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Materials and Methods

7LVVXH DFTXLVLWLRQ

AOO ZRUN ZDV FRPSOHWHG XQGHU HWKLFDOO\ DSSURYHG VWXGLHV. 7LVVXH ZDV REWDLQHG IURP

GHFHDVHG RUJDQ GRQRUV IROORZLQJ FLUFXODWRU\ GHDWK ('C') RU EUDLQ GHDWK ('B') YLD WKH

CDPEULGJH BLRUHSRVLWRU\ IRU 7UDQVODWLRQDO 0HGLFLQH (CB70,

KWWSV://ZZZ.FEWP.JURXS.FDP.DF.XN/), 5(C 15/((/0152. BULHIO\, GRQRUV SURFHHGHG WR

RUJDQ GRQDWLRQ DIWHU FHVVDWLRQ RI FLUFXODWLRQ. 2UJDQV ZHUH WKHQ SHUIXVHG LQ VLWX ZLWK

FROG RUJDQ SUHVHUYDWLRQ VROXWLRQ DQG FRROHG ZLWK WRSLFDO DSSOLFDWLRQ RI LFH. 6DPSOHV IRU

WKH VWXG\ ZHUH REWDLQHG ZLWKLQ 60 PLQXWHV RI FHVVDWLRQ RI FLUFXODWLRQ DQG SODFHG LQ

8QLYHUVLW\ RI :LVFRQVLQ (8:) RUJDQ SUHVHUYDWLRQ VROXWLRQ IRU WUDQVSRUW DW 4�C WR WKH

ODERUDWRU\. *XW VDPSOHV ZHUH WDNHQ IURP WKH ORFDWLRQV LQGLFDWHG LQ )LJ. 1A. AGGLWLRQDO

VDPSOHV ZHUH REWDLQHG IURP WKH OHIW ORZHU OREH RI WKH OXQJ DQG WKH ULJKW OREH RI WKH

OLYHU. 6NHOHWDO PXVFOH ZDV WDNHQ IURP WKH WKLUG LQWHUFRVWDO VSDFH DQG ERQH PDUURZ ZDV

REWDLQHG IURP WKH YHUWHEUDO ERGLHV. ,Q DGGLWLRQ, WZR GRQRU-PDWFKHG EORRG VDPSOHV ZHUH

WDNHQ MXVW SULRU WR WUHDWPHQW ZLWKGUDZDO, XQGHU 5(C DSSURYDO 97/290.

AW CROXPELD 8QLYHUVLW\, KXPDQ WLVVXHV ZHUH REWDLQHG IURP GHFHDVHG RUJDQ GRQRUV DW

WKH WLPH RI RUJDQ DFTXLVLWLRQ IRU FOLQLFDO WUDQVSODQWDWLRQ WKURXJK DQ DSSURYHG SURWRFRO

DQG PDWHULDO WUDQVIHU DJUHHPHQW ZLWK /LYH2Q1<, WKH RUJDQ SURFXUHPHQW RUJDQL]DWLRQ

(232) IRU WKH 1HZ <RUN PHWURSROLWDQ DUHD, DV SUHYLRXVO\ GHVFULEHG (54, 75). AOO GRQRUV

ZHUH IUHH RI FDQFHU DQG VHURQHJDWLYH IRU KHSDWLWLV B, KHSDWLWLV C, DQG +,9. AV WLVVXHV

ZHUH REWDLQHG IURP EUDLQ-GHDG RUJDQ GRQRUV, WKLV VWXG\ GRHV QRW TXDOLI\ DV ³KXPDQ

VXEMHFWV´ UHVHDUFK, DV FRQILUPHG E\ WKH CROXPELD 8QLYHUVLW\ ,QVWLWXWLRQDO 5HYLHZ

BRDUG.

'RQRU PHWDGDWD ZKLFK LQFOXGHV DJH, VH[, FDXVH RI GHDWK, C09/(B9/72;2 VWDWXV DQG

PHGLFDWLRQ LV GHVFULEHG LQ 7DEOH 61.

2

https://www.cbtm.group.cam.ac.uk/
https://paperpile.com/c/cnnK67/VWOcN+Nthm


7LVVXH SURFHVVLQJ

7KH ILUVW VL[ GRQRUV UHFUXLWHG ZHUH SURFHVVHG ZLWK D XQLIRUP SURWRFRO. 7KH UHPDLQLQJ

GRQRUV ZHUH SURFHVVHG ZLWK D WLVVXH DGDSWHG SURWRFRO ZLWK WKH DLP RI LPSURYLQJ

LPPXQH FHOO UHFRYHU\, DQG WKLV SURWRFRO ZDV KDUPRQLVHG DV FORVHO\ DV SRVVLEOH EHWZHHQ

WKH CDPEULGJH 8QLYHUVLW\ DQG CROXPELD 8QLYHUVLW\ FROOHFWLRQ VLWHV. ,PPXQH FHOO

FRPSRVLWLRQ ZDV EURDGO\ VLPLODU EHWZHHQ DOO SURWRFROV XVHG (fig. S12).

7LVVXH SURFHVVLQJ IRU GRQRUV A29, A31, A35, A36, A37, A52 (CDPEULGJH 8QLYHUVLW\)

7LVVXHV IURP WKHVH GRQRUV ZHUH SURFHVVHG XVLQJ D XQLIRUP SURWRFRO. BULHIO\, VROLG

WLVVXHV ZHUH WUDQVIHUUHG WR D 100PP WLVVXH FXOWXUH GLVK, FXW LQWR VPDOO SLHFHV DQG

WUDQVIHUUHG WR *HQWOHPDFV C-WXEHV (0LOWHQ\L BLRWHF) DW D PD[LPXP RI 5J/WXEH LQ 5P/

RI ;-YLYR15 PHGLD (/RQ]D /=B(02) FRQWDLQLQJ 0.138/P /LEHUDVH 7/ (5RFKH

5401020001), 108/P/ '1DVH (EHQ]RQDVH QXFOHDVH, 0HUFN 70746-4) VXSSOHPHQWHG

ZLWK 2% (Y/Y) KHDW-LQDFWLYDWHG IHWDO ERYLQH VHUXP ()B6; 0HUFN )6178), SHQLFLOOLQ DQG

VWUHSWRP\FLQ (100 8/PO DQG 0.1 PJ/PO, UHVSHFWLYHO\, 6LJPD-AOGULFK 30781), DQG 10P0

+(3(6 (6LJPD AOGULFK +0887). 7KH VDPSOHV ZHUH WKHQ GLVVRFLDWHG XVLQJ D

*HQWOH0AC6 2FWR GLVVRFLDWRU (0LOWHQ\L BLRWHF) XVLQJ D SURWRFRO WKDW SURYLGHG JUDGXDO

UDPSLQJ XS RI KRPRJHQLVDWLRQ VSHHG DORQJ ZLWK 2[ 15 PLQXWH KHDWLQJ/PL[LQJ VWHSV DW

37�C. 'LJHVWHG WLVVXH ZDV ILOWHUHG WKURXJK D 70-ȝP 0AC6 6PDUWVWUDLQHU (0LOWHQ\L

BLRWHF 130-098-462) DQG ZDVKHG ZLWK PHGLD FRQWDLQLQJ 2P0 ('7A (7KHUPR)LVKHU

15575020) , SULRU WR ZDVKLQJ ZLWK 3B6 (0HUFN '8537). A ILFROO GHQVLW\ FHQWULIXJDWLRQ

VWHS (400J IRU 30PLQ DW 57) ZDV SHUIRUPHG WR LVRODWH PRQRQXFOHDU FHOOV (01CV). AIWHU

JUDGLHQW FHQWULIXJDWLRQ, FHOOV ZHUH ZDVKHG RQFH ZLWK 3B6 SULRU WR FRXQWLQJ DQG

UHVXVSHQGLQJ 3B6 FRQWDLQLQJ 0.04% (Y/Y) B6A (*LEFR 15260037).

BRQH PDUURZ DVSLUDWHV DQG EORRG VDPSOHV ZHUH GLOXWHG 1:1 ZLWK 3B6 DQG OD\HUHG

GLUHFWO\ RQWR ILFROO IRU PRQRQXFOHDU FHOO LVRODWLRQ DV GHVFULEHG DERYH. CHOOV WDNHQ IURP

WKH LQWHUSKDVH OD\HU ZHUH ZDVKHG ZLWK 3B6 DQG H[SRVHG WR WKH VDPH HQ]\PDWLF

FRQGLWLRQV DV VROLG WLVVXHV E\ UHVXVSHQGLQJ FHOO SHOOHWV LQ WLVVXH GLVVRFLDWLRQ PHGLD

FRQWDLQLQJ OLEHUDVH 7/ IRU 30 PLQXWHV DW 37RC SULRU WR FRXQWLQJ DQG UHVXVSHQGLQJ LQ

3B6 FRQWDLQLQJ 0.04% (Y/Y) B6A.

3



7LVVXH SURFHVVLQJ IRU GRQRUV 582C, 621B, 637C DQG 640C (CDPEULGJH 8QLYHUVLW\)

/\PSKRLG WLVVXHV OLNH VSOHHQ DQG O\PSK QRGHV ZHUH PDVKHG WKURXJK D 70 �0 ILOWHU

SODFHG RQ WRS RI D 50PO IDOFRQ, XVLQJ WKH SOXQJHU IURP D 2 PO V\ULQJH DV D SHVWOH. 7KH

ILOWHU ZDV RFFDVLRQDOO\ ZDVKHG ZLWK [-YLYR + 1% )B6 + 108/PO BHQ]RQDVH (0HUFN).

'HSHQGLQJ RQ WKH VL]H RI WKH WLVVXH, WKH ILOWHUHG FHOO VXVSHQVLRQ ZDV WRSSHG XS WR

30-50PO ZLWK [-YLYR + 1% )B6 + 108/PO BHQ]RQDVH, DQG SODFHG RQ LFH DV UHTXLUHG.

1RQ-O\PSKRLG WLVVXH OLNH OXQJ, OLYHU DQG NLGQH\ ZHUH ILUVW FKRSSHG XS ZLWK VFLVVRUV LQWR

0.2-0.5FP SLHFHV, WKHQ WUDQVIHUUHG LQWR *HQWOHPDFV C-WXEHV DQG 2.5PO RI FROODJHQDVH

(0HUFN C7926) DQG 2.5 PO [-YLYR PHGLD DGGHG, WKHQ KRPRJHQLVHG XVLQJ D SURWRFRO WKDW

SURYLGHG JUDGXDO UDPSLQJ XS RI KRPRJHQLVDWLRQ VSHHG DORQJ ZLWK 2[ 15 PLQXWH

KHDWLQJ/PL[LQJ VWHSV DW 37�C. 3RVW-JHQWOHPDFV KRPRJHQLVDWLRQ 20 �O RI 0.5 P0 ('7A

(2P0 ILQDO FRQF) SHU 5 PO RI FROODJHQDVH ZDV DGGHG WR QHXWUDOLVH, DQG WKH GLJHVWHG

WLVVXH WUDQVIHUUHG LQWR D 70�0 FHOO VWUDLQHU SODFHG RQ WRS RI D 50 PO IDOFRQ. 8VLQJ WKH

SOXQJHU RI D 2 PO V\ULQJH WKH WLVVXH ZDV PDVKHG WKURXJK WKH ILOWHU, ZLWK RFFDVLRQDO

ZDVKLQJ RI WKH ILOWHU ZLWK [-YLYR + 1% )B6 + 108/PO BHQ]RQDVH. 'HSHQGLQJ RQ WKH

VL]H RI WKH WLVVXH, WKH ILOWHUHG FHOO VXVSHQVLRQ ZDV WRSSHG XS WR 30-50PO ZLWK [-YLYR +

1% )B6+ 108/PO BHQ]RQDVH, DQG SODFHG RQ LFH DV UHTXLUHG.

7KH SURWRFRO XVHG WR SURFHVV MHMXQXP ZDV DGDSWHG IURP (11) ZLWK WKH DLP RI VHSDUDWLQJ

WKH ODPLQD SURSULD (/3) DQG LQWUDHSLWKHOLDO OD\HUV (,(/), DEEUHYLDWHG WR -(-/3 DQG

-(-(3, LQ WKH GDWDVHW. 7KH MHMXQXP ZDV ZDVKHG ZLWK 3B6 + 0.04% B6A WR UHPRYH DQ\

FKLPH, FKRSSHG XS ZLWK VFLVVRUV LQWR 0.5 FP SLHFHV WKHQ WUDQVIHUUHG LQWR D 50 PO IDOFRQ

WXEH DQG 10 PO RI [-YLYR + 2 P0 '77 (0.10 VROXWLRQ, 7KHUPR)LVKHU 7072650/) + 5

P0 ('7A (0.50 VROXWLRQ, ,QYLWURJHQ) + 1% )B6 DGGHG, WKHQ SODFHG LQ WKH 37RC

LQFXEDWRU IRU 20 PLQXWHV. 7KH WXEH ZDV VKDNHQ DIWHU 10 PLQXWHV. 7KH MHMXQXP FKHPLFDO

GLJHVW ZDV WKHQ SXW WKURXJK D 70�0 ILOWHU SODFHG RQ WRS RI D 50 PO IDOFRQ DQG ULQVHG

ZLWK 10 PO RI [-YLYR + 1% )B6 + 108/PO BHQ]RQDVH. 7KH ZDVK WKURXJK IURP WKH ILOWHU

FRQWDLQV WKH ,(/ FHOOV, DQG ZDV NHSW RQ LFH. ([FHVV WLVVXH IURP WKH ILOWHU ZDV VFUDSHG

EDFN LQWR D 50 PO IDOFRQ DQG WKH GLJHVW DQG ILOWHULQJ VWHSV UHSHDWHG. 5HPDLQLQJ WLVVXH

IURP WKH ILOWHU ZDV QH[W VFUDSHG LQWR D *HQWOHPDFV C WXEH DQG GLJHVWHG ZLWK 2.5 PO RI
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FROODJHQDVH ,9 (0HUFN) DQG 2.5PO RI [-YLYR DQG UXQ RQ WKH VDPH *HQWOHPDFV

SURJUDPPH XVHG IRU WKH QRQ-O\PSKRLG WLVVXHV. 20 �O RI 0.5 P0 ('7A (,QYLWURJHQ) WR

JLYH D 2P0 ILQDO FRQFHQWUDWLRQ SHU 5 PO RI FROODJHQDVH ZDV WKHQ DGGHG WR QHXWUDOLVH

DQG WKH GLJHVWHG WLVVXH SODFHG LQWR D 70�0 FHOO VWUDLQHU SODFHG RQ WRS RI D 50 PO IDOFRQ.

8VLQJ WKH SOXQJHU RI D 2 PO V\ULQJH WKH WLVVXH ZDV PDVKHG WKURXJK WKH ILOWHU ZKLFK ZDV

RFFDVLRQDOO\ ZDVKHG ZLWK [-YLYR + 1% )B6 + 108/PO BHQ]RQDVH. 7KH FHOOV WKDW SDVV

WKURXJK WKH ILOWHU DUH /3 FHOOV. 'HSHQGLQJ RQ WKH VL]H RI WKH WLVVXH, WKH ILOWHUHG FHOO

VXVSHQVLRQ ZDV WRSSHG XS WR 30-50PO ZLWK [-YLYR + 1% )B6 + 108/PO BHQ]RQDVH

(0HUFN), DQG SODFHG RQ LFH DV UHTXLUHG.

2QFH D VLQJOH FHOO VXVSHQVLRQ ZDV REWDLQHG IURP DOO WLVVXHV, WKH\ ZHUH FHQWULIXJHG DW

600J [ 10 PLQXWHV DQG UHVXVSHQGHG LQ [-YLYR + 1% )B6 UHDG\ IRU OD\HULQJ RYHU ILFROO.

BORRG DQG ERQH PDUURZ ZDV GLOXWHG 1:1 LQ [-YLYR + 1% )B6 DQG OD\HUHG RYHU ILFROO

ZLWK QR DGGLWLRQDO SURFHVVLQJ VWHSV. 7KH PRQRQXFOHDU FHOO LVRODWLRQ XVLQJ ILFROO ZDV

SHUIRUPHG DV GHVFULEHG DERYH. 7KLV SURWRFRO LV DYDLODEOH RQ SURWRFROV.LR

(G[.GRL.RUJ/10.17504/SURWRFROV.LR.E]4TS8YZ).

HDVKWDJ ODEHOLQJ RI FHOOV IRU GRQRUV 582C, 621B, 637C DQG 640C (CDPEULGJH

8QLYHUVLW\)

CHOOV ZHUH KDVKWDJJHG WR DOORZ SRROLQJ RI VDPSOHV IRU ORDGLQJ RQ WKH 10; CKURPLXP

LQVWUXPHQW DQG WKH KDVKWDJV XVHG DUH OLVWHG LQ 7DEOH 62. ASSUR[LPDWHO\ 500N 01C SHU

WLVVXH ZDV WUDQVIHUUHG LQWR D 1.5PO OR-ELQG HSSHQGRUI. CHOOV ZHUH VSXQ DW 600J IRU 5

PLQXWHV DQG DV PXFK VXSHUQDWDQW DV SRVVLEOH ZDV UHPRYHG DQG WKH FHOOV UHVXVSHQGHG LQ

50�O 3B6+0.04% B6A. 5�O RI )C EORFN (BLR/HJHQG 422301) ZDV DGGHG WR UHGXFH

EDFNJURXQG ODEHOOLQJ DQG LQFXEDWHG DW 4RC IRU 10 PLQXWHV. (DFK KDVKWDJ ZDV VSXQ DW

14,000J IRU 10 PLQXWHV, DQG WKHQ DGGHG 0.5�O RI KDVKWDJ WR HDFK WXEH. ,QFXEDWH DW 4RC

IRU 30 PLQXWHV WKHQ WRS XS WR 500�O ZLWK 3B6 + 0.04% B6A, DQG VSLQ DW 600J [ 5 PLQV,

DQG UHPRYH VXSHUQDWDQW. :DVK FHOOV WZLFH PRUH ZLWK 500�O ZLWK 3B6 + 0.04% B6A,

WKHQ UHVXVSHQG FHOOV LQ 100�O ZLWK 3B6 + 0.04% B6A. CRXQW FHOOV DQG SRRO HTXDO

QXPEHUV RI FHOOV IURP HDFK WLVVXH DQG SURFHHG WR ORDGLQJ RI WKH 10; CKURPLXP

CRQWUROOHU.
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7LVVXH SURFHVVLQJ IRU GRQRUV D496 DQG D503 (CROXPELD 8QLYHUVLW\)

(DFK WLVVXH ZDV VXEMHFWHG WR D WLVVXH VSHFLILF SURWRFRO WR PD[LPL]H FHOO UHFRYHU\ DQG

YLDELOLW\ DFURVV D GLYHUVLW\ RI VLWHV:

BORRG VDPSOHV DQG ERQH PDUURZ DVSLUDWHV VKDUHG D SURWRFRO LQ ZKLFK WKH\ ZHUH GLOXWHG

1:4 DQG OD\HUHG GLUHFWO\ RQWR )LFROO-SDTXH IRU D GHQVLW\ FHQWULIXJDWLRQ VWHS (1200 [ J IRU

20PLQ DW 20�C) DQG VXEVHTXHQW PRQRQXFOHDU FHOO LVRODWLRQ.

6SOHHQ VDPSOHV ZHUH PHFKDQLFDOO\ GLJHVWHG ZLWK VFLVVRUV, DQG PDVKHG DQG ZDVKHG

WKURXJK D 100ȝ0 ILOWHU ZLWK D VROXWLRQ RI 3B6 FRQWDLQLQJ 5% (Y/Y) )B6 DQG 2P0

('7A. 7KH VLQJOH FHOO VXVSHQVLRQ ZDV VSXQ GRZQ (400 [ J IRU 10 PLQXWHV DW 20�C),

ZDVKHG ZLWK 3B6 FRQWDLQLQJ 5% (Y/Y) )B6 DQG 2P0 ('7A, DQG OD\HUHG RQWR

)LFROO-SDTXH IRU D GHQVLW\ FHQWULIXJDWLRQ VWHS (1200 [ J IRU 20PLQ DW 20�C) DQG

VXEVHTXHQW PRQRQXFOHDU FHOO LVRODWLRQ.

/XQJ DQG DOO O\PSK QRGH VDPSOHV VKDUHG D SURWRFRO ZKHUH WKH\ ZHUH PHFKDQLFDOO\

GLJHVWHG ZLWK VFLVVRUV DQG HQ]\PDWLFDOO\ GLJHVWHG RQ D VKDNHU IRU 30 PLQXWHV DW 37�C LQ

,0'0 0HGLD (*LEFR 12440053) FRQWDLQLQJ 1PJ/P/ CROODJHQDVH ' (0LOOLSRUH 6LJPD

11088882001) DQG 0.1PJ/P/ '1DVH (:RUWKLQJWRQ /6002139). AIWHU GLJHVWLRQ, WKH

WLVVXH ZDV PDVKHG DQG ZDVKHG WKURXJK D 100ȝ0 ILOWHU ZLWK D VROXWLRQ RI 3B6

FRQWDLQLQJ 5% (Y/Y) )B6 DQG 2P0 ('7A. 7KH VLQJOH FHOO VXVSHQVLRQ ZDV VSXQ GRZQ

(400 [ J IRU 10 PLQXWHV DW 20�C), ZDVKHG DQG UHVXVSHQGHG ZLWK ,0'0 0HGLD ZLWK

10% (Y/Y) )B6, DQG OD\HUHG RQWR )LFROO-SDTXH IRU D GHQVLW\ FHQWULIXJDWLRQ VWHS (1200 [

J IRU 20PLQ DW 20�C) DQG VXEVHTXHQW PRQRQXFOHDU FHOO LVRODWLRQ.

-HMXQXP WLVVXH ZDV SURFHVVHG WR VHSDUDWH WKH (SLWKHOLDO /D\HU ((/) IURP WKH /DPLQD

3URSULD (/3) DEEUHYLDWHG WR -(-(3, DQG -(-/3 LQ WKH GDWDVHW UHVSHFWLYHO\. 7KH SURFHVV

EHJLQV E\ ZDVKLQJ WKH WLVVXH RI LQWHVWLQDO FRQWHQWV RU FK\PH ZLWK FROG 3B6 FRQWDLQLQJ

5% (Y/Y) )B6. 7KH (/ ZDV VWULSSHG E\ WZLFH LQFXEDWLQJ WKH WLVVXH DW 37�C RQ D VKDNHU

IRU 30 PLQXWHV ZLWK ,0'0 0HGLD FRQWDLQLQJ 2 P0 '77, 10 P0 ('7A, DQG 10%

(Y/Y) )B6. AIWHU HDFK VWULS, WKH PHGLD ZDV UHPRYHG IURP WKH WLVVXH, ILOWHUHG, DQG

ZDVKHG WKURXJK D 100ȝ0 ILOWHU ZLWK D VROXWLRQ RI 3B6 FRQWDLQLQJ 5% (Y/Y) )B6 DQG

2P0 ('7A WR FROOHFW WKH (/ IUDFWLRQ, ZKLFK LV VWRUHG RQ LFH XQWLO WKH /3 IUDFWLRQ KDV
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EHHQ FROOHFWHG. ,Q RUGHU WR FROOHFW WKH FHOOV RI WKH /3, DIWHU WKH VHFRQG VWULSSLQJ VWHS, WKH

WLVVXH ZDV PHFKDQLFDOO\ GLJHVWHG ZLWK VFLVVRUV DQG HQ]\PDWLFDOO\ GLJHVWHG RQ D VKDNHU

IRU 30 PLQXWHV DW 37�C LQ ,0'0 0HGLD (*LEFR 12440053) FRQWDLQLQJ 1PJ/P/

CROODJHQDVH ' (0LOOLSRUH 6LJPD 11088882001) DQG 0.1PJ/P/ '1DVH (:RUWKLQJWRQ

/6002139). AIWHU GLJHVWLRQ, WKH WLVVXH ZDV PDVKHG DQG ZDVKHG WKURXJK D 100ȝ0 ILOWHU

ZLWK D VROXWLRQ RI 3B6 FRQWDLQLQJ 5% (Y/Y) )B6 DQG 2P0 ('7A. AW WKLV VWHS, WKH

VLQJOH FHOO VXVSHQVLRQV RI ERWK WKH (/ DQG /3 IUDFWLRQV ZHUH VSXQ GRZQ (400 [ J IRU 10

PLQXWHV DW 20�C), ZDVKHG DQG UHVXVSHQGHG LQ ,0'0 0HGLD ZLWK 0.258/PO BHQ]RQDVH

(0LOOLSRUH 6LJPD (1014-5.8). 7KH VDPSOHV ZHUH LQFXEDWHG IRU 30 PLQXWHV DW 37�C,

ZDVKHG DQG UHVXVSHQGHG ZLWK ,0'0 0HGLD ZLWK 10% (Y/Y) )B6, DQG OD\HUHG RQWR

)LFROO-SDTXH IRU D GHQVLW\ FHQWULIXJDWLRQ VWHS (1200 [ J IRU 20PLQ DW 20�C) DQG

VXEVHTXHQW PRQRQXFOHDU FHOO LVRODWLRQ.

2QFH LVRODWHG, DOO VLQJOH FHOO VXVSHQVLRQV ZHUH FHQWULIXJHG (400 [ J, 10 PLQXWHV DW 4�C)

DQG ZDVKHG WZLFH ZLWK 3B6 FRQWDLQLQJ 5% (Y/Y) )B6 DQG 2P0 ('7A. CHOO FRXQWV

ZHUH DFTXLUHG XVLQJ WKH 1C-2000 CHOO CRXQWHU (CKHPRPHWHF) DQG 50 PLOOLRQ YLDEOH

FHOOV IURP HDFK VLWH ZHUH WUHDWHG ZLWK 7UXVWDLQ )F; (BLR/HJHQG 422302) DQG )F5

BORFNLQJ 5HDJHQW (0LOWHQ\L 130-059-901). CHOOV ZHUH VXEVHTXHQWO\ ODEHOHG IRU 30

PLQXWHV DW 4�C ZLWK ELRWLQ\ODWHG DQWL-C'66B (BLR/HJHQG 305120), DQWL-C'235DE

(BLR/HJHQG 306618), DQWL-C'326 (BLR/HJHQG 324216) WR UHPRYH JUDQXORF\WHV, UHG

EORRG FHOOV, DQG HSLWKHOLDO FHOOV UHVSHFWLYHO\ YLD VWUHSWDYLGLQ-FRDWHG PDJQHWLF SDUWLFOHV

DQG QHJDWLYH VHOHFWLRQ (BDQJV /DERUDWRULHV B3628). )LQDOO\, DOO VLQJOH FHOO VXVSHQVLRQV

ZHUH VXEMHFWHG WR GHDG FHOO UHPRYDO XVLQJ D 'HDG CHOO 5HPRYDO .LW (0LOWHQ\L).

HDVKWDJ ODEHOLQJ RI FHOOV IRU GRQRUV D496 DQG D503 (CROXPELD 8QLYHUVLW\)

(DFK VLQJOH FHOO VXVSHQVLRQ ZDV KDVKWDJJHG WR DOORZ SRROLQJ RI VDPSOHV IRU ORDGLQJ RQ

WKH 10; CKURPLXP LQVWUXPHQW DQG WKH KDVKWDJV XVHG DUH OLVWHG LQ 7DEOH 62.

ASSUR[LPDWHO\ RQH PLOOLRQ 01C SHU WLVVXH ZHUH WUDQVIHUUHG LQWR 4P/ IORZ F\WRPHWU\

WXEHV. CHOOV ZHUH FHQWULIXJHG DW 400 [ J IRU 5 PLQXWHV, 4�C, VXSHUQDWDQW UHPRYHG, DQG

UHVXVSHQGHG LQ 3B6 FRQWDLQLQJ 5% (Y/Y) )B6 DQG 2P0 ('7A. CHOOV ZHUH WUHDWHG ZLWK

7UXVWDLQ )F; (BLR/HJHQG 422302) DQG )F5 BORFNLQJ 5HDJHQW (0LOWHQ\L 130-059-901)
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WR UHGXFH EDFNJURXQG ODEHOOLQJ DQG LQFXEDWHG DW 4�C IRU 10 PLQXWHV. (DFK KDVKWDJ ZDV

VSXQ DW 14,000 [ J IRU 10 PLQXWHV, DQG 1�/ RI KDVKWDJ ZDV DGGHG WR HDFK WXEH. 7KH

VDPSOHV ZHUH LQFXEDWHG DW 4�C IRU 30 PLQXWHV, DQG VXEVHTXHQWO\ FHQWULIXJHG DW 400 [ J

IRU 5 PLQXWHV, 4�C DQG ZDVKHG WKUHH WLPHV ZLWK 3B6 FRQWDLQLQJ 5% (Y/Y) )B6 DQG

2P0 ('7A. 200. IURP HDFK VDPSOH ZDV DGGHG WR D VLQJOH 4P/ IORZ F\WRPHWU\ WXEH.

7KLV WXEH ZDV FHQWULIXJHG DW 400 [ J IRU 5 PLQXWHV, 4�C DQG UHVXVSHQGHG LQ 3B6

FRQWDLQLQJ 5% (Y/Y) )B6 DQG 2P0 ('7A.

6LQJOH-FHOO 51A OLEUDU\ SUHSDUDWLRQ DQG VHTXHQFLQJ

)RU VF51A-VHT H[SHULPHQWV, VLQJOH FHOOV ZHUH ORDGHG RQWR WKH FKDQQHOV RI D CKURPLXP

FKLS (10[ *HQRPLFV) IRU D WDUJHW UHFRYHU\ RI 5,000 FHOOV. ,PPXQH FHOOV IURP GRQRUV

A29, A31, A35, A36, A37, A52 ZHUH ORDGHG LQWR D VLQJOH 10[ FKDQQHO SHU WLVVXH SHU

GRQRU. )RU WKH UHPDLQLQJ GRQRUV, DV WKH FHOOV ZHUH KDVKWDJ ODEHOOHG, HDFK GRQRU¶V FHOOV

ZHUH SRROHG DQG ORDGHG LQWR D PD[LPXP RI VL[WHHQ 10[ FKDQQHOV. 6LQJOH-FHOO F'1A

V\QWKHVLV, DPSOLILFDWLRQ, DQG VHTXHQFLQJ OLEUDULHV ZHUH JHQHUDWHG XVLQJ HLWKHU WKH 10;

*HQRPLFV 6LQJOH CHOO 5ƍ 5HDJHQW (Y1 1000006 DQG 1000020 DQG Y2 1000263 DQG

1000190) (CDPEULGJH 8QLYHUVLW\) RU 3ƍ 5HDJHQW (Y3.1 1000121) (CROXPELD 8QLYHUVLW\)

.LW IURP 10[ *HQRPLFV IROORZLQJ WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV. 7KH JHQH H[SUHVVLRQ

OLEUDULHV ZHUH VHTXHQFHG RQ DQ ,OOXPLQD 1RYD6HT 6000 SODWIRUP DW D WDUJHW GHSWK RI

50,000 UHDGV SHU FHOO. )RU VDPSOHV SUHSDUHG ZLWK WKH 6LQJOH CHOO 5ƍ 5HDJHQW .LW, 9'-

OLEUDULHV IRU 7C5Įȕ DQG BC5 ZHUH SUHSDUHG ZLWK WKH 9(')- HQULFKPHQW .LW IURP 10[

*HQRPLFV (Y1 1000005 DQG 1000016 DQG Y2 1000252 DQG 1000253) IROORZLQJ WKH

PDQXIDFWXUHU¶V LQVWUXFWLRQV. 9'- OLEUDULHV IRU 7C5Ȗį ZHUH SUHSDUHG XVLQJ SUHYLRXVO\

SXEOLVKHG SULPHUV (76) FRPSDWLEOH ZLWK WKH 6LQJOH CHOO 5ƍ 5HDJHQW (Y1) .LW IURP 10[

*HQRPLFV. 9'- OLEUDULHV IRU B DQG 7 FHOOV ZHUH VHTXHQFHG RQ HLWKHU D +L6HT 4000 RU

SRROHG ZLWK JHQH H[SUHVVLRQ OLEUDULHV RQ WKH 1RYD6HT 6000 SODWIRUP DW D WDUJHW GHSWK RI

5,000 UHDGV SHU FHOO. +DVKWDJ OLEUDULHV ZHUH SRROHG DQG VHTXHQFHG RQ HLWKHU DQ ,OOXPLQD

1H[W6HT 500, ,OOXPLQD +L6HT 4000 RU SRROHG ZLWK JHQH H[SUHVVLRQ OLEUDULHV RQ WKH

1RYD6HT 6000 SODWIRUP.
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6LQJOH-FHOO 51A-VHT GDWD SUH-SURFHVVLQJ

VF51A-VHT GDWD ZDV DOLJQHG DQG TXDQWLILHG XVLQJ WKH FHOOUDQJHU VRIWZDUH (YHUVLRQ 6.1.1,

10[ *HQRPLFV ,QF.) XVLQJ WKH *5CK38 KXPDQ UHIHUHQFH JHQRPH (RIILFLDO CHOO 5DQJHU

UHIHUHQFH, YHUVLRQ 1.2.0). )RU KDVKWDJJHG DQG PXOWLSOH[HG VDPSOHV (DSSOLHV WR GRQRUV

582C, 621B, 637C, 640C, '496 DQG '503) KDVKWDJ-EDVHG FHOO GHPXOWLSOH[LQJ ZDV

SHUIRUPHG XVLQJ +DVKVROR (67). CHOOV ZLWK IHZHU WKDQ 1,000 80, FRXQWV DQG 600

GHWHFWHG JHQHV ZHUH H[FOXGHG IURP GRZQVWUHDP DQDO\VLV. VF7C5-VHT GDWD ZDV DOLJQHG

DQG TXDQWLILHG XVLQJ WKH FHOOUDQJHU-YGM VRIWZDUH (YHUVLRQ 2.1.1, 10[ *HQRPLFV ,QF).

VFBC5-VHT GDWD ZDV DOLJQHG DQG TXDQWLILHG XVLQJ WKH FHOOUDQJHU-YGM VRIWZDUH (YHUVLRQ

4.0, 10[ *HQRPLFV ,QF). )RU 7C5Ȗį ZH LPSOHPHQWHG D FXVWRPL]HG SLSHOLQH GXH WR WKH

FHOOUDQJHU YGM DQQRWDWLRQ DOJRULWKP EHLQJ WXQHG WRZDUGV DOSKD/EHWD 7C5 FKDLQV. BULHIO\,

7C5Ȗį OLEUDULHV ZHUH PDSSHG ZLWK FHOO UDQJHU 4.0.0, XVLQJ WKH 10[ 9'- 4.0.0 UHIHUHQFH.

AOO FRQWLJV GHHPHG KLJK TXDOLW\ ZHUH VHOHFWHG, DQG UHDQQRWDWHG ZLWK ,JBODVW YLD WKH

ZRUNIORZ SURYLGHG LQ GDQGHOLRQ 0.1.3 (KWWSV://JLWKXE.FRP/]NWXRQJ/GDQGHOLRQ). :H KDYH

PDGH DYDLODEOH DQ H[DPSOH QRWHERRN VKRZFDVLQJ WKLV ZRUNIORZ

(KWWSV://VF-GDQGHOLRQ.UHDGWKHGRFV.LR/HQ/ODWHVW/QRWHERRNV/JDPPDBGHOWD.KWPO).

'RXEOHW GHWHFWLRQ

'RXEOHW GHWHFWLRQ ZDV SHUIRUPHG RQ D SHU VDPSOH EDVLV XVLQJ WKH 6FUXEOHW DOJRULWKP

(KWWSV://JLWKXE.FRP/AOORQ.OHLQ/DE/VFUXEOHW (68)) ZLWK SHUFRODWLRQ DV SUHYLRXVO\

GHVFULEHG (77). BULHIO\, VFUXEOHW VFRUHV ZHUH REWDLQHG SHU FHOO DQG WKH SHUFRODWLRQ VWHS

ZDV SHUIRUPHG RQ RYHU-FOXVWHUHG GDWD XVLQJ WKH VFDQS\.WO.ORXYDLQ IXQFWLRQ IURP WKH

VFDQS\ SDFNDJH. (DFK FOXVWHU ZDV VXEVHTXHQWO\ VHSDUDWHO\ FOXVWHUHG DJDLQ, \LHOGLQJ DQ

RYHU-FOXVWHUHG PDQLIROG, DQG HDFK RI WKH UHVXOWLQJ FOXVWHUV KDG LWV 6FUXEOHW VFRUHV

UHSODFHG E\ WKH PHGLDQ RI WKH REVHUYHG YDOXHV. 7KH UHVXOWLQJ VFRUHV ZHUH DVVHVVHG IRU

VWDWLVWLFDO VLJQLILFDQFH, ZLWK 3 YDOXHV FRPSXWHG XVLQJ D ULJKW-WDLOHG WHVW IURP D QRUPDO

GLVWULEXWLRQ FHQWUHG RQ WKH VFRUH PHGLDQ DQG D PHGLDQ DEVROXWH GHYLDWLRQ

(0A')-GHULYHG VWDQGDUG GHYLDWLRQ HVWLPDWH. 7KH 3-YDOXHV ZHUH FRUUHFWHG IRU IDOVH

GLVFRYHU\ UDWH ZLWK WKH BHQMDPLQL-+RFKEHUJ SURFHGXUH, DQG D VLJQLILFDQFH WKUHVKROG RI
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0.1 ZDV LPSRVHG. CHOOV ZLWK D BHQMDPLQL-+RFKEHUJ-FRUUHFWHG 3-YDOXH OHVV WKDQ 0.1 ZHUH

H[FOXGHG IURP GRZQVWUHDP DQDO\VLV.

COXVWHULQJ, EDWFK DOLJQPHQW DQG DQQRWDWLRQ

'RZQVWUHDP DQDO\VLV LQFOXGHG GDWD QRUPDOLVDWLRQ (VFDQS\.SS.QRUPDOL]HBSHUBFHOO

PHWKRG, VFDOLQJ IDFWRU 10,000), ORJ-WUDQVIRUPDWLRQ (VFDQS\.SS.ORJ1S), YDULDEOH JHQH

GHWHFWLRQ (VF.SS.KLJKO\BYDULDEOHBJHQHV), GDWD IHDWXUH VFDOLQJ (VFDQS\.SS.VFDOH), 3CA

DQDO\VLV (VFDQS\.SS.SFD, IURP YDULDEOH JHQHV), DQG /HLGHQ JUDSK-EDVHG FOXVWHULQJ

(VFDQS\.WO.OHLGHQ, FOXVWHULQJ UHVROXWLRQ PDQXDOO\ DGMXVWHG) SHUIRUPHG XVLQJ WKH S\WKRQ

SDFNDJH VFDQS\ (YHUVLRQ 1.6.0). 'DWD LQWHJUDWLRQ DFURVV GRQRUV ZDV GRQH XVLQJ

EDWFK-EDODQFHG .11 (KWWSV://JLWKXE.FRP/7HLFKODE/EENQQ) (70). 3ULRU WR GRQRU

LQWHJUDWLRQ, EDWFK FRUUHFWLRQ IRU FKHPLVWU\-DVVRFLDWHG HIIHFWV ZDV SHUIRUPHG XVLQJ ULGJH

UHJUHVVLRQ DV LPSOHPHQWHG LQ WKH BB.11 SDFNDJH. CHOO LGHQWLWLHV ZHUH ILUVW SUHGLFWHG

XVLQJ CHOO7\SLVW, DQG WKHQ XQGHUZHQW PDQXDO FXUDWLRQ LQFOXGLQJ: 1) H[DPLQDWLRQ RI

H[SUHVVLRQ RI NQRZQ PDUNHU JHQHV DQG PDUNHU JHQHV GHULYHG IURP CHOO7\SLVW PRGHOV;

2) FURVV-YDOLGDWLRQ DQG FURVV-SUHGLFWLRQ ZLWK CHOO7\SLVW WUDLQLQJ GDWDVHWV DQG WZR

LQGHSHQGHQW GDWDVHWV IURP WKH KXPDQ JXW DQG OXQJ (27, 28). 'LIIHUHQWLDO H[SUHVVLRQ

DFURVV FOXVWHUV ZDV DVVHVVHG XVLQJ WKH VF.WO.UDQNBJHQHBJURXSV IXQFWLRQ IURP VFDQS\

XVLQJ WKH ZLOFR[RQ UDQN VXP PHWKRG. 7R DFKLHYH D KLJK-UHVROXWLRQ DQQRWDWLRQ, ZH

VXE-FOXVWHUHG ,/C/7, B DQG P\HORLG FHOOV DQG UHSHDWHG WKH SURFHGXUH RI KLJKO\ YDULDEOH

JHQH VHOHFWLRQ, ZKLFK DOORZHG IRU ILQH-JUDLQHG FHOO W\SH DQQRWDWLRQV.

CRPSDULVRQV RI BB.11 LQWHJUDWLRQ ZLWK VF9,

7R H[DPLQH WKH LQIOXHQFH RI DOWHUQDWLYH GDWD LQWHJUDWLRQ PHWKRGV RQ RXU GDWDVHW, VF9,

ZDV XVHG WR LQWHJUDWH WKH GDWDVHW ZLWK LQIRUPDWLRQ RI GLIIHUHQW GRQRUV DV D FRYDULDWH.

6SHFLILFDOO\, ZH H[WUDFWHG WKH VDPH VHW RI KLJKO\ YDULDEOH JHQHV DV XVHG LQ BB.11, DQG

VHW XS WKH LQSXW GDWD ZLWK D UDZ FRXQW PDWUL[. )RU WKH VF9, PRGHO, WKH QXPEHU RI ODWHQW

UHSUHVHQWDWLRQV ZDV VHW DV 20, DQG WKH GURSRXW UDWH ZDV VHW DV 0.2. :H REWDLQHG WKH

XOWLPDWH ODWHQW YDULDEOHV DIWHU 500 HSRFKV RI WUDLQLQJ (PD[BHSRFKV=500 DQG
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HDUO\BVWRSSLQJ=7UXH) ZKLFK ZHUH LQSXW WR WKH 6FDQS\ SLSHOLQH IRU QHLJKERUKRRG JUDSK

FRQVWUXFWLRQ (VF.SS.QHLJKERUV) DQG JHQHUDWLRQ RI 80A3 FRRUGLQDWHV (VF.WO.XPDS).

7R DVVHVV WKH EDWFK-PL[LQJ HIIHFW DIWHU BB.11 (fig. S24A) DQG VF9, LQWHJUDWLRQ (fig.

S24B), ZH FRQGXFWHG WKH N-QHDUHVW QHLJKERXU EDWFK HIIHFW WHVW (NB(7) (72) WR DVVHVV WKH

GHJUHH RI EDWFK PL[LQJ IRU HDFK FOXVWHU (fig. S24C) DQG FHOO W\SH (fig. S24D). COXVWHUV

ZHUH GHULYHG IURP UHVSHFWLYH QHLJKERUKRRG JUDSK RXWSXW E\ BB.11 RU VF9, XVLQJ D

UHVROXWLRQ RI 1, DQG FHOO W\SHV ZHUH EDVHG RQ CHOO7\SLVW SUHGLFWLRQV. )RU HDFK PHWKRG,

WKH UHVXOWLQJ .11 JUDSK ZDV XVHG DV WKH LQSXW IRU NB(7 WR UHIOHFW WKH

SRVW-EDWFK-FRUUHFWLRQ GLVWDQFH EHWZHHQ FHOOV, DQG NB(7 REVHUYHG UHMHFWLRQ UDWHV ZHUH

FDOFXODWHG XVLQJ WKH IXQFWLRQ NBE7 IURP NB(7. 7KLV DQDO\VLV UHYHDOHG WKDW KLJK NB(7

DFFHSWDQFH UDWHV FDQ EH REWDLQHG DIWHU GDWD LQWHJUDWLRQ XVLQJ ERWK PHWKRGV, DQG WKDW

BB.11 VOLJKWO\ RXWSHUIRUPHG VF9, LQ RXU FDVH.

VF7C5-VHT GRZQVWUHDP DQDO\VLV

9'- VHTXHQFH LQIRUPDWLRQ ZDV H[WUDFWHG IURP WKH RXWSXW ILOH

³ILOWHUHGBFRQWLJBDQQRWDWLRQV.FVY´ XVLQJ WKH VFLUS\ SDFNDJH (73). :H GHWHUPLQHG

SURGXFWLYH 7C5 FKDLQ SDLULQJ IHDWXUHV XVLQJ WKH VFLUS\.WO.FKDLQBSDLULQJ IXQFWLRQ DQG

VHOHFWHG FHOOV ZLWK D VLQJOH SDLU RI SURGXFWLYH Įȕ 7C5 FKDLQV IRU GRZQVWUHDP DQDO\VLV.

CORQRW\SHV ZHUH GHWHUPLQHG XVLQJ WKH VFLUS\.SS.WFUBQHLJKERUV IXQFWLRQ XVLQJ WKH C'53

QXFOHRWLGH VHTXHQFH LGHQWLW\ IURP ERWK 7C5 FKDLQV DV D PHWULF.

VFBC5-VHT GRZQVWUHDP DQDO\VLV

9'- VHTXHQFH LQIRUPDWLRQ ZDV H[WUDFWHG IURP WKH RXWSXW ILOH

³ILOWHUHGBFRQWLJBDQQRWDWLRQV.FVY´. )XUWKHU VLQJOH-FHOO 9'- DQDO\VLV IRU B FHOOV ZDV

SHUIRUPHG EURDGO\ DV GHVFULEHG SUHYLRXVO\ (11, 78), ZLWK DOO VHTXHQFHV IURP D JLYHQ

SDWLHQW JURXSHG WRJHWKHU IRU DQDO\VLV. AVVLJQ*HQHV.S\ (79) DQG ,JB/A67 (80) ZHUH

XVHG WR UHDQQRWDWH ,J+ VHTXHQFHV SULRU WR FRUUHFWLRQ RI DPELJXRXV 9 JHQH DVVLJQPHQWV

XVLQJ 7,J*(5 (Y1.0.0) (81). CORQDOO\-UHODWHG ,J+ VHTXHQFHV ZHUH LGHQWLILHG XVLQJ

'HILQHCORQHV.S\ ZLWK D QHDUHVW QHLJKERXU GLVWDQFH WKUHVKROG RI 0.15 EHIRUH UXQQLQJ

11

https://paperpile.com/c/cnnK67/TEfDz
https://paperpile.com/c/cnnK67/kdWOa
https://paperpile.com/c/cnnK67/a4CvJ+nKSk2
https://paperpile.com/c/cnnK67/rt1WF
https://paperpile.com/c/cnnK67/KVCmU
https://paperpile.com/c/cnnK67/4QF1b


CUHDWH*HUPOLQHV.S\ (CKDQJH2) (82) WR LQIHU JHUPOLQH VHTXHQFHV IRU HDFK FORQDO IDPLO\

DQG FDOFXODWH VRPDWLF K\SHUPXWDWLRQ IUHTXHQFLHV ZLWK REVHUYHG0XWDWLRQV (6KD]DP)

(82). ,J+ GLYHUVLW\ DQDO\VHV ZHUH SHUIRUPHG XVLQJ WKH UDUHI\'LYHUVLW\ DQG WHVW'LYHUVLW\

RI AODND]DP (Y1.0.2; (82)). VF9'- VHTXHQFHV ZHUH WKHQ LQWHJUDWHG ZLWK VLQJOH-FHOO JHQH

H[SUHVVLRQ REMHFWV E\ GHWHUPLQLQJ WKH QXPEHU RI KLJK TXDOLW\ DQQRWDWHG ,J+, ,J. RU ,J/

SHU XQLTXH FHOO EDUFRGH. ,I PRUH WKDQ RQH FRQWLJ SHU FKDLQ ZDV LGHQWLILHG, PHWDGDWD IRU

WKDW FHOO ZDV DVFULEHG DV ³0XOWL´. 7R DVVHVV FORQDO UHODWLRQVKLSV EHWZHHQ VF51A-VHT

FOXVWHUV, FR-RFFXUUHQFH RI H[SDQGHG FORQH PHPEHUV EHWZHHQ FHOO W\SHV DQG WLVVXHV ZDV

UHSRUWHG DV D ELQDU\ HYHQW IRU HDFK FORQH WKDW FRQWDLQHG D PHPEHU ZLWKLQ WZR GLIIHUHQW

FHOO W\SHV RU WLVVXHV LQ VLQJOH-FHOO UHSHUWRLUHV.

6LQJOH PROHFXOH ),6+

6DPSOHV ZHUH HLWKHU VQDS IUR]HQ LQ FKLOOHG LVRSHQWDQH (-70⁰C) RU IL[HG LQ 10% 1B),

GHK\GUDWHG WKURXJK DQ HWKDQRO VHULHV, DQG HPEHGGHG LQ SDUDIILQ ZD[. 6DPSOHV ZHUH UXQ

XVLQJ WKH 51AVFRSH 2.5 /6 IOXRUHVFHQW PXOWLSOH[ DVVD\ (DXWRPDWHG). BULHIO\, ))3(

WLVVXH VHFWLRQV (5 ȝP) DQG IUHVK IUR]HQ WLVVXH VHFWLRQV (10XP) ZHUH FXW. )UHVK IUR]HQ

WLVVXHV ZHUH SUH-WUHDWHG RIIOLQH (4% 3)A IL[DWLRQ 4�C 15 PLQV IROORZHG E\ 90PLQV DW

URRP WHPSHUDWXUH, VHTXHQWLDO GHK\GUDWLRQ VWHSV (50%, 70%, 100%, 100% HWKDQRO, DLU

GU\)) DQG SURWHDVH ,,, ZDV XVHG. ))3( WLVVXHV UHTXLUHG QR SUHWUHDWPHQW RIIOLQH, EXW D

+HDW ,QGXFHG (SLWRSH 5HWULHYDO (+,(5) VWHS ZDV SHUIRUPHG E\ WKH LQVWUXPHQW IRU

15PLQV XVLQJ (SLWRSH 5HWULHYDO 2 ((52) DW 95�C. 7KHVH WLVVXHV DOVR KDG SURWHDVH ,,,

WUHDWPHQW. 51AVFRSH SUREHV XVHG ZHUH IURP DGFELR DQG LQFOXGHG +V-C'3'-C2

(599398-C2), +V-C'8A-C3 (560398-C3), +V-C57A0 (430248), +V-A,5( (551248),

+V-,7*A;-C2 (419158-C2) DQG +V-CC57-C3 (410721-C3). 2SDO IOXRURSKRUHV (2SDO

520, 2SDO 570 DQG 2SDO 650) ZHUH XVHG DW 1:300 GLOXWLRQ. 6OLGHV ZHUH LPDJHG RQ WKH

3HUNLQ (OPHU 2SHUD 3KHQL[ +LJK-CRQWHQW 6FUHHQLQJ 6\VWHP, LQ FRQIRFDO PRGH ZLWK 1

ȝP ]-VWHS VL]H, XVLQJ 20; (1A 0.16, 0.299 ȝP/SL[HO) DQG 40; (1A 1.1, 0.149

ȝP/SL[HO) ZDWHU-LPPHUVLRQ REMHFWLYHV.
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)ORZ F\WRPHWU\

6SOHHQ, ERQH PDUURZ DQG WKRUDFLF O\PSK QRGHV IURP DGGLWLRQDO GRQRUV GLIIHUHQW WR WKH

VF51A-VHT VWXG\ ZHUH XVHG WR YDOLGDWH WKH GLVFRYHUHG FHOO SRSXODWLRQV. 7KH 01CV

ZHUH HLWKHU VWDLQHG H[ YLYR RU SRVW DFWLYDWLRQ ZLWK 30A+, (HBLRVFLHQFH, CHOO

6WLPXODWLRQ CRFNWDLO) IRU WZR KRXUV. CHOOV ZHUH ZDVKHG ZLWK 3B6 DQG WKHQ VWDLQHG ZLWK

WKH OLYH/GHDG PDUNHU =RPELH ATXD IRU 10 PLQXWHV DW URRP WHPSHUDWXUH, DQG WKHQ

ZDVKHG ZLWK 3B6+0.5%)C6. 7KH 01CV ZHUH VWDLQHG LQ 3B6+0.5% )C6 DW 4�C IRU 45

PLQXWHV ZLWK WKH IROORZLQJ SDQHOV RI DQWLERGLHV:

C'8 SDQHO: C'3-B89395 (6.7, BLR/HJHQG), C'56-B89737 (1CA016.2, B'

+RUL]RQ), CC59-B9421 (/053(8, BLR/HJHQG), C'4-B9605 (2.74, BLR/HJHQG),

7C5JG-)LWF (B1.1, ,QYLWURJHQ), C;3C51-3( (2A9-1, BLR/HJHQG), C57A0-3(C\7

(C524.1, ,QYLWURJHQ), C'16-A3C (3*8, BLR/HJHQG), C'8-A3CC\7 (53A-78,

BLR/HJHQG).

B FHOO SDQHO: ,J'-B89395 (,A6-2, B' +RUL]RQ), CC57-B9421 (*043+7, BLR/HJHQG),

C'3-B9605 (6.7, BLR/HJHQG), C'11F-B9785 (3.9, BLR/HJHQG), C'27-3( (0323,

HBLRVFLHQFH), C'19-A3C (+,B19, BLR/HJHQG), 7EHW-3(C\7 (HBLR4810, HBLRVFLHQFH,

7EHW VWDLQLQJ ZDV GRQH DIWHU WKH VXUIDFH VWDLQLQJ XVLQJ WKH HBLRVFLHQFH )R[S3

WUDQVFULSWLRQ IDFWRU VWDLQLQJ EXIIHU NLW).

CHOOV ZHUH IL[HG ZLWK 3B6+0.25%3)A DQG VWRUHG DW 4�C XQWLO WKH\ ZHUH UXQ RQ WKH

)RUWHVVD IORZ F\WRPHWU\ LQVWUXPHQW, ORFDWHG LQ WKH CDPEULGJH 1,+5 B5C CHOO

3KHQRW\SLQJ +XE. 6SOHHQ 01CV ZHUH XVHG IRU VLQJOH VWDLQ FRQWUROV WR FDOFXODWH

FRPSHQVDWLRQ DQG )02V ZHUH XVHG WR FDOFXODWH EDFNJURXQG IOXRUHVFHQFH. )ORZ-R ZDV

XVHG WR DQDO\VH WKH IORZ F\WRPHWU\ GDWD.

T3C5

T3C5 ZDV SHUIRUPHG WR YDOLGDWH WKH H[LVWHQFH ,7*A'-H[SUHVVLQJ Ȗį 7 FHOOV LQ WKH

VSOHHQ XVLQJ WKUHH DGGLWLRQDO VDPSOHV WKDW ZHUH GLIIHUHQW WR WKRVH XVHG LQ WKH VF51A-VHT
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VWXG\. 6SOHHQ 01CV ZHUH VWDLQHG ZLWK WKH OLYH/GHDG PDUNHU =RPELH ATXD IRU 10

PLQXWHV DW URRP WHPSHUDWXUH, DQG WKHQ ZDVKHG ZLWK 3B6+0.5%)C6. CHOOV ZHUH WKHQ

VWDLQHG ZLWK WKH IROORZLQJ DQWLERGLHV DW 4�C IRU 45 PLQXWHV: C'56-B9421 (+C'56,

BLR/HJHQG), C'4-B9605 (2.74, BLR/HJHQG), 7C5JG-)LWF (B1.1, ,QYLWURJHQ),

7C5DE-3HUC3C\5.5 (,326, BLR/HJHQG), C'52-3( (0+C'5204, /LIH 7HFKQRORJLHV),

C'127-3(C\7 (HBLR5'55, HBLRVFLHQFH), C'8-A3C (53A-78, BLR/HJHQG),

C'3-A3CILUH (8C+71, BLR/HJHQG). CHOOV ZHUH ZDVKHG ZLWK 3B6+0.5% )C6 DQG

SDVVHG WKURXJK D CHOOWULFV (3DUWHF) 30 ȝP ILOWHU SULRU WR FHOO VRUWLQJ. CHOO VRUWLQJ ZDV

SHUIRUPHG RQ D B' )XVLRQ 4 ODVHU VRUWHU DQG DQ H[DPSOH RI WKH JDWLQJ VWUDWHJ\ XVHG LV

VKRZQ LQ (fig. S22C).

6RUWHG FHOOV ZHUH SHOOHWHG DW 600J IRU 5 PLQXWHV DQG O\VHG LQ 51A O\VLV EXIIHU DQG

IUR]HQ XQWLO 51A FRXOG EH H[WUDFWHG. 51A ZDV H[WUDFWHG XVLQJ D =\PR 5HVHDUFK 51A

PLFUR NLW ZLWK RQ FROXPQ '1AVH GLJHVWLRQ. 7KH VWDQGDUG SURWRFRO ZDV IROORZHG DQG

51A HOXWHG LQ 11 ȝO RI ZDWHU. 7KLV 51A ZDV WKHQ XVHG WR PDNH F'1A XVLQJ ERWK ROLJR

G7 DQG UDQGRP KH[DPHU SULPHUV ZLWK WKH UHYHUVH WUDQVFULSWDVH 6XSHUVFULSW,,,. 3UREHV WR

B20 (KRXVHNHHSLQJ JHQH) DQG WZR DVVD\V WR ,7*A' ZHUH SXUFKDVHG IURP

7KHUPR)LVKHU, DQG T3C5 UHDFWLRQV ZHUH SHUIRUPHG LQ GXSOLFDWH ZLWK WKH IROORZLQJ

UHFLSH: 8 ȝO PDVWHU PL[, 0.7 ȝO SUREH, 4.3 ȝO ZDWHU DQG 3 ȝO F'1A. A 7KHUPR),VKHU

4XDQW6WXGLR7 LQVWUXPHQW ZDV XVHG IRU WKH T3C5, DQG WKH CW YDOXHV ZHUH GHWHUPLQHG

ZLWK WKH 'CW EHLQJ FDOFXODWHG DV WKH CW RI ,7*A' - CW RI B20.

,PPXQRIOXRUHVFHQFH

6SOHHQ DQG WKRUDFLF O\PSK QRGH VDPSOHV IURP XQUHODWHG GRQRUV ZHUH IL[HG LQ 1%

SDUDIRUPDOGHK\GH ((OHFWURQ 0LFURVFRS\ 6HUYLFHV, 50-980-487) IRU 24 KRXUV IROORZHG

E\ 8 KRXUV LQ 30% VXFURVH LQ 3B6. 30�P VHFWLRQV ZHUH SHUPHDELOL]HG DQG EORFNHG LQ

0.10 75,6, FRQWDLQLQJ 0.1% 7ULWRQ (6LJPD, 78787-500/), 1% QRUPDO PRXVH VHUXP

(,QYLWURJHQ, 10410), 1% QRUPDO UDW VHUXP (,QYLWURJHQ, 10710C) DQG 1% B6A (5&'

6\VWHPV, '<995). 6DPSOHV ZHUH VWDLQHG IRU 2K DW 57 LQ D ZHW FKDPEHU ZLWK WKH

DSSURSULDWH DQWLERGLHV, ZDVKHG 3 WLPHV LQ 3B6 DQG PRXQWHG LQ )OXRURPRXQW-*�
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(6RXWKHUQ BLRWHFK, 0100-01). ,PDJHV ZHUH DFTXLUHG XVLQJ D 7C6 638 (/HLFD, 0LOWRQ

.H\QHV, 8.) FRQIRFDO PLFURVFRSH. 5DZ LPDJLQJ GDWD ZHUH SURFHVVHG XVLQJ ,PDULV

(BLWSODQH).

AQWLERGLHV XVHG: C'3-A)488, FORQH 8C+71, 1/100 GLOXWLRQ (BLR/HJHQG, 300415);

C'1F-3(, FORQH /161, 1/50 GLOXWLRQ (BLR/HJHQG, 331505); CC57-3(, FORQH 3'12, 1/50

GLOXWLRQ (HBLRVFLHQFH, 12-1979-42); C'19-A)594, FORQH +,B19, 1/100 GLOXWLRQ

(BLR/HJHQG, 302250); C'11F-A3C, FORQH 0-4-27*12, 1/100 GLOXWLRQ (0LOWHQ\L,

130-114-102); +/A-'5-A)647, FORQH 7A/ 1B5, 1/100 GLOXWLRQ (AEFDP, DE223907).

1XFOHL ZHUH VWDLQHG ZLWK +RHFKVW 33258, 1/10,000 GLOXWLRQ (BLRWXP, 40044).
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Supplementar\ Text

CellT\pist: an interpretable pan-tissue database and automated tool for cell t\pe
annotation

5DWLRQDOH

:LWK WKH JURZLQJ VL]H RI VLQJOH-FHOO 51A-VHTXHQFLQJ (VF51A-VHT) GDWDVHWV DQG

WKHLU ZLGH DSSOLFDWLRQV LQ WLVVXH DQG GLVHDVH ELRORJ\ (83, 84), IDVW DQG DFFXUDWH FHOO W\SH

DQQRWDWLRQ EHFRPHV RI FUXFLDO YDOXH LQ RUGHU WR DFFHOHUDWH WKH LQWHUSUHWDWLRQ RI QHZO\

JHQHUDWHG VF51A-VHT GDWDVHWV. A YDULHW\ RI DSSURDFKHV KDYH EHHQ SXW IRUZDUG WR

SHUIRUP WKH PDWFKLQJ RI FHOO LGHQWLWLHV EHWZHHQ GDWDVHWV (85). +RZHYHU, WKHUH DUH IHZ

WRROV WKDW FDQ KDUERU DOO IHDWXUHV FULWLFDO WR WKH FODVVLILFDWLRQ RI D FHOO W\SH, LQFOXGLQJ

DWWULEXWLQJ D FODVVLILFDWLRQ WR FHOOV WKDW DUH QRW UHSUHVHQWHG LQ WKH WUDLQLQJ GDWDVHW,

GLVWLQJXLVKLQJ KLJKO\ KRPRJHQHRXV FHOO SRSXODWLRQV, HDVLO\ LQWHJUDWLQJ WKH H[LVWLQJ

DQDO\VLV ZRUNIORZ, DQG EHLQJ VFDODEOH WR ODUJH GDWDVHWV.

)XUWKHUPRUH, LQ RUGHU WR WUDQVIHU FHOO W\SH ODEHOV WR D TXHU\ GDWDVHW, PRVW RI WKH

H[LVWLQJ WRROV XVH SDUWLFXODU SXEOLVKHG GDWDVHWV ZLWK FHOO DQQRWDWLRQV IURP LQGLYLGXDO

SXEOLFDWLRQV DQG WUDQVIHU WKH FHOO ODEHOV IURP WKHVH UHIHUHQFH GDWD VHWV. 7KH

FRPSUHKHQVLYHQHVV DQG TXDOLW\ RI WKH UHIHUHQFH WUDLQLQJ GDWDVHW, DV D UHVXOW, LV QRW

JXDUDQWHHG. 0DQ\ FHOO FRPSDUWPHQWV DUH VKDUHG DFURVV WLVVXHV, VXFK DV LPPXQH FHOOV.

)RU WKHVH W\SHV RI FHOO VWDWHV, LW LV PRUH XVHIXO WR EXLOG D UHIHUHQFH GDWDEDVH ZLWK

FURVV-GDWDVHW DQG FURVV-WLVVXH FHOO W\SHV LQFOXGLQJ ERWK RUJDQ-VSHFLILF RQHV (H.J.,

WLVVXH-UHVLGHQW PDFURSKDJHV OLNH OLYHU .XSIIHU FHOOV, SODFHQWD +RIEDXHU FHOOV DQG

NLGQH\-UHVLGHQW PDFURSKDJHV) DQG VKDUHG RQHV (H.J., PRQRF\WHV). 6HYHUDO HIIRUWV KDYH

IRFXVHG RQ EXLOGLQJ VF51A-VHT UHIHUHQFHV IRU FHOO W\SH FODVVLILFDWLRQ, VXFK DV D UHFHQW

DSSURDFK ZKLFK LQWHJUDWHG TXHU\ GDWDVHWV ZLWK WKH UHIHUHQFH DWODV XVLQJ FRQGLWLRQDO

QHXUDO QHWZRUN PRGHOV (86).

,Q WKLV VWXG\, ZH IRFXVHG RQ LPPXQH FHOOV DQG WKHLU ODUJH YDULHW\ RI VXEW\SHV.

,PPXQH FHOOV DUH XELTXLWRXV DQG PRELOH DFURVV WLVVXHV, ZLWK VSHFLILF DGDSWDWLRQV WR

FRUUHVSRQGLQJ ORFDO HQYLURQPHQWV. 7KLV OHDGV WR D KLJK GHJUHH RI FHOO W\SH

KHWHURJHQHLW\, ZKLFK LV IXUWKHU DXJPHQWHG E\ RWKHU IDFWRUV VXFK DV GHYHORSPHQWDO
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OLQHDJH G\QDPLFV. 'HVSLWH WKLV KHWHURJHQHLW\, LPPXQH FHOOV FDQ VWLOO EH JURXSHG LQWR FHOO

W\SHV FKDUDFWHUL]HG E\ H[SUHVVLRQ RI GHILQLWLYH PDUNHUV, IXQFWLRQDO UROHV, DQG SDUHQW

OLQHDJHV. 7KHUHIRUH, ERWK FURVV-WLVVXH LQWHJUDWLRQ DQG GRPDLQ-VSHFLILF NQRZOHGJH DUH

QHFHVVDU\ LQ RUGHU WR DVVHPEOH D KLJK-TXDOLW\ DQG ZHOO-FXUDWHG SDQ-WLVVXH LPPXQH

UHIHUHQFH IROORZHG E\ WUDQVIHUULQJ FHOO W\SHV IURP WKLV UHIHUHQFH WR TXHU\ GDWDVHWV,

SURYLGLQJ RUJDQ-DJQRVWLF DXWRPDWHG DQQRWDWLRQ RI LPPXQH FHOO W\SHV ZLWKLQ D VLQJOH

VHDUFK.

+HUH ZH LQWURGXFH CHOO7\SLVW, D FHOO W\SH GDWDEDVH DQG VHUYHU IRFXVHG RQ

LPPXQH FHOOV LQ LWV ILUVW LQFDUQDWLRQ DV ZHOO DV D GLUHFWO\ LQWHUSUHWDEOH SLSHOLQH IRU

DXWRPDWLF DQQRWDWLRQ RI VF51A-VHT GDWD. CHOO7\SLVW FXUUHQWO\ LQFOXGHV D ZLGH

DVVRUWPHQW RI LPPXQH FHOO W\SHV FROOHFWHG IURP 20 WLVVXHV DFURVV 19 VWXGLHV, ZLWK WKHVH

GHHSO\ FXUDWHG FHOO W\SHV SXEOLFO\ DYDLODEOH WR WKH FRPPXQLW\. 7KH SUHGLFWLRQ RI

CHOO7\SLVW LV EDVHG RQ ORJLVWLF UHJUHVVLRQ FODVVLILHUV RSWLPL]HG E\ WKH VWRFKDVWLF JUDGLHQW

GHVFHQW (6*') DOJRULWKP. ([WHQVLYH PRGHO WXQLQJ DQG RSWLPL]DWLRQ LV SHUIRUPHG WR

HQVXUH LWV DSSOLFDELOLW\, ZLWK WKH GHULYHG PRGHOV HDVLO\ XSGDWDEOH IRU IXUWKHU UHOHDVHV E\

LQFRUSRUDWLQJ QHZ FHOO DQQRWDWLRQV, DV ZHOO DV E\ LQFOXGLQJ QRQ-DQQRWDWHG FHOOV ZKLFK LQ

IXWXUH LWHUDWLRQV PD\ EH GHVFULEHG DV VSHFLILF FHOO W\SHV. 1RWDEO\, RXU FXUUHQW CHOO7\SLVW

UHOHDVH LQYROYHV ERWK ORZ- DQG KLJK-UHVROXWLRQ PRGHOV ZKLFK FODVVLI\ FHOOV ZLWK FRDUVH

DQG ILQH JUDQXODULWLHV, UHVSHFWLYHO\. CHOO7\SLVW FDQ EH UHDGLO\ LQVWDOOHG DQG XVHG IURP

KWWSV://JLWKXE.FRP/7HLFKODE/FHOOW\SLVW DQG WKH FHOO W\SH UHVRXUFH LV DYDLODEOH DW

KWWSV://ZZZ.FHOOW\SLVW.RUJ.

'DWDVHW FRPSLODWLRQ DQG LQWHJUDWLRQ

:H VRXJKW WR DVVHPEOH D FURVV-WLVVXH LPPXQH UHIHUHQFH DV D WUDLQLQJ VHW WR

IDFLOLWDWH GRZQVWUHDP FHOO W\SH ODEHO WUDQVIHU LQ DQ RUJDQ-DJQRVWLF PDQQHU. VF51A-VHT

GDWD ZHUH FROOHFWHG IURP 19 SXEOLFDWLRQV FRYHULQJ 20 GLIIHUHQW WLVVXHV (fig. S2A). A UDZ

FRXQW PDWUL[ ZDV REWDLQHG IRU HDFK GDWDVHW DQG VXEVHTXHQWO\ FRPELQHG DFURVV GDWDVHWV

EDVHG RQ WKHLU FRPPRQ JHQHV.

,Q RUGHU WR IRFXV WKH PRGHO¶V WUDLQLQJ GDWD RQ ERQD ILGH LPPXQH FHOOV, WKH

FRPELQHG H[SUHVVLRQ PDWUL[ ZDV ILOWHUHG WR LQFOXGH RQO\ FHOOV H[SUHVVLQJ 3735C, D

JHQHUDO PDUNHU IRU LPPXQH FHOOV, DV ZHOO DV QRW H[SUHVVLQJ E3CAM DQG 3DGF5A,
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PDUNHUV IRU HSLWKHOLDO FHOOV DQG ILEUREODVWV, UHVSHFWLYHO\. ,Q DGGLWLRQ, IRU WKH GDWDVHWV

ZKLFK ZHUH DOUHDG\ DQQRWDWHG LQ WKH RULJLQDO SXEOLFDWLRQV, RQO\ FHOOV LGHQWLILHG DV

LPPXQH FHOO W\SHV ZHUH LQFOXGHG. ([FHSWLRQV WR WKHVH UXOHV ZHUH ³(SLWKHOLDO FHOOV´,

³(QGRWKHOLDO FHOOV´ DQG ³)LEUREODVWV´ ZKLFK ZHUH UHWDLQHG LQ WKH UHIHUHQFH GDWDVHW WR

VHUYH DV XPEUHOOD FDWHJRULHV UHSUHVHQWLQJ IDOO-EDFNV IRU QRQ-LPPXQH FHOO W\SHV. )RU

HDFK RI WKHVH GDWDVHWV, PHWD-LQIRUPDWLRQ ZDV DOVR FROOHFWHG, LQFOXGLQJ WKH WLVVXHV RI

RULJLQ, VHTXHQFLQJ SURWRFROV, DQG RULJLQDO FHOO W\SH DQQRWDWLRQV ZKHUH SRVVLEOH.

7R JHW DQ RYHUYLHZ RI WKLV DVVHPEOHG LPPXQH DWODV, ZH LQWHJUDWHG WKH 19

GDWDVHWV E\ FRUUHFWLQJ WKH FRQIRXQGHUV GHULYHG IURP EDWFKHV DFURVV GDWDVHWV DQG

VHTXHQFLQJ SURWRFROV XVLQJ VF9, (fig. S2, B and C) (71). 6SHFLILFDOO\, ZH VHW XS WKH

LQSXW GDWD ZLWK D UDZ FRXQW PDWUL[ DQG FRYDULDWH NH\V RI ³'DWDVHW´ DQG ³3URWRFRO´. )RU

WKH VF9, PRGHO, WKH QXPEHU RI ODWHQW UHSUHVHQWDWLRQV ZDV VHW DV 20 (QBODWHQW=20), DQG

WKH GURSRXW UDWH ZDV VHW DV 0.2 (GURSRXWBUDWH=0.2). :H REWDLQHG WKH XOWLPDWH ODWHQW

YDULDEOHV DIWHU 500 HSRFKV RI WUDLQLQJ (PD[BHSRFKV=500 DQG EDWFKBVL]H=1024) ZKLFK

ZHUH LQSXW WR WKH 6FDQS\ SLSHOLQH IRU QHLJKERUKRRG JUDSK FRQVWUXFWLRQ

(VF.SS.QHLJKERUV(XVHBUHS=µ;BVF9I¶)) DQG JHQHUDWLRQ RI 80A3 FRRUGLQDWHV

(VF.WO.XPDS). 2XU LQWHJUDWHG DWODV FDQ EH EURZVHG DW

KWWSV://ZZZ.FHOOW\SLVW.RUJ/WUDLQLQJ-GDWD-FHOO[JHQH/.

CHOO W\SH ODEHO KDUPRQL]DWLRQ

,Q RUGHU WR WUDLQ CHOO7\SLVW PRGHOV XVLQJ XQLIRUP FHOO W\SH ODEHOV, FHOO LGHQWLWLHV

DFURVV GDWDVHWV ZHUH VXPPDUL]HG LQWR FRQVLVWHQW QDPHV XVLQJ D FHOO W\SH ODEHO

KDUPRQL]DWLRQ SLSHOLQH (fig. S3).

)RU WKH YDVW PDMRULW\ RI FHOOV ZH FROOHFWHG, WKH\ ZHUH SUHYLRXVO\ DQQRWDWHG E\

WKH RULJLQDO VWXGLHV. 7KHVH FHOOV ZHUH FDWHJRUL]HG LQWR GLIIHUHQW FHOO W\SHV DQG VXEW\SHV

ZLWK NQRZOHGJH LQSXWV IURP H[SHUWV (VHH WKH AFNQRZOHGJHPHQWV VHFWLRQ IRU

FRQWULEXWLRQV IURP WKH CHOO7\SLVW AQQRWDWLRQ 7HDP). 7KHVH FHOO W\SH ODEHOV HQFRPSDVV

WZR OHYHOV RI KLHUDUFKLHV: D KLJK-KLHUDUFK\ (ORZ-UHVROXWLRQ) OHYHO ZKLFK LQFOXGHV D WRWDO

RI 32 EURDG FHOO W\SHV; DQG D ORZ-KLHUDUFK\ (KLJK-UHVROXWLRQ) OHYHO ZKLFK FRPSULVHV 91

GHWDLOHG FHOO W\SHV DQG VXEW\SHV WKURXJK VXEGLYLVLRQ RI EURDG FHOO W\SHV. 7KHVH WZR

OHYHOV DUH DUUDQJHG KLHUDUFKLFDOO\, VXFK WKDW WKH ORZ-KLHUDUFK\ DQQRWDWLRQV DUH DEOH WR
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FRQVLVWHQWO\ PDWFK FRUUHVSRQGLQJ KLJK-OHYHO FODVVHV. 7KLV WZR-OHYHO NQRZOHGJH-EDVHG

V\VWHP ZDV DGRSWHG IRU VHYHUDO UHDVRQV. )LUVW DQG IRUHPRVW, WKH QXPEHUV RI GDWD SRLQWV

IRU HDFK WLVVXH DQG FHOO FRPSDUWPHQW DUH OLPLWHG LQ D WUDFWDEOH UDQJH, JLYHQ WKDW WKH

HQWLUH LQLWLDO WUDLQLQJ GDWDVHW RI CHOO7\SLVW LV OHVV WKDQ RQH PLOOLRQ FHOOV, DQG RXU

FURVV-WLVVXH LPPXQH UHVRXUFH LV DOVR OHVV WKDQ KDOI D PLOOLRQ FHOOV. 7KLV OLPLWHG VL]H RI

GDWD PHDQV WKDW WKH NQRZOHGJH DERXW WKH LPPXQH FHOOV VWLOO WUXPSV GDWD-GULYHQ

DSSURDFKHV. ,Q IXWXUH, DV GDWD VHWV H[SDQG DQG DUH DGGHG, ZH H[SHFW WKDW EXLOGLQJ D FHOO

W\SH KLHUDUFK\ E\ WKH LQSXWV IURP ERWK GRPDLQ NQRZOHGJH DQG ODUJH-VFDOH VF51A-VHT

GDWD FDQ UHVXOW LQ D UHILQHG DQG IXOO FHOO W\SH VWUXFWXUH. +RZHYHU, DW SUHVHQW, LW LV QRW

VXIILFLHQW WR DVVLJQ FHUWDLQ W\SHV LQ WKH KLHUDUFK\, VXFK DV WKH GLIIHUHQW VXEW\SHV RI 7

FHOOV ZKRVH WUDQVFULSWRPHV DUH WRR VLPLODU WR EH RUJDQL]HG LQ D KLHUDUFK\ ZLWK >2 OHYHOV.

6HFRQG, ZLWK CHOO7\SLVW ZH VHHN WR SURYLGH DQ LPPXQH FHOO DWODV WKDW LQFOXGHV DQ

DFFXUDWH DQG FRPPXQLW\-ZLGH DFFHSWHG ³FHOO W\SH HQF\FORSHGLD´. 5HVWULFWLQJ WR IHZHU

EXW KLJK-TXDOLW\ DQG KLJK-FRQILGHQFH KLHUDUFKLHV VHUYHV WKLV SXUSRVH. 7KLUG, ZLWK

OLPLWHG NQRZOHGJH, VRPH QHZO\ GLVFRYHUHG FHOO W\SHV DUH SXUHO\ EDVHG RQ WKH

WUDQVFULSWRPLF GDWD. ,QVHUWLQJ VXFK FHOO W\SHV LQWR D KLHUDUFK\ ZLWK PDQ\ OHYHOV EDVHG RQ

WKHLU JHQH H[SUHVVLRQ SDWWHUQV DORQH LV D ULVN ZLWK UHVSHFW WR WKH VWUHQJWK RI ELRORJLFDO

HYLGHQFH VXSSRUWLQJ WKHLU RULJLQV.

7R GHULYH KRPRJHQL]HG KLJK-TXDOLW\ DQQRWDWLRQV, ZH UHILQHG WKH DQQRWDWLRQV RI

DOO CHOO7\SLVW WUDLQLQJ GDWDVHWV WKURXJK WKH ODEHO KDUPRQL]DWLRQ SLSHOLQH, LQFOXGLQJ FHOO

W\SH FDWHJRUL]DWLRQ, GDWD LQWHJUDWLRQ, FOXVWHULQJ, DQG H[WHUQDO GDWD YDOLGDWLRQ, ZKLFK

WRJHWKHU ZHUH RUJDQL]HG LQWR IRXU FRQWURO PRGXOHV: UHPRYDO, FRUUHFWLRQ, VXEGLYLVLRQ DQG

PLQLQJ (fig. S3).

)LUVW, ZH UHPRYHG FHOOV WKDW ZHUH PLV-DQQRWDWHG E\ WKH RULJLQDO SXEOLFDWLRQV.

6SHFLILFDOO\, ZH LQWHJUDWHG WKH VDPH FHOO W\SH IURP GLIIHUHQW GDWDVHWV E\ VF9, ZLWK EDWFK

FRYDULDWHV RI GLIIHUHQW VWXGLHV DQG VHTXHQFLQJ SURWRFROV DV LQ WKH VHFWLRQ ³DDWDVHW

FRPSLODWLRQ DQG LQWHJUDWLRQ´, DQG DIWHU WKDW, UHPRYHG FHOOV WKDW GLG QRW EHORQJ WR WKH

JLYHQ FDWHJRU\. 8VLQJ PDVW FHOOV DV DQ H[DPSOH, ZKHQ ZH FRPELQHG 10 VRXUFHV RI PDVW

FHOOV (fig. S4A, upper), WKH FOXVWHUV 9 DQG 11 ZHUH WUDQVFULSWRPLFDOO\ VHSDUDWHG IURP

RWKHU FHOOV (fig. S4A, bottom). 7R FRQILUP WKLV SKHQRPHQRQ ZLWK H[WHUQDO YDOLGDWLRQV,
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ZH EXLOW WZR CHOO7\SLVW PRGHOV (VHH WKH VHFWLRQ ³MRGHO WUDLQLQJ´ IRU EXLOGLQJ

CHOO7\SLVW PRGHOV) IURP WKH JXW (27) DQG OXQJ LPPXQH FHOO SRSXODWLRQV (28), DQG WKHQ

WUDQVIHUUHG FHOO W\SH ODEHOV IURP WKH WZR PRGHOV WR RXU WUDLQLQJ GDWD VHWV. 7KH SUHGLFWLRQ

UHVXOWV FRQVLVWHQWO\ VKRZHG WKDW FOXVWHU 9 LV D SODVPD FHOO SRSXODWLRQ DQG FOXVWHU 11 LV D

PRQRF\WH/PDFURSKDJH SRSXODWLRQ (fig. S4B). 0RUHRYHU, WKHLU FHOO LGHQWLWLHV ZHUH

VXSSRUWHG E\ WKH FDQRQLFDO SODVPD FHOO PDUNHU M=B1 DQG PRQRF\WH/PDFURSKDJH

PDUNHU CD74 (fig. S4C). :LWK DOO WKH DERYH HYLGHQFH, ZH UHPRYHG FOXVWHUV 9 DQG 11

IURP WKH PDVW FHOO SRSXODWLRQ. 7KLV UHPRYDO SURFHVV ZDV SHUIRUPHG IRU VHYHUDO RWKHU

FHOO W\SHV DV ZHOO, VXFK DV WKH LQQDWH O\PSKRLG FHOO (,/C) SUHFXUVRUV (fig. S4, D to F).

6HFRQG, ZH FRUUHFWHG FHOO W\SH ODEHOV IRU VRPH FHOOV WKDW ZHUH PLV-FODVVLILHG LQ

RULJLQDO VWXGLHV. BHIRUH WKLV, LQWHJUDWLRQ RI FHOOV IURP WKH VDPH FHOO W\SH, XQVXSHUYLVHG

FOXVWHULQJ, DQG JHQHUDWLRQ RI WZR LQGHSHQGHQW PRGHOV IRU H[WHUQDO YDOLGDWLRQV, ZHUH

SHUIRUPHG DV DERYH. 1H[W, FHOO W\SHV WKDW ZHUH PLVFODVVLILHG PRVWO\ GXH WR WKHLU

WUDQVFULSWRPLF VLPLODULW\ ZLWK RWKHU FORVH FHOO W\SHV ZHUH FRUUHFWHG (L.H., UHODEHOHG).

8VLQJ UHJXODWRU\ 7 FHOOV DV DQ H[DPSOH, LQ CHOO7\SLVW ZH FRPELQHG QLQH VRXUFHV RI

UHJXODWRU\ 7 FHOOV (fig. S5A, upper), DQG FOXVWHUHG WKHP LQWR 14 FOXVWHUV (fig. S5A,

bottom). APRQJ WKHVH FOXVWHUV, FOXVWHUV 0, 1, 2, 5, 7 DQG 10, ZKLFK PDLQO\ RULJLQDWHG

IURP WZR VWXGLHV, ZHUH FRQVLVWHQWO\ SUHGLFWHG DV QDLYH/FHQWUDO PHPRU\ C'4+ 7 FHOOV E\

WKH WZR LQGHSHQGHQW CHOO7\SLVW PRGHOV (fig. S5B). ([SUHVVLRQ RI GHILQLWLYH UHJXODWRU\ 7

FHOO PDUNHUV (C7LA4 DQG F2;33) DOVR VXSSRUWHG WKH H[FOXVLRQ RI WKHVH FHOOV DV

UHJXODWRU\ 7 FHOOV (fig. S5C). 7KXV ZH UHODEHOHG WKHVH UHJXODWRU\ 7 FHOOV DV QDLYH/FHQWUDO

PHPRU\ C'4+ 7 FHOOV LQ WKH CHOO7\SLVW WUDLQLQJ GDWDVHWV. 7KLV FRUUHFWLRQ SURFHVV ZDV

SHUIRUPHG IRU VHYHUDO RWKHU FHOO W\SHV DV ZHOO, VXFK DV WKH ,/CV (fig. S5, D to F).

7KLUG, ZH VXEGLYLGHG VRPH EURDG FHOO W\SHV LQWR FOHDU DQG

FRPPXQLW\-UHFRJQL]HG FHOO VXEW\SHV. 6LPLODUO\, EHIRUH WKLV, FHOOV IURP D JLYHQ FHOO W\SH

ZHUH LQWHJUDWHG DQG FOXVWHUHG, DQG WZR CHOO7\SLVW PRGHOV IRU H[WHUQDO YDOLGDWLRQV ZHUH

EXLOW. 1H[W, KLJK-FRQILGHQFH FHOO VXEW\SHV ZLWK FRQVLVWHQW SUHGLFWLRQV IURP WKH WZR

CHOO7\SLVW PRGHOV DQG ZLWK HYLGHQFH RI ZHOO-HVWDEOLVKHG PDUNHU JHQH H[SUHVVLRQ ZHUH

VXEGLYLGHG IURP D EURDG FHOO W\SH. 8VLQJ WKH PRQRF\WHV DV DQ H[DPSOH, DIWHU ZH

FRPELQHG 12 VRXUFHV RI PRQRF\WHV DQG FOXVWHUHG WKHP LQWR 15 FOXVWHUV (fig. S6A), ZH
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UHVROYHG WZR FOHDU PRQRF\WH VXESRSXODWLRQV: QRQ-FODVVLFDO PRQRF\WHV DQG FODVVLFDO

PRQRF\WHV (fig. S6B). ([SUHVVLRQ RI QRQ-FODVVLFDO PRQRF\WH PDUNHU FCG53A

(HQFRGLQJ C'16) DQG FODVVLFDO PRQRF\WH PDUNHU CD14 (HQFRGLQJ C'14) ZHUH DOVR LQ

OLQH ZLWK WKLV VXEGLYLVLRQ VFKHPH IRU PRQRF\WHV (fig. S6C). ,Q CHOO7\SLVW ZH WKHUHIRUH

VXEGLYLGHG WKHVH PRQRF\WHV LQWR QRQ-FODVVLFDO DQG FODVVLFDO RQHV. 7KLV VXEGLYLVLRQ

SURFHVV ZDV DOVR DSSOLHG WR RWKHU FHOO W\SHV VXFK DV QDWXUDO NLOOHU (1.) FHOOV ZKLFK

FRPSULVHG C'16+ DQG C'16- 1. FHOOV (fig. S6, D to F).

)RXUWK, ZH LGHQWLILHG FHOO SRSXODWLRQV WKDW ZHUH KLGGHQ ZLWKLQ RWKHU FHOO W\SHV

DQG QHJOHFWHG E\ RULJLQDO SXEOLFDWLRQV. 6SHFLILFDOO\, DIWHU FHOOV IURP D JLYHQ FHOO W\SH

ZHUH LQWHJUDWHG, FOXVWHUHG DQG SUHGLFWHG XVLQJ WKH VDPH VWUDWHJ\ DV EHIRUH, ZH ORFDWHG

WKH KLGGHQ FHOO W\SHV DQG H[SDQGHG WKHLU FHOO QXPEHUV DQG WLVVXH GLVWULEXWLRQV. )RU

H[DPSOH, ZLWKLQ WKH F\WRWR[LF 7 FHOO SRSXODWLRQV ZKLFK ZHUH FRPELQHG IURP 14 VRXUFHV

DQG FOXVWHUHG LQWR 16 FOXVWHUV (fig. S7A), ZH IRXQG D 0A,7 FHOO SRSXODWLRQ. 7KLV FHOO

W\SH, WKRXJK WUDQVFULSWRPLFDOO\ VLPLODU ZLWK F\WRWR[LF 7 FHOOV, ZDV FRQILGHQWO\ SUHGLFWHG

RXW RI WKH F\WRWR[LF 7 FHOOV XVLQJ WKH CHOO7\SLVW PRGHO WUDLQHG IURP 0DGLVVRRQ HW DO.,

2021 (28) (fig. S7B). ([SUHVVLRQ RI 0A,7 FHOO PDUNHUV 6LC4A10 DQG 75A91-2 ZDV

DOVR SURPLQHQW LQ WKHVH FHOOV, IXUWKHU VXSSRUWLQJ WKHLU FHOO LGHQWLW\ DV 0A,7 FHOOV (fig.

S7C). B\ DGGLQJ EDFN WKHVH FHOOV, ZH H[SDQGHG WKH QXPEHU RI 0A,7 FHOOV IURP 1,132

WR 2,367, DQG WKXV LPSURYHG LWV UHSUHVHQWDWLRQ (L.H., FHOO W\SH VL]H) LQ WKH CHOO7\SLVW

WUDLQLQJ GDWDVHWV DQG H[WHQGHG LWV WLVVXH GLVWULEXWLRQ WR DGGLWLRQDO RUJDQV OLNH WKH VSOHHQ.

2WKHU H[DPSOHV LQFOXGHG UDUH JHUPLQDO FHQWHU B FHOOV LQ WKH DGXOW LPPXQH V\VWHP IRU

ZKLFK ZH H[SDQGHG WKH QXPEHU IURP 391 WR 516 E\ PLQLQJ WKHP RXW IURP WKH PHPRU\

B FHOOV (fig. S7, D to F).

7KURXJK DOO RI WKHVH, ZH GHHSO\ KRPRJHQL]HG WKH FHOO W\SH DQQRWDWLRQV RI WKH

CHOO7\SLVW WUDLQLQJ GDWDVHWV DQG XVHG WKHP DV WKH LQSXW IRU CHOO7\SLVW WUDLQLQJ DQG IRU

REWDLQLQJ DQQRWDWLRQV IRU QRQ-DQQRWDWHG FHOOV (VHH EHORZ).

3URSDJDWLQJ DQQRWDWLRQV WR QRQ-DQQRWDWHG FHOOV

AIWHU ODEHO VWDQGDUGL]DWLRQ, D VPDOO VXEVHW RI FHOOV LQFOXGHG LQ CHOO7\SLVW VWLOO

KDG QR GHVLJQDWHG FHOO W\SH ODEHOV. 7KHVH FHOOV ZHUH DOVR VXEMHFW WR WKH VDPH H[SUHVVLRQ

ILOWHULQJ DV LQ WKH VHFWLRQ ³DDWDVHW FRPSLODWLRQ DQG LQWHJUDWLRQ´. *LYHQ WKDW WKH
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QRQ-DQQRWDWHG FHOOV PD\ FRQWDLQ VLPLODU FHOO W\SHV DV WKRVH LQ WKH DQQRWDWHG FHOOV, ZH

QH[W VRXJKW WR PLQLPL]H WKH ODEHO GXSOLFDWLRQ DQG IDFLOLWDWH WKH LQFRUSRUDWLRQ RI ERWK

NQRZQ DQG \HW-WR-EH-DQQRWDWHG FHOO LGHQWLWLHV LQWR WKH CHOO7\SLVW PRGHOV (fig. S3).

6SHFLILFDOO\, WKH QRQ-DQQRWDWHG FHOOV IURP HDFK FRPELQDWLRQ RI WLVVXH DQG GDWDVHW ZHUH

FOXVWHUHG LQGHSHQGHQWO\ XVLQJ D FDQRQLFDO 6FDQS\ SLSHOLQH. 7KH UHVXOWLQJ FOXVWHUV ZHUH

WKHQ FRPSDUHG ZLWK WKHLU SUHGLFWHG FHOO W\SH ODEHOV ZKLFK ZHUH LQIHUUHG IURP WKH

CHOO7\SLVW PRGHOV WUDLQHG IURP WKH DQQRWDWHG FHOOV (IRU GHWDLOV RI PRGHO WUDLQLQJ, VHH WKH

VHFWLRQ RI ³MRGHO WUDLQLQJ´). )RU D JLYHQ FOXVWHU ZKHUH DW OHDVW 75% RI LWV FHOOV PDWFKHG

D VSHFLILF ORZ-KLHUDUFK\ DQQRWDWLRQ ODEHO, WKH ZKROH FOXVWHU ZDV DQQRWDWHG DV VXFK, DQG

PHDQZKLOH ZDV DVVLJQHG D FRUUHVSRQGLQJ KLJK-KLHUDUFK\ FHOO W\SH ODEHO. )RU WKH

UHPDLQLQJ FOXVWHUV ZKHUH WKLV FRQGLWLRQ ZDV QRW PHW, ZH DVVLJQHG WKHP FHOO W\SH ODEHOV

DW WKH KLJK-KLHUDUFK\ OHYHO ZKHUH SRVVLEOH, WKURXJK WKH VDPH SURFHGXUH DV WKH

ORZ-KLHUDUFK\ ODEHOV. 7KLV UHVXOWHG LQ D ILQDO VHW RI KDUPRQL]HG ODEHOV EHWZHHQ

QRQ-DQQRWDWHG DQG DQQRWDWHG FHOOV IRU D WRWDO RI 738,647 FHOOV, LQFOXGLQJ 91 GHWDLOHG FHOO

VXEW\SHV FRUUHVSRQGLQJ WR 32 EURDG FHOO W\SHV DFURVV GLIIHUHQW GDWDVHWV DQG WLVVXHV (fig.

S8).

0RGHO WUDLQLQJ

'LIIHUHQW FODVVLILHUV IRU FHOO W\SH SUHGLFWLRQV KDYH EHHQ GHVFULEHG (85, 87). 2I

QRWH, KLJK SHUIRUPDQFH FDQ EH DFKLHYHG HYHQ ZKHQ WKH FODVVLILHUV DUH FRQVWUXFWHG XVLQJ

FDQRQLFDO PDFKLQH OHDUQLQJ PHWKRGV, QRWDEO\ WKH ORJLVWLF UHJUHVVLRQ PRGHOV (88, 89).

:H EDVHG WKH PRGHOV RI CHOO7\SLVW RQ D ORJLVWLF UHJUHVVLRQ IUDPHZRUN ZLWK VHYHUDO

DGDSWDWLRQV.

)LUVW, UDQGRPO\ VDPSOHG PLQL-EDWFKHV, LQVWHDG RI WKH ZKROH WUDLQLQJ GDWDVHW,

ZHUH XVHG GXULQJ WKH WUDLQLQJ SURFHGXUH. 7KLV DSSURDFK QRW RQO\ E\SDVVHG WKH SRVVLEOH

PHPRU\ H[FHVV ZKHQ PRGHOOLQJ RXU ODUJH GDWDVHW, EXW DOVR HQVXUHG WKH IDVW FRQYHUJHQFH

QRW UHDGLO\ DYDLODEOH IRU GDWDVHWV ZLWK KXQGUHGV RI WKRXVDQGV RI FHOOV. (DFK PLQL-EDWFK

FRPSULVHG 1,000 FHOOV VDPSOHG IURP WKH ZKROH GDWDVHW, DQG LQ D VLQJOH HSRFK 100

PXWXDOO\ H[FOXVLYH PLQL-EDWFKHV ZHUH VHTXHQWLDOO\ WUDLQHG. 7KLV VWHS ZDV UHSHDWHG 30

HSRFKV, HQDEOLQJ WKH CHOO7\SLVW PRGHOV WR VHH FHOO QXPEHUV ZLWK VL[ RUGHUV RI

PDJQLWXGH. ,Q SUDFWLFH, WKH QXPEHU RI HSRFKV QHHGHG ZLOO EH IHZHU, ZLWK WKH
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SHUIRUPDQFH SODWHDX UHDFKHG ZLWKLQ 10 HSRFKV (1,000 LWHUDWLRQV) (Fig. 1C), KLJKOLJKWLQJ

WKH XVHIXOQHVV RI WKH PLQL-EDWFK WUDLQLQJ DSSURDFK LQ CHOO7\SLVW. ,Q CHOO7\SLVW, ZH KDYH

DOVR LPSOHPHQWHG D IXQFWLRQDOLW\ WR EDODQFH FHOO W\SHV ZLWKLQ PLQL-EDWFKHV. 6SHFLILFDOO\,

GXULQJ WKH PLQL-EDWFK VDPSOLQJ, FHOOV IURP D JLYHQ FHOO W\SH DUH VDPSOHG ZLWK D

SUREDELOLW\ LQYHUVHO\ SURSRUWLRQDO WR WKH QXPEHU RI FHOOV EHORQJLQJ WR WKLV FHOO W\SH. 7KLV

HQVXUHV WKDW D UDUH FHOO W\SH LV VDPSOHG LQWR WKH PLQL-EDWFKHV ZLWK D KLJKHU SUREDELOLW\,

DQG FORVH QXPEHUV RI FHOO W\SHV ZLOO XOWLPDWHO\ VWD\ LQ WKH PLQL-EDWFKHV (VXEMHFW WR WKH

PD[LPXP QXPEHU RI FHOOV WKDW FDQ EH SURYLGHG E\ D JLYHQ FHOO W\SH). :H DOVR WHVWHG

KRZ WKLV RSWLRQ ZLOO LQIOXHQFH RXU PRGHOV DQG WKH GRZQVWUHDP SUHGLFWLRQ, DQG IRXQG

WKDW ZLWK WKH FHOO W\SHV EDODQFHG LQ PLQL-EDWFKHV, WKH PRGHO SUHGLFWLRQ UHVXOW IRU RXU

UHVRXUFH ZDV VLPLODU (fig. S25B) WR WKDW EDVHG RQ UDQGRPO\ VDPSOHG PLQL-EDWFKHV (fig.

S25A), LQGLFDWLQJ D KLJK SUHGLFWLRQ DFFXUDF\ WKDW LV DOUHDG\ DFKLHYHG E\ WKH PRGHO ZLWK

UDQGRP PLQL-EDWFK VDPSOLQJ. 6RPH LQFRQVLVWHQFLHV, PDLQO\ IURP WKH ³C\WRWR[LF 7

FHOOV´ DQG ³7FP/1DLYH KHOSHU 7 FHOOV´, ZHUH DOVR REVHUYHG (fig. S25C), SRVVLEO\

UHVXOWLQJ IURP WKH XQGHUVDPSOLQJ RI WKHVH SRSXODWLRQV ZKLFK KDG KLJK LQWUD-FHOO W\SH

KHWHURJHQHLW\ GXH WR WKH RYHUVDPSOLQJ RI RWKHU UDUH FHOO W\SHV.

6HFRQG, 6*' DOJRULWKP ZDV XVHG LQ FRPELQDWLRQ ZLWK WKH PLQL-EDWFK WUDLQLQJ WR

GHULYH WKH VROXWLRQV RI WKH PRGHO FRVW/ORVV IXQFWLRQ. 7KLV ZDV LPSOHPHQWHG XVLQJ WKH

VFLNLW-OHDUQ SDFNDJH LQ 3\WKRQ (90) E\ WKH ³SDUWLDOBILW´ PHWKRG IURP WKH FODVV

³6GDCODVVLILHU´. 6*' DOVR DOORZV IRU RQOLQH WUDLQLQJ, PHDQLQJ WKDW LI QHZ GDWD DUH IHG,

LW FDQ EH HDVLO\ LQFRUSRUDWHG LQWR WKH PRGHO.

7KLUG, /2 UHJXODUL]DWLRQ ZDV LPSRVHG RQ WKH ORJLVWLF PRGHOV WR PDNH WKH

SUHGLFWLRQV PRUH DSSOLFDEOH WR H[WHUQDO TXHU\ GDWDVHWV. 7KLV DOVR DOORZV HDFK JHQH LQ WKH

PRGHO WR KDYH D ZHLJKW RI JUHDWHU WKDQ 0 VXFK WKDW PRUH JHQHV FDQ EH XWLOL]HG ZKHQ

SUHGLFWLQJ TXHU\ GDWD ZLWK YDU\LQJ QXPEHUV RI LQSXW IHDWXUHV. 7KH UHJXODUL]DWLRQ WHUP

(DOSKD) ZDV FKRVHQ E\ WUDLQLQJ WKH PRGHOV ZLWK DOSKD VHW WR 0.01, 0.001, 0.0001,

0.00001 RU 0.000001, DQG WKH DOSKD \LHOGLQJ WKH EHVW SHUIRUPDQFH RQ DQ LQGHSHQGHQWO\

OHIW-RXW GDWD (10% RI WKH WRWDO GDWDVHW) ZDV FKRVHQ DV WKH RSWLPDO K\SHU-SDUDPHWHU.

8OWLPDWHO\, WKH DOSKD ZDV VHW WR 0.0001 IRU WKH ORZ-KLHUDUFK\ PRGHO DQG 0.001 IRU WKH

KLJK-KLHUDUFK\ PRGHO.
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/DVW, IHDWXUH VHOHFWLRQ ZDV FRQGXFWHG EHIRUH WKH ILQDO PRGHOV ZHUH WUDLQHG.

6SHFLILFDOO\, ZH SHUIRUPHG DQ LQLWLDO WUDLQLQJ EDVHG RQ WKH HQWLUH JHQH VHW, DQG VHOHFWHG

WKH WRS 300 JHQHV IURP HDFK FODVV (FHOO W\SH) E\ UDQNLQJ WKH JHQHV DFFRUGLQJ WR WKHLU

DEVROXWH ZHLJKWV DVVRFLDWHG ZLWK WKH JLYHQ FODVV. AIWHU FRPELQLQJ WKH JHQHV IURP DOO WKH

FHOO W\SHV, D WRWDO RI 3,278 JHQHV ZHUH REWDLQHG DQG ODWHU VXSSOLHG DV WKH LQSXW WR D

VHFRQG URXQG RI WUDLQLQJ. 7KLV VWHS HIIHFWLYHO\ UHGXFHV WKH FRPSOH[LW\ RI WKH VDPSOH

VSDFH DQG HPSKDVL]HV WKH PDMRU FRQWULEXWLRQV RI KLJKO\ LQIRUPDWLYH JHQHV WR WKH

FODVVLILFDWLRQ RI FHOO LGHQWLWLHV.

3URFHVVLQJ RI WUDLQLQJ DQG TXHU\ GDWDVHWV

AV WKH LQSXW IRU CHOO7\SLVW PRGHO WUDLQLQJ, WKH GDWDVHWV ZHUH QRUPDOL]HG WR

10,000 FRXQWV SHU FHOO DQG ORJ-WUDQVIRUPHG (ZLWK D SVHXGRFRXQW RI 1). :KLOH WKLV VWHS

FDQQRW IXOO\ UHVROYH WKH VHTXHQFLQJ GHSWK-UHODWHG EDWFKHV, JHQHV GHWHFWHG LQ WKH FHOOV

DIWHU WKLV VWHS ZLOO KDYH PRUH FRPSDUDEOH H[SUHVVLRQ VFDOHV DFURVV GLIIHUHQW GDWDVHWV.

0HDQZKLOH, IRU WKH JHQH H[SUHVVLRQ PDWUL[ LQ WKH TXHU\ GDWD, CHOO7\SLVW ZLOO GHWHFW WKH

H[SUHVVLRQ PDWUL[ DQG WUDQVIRUP LW LQWR WKH VDPH IRUPDW DV WKH CHOO7\SLVW WUDLQLQJ

GDWDVHWV (RU UHSRUW DQ HUURU DQG UHTXLUH WKH XVHU WR LQSXW WKH VDPH IRUPDW) WR DJDLQ

HQVXUH JHQH H[SUHVVLRQ FRPSDUDELOLW\ EHWZHHQ WKH WUDLQLQJ DQG TXHU\ GDWDVHWV. /DWHU, WR

HQDEOH WKH IDVW FRQYHUJHQFH XVLQJ WKH RSWLPDO 6*' OHDUQLQJ UDWH, DV ZHOO DV WR HQVXUH D

FRPSDUDEOH VFDOH RI ZHLJKWV DFURVV JHQHV ZKHQ /2 UHJXODUL]DWLRQ ZDV DSSOLHG,

H[SUHVVLRQ RI HDFK JHQH ZDV VWDQGDUGL]HG WR D PHDQ RI ]HUR DQG XQLW YDULDQFH. ,Q WKH

PHDQWLPH, WKH PHDQ DQG VWDQGDUG YDULDWLRQ RI HDFK JHQH GXULQJ WKLV VWHS DUH UHFRUGHG LQ

WKH CHOO7\SLVW PRGHOV DQG ZLOO EH DSSOLHG WR WKH VKDUHG JHQHV LQ WKH TXHU\ GDWDVHW.

7KURXJK WKLV, ZH DUH DEOH WR IXUWKHU PLQLPL]H WKH GLIIHUHQFHV LQ H[SUHVVLRQ VFDOHV DQG

VSDUVHQHVV DFURVV GDWDVHWV.

7R VWUHQJWKHQ WKH DSSOLFDELOLW\ RI CHOO7\SLVW WR GDWDVHWV ZLWK GLIIHUHQW

VHTXHQFLQJ SURWRFROV, DQ DXWRPDWLF IHDWXUH VHOHFWLRQ VWHS (VHH WKH VHFWLRQ ³MRGHO

WUDLQLQJ´) ZDV SHUIRUPHG WR UHGXFH WKH JHQH QXPEHUV LQ WKH CHOO7\SLVW PRGHOV. 7KLV LV

SDUWLFXODUO\ LPSRUWDQW FRQVLGHULQJ WKDW HYHQ WKRXJK GLIIHUHQW VHTXHQFLQJ SURWRFROV KDYH

GLIIHUHQW JHQH H[SUHVVLRQ VSDUVHQHVV, PDUNHU RU GULYLQJ JHQHV RI FHOO W\SHV DUH VWDEOH

ZLWKLQ WKH JHQH H[SUHVVLRQ PDWUL[ DFURVV SURWRFROV. :LWK VXFK D IHDWXUH VHOHFWLRQ VWHS,
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ZH UHVWULFW WKH FHOO W\SH-GHWHUPLQLQJ VLJQDOV WR IHZHU EXW PRUH LQIRUPDWLYH JHQHV DQG

E\SDVV WKH H[SUHVVLRQ QRLVHV EHWZHHQ WUDLQLQJ DQG TXHU\ GDWDVHWV.

3UDFWLFDOO\, LQ DGGLWLRQ WR XWLOL]LQJ WKH CHOO7\SLVW PRGHOV WR SUHGLFW RXU

FURVV-WLVVXH LPPXQH FHOO GDWDVHW LQ WKLV VWXG\ UHSUHVHQWLQJ LQWHUPHGLDWH JHQH H[SUHVVLRQ

VSDUVHQHVV (10;, RQ DYHUDJH 1,932 H[SUHVVHG JHQHV SHU FHOO), ZH H[DPLQHG WKH

SHUIRUPDQFH RI CHOO7\SLVW PRGHOV RQ WZR RWKHU GDWDVHWV: 1) 2,494 LPPXQH FHOOV

SURFHVVHG E\ 6PDUW6HT2 IURP 7UDYDJOLQL HW DO., 2020 (91) UHSUHVHQWLQJ ULFK JHQH

H[SUHVVLRQ (RQ DYHUDJH 2,555 H[SUHVVHG JHQHV SHU FHOO). CHOO7\SLVW SUHGLFWLRQ RI WKLV

GDWDVHW UHYHDOHG FHOO SRSXODWLRQV WKDW FRUUHVSRQGHG ZHOO ZLWK WKH FHOO W\SH ODEHOV

SURYLGHG E\ WKH RULJLQDO VWXG\ (fig. S10A). 0RUHRYHU, XVLQJ CHOO7\SLVW ZH DGGHG

SUHYLRXVO\ XQDSSUHFLDWHG LQIRUPDWLRQ WR WKH FHOO W\SHV LGHQWLILHG. )RU H[DPSOH, ZKLOH WKH

RULJLQDO VWXG\ URXJKO\ DQQRWDWHG D B FHOO FOXVWHU, ZLWK CHOO7\SLVW ZH ZHUH DEOH WR

LGHQWLI\ LW DV D QDLYH B FHOO SRSXODWLRQ. 7KLV ZDV DOVR WKH FDVH IRU WKH QDWXUDO NLOOHU FHOOV

IURP WKH RULJLQDO VWXG\ IRU ZKLFK CHOO7\SLVW SUHGLFWHG DV WKH C'16+ QDWXUDO NLOOHU

VXEW\SH. 2) 103,766 EORRG DQG LPPXQH FHOOV SURFHVVHG XVLQJ VFL-51A-VHT3 IURP CDR HW

DO., 2020 (92) UHSUHVHQWLQJ VSDUVH JHQH H[SUHVVLRQ (RQ DYHUDJH 414 H[SUHVVHG JHQHV SHU

FHOO). CHOO7\SLVW VXFFHVVIXOO\ DVVLJQHG FHOO W\SH ODEHOV WR WKHVH FHOOV WKDW PDWFKHG ZHOO

ZLWK WKH RULJLQDO ODEHOV SURYLGHG E\ WKH SXEOLFDWLRQ (fig. S10B). AGGLWLRQDO LQIRUPDWLRQ

ZDV DOVR UHYHDOHG, VXFK DV WKH RULJLQDO ³(U\WKUREODVWV´ FHOO SRSXODWLRQ ZKLFK ZDV

SUHGLFWHG E\ CHOO7\SLVW LQWR ³0LG HU\WKURLG´ DQG ³/DWH HU\WKURLG´, DQG WKH ³B FHOOV´

SRSXODWLRQ ZKLFK ZDV SUHGLFWHG LQWR ³3UR-B FHOOV´, ³3ODVPD FHOOV´ DQG ³1DLYH B FHOOV´.

1RWDEO\, WKRXJK ZH SHUIRUPHG EDWFK-FRUUHFWLRQ DQG GDWD LQWHJUDWLRQ RI WKH

WUDLQLQJ GDWDVHWV (VHH WKH VHFWLRQ ³DDWDVHW FRPSLODWLRQ DQG LQWHJUDWLRQ´), ZH GLGQ¶W XVH

WKH UHVXOWLQJ EDWFK-FRUUHFWHG H[SUHVVLRQ PDWUL[ DV WKH LQSXW IRU CHOO7\SLVW PRGHO

WUDLQLQJ, EXW LQVWHDG UHOLHG RQ WKH QRUPDOL]HG DQG VFDOHG JHQH H[SUHVVLRQ PDWUL[ IRU

VHYHUDO UHDVRQV.

)LUVW, ZLWK WKH GDWD SURFHVVLQJ VWHSV RI QRUPDOL]DWLRQ DQG VFDOLQJ, WKH JHQH

H[SUHVVLRQ VFDOHV DFURVV GLIIHUHQW EDWFKHV KDYH ODUJHO\ EHHQ PDGH FRPSDUDEOH. 7KRXJK

VRPH EDWFKHV DUH VWLOO VHHQ, JHQHV ZLWK GLIIHUHQW H[SUHVVLRQ OHYHOV FDQ EH HTXDOO\

SHQDOL]HG ZKHQ D /2 UHJXODUL]DWLRQ WHUP LV DSSOLHG WR WKH ORJLVWLF UHJUHVVLRQ FODVVLILHUV.
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0RUHRYHU, DIWHU SURSHU QRUPDOL]DWLRQ DQG VFDOLQJ, WKH 6*' OHDUQLQJ FDQ FRQYHUJH

WRZDUGV WKH RSWLPXP RI WKH ORVV IXQFWLRQ PRUH TXLFNO\ DQG DFFXUDWHO\, ZKLFK FDQQRW EH

DFKLHYHG E\ D EDWFK-FRUUHFWHG PDWUL[. 7KHUHIRUH, WKURXJK RXU RSWLPL]HG ORJLVWLF

UHJUHVVLRQ IUDPHZRUN, WKH JHQHUDOL]DWLRQ RI FURVV-EDWFK SUHGLFWLRQV LV VLJQLILFDQWO\

LPSURYHG. A PLQRU DGYDQWDJH LV WKDW UXQQLQJ WKH QRUPDOL]DWLRQ DQG VFDOLQJ LV PXFK

IDVWHU LQ WUDLQLQJ QHZ PRGHOV WKDQ XVLQJ EDWFK-FRUUHFWLRQ PHWKRGV ZKLFK XVXDOO\ WDNH D

ORQJ WLPH WR JHW D IXOO\ EDWFK-FRUUHFWHG UHVXOW.

6HFRQG, WKH QRUPDOL]DWLRQ DQG VFDOLQJ IRU WKH WUDLQLQJ GDWDVHWV FDQ EH HDVLO\

UHSURGXFHG LQ WKH TXHU\ GDWDVHWV. CHOO7\SLVW UHFRUGHG WKH PHDQ DQG VWDQGDUG GHYLDWLRQ

RI HDFK JHQH GXULQJ WUDLQLQJ, DQG DSSOLHG WKHVH SDUDPHWHUV WR WKH VKDUHG JHQHV LQ WKH

TXHU\ GDWDVHWV. 7KLV LV DOPRVW QRW SRVVLEOH ZLWK EDWFK-FRUUHFWLRQ PHWKRGV ZKHUH D

EDWFK-FRUUHFWLRQ SURFHGXUH LQ WKH WUDLQLQJ GDWDVHWV LV KDUG WR UHSURGXFH LQ WKH TXHU\

GDWDVHWV. 7KDW LV, EDWFK-FRUUHFWLRQ PHWKRGV FDQQRW HQVXUH WKDW WKH GHJUHHV RI QRLVH

UHPRYDO LQ WUDLQLQJ DQG TXHU\ GDWDVHWV IURP WZR LQGHSHQGHQW UXQV DUH FRPSDUDEOH

(FRQFDWHQDWLQJ WKH WUDLQLQJ DQG TXHU\ GDWDVHWV WRJHWKHU IRU D KROLVWLF EDWFK-FRUUHFWLRQ

FDQ DOOHYLDWH WKLV SUREOHP EXW ZLOO UHVXOW LQ WKH LQIRUPDWLRQ OHDN IURP WKH TXHU\ GDWDVHWV

WR WKH WUDLQLQJ GDWDVHWV GXULQJ PRGHO WUDLQLQJ, WKHUHE\ VNHZLQJ WKH FHOO W\SH SUHGLFWLRQ).

7KLUG, IRU WKH CHOO7\SLVW WUDLQLQJ GDWDVHWV, ZH KDYH FROOHFWHG FHOO W\SHV IURP

GLIIHUHQW VRXUFHV ZLWK D YDULHW\ RI EDWFKHV. 7KLV FUHDWHV D VFHQDULR ZKHUH FHOOV IURP D

JLYHQ FHOO W\SH DOUHDG\ FRQWDLQ LQWHU-EDWFK YDULDWLRQV. CHOO7\SLVW SUHGLFWLRQ, XQGHU WKLV

FRQWH[W, LV WKH SURFHGXUH RI MXGJLQJ ZKHWKHU FURVV-FHOO-W\SH GLIIHUHQFHV DUH VLJQLILFDQWO\

ODUJHU WKDQ ZLWKLQ-FHOO-W\SH YDULDWLRQV. 0RUHRYHU, HDFK SUHGLFWHG FHOO ZLOO KDYH D

FRQILGHQFH VFRUH UDQJLQJ IURP 0 WR 1 WR TXDQWLI\ WKH VLJQLILFDQFH RI FHOO W\SH SUHGLFWLRQ

(VHH WKH VHFWLRQ ³CHOO W\SH SUHGLFWLRQ´ EHORZ). 7KHUHIRUH HYHQ ZKHQ WKH TXHU\ GDWDVHWV

DUH IURP D GLIIHUHQW EDWFK DV FRPSDUHG WR WKH WUDLQLQJ GDWDVHWV, WKH SUHGLFWLRQ UHVXOW ZLOO

SRVVLEO\ SHUVLVW DOEHLW ZLWK D GHFUHDVHG FRQILGHQFH VFRUH.

)RXUWK, IRU PRVW EDWFK-FRUUHFWLRQ PHWKRGV, D ODUJH SURSRUWLRQ RI JHQHV DUH

XVXDOO\ GLVFDUGHG GXULQJ WKH FRUUHFWLRQ SURFHVV, QDPHO\, RQO\ KLJKO\ YDULDEOH JHQHV

(KYJV) DUH XVHG IRU EDWFK FRUUHFWLRQ DQG GDWD LQWHJUDWLRQ. :KLOH LQ CHOO7\SLVW, ZH WUDLQ

WKH PRGHOV XVLQJ DOO H[SUHVVHG JHQHV DQG VWLOO PDLQWDLQ KLJK SUHGLFWLRQ DFFXUDF\. AIWHU
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WKDW, WKHUH LV DOVR DQ RSWLRQ LQ CHOO7\SLVW WR SHUIRUP DQ DXWRPDWLF IHDWXUH VHOHFWLRQ VWHS

EDVHG RQ WKH ILUVW URXQG RI CHOO7\SLVW UXQ E\ VHOHFWLQJ WKH FHOO W\SH-GULYLQJ JHQHV DFURVV

DOO FHOO W\SHV. 8VLQJ QRUPDOL]HG DQG VFDOHG JHQH H[SUHVVLRQ PDWUL[, LQVWHDG RI

KYJV-EDVHG EDWFK-FRUUHFWHG JHQH H[SUHVVLRQ PDWUL[, FDQ ILW LQ ZLWK WKLV SLSHOLQH.

1HYHUWKHOHVV, WR DVVHVV KRZ EDWFK HIIHFWV FDQ LPSDFW WKH SHUIRUPDQFH RI

CHOO7\SLVW PRGHOV LQ SUDFWLFH, ZH H[WUDFWHG WKH EDWFK-FRUUHFWHG H[SUHVVLRQ PDWUL[ XVLQJ

VF9,, DQG UHSHDWHG WKH WUDLQLQJ SLSHOLQH LQ CHOO7\SLVW ZLWK DOO RWKHU SDUDPHWHUV EHLQJ

FRQVWDQW. 7KLV OHG WR D QHZ PRGHO WUDLQHG IURP WKLV EDWFK-FRUUHFWHG H[SUHVVLRQ PDWUL[,

ZKLFK ZDV VXEVHTXHQWO\ XVHG WR SUHGLFW FHOO W\SHV IURP RXU FURVV-WLVVXH LPPXQH

UHVRXUFH (fig. S11). 7KH UHVXOWV VKRZHG WKDW WKH SUHGLFWLRQV IURP WKH QHZ PRGHO ZHUH

TXLWH VLPLODU ZLWK WKRVH EDVHG RQ QRUPDOL]HG DQG VFDOHG JHQH H[SUHVVLRQ PDWULFHV (fig.

S11, A and B). +RZHYHU, IRU D QXPEHU RI FHOO W\SHV, WKH QHZ PRGHO \LHOGHG FRDUVH RU

LQFRUUHFW SUHGLFWLRQV. )RU LQVWDQFH, WKH ³7\SH 1 KHOSHU 7 FHOOV´, ³7FP/1DLYH KHOSHU 7

FHOOV´, ³C'8D/E(HQWU\)´, ³+HOSHU 7 FHOOV´, ³)ROOLFXODU KHOSHU 7 FHOOV´, ³5HJXODWRU\ 7

FHOOV´, DQG ³7HP/(IIHFWRU KHOSHU 7 FHOOV´ DUH QRZ JURVVO\ SUHGLFWHG DV ³7FP/1DLYH

KHOSHU 7 FHOOV´ E\ WKH QHZ PRGHO (fig. S11C), DQG WKH ³,/C´, ³C\WRWR[LF 7 FHOOV´,

³0LJUDWRU\ 'CV´, ³1RQ-FODVVLFDO PRQRF\WHV´ DQG ³(DUO\ 0.´ DUH LQFRUUHFWO\ SUHGLFWHG

DV ³(SLWKHOLDO FHOOV´ (fig. S11C). :H WKHUHIRUH UHDVRQ WKDW D QRUPDOL]HG DQG VFDOHG

H[SUHVVLRQ PDWUL[ LV PRUH VXLWHG WR RXU CHOO7\SLVW SLSHOLQH DQG LV DEOH WR SURGXFH PRUH

DFFXUDWH DQG ILQH-JUDLQHG FHOO W\SH SUHGLFWLRQV.

CHOO W\SH SUHGLFWLRQ

BHIRUH WKH SUHGLFWLRQ, WKH LQSXW TXHU\ GDWD ZDV QRUPDOL]HG WR 10,000 FRXQWV SHU

FHOO DQG ORJ-WUDQVIRUPHG (ZLWK D SVHXGRFRXQW RI 1). 2QO\ JHQHV VKDUHG EHWZHHQ WKH

CHOO7\SLVW PRGHO DQG WKH LQSXW GDWD ZHUH XVHG LQ WKH GRZQVWUHDP SUHGLFWLRQ. )RU HDFK

JHQH, DV QRWHG LQ ³3URFHVVLQJ RI WUDLQLQJ DQG TXHU\ GDWDVHWV´, ZH VWDQGDUGL]HG LW E\

VXEWUDFWLQJ WKH PHDQ DQG VFDOLQJ WKH VWDQGDUG GHYLDWLRQ XVLQJ WKH FRUUHVSRQGLQJ PHDQ

DQG VWDQGDUG GHYLDWLRQ UHFRUGHG LQ WKH WUDLQLQJ VWHS IRU WKDW JHQH.

)RU HDFK FHOO W\SH LQYROYHG LQ WKH PRGHO, WKH GHFLVLRQ VFRUHV RI WKH TXHU\ FHOOV

DUH GHILQHG DV WKH OLQHDU FRPELQDWLRQ RI WKH VFDOHG JHQH H[SUHVVLRQ DQG WKH PRGHO

FRHIILFLHQWV DVVRFLDWHG ZLWK WKH JLYHQ FHOO W\SH (³GHFLVLRQBIXQFWLRQ´ IURP WKH FODVV
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³6GDCODVVLILHU´ LQ VNOHDUQ), DQG WKH SUREDELOLWLHV DUH FDOFXODWHG E\ WUDQVIRUPLQJ WKH

GHFLVLRQ VFRUHV ZLWK D VLJPRLG IXQFWLRQ (³VFLS\.VSHFLDO.H[SLW´ LQ VFLS\). 7KH WZR PHWULFV

DUH UHFRUGHG LQ CHOO7\SLVW RXWSXWV. 1H[W, WKH FHOO W\SH ZLWK WKH PD[LPDO GHFLVLRQ VFRUH

(RU SUREDELOLW\) LV VHOHFWHG DV WKH SUHGLFWHG LGHQWLW\ IRU WKH TXHU\ FHOO. 2I QRWH, ZH

WUDLQHG WKH PRGHOV ZLWK DQ RQH-YV-UHVW (295) VWUDWHJ\, UHVXOWLQJ LQ PXOWLSOH

LQGHSHQGHQW ELQDU\ FODVVLILHUV ZLWK WKHLU GHFLVLRQ VFRUHV DQG SUREDELOLWLHV EHLQJ

FRPSDUDEOH DPRQJ FHOO W\SHV. 'LIIHUHQW IURP WKH PXOWLQRPLDO ORJLVWLF UHJUHVVLRQ

IUDPHZRUN ZKHUH WKH SUREDELOLWLHV RI DOO FHOO W\SHV IRU D JLYHQ TXHU\ FHOO DUH FRQVWUDLQHG

WR D VXP RI 1 GXULQJ WUDLQLQJ DQG GLUHFWO\ RXWSXW E\ WKH WRROV, LQ CHOO7\SLVW WKHVH

SUREDELOLWLHV DUH FDOFXODWHG IURP WKH GHFLVLRQ VFRUHV DQG ODWHU NHSW DV LV, HQDEOLQJ WKH

H[DPLQDWLRQ RI QRYHO DQG DPELJXRXV FHOO W\SHV LQ WKH TXHU\ GDWD.

6SHFLILFDOO\, GHSHQGLQJ RQ ZKDW WKH XVHUV ZDQW WR DFKLHYH, CHOO7\SLVW KDV WZR

PRGHV GXULQJ WKH SUHGLFWLRQ VWHS (PRGH=µEHVW PDWFK¶ RU PRGH=µSURE PDWFK¶), ZLWK WKH

IRUPHU DVVLJQLQJ WKH PRVW OLNHO\ FHOO W\SH WR D JLYHQ TXHU\ FHOO IRU WKH SXUSRVH RI

GLVWLQJXLVKLQJ EHWZHHQ KRPRJHQHRXV FHOO W\SHV, DQG WKH ODWWHU DVVLJQLQJ 0 (L.H., D QRYHO

FHOO W\SH RQO\ LQ WKH TXHU\ GDWDVHW), 1 (L.H., XQLTXH DVVLJQPHQW), RU >=2 (L.H., PXOWL-ODEHO

DVVLJQPHQWV) WR D JLYHQ TXHU\ FHOO XVLQJ D SUREDELOLW\ WKUHVKROG (GHIDXOW WR 0.5 LQ

CHOO7\SLVW, ZKLFK LV ZHOO DSSOLHG LQ WKH ORJLVWLF UHJUHVVLRQ IUDPHZRUN LQ SUDFWLFH).

2YHU-FOXVWHULQJ DQG PDMRULW\ YRWLQJ

7KH SUHGLFWLRQ VWHS LV SHUIRUPHG WR LQIHU WKH LGHQWLWLHV RI LQSXW FHOOV, ZKLFK

UHQGHUV WKH SUHGLFWLRQ RI HDFK FHOO LQGHSHQGHQW. 7R FRPELQH WKH FHOO W\SH SUHGLFWLRQV

ZLWK WKH FHOO-FHOO WUDQVFULSWRPLF UHODWLRQVKLSV, CHOO7\SLVW RIIHUV D PDMRULW\ YRWLQJ

DSSURDFK EDVHG RQ WKH LGHD WKDW WUDQVFULSWLRQDOO\ VLPLODU FHOOV LQ WKH TXHU\ GDWDVHW DUH

PRUH OLNHO\ WR IRUP D (VXE)FOXVWHU UHJDUGOHVV RI WKHLU LQGLYLGXDO SUHGLFWLRQ RXWFRPHV. ,Q

WKLV VWXG\, WKH TXHU\ GDWD ZDV ILUVW RYHU-FOXVWHUHG XVLQJ WKH /HLGHQ DOJRULWKP RQ WKH

EDVLV RI DQ H[LVWLQJ QHLJKERUKRRG JUDSK LQ WKH LQSXW REMHFW (³VFDQS\.WO.OHLGHQ´ LQ

6FDQS\) ZLWK WKH UHVROXWLRQ VHW WR 25. ,I QR QHLJKERUKRRG JUDSK H[LVWV IRU WKH LQSXW GDWD,

D QHLJKERUKRRG JUDSK ZLOO EH FRQVWUXFWHG EHIRUH WKH RYHU-FOXVWHULQJ

(³VFDQS\.SS.QHLJKERUV´ LQ 6FDQS\). (DFK UHVXOWLQJ VXEFOXVWHU ZDV WKHQ DVVLJQHG WKH

LGHQWLW\ VXSSRUWHG E\ WKH GRPLQDQW FHOO W\SH SUHGLFWHG IRU WKLV VXEFOXVWHU. 7KURXJK WKLV
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VWHS, GLVWLQJXLVKDEOH VPDOO VXEFOXVWHUV ZLOO EH DVVLJQHG GLVWLQFW FHOO W\SH ODEHOV, DQG

KRPRJHQRXV VXEFOXVWHUV ZLOO EH DVVLJQHG WKH VDPH ODEHOV DQG LWHUDWLYHO\ FRQYHUJH WR D

ELJJHU FOXVWHU.

+RZHYHU, DIWHU WKH PDMRULW\-YRWLQJ VWHS, WKHUH PD\ VWLOO H[LVW KHWHURJHQHRXV

FOXVWHUV GXH WR WKH ELDV LQ WHFKQLFDO FRQIRXQGHUV DQG DOJRULWKPLF LQDELOLW\ WR IXUWKHU

UHVROYH D VXEFOXVWHU. 7R E\SDVV WKLV, CHOO7\SLVW KDV D SURSRUWLRQ WKUHVKROG GHILQHG DV WKH

SURSRUWLRQ RI WKH GRPLQDQW FHOO W\SH UHTXLUHG WR QDPH D JLYHQ VXEFOXVWHU E\ WKLV FHOO

W\SH. 6SHFLILFDOO\, LI WKH SURSRUWLRQ RI WKH GRPLQDQW FHOO W\SH IDLOV WR SDVV WKLV FXWRII (IRU

H[DPSOH, <70%, ZKLFK PHDQV WKDW WKH UHPDLQLQJ FHOO SRSXODWLRQV RFFXS\ >30% RI WKH

WRWDO QXPEHU RI FHOOV LQ D JLYHQ VXEFOXVWHU), WKH ZKROH VXEFOXVWHU ZLOO EH DVVLJQHG

³+HWHURJHQHRXV´ E\ CHOO7\SLVW. 0RUHRYHU, CHOO7\SLVW RXWSXWV WZR UHVXOWV: WKH SUHGLFWHG

ODEHOV IRU LQGLYLGXDO FHOOV, DQG WKH ODEHOV DIWHU PDMRULW\ YRWLQJ ORFDO VXEFOXVWHUV.

7KURXJK WKLV, LI D VXEFOXVWHU LV DVVLJQHG ³+HWHURJHQHRXV´, WKH XVHUV DUH DEOH WR FKHFN

WKH FRPSRVLWLRQ RI WKLV VXEFOXVWHU DQG GHWHUPLQH WKH FRQILGHQFH RI WKLV PDMRULW\-YRWHG

FHOO W\SH.

:H WKHQ DSSOLHG WKLV SURSRUWLRQ WKUHVKROG WR RXU FURVV-WLVVXH LPPXQH UHVRXUFH,

DQG ORFDWHG WZR ³+HWHURJHQHRXV´ FOXVWHUV ZKLFK ZHUH SUHYLRXVO\ DQQRWDWHG DV

³+6C/033'' DQG ³(DUO\ 0.´, UHVSHFWLYHO\ (fig. S26A). 7KH ILUVW FOXVWHU LV PDLQO\

FRPSRVHG RI SURJHQLWRU FHOOV, LQFOXGLQJ 51.6% RI ³+6C/033´, 18.2% RI ³C03´,

11.3% RI ³*03´, 9.3% RI ³(/3´, 3.2% RI ³*UDQXORF\WHV´, 2.3% RI ³0HJDNDU\RF\WH

SUHFXUVRU´, 1.7% RI ³1HXWURSKLO-P\HORLG SURJHQLWRU´, 1.4% RI ³'RXEOH-QHJDWLYH

WK\PRF\WHV´, DQG 1% RI ³(DUO\ 0.´ (fig. S26B). 7KH VHFRQG FOXVWHU LV D

PHJDNDU\RF\WH SRSXODWLRQ LQFOXGLQJ 54.2% RI ³(DUO\ 0.´ DQG 45.8% RI

³0HJDNDU\RF\WHV/SODWHOHWV´ (fig. S26C). 7KHUHIRUH WKURXJK WKLV DSSURDFK, ZH DUH DEOH WR

LGHQWLI\ KHWHURJHQHRXV VXEFOXVWHUV LQ RXU UHVRXUFH. +RZHYHU, WKHVH FDVHV RI

KHWHURJHQHRXV FOXVWHUV DUH UDUH DQG D YDVW PDMRULW\ RI FOXVWHUV DIWHU RYHU-FOXVWHULQJ DQG

PDMRULW\ YRWLQJ E\ CHOO7\SLVW DUH GRPLQDWHG E\ RQH FHOO W\SH (fig. S26A), LQGLFDWLQJ WKH

XVHIXOQHVV RI WKH PDMRULW\-YRWLQJ DSSURDFK.
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BHQFKPDUNLQJ ZLWK RWKHU ODEHO-WUDQVIHUULQJ PHWKRGV

:H IRFXVHG RQ WKH FRPSDULVRQV DPRQJ ILYH PHWKRGV: CHOO7\SLVW, WUDGLWLRQDO

ORJLVWLF UHJUHVVLRQ (OU) FODVVLILHU, VXSSRUW YHFWRU PDFKLQH (VYP) FODVVLILHU, A]LPXWK (93),

DQG VF1\P (94). 7R WKLV HQG, 10,000 FHOOV ZHUH UDQGRPO\ VDPSOHG IURP RXU FRPSLOHG

GDWDVHW DV DQ LQGHSHQGHQW WHVW GDWDVHW. :H IXUWKHU JHQHUDWHG WKUHH WUDLQLQJ GDWDVHWV ZLWK

WKH VL]HV EHLQJ 5,000, 50,000, DQG 250,000 FHOOV UHVSHFWLYHO\, WKURXJK VDPSOLQJ WKH FHOOV

IURP WKH UHPDLQLQJ GDWDVHW. 7KLV DOORZV XV WR H[DPLQH WKH HIIHFW RI VL]HV RI WUDLQLQJ

GDWDVHWV RQ WKH SUHGLFWLRQ DFFXUDF\, UHSUHVHQWLQJ VPDOO, PHGLXP DQG ELJ WUDLQLQJ

GDWDVHWV, UHVSHFWLYHO\.

7R PDNH WKH FRPSDULVRQV XQELDVHG DFURVV GLIIHUHQW PHWKRGV, ERWK WKH WUDLQLQJ

DQG WHVW GDWD ZHUH SURSHUO\ SUHSURFHVVHG EHIRUHKDQG (WKH WLPH XVHG IRU SUHSURFHVVLQJ LV

QRW LQFOXGHG LQ WKH EHQFKPDUNLQJ RI UXQQLQJ WLPH): L) )RU CHOO7\SLVW, OU DQG VYP, WKH

WUDLQLQJ GDWD ZDV QRUPDOL]HG DQG VFDOHG DV LQ ³3URFHVVLQJ RI WUDLQLQJ DQG TXHU\

GDWDVHWV´. 7KH WHVW GDWD ZDV QRUPDOL]HG LQ WKH VDPH ZD\ ZKLOH VFDOHG XVLQJ WKH

UHFRUGHG PHDQ DQG VWDQGDUG GHYLDWLRQ DV LQ WKH VHFWLRQ ³CHOO W\SH SUHGLFWLRQ´; LL) )RU

VF1\P, WKH WUDLQLQJ DQG WHVW GDWDVHWV ZHUH ERWK QRUPDOL]HG WR 1,000,000 FRXQWV SHU FHOO

DV VXJJHVWHG E\ WKH VF1\P JXLGHOLQHV DQG WKHQ ORJ-WUDQVIRUPHG (ZLWK D SVHXGRFRXQW RI

1); LLL) )RU A]LPXWK, WKH WUDLQLQJ DQG WHVW GDWDVHWV ZHUH ERWK QRUPDOL]HG WR 10,000

FRXQWV SHU FHOO DQG ORJ-WUDQVIRUPHG (ZLWK D SVHXGRFRXQW RI 1). )RU DOO WKH ILYH PHWKRGV,

ZH XVHG WKH VDPH VHW RI KLJKO\ YDULDEOH JHQHV H[WUDFWHG IURP WKH UHIHUHQFH REMHFW

(³VFDQS\.SS.KLJKO\BYDULDEOHBJHQHV´ LQ 6FDQS\).

:H VSOLW WKH ZKROH ODEHO-WUDQVIHUULQJ SURFHGXUH LQWR WKH ³WUDLQLQJ´ DQG

³SUHGLFWLRQ´ VWHSV. 0RUHRYHU, ZH GHILQH D ³XVHU WLPH´ DV WKH WLPH QHHGHG IRU D XVHU WR

JHW WKHLU SUHGLFWLRQ UHVXOWV DIWHU VXSSO\LQJ WKH TXHU\ GDWD WR WKH SURJUDPV. 7KLV LV FULWLFDO

DV WKH XVHU WLPH LV PRUH UHODWHG ZLWK WKH XVHU H[SHULHQFH LQ SUDFWLFH. fig. S14A OLVWV WKH

GHWDLOHG VSOLW IRU WKH ILYH PHWKRGV. 6SHFLILFDOO\, LQ CHOO7\SLVW, OU DQG VYP, WKH WUDLQLQJ

VWHSV DUH RQO\ GHSHQGHQW RQ WKH WUDLQLQJ GDWD, ZKLOH LQ VF1\P DQG A]LPXWK, WKH WUDLQLQJ

VWHSV UHO\ RQ ERWK WKH WUDLQLQJ DQG WHVW GDWD (³VFQ\PBDSL(WDVN='WUDLQ')´ LQ VF1\P, DQG

³FLQG7UDQVIHUAQFKRUV´ LQ 6HXUDW, UHVSHFWLYHO\). 7KHUHIRUH, IURP WKH SHUVSHFWLYH RI D
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XVHU, WKH XVHU WLPH LQ CHOO7\SLVW, OU DQG VYP HTXDOV WR WKH SUHGLFWLRQ WLPH ZKLOH WR WKH

VXP RI WUDLQLQJ DQG SUHGLFWLRQ WLPH LQ VF1\P DQG A]LPXWK.

)RU HDFK PHWKRG, ZH UHFRUGHG ERWK WKH WUDLQLQJ DQG SUHGLFWLRQ WLPH, DV ZHOO DV

WKH SUHGLFWHG FHOO W\SHV IRU WKH WHVW GDWD. 7KH SHUIRUPDQFH ZDV WKHQ DVVHVVHG IRU HDFK

FHOO W\SH VHSDUDWHO\ XVLQJ WKUHH PHWULFV: SUHFLVLRQ (³VNOHDUQ.PHWULFV.SUHFLVLRQBVFRUH´),

UHFDOO (³VNOHDUQ.PHWULFV.UHFDOOBVFRUH´), DQG )1 VFRUH (³VNOHDUQ.PHWULFV.I1BVFRUH´).

7KH UHVXOWV VKRZ WKDW ZKHQ WKH WUDLQLQJ GDWD VL]H LV VPDOO (5,000 FHOOV),

CHOO7\SLVW KDV D FRPSDUDEOH SHUIRUPDQFH DV FRPSDUHG WR WKH WUDGLWLRQDO ORJLVWLF

UHJUHVVLRQ, A]LPXWK DQG VF1\P, DOO RI ZKLFK RXWSHUIRUP VYP XVLQJ RXU GDWDVHWV (fig.

S13). :KHQ WKH WUDLQLQJ GDWD VL]H LV PHGLXP (50,000 FHOOV) RU ODUJH (250,000 FHOOV),

CHOO7\SLVW KDV D VLPLODU SHUIRUPDQFH ZLWK WKH WUDGLWLRQDO ORJLVWLF UHJUHVVLRQ DQG VF1\P,

ZKLFK LV VOLJKWO\ EHWWHU WKDQ A]LPXWK DQG PXFK EHWWHU WKDQ VYP. ,PSRUWDQWO\, RXU

PLQL-EDWFK WUDLQLQJ DSSURDFK ZLWK 6*' OHDUQLQJ GUDPDWLFDOO\ GHFUHDVHV WKH WLPH QHHGHG

IRU WKH PRGHO WUDLQLQJ DQG WKXV UHSUHVHQWV D PRUH VFDODEOH PHWKRG IRU ODUJH-VFDOH

VF51A-VHT GDWDVHWV (fig. S14B). ,Q WHUPV RI WKH XVHU WLPH, DV ZLWK FDQRQLFDO PDFKLQH

OHDUQLQJ PHWKRGV, CHOO7\SLVW SUHGLFWV WKH TXHU\ GDWD PXFK PRUH HIILFLHQWO\ DQG TXLFNO\

WKDQ A]LPXWK DQG VF1\P (VHH WKH XVHU WLPH PDUNHG E\ DVWHULVNV LQ WKH fig. S14B),

ODUJHO\ GXH WR WKH LQGHSHQGHQFH EHWZHHQ WKH GDWD WUDLQLQJ DQG SUHGLFWLRQ VWHSV LQ

CHOO7\SLVW.

CHOO7\SLVW SHUIRUPDQFH RQ WKH FURVV-WLVVXH LPPXQH UHIHUHQFH

:H QH[W H[DPLQHG WKH SHUIRUPDQFH RI CHOO7\SLVW RQ RXU DVVHPEOHG LPPXQH FHOO

DWODV. )RU DQ LQGHSHQGHQWO\ OHIW-RXW GDWDVHW (10%), WKH CHOO7\SLVW PRGHOV WUDLQHG IURP

WKH UHPDLQLQJ GDWDVHW (90%) GHPRQVWUDWHG WKH SUHFLVLRQ RI 0.97 DQG 0.91 DW WKH KLJK-

DQG ORZ-KLHUDUFK\ OHYHOV, UHVSHFWLYHO\ (fig. S9A). 7KH UHFDOO VFRUHV ZHUH UHODWLYHO\

ORZHU, EXW VWLOO UHDFKHG 0.88 DQG 0.84 DW WKH WZR OHYHOV, UHVSHFWLYHO\ (fig. S9B). )XUWKHU

VXPPDUL]LQJ WKH WZR PHWULFV LQWR WKH )1 VFRUH, WKH CHOO7\SLVW PRGHOV RYHUDOO H[KLELWHG

WKH )1 VFRUHV RI 0.95 DQG 0.89 DW WKH WZR OHYHOV (Fig. 1C). ([DPLQDWLRQ RI WKH )1 VFRUH

IRU HDFK FHOO W\SH DQQRWDWHG LQ WKH PRGHOV UHYHDOHG WKDW SDUW RI WKH PRGHOV¶ SUHGLFWLRQ

HUURUV FDPH IURP D ORZ QXPEHU RI FHOOV DVVRFLDWHG ZLWK FHUWDLQ ODEHOV (fig. S9C),

LQGLFDWLQJ D IXWXUH QHHG RI FROOHFWLQJ PRUH UDUH FHOO W\SHV.
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Fig. S1. Overview of the immune cell compartment of the dataset. (A) 80A3

YLVXDOL]DWLRQ RI WKH LPPXQH FHOO FRPSDUWPHQW VKRZLQJ WKH GRQRU GLVWULEXWLRQ. (B) BDU

SORW VKRZLQJ WKH QXPEHU RI FHOOV LQ HDFK WLVVXH (XSSHU), DV ZHOO DV WKH VWDFNHG EDU SORW

VKRZLQJ WKH SHUFHQWDJHV RI GRQRUV SHU WLVVXH (ERWWRP). (C) AV ZLWK (A), EXW FRORUHG E\

KLJK-KLHUDUFK\ FHOO W\SHV SUHGLFWHG XVLQJ CHOO7\SLVW. (D) 'RW SORW GLVSOD\LQJ WKH

H[SUHVVLRQ RI CHOO7\SLVW-GHULYHG PDUNHU JHQHV IRU WKH SUHGLFWHG LPPXQH SRSXODWLRQV.

CRORU JUDGLHQW UHSUHVHQWV PD[LPXP-QRUPDOL]HG PHDQ H[SUHVVLRQ RI FHOOV H[SUHVVLQJ WKH

PDUNHU JHQHV, DQG VL]H UHSUHVHQWV WKH SHUFHQWDJH RI FHOOV H[SUHVVLQJ WKHVH JHQHV. 7KH

ERWWRP VWDFNHG EDU SORW VKRZV WKH QXPEHU DQG SHUFHQWDJH RI GRQRUV DFURVV WKH

SUHGLFWHG FHOO W\SHV.
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Fig. S2. Summar\ of the assembled immune atlas across tissues and datasets. (A)

+HDW PDS VKRZLQJ WKH QXPEHU RI FHOOV LQ HDFK FRPELQDWLRQ RI GDWDVHW (URZ) DQG WLVVXH

(FROXPQ), DV ZHOO DV WKH WRWDO FHOO QXPEHU LQ HDFK GDWDVHW (KRUL]RQWDO EDU SORW) DQG HDFK

WLVVXH (YHUWLFDO EDU SORW). CHOO QXPEHUV DUH GHQRWHG LQ XQLWV RI WKRXVDQGV. (B DQG C)

80A3 UHSUHVHQWDWLRQV RI WKH LQWHJUDWHG LPPXQH FHOO DWODV ZLWK LQIRUPDWLRQ RI WLVVXHV

(B) DQG GDWDVHWV (C) RYHUODLG. ,QWHJUDWLRQ LV SHUIRUPHG XVLQJ VF9, ZLWK FRYDULDWHV RI

GDWDVHWV DQG VHTXHQFLQJ SURWRFROV.
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Fig. S3. Schematic of the CellT\pist pipeline to harmoni]e cell t\pe labels across

training datasets. APRQJ WKH LQSXW FHOOV, DQQRWDWHG FHOOV (L.H., FHOOV ZLWK QDPHV DQG

ODEHOV IURP RULJLQDO SXEOLFDWLRQV) DUH FDWHJRUL]HG LQWR H[SHUW-DSSURYHG FHOO W\SHV DQG

FHOOV EHORQJLQJ WR D JLYHQ FHOO W\SH DUH IXUWKHU LQWHJUDWHG DQG FXUDWHG WKURXJK IRXU

PRGXOHV: UHPRYDO, FRUUHFWLRQ, VXEGLYLVLRQ DQG PLQLQJ (VHH 6XSSOHPHQWDU\ 7H[W). )RU

XQDQQRWDWHG FHOOV, WKH\ DUH FOXVWHUHG DQG DVVLJQHG WKH ODEHOV E\ WUDLQLQJ CHOO7\SLVW

PRGHOV RQ DQQRWDWHG FHOOV DQG ODWHU SURSDJDWLQJ FHOO W\SH ODEHOV IURP WKH PRGHOV WR WKH

XQDQQRWDWHG FHOOV.
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Fig. S4. Two examples of cell t\pe label harmoni]ation through removing cells that

are incorrectl\ annotated b\ original publications. (A) 80A3 YLVXDOL]DWLRQV RI DOO

PDVW FHOOV LQ CHOO7\SLVW WUDLQLQJ GDWDVHWV ZLWK LQIRUPDWLRQ RI FHOO VRXUFHV (GDWDVHWV

IROORZHG E\ RULJLQDO FHOO W\SH ODEHOV, XSSHU) DQG XQVXSHUYLVHG FOXVWHULQJ (/HLGHQ

FOXVWHULQJ EDVHG RQ WKH QHLJKERXUKRRG JUDSK FRQVWUXFWHG XVLQJ VF9,-GHULYHG ODWHQW

VSDFH, ERWWRP). (B) 80A3 YLVXDOL]DWLRQV RI WKH WUDQVIHUUHG FHOO W\SH ODEHOV IURP

(OPHQWDLWH HW DO., 2021 (27) (XSSHU) DQG 0DGLVVRRQ HW DO., 2021(28) (ERWWRP) E\ WUDLQLQJ

WKH CHOO7\SLVW PRGHOV RQ WKH WZR GDWDVHWV, UHVSHFWLYHO\. COXVWHUV 9 DQG 11 DUH

FRQVLVWHQWO\ SUHGLFWHG DV SODVPD FHOOV DQG PRQRF\WHV/PDFURSKDJHV, DQG WKXV FDQ EH

UHPRYHG IURP WKH PDVW FHOO FDWHJRU\. (C) ([SUHVVLRQ RI SODVPD FHOO PDUNHU M=B1

(XSSHU) DQG PRQRQXFOHDU SKDJRF\WH PDUNHU CD74 (ERWWRP) RYHUODLG RQWR WKH 80A3

UHSUHVHQWDWLRQV, VXSSRUWLQJ WKH LGHQWLWLHV RI FOXVWHUV 9 DQG 11 DV SODVPD FHOOV DQG

PRQRF\WHV/PDFURSKDJHV, UHVSHFWLYHO\. (D WR F) AV ZLWK (A), (B), DQG (C), EXW IRU LQQDWH
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O\PSKRLG FHOO (,/C) SUHFXUVRUV. 2QO\ FHOOV WKDW DUH DQQRWDWHG DV ,/C SUHFXUVRUV IURP

3RSHVFX HW DO., 2019 (1) DUH NHSW DIWHU WKH UHPRYDO SURFHVV.
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Fig. S5. Two examples of cell t\pe label harmoni]ation through correcting labels of

cells that are misclassified b\ original publications. (A) 80A3 YLVXDOL]DWLRQV RI DOO

UHJXODWRU\ 7 FHOOV LQ CHOO7\SLVW WUDLQLQJ GDWDVHWV ZLWK LQIRUPDWLRQ RI FHOO VRXUFHV

(GDWDVHWV IROORZHG E\ RULJLQDO FHOO W\SH ODEHOV, XSSHU) DQG XQVXSHUYLVHG FOXVWHULQJ

(/HLGHQ FOXVWHULQJ EDVHG RQ WKH QHLJKERXUKRRG JUDSK FRQVWUXFWHG XVLQJ VF9,-GHULYHG

ODWHQW VSDFH, ERWWRP). (B) 80A3 YLVXDOL]DWLRQV RI WKH WUDQVIHUUHG FHOO W\SH ODEHOV IURP

(OPHQWDLWH HW DO., 2021 (27) (XSSHU) DQG 0DGLVVRRQ HW DO., 2021 (28) (ERWWRP) E\

WUDLQLQJ WKH CHOO7\SLVW PRGHOV RQ WKH WZR GDWDVHWV, UHVSHFWLYHO\. COXVWHUV 0, 1, 2, 5, 7

DQG 10 DUH FRQVLVWHQWO\ SUHGLFWHG LQWR QDLYH FHQWUDO PHPRU\ C'4 7 FHOOV LQVWHDG RI

UHJXODWRU\ 7 FHOOV, DQG WKXV FDQ EH UHQDPHG DQG UHODEHOOHG. (C) ([SUHVVLRQ RI UHJXODWRU\

7 FHOO PDUNHUV C7LA4 (XSSHU) DQG F2;33 (ERWWRP) RYHUODLG RQWR WKH 80A3

UHSUHVHQWDWLRQV, VXSSRUWLQJ WKH H[FOXVLRQ RI FOXVWHUV 0, 1, 2, 5, 7 DQG 10 IURP WKH
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UHJXODWRU\ 7 FHOO FDWHJRU\. (D WR F) AV ZLWK (A), (B), DQG (C), EXW IRU LQQDWH O\PSKRLG

FHOOV (,/CV). CHOOV IURP FOXVWHU 0 DUH UHODEHOOHG DV 1. FHOOV DIWHU WKH FRUUHFWLRQ SURFHVV.
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Fig. S6. Two examples of cell t\pe label harmoni]ation through subdividing cell

t\pes into well-recogni]ed subt\pes. (A) 80A3 YLVXDOL]DWLRQV RI DOO PRQRF\WHV LQ

CHOO7\SLVW WUDLQLQJ GDWDVHWV ZLWK LQIRUPDWLRQ RI FHOO VRXUFHV (GDWDVHWV IROORZHG E\

RULJLQDO FHOO W\SH ODEHOV, XSSHU) DQG XQVXSHUYLVHG FOXVWHULQJ (/HLGHQ FOXVWHULQJ EDVHG RQ

WKH QHLJKERXUKRRG JUDSK FRQVWUXFWHG XVLQJ VF9,-GHULYHG ODWHQW VSDFH, ERWWRP). (B)

80A3 YLVXDOL]DWLRQV RI WKH WUDQVIHUUHG FHOO W\SH ODEHOV IURP (OPHQWDLWH HW DO., 2021 (27)

(XSSHU) DQG 0DGLVVRRQ HW DO., 2021 (28) (ERWWRP) E\ WUDLQLQJ WKH CHOO7\SLVW PRGHOV RQ

WKH WZR GDWDVHWV, UHVSHFWLYHO\. COXVWHUV 1 DQG 8 DUH SUHGLFWHG LQWR QRQ-FODVVLFDO (C'16+)

PRQRF\WHV, DQG PRVW RI WKH UHPDLQLQJ FHOOV DUH SUHGLFWHG LQWR FODVVLFDO (C'14+)

PRQRF\WHV. (C) ([SUHVVLRQ RI QRQ-FODVVLFDO PRQRF\WH PDUNHU FCG53A (XSSHU) DQG

FODVVLFDO PRQRF\WH PDUNHU CD14 (ERWWRP) RYHUODLG RQWR WKH 80A3 UHSUHVHQWDWLRQV,

VXSSRUWLQJ WKH VXEGLYLVLRQ RI PRQRF\WHV LQWR WKH WZR VXEW\SHV. (D WR F) AV ZLWK (A),
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(B), DQG (C), EXW IRU QDWXUDO NLOOHU (1.) FHOOV. A VXEW\SH GLYLVLRQ LV IRXQG EHWZHHQ

C'16+ DQG C'16- (C'56+) 1. FHOOV.
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Fig. S7. Two examples of cell t\pe label harmoni]ation through identif\ing hidden

populations among given cell t\pes. (A) 80A3 YLVXDOL]DWLRQV RI DOO F\WRWR[LF 7 FHOOV

LQ CHOO7\SLVW WUDLQLQJ GDWDVHWV ZLWK LQIRUPDWLRQ RI FHOO VRXUFHV (GDWDVHWV IROORZHG E\

RULJLQDO FHOO W\SH ODEHOV, XSSHU) DQG XQVXSHUYLVHG FOXVWHULQJ (/HLGHQ FOXVWHULQJ EDVHG RQ

WKH QHLJKERXUKRRG JUDSK FRQVWUXFWHG XVLQJ VF9,-GHULYHG ODWHQW VSDFH, ERWWRP). (B)

80A3 YLVXDOL]DWLRQV RI WKH WUDQVIHUUHG FHOO W\SH ODEHOV IURP 0DGLVVRRQ HW DO., 2021

(28) E\ WUDLQLQJ WKH CHOO7\SLVW PRGHO RQ WKLV GDWDVHW. A JURXS RI 1,235 FHOOV DUH

SURMHFWHG DV PXFRVDO-DVVRFLDWHG LQYDULDQW 7 (0A,7) FHOOV RXW RI 1,969 FHOOV ZLWK WKH

RULJLQDO FHOO W\SH ODEHO µ7BC'8B0A,7¶. (C) ([SUHVVLRQ RI 0A,7 FHOO PDUNHUV

6LC4A10 (XSSHU) DQG 75A91-2 (ERWWRP) RYHUODLG RQWR WKH 80A3 UHSUHVHQWDWLRQV,

VXSSRUWLQJ WKH LGHQWLW\ RI WKHVH FHOOV DV 0A,7 FHOOV. (D WR F) AV ZLWK (A), (B), DQG (C),

EXW IRU LGHQWLI\LQJ JHUPLQDO FHQWHU B FHOOV IURP PHPRU\ B FHOOV. CHOOV IURP FOXVWHU 16
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DUH UHODEHOOHG DV JHUPLQDO FHQWHU B FHOOV. 1RWH WKDW GXH WR WKH ODFN RI JHUPLQDO FHQWHU B

FHOOV LQ 0DGLVVRRQ HW DO., 2021, FHOOV RI FOXVWHU 16 DUH SUHGLFWHG DV QDLYH B FHOOV LQVWHDG.
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Fig. S8. Summar\ of cross-dataset and cross-tissue harmoni]ed cell t\pes. BLQDU\

KHDW PDSV VKRZLQJ WKH GLVWULEXWLRQV RI KDUPRQL]HG FHOO W\SHV DFURVV WLVVXHV (OHIW) DQG

GDWDVHWV (ULJKW). BODFN JULGV GHQRWH WKH SUHVHQFH RI FHOO W\SHV.
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Fig. S9. Building a human immune reference to predict immune cell identities. (A

DQG B) 3HUIRUPDQFH FXUYHV VKRZLQJ WKH SUHFLVLRQ (A) DQG UHFDOO (B) VFRUHV DW HDFK

LWHUDWLRQ RI WUDLQLQJ XVLQJ PLQL-EDWFK VWRFKDVWLF JUDGLHQW GHVFHQW IRU KLJK- DQG
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ORZ-KLHUDUFK\ CHOO7\SLVW PRGHOV, UHVSHFWLYHO\. 7KH EODFN FXUYHV UHSUHVHQW WKH PHGLDQ

VFRUHV DYHUDJHG DFURVV WKH LQGLYLGXDO VFRUHV RI DOO SUHGLFWHG FHOO W\SHV (JUH\ FXUYHV).

(C) )1-VFRUH IRU HDFK WHVWHG KLJK-KLHUDUFK\ (OHIW) RU ORZ-KLHUDUFK\ (ULJKW) FHOO W\SH DV D

IXQFWLRQ RI LWV UHSUHVHQWDWLRQ LQ WKH FRPSLOHG KXPDQ LPPXQH GDWDVHWV (FRUUHVSRQGLQJ WR

10% RI WKH WRWDO FHOOV).
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Fig. S10. Performance of CellT\pist models on datasets with different levels of gene

expression sparseness. (A) 80A3 UHSUHVHQWDWLRQV RI D 6PDUW-VHT2 LPPXQH GDWDVHW

(91) FRORUHG E\ RULJLQDO FHOO W\SHV (OHIW), DV ZHOO DV FRORUHG E\ SUHGLFWHG FHOO W\SHV DIWHU

RYHU-FOXVWHULQJ DQG PDMRULW\-YRWLQJ XVLQJ WKH CHOO7\SLVW SLSHOLQH. 6DQNH\ SORW LQ WKH

PLGGOH VKRZV WKH FRUUHVSRQGHQFH EHWZHHQ WKH WZR VHWV RI FHOO W\SH ODEHOV. (B) AV ZLWK

(A), EXW IRU D VFL-51A-VHT3 EORRG DQG LPPXQH GDWDVHW (92).
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Fig. S11. Comparisons of CellT\pist model performance with and without batch

correction. (A) 80A3 YLVXDOL]DWLRQ RI WKH LPPXQH FHOO FRPSDUWPHQW FRORUHG E\ FHOO

W\SHV SUHGLFWHG XVLQJ WKH CHOO7\SLVW SLSHOLQH EDVHG RQ QRUPDOL]HG DQG VFDOHG JHQH

H[SUHVVLRQ PDWUL[. (B) AV ZLWK (A), EXW FRORUHG E\ FHOO W\SHV SUHGLFWHG XVLQJ WKH

CHOO7\SLVW SLSHOLQH EDVHG RQ VF9, EDWFK-FRUUHFWHG JHQH H[SUHVVLRQ PDWUL[. (C) 6DQNH\

SORW VKRZLQJ WKH FRUUHVSRQGHQFH EHWZHHQ FHOO W\SHV LQ (A) DQG (B).
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Fig. S12. Overview of the donors and cell t\pes contributing to each tissue. 6WDFNHG

EDU SORWV GHPRQVWUDWLQJ WKH FHOO W\SH FRPSRVLWLRQV DFURVV GRQRUV LQ HDFK WLVVXH/RUJDQ.

2QO\ WLVVXHV ZLWK FHOO QXPEHUV RI JUHDWHU WKDQ 50 LQ DW OHDVW WZR GRQRUV DUH VKRZQ.
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Fig. S13. Benchmarking of CellT\pist accurac\ with other methods. BR[ SORWV

VKRZLQJ WKH SUHGLFWLRQ SUHFLVLRQ (OHIW), UHFDOO (FHQWHU) DQG )1 VFRUH (ULJKW) IRU WKH

WUDLQLQJ GDWDVHW ZLWK 5,000 (ORZHU), 50,000 (PLGGOH), DQG 250,000 (XSSHU) FHOOV,
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UHVSHFWLYHO\. )LYH PHWKRGV DUH DVVHVVHG DQG WKH PHGLDQ YDOXH RI WKHVH PHWULFV DFURVV

LQGLYLGXDO FHOO W\SHV LV VKRZQ IRU HDFK PHWKRG.
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Fig. S14. Benchmarking of CellT\pist time complexit\ with other methods. (A)

7DEOH VXPPDUL]LQJ WKH VSOLW RI GLIIHUHQW ODEHO WUDQVIHU PHWKRGV LQWR WKH WUDLQLQJ DQG

SUHGLFWLRQ VWHSV. 7KH ³XVHU´ URZ VKRZV WKH VWHS/VWHSV D XVHU QHHGV WR JHW WKHLU SUHGLFWLRQ

UHVXOWV DIWHU LQSXWWLQJ WKH TXHU\ GDWD. (B) BDU SORWV VKRZLQJ WKH WUDLQLQJ WLPH LQ PLQXWHV

(OHIW), SUHGLFWLRQ WLPH LQ VHFRQGV (FHQWHU) DQG WRWDO WLPH LQ PLQXWHV (ULJKW) IRU WKH

WUDLQLQJ GDWDVHW ZLWK 5,000 (ORZHU), 50,000 (PLGGOH), DQG 250,000 (XSSHU) FHOOV,

UHVSHFWLYHO\. )LYH PHWKRGV DUH DVVHVVHG DQG WKH WLPH LV VKRZQ IRU HDFK FRPELQDWLRQ RI

WUDLQLQJ GDWD DQG PHWKRGV. AVWHULVNV PDUN WKH XVHU WLPH IRU GLIIHUHQW PHWKRGV.
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Fig. S15. CellT\pist prediction of the m\eloid compartment and cell t\pe

cross-validation with external datasets. (A) 80A3 YLVXDOL]DWLRQ RI WKH P\HORLG

FRPSDUWPHQW FRORUHG E\ SUHGLFWHG FHOO W\SHV IURP CHOO7\SLVW. (B) AV LQ (A), EXW FRORUHG

E\ PDQXDOO\ DQQRWDWHG FHOO W\SHV DIWHU FXUDWLRQ RI WKH CHOO7\SLVW SUHGLFWLRQ UHVXOW

(ULJKW). 6DQNH\ SORW RQ WKH OHIW VKRZV WKH FRUUHVSRQGHQFH EHWZHHQ WKH WZR VHWV RI FHOO

W\SH ODEHOV. 013/7 GRXEOHWV DUH QRW VKRZQ LQ WKH 6DQNH\ SORW WR DYRLG VWURQJ QRLVH

VLJQDOV IURP WKLV FOXVWHU IRU WKH VDNH RI YLVXDO LQVSHFWLRQ. (C) 'RW SORW GLVSOD\LQJ WKH

H[SUHVVLRQ RI CHOO7\SLVW-GHULYHG PDUNHU JHQHV IRU WKH SUHGLFWHG P\HORLG SRSXODWLRQV.
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CRORU JUDGLHQW UHSUHVHQWV PD[LPXP-QRUPDOL]HG PHDQ H[SUHVVLRQ RI FHOOV H[SUHVVLQJ WKH

PDUNHU JHQHV, DQG VL]H UHSUHVHQWV WKH SHUFHQWDJH RI FHOOV H[SUHVVLQJ WKHVH JHQHV. (D)

'RW SORW VKRZLQJ WKH FHOO W\SH FURVV-YDOLGDWLRQ E\ WUDQVIHUULQJ FHOO W\SH ODEHOV IURP RXU

UHVRXUFH (URZ) WR FHOOV IURP WKH CHOO7\SLVW WUDLQLQJ GDWDVHWV (FROXPQ). )RU HDFK FROXPQ

(HDFK FHOO W\SH IURP WKH CHOO7\SLVW WUDLQLQJ VHWV), VL]H RI D GRW GHQRWHV WKH SURSRUWLRQ RI

FHOOV DVVLJQHG WR D JLYHQ FHOO W\SH RI WKH UHVRXUFH DQG FRORU GHQRWHV WKH DYHUDJH

SUREDELOLWLHV FDOFXODWHG IURP CHOO7\SLVW. (E DQG F) AV ZLWK ('), EXW IRU FURVV-YDOLGDWLRQ

ZLWK WKH JXW P\HORLG SRSXODWLRQV IURP (OPHQWDLWH HW DO. 2021 (27) DQG ZLWK WKH OXQJ

P\HORLG SRSXODWLRQV IURP 0DGLVVRRQ HW DO. 2021 (28).
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Fig. S16. Migrator\ dendritic cells in the l\mph nodes and lung. (A)

,PPXQRIOXRUHVFHQFH YDOLGDWLRQ RI WKH CC57+ PLJUDWRU\ 'CV LQ WKH WKRUDFLF O\PSK

QRGHV. (B) 80A3 VKRZLQJ WKH GLVWULEXWLRQ RI OXQJ GHQGULWLF FHOOV LQ WKH VF51A-VHT

GDWDVHW IURP 9LHLUD HW DO., 2019 (45). (C) 80A3 SORWV RI FHOOV IURP 9LHLUD HW DO.,

2019(45) DV LQ (B), RYHUODLG E\ H[SUHVVLRQ RI JHQHV KLJKO\ H[SUHVVHG E\ WKH PLJUDWRU\

'CV ZH LGHQWLILHG LQ RXU GDWD.
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Fig. S17. CellT\pist prediction of the B cell compartment and cell t\pe

cross-validation with external datasets. (A) 80A3 YLVXDOL]DWLRQ RI WKH B FHOO

FRPSDUWPHQW FRORUHG E\ SUHGLFWHG FHOO W\SHV IURP CHOO7\SLVW. (B) AV LQ (A), EXW FRORUHG

E\ PDQXDOO\ DQQRWDWHG FHOO W\SHV DIWHU FXUDWLRQ RI WKH CHOO7\SLVW SUHGLFWLRQ UHVXOW

(ULJKW). 6DQNH\ SORW RQ WKH OHIW VKRZV WKH FRUUHVSRQGHQFH EHWZHHQ WKH WZR VHWV RI FHOO

W\SH ODEHOV. (C) 'RW SORW GLVSOD\LQJ WKH H[SUHVVLRQ RI CHOO7\SLVW-GHULYHG PDUNHU JHQHV

IRU WKH SUHGLFWHG B FHOO SRSXODWLRQV. CRORU JUDGLHQW UHSUHVHQWV PD[LPXP-QRUPDOL]HG

PHDQ H[SUHVVLRQ RI FHOOV H[SUHVVLQJ WKH PDUNHU JHQHV, DQG VL]H UHSUHVHQWV WKH

SHUFHQWDJH RI FHOOV H[SUHVVLQJ WKHVH JHQHV. (D) 'RW SORW VKRZLQJ WKH FHOO W\SH
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FURVV-YDOLGDWLRQ E\ WUDQVIHUULQJ FHOO W\SH ODEHOV IURP RXU UHVRXUFH (URZ) WR FHOOV IURP

WKH CHOO7\SLVW WUDLQLQJ GDWDVHWV (FROXPQ). )RU HDFK FROXPQ (HDFK FHOO W\SH IURP WKH

CHOO7\SLVW WUDLQLQJ VHWV), VL]H RI D GRW GHQRWHV WKH SURSRUWLRQ RI FHOOV DVVLJQHG WR D JLYHQ

FHOO W\SH RI WKH UHVRXUFH DQG FRORU GHQRWHV WKH DYHUDJH SUREDELOLWLHV FDOFXODWHG IURP

CHOO7\SLVW. (E DQG F) AV ZLWK ('), EXW IRU FURVV-YDOLGDWLRQ ZLWK WKH JXW B FHOO

SRSXODWLRQV IURP (OPHQWDLWH HW DO. 2021 (27) DQG ZLWK WKH OXQJ B FHOO SRSXODWLRQV IURP

0DGLVVRRQ HW DO. 2021 (28).
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Fig. S18. Validation of the ITGA;+ memor\ B cells. (A) )ORZ F\WRPHWU\ DQDO\VLV RI

PHPRU\ B FHOOV H[SUHVVLQJ C'11F (HQFRGHG E\ I7GA;) DQG 7-EHW (HQFRGHG E\ 7B;21).

(B) ,PPXQRIOXRUHVFHQFH RI VSOHHQ WLVVXH VKRZLQJ FRORFDOL]DWLRQ RI C'11F ZLWK C'19

(PDUNLQJ DJH-DVVRFLDWHG B FHOOV).
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Fig. S19. Assessment of isot\pe features and somatic h\permutation levels in the B

cell compartment. (A WR C) 6WDFNHG EDU SORW VKRZLQJ WKH LVRW\SH GLVWULEXWLRQ DFURVV B

FHOO VXEVHWV (A), ZLWKLQ WKH SODVPDEODVWV DFURVV WLVVXHV (B), DQG ZLWKLQ WKH

DJH-DVVRFLDWHG PHPRU\ B FHOOV (ABCV) DFURVV WLVVXHV (C). (D) 9LROLQ SORW VKRZLQJ

K\SHUPXWDWLRQ IUHTXHQF\ DFURVV B FHOO VXEVHWV. (E) 6WDFNHG EDU SORW RI WKH LVRW\SH

GLVWULEXWLRQ DFURVV 21 H[SDQGHG FORQRW\SHV.
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Fig. S20. CellT\pist prediction of the T cell compartment and cell t\pe

cross-validation with external datasets. (A) 80A3 YLVXDOL]DWLRQ RI WKH 7 FHOO

FRPSDUWPHQW FRORUHG E\ SUHGLFWHG FHOO W\SHV IURP CHOO7\SLVW. (B) AV LQ (A), EXW FRORUHG

E\ PDQXDOO\ DQQRWDWHG FHOO W\SHV DIWHU FXUDWLRQ RI WKH CHOO7\SLVW SUHGLFWLRQ UHVXOW

(ULJKW). 6DQNH\ SORW RQ WKH OHIW VKRZV WKH FRUUHVSRQGHQFH EHWZHHQ WKH WZR VHWV RI FHOO

W\SH ODEHOV. C'8D/E(HQWU\) ZLWK D ZHDN VWUHQJWK RI OLQN (<0.01) LV QRW VKRZQ LQ WKH

6DQNH\ SORW. (C) 'RW SORW GLVSOD\LQJ WKH H[SUHVVLRQ RI CHOO7\SLVW-GHULYHG PDUNHU JHQHV
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IRU WKH SUHGLFWHG 7 FHOO SRSXODWLRQV. CRORU JUDGLHQW UHSUHVHQWV PD[LPXP-QRUPDOL]HG

PHDQ H[SUHVVLRQ RI FHOOV H[SUHVVLQJ WKH PDUNHU JHQHV, DQG VL]H UHSUHVHQWV WKH

SHUFHQWDJH RI FHOOV H[SUHVVLQJ WKHVH JHQHV. (D) 'RW SORW VKRZLQJ WKH FHOO W\SH

FURVV-YDOLGDWLRQ E\ WUDQVIHUULQJ FHOO W\SH ODEHOV IURP RXU UHVRXUFH (URZ) WR FHOOV IURP

WKH CHOO7\SLVW WUDLQLQJ GDWDVHWV (FROXPQ). )RU HDFK FROXPQ (HDFK FHOO W\SH IURP WKH

CHOO7\SLVW WUDLQLQJ VHWV), VL]H RI D GRW GHQRWHV WKH SURSRUWLRQ RI FHOOV DVVLJQHG WR D JLYHQ

FHOO W\SH RI WKH UHVRXUFH DQG FRORU GHQRWHV WKH DYHUDJH SUREDELOLWLHV FDOFXODWHG IURP

CHOO7\SLVW. (E DQG F) AV ZLWK ('), EXW IRU FURVV-YDOLGDWLRQ ZLWK WKH JXW 7 FHOO

SRSXODWLRQV IURP (OPHQWDLWH HW DO. 2021(27) DQG ZLWK WKH OXQJ 7 FHOO SRSXODWLRQV IURP

0DGLVVRRQ HW DO. 2021(28).
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Fig. S21. Validation of CD8+ CX3CR1+, CD8+ CCR9+ and CD8+ CRTAM+ cells

in mononuclear cells (MNCs) from spleen, bone marrow and thoracic l\mph nodes

of two donors. 6SOHHQ 01CV ZHUH XVHG WR JHQHUDWH )02 VWDLQV GXH WR FHOO DYDLODELOLW\.

C57A0 VWDLQLQJ ZDV SHUIRUPHG +/- 2 KRXU VWLPXODWLRQ ZLWK 30A/,RQRP\FLQ. 7KH

SRVLWLRQ RI WKH TXDGUDQW JDWH ZDV PDQXDOO\ DGMXVWHG IRU DXWRIOXRUHVFHQFH LQ WKRUDFLF

O\PSK QRGH VDPSOHV.
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Fig. S22. Validation of ITGAD expressing ȖįT cells. (A) 7KH ORFDWLRQ RI WKH

7JGBC57A0 VXEVHW LV VKRZQ RQ WKH 80A3 YLVXDOL]DWLRQ RI 7 FHOOV DQG ,/CV. (B)
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C'52 DQG C'127 ORZ H[SUHVVLRQ FRUUHODWHG ZLWK ,7*A' H[SUHVVLRQ RQ Ȗį7 FHOOV DQG

ZDV XVHG WR HQULFK ,7*A' H[SUHVVLQJ FHOOV DV QR FRQMXJDWHG DQWLERG\ ZDV DYDLODEOH

FRPPHUFLDOO\. (C) 7Ȗį DQG 7Įȕ FHOO SRSXODWLRQV ZHUH VRUW SXULILHG (RUDQJH SRO\JRQ

JDWHV) IURP VSOHHQ PRQRQXFOHDU FHOOV (01CV) DQG DQ H[DPSOH RI WKH VRUW VWUDWHJ\ LV

VKRZQ. 7KH ULJKW KDQG SORWV GLVSOD\ C'4 DQG C'8 H[SUHVVLRQ RI WKH 7Įȕ DQG 7Ȗį FHOOV

IRU WKH UHDGHU'V LQIRUPDWLRQ DQG ZHUH QRW XVHG DV SDUW RI WKH VRUW VWUDWHJ\. (D) T3C5

YDOLGDWLRQ RI I7GAD LQ 7 FHOO SRSXODWLRQV DV PHDVXUHG E\ WZR DVVD\V WR I7GAD DQG

QRUPDOLVHG WR WKH KRXVHNHHSLQJ JHQH B2M.
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Fig. S23. V(D)J gene usage and clonal architecture of the T cell compartment. (A)

3URSRUWLRQ RI 7C5Įȕ FKDLQ SDLULQJ DFURVV FHOO W\SHV. 2QO\ VDPSOHV WKDW XQGHUZHQW

7C5Įȕ VHTXHQFLQJ DUH VKRZQ. (B) 3URSRUWLRQ RI 7C5Ȗį FKDLQ SDLULQJ DFURVV FHOO W\SHV.

2QO\ VDPSOHV WKDW XQGHUZHQW 7C5Ȗį VHTXHQFLQJ DUH VKRZQ. (C) +HDWPDS VKRZLQJ

UHODWLYH XVDJH RI 9(')- JHQHV DFURVV 7 FHOO VXEVHWV. (D) 6WDFNHG EDU SORW VKRZLQJ WKH
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75A- DQG 75B9 XVDJH LQ 75A91-2+ FHOOV DFURVV WLVVXHV. (E) 80A3 VKRZLQJ FORQDO

H[SDQVLRQ RI WKH 7C5Įȕ 7 FHOOV. (F WR H) CORQRW\SH QHWZRUN FRORU FRGHG E\ GRQRU,

WLVVXH DQG 7 FHOO VXEVHWV.
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Fig. S24. Comparisons of data integration using BBKNN and scVI. (A) 80A3

YLVXDOL]DWLRQ RI DOO LPPXQH FHOOV LQWHJUDWHG XVLQJ BB.11, FRORUHG E\ WKH GRQRU

LQIRUPDWLRQ. (B) AV ZLWK (A), EXW LQWHJUDWHG XVLQJ VF9,. (C) BR[ SORW VKRZLQJ WKH

NB(7 DFFHSWDQFH UDWHV DFURVV FOXVWHUV GHULYHG IURP WKH QHLJKERUKRRG JUDSK RI BB.11

(OHIW) YHUVXV VF9, (ULJKW). (D) AV LQ (C), EXW DFURVV FHOO W\SHV SUHGLFWHG IURP CHOO7\SLVW.
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Fig. S25. Comparisons of CellT\pist model performance with and without

balancing cell t\pe compositions in mini-batches. (A) 80A3 YLVXDOL]DWLRQ RI WKH

LPPXQH FHOO FRPSDUWPHQW FRORUHG E\ FHOO W\SHV SUHGLFWHG XVLQJ WKH CHOO7\SLVW SLSHOLQH

EDVHG RQ UDQGRPO\ VDPSOHG PLQL-EDWFKHV. (B) AV ZLWK (A), EXW FRORUHG E\ FHOO W\SHV

SUHGLFWHG XVLQJ WKH CHOO7\SLVW SLSHOLQH EDVHG RQ FHOO W\SH-EDODQFHG PLQL-EDWFKHV. (C)

6DQNH\ SORW VKRZLQJ WKH FRUUHVSRQGHQFH EHWZHHQ FHOO W\SHV LQ (A) DQG (B).
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Fig. S26. Detection of heterogeneous cell clusters using CellT\pist. (A) 80A3

YLVXDOL]DWLRQ RI WKH LPPXQH FHOO FRPSDUWPHQW FRORUHG E\ FHOO W\SHV SUHGLFWHG XVLQJ WKH

CHOO7\SLVW SLSHOLQH EDVHG RQ D SURSRUWLRQ WKUHVKROG RI 0.7. 7ZR KHWHURJHQHRXV FOXVWHUV

DUH PDUNHG, ZLWK WKH GRPLQDQW FHOO W\SHV EHLQJ µ+6C/033¶ DQG µ(DUO\ 0.¶,

UHVSHFWLYHO\. (B) =RRPHG-LQ YLHZ RI WKH KHWHURJHQHRXV µ+6C/033¶ SRSXODWLRQV LQ

WZR-GLPHQVLRQDO 80A3 UHSUHVHQWDWLRQV. 0LGGOH SLH FKDUW VKRZV WKH FHOO W\SH

FRPSRVLWLRQV ZLWKLQ WKLV FHOO FOXVWHU. (C) AV ZLWK (B), EXW IRU WKH KHWHURJHQHRXV µ(DUO\

0.¶ SRSXODWLRQV.

6�



Table S1. Donor metadata.
Donor

ID
Age
Sex

Donor
T\pe

Primar\
cause of

death

Multi-
trauma

Da\s in
hospital

BMI CMV
EBV
TOXO

Smoker Alcohol
(u/da\)

Medication

A29 66-70
)

'C' ,C+ < 2 30-35 C09+
(B9+
72;2-

1/. <1 'HVPRSUHVVLQ (9DVR)
0HWDUDPLQRO (9DVR)

A31 51-55
0

'C' ,C+ < 8 30-35 C09+
(B9+
72;2-

< <1 1RUDGUHQDOLQH (9DVR)
CR-DPR[LFODY (AE)
7D]RFLQ (AE)

A35 61-65
0

'C' ,C+ 1 2 20-25 C09-
(B9+
72;2-

< >9 1RUDGUHQDOLQH (9DVR)
'HVPRSUHVVLQ (9DVR)
*HQWDPLFLQ (AE)
)OXFOR[DFLOOLQ (AE)
'H[DPHWKDVRQH
(6WHURLG)

A37 56-60
)

'C' ,C+ 1 3 20-25 C09-
(B9+
72;2-

< >9 1RUDGUHQDOLQH (9DVR)
0HWDUDPLQRO (9DVR)
CR-DPR[LFODY (AE)

A36 71-75
0

'C' ,C+ 1 5 25-30 C09-
(B9+
72;2
+

< <2 1RUDGUHQDOLQH (9DVR)
0HWDUDPLQRO (9DVR)
APR[LFLOOLQ  (AE)
(SUH-DGPLVVLRQ)
)OXFOR[DFLOOLQ  (AE)
*HQWDPLFLQ (AE)
CODULWKURP\FLQ (AE)
CR-DPR[LFODY (AE)
3UHGQLVRORQH
(6WHURLG)
(SUH-DGPLVVLRQ)

A52 61-65
0

'C' ,C+ 1 2 35-40 C09-
(B9+
72;2-

1/. 1/. 1RUDGUHQDOLQH (9DVR)
0HWDUDPLQRO (9DVR)
'HVPRSUHVVLQ (9DVR)
CR-DPR[LFODY (AE)

582C 56-60
)

'C' +B,
GXH WR

CA
1 8 30-35

C09-
(B9+
72;2-

1 <1
1RUDGUHQDOLQH (9DVR)
CR-DPR[LFODY (AE)

621B 51-55
0

'B' ,C+ 1 6 30-35 C09-
(B9+
72;2-

1 1/.
1RUDGUHQDOLQH (9DVR)
0HWDUDPLQRO (9DVR)
9DVRSUHVVLQ (9DVR)
'HVPRSUHVVLQ (9DVR)
*HQWDPLFLQ (AE)
)OXFOR[DFLOOLQ (AE)

637C 51-55
0

'C' ,C+ 1 2 25-30 C09+
(B9+
72;2-

([
(>3\UV) 1/.

1RUDGUHQDOLQH (9DVR)
9DVRSUHVVLQ (9DVR)
CR-DPR[LFODY (AE)
0HWK\OSUHG (6WHURLG)

640C 71-75
)

'C' ,C+ < 2 30-35 C09+
(B9+
72;2-

([
(>40\UV) >3

1RUDGUHQDOLQH (9DVR)
CR-DPR[LFODY (AE)
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'496 56-60
0

'B' ,C+ 1 5 25-30 C09+
(B9+
72;2-

< <1 1RUHSLQHSKULQH
(9DVR)
9DQFRP\FLQ (AE)
3LSHUDFLOOLQ (AE)
7D]REDFWDP (AE)
6ROXPHGUR (6WHURLG)

'503 66-70
)

'B' +B, 1 5 25-30 C09+
(B9+
72;2-

1 <1 1RUHSLQHSKULQH
(9DVR)
9DVRSUHVVLQ (9DVR)
AE QRW NQRZQ
6WHURLG QRW NQRZQ

) = )HPDOH; 0 = 0DOH; 'C' = 'RQDWLRQ DIWHU CLUFXODWRU\ 'HDWK; 'B' = 'RQDWLRQ

DIWHU BUDLQ 'HDWK; ,C+ = LQWUDFUDQLDO KDHPRUUKDJH; +B,= +\SR[LF BUDLQ ,QMXU\; CA=

CDUGLDF AUUHVW; B0,= BRG\ 0DVV ,QGH[; C09 = C\WRPHJDORYLUXV; (B9 =

(SVWHLQ-BDUU YLUXV; 72;2 = 7R[RSODVPRVLV; < = <HV; 1 = 1R; 1/.=QRW NQRZQ; 9DVR =

9DVRDFWLYH DJHQWV; AE = AQWLELRWLFV ZLWKLQ 2 ZHHNV RI GHDWK.

71



Table S2:  Hashtags used in this stud\, supplied b\ BioLegend.

10; *HQRPLFV
CKHPLVWU\

+DVKWDJ CDWDORJ QXPEHU BDUFRGH VHTXHQFH

5' 7RWDO6HT-C0251 394661 *7CAAC7C777A*C*

5' 7RWDO6HT-C0252 394663 7*A7**CC7A77***

5' 7RWDO6HT-C0253 394665 77CC*CC7C7C777*

5' 7RWDO6HT-C0254 394667 A*7AA*77CA*C*7A

5' 7RWDO6HT-C0255 394669 AA*7A7C*777C*CA

5' 7RWDO6HT-C0256 394671 **77*CCA*A7*7CA

5' 7RWDO6HT-C0257 394673 7*7C777CC7*CCA*

3' 7RWDO6HT-A0251 394601 *7CAAC7C777A*C*

3' 7RWDO6HT-A0252 394603 7*A7**CC7A77***

3' 7RWDO6HT-A0253 394605 77CC*CC7C7C777*

3' 7RWDO6HT-A0254 394607 A*7AA*77CA*C*7A

3' 7RWDO6HT-A0255 394609 AA*7A7C*777C*CA

3' 7RWDO6HT-A0256 394611 **77*CCA*A7*7CA

3' 7RWDO6HT-A0257 394613 7*7C777CC7*CCA*
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Table S3.  Sequencing metrics from each sample in this stud\

sample

avera
ge_n_
genes

average
_umi_co
unts

qc-pas
s_cell_
count

B/'B6
21B 1,704 2,429 108

B/'B6
37C 1,867 2,746 784

B/'B
A35 1,766 2,443 1,413

B/'B
A36 2,008 2,586 3,372

B/'B
'496 1,939 2,528 9,192

B/'B
'503 1,661 2,291 12,827

B0AB
621B 1,792 2,186 1,186

B0AB
637C 2,047 2,592 2,050

B0AB
640C 2,302 2,684 2,259

B0AB
A29 1,651 2,197 1,870

B0AB
A31 1,888 2,334 433

B0AB
A35 2,174 2,667 1,515

B0AB
A36 1,874 2,342 1,685

B0AB
A37 1,705 2,149 1,083

B0AB
'496 1,896 2,591 13,187

B0AB
'503 2,166 2,660 17,659

CA(B
A29 2,305 2,037 885
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CA(B
A31 1,526 1,733 818

CA(B
A35 1,417 1,846 375

CA(B
A36 1,152 1,891 137

'82B
A31 1,461 2,100 1,141

'82B
A35 1,371 1,790 41

'82B
A37 1,507 2,368 29

,/(BA
29 1,754 1,982 4,494

,/(BA
31 2,200 2,189 80

,/(BA
35 1,384 1,918 317

,/(BA
36 2,404 2,369 337

,/(BA
37 1,686 2,236 1,208

-(-(3,
B582C 1,211 2,058 677

-(-(3,
B637C 1,381 2,075 7,932

-(-(3,
B640C 1,904 2,662 9,218

-(-(3,
B'496 1,746 2,599 7,224

-(-(3,
B'503 1,722 2,486 10,043

-(-/3B
582C 1,483 2,190 449

-(-/3B
637C 1,576 2,401 65

-(-/3B
640C 1,770 2,422 7,960
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-(-/3B
'496 2,152 2,380 8,048

-(-/3B
'503 1,859 2,438 10,764

/,9B6
37C 1,941 2,800 2,888

/,9B6
40C 1,998 2,752 3,885

/,9BA
29 1,423 2,202 706

/,9BA
31 1,385 2,184 2,423

/,9BA
35 2,167 2,772 252

/,9BA
36 792 1,751 1,898

/,9BA
52 1,958 2,721 1,818

//1B
'496 1,823 2,358 16,138

//1B
'503 1,715 2,338 8,504

/1*B6
37C 2,150 2,872 82

/1*B6
40C 2,550 2,648 206

/1*B
A29 1,851 2,480 3,301

/1*B
A31 1,778 2,394 1,802

/1*B
A35 1,393 2,248 51

/1*B
A36 3,237 2,796 2,618

/1*B
A37 1,510 2,269 180

/1*B
A52 1,847 2,516 696
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/1*B
'496 3,657 2,927 18,513

/1*B
'503 2,151 2,591 9,724

0/1B
582C 1,694 2,496 441

0/1B
621B 1,410 2,299 2,158

0/1B
637C 1,648 2,543 6,451

0/1B
640C 1,821 2,624 5,374

0/1B
A29 1,181 2,079 2,838

0/1B
A31 1,686 2,388 2,374

0/1B
A35 1,633 2,390 1,920

0/1B
A36 1,844 2,481 1,450

0/1B
A37 1,504 2,218 343

20(B
A31 1,763 2,342 79

20(B
A35 2,087 2,566 216

20(B
A36 2,496 2,875 262

20(B
A37 1,841 2,417 347

6C/BA
29 1,658 1,973 1,129

6.0B
A29 1,347 2,275 22

6.0B
A35 2,046 2,666 809

6.0B
A37 1,473 2,303 21
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63/B5
82C 1,387 2,279 6,536

63/B6
21B 1,808 2,492 4,590

63/B6
37C 1,815 2,634 5,347

63/B6
40C 2,017 2,636 4,761

63/BA
29 2,074 2,576 3,627

63/BA
31 1,669 2,278 2,175

63/BA
35 2,064 2,547 2,551

63/BA
36 1,866 2,413 8,479

63/BA
37 1,507 2,155 3,411

63/BA
52 1,492 2,285 1,610

63/B'
496 2,082 2,615 16,987

63/B'
503 1,901 2,483 12,034

7C/B
A29 1,774 1,964 1,829

7+<B
A31 1,556 2,408 354

7/1B5
82C 1,321 2,190 3,770

7/1B6
21B 1,563 2,331 3,096

7/1B6
37C 1,759 2,499 6,899

7/1B6
40C 2,045 2,680 4,787

7/1B
A29 1,614 2,282 4,572

77



7/1B
A31 1,165 2,086 3,005

7/1B
A35 1,742 2,443 2,450

7/1B
A36 1,705 2,383 4,979

7/1B
A37 1,742 2,301 4,340

7/1B
A52 1,010 2,089 232
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