcctcaaatagcaaaccaacagtgcttgcttcaaatggctgttgtattaaatgagct-agaatctgtgcaaaaatatttggaatggggcctagtgctcagtggttctc----aatt 1425

Elephant ttaagcttgcagactccgaagccagactgactgagttccaattttgtctttactattta---------tctctgtgcctcagttttctcaa--cgggaaacaatagtacttaccgtgtatggctgttgtgctaaatgaatt-aggatccacgt-aaaatgtttggaactgggcctagcatg---tgggctttcaatactt 1456

......1610......1620......1630......1640......1650......1660......1670......1680......1690......1700......1710......1720......1730......1740......1750......1760......1770......1780......1790......1800

Mouse --------ccatatttccagttg-ctaggatccagccactgatccaccaggcatcaagtgaaatcctactgtgtgccaatgttggtggtactaggccctgcagat-acagcagtgaaca-ggctgg------------cccttggaggtattttttactggagga-----ttcagatacacagggccattatttcaggat 1459

Human aatatcagctatccttctggtt----atgattcagtcattcagtcagcaaacatttattgagctcctactgtgtgctgagcttggtagtgctagaacctggggat-atagcagtgaagaagactga------------tttttggaactcagttttgtgaaggtgagggagacagacacatgaagccataatttcaagac 1623

Guinea_pig aatatca-ctatctttccattta-ttgtgattcagttattgagtcaccagacatttactgggcccttgc--acaaatgagcatggtg------------gtagat-acagcagtgaataagactga-------------ctttggagctca--tttggtgcgggg------acatacacacaaggcc------------- 1425

Rabbit agggtgagctgtctttctggaca-tcatggttgaatcactcagcaagcac---------------------cgggctgagctcagtgctgccgggcctgggggataacagcagtgaccaagactgac--------------------------cttggaacggag------aggcacatcttcagc---------aagac 1406

Horse gatattagctatgttccttgtta-tcataattcaatcattcggtcagcagacattacttgggctcctaccatgtgctgagtgtggtgcaacagg-ccctggggat-acggcagtgaacacgaccga------------ccctaggagctcagttttgttggggaggggggcacggacacatagagccataatttcaagac 1642

Dog aataatagctttattccttatc----ataattcagttgttcatttagtaaacatgaattagg-ttttagtgcgtgctgagtttggtgtagtaagtccccaggcat-gtagtagtgaacaagactaa------------cctttagggctcaaacttgtggggaag------acagacacataaagccatagtttcaagac 1508

Cow aatattggctatatttcttgtt----ataattcaataattaattcagcaaacactaactgggcttctactgtgtgctgagcttggtgggctagg-ccctggggat-atggctgtgaaggagactga------------actttggggctcaattctgtgaa------------------ataaaaccataatttcaagac 1589

Elephant aatattagccatctttcttcttcttattgattcaatcatttagtcagcaaacatttattggtctcctactacgtgctgggcttggtggtgctaggctctgtggat-ataaccgtgaacaaaaccaacaaggcccttgtcctgaggagttcaattttggggaggag------aaagacgcataaagtgagaacttcaagac 1649

......1810......1820......1830......1840......1850......1860......1870......1880......1890......1900......1910......1920......1930......1940......1950......1960......1970......1980......1990......2000

Mouse -caagggtgtggcaagctgaggtg---gggtactc------ccttagcagaggagcctcaag-ccccctgtagagagatggggtgga----gacagtcagggaagagttcccagagtgaagtatgaaaggtgtgaaacaggg------tttactgagttctcacaatga------------------------------- 1607

Human -caaggatttggcaggctgaggtggg-gtataagcaggggaatacagtggaggggccttga--tcccttctaggg--ggagggaggc-----acagtcagggaagtcttctcagaggaggcagaagcagaagtaggcatt--------------------------------gggccctgtgcaaagtgctttatatcca 1780

Guinea_pig -caagggtagagcaggctgagtgg---ggataaaccctgggaccccgaagaaaggcttagatcccctgcctgagggctgggagaggc-----gcagacagggaaggcttctct---gaggtaggcactggggcaaggttt-----------attgagtgcttaagatgggctgggttctgtgttaagtgctttacactc- 1601

Rabbit -caggcctggggcaggctggggcc---ggataagccaggg-acaggacagagggcccgggg--cccagcctggggagggagggaggc-------agtcagggaaggcttcccagaggaggccacggcg----------------------tgctggg-tgctgagctgggtggggccctg-------ggctctatgtccc 1562

Horse -tgggggtctggcaggctgaggtg---ggataagccaggg-acacagcagaggggcgctga--ccctccctgggggtggagggaggc-----acagtcagggaaggcttcccagaggaggtgg--gctggggtaggtattgggccatcatcattgag-tcctaagatgggttgggccctgtgctaagggctttatatcca 1827

Dog -taggggtgcggcaggtggaggtgg--gggtaagccaggg-accaggagcggaag---------------tgggagtgaaggcaggtgttgagctgtcaggtactgcatgcttcagatggcg--------------------------------------------------cagtcctgtgttaagtgctttatgtctg 1639

Cow gaggaggtgtggcaggctgaggtgggtggataagccagga-acacagcagagggg--------tcctgtctggaggtggaggcaggcac--aacagtcaggggaggcttccaa--------------------------------------------------------------------------------------- 1691

Elephant tagggcatgtggctggatgaggtgg--ggataagccggggaacacagcagagggggcctga--tcctgcctgggggtggggggaggc-----accattagggaaagcttcccagaggaggtagaagcgggggtaggcttggatcattgtttattgaattcttaagatggtctgggccctgtgctaa-tgctttatattca 1839

......2010......2020......2030......2040......2050......2060......2070......2080......2090......2100......2110......2120......2130......2140......2150......2160......2170......2180......2190......2200

Mouse tgacctcagtccacctcag----gtcccataaggtagcagaggttgcttagattctcctcagtg------caactgatggccaaattagctgcctaaagtcaaccagactgtaaacagtggtgccagaatccaacaaggagttgtttaaactcaaatcttgtgcccatttcttcacctacgggggtgtctgtgatggtgg 1797

Human ggatgttagtctatcctcacacaaacctgtgaggtagatgaggcg-------ctctttttactgaagaggaaactga-----tggttatttgtctaaggtcactcagccagtaaattattaggtcagggtccaatccagggttgtctaaccccaaattttgt-cccttttctttttctatgagggtgtttgtggcggtgg 1967

Guinea_pig ---catgagtctatcctcaca------tgtcaggcacatg-----------tttctttttactgaggtggaaataa------cagtcacttgtgtagggtcactcagccagtaaatgtatgtcctaggatccaatccagggctgtctaaatgcaaatcttgt-ctccttttttctcccatgagggt-ttagtggtggtgg 1773

Rabbit ttctctcagtccatcctcatacaagcctggagggcagatgatgct-------ttctttttactggtacggacactgccagt-------------taaggctacccatgcagta-------------------gacccagggctggctgggcccacatcttgc-cccatttcttctcccatgagagtgctcggggctg--- 1719

Horse ttatctcacttcatcctcacacaaacctgtgagggagatgatg-----------cccttaactgatgg--------------ttgttacttgtctaagatcatccagccagtagatggtggggctggggtctaat---------tttaaccccaaatcttgt-ccccttct-tctcccacgagggtgcttgtggtggtag 1991

Dog tcatctcagtccatcctcacacacacctgtgtgttagatgatgct-------gtccttttactgacggggaaactgattgttaagttacttgtctgagatcaccaagccagtaaatggtggggccggagtctgacccaggc----------------------------------------agaatgagtgtggtaatga 1792

Cow ------------------------------------------------------------------------------------gtcacttgtgtaagatc--ccagtcagtaaatggtcatgcaggggtccaatccagtgttgtctaactccaagtcttgt-tcccttttctctcccatgagggagcttgtggtggtgg 1804

Elephant ttatctcgattcatccttatacaaacatgtcaggtggatgctgctg-----cctcattttactgaaaaggaaactgatccttaagttacttgtctaaggtt----acccagtaaatggtggggccagggtccaacccagggctatccaaccccgtatcttgt-cccctttcctctcccatgtgggtgtttgtggtggtgg 2029

......2210......2220......2230......2240......2250......2260......2270......2280......2290......2300

Mouse tttt-------------gacggacagg-tagaagggggaggcccttgaaggaga------------------------agagaccctctca-------- 1850

Human ttat-------------gatggacaga--tgggggaggaggtcctacgcagaca------------------------ggaggcactcaca-------- 2019

Guinea_pig tcat-------------ggtag--tagatagggggaggacacct-------aga------------------------aaagatactctca-------- 1818

Rabbit ---------------gcaatggacagg----tacggagggaccctgggtaaact------------------------ggagacgctctca-------- 1767

Horse ttaca-ggggcagatgggatgggcaggatagggggaggtggccctaggtagaga------------------------agagatggtgtca-------- 2057

Dog t------gtgcaggtggggtcagcaggatagggggtggtggcccttcatagaga------------------------agagatgctctca-------- 1853

Cow ctgt-------------gacaggcaggata-ggggaggtggccctagatagaga------------------------agaggtgctgtcg-------- 1857

Elephant ttatgatgggcaaagagggtgggcaagatatggggaggtggccctaacctaaaacccaacggggaggtggccctaggtagagatagtcctattatcctg 2128
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Supplementary Figure 3 | Conservation analysis of the mouse OR enhancers conserved in all 
tested mammals. 
(a) The J element and 20 of 35 previously identified OR enhancers were conserved in all seven tested 
placental mammalian genomes. Coverage of alignment region (upper part) and nucleotide identity 
(lower part) of the mouse OR enhancers for other mammalian species are summarized. The graph 
shows the mean for the seven species. Sifnos, Crete, Lesvos, H, Gavdos, Lipsi, Othoni, Skorpios, 
Pontikos, Folegandros, P, Ios, Milos, Ikaria, and J elements are conserved and are located in proximity 
to OR genes in all tested placental mammalian genomes (J, green bar; the others, grey bars in graph). 
However, Tinos, Akthra, Alonisos, Corfu, Hydra, and Kos do not reside close to OR genes in at least 
one non-mouse genomes (white bars in graph). The number of genomes containing enhancers that do 
not reside close to the OR gene is shown in parentheses. The bottom graph shows the mean among the 
seven species. 
(b) Summary of the conservation analysis for each enhancer-species combination of the selected 15 
elements, which are all conserved in the seven tested mammals and linked to OR genes. The 
conservation index is defined by multiplying the percentage coverage by the nucleotide identity. Nine 
elements (H, Gavdos, Lipsi, Skorpios, Pontikos, P, Ios, Ikaria, and J) showed relatively high average 
conservation indexes (mean > 50). The J element was one of the most highly conserved of the 15 
conserved OR enhancer elements. 
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Supplementary Figure 4 | Phylogenetic analysis of the effect of ΔJ on the expression of class I 
OR genes. 
An unrooted phylogenetic tree of the mouse class I OR family using 129 intact class I OR genes was 
constructed by the neighbor-joining method. Class I OR family is classified into 42 subfamilies. 
Differentially expressed genes (1.3-fold change, p < 0.05) are indicated by filled circles 
(downregulated, blue; upregulated, green), whereas unaffected genes are represented by open circles. 
The class I genes whose expression levels were affected by ΔJ were not biased against specific 
subfamilies; however, the MOR13, MOR34, and MOR40 subfamilies included many J-independent 
genes (grey shaded). Bootstrap values obtained from 500 resamplings are shown only for nodes with 
bootstrap values > 70%. 
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Supplementary Figure 5 | An epigenetic signature for the J and class II enhancer elements. 
Sequencing tracks for DNaseI hypersensitivity (DHS) sequencing and chromatin immunoprecipitation 
sequencing on the J and class II enhancer element regions (H, P, and Lipsi). Sequencing data were 
retrieved from GSE55174 and GSE52464 (single data for DHS and H3K79me3; two replicates for 
H3K27ac, H3K4me1, and H3K27me3) deposited in Gene Expression Omnibus. Note these sequence 
data were obtained from whole MOE preparations. Class II enhancer elements have a well-defined 
DHS peak, are enriched for H3K27ac and H3K4me1, and are missing H3K79me3 and H3K27me3 
modifications. In contrast, the J element does not have significant DHS, H3K27ac and H3K4me1 
peaks, and is enriched for H3K79me3 and H3K27me3, indicating that epigenetic landscape of the J 
element is different from previously characterized enhancer elements for class II genes. 
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Supplementary Figure 6 | Expression analysis of Olfr503 and Olfr504. 
(a) Genomic organization of Olfr503 and Olfr504 and the homologous genes Olfr657 and Olfr658. 
Olfr657 and Olfr658 reside in the 3-Mb class I OR cluster; Olfr503 and Olfr504 are located in the P 
telomeric cluster. The green triangle represents the J element. 
(b) RT-PCR analysis for the four class I OR genes and Gapdh on RT+ (with reverse transcriptase) or 
RT- (without reverse transcriptase) cDNA derived from wild-type MOE. Genomic DNA was used as a 
positive control. The expression of Olfr657 and Olfr658 is clearly detected, whereas Olfr503 and 
Olfr504 expression is not detected or is barely detected. 
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Summary of ISH analysis for 18 tested OR genes (12 class I, 2 atypical class I and 4 class II genes). 
Percentage of expression was calculated by dividing the average number per section of ΔJ by that of 
wild-type in each experiment pair. The fold change value of the microarray data (Supplementary Data 
2) was displayed on the right column (ratio of signals between ΔJ and wild-type mice; positive value 
means ΔJ per wild-type, negative value means wild-type per ΔJ). 
 
 
 

Supplementary Table 1 | ISH analysis in ΔJ mice.

Class I gene
Olfr543 3 16 ± 6.4 -1.61
Olfr544 5 2.1 ± 0.5 -3.57
Olfr547 3 50 ± 12 -1.03
Olfr552 4 4.6 ± 1.6 -6.36
Olfr33 5 35 ± 3.7 -2.29
Olfr584 4 72 ± 21 -1.70
Olfr607 4 26 ± 4.4 -3.14
Olfr639 3 19 ± 2.5 -3.28
Olfr653 5 159 ± 13 1.56
Olfr657 4 3.9 ± 1.6 -3.37
Olfr690 4 56 ± 7.9 -1.58
Olfr692 5 29 ± 4.9 -1.39
Atypical class I gene
Olfr556 3 76 ± 4.5 -1.05
Olfr686 3 78 ± 14 -1.08
Class II gene (dorsal)
Olfr151 3 106 ± 21 -1.05
Olfr521 5 109 ± 17 -1.06
Class II gene (ventral)
Olfr17 4 97 ± 9.1 -1.10
Olfr693 4 100 ± 20 -1.04

OR gene probe n Microarray analysis
fold change value

Expression [% of WT]
(mean ± SEM)
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Summary of ISH analysis for 6 tested class I OR genes. Percentage of expression was calculated by dividing the average number per section of 

ΔJ heterozygous (J/ΔJ) or homozygous (ΔJ/ΔJ) by that of wild-type (J/J). P values were calculated by the One-way ANOVA in each Olfr 

probes. 

  

Supplementary Table 2 | ISH analysis in ΔJ heterozygous and homozygous mice.

n n n
Olfr544 5 100 ± 13 4 75 ± 7.6 5 1.9 ± 0.3 < 0.0001
Olfr552 4 100 ± 7.7 4 66 ± 16 4 4.9 ± 1.9 0.0004
Olfr33 5 100 ± 14 4 75 ± 9.2 5 34 ± 3.3 0.0014
Olfr657 4 100 ± 12 4 80 ± 11 4 3.5 ± 1.3 0.0001
Olfr692 5 100 ± 13 4 90 ± 10 5 29 ± 6.4 0.0008
Olfr653 5 100 ± 16 4 93 ± 5.1 4 179 ± 29 0.0178

OR gene probe One-way ANOVA
p-value

(mean ± SEM)
J/J J/ΔJ 

(mean ± SEM)
ΔJ/ΔJ

(mean ± SEM)

Expression [% of WT]
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Supplementary Table 3 | List of PCR primers.
Target Forward primer sequence Reverse primer sequence Product size [bp]

Tg-U79 CCCAAGCTTATCACCAGGGACAACTTGG CGGGATCCAGAGGTGCAAGAAACTGAC 1201
Tg-U29 GGCCATTCAAGCTTCTACTCTCTAC CGGGATCCACTTCCATGACCTGAGTC 1260
Tg-U16 CTCAAGCTTGTCTGCCCTCTCTGAC CGGGATCCTTGACGGTGGCTCTGATTG 1223

Olfr544 promoter GCTCTAGAGCACACCCCTTCAGCTCCTC TCCCCGCGGCAGGACTCACACAGGCAGGG 921
5´-end of 13 kb region ACGCGTCGACTCAGTATCAGGCCATTC CGGGATCCTAGTTCAGCTGTCGCTTTCC 2414
3´-end of 13 kb region CGGGATCCATAGATCCGCCTACTTCCAC GCTCTAGAGAGGGCTCAACATTGCTTTG 876

1.9 kb J element CCGCTCGAGTAGTTTTCTGTGAGAGGGTCTCTTC CTAGTCTAGAGGGGGACAAAGCCAGGGCAT 1894

J (intact) allele GCTTAGATTCTCCTCAGTGCAAC CACTTGCCTGCTACTGTCATTC 432

ΔJ allele ACTGGCATCATCTCTACATCAGC CACTTGCCTGCTACTGTCATTC 299 for ΔJ line#8
(2281 for intact allele)

Venus GCAAGCTGACCCTGAAGCTG TTGCTCAGGGCGGACTGGTA 508
GFP GGCATCAAGGTGAACTTCAAGATCC CTTTACTTGTACAGCTCGTCCATGC 242
SacB GCTGAATACAACGGCTATCACG TCTCTCAGCGTATGGTTGTCG 449
CmR GAGGCATTTCAGTCAGTTGCTC CGGCATGATGAACCTGAATCG 517

Olfr657 CCTTCAATAGTTCCAAGTCCCA AAGATACCGGACTCCATGCC 343
Olfr658 GTCATGTCAGTGCAGAATAGCA AGTAACGCAGAGGGTAGCAG 406
Olfr503 TCATGTCAGCGAGGAATAACC GAGTAATGCAGAGGGTAGCAA 406
Olfr504 AGACTTCAATAGTTCCAAGTTCCT GCAGATACCAGACTCCATGCT 346
Gapdh ACCACAGTCCATGCCATCAC ATGTAGGCCATGAGGTCCAC 467

RT-PCR

Mouse genotyping

Zebrafish transgene

Reporter transgene

Homology arm for deletion of Tg-220
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Supplementary Table 4 | Off-target analysis for ΔJ mice.
Target Chr Seed sequence (20-bp + PAM) Forward primer sequence Reverse primer sequence Mutation
gRNA1 target 7 tctcattgccacccggatgatgg - - -
OT-1 10 cactgctgccacccggatgaagg tttgtacttgagctggtgaggc tgtctcttgccaccacactg No

gRNA2 target 7 gcccctccaccgtacttgcaggg - - -
No potential off-target sites
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Supplementary Table 5 | List of riboprobes.
Gene Synonym OR class Accession # Nucleotide position Cross-hybridized gene Reference

Olfr543 MOR42-2 I NM_001011782 38-987 -
Olfr544 MOR42-3, S6 I NM_020289 14-915 Olfr545
Olfr547 MOR31-4 I NM_147079 31-910 -
Olfr552 MOR28-1 I NM_147102 15-927 -
Olfr556 MOR41-1 atypical I NM_146754 82-994 -
Olfr33 MOR11-2 I NM_147073 1-957 Olfr559
Olfr78 MOR18-2, MOL2.3 I NM_130866 1140-2102 -
Olfr578 MOR7-1 I NM_147115 4-790 -
Olfr584 MOR30-2 I NM_147054 71-748 Olfr569, Olfr582
Olfr607 MOR33-3P I XM_006544227 1-843 -
Olfr639 MOR12-1 I NM_147084 1-922 -
Olfr653 MOR33-1 I NM_147074 32-960 -
Olfr657 MOR40-13 I NM_146312 1-913 Olfr504
Olfr672 MOR32-4 I NM_146760 9-919 -
Olfr686 MOR35-1 atypical I NM_147069 39-948 -
Olfr690 MOR31-2, Ors18 I NM_020290 8-1002 -
Olfr692 MOR36-1 I NM_146355 23-952 -
Olfr521 MOR101-2 II NM_146356 19-963 Olfr520
Olfr693 MOR283-8 II NM_146453 13-928 -
Olfr54 MOR126-1 II NM_010997 31-933 Olfr1375
Olfr73 MOR174-9, mOR-EG II NM_054090 3-904 -
Olfr878 MOR163-1 II NM_146798 233-909 -
Olfr17 MOR263-5, P2 II AF247657 54–948 - Fuss et al., (2007)
Olfr151 MOR171-2, M71 II AF281061 64-930 Olfr160 Fuss et al., (2007)
Olfr19 MOR140-1, M12 II AY073758 172–869 - Fuss et al., (2007)

Olfr545 3'UTR MOR42-1, S50 I NC_000073.6 102492367-102493333 -

GFP - - U55762 677-1416 Venus

OR coding probe

Olfr545 specific probe

Others
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