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���� .PVTF 4FSVN $ZUPLJOF 3FTQPOTF � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� (-65� .FBTVSFNFOU JO .JDF 'PMMPXJOH (BWBHF � � � � � � � � � � � � � � � � � ��
���� .FUBHFOPNJD "OBMZTJT PG "UIMFUF (VU .JDSPCJPNF 4BNQMFT � � � � � � � � � � � � ��
���� &O[ZNF�MFWFM "CVOEBODF "OBMZTJT PG UIF .FUIZMNBMPOZM�$P" 1BUIXBZ � � � � � � ��
���� %J୭GFSFOUJBM &YQSFTTJPO "OBMZTJT PG (FOF 'BNJMFT JO UIF .FUIZMNBMPOZM�$P" 1BUIXBZ ��
���� -BDUBUF $BUBCPMJTN "DDSPTT UIF #BDUFSJBM 5SFF PG -JGF � � � � � � � � � � � � � � � ��
���� 1SFWBMFODF PG .FUIZMNBMPOZM�$P" 1BUIXBZ $PNQPOFOUT JO -BDUBUF $BUBCPMJ[JOH .J�

DSPCFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 4$'" %FUFDUJPO JO 7BSJPVT 4QFOU .FEJB � � � � � � � � � � � � � � � � � � � � � � ��
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���� 4DIFNBUJD PG ��$� 'MVY�USBDJOH &YQFSJNFOU � � � � � � � � � � � � � � � � � � � � � ��
���� ��$� "CVOEBODF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� /PSNBMJ[FE ��$� "CVOEBODF � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� *OUSBDPMPOJD 1SPQJPOBUF *OGVTJPO *ODSFBTFT 5SFBENJMM 3VOUJNF � � � � � � � � � � ��
���� 1SPQPTFE NPEFM PG UIF NJDSPCJPNF؛FYFSDJTF JOUFSBDUJPO � � � � � � � � � � � � � � ��
���� -BDUBUF $MFBSBODF 'PMMPXJOH *1 *OKFDUJPO JO .JDF � � � � � � � � � � � � � � � � � ��

��� 0WFSWJFX PG 1BJSFE 4JOHMF $FMM (&9 � 5$3 %BUB 'SPN .PVTF � � � � � � � � � � ��
��� *OUFHSBUFE .PVTF #MPPE 4JOHMF $FMM -BOETDBQF � � � � � � � � � � � � � � � � � � � ��
��� *OUFHSBUFE .PVTF 5VNPS 4JOHMF $FMM -BOETDBQF � � � � � � � � � � � � � � � � � � ��
��� 7JTVBMJ[BUJPO PG 5VNPSآ .BUDIJOHأ $FMMT JO #MPPE � � � � � � � � � � � � � � � � � ��
��� 7JTVBMJ[BUJPO PG #MPPE .BUDIJOH $FMMT JO 5VNPS � � � � � � � � � � � � � � � � � � ��
��� 1SFEJDUJOH 5VNPS .BUDIJOH $FMMT 'SPN "MM (&9 %BUB � � � � � � � � � � � � � � � ��
��� 7JTVBMJ[BUJPO PG #MPPE .BUDIJOH $FMMT JO 5VNPS � � � � � � � � � � � � � � � � � � ��
��� (FOF $POUSJCVUJPO UP $MBTTJ୮ୢFS 1FSGPSNBODF � � � � � � � � � � � � � � � � � � � ��
��� 'MPX $ZUPNFUSZ 7BMJEBUJPO PG 1SFEJDUFE $FMM 4VSGBDF .BSLFST � � � � � � � � � � � ��
���� #JPMPHJDBM 'VODUJPO PG 5PQ 1SFEJDUFE 4VSGBDF .BSLFST � � � � � � � � � � � � � � � ��
���� $*5&ୖ4FR &YQFSJNFOU 3FTVMUT � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 7JFXJOH $MVTUFSJOH JO UIF 4IJOZ "QQMJDBUJPO � � � � � � � � � � � � � � � � � � � � ���
���� 7JFXJOH 5 $FMMT JO 4IBSFE $MPOBM -JOFBHFT #FUXFFO 5JTTVFT JO UIF 4IJOZ "QQMJDBUJPO ���
���� 7JFXJOH .BSLFS &YQSFTTJPO JO UIF 4IJOZ "QQMJDBUJPO � � � � � � � � � � � � � � � ���
���� 7JFXJOH $MPOBM &YQBOTJPO JO UIF 4IJOZ "QQMJDBUJPO � � � � � � � � � � � � � � � � ���
���� 7JFXJOH /VNCFS PG (FOFT JO UIF 4IJOZ "QQMJDBUJPO � � � � � � � � � � � � � � � � ���
���� 7JFXJOH 5 $FMM $MPOFT JO UIF 4IJOZ "QQMJDBUJPO � � � � � � � � � � � � � � � � � � ���
���� .BSLFS &YQSFTTJPO "DSPTT 5JTTVFT � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� $MPOBM &YQBOTJPO 1MPU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� $PYDPNC 1MPU 4IPXJOH 5$3 3FQFSUPJSF � � � � � � � � � � � � � � � � � � � � � ���

��� *NQSPWJOH .JDSPCJBM 4DB୭GPMET XJUI -POH 3FBET � � � � � � � � � � � � � � � � � � ���
��� %FUFDUJOH )PSJ[POUBM (FOF 5SBOTGFS &WFOUT 6TJOH أIJNFSJD$آ -POH 3FBET � � � � ���
��� $PSSFDUJPO PG 3FGFSFODF (FOPNFT UP *ODPSQPSBUF )PSJ[POUBM (FOF 5SBOTGFS &WFOUT ���
��� "UUFNQUFE 3FDPWFSZ PG -PX "CVOEBODF .JDSPCJBM (FOPNFT � � � � � � � � � � � ���

#�� 6OQSPDFTTFE 8FTUFSO #MPU GPS 'JHVSF ���� � � � � � � � � � � � � � � � � � � � � � � ���
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"DLOPXMFEHNFOUT

* PXF UIF QSJWJMFHF PG DPNQMFUJOH UIJT EJTTFSUBUJPO UP B QSBDUJDBMMZ VODPVOUBCMF OVNCFS PG QFP�

QMF BOE * BQPMPHJ[F JG * IBWF TPNFIPX OFHMFDUFE UP BDLOPXMFEHF BOZPOF� * IBWF SFDFJWFE FYDFMMFOU

NFOUPSTIJQ GSPN UXP CSJMMJBOU EJTTFSUBUJPO BEWJTPST .FSPNJU 4JOHFS BOE "MFLTBOEFS ,PTUJD� 8JUI�

PVU NZ VOEFSHSBEVBUF SFTFBSDI BEWJTPST .BUU )JCCT BOE $BSPM #VMU * XPVME OFWFS IBWF QVSTVFE

B 1I%� /POF PG NZ DPNQVUBUJPOBM NFUIPE EFWFMPQNFOU XPVME IBWF CFFO QPTTJCMF XJUIPVU TJO�

HVMBS FYQFSJNFOUBM BOE�PS DMJOJDBM DPMMBCPSBUPST TVDI BT +POBUIBO 4DIFJNBO 5FE $IBWLJO ,SJTUFO

1BVLFO ,FMMZ .BIVSPO "EJM %BVE BOE .JDIBFM 3PTFOCMVN� .BOZ QSPEVDUJWF DPMMBCPSBUJPOT

IBWF SFTVMUFE GSPN EJTDVTTJPOT XJUI .BSTIB 8JCPXP #SBEFO 5JFSOFZ ;IFO :BOH +VIJ ,VDISPP

0TNBBO 4IBIJE ,BJUMZO -BHBUUVUUB BOE $POPS %FMBOFZ� * BN HSBUFGVM UP UIF /*) /4' BOE "NB�

[PO GPS GVOEJOH NZ 1I%� * PXF NZ TPMJE GVOEBNFOUBMT JO $4 UIFPSZ BOE QSPHSBNNJOH UP .BSL

-FXJT 4FUI 'PHBSUZ 1BVM .ZFST BOE "MCFSU +JBOH� $IJSBH 1BUFM IBT CFFO BO VOQBSBMMFMFE DPNQV�

UBUJPOBM DPMMBCPSBUPS� .Z EJTTFSUBUJPO DPNNJUUFF UIBU IBT CFFO DPNQSJTFE PG .BIB 'BSIBU (FPSHF

$IVSDI "SMFOF 4IBSQF 4PVZNB 3BZDIBVEIVSJ BOE 4UFQIBO ,JTTMFS IBT P୭GFSFE NF FYDFMMFOU BEWJDF�

.Z DPIPSU PG +BLF 3ZBO &SJD ;BDI 2JOCP )FBUIFS BOE (BVSBW IBT CFFO JODSFEJCMZ TVQQPSUJWF�

* BN QBSUJDVMBSMZ JOEFCUFE UP 4UFQIBO ,JTTMFS GPS HPJOH BCPWF BOE CFZPOE JO IFMQJOH NF OBWJHBUF

UIF DIBMMFOHFT PG DPNQMFUJOH B 1I%� * IBWF JODSFEJCMF GSJFOET UIBU IBWF NBEF NF B CFUUFS QFSTPO GPS

DMPTF UP B EFDBEF� &WBO &WBO %BOJFM ;BDI BOE %JFHP� *O #PTUPO NZ UJHIU DJSDMF PG GSJFOET IBT BM�

JY



XBZT CFFO UIFSF XIFO * OFFEFE UP HFU BXBZ GSPN XPSL� �OHFM $ISJT BOE 8JMTPO� *O &EB * IBWF UIF

LJOEOFTT BOE NPTU NPUJWBUFE QBSUOFS UIBU POF DPVME BTL GPS� 'JOBMMZ * PXF FWFSZUIJOH UP NZ GBNJMZ�

%JBOB 1IJM BOE ,BUJF�

Y



1
*OUSPEVDUJPO

$ঘখঙঞঝঊঝঘগঊক ঝছঊগগঐ ঊঋঝঞঊঝজ ঘগ ঝঘ ঋছঊঔ ঘঠগ ঌঘখঙকড ঙছঘঋকখজ গঝঘ

খঊগঊঐঊঋক ঌঞগঔজ JO PSEFS UP ୮ୢOE UIF GBTUFTU NPTU MPHJDBM BOE FMFHBOU TPMVUJPO�� 5IF QSJNBSZ

GPDVT PG NZ 1I% IBT CFFO CVJMEJOH UPPMT UP IBOEMF MBSHF TDBMF HFOPNJD EBUB BOE VUJMJ[JOH DPNQVUB�

�1PSUJPOT PG UIJT DIBQUFS IBWF CFFO QSFWJPVTMZ QVCMJTIFE JO/BUVSF(FOPNF #JPMPॻ 4DJFODF *NNVOPMPॻ
$VSSFOU #JPMPॻ BOE(JHB4DJFODF�

�



UJPOBM BOE NBDIJOF MFBSOJOH BQQSPBDIFT UP JOUFHSBUF NFTTZ IVNBO EBUB XJUI NPSF TUSBJHIUGPSXBSE

EBUB GSPN NPEFM PSHBOJTNT� "QQMZJOH UIF MPHJDBM QSFNJTF PG 0DDBNؠT SB[PS UP BQQMJDBUJPOT JO CJPM�

PHZ BOE HFOPNJDT JT JOIFSFOUMZ EBOHFSPVT BT FWPMVUJPO EPFT OPU EFTJHO UIJOHT OFBUMZ�

��� -টছঊঐগঐ $ঘখঙঞঝঊঝঘগ ঊঝ 4ঌঊক এঘছ &ডঙছখগঝঊক #ঘকঘঐঢ

5IF ୮ୢSTU UXP QSPKFDUT PG NZ EJTTFSUBUJPO 	$IBQUFS � BOE $IBQUFS �
 GPDVT PO DPNQVUBUJPOBM NFUI�

PET UP IBOEMF MBSHF TDBMF NFUB؟PNJD EBUB� 5IF UIJSE QSPKFDU PG NZ EJTTFSUBUJPO GPDVTFT PO VTJOH TJOHMF

DFMM TFRVFODJOH UP TUVEZ DMPOBM MJOFBHFT PG 5 DFMMT JO CMPPE BOE UVNPS 	$IBQUFS �
� *O UIJT JOUSPEVD�

UJPO DIBQUFS * HP PWFS TPNF CBTJD CBDLHSPVOE JOGPSNBUJPO DPWFSJOH /FYU (FOFSBUJPO 4FRVFODJOH

IPX UIJT SFMBUFT UP UIF NJDSPCJPNF CBDLHSPVOE PO TJOHMF DFMM TFRVFODJOH JO DBODFS JNNVOPMPHZ

TPNF TNBMM MJUFSBUVSF SFWJFXT PO UIFTF UPQJDT UIBU * QSFWJPVT QVCMJTIFE 	-VCFS � ,PTUJD ���� ����


BT XFMM BT TPNF NJOPS QSPKFDUT * DPOUSJCVUFE UP FBSMZ JO NZ 1I%�

��� /ডঝ (গছঊঝঘগ 4હঞগঌগঐ

8IJMF UIFTF UPQJDT BSF TFFNJOHMZ WFSZ EJ୭GFSFOU B DPNNPO UISFBE UIBU MJOLT UIFN JT UIBU BMM SFRVJSF

PQUJNJ[FE DPNQVUBUJPO UP BDDPVOU GPS UIF GBDU UIBU UIF SBUF JO XIJDI TFRVFODJOH UFDIOPMPHJFT BSF

EFDSFBTJOH JO DPTU JT GBS HSFBUFS UIBO UIF SBUF UIBU DPNQVUBUJPOBM SFTPVSDFT BSF EFDSFBTJOH JO DPTU

	.VFST ����
� /FYU HFOFSBUJPO TFRVFODJOH NFUIPET DPNNPOMZ SFMZ PO SFDPWFSJOH أTIPU�HVOآ GSBH�

NFOUT PG HFOPNJD NBUFSJBM XIJDI DBO UIFO FJUIFS CF NBQQFE UP SFGFSFODF HFOPNFT PS EF OPWP BTTFN�

CMFE JOUP MBSHFS DPOUJHVPVT SFHJPOT 
ؠDPOUJHTؠ	� $PNQVUBUJPOBM NFUIPET JO NFUBHFOPNJDT MBH CFIJOE

�



HFOPNJDT� *O UIF DPOUFYU PG UIF NJDSPCJPNF BT EP[FOT PS IVOESFET PG VOJRVF NJDSPCJBM TUSBJOT FY�

JTU UPHFUIFS JO FOWJSPONFOUBM TBNQMFT UIBU PG୴FO IBWF NBOZ HFOFT UIBU BSF FWPMVUJPOBSJMZ TJNJMBS UP

FBDI PUIFS JU JT EJ୭୮ୢDVMU BTTPDJBUF TFRVFODFE HFOPNJD NBUFSJBM XJUI B TQFDJ୮ୢD TUSBJO BOE UIFSFGPSF JU

JT NVDI IBSEFS UP SFDPOTUSVDU UIF FOUJSF DPNNVOJUZ GSPN TFRVFODJOH EBUB UIBO JU JT UP SFDPOTUSVDU B

TJOHMF IVNBO HFOPNF�

��� 4હঞগঌগঐ 5 .ঌছঘঋঘখ

(VU NJDSPCFT QMBZ B DSJUJDBM SPMF JO IVNBO IFBMUI UISPVHI QSPEVDUJPO PG TFDPOEBSZ NFUBCPMJUFT

TNBMM 3/" JOUFSBDUJPOT XJUI UIF IPTU BOE QFSUVSCBUJPO PG DPMPOJ[BUJPO USFOET PG PUIFS TQFDJFT 	%F�

WMJO � 'JTDICBDI ����� .BHOºTE³UUJS FU BM� ����
� 'PS UIF QBTU EFDBEF UIF ୮ୢFME PG NFUBHFOPNJDT

IBT NBEF B TFSJFT PG USBEFP୭GT UP EFBM XJUI UIF DPNQMFYJUZ PG QBSTJOH TIPUHVO TFRVFODJOH EBUB UIBU

FODPNQBTTFT UIPVTBOET PG QPUFOUJBM TQFDJFT JO POF TBNQMF UIBU IBT SFTVMUFE JO B MBDL PG BCJMJUZ UP

SFDPWFS MPX BCVOEBODF NJDSPCFT�

5IF NJDSPCFT UIBU DPOTUJUVUF BO BWFSBHF IVNBO HVU NJDSPCJPNF BSF EJ୭୮ୢDVMU UP TUVEZ BT FTUJNBUFT

PG UIF OVNCFS PG TQFDJFT QSFTFOU IBWF JODSFBTFE EVSJOH UIF QBTU EFDBEF GSPN CFJOH JO UIF IVOESFET

UP CFJOH JO UIF UIPVTBOET 	-MPZE�1SJDF FU BM� ����
� 5IF USVF SBOHF PG UIFJS BCVOEBODFT JT VOLOPXO

BT UIFSF BSF QPTTJCMZ NJDSPCFT XIPTF HFOPNF IBT OFWFS CFFO SFDPWFSFE CVU XIPTF TFDPOEBSZ NFUBCP�

MJUFT TUJMM GVODUJPOBMMZ JOUFSBDU XJUI UIF IPTU 	TFF NPSF JO EFQUI MJUFSBUVSF SFWJFX PO UIJT MBUFS JO UIF

JOUSPEVDUJPO DIBQUFS
� .PTU NFUBHFOPNJDT BOBMZTJT UP EBUF BMNPTU FYDMVTJWFMZ SFMJFT PO UPPMT UIBU

VUJMJ[F BMJHONFOU UP B MJNJUFE TFU PG B GFX UIPVTBOE SFGFSFODF HFOPNFT QSFWJPVTMZ PCUBJOFE GSPN

�



JTPMBUFT 	-MPZE�1SJDF FU BM� ����
� 5IF NFUIPET EFSJWFE GSPN UIJT QIJMPTPQIZ PG BMJHO UIFO BOBMZ[F

BSF FYUSFNFMZ NFNPSZ F୭୮ୢDJFOU BOE BMMPX GPS FBTZ BOBMZTJT PG MBSHF QBUJFOU DPIPSUT XJUI SFBTPOBCMF

BNPVOUT PG DPNQVUBUJPOBM SFTPVSDFT VJODFތ	 FU BM� ����� 5SVPOH FU BM� ����
 " TNBMM OVNCFS PG

NFUBHFOPNJDT TUVEJFT UP�EBUF TVDI BT NFUB)*5 IBWF SFMJFE NPSF PO BMHPSJUINT UIBU VUJMJ[F EF OPWP

BTTFNCMZ NFUIPET PO SFMBUJWFMZ TNBMMFS EBUBTFUT XIJDI SFRVJSF NVDI NPSF DPNQVUBUJPOBM SFTPVSDFT

CVU ZJFME NPSF JOGPSNBUJWF SFTVMUT 	2JO FU BM� ����� -J FU BM� ����
� 5IF BTTFNCMZ BQQSPBDI JT CFUUFS

PWFSBMM UIBO UIF BMJHONFOU BQQSPBDI GPS ୮ୢOEJOH OFX NJDSPCFT VOEFS DPNQMFY DPOEJUJPOT CVU UIFSF

SFNBJOT SPPN GPS JNQSPWFNFOU JO UFSNT PG EBUB TUBOEBSEJ[BUJPO TDBMF PG EBUBCBTFT BOE TUVEJFT PG

OJDIFT PUIFS UIBO UIF HVU NJDSPCJPNF 	/JFMTFO FU BM� ����
� 4QFDJ୮ୢDBMMZ UIF TJ[F PG DPIPSUT UIBU DBO

CF TUVEJFE XJUI UIF BTTFNCMZ BQQSPBDIFT BSF MJNJUFE CZ DPNQVUBUJPOBM DPOTJEFSBUJPOT�

5IF DPOUJOVBM SFMJBODF PO SFGFSFODF CBTFE BMJHONFOU NFUIPET NFBOT UIBU FWFO JG DPNQMFUF NFUBHFOPNFT

BSF SFDPWFSFE UIF UPPMT UP DPNQVUBUJPOBMMZ BOBMZ[F UIFN IBWF OPU CFFO EFWFMPQFE ZFU� 5IFSF BSF BQ�

QSPYJNBUFMZ UIF TBNF OVNCFS PG NJDSPCFT JO B IVNBO UIBO UIFSF BSF IVNBO DFMMT 	4FOEFS FU BM�

����BC
� 'VMM DIBSBDUFSJ[BUJPO PG UIF HVU NJDSPCJPNF SFNBJOT JNQPTTJCMF XJUIPVU EFWFMPQJOH NFUI�

PET UP BDDPVOU GPS UIF DPNQMFYJUZ PG UIF VOBOOPUBUFE QPSUJPOT PG UIF NJDSPCJPNF OPU QSFTFOU JO

SFGFSFODF HFOPNFT� $IBQUFS � BOE $IBQUFS � GPDVT PO EFWFMPQJOH TVDI NFUIPET JO TQFDJ୮ୢD DPOUFYUT

SFMBUFE UP TDBMJOH DPNQVUBUJPO BT XFMM BT EJTDPWFSJOH OPWFM IPTU BTTPDJBUFE GVODUJPO JO NJDSPCJBM

HFOF DBUBMPHT�

�



��� 4গঐক $কক 4હঞগঌগঐ গ *খখঞগঘকঘঐঢ

5VNPS JNNVOPUIFSBQZ IBT SFWPMVUJPOJ[FE UIF DMJOJDBM DPVSTF PG DBODFS USFBUNFOU IBSOFTTJOH UIF

QPXFS PG UIF JNNVOF TZTUFN UP FMJNJOBUF NBMJHOBOU DFMMT XJUIPVU UIF OFFE GPS NPSF UPYJD USFBUNFOU

NFUIPET 	(JMBEJ � "NJU ����� ,FJS FU BM� ����� 1BVLFO FU BM� ����� 4IBSQF � 1BVLFO ����� %BVE

FU BM� ����� -VCFS ����
� 5IFSF JT TJHOJ୮ୢDBOU DMJOJDBM JOUFSFTU JO USBDLJOH IPTU JNNVOF SFTQPOTFT

UP DBODFS JNNVOPUIFSBQZ JO UIF QFSJQIFSBM CMPPE TJODF UIJT TJUF DBO CF FBTJMZ BOE SFQFBUFEMZ CF

TBNQMFE GPS JNNVOF NPOJUPSJOH QVSQPTFT BOE MJLFMZ DPOUBJOT B TJHOJ୮ୢDBOU QPQVMBUJPO PG UVNPS�

BOUJHFO TQFDJ୮ୢD 5 DFMMT UIBU BSF FO SPVUF UP UIF UVNPS 	:PTU FU BM� ����� ;IBOH FU BM� ����
� )PXFWFS

USBDLJOH UVNPS�BTTPDJBUFE JNNVOF SFTQPOTFT JO UIF QFSJQIFSBM CMPPE IBT CFFO DIBMMFOHJOH EVF UP 	�


UIF MPX OVNCFS PG UVNPS�TQFDJ୮ୢD 5 DFMMT UIBU BSF MJLFMZ QSFTFOU JO UIF CMPPE BU BOZ HJWFO UJNF BOE

	�
 DIBMMFOHFT JO USBDLJOH LOPXO UVNPS BOUJHFO�TQFDJ୮ୢD 5 DFMM SFTQPOTFT VTJOH USBEJUJPOBM NFUIPET

	F�H� UFUSBNFST
 	3¡LJ FU BM� ����� 3PCFSU FU BM� ����
� 0WFSDPNJOH UIFTF PCTUBDMFT UP BMMPX SPVUJOF

USBDLJOH PG 5 DFMM QPQVMBUJPOT UIBU BSF BDUVBMMZ SFTQPOEJOH UP UIF UVNPS XPVME QSPWJEF B QPXFSGVM
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Figure 1.1: An example view of a Hi-C contact map in the HiGlass Web Application. HiGlass is a fast visualization tool

for large Hi-C and other genomic data sets. HiGlass can be accessed at http://higlass.io.
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Figure 1.2: Comparison of relative species abundance between BGISEQ-500 and HiSeq 2000. Averaged microbial

abundance calculated with MetaPhlAn2 across BGI replicates plotted against microbial abundance for the correspond-

ing Illumina replicates for all samples. Species are colored by GC content.
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Figure 1.3: Microbial BGC-derived Secondary Metabolites Modulate Host Proteases
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	3PVOE � .B[NBOJBO ����� $VMMFO FU BM� ����
� )PXFWFS UIF EJTDPWFSZ PG B VOBSZ #($ GBNJMZ

QSFTFOU BDSPTT IFBMUIZ JOEJWJEVBMT SFRVJSFE B NBTTJWF BNPVOU PG EBUB NJOJOH DPVQMFE XJUI DPN�

QMFY FYQFSJNFOUBM WBMJEBUJPO� 5IF HSPVOECSFBLJOH NFUIPET VTFE CZ 'JTDICBDIؠT HSPVQ UP BOBMZ[F

#($T QSFTFOU BDSPTT B IFBMUIZ IVNBO DPIPSU BSF OFDFTTBSZ UP QSPWF UIFJS FYJTUFODF� UIF OFYU TUFQ JT

UP VOEFSTUBOE UIFJS SPMF� .JOJOH MBSHF NFUBHFOPNJD EBUBCBTFT DBO ZJFME QVUBUJWF DPNNPO #($T PG

MBSHF F୭GFDU CVU XIFUIFS UIF QSPEVDUT PG UIFTF #($T IBWF BEEJUJWF F୭GFDUT SFNBJOT BO PQFO RVFTUJPO�

5P GVMMZ EJTDFSO UIF SPMF PG UIF DPNQMFUF NJDSPCJPNF JO NPEVMBUJOH IVNBO IFBMUI CJPJOGPSNBUJDT

NVTU CF GVSUIFS DPVQMFE XJUI FYQFSJNFOUBM EFTJHO TP UIBU #($ DBMMJOH BMHPSJUINT JOGPSN FYQFSJ�

NFOUBUJPO BOE WJDF WFSTB 	.FEFNB FU BM� ����� 4NBOTLJ FU BM� ����
� 6OEFSTUBOEJOH UIF GVODUJPOBM
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DPNQMFYJUJFT PG #($T PO IFBMUI XJMM SFRVJSF UIF VUJMJ[BUJPO PG �SE HFOFSBUJPO MPOH SFBE TFRVFODJOH

BT B ୮ୢSTU TUFQ GPS DBMMJOH QVUBUJWF #($T UIBU BSF SBSF JO HVU NJDSPCJBM QPQVMBUJPOT� #($ FO[ZNFT BSF

IJHIMZ DPOTFSWFE XJUI TUSPOH IPNPMPHZ BDSPTT EJTUBOU UBYB� "EEJUJPOBMMZ IPSJ[POUBM HFOF USBOTGFS

FWFOUT GPS #($T BSF MJLFMZ� 5IFSFGPSF TIPSU SFBET PG୴FO DBOOPU CF VOJRVFMZ NBQQFE UP #($T FWFO

BU FYUSFNFMZ IJHI DPWFSBHF� -POH SFBET BOE NFUIPET UP BTTFNCMF UIFN UIBU TQBO UIF FOUJSF #($

SFQSFTFOU B QPUFOUJBM MFBQ GPSXBSE 	,PSFO FU BM� ����
�

5P VOEFSTUBOE UIF GVMM GVODUJPOBM MBOETDBQF PG #($T QFSUVSCJOH BOE FOHJOFFSJOH NJOJNBM

DPNNVOJUJFT PG NJDSPCFT 	J�F� أUPZآ NJDSPCJPNFT
 JO NPEFM PSHBOJTNT XJMM IFMQ SFEVDF UIF DPN�

QMFYJUZ JOWPMWFE XJUI UIF IVNBO NJDSPCJPNF BOE NBLF JU QPTTJCMF UP VOEFSTUBOE UIF DPNQMFUF

NFUBHFOPNF NFUBUSBOTDSJQUPNF NFUBQSPUFPNF BOE NFUBCPMPNF PG DMPTFE TZTUFN� 5P QFSGPSN

QFSUVSCBUJPO BU UIJT TDBMF IJHI UISPVHIQVU $3*413 CBTFE NFUIPET XJMM MJLFMZ OFFE UP CF VUJMJ[FE

XIJDI QSFTFOUT PUIFS JNQMJDJU DIBMMFOHFT 	9V FU BM� ����
� &YUFOTJPOT PG UIJT JOJUJBM XPSL CZ (VP FU BM�

XJMM CF UIF ୮ୢSTU TUFQT JO FMVDJEBUJOH UIF GVODUJPO PG QPPSMZ VOEFSTUPPE FMFNFOUT PG UIF NFUBHFOPNF�

'VSUIFS F୭GPSUT JOUP VOEFSTUBOEJOH OBUVSBM QSPEVDUT QSPEVDFE CZ #($T BOE FOHJOFFSJOH NJDSPCFT

UIBU QSPEVDF UIFN DPVME FWFOUVBMMZ ZJFME B EFFQFS VOEFSTUBOEJOH PG IPX IPTU�NJDSPCF JOUFSBDUJPOT

NPEVMBUF IVNBO IFBMUI�
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)-" IBQMPUZQFT JO DPOKVODUJPO XJUI TFSVN BOUJ�DPNNFOTBM BOUJCPEZ SFTQPOTFT BSF QSFEJDUJWF PG

UZQF � EJBCFUFT QSPHSFTTJPO�҇

.BOZ SFDFOU TUVEJFT IBWF GPVOE BTTPDJBUJPOT CFUXFFO UIF HVU NJDSPCJPUB BOE BVUPJNNVOF EJT�

FBTFT TVDI BT UZQF � EJBCFUFT 	5�%
� *O UIJT JTTVF PG 4DJFODF *NNVOPMPHZ TUVEJFT CZ 1BVO FU BM� IJOU

BU QPTTJCMF NFDIBOJTNT CFIJOE JNNVOPQBUIPHFOFTJT PG 5�% CZ BTTPDJBUJOH )-" IBQMPUZQFT XJUI

BOUJ�DPNNFOTBM BOUJCPEZ 	"$"C
 SFTQPOTFT BOE JTMFU BVUPBOUJCPEJFT 	*"#T
 JO UXP EJTUJODU DPIPSUT

	1BVO FU BM� ����
  BOE DSVDJBMMZ PCTFSWFT B HFOFUJD EFUFSNJOBOU JO UIFTF BTTPDJBUJPOT�

5IF IZHJFOF IZQPUIFTJT QPTUVMBUFT UIBU BU UIF QPQVMBUJPO MFWFM UIF GSFRVFODZ PG BVUPJNNVOF

EJTPSEFST BOE EJTFBTFT SFMBUFE UP BMMFSHZ BSF JOWFSTFMZ DPSSFMBUFE XJUI UIF GSFRVFODZ PG JOGFDUJPVT EJT�

FBTF 	4USBDIBO ����
� &QJEFNJPMPHJDBM BTTPDJBUJPOT TVQQPSU UIF IZHJFOF IZQPUIFTJT CVU B DBVTBM

NFDIBOJTN IBT OFWFS CFFO DPODMVTJWFMZ WBMJEBUFE� B XJEFMZ TVQQPSUFE UIFPSZ JT UIBU UPMFSBODF JO 5PMM

-JLF 3FDFQUPST 	5-3T
 SFDPHOJ[JOH CPUI DPNNFOTBMT BOE QBUIPHFOT MFBET UP JODSFBTFE JODJEFODF PG

BVUPJNNVOJUZ JO TQFDJ୮ୢD QPQVMBUJPOT CBTFE PO UIFJS BHHSFHBUF HVU NJDSPCJPNF DPNQPTJUJPO 	#BDI

����
�

3FDFOU XPSL JO UIF NJDSPCJPNF ୮ୢFME IBT GPVOE BTTPDJBUJPOT CFUXFFO CPUI MPX EJWFSTJUZ JO HVU

NJDSPCJPUB DPNQPTJUJPO BU UIF UBYB MFWFM BOE MPOHJUVEJOBM QSPHSFTTJPO PG BVUPJNNVOF EJTPSEFST MJLF

5�% 	,PTUJD FU BM� ����
 BT XFMM BT BO BTTPDJBUJPO CFUXFFO BVUPJNNVOJUZ BOE MJQPQPMZTBDDIBSJEF 	B

҇1PSUJPOT PG UIJT TFDUJPO XFSF QSFWJPVTMZ QVCMJTIFE JO 4DJFODF *NNVOPMPॻ
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QPUFOUJBM 5-3� BHPOJTU
 GSPN NJDSPCFT JO DPVOUSJFT XJUI MFTTFS JODJEFODF PG JOGFDUJPVT EJTFBTF 	7BUB�

OFO FU BM� ����
� 5IJT BTTPDJBUJPO JT OPU GPVOE JO PUIFS DPVOUSJFT 	PG TIBSFE DPNNPO HFOFUJD CBDL�

HSPVOE
 XJUI HFPQPMJUJDBMMZ MJNJUFE HFOFUJD BENJYUVSF UIBU JO DPOUSBTU IBWF DPNQBSBUJWFMZ IJHIFS

JODJEFODF PG JOGFDUJPVT EJTFBTF 	7BUBOFO FU BM� ����
� 5IFTF ୮ୢOEJOHT IBWF SFDFOUMZ OVEHFE UIF NJ�

DSPCJPNF ୮ୢFME UPXBSET QVSTVJOH NBTTJWF DPMMFDUJPOT PG NFUBHFOPNFT XJUIPVU HFOPNF PS FYPNF

TFRVFODJOH PG DPNQPOFOU JOEJWJEVBMT JO UIFTF DPIPSUT TVDI BT JO UIF 5IF &OWJSPONFOUBM %FUFS�

NJOBOUT PG %JBCFUFT JO UIF :PVOH 	5&%%:
 TUVEZ 	7BUBOFO FU BM� ����� 5&%%: 4UVEZ (SPVQ

����
� 5IF BTTPDJBUJPO CFUXFFO )-" IBQMPUZQFT HVU NJDSPCFT BOE *"#T QSFTFOUFE CZ 1BVO FU BM�

JO UIJT JTTVF SBJTFT UIF DPNQFMMJOH QPJOU UIBU NPSF OVBODFE BQQSPBDIFT BSF OFFEFE UP BDDPVOU GPS

HFOFUJD EFUFSNJOBOUT JO IPTU�NJDSPCF JOUFSBDUJPOT SFMBUFE UP BVUPJNNVOJUZ BOE JNQMJDJUMZ QPTJUT

UIBU GPS TVTUBJOFE GPSXBSE QSPHSFTT JO FMVDJEBUJOH BVUPJNNVOF EJTFBTF QBUIPHFOFTJT TJMPT OFFE UP

DPNF EPXO CFUXFFO UIF ୮ୢFMET PG DPNQVUBUJPOBM NFUBHFOPNJDT IVNBO HFOFUJDT BOE FYQFSJNFOUBM

JNNVOPMPHZ�

*O PSEFS UP NFBTVSF "$"C SFTQPOTFT GSPN TFSVN 1BVO FU BM� DSFBUFE BO BTTBZ XIFSF TFSJBMMZ EJ�

MVUFE TFSVN JT DPNCJOFE XJUI CBDUFSJBM UBSHFUT BOE ୯୳VPSPQIPSF�MBCFMFE BOUJCPEJFT BG୴FS XIJDI ୯୳PX

DZUPNFUSZ JT DPOEVDUFE UP DBMDVMBUF B أSFTQPOTFآ JOEFY GPS FBDI TBNQMF 	1BVO FU BM� ����
 � 5IJT BT�

TBZ TIPXFE FMFWBUFE "$"C SFTQPOTFT UP B EJWFSTF HSPVQ PG DPNNFOTBMT JO $SPIOؠT EJTFBTF QBUJFOUT

DPNQBSFE UP IFBMUIZ DPOUSPMT� 5IF BVUIPST TVCTFRVFOUMZ BQQMJFE UIFJS BTTBZ UP 5�% DPIPSUT� POF

TJNQMZ DPNQBSJOH TFSVN GSPN QFEJBUSJD 5�% QBUJFOUT UP BHF NBUDIFE IFBMUIZ DPOUSPMT BOE POF DPN�

QBSJOH TFSVN PCUBJOFE EVSJOH B QSF�EJBCFUJD 	TFSPQPTJUJWF GPS *"#T CVU OPSNBM HMVDPTF MFWFMT
 QIBTF

JO BU SJTL QBUJFOUT GSPN UIF 5ZQF � %JBCFUFT 5SJBM/FU 	MPOH UFSN TBNQMF DPMMFDUJPOT GSPN GBNJMZ NFN�
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Figure 1.4: Using two separate cohorts of pediatric T1D, Paun et al. (Paun et al., 2019) found that the anticommensal

antibody (ACAb) response against multiple bacteria is able to discriminate between healthy controls and individuals re-

cently diagnosed with T1D. Although the ACAb response on its own cannot distinguish healthy controls from samples

taken before the onset of diabetes, serum IgG2 antibodies against commensal bacteria in combination with the HLA

DR3/DR4 haplotype were associated with future diagnosis of T1D.

CFST PG FYJTUJOH 5�% QBUJFOUT
 XIP BMTP XFOU PO UP EFWFMPQ 5�% 	4LZMFS FU BM� ����
� " TVNNBSZ PG

UIF VOEFSMZJOH CJPMPHZ JT TIPXO JO 'JHVSF ����

*O UIF ୮ୢSTU DPIPSU DPNQBSJOH BHF NBUDIFE QFEJBUSJD 5�% QBUJFOUT BOE IFBMUIZ DPOUSPMT UIF BV�

UIPST GPVOE TJHOJ୮ୢDBOU EJ୭GFSFODFT JO CPUI *H( BOE *H" "$"C SFTQPOTFT BHBJOTU B SBOHF PG DPNNFO�

TBMT BOE XFSF BCMF UP VTF -%" UP EJTUJOHVJTI IFBMUIZ DPOUSPMT GSPN BHF NBUDIFE 5�% QBUJFOUT� 8IFO

UIF BTTBZ XBT BQQMJFE UP UIF DPIPSU DPNQBSJOH IFBMUIZ DPOUSPMT BOE QSF�EJBCFUFT 5SJBM/FU QBUJFOUT

OP EJ୭GFSFODFT JO "$"C SFTQPOTFT UP DPNNFOTBMT XFSF GPVOE CFUXFFO UIF UXP HSPVQT� )PXFWFS
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XIFO )-" HFOPUZQF JOGPSNBUJPO XBT JODMVEFE JO UIF NVMUJWBSJBUF TUBUJTUJDBM DPNQBSJTPO CFUXFFO

UIF UXP HSPVQT UIF DPIPSUT TUSBUJ୮ୢFE XJUI DFSUBJO "$"C SFTQPOTFT QSFEJDUJOH GVUVSF 5�% TUBUVT JO

B )-" IBQMPUZQF EFQFOEFOU NBOOFS 	1BVO FU BM� ����
� 5IF )-" MPDVT FODPEFT CPUI UIF .)$

DPNQMFY BOE PUIFS NBDIJOFSZ UIBU BTTJTUT XJUI BOUJHFO QSPDFTTJOH BOE QSFTFOUBUJPO� DFSUBJO .)$

DMBTT ** IBQMPUZQFT IBWF MBSHF F୭GFDU TJ[F JO QSFEJDUJOH 5�% SJTL 	%FOESPV FU BM� ����
� 5IF BVUIPST

TVCTFRVFOUMZ XFOU PO UP TIPX UIBU JO BEEJUJPO UP *"# BOUJHFO TQFDJ୮ୢDJUZ UIBU JT EFQFOEFOU PO IJHI

SJTL )-" IBQMPUZQFT BO BTTPDJBUJPO BMTP FYJTUT CFUXFFO *"# BOUJHFO TQFDJ୮ୢDJUZ BOE "$"C SFTQPOTFT

	1BVO FU BM� ����
 �

5IJT BTTPDJBUJPO XIJMF OPU WBMJEBUFE UP CF DBVTBM SBJTFT WJUBM BOE QFSIBQT JODPNNPEJPVT RVFT�

UJPOT BCPVU IPX TUVEZ EFTJHO GPS GVUVSF MPOHJUVEJOBM DPIPSUT BJNJOH UP MPPL BU IPTU�NJDSPCJPNF

JOUFSBDUJPOT JO 5�% JNNVOPQBUIPHFOFTJT TIPVME CF DPOEVDUFE� 1FSIBQT UIF OP IPMET CBSSFE BQ�

QSPBDI PG TFRVFODJOH BT NBOZ NFUBHFOPNJD TBNQMFT BT QPTTJCMF GPS HSFBUFS TUBUJTUJDBM QPXFS JO EPXO�

TUSFBN BOBMZTFT 	7BUBOFO FU BM� ����
 JT NJTBQQSFIFOEJOH DSVDJBM VOEFSMZJOH CJPMPHZ JO UIBU IVNBO

HFOFUJD EFUFSNJOBOUT MJLFMZ QMBZ B TJHOJ୮ୢDBOU SPMF JO EJTFBTF� $PVQMJOH SFTVMUT GSPN FYQFSJNFOUBM

BTTBZT XJUI DMJOJDBM HFOPUZQJOH MJLF 1BVO FU BM JT MBVEBCMF� UIFJS ୮ୢOEJOHT TIPVME TFSWF BT JNQFUVT UP JO�

DMVEF FJUIFS GVMM FYPNF PS HFOPNF TFRVFODJOH JO GVUVSF MPOHJUVEJOBM TUVEJFT MPPLJOH BU UIF JOUFSGBDF

CFUXFFO UIF NFUBHFOPNF BOE EJTFBTF�

8F IBWF MFBSOFE NVDI GSPN UIF OPO�PCFTF EJBCFUJD NPVTF UIF NPTU XJEFMZ VTFE BOJNBM NPEFM

PG 5�% CVU VOMJLF UIF IVNBO JU IBT CFFO DVSFE PG EJBCFUFT JO PWFS ��� EJ୭GFSFOU XBZT BOE IBT

NBOZ OVBODFE EJ୭GFSFODFT JO EJTFBTF QBUIPHFOFTJT DPNQBSFE UP IVNBOT 	+BZBTJNIBO FU BM� ����
�

5IFSFGPSF VOEFSTUBOEJOH UIF IVNBO HFOFUJD EFUFSNJOBOUT PG IPX UIF NJDSPCJPNF B୭GFDUT 5�% JN�

��



NVOPQBUIPHFOFTJT JT DSJUJDBM JO QVSTVJOH GVUVSF USFBUNFOUT BOE DVSFT GPS 5�% � *OUFHSBUJOH BOBMZTFT

PG MPOHJUVEJOBM IVNBO NJDSPCJPNF TUVEJFT BOE IVNBO HFOFUJD EFUFSNJOBOUT PG EJTFBTF UP JOGPSN

DIBSBDUFSJ[F NPEJGZ BOE JNQSPWF FYQFSJNFOUT VUJMJ[JOH NFDIBOJTUJD BOJNBM NPEFMT PG BVUPJNNVOF

EJTFBTF XJMM CF DSJUJDBM UP EFWFMPQJOH USFBUNFOUT GPS 5�%�
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/P QIZTJDBM RVBOUJUZ DBO DPOUJOVF UP DIBOHF FYQPOFO�

UJBMMZ GPSFWFS� :PVS KPC ॷ EFMBZJOH GPSFWFS�

(PSEPO .PPSF

2
4DBMJOH $MPVE $PNQVUJOH 'PS PNJDT؟

"ঌছঘজজ ঋঘকঘঐঢ ঠ ঊছ জগঐ ছঊঙ টকঘঙখগঝজ গ জঌঊক ঘএ ঊঝঊ QSPEVDUJPO XJUI�

PVU B DPSSFTQPOEJOH JODSFBTF JO EBUB BOBMZTJT DBQBCJMJUJFT� *O UIJT DIBQUFS UIF EFTJHO JNQMFNFO�

UBUJPO BOE WBMJEBUJPO PG UIF DPNQVUBUJPOBM UPPM"FUIFS JT QSFTFOUFE 	-VCFS FU BM� ����
�� "FUIFS
�1PSUJPOT PG UIJT DIBQUFS XFSF QSFWJPVTMZ QVCMJTIFE JO #JPJOGPSNBUJDT� 5IJT QBQFS IBT BO BEEJUJPOBM DP�

୮ୢSTU BVUIPS #SBEFO 5� 5JFSOFZ� #SBEFO BOE * DP�DPODFJWFE UIF BMHPSJUIN * JNQMFNFOUFE UIF BMHPSJUIN BOE
#SBEFO DPODFQUVBMJ[FE UFTU DBTFT XIFSF UIF BMHPSJUIN DPVME CF CFODINBSLFE�
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	http://aether.kosticlab.org
 JT BO JOUVJUJWF FBTZ�UP�VTF DPTU�F୭GFDUJWF BOE TDBMBCMF GSBNF�

XPSL UIBU VTFT MJOFBS QSPHSBNNJOH UP PQUJNBMMZ CJE PO BOE EFQMPZ DPNCJOBUJPOT PG VOEFSVUJMJ[FE

DMPVE DPNQVUJOH SFTPVSDFT� 5IJT BQQSPBDI TJNVMUBOFPVTMZ NJOJNJ[FT UIF DPTU PG EBUB BOBMZTJT BOE

QSPWJEFT BO FBTZ USBOTJUJPO GSPN VTFSTؠ FYJTUJOH )1$ QJQFMJOFT�

��� *গঝছঘঞঌগঐ"ࠣ࠰ࠣࠦ࠲

%BUB BDDVNVMBUJPO JT FYDFFEJOH .PPSFؠT MBX XIJDI POMZ TUJMM QSPHSFTTFT EVF UP BEWBODFT JO QBSBMMFM

DIJQ BSDIJUFDUVSF 	&TNBFJM[BEFI FU BM� ����
� .PPSFؠT MBX TUBUFT UIBU UIF FWFSZ UXP ZFBST UIF OVN�

CFS PG USBOTJTUPST UIBU DBO ୮ୢU PO B DPNQVUFS DIJQ EPVCMFT XIJMF UIF DPTU PG UIF DIJQ JUTFMG IBMWFT

	.PPSF ����
� 'PSUVOBUFMZ UIF TIJG୴ BXBZ GSPN JO�IPVTF DPNQVUJOH DMVTUFST UP DMPVE JOGSBTUSVDUVSF

IBT ZJFMEFE BQQSPBDIFT UP DPNQVUBUJPOBM DIBMMFOHFT JO CJPMPHZ UIBU CPUI NBLF TDJFODF NPSF SFQSP�

EVDJCMF BOE FMJNJOBUF UJNF MPTU JO IJHI�QFSGPSNBODF DPNQVUJOH RVFVFT 	#FBVMJFV�+POFT � (SFFOF

����� (BSH FU BM� ����
� IPXFWFS FYJTUJOH P୭G�UIF�TIFMG UPPMT CVJMU GPS DMPVE DPNQVUJOH PG୴FO SFNBJO

JOBDDFTTJCMF DVNCFSTPNF BOE JO TPNF JOTUBODFT DPTUMZ�

����� 8ছ .ঘঘছؠজ -ঊঠ 'ঊককজ 4ঘছঝ গ #ঘকঘঐঢ

4PMVUJPOT UP QBSBMMFMJ[BCMF DPNQVUF QSPCMFNT JO DPNQVUBUJPOBM CJPMPHZ BSF JODSFBTJOHMZ OFDFTTBSZ�

IPXFWFS CBUDI KPC�PSJFOUFE DMPVE DPNQVUJOH TZTUFNT TVDI BT "NB[PO 8FC 4FSWJDFT 	"84
 #BUDI

(PPHMF QSFFNQUJCMF 7JSUVBM .BDIJOFT 	7.T
 "QBDIF 4QBSL BOE .BQ3FEVDF JNQMFNFOUBUJPOT BSF

FJUIFS DMPTFE TPVSDF SFTUSJDUJWFMZ MJDFOTFE PS MPDLFE JO UIFJS PXO FDPTZTUFNT NBLJOH UIFN JOBDDFT�

TJCMF UP NBOZ CJPJOGPSNBUJDT MBCT 	4IWBDILP FU BM� ����� :BOH FU BM� ����
� 0UIFS BQQSPBDIFT GPS
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CJEEJOH PO DMPVE SFTPVSDFT FYJTU CVU UIFZ OFJUIFS QSPWJEF JNQMFNFOUBUJPOT OPS JOUFSGBDF XJUI B EJT�

USJCVUFE CBUDI KPC QSPDFTT XJUI B CBDLFOE JNQMFNFOUBUJPO PG BMM OFDFTTBSZ OFUXPSLJOH 	"OES[FKBL

FU BM� ����� 5PSETTPO FU BM� ����� ;IFOH FU BM� ����
�

��� $কঘঞ $ঘখঙঞঝ .ঊছঔঝজ

0VS QSPQPTFE UPPM"FUIFS MFWFSBHFT B MJOFBS QSPHSBNNJOH 	-1
 BQQSPBDI UP NJOJNJ[F DMPVE DPN�

QVUF DPTU XIJMF CFJOH DPOTUSBJOFE CZ VTFS OFFET BOE DMPVE DBQBDJUZ XIJDI BSF QBSBNFUFSJ[FE CZ

UIF OVNCFS PG DPSFT 3". BOE JO�OPEF TPMJE�TUBUF ESJWF TQBDF� 4QFDJ୮ୢDBMMZ DFSUBJO UZQFT PG JO�

TUBODFT BSF BMMPDBUFE UP MBSHF XFC TFSWJDF QSPWJEFST 	F�H� /FU୯୳JY
 BOE BVDUJPOFE PO B TFDPOEBSZ NBS�

LFU XIFO UIFZ BSF OPU GVMMZ VUJMJ[FE 	;IFOH FU BM� ����
� 6TFST CJE BNPOHTU FBDI PUIFS GPS VTF PG UIJT

BMSFBEZ QVSDIBTFE CVU VOVTFE DPNQVUF UJNF BU FYUSFNFMZ MPX SBUFT 	VQ UP ��ॎ P୭G UIF MJTUFE QSJDF�

https://aws.amazon.com/ec�/pricing/
� )PXFWFS UIJT NBSLFU JT OPU XJUIPVU JUT DPNQMFY�

JUJFT� 'PS JOTUBODF TJHOJ୮ୢDBOU QSJDF ୯୳VDUVBUJPOT VQ UP BO PSEFS PG NBHOJUVEF DPVME MFBE UP FBSMZ

UFSNJOBUJPO PG NVMUJ�IPVS DPNQVUF KPCT 	'JHVSF ���
� $MFBSMZ CJEEJOH TUSBUFHJFT NVTU CF EZOBNJD UP

PWFSDPNF TVDI IVSEMFT�

"FUIFS DPOTJTUT PG CJEEFS BOE CBUDI KPC QSPDFTTJOH DPNNBOE MJOF UPPMT UIBU RVFSZ JOTUBODF NFUB�

EBUB GSPN UIF WFOEPS BQQMJDBUJPO QSPHSBNNJOH JOUFSGBDF 	"1*T
 UP GPSNVMBUF UIF -1 QSPCMFN� -1 JT

BO PQUJNJ[BUJPO NFUIPE UIBU TJNVMUBOFPVTMZ TPMWFT B MBSHF TZTUFN PG FRVBUJPOT UP EFUFSNJOF UIF CFTU

PVUDPNF PG B TDFOBSJP UIBU DBO CF EFTDSJCFE CZ MJOFBS SFMBUJPOTIJQT� 5IF"FUIFS CJEEFS EFTDSJCFE JO

EFUBJM JO UIF 4VQQMFNFOUBSZ .FUIPET HFOFSBUFT BOE TPMWFT B TZTUFN PG ��� JOFRVBMJUJFT VTJOH UIF TJN�

��
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Figure 2.1: Pricing history of an x1.16xlarge EC2 Instance showcasing variability of an order of magnitude, in both

directions, for spot prices.
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Figure 2.2: Simplified example showing three constraints on a sample bidding approach minimizing an objective func-

tion cTx considering cost according to a system of constraints represented as inequalities. Y�, Y�, ...YO represent the

number of specific types of compute nodes to solve for. Each inequality represents a constraint and adds another di-

mension to the space which the simplex algorithm needs to traverse vertices in to find ideal solution. The green line

represents the optimal solution.

QMFY BMHPSJUIN 	'JHVSF ���
� 'PS UIF QVSQPTFT PG SFQSPEVDJCJMJUZ BO JNQMFNFOUBUJPO PG UIF CJEEFS

VTJOH $1-&9 JT BMTP QSPWJEFE BT BO PQUJPOBM DPNNBOE MJOF ୯୳BH�

4VCTFRVFOUMZ UIF SFQMJDB OPEFT TQFDJ୮ୢFE CZ UIF -1 SFTVMU BSF QMBDFE VOEFS UIF DPOUSPM PG B QSJ�

NBSZ OPEF XIJDI BTTJHOT CBUDI QSPDFTTJOH KPCT PWFS USBOTNJTTJPO DPOUSPM QSPUPDPM NPOJUPST GPS

BOZ GBJMVSFT HBUIFST BMM MPHT TFOET BMM SFTVMUT UP B TQFDJ୮ୢFE DMPVE TUPSBHF MPDBUJPO BOE UFSNJOBUFT BMM

DPNQVUF OPEFT PODF QSPDFTTJOH JT DPNQMFUF 	'JHVSF ���
� "EEJUJPOBMMZ"FUIFS JT BCMF UP EJTUSJCVUF
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Figure 2.3: General overview of Aether.

DPNQVUF BDSPTT NVMUJQMF DMPVE QSPWJEFST� 4BNQMF DPEF GPS UIJT JT QSPWJEFE XJUI UIF"FUIFS JNQMF�

NFOUBUJPO BMUIPVHI JU XBT OPU VUJMJ[FE JO PVS SFQPSUFE UFTUT EVF UP DPTU GFBTJCJMJUZ� 0VS JNQMFNFO�

UBUJPO SVOT PO BOZ 6OJY�MJLF TZTUFN� XF SBO PVS QJQFMJOF BOE DPTU BOBMZTJT VTJOH "84 CVU IBWF QSP�

WJEFE DPEF UP TQJO VQ DPNQVUF OPEFT PO FJUIFS .JDSPTPG୴ "[VSF PS PO B VTFSؠT MPDBM QIZTJDBM DMVTUFST�

��� 7ঊকঊঝঘগ ঘএ "ঙঙছঘঊঌ

5P UFTU PVS CJEEJOH BQQSPBDI BOE CBUDI KPC QJQFMJOF BU TDBMF XF VTFE PVS GSBNFXPSL UP EF OPWP

BTTFNCMF BOE BOOPUBUF ���� NFUBHFOPNJD MPOHJUVEJOBM TBNQMFT GSPN UIF TUPPM PG ��� JOGBOUT JO

/PSUIFSO &VSPQF 'JHVSF 	'JHVSF ���
 	#¤DLIFE FU BM� ����� ,PTUJD FU BM� ����� 7BUBOFO FU BM� �����

:BTTPVS FU BM� ����
� 5IF TFRVFODJOH EBUB XJUIJO EBUBTFUT GSPN UIF %*"#*..6/& DPOTPSUJVN

SBOHFE GSPN ���� UP �� ��� ��� SFBET�TBNQMF XJUI B NFEJBO PG �� ��� ��� SFBET�TBNQMF� "TTFN�

CMJFT XFSF QFSGPSNFE XJUI .&(")*5 BOE BOOPUBUJPOT XFSF EPOF XJUI 130,," 	-J FU BM� �����

4FFNBOO ����
� .FUBHFOPNJD EBUB UZQJDBMMZ TIPUHVO %/" TFRVFODJOH PG NJDSPCJBM DPNNVOJUJFT
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Figure 2.4: Overview of the assembly process. A total of 1572 fecal samples were collected and sequenced at various

timepoints during the first 3 years of 379 individuals lives. These were assembled with MEGAHIT into 68,181,571

contigs. Across all samples, a total of 62,257,853 genes, 1,000,000 of which were unique, were then annotated using

Prokka. Only contigs that were over 1000 bases long were used. The mean length of this group was 4278 bases.
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Figure 2.5: Cost comparison between Aether, standard cloud computing, and user-maintained hardware. Total assem-

bly cost was 18% ($471.60) of what it would have been using on-demand instances. We estimated the upfront cost of a

server equivalent to those used to analyze the data being $10,000. Given that we used 30 in- stances of these servers,

the total cost of hardware would be $300,000 according to pricing information from Penguin Computing and Dell, not

counting system maintenance and depreciation.

JT EJ୭୮ୢDVMU UP BOBMZ[F CFDBVTF PG UIF FOPSNPVT BNPVOUT PG DPNQVUF SFRVJSFE UP OBJWFMZ BTTFNCMF

TIPSU TFRVFODF SFBET JOUP MBSHF DPOUJHVPVT TQBOT 	DPOUJHT
 PG %/"� 5P BDDPNQMJTI PVS BTTFNCMJFT

PVS CJEEJOH BMHPSJUIN TVHHFTUFE UIBU UIF PQUJNBM TUSBUFHZ XPVME CF UP TQJO VQ ��5# PG 3". BDSPTT

VOEFSVUJMJ[FE DPNQVUF OPEFT� 0VS OFUXPSLFE CBUDI KPC QSPDFTTJOH NPEVMF VUJMJ[FE UIFTF OPEFT GPS

�� I BOE ZJFMEFE BO BTTFNCMZ BOE BOOPUBUJPO DPTU PG 64 ����� QFS TBNQMF 	'JHVSF ���
�

5IFPSFUJDBMMZ UIF QJQFMJOF DBO DPNQMFUF JO UIF UJNF JU UBLFT GPS UIF MPOHFTU TVC�QSPDFTT 	J�F� BTTFN�

CMZ JO UIJT DBTF
 UP ୮ୢOJTI 	� I
� 4QJOOJOH VQ UIF TBNF OPEFT GPS UIJT MPOH XJUIPVU B CJEEJOH BQQSPBDI

XPVME DPTU 64 ����� QFS TBNQMF 	'JHVSF ���
�

*O PSEFS GPS PO�TJUF IBSEXBSF UP BDIJFWF UIF TBNF DPTU F୭୮ୢDJFODZ BT PVS QJQFMJOF POF XPVME IBWF
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Figure 2.6: Plot of the Expected Value of worst case job price for different bidding strategies to showcase the advan-

tage of Aether using a price “lookback” as a constraint for optimization.
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UP DBSSZ PVU PO UIF PSEFS PG � NJMMJPO BTTFNCMJFT PWFS UIF MJGFTQBO PG UIF TFSWFST B QSBDUJDBMMZ JOTVS�

NPVOUBCMF UBTL 	'JHVSF ���
� 4VDI F୭୮ୢDJFODZ JO CPUI UJNF BOE DPTU BU TDBMF JT VOQSFDFEFOUFE� *O GBDU

EVF UP SFTPVSDF QBVDJUZ DPNQVUBUJPOBM DPTUT IBWF GPSDFE UIF ୮ୢFME PG NFUBHFOPNJDT UP SFMZ PO BMHP�

SJUINJD BQQSPBDIFT UIBU VUJMJ[F NBQQJOH CBDL UP SFGFSFODF HFOPNFT SBUIFS UIBO EF OPWP NFUIPET

	5SVPOH FU BM� ����
�

��� "টঊগঝঊঐজ ঘএ"ࠣ࠰ࠣࠦ࠲

"EEJUJPOBM UFTUJOH PG"FUIFS TIPXFE NBSHJOBMMZ CFUUFS SFMBUJWF DPTU TBWJOHT 	DPNQBSFE UP UIF BTTFN�

CMZ FYBNQMF
 XIFO UBTLFE XJUI BMJHOJOH CSBX SFBET UP UIF QSFWJPVTMZ BTTFNCMFE HFOPNFT XJUI #8"�

.&. 	-J � %VSCJO ����
� UIJT JT OPU TVSQSJTJOH BT TIPSUFS DPNQVUBUJPOBM UBTLT BSF MFTT TFOTJUJWF UP

UIF SJTLT PG FBSMZ TQPU JOTUBODF UFSNJOBUJPO� "EEJUJPOBMMZ JO TJNVMBUFE SVOT PG UIF CJEEFS JODPSQPSBU�

JOH QSJDJOH IJTUPSZ GSPN QFSJPET XIFSF BTL QSJDFT XFSF BQQSPYJNBUFMZ BO PSEFS PG NBHOJUVEF IJHIFS

UIBO OPSNBM PO UIF FBTU DPBTU PG UIF 6OJUFE 4UBUFT 	'JHVSF ���
"FUIFS TVHHFTUFE VUJMJ[BUJPO PG EJG�

GFSFOU JOTUBODF UZQFT UIBU XPVME IBWF SFTVMUFE JO TJNJMBS DPTU BOE UJNF UP DPNQMFUJPO BT PVS BDUVBM

SVO� 5P BMMPX VTFST UP NBLF PQUJNBM VTBHF PG UIFTF CFOF୮ୢUT UIF BCJMJUZ UP TJNVMBUF CJEEJOH GPS EJG�

GFSFOU UJNFGSBNFT JT JODMVEFE BT B GFBUVSF� #Z OPU IBWJOH UP QPUFOUJBMMZ SF�SVO BOBMZTJT QJQFMJOFT 	EVF

UP CFJOH PVUCJE PO DPNQVUF EVSJOH SVOUJNF
 XF DMBJN UIBU VUJMJ[JOH"FUIFS MFBET UP B SFEVDUJPO

PG NBSLFU JOF୭୮ୢDJFODJFT� 8F IBWF CPUI RVBMJUBUJWFMZ BOE FNQJSJDBMMZ DPNQBSFE"FUIFS UP FYJTUJOH

"84 UPPMT TVDI BT "84 #BUDI BOE 4QPU 'MFFU 1SJDJOH 	'JHVSF ���
� "EEJUJPOBMMZ XIFSF FNQJSJDBM

WBMJEBUJPO PG CFOF୮ୢU XBT QPTTJCMF XF IBWF JUFSBUFE PO QSFWJPVT XPSL BOE JODPSQPSBUFE TUSBUFHJFT
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TVDI BT CBTJOH B TVCTFU PG DPOTUSBJOUT PO TFSWJDF MFWFM BHSFFNFOUT 	"OES[FKBL FU BM� ����
� 'VUVSF EJ�

SFDUJPOT JODMVEF USBJOJOH UIF CJEEJOH BMHPSJUIN UP QSFEJDU JUT PXO F୭GFDU PO QSJDJOH WBSJBCJMJUZ XIFO

CFJOH VUJMJ[FE BU NBTTJWF TDBMF BT XFMM BT EJTUSJCVUJOH DPNQVUF OPEFT BDSPTT EBUBDFOUFST XIFO FOPVHI

SFTPVSDFT BSF CFJOH TQVO VQ UP TUSPOHMZ JO୯୳VFODF UIF NBSLFU�

��� (গছঊক *খঙকখগঝঊঝঘগ

*NQMFNFOUBUJPO %FUBJMT $PNQVUBUJPOBM SFTPVSDFT BOE NPOFUBSZ DPTUT BSF NBQQFE UP FBDI BWBJMBCMF

JOTUBODF UZQF BU SVO�UJNF CZ RVFSZJOH UIF DMPVE QSPWJEFST XFC� CBTFE QVCMJD "1*T� 5P JEFOUJGZ UIF

JEFBM SFTPVSDF TFMFDUJPO XF GFFE UIFTF EBUB BMPOH XJUI DPOTUSBJOUT QSPWJEFE CZ UIF VTFS JOUP PVS

NVMUJ�PCKFDUJWF PQUJNJ[BUJPO QSPDFEVSF� 5IF VTFS�EF୮ୢOFE TFU PG KPCT JT TVCEJWJEFE JOUP DPNQVUB�

UJPOBM XPSLMPBET BDDPSEJOH UP UIF SFTPVSDFT BWBJMBCMF UP FBDI OPEF BOE EJTUSJCVUFE BDSPTT UIF XPSLFS

OPEFT CZ B DFOUSBM TFSWFS� *O B TJOHMF OPEFT XPSLMPBE KPCT BSF FYFDVUFE JO QBSBMMFM CVU NBZ DPNQMFUF

BTZODISPOPVTMZ� 6QPO DPNQMFUJPO PG B KPC UIF SFQMJDB OPEF OPUJ୮ୢFT UIF DFOUSBM TFSWFS XIJDI UIFO

TDIFEVMFT BOPUIFS UBTL GPS UIF SFQMJDB� 5P QSFWFOU TDIFEVMJOH FSSPST XF TZODISPOJ[FE DIBOHFT JO UIF

QSJNBSZ OPEFT KPC MFEHFS BOE VTFE BU�MFBTU�PODF NFTTBHF EFMJWFSZ� 8F DPOUSPMMFE BDDFTT UP DPNQVUB�

UJPOBM SFTPVSDFT BOE BDDPVOUT XJUI "84 *EFOUJUZ � "DDFTT .BOBHFNFOU 	*".
 TFDVSJUZ HSPVQT BOE

"[VSF *EFOUJUZ BOE "DDFTT .BOBHFNFOU 	*".
  XIJDI UIFJS SFTQFDUJWF QSPWJEFST SFDPNNFOE GPS BV�

UIFOUJDBUJPO BOE BVUIPSJ[BUJPO� "EEJUJPOBM EFUBJMT SFHBSEJOH"FUIFSؠT JNQMFNFOUBUJPO BSF BWBJMBCMF

PO UIF QSPKFDU XFCTJUF 	http://aether.kosticlab.org
�
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%VF UP QSJDJOH WBSJBCJMJUZ JU DBO CF PQUJNBM UP CJE PO OPO�BVDUJPOFE JOTUBODFT JO DFSUBJO SFHJPOT� 5P

QSPQFSMZ IBOEMF UIJT DBTF XF JODMVEF BEEJUJPOBM MJOFBS DPOTUSBJOUT GPS CPUI BO JOTUBODFT PO�EFNBOE

BOE BU�BVDUJPO QSJDFT� 5IF TPMVUJPO WFDUPS JT CPVOEFE CZ UIF OVNCFS PG DVSSFOUMZ SVOOJOH JOTUBODFT

BT XFMM BT MJNJUT EVF UP QSPWJEFS DBQBDJUZ� 'JOBMMZ UP BWPJE CJEEJOH PO JOTUBODFT UIBU XJMM TQJLF JO

QSJDF UIF BMHPSJUIN MPPLT BU QSJDJOH IJTUPSZ BOE TFUT B ୮ୢOBM DPOTUSBJOU DPSSFTQPOEJOH UP B VTFST

NBYJNVN UPMFSBCMF QSJDJOH WBSJBCJMJUZ� 'PS FBDI SVO PG UIF CJEEFS UIJT TZTUFN PG ��� JOFRVBMJUJFT

JT DPOWFSUFE UP TMBDL 	TUBOEBSE
 GPSN BOE UIFO TPMWFE XJUI UIF TJNQMFY BMHPSJUIN BT JNQMFNFOUFE JO

1ZUIPOT TDJQZ�MJOQSPH MJCSBSZ 	'JHVSF ���
 	+POFT FU BM� ����
� 5IJT OBJWFMZ PVUQVUT TVHHFTUFE DPN�

QVUF CJET BT ୯୳PBUT� PCWJPVTMZ B GSBDUJPO PG BO JOTUBODF JT OPU B WBMJE CJE BOE HFOFSBUJOH JOUFHFS TP�

MVUJPOT UP MJOFBS QSPHSBNNJOH QSPCMFNT JT /1�IBSE� )PXFWFS B USVF JOUFHFS MJOFBS QSPHSBNNJOH

TPMVUJPO JT OPU SFRVJSFE BT UIF DPOTUSBJOUT TUJMM IPME JG UIF ୯୳PPS JT UBLFO GSPN FBDI CJE QSPWJEFE UIBU

QSFQSPDFTTJOH JT EPOF UP SFNPWF VOEFSVUJMJ[FE JOTUBODF UZQFT BOE UIPTF UIBU DBOOPU QSPDFTT B VOBSZ

DPNQVUF KPC� 5P SFBDI UIJT PQUJNBM JOUFHFS QTFVEP�TPMVUJPO UIF MJOFBS QSPHSBNNJOH TPMWFS JT SVO SF�

DVSTJWFMZ TVDI UIBU UIFTF OPO�GFBTJCMF GSBDUJPOBM CJET BSF JUFSBUJWFMZ SFNPWFE� "EEJUJPOBMMZ BEIFSJOH

UP UIF QSJDJOH WBSJBCJMJUZ DPOTUSBJOU JT OPU HVBSBOUFFE UP ZJFME UIF PQUJNBM WBMVF TP UIF TJNQMFY BMHP�

SJUIN JT BQQMJFE JUFSBUJWFMZ TFUUJOH UIF QSJDJOH WBSJBCJMJUZ GSPN [FSP UP UIF NBYJNVN TQFDJ୮ୢFE WBMVF

VOUJM FJUIFS UIF PQUJNBM WBMVF JT GPVOE PS JU JT EFUFSNJOFE UIBU UIFSF JT OP TPMVUJPO UP UIF TZTUFN� *O

UIF FWFOU PG ୮ୢOEJOH OP TPMVUJPO UIF VTFS NVTU SF�SVO UIF QSPHSBN XJUI B IJHIFS NBYJNVN DPTU�

5IJT BQQSPBDI SFTVMUT JO B USBDUBCMF BWFSBHF DBTF SVOUJNF XIJDI ZJFMET FTTFOUJBMMZ JOTUBOU CJEEJOH
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TVHHFTUJPOT HJWFO UIF TNBMM TJ[F PG UIF TZTUFN CFJOH TPMWFE�

5IF LFZ DPEF JNQMFNFOUJOH UIJT BMHPSJUIN DBO CF GPVOE JO "QQFOEJY %�

��� $ঘখঙঊছজঘগজ

*OGPSNBUJPO BCPVU IPX UP BDDFTT B UVUPSJBM UP SVO"FUIFS BT XFMM BT EPDVNFOUBUJPO PG UIF DPNNBOE

MJOF JOUFSGBDF 	$-*
 PQUJPOT BSF JO "QQFOEJY "�

����� $ঘখঙঊছজঘগ 8ঝ 0ঝছ 5ঘছঝঌঊক "কঐঘছঝখজ

8IJMF XF EJE NFOUJPO UIBU UIFSF BSF PUIFS CJEEJOH TUSBUFHJFT BWBJMBCMF EJSFDU DPNQBSJTPOT BSF EJG�

୮ୢDVMU BT VOJWFSTBMMZ FWFSZ NFUIPE DJUFE FJUIFS QSPWJEFT B UIFPSFUJDBM BMHPSJUIN BOE OPU BO JNQMF�

NFOUBUJPO 	;IFOH FU BM� ����� "OES[FKBL FU BM� ����
PS BO JNQMFNFOUBUJPO XJUI BO BMHPSJUIN UIBU JT

DMPTFE TPVSDF 	J�F� "84 #BUDI XJUI 4QPU 'MFFU 1SJDJOH
� "FUIFS BMSFBEZ JODPSQPSBUFT JEFBT QSPQPTFE

CZ FYJTUJOH BMHPSJUINT UIBU EP OPU IBWF JNQMFNFOUBUJPOT UIBU XF XFSF BCMF UP FNQJSJDBMMZ WBMJEBUF

	J�F� JODPSQPSBUJPO PG 4-" DPOTUSBJOT BT JO 	"OES[FKBL FU BM� ����

� *O UIF DBTF XIFSF UIFSF XBT B

DMPTFE TPVSDF JNQMFNFOUBUJPO 	"84 #BUDI
 XF XFSF BCMF UP NBLF CPUI RVBMJUBUJWF BOE FNQJSJDBM

DPNQBSJTPOT UP"FUIFS�

����� $ঘখঙঊছগঐ"ࠣ8࠰ࠣࠦ࠲ঝ "84 #ঊঝঌ

5IF QSPCMFN PG DPNQBSJOH UXP CJEEJOH BMHPSJUINT PO "84 DMPVE JT EJ୭୮ୢDVMUPOF DPVME FBTJMZ

TBNQMF PVUMJFST UP QBJOU B DPNQBSJTPO QJDUVSF UIBU JT OPU USVF 	JO FJUIFS EJSFDUJPO
� 5IVT BT BVUIPST

UIF CVSEFO PG QSPPG JT PO VT UP QSPWF NBUIFNBUJDBMMZ UIBU"FUIFSؠT CJEEJOH BMHPSJUIN ZJFMET CFUUFS
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QSJDFT UIBO UIF DMPTFE TPVSDF BMHPSJUIN JO "84 #BUDI� *U JT EJ୭୮ୢDVMU UP BDDVSBUFMZ DPNQBSF UXP BMHP�

SJUINT 	BOE FBTZ UP GBLFCPUI BMHPSJUINT SVOOJOH BU UIF TBNF UJNF XPVME B୭GFDU UIF PUIFS� JG UIFZ

BSF SVOOJOH BU TFQBSBUF UJNFT UIFZ BSF TVCKFDU UP EJ୭GFSFOU DPOEJUJPOT� *U JT ୮ୢOBODJBMMZ OPU GFBTJCMF UP

SVO UIF TBNF #BUDI QSPDFTT BU SFBMJTUJD TDBMF PO CPUI QMBUGPSNT XJUI TV୭୮ୢDJFOU SFQMJDBUFT UP FOTVSF TUB�

UJTUJDBM TJHOJ୮ୢDBODF
� 5IVT XF IBWF BUUFNQUFE UP MPHJDBMMZ TIPXDBTF UIF GFBUVSFT UIBU NBLF"FUIFS B

TVQFSJPS BMHPSJUIN UISPVHI FYBNQMFT DPNQBSJOH NFDIBOJTNT PG RVFSZJOH UIF &YQFDUBUJPO PG CBUDI

KPC SVOUJNF JO CPUI CJEEJOH BQQSPBDIFT� 5IF SFBTPOT UIBU"FUIFSؠT CJEEJOH BQQSPBDI JT TVQFSJPS JT

RVJUF TJNQMF84" #BUDI OFWFS BTLT UIF VTFS IPX MPOH UIFZ FYQFDU FBDI PG UIFJS CBUDI KPCT UP UBLF�

5IF HPBM PG BOZ BSCJUSBSZ CJEEJOH BMHPSJUIN MPPLJOH BU "84 TQPU JOTUBODFT 	UIPTF UIBU DBO UFSNJOBUF

JG ZPV BSF PVUCJE PO QSJDF�"FUIFSؠT BEWBOUBHF DPNFT GSPN CJEEJOH PO UIFTF UZQFT PG JOTUBODFT F୭୮ୢ�

DJFOUMZ
 JT UP NJOJNJ[F UIF BNPVOU PG أXBTUFEآ DPNQVUF UIBU PDDVST XIFO ZPV CJE PO BO JOTUBODF

SVO ZPV KPC GPS BO BSCJUSBSZ BNPVOU PG UJNF BOE IBWF TPNFCPEZ PVUCJE ZPV CFGPSF ZPVS KPC DPN�

QMFUFT� 5XP JNQPSUBOU UIJOHT UP OPUF IFSF BSF �
 UIBU "84 CFOF୮ୢUT JG ZPV CJE JODPSSFDUMZUIFZ DBO

WFSZ FBTJMZ NBLF NPSF NPOFZ IBWJOH VTFST CJEEJOH JODPSSFDUMZ BOE VTF NPSF DPNQVUF PO TQPU JO�

TUBODFT UIBO BOUJDJQBUFE DPNQBSFE XJUI JOJUJBMMZ VUJMJ[JOH PO B ୮ୢYFE QSJDF JOTUBODF BOE �
 VOMJLF UIF

TUPDL NBSLFU QBTU QSJDFT JO B SFHJPO EP DPSSFMBUF XFMM XJUI GVUVSF QSJDFTJU JT RVJUF DPNNPO GPS UIF

QSJDF PG B SFHJPO UP GBMM JOUP B MPDBMآ NJOJNBأ XIFSF JU JT VOEFSVUJMJ[FE GPS TPNF SFBTPO� #FTJEFT QB�

SBNFUFSJ[JOH JUT -JOFBS 1SPHSBNNJOH 	-1
 CJEEJOH TUSBUFHZ XJUI UIF DIBSBDUFSJTUJDT PG UIF DPNQVUF

UIBU B VTFS XJMM SFRVJSF GPS B CBUDI KPC"FUIFS BMTP BTLT UIF VTFS IPX MPOH UIBU UIFZ FTUJNBUF FBDI

CBUDI KPC XJMM UBLF� "84 #BUDI EPFT OPU JORVJSF BT UP BO FTUJNBUF PG IPX MPOH FBDI CBUDI KPC XJMM

UBLF� 5IF"FUIFS CJEEJOH CBDLFOE TVCTFRVFOUMZ UBLFT UIJT FTUJNBUF UP QBSBNFUFSJ[F B أMPPLCBDLآ
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UIBU BTTJHOT FTTFOUJBMMZ TFSWFT BT B SFHVMBSJ[BUJPO QBSBNFUFS QFOBMJ[JOH SFHJPOT UIBU BSF OPU VOEFS�

VUJMJ[FE XJUI QSJDF JO B TUBCMF MPDBM NJOJNB� 8JUIPVU UIJT MPPLCBDL JU JT OPU GFBTJCMF UP IBWF B TQPU

JOTUBODF CJEEJOH TUSBUFHZ UIBU QSPWJEFT NPSF VUJMJUZ QFS EPMMBS UIBO VUJMJ[JOH ୮ୢYFE QSJDF JOTUBODFT�

(JWJOH "NB[PO UIF CFOF୮ୢU PG UIF EPVCU UIFZ DPVME QPTTJCMZ CF VTJOH FYUSB DPNQVUF UP SVO NB�

DIJOF MFBSOJOH BMHPSJUINT UIBU QSFEJDU UIF &YQFDUBUJPO PG UIF BNPVOU PG UJNF B KPC XJMM SVO GPS BOZ

"84 #BUDI VTFS� XF XPVME BSHVF OPO�PCKFDUJWFMZ UIBU UIF WBSJBCJMJUZ PG SVOUJNF CFUXFFO CJPJOGPS�

NBUJDT UBTLT 	J�F� EF OPWP BTTFNCMZ WFSTVT BMJHONFOU
 XPVME NBLF TVDI B IZQPUIFUJDBM JNQMJDBUJPO

VTFMFTT� 'JOBMMZ JU JT XPSUI OPUJOH UIBU UIFSF JT WBMVF JO IBWJOH B GVMMZ PQFO TPVSDF CJEEJOH BMHPSJUIN

BT JU IPMET "84 BDDPVOUBCMF JO UIF DPOUFYU PG QSPWJEJOH UIF CFTU TFSWJDF UP UIFJS VTFST CZ NBLJOH

UIF QPUFOUJBM F୭GFDUT GSPN UIF DPO୯୳JDUT PG ୮ୢOBODJBM JOUFSFTU JO "84 SVOOJOH B UPPM UP DPNQFUF JO B

NBSLFU UIBU UIFZ GVMMZ DPOUSPM MFTT PQBRVF� 4UFQT OFFEFE UP SVO "84 CBUDI BSF MJTUFE JO "QQFOEJY "�

��� 0ঙঝখণঊঝঘগ 1ছঘঋকখ 4ঙঌএঌঊঝঘগ

'PS CJEEJOH PO UIF "NB[PO DMPVE"FUIFSؠT BQQSPBDI NJOJNJ[FT

O∑

J=�
2J0J +

N∑

K=�
8K4K

XIFSF UIFSF BSF O UZQFT PG PO EFNBOE JOTUBODFT N UZQFT PG TQPU JOTUBODFT BWBJMBCMF 	UIFSF JT OPU B

TQPU JOTUBODF GPS FWFSZ UZQF PG PO EFNBOE JOTUBODF
0 = {P�, P�, ...PO} JT UIF TFU PG QSJDFT GPS PO

EFNBOE JOTUBODFT 4 = {T�, T�, ...TN} JT UIF TFU PG NBYJNVN QSJDFT GPS TQPU JOTUBODF UZQFT PWFS B VTFS

TQFDJ୮ୢFE أMPPLCBDLآ QFSJPE 2 = {R�, R�, ...RO} JT UIF TFU PG أCJETآ 	OVNCFS PG JOTUBODFT SFRVFTUFE


��



GPS PO EFNBOE JOTUBODFT BOE 4 = {T�, T�, ...TN} JT UIF TFU PG أCJETآ 	OVNCFS PG JOTUBODFT SFRVFTUFE


GPS TQPU JOTUBODFT� 5IJT NJOJNJ[BUJPO JT DPOTUSBJOFE CZ�

O∑

J=�
2J0SBN

J +
N∑

K=�
8K4SBNK ≥ 3

O∑

J=�
2J0DQVT

J +
N∑

K=�
8K4DQVTK ≥ 1

O∑

J=�
2J0FQIFNFSBM−TUPSBHF

J +
N∑

K=�
8K4FQIFNFSBM−TUPSBHF

K ≥ &

XIFSF 3 JT UIF NJOJNVN BNPVOU PG UPUBM SBN 1 JT UIF UPUBM OVNCFS PG QSPDFTTPST BOE & JT UIF

BNPVOU PG TDSBUDI TQBDF BWBJMBCMF XJUIPVU OFFE GPS QVSDIBTJOH &#4 TUPSBHF� 5P SFBDI UIF ��� JO�

FRVBMJUJFT NFOUJPOFE JO UIF QBQFS BO BEEJUJPOBM DPOTUSBJOU JT BEEFE GPS FBDI JOTUBODF UZQF UIBU

CPVOET UIF OVNCFS UIBU DBO CF CJE VQPO 	4-" "HSFFNFOU DPOTUSBJOUT JOTQJSFE CZ UIF XPSL JO 	"O�

ES[FKBL FU BM� ����

 UP UIF OVNCFS PG UIBU UZQF PG JOTUBODF UIF VTFS DVSSFOUMZ IBT TQVO VQ TVCUSBDUFE

GPS UIF VTFST TFSWJDF MJNJU GPS UIBU UZQF PG JOTUBODF� "T NFOUJPOFE QSFWJPVTMZ JO UIF TVQQMFNFOUBM

NFUIPET TFDUJPO UIF EFGBVMU"FUIFS TPMWF VUJMJ[FT B SFDVSTJWF TFU SFEVDUJPO IFVSJTUJD UP SFBDI BO FTUJ�

NBUFE *-1 TPMVUJPO 	DPEF JT BWBJMBCMF IFSF� https://github.com/kosticlab/aether/blob/

master/lp/lp.py
� 5P BMMPX GPS SFQSPEVDJCJMJUZ UIF *-1 TPMVUJPO DBO BMTP CF HFOFSBUFE XJUI

UIF $1-&9 TPMWFS 	DPEF JT BWBJMBCMF IFSF� https://github.com/kosticlab/aether/blob/

master/lp/ilp.py
�

��

https://github.com/kosticlab/aether/blob/master/lp/lp.py
https://github.com/kosticlab/aether/blob/master/lp/lp.py
https://github.com/kosticlab/aether/blob/master/lp/ilp.py
https://github.com/kosticlab/aether/blob/master/lp/ilp.py


��� $ঘগঌকঞজঘগজ

5P PVS LOPXMFEHF UIJT JT UIF ୮ୢSTU JNQMFNFOUBUJPO PG B CJEEJOH BMHPSJUIN GPS DMPVE DPNQVUF SF�

TPVSDFT UIBU JT UJFE CPUI UP BO FBTZ�UP�VTF GSPOU�FOE BT XFMM BT B EJTUSJCVUFE CBDLFOE UIBU BMMPXT GPS

TQJOOJOH VQ QVSDIBTFE DPNQVUF OPEFT BDSPTT NVMUJQMF QSPWJEFST� $PODFJWBCMZ UIJT UPPM DBO CF BQ�

QMJFE UP BOZ OVNCFS PG EJTDJQMJOFT CSJOHJOH DPTU�F୭GFDUJWF DMPVE DPNQVUJOH JOUP UIF IBOET PG TDJFO�

UJTUT JO ୮ୢFMET CFZPOE CJPMPHZ�

���� 0ঝছ %ছঌঝঘগজ

"G୴FS QVCMJDBUJPO PG"FUIFS 	-VCFS FU BM� ����
 * VUJMJ[FE UIF F୭୮ୢDJFODZ HBJOT UP QSPCF UIF DPNQMFY�

JUZ PG UIF BUIMFUF NJDSPCJPNF BU TDBMF 	TFF $IBQUFS �
 XIJDI #SBEFO 5� 5JFSOFZ 	"FUIFS DP�୮ୢSTU BV�

UIPS
 BMTP BTTJTUFE PO� 8IJMF * XBT TQFBSIFBEJOH UIJT QSPKFDU #SBEFO XBT VUJMJ[JOH"FUIFS UP �
 QSPWF

UIBU UIF OVNCFS PG VOJRVF 03'T JO UIF IVNBO BTTPDJBUFE NJDSPCJPNF JT MBSHFS UIBO QSFWJPVTMZ FT�

UJNBUFE CZ B GFX NJMMJPO 	5JFSOFZ FU BM� ����
 BOE �
 CFODINBSL WBSJPVT NBDIJOF MFBSOJOH NPEFMT

GPS NFUBHFOPNJD BQQMJDBUJPOT VTJOH EBUB UIBU JT EF OPWP BTTFNCMFE 	-F (PBMMFD FU BM� ����
� -JLF

#SBEFO BTTJTUFE XJUI NZ GPMMPXVQ QSPKFDU * BMTP BTTJTUFE XJUI UIFTF QSPKFDUT� 5IF JOUFSSPHBUJPO BOE

EJTDPWFSZ PG UIF MBSHFS UIBO FYQFDUFE DPNQMFYJUZ PG UIF HFOFUJD MBOETDBQF PG UIF IVNBO BTTPDJBUFE

NJDSPCJPNF 	5JFSOFZ FU BM� ����
 QPUFOUJBMMZ FYQMBJOT XIZ TPNF PG UIF GBJMFE QSPKFDUT JODMVEFE JO

$IBQUFS � GBJMFE�

��



3
" 1FSGPSNBODF &OIBODJOH .JDSPCF

5 ঞখঊগ ঐঞঝ খঌছঘঋঘখ জ কগঔ ঝঘ খঊগঢ জঝঊঝজ ঘএ ঞখঊগ ঊকঝ ঊগ জ�

ঊজ	(JMCFSU FU BM� ����
�� 5IF NFUBCPMJD SFQFSUPJSF PG UIF HVU NJDSPCJPNF JT WBTU CVU UIF IFBMUI

JNQMJDBUJPOT PG UIFTF CBDUFSJBM QBUIXBZT BSF QPPSMZ VOEFSTUPPE� 5IJT DIBQUFS XJMM DPWFS B TUVEZ

�1PSUJPOT PG UIJT DIBQUFS XFSF QSFWJPVTMZ QVCMJTIFE JO/BUVSF .FEJDJOF 	4DIFJNBO FU BM� ����
� * XBT
DP�୮ୢSTU BVUIPST PO UIJT QBQFS XJUI +POBUIBO 4DIFJNBO BOE 5FE $IBWLJO� +POBUIBO BOE 5FE QFSGPSNFE UIF
FYQFSJNFOUT BOE * EJE BMM DPNQVUBUJPOBM XPSL�

��



XIFSF XF JEFOUJGZ B MJOL CFUXFFO NFNCFST PG UIF HFOVT 7FJMMPOFMMB BOE FYFSDJTF QFSGPSNBODF� 8F PC�

TFSWFE BO JODSFBTF JO 7FJMMPOFMMB SFMBUJWF BCVOEBODF JO NBSBUIPO SVOOFST QPTUNBSBUIPO BOE JTPMBUFE

B TUSBJO PG 7FJMMPOFMMB BUZQJDB GSPN TUPPM TBNQMFT� *OPDVMBUJPO PG UIJT TUSBJO JOUP NJDF TJHOJ୮ୢDBOUMZ

JODSFBTFE FYIBVTUJWF USFBENJMM SVO UJNF� 7FJMMPOFMMB VUJMJ[F MBDUBUF BT UIFJS TPMF DBSCPO TPVSDF XIJDI

QSPNQUFE VT UP QFSGPSN B TIPUHVO NFUBHFOPNJD BOBMZTJT JO B DPIPSU PG FMJUF BUIMFUFT ୮ୢOEJOH UIBU

FWFSZ HFOF JO B NBKPS QBUIXBZ NFUBCPMJ[JOH MBDUBUF UP QSPQJPOBUF JT BU IJHIFS SFMBUJWF BCVOEBODF QPT�

UFYFSDJTF� 6TJOH ��$��MBCFMFE MBDUBUF JO NJDF XF EFNPOTUSBUF UIBU TFSVN MBDUBUF DSPTTFT UIF FQJUIFMJBM

CBSSJFS JOUP UIF MVNFO PG UIF HVU� 8F BMTP TIPX UIBU JOUSBSFDUBM JOTUJMMBUJPO PG QSPQJPOBUF JT TV୭୮ୢ�

DJFOU UP SFQSPEVDF UIF JODSFBTFE USFBENJMM SVO UJNF QFSGPSNBODF PCTFSWFE XJUI 7� BUZQJDB HBWBHF�

5BLFO UPHFUIFS UIFTF TUVEJFT SFWFBM UIBU 7� BUZQJDB JNQSPWFT SVO UJNF WJB JUT NFUBCPMJD DPOWFSTJPO PG

FYFSDJTF�JOEVDFE MBDUBUF JOUP QSPQJPOBUF UIFSFCZ JEFOUJGZJOH B OBUVSBM NJDSPCJPNF�FODPEFE FO[Z�

NBUJD QSPDFTT UIBU FOIBODFT BUIMFUJD QFSGPSNBODF�

��� "ঙঙকঢগঐ"ࠣ࠰ࠣࠦ࠲

"G୴FS DPNQMFUJOH UIF EFWFMPQNFOU PG"FUIFS 	-VCFS FU BM� ����
 ୮ୢOEJOH B CJPMPHJDBM BQQMJDBUJPO UP

QSPWF UIF BQQMJDBCJMJUZ PG UIF NFUIPE XBT UIF MPHJDBM OFYU TUFQ� 5IF DVSSFOU TUBUF PG UIF BSU JO UIF

NJDSPCJPNF IBT GPDVTFE PO DPNCJOJOH UIF VTF PG SFGFSFODF BOE EF OPWP BTTFNCMZ CBTFE DPNQVUB�

UJPOBM BOBMZTJT PG NFUBHFOPNJD TBNQMFT 	1BTPMMJ FU BM� ����
� 'VSUIFSNPSF DPVQMJOH VOEFSTUBOEJOH

PG DPNQVUBUJPOBM BOBMZTFT XJUI UIBU PG CBDUFSJBM NFUBCPMJTN JT TUBSUJOH UP ZJFME IJHIFS SFTPMVUJPO

VOEFSTUBOEJOH UPXBSET IPX UIF NJDSPCJPNF JOUFSBDUT XJUI UIF IPTU 	4IFQIFSE FU BM� ����� .BMMJDL

��



FU BM� ����
� .BOZ OFX NJDSPCJPNF BOBMZTJT NFUIPET UIBU HP CFZPOE VTJOH SFGFSFODF EBUBCBTFT SF�

RVJSF MPUT PG DPNQVUJOH QPXFS� TVDI NFUIPET XFSF VUJMJ[FE JO UIF XPSL EFTDSJCFE MBUFS JO UIJT DIBQ�

UFS� 5IJT JT XIFSF"FUIFS QSPWJEFE NVDI VUJMJUZ GPS BDDFMFSBUJOH BOBMZTFT�

��� #ঊঌঔঐছঘঞগ ঘগ $ঘখঙঞঝঊঝঘগঊক .ঝঘজ ঝঘ "গঊকঢণ ঝ .ঌছঘঋঘখ

'PS NVDI PG UIF MBTU EFDBEF BEWBODFT JO UIF DPNQVUBUJPOBM BOBMZTJT PG UIF NJDSPCJPNF IBWF GPDVTFE

PO JNQSPWJOH SFGFSFODF CBTFE UPPMT� *OJUJBM XPSL VUJMJ[JOH ��4 BNQMJDPO TFRVFODJOH BMMPXFE GPS DPN�

QVUBUJPOBM UPPMT UIBU DPVME VUJMJ[F SBX TFRVFODJOH SFBET BOE NBLF QSFEJDUJPOT BCPVU UBYPOPNJD

BCVOEBODF BOE QSFEJDUJWF GVODUJPOBM QSP୮ୢMJOH PG B HJWFO TBNQMF 	%PVHMBT FU BM� ����� -BOHJMMF FU BM�

����
� 'SPN UIF HSPVOEXPSL UIBU UIFTF ��4 CBTFE NFUIPET QSPWJEFE UIF JEFB PG DSFBUJOH SFGFSFODF

EBUBCBTFT UIBU SBX SFBET DPVME CF BMJHOFE BHBJOTU DIFBQMZ BOE FBTJMZ XJUIPVU DPNQMJDBUFE EPXO�

TUSFBN BOBMZTFT XBT FYQBOEFE UP VUJMJ[F XIPMF NFUBHFOPNF TIPUHVO TFRVFODJOH 	.D*WFS FU BM�

����
�

5IF ୮ୢSTU TFSJFT PG UPPMT UIBU JNQMFNFOUFE UIJT JEFB XFSF BCMF UP UBLF SBX /(4 TIPUHVO SFBET

BMJHO UIFN UP B EBUBCBTF UIBU BTTPDJBUFE HFOPNJD TFRVFODFT XJUI MPDBUJPO PO B CBDUFSJBM UBYPOPNJD

USFF BOE UIFO JOGFS UIF DPNQPTJUJPO PG B NJDSPCJPNF TBNQMF EPXO UP UIF TQFDJFT MFWFM 	4FHBUB FU BM�

����
� 'VSUIFS JUFSBUJPOT PG UIFTF NFUIPET JNQSPWFE UIFJS TFOTJUJWJUZ BOE JOUSPEVDFE QSFEJDUJWF QSP�

୮ୢMJOH BU UIF TUSBJO MFWFM 	5SVPOH FU BM� ����� 'SBO[PTB FU BM� ����
� 5IFTF NFUIPET BMMPXFE GPS TPNF

PG UIF ୮ୢSTU MBSHF TDBMF DPOTPSUJVN TUVEJFT QSP୮ୢMJOH UIF IVNBO BTTPDJBUFE NJDSPCJPNF 	5VSOCBVHI

FU BM� ����� -MPZE�1SJDF FU BM� ����
�

��



"U UIF TBNF UJNF UIFTF SFGFSFODF CBTFE NJDSPCJBM NFUIPET XFSF CFJOH EFWFMPQFE PUIFS DPOTPS�

UJVNT XFSF XPSLJOH PO NFUIPET UIBU SFMJFE PO EF OPWP BTTFNCMZ PG SFBET GSPN NJDSPCJBM TBNQMFT

BT PQQPTFE UP VUJMJ[JOH SFGFSFODF CBTFE BQQSPBDIFT 	%VTLP &ISMJDI � 5IF .FUB)*5 $POTPSUJVN

����
� *OJUJBM XPSL IFSF GPDVTFE PO CVJMEJOH MBSHFS BOE MBSHFS OPO�SFEVOEBOU HFOF DBUBMPHT GSPN BT�

TFNCMJFT HFOFSBUFE GSPN NFUBHFOPNJD TBNQMFT UP CFUUFS VOEFSTUBOE UIF EJWFSTJUZ PG UIF NJDSPCJPNF

	2JO FU BM� ����� -J FU BM� ����
� $PNNPOMZ UIF $%ୖ)*5 BMHPSJUIN XBT VUJMJ[FE GPS DPOTUSVDUJPO

PG UIFTF OPO�SFEVOEBOU HFOF DBUBMPHT 	'V FU BM� ����
� 5IFTF HFOF DBUBMPHT IBWF CFFO VUJMJ[FE UP

DPOEVDU NFUBHFOPNF XJEF BTTPDJBUJPO TUVEJFT 	2JO FU BM� ����
� 0UIFS SFDFOU XPSL IBT TIPXO UIBU

UIFSF BSF NBOZ NPSF HFOFT JO UIF NJDSPCJBM VOJWFSTF UIBO QSFWJPVTMZ FTUJNBUFE CZ B GFX UFO NJMMJPO

	5JFSOFZ FU BM� ����
� (SPVQT IBWF BMTP CFFO BCMF UP SFDPOTUSVDU UIPVTBOET PG DPNQMFUF CBDUFSJBM

HFOPNFT GSPN QVCMJD EBUBCBTFT PG NFUBHFOPNJD TUVEJFT UIBU IBWF NPTUMZ CFFO VTFE GPS QBTU SFGFS�

FODF CBTFE BOBMZTJT 	1BSLT FU BM� ����� 1BTPMMJ FU BM� ����
�

4UVEJFT IBWF CFHVO UP DPNCJOF DPNQVUBUJPOBM BOBMZTFT PG UIF NJDSPCJPNF XJUI TZOUIFUJD CJPMPHZ

CBTFE QFSUVSCBUJPO NFUIPET UIBU EFQFOE PO B EFFQ VOEFSTUBOEJOH PG NJDSPCJBM FO[ZNBUJD DIFNJTUSZ

BOE NFUBCPMJTN 	4IFQIFSE FU BM� ����
� " NBKPS DSJUJDJTN PG EF OPWP BTTFNCMZ CBTFE NFUBHFOPNJD

BOBMZTJT NFUIPET JT UIBU UIF WBTU NBKPSJUZ PG XIBU UIFZ QSPEVDF 	J�F� OPO�SFEVOEBOU HFOF DBUBMPHT PS

NFUBHFOPNF BTTFNCMFE HFOPNFT
 IBWF OP VTFGVM GVODUJPOBM BOOPUBUJPO BOE EP OPU DPOUSJCVUF UP

VOEFSTUBOEJOH PG IPTU�NJDSPCJPNF JOUFSBDUJPO� 5IF TUVEZ UIBU * QSFTFOU JO UIF SFTU PG UIJT DIBQUFS

QSPWJEFT BO FYBNQMF PG IPX VTJOH NBTTJWF DPNQVUBUJPOBM SFTPVSDFT DPVQMFE XJUI B EFFQ JOUFSSP�

HBUJPO PG NJDSPCJBM NFUBCPMJTN TIJOFT MJHIU PO B QSFWJPVTMZ GVODUJPOBMMZ VOBOOPUBUFE JOUFSBDUJPO

CFUXFFO UIF NJDSPCJPNF BOE UIF IPTU�

��
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গগঐ

)VNBO NJDSPCJPNF TUVEJFT IBWF HFOFSBMMZ FYBNJOFE JOEJWJEVBMT XIP BSF ؠIFBMUIZ؟ PS EJTFBTFE BOE

JEFOUJ୮ୢFE GFBUVSFT PG UIF NJDSPCJPNF BTTPDJBUFE XJUI UIFTF TUBUFT 	-BY FU BM� ����� 3PUITDIJME FU BM�

����� %VTLP &ISMJDI � 5IF .FUB)*5 $POTPSUJVN ����
� "UIMFUF NJDSPCJPNFT IBWF CFFO GPVOE

UP DPOUBJO EJTUJODU NJDSPCJBM DPNQPTJUJPOT EF୮ୢOFE CZ FMFWBUFE BCVOEBODFT PG 7FJMMPOFMMBDFBF #BD�

UFSPJEॶ 1SFWPUFMMB.FUIBOPCSFWJCBDUFS PS"LLFSNBOTJB 	1FUFSTFO FU BM� ����� $MBSLF FU BM� ����
�

5IFTF TUVEJFT TIPX UIBU FYFSDJTF JT BTTPDJBUFE XJUI DIBOHFT JO NJDSPCJPNF DPNQPTJUJPO BMUIPVHI

UIF F୭GFDUT PG UIFTF NJDSPCJBM HFOFSB PO QIFOPUZQF SFNBJO VOLOPXO�

5P JEFOUJGZ HVU CBDUFSJB BTTPDJBUFE XJUI BUIMFUJD QFSGPSNBODF BOE SFDPWFSZ TUBUFT XF SFDSVJUFE

BUIMFUFT 	Oؑ�ؑ��
 XIP SBO JO UIF ���� #PTUPO .BSBUIPO BMPOH XJUI B TFU PG TFEFOUBSZ DPOUSPMT 	Oؑ�ؑ��


BOE DPOEVDUFE ��4 SJCPTPNBM %/" 	S%/"
 TFRVFODJOH PO BQQSPYJNBUFMZ EBJMZ TBNQMFT DPMMFDUFE

VQ UP POF XFFL CFGPSF BOE POF XFFL BG୴FS NBSBUIPO EBZ 	Oؑ�ؑ��� TBNQMFT� BDDFTT 4VQQMFNFOUBSZ

5BCMFT � BOE � JO "QQFOEJY �SFG"QQFOEJY#
� 1IZMVN�MFWFM SFMBUJWF BCVOEBODF QBSUJUJPOFE CZ JOEJ�

WJEVBM UJNF �گ	 UP ��ؑE JO SFMBUJPO UP SVOOJOH UIF NBSBUIPO
 BOE XIFUIFS UIF QBSUJDJQBOU XBT BO

BUIMFUF 	'JHVSF ���
 TIPXFE UIBU BU UIJT IJHI�MFWFM UBYPOPNJD WJFX BOZ PSUIPHPOBM EJ୭GFSFODFT XFSF

MJLFMZ UP CF EVF UP WBSJBUJPO BU UIF MFWFM PG UIF JOEJWJEVBM� 5IF CBDUFSJBM HFOVT 7FJMMPOFMMBXBT UIF

NPTU EJ୭GFSFOUJBMMZ BCVOEBOU NJDSPCJPNF GFBUVSF CFUXFFO QSF� BOE QPTUFYFSDJTF TUBUFT 	BDDFTT 4VQ�

QMFNFOUBSZ 5BCMF � JO "QQFOEJY #
� 5IFSF XBT B TJHOJ୮ୢDBOU EJ୭GFSFODF JO SFMBUJWF 7FJMMPOFMMB BCVO�

EBODF 	1ؑ�ؑ���� 8JMDPYPO SBOL�TVN UFTU XJUI DPOUJOVJUZ DPSSFDUJPO
 CFUXFFO TBNQMFT DPMMFDUFE CF�

��



GPSF BOE BG୴FS FYFSDJTF 	'JHVSF ���
� 5P WBMJEBUF UIF TJHOJ୮ୢDBODF PG UIF BTTPDJBUJPO CFUXFFO 7FJMMPOFMMB

BOE QPTUNBSBUIPO TUBUF XF DPOTUSVDUFE B TFSJFT PG HFOFSBMJ[FE MJOFBS NJYFE�F୭GFDU NPEFMT 	(-..T


UP QSFEJDU 7FJMMPOFMMB SFMBUJWF BCVOEBODF JO UIF NBSBUIPO QBSUJDJQBOUT 	'JHVSF ���
� 4VCTFRVFOUMZ

TJHOJ୮ୢDBODF XBT DBMDVMBUFE VTJOH 8BME ;�UFTUT GPS BMM PG UIF DPF୭୮ୢDJFOUT JODMVEFE JO UIF (-.. 	'JH�

VSF ���
 SFWFBMJOH UIBU OP DPF୭୮ୢDJFOUT XFSF TJHOJ୮ୢDBOU FYDFQU UJNF JO SFMBUJPO UP 	'JHVSF ���
� "EEJ�

UJPOBMMZ JU BQQFBST UIBU 7FJMMPOFMMB JT NPSF QSFWBMFOU BNPOH SVOOFST UIBO OPO�SVOOFST 	'JHVSF ���


BMUIPVHI UIJT XBT OPU TUBUJTUJDBMMZ TJHOJ୮ୢDBOU� 5IFTF DPSSFMBUJPOT SBJTF UIF RVFTUJPO PG XIFUIFS UIFSF

JT B DBVTBM MJOL CFUXFFO 7FJMMPOFMMB BOE NBSBUIPO SVOOFSTؠ QFSGPSNBODF CVU OP DPODMVTJPOT DBO CF

NBEF XJUIPVU QSPQFS WBMJEBUJPO�

��� 7� ঊটঊঐ)ࠟࠡࠧ࠷࠲ࠟ *খঙছঘটজ 5ছঊখকক 3ঞগ 5খ গ .ঌ

5P BTTFTT XIFUIFS UIFSF BSF BOZ QPUFOUJBM CFOF୮ୢUT PG 7FJMMPOFMMB PO QFSGPSNBODF JO BO BOJNBM FYFS�

DJTF NPEFM XF EFTJHOFE BO "#�#" DSPTTPWFS NPVTF FYQFSJNFOU TQBOOJOH �ؑXFFLT DPOTJTUJOH PG B

DPOUSPM HSPVQ 	-BDUPCBDJMMॸ CVMHBSJDॸ HBWBHF� Oؑ�ؑ��
 BOE B USFBUNFOU HSPVQ 	7FJMMPOFMMB BUZQJDB

HBWBHF� Oؑ�ؑ��
 XJUI B USFBUNFOU�DPOUSPM DSPTTPWFS IBQQFOJOH CFUXFFO XFFLT 	Oؑ�ؑ�� NJDF JO UPUBM
�

-� CVMHBSJDॸXBT DIPTFO BT B DPOUSPM EVF JUT JOBCJMJUZ UP DBUBCPMJ[F MBDUBUF UIVT NJNJDLJOH UIF CBD�

UFSJBM MPBE CVU XJUIPVU JNQBDUJOH MBDUBUF NFUBCPMJTN 	(BSWJF ����
� 5IF 7FJMMPOFMMB TUSBJO VTFE

7FJMMPOFMMB BUZQJDB XBT EJSFDUMZ JTPMBUFE GSPN POF PG UIF NBSBUIPO SVOOFST� .JDF XFSF BENJOJTUFSFE

FJUIFS 7� BUZQJDB PS -� CVMHBSJDॸ BOE SVO UP FYIBVTUJPO �ؑI MBUFS� *O BHHSFHBUF PO CPUI TJEFT PG UIF
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Figure 3.1: Phylum-level relative abundance in marathon runners, partitioned by individual and time (−5 to +5 d in

relation to running the marathon (U�), where negative values are premarathon and positive values are postmarathon),

showing few global differences in composition.
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Figure 3.2: Veillonella relative abundance at the genus level, partitioned by individual and time (−5 to +5 d in relation

to running the marathon), showing that there is a significant difference in Veillonella relative abundance (P = 0.02, two-

sided Wilcoxon rank-sum test with continuity correction; n = 15 individuals) between samples collected before and

after exercise.
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Figure 3.3: GLMMs predicting longitudinal Veillonella relative abundance in the marathon participants. Differences in

intercepts between fits for different marathon runners represent random effects.
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Figure 3.4: 95% confidence intervals for all of the fixed effects (coefficients) included in the GLMMs. All coefficients

except time (P = 0.0014, Wald Z-test; time postmarathon corresponds to increased Veillonella relative abundance)

were not significant (NS), suggesting that Veillonella blooms in runners correspond to exercise state and not other fixed

effects (n = 15 individuals).
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Figure 3.5: a Histogram of P values (Wald Z-tests) for time coefficient from LOOCV models predicting 16S Veillonella

abundance. The red line represents the P value for the model trained without any hold outs. b Histogram of P values

for time coefficients from 1,000 label permutations in GLMM models predicting Veillonella relative abundance. The red

line represents the P value for the model trained without any label permutation.
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Figure 3.6: a 16S composition in control subjects. b Veillonella relative abundance in control subjects.
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Figure 3.7: Mice gavaged with V. atypica had greater maximum run times per week than mice gavaged with L. bulgaricus

in an AB/BA crossover trial. The graph shows the maximum run times out of 3 d of consecutive treadmill running for a

given treatment (all mice switched treatments for the second week). The jitter plot shows each mouse as an individual

point, with the central bar representing the mean and error bars representing s.e.m. (n = 32). *P = 0.02, as determined

by two-sided paired t-test.
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Figure 3.8: a Density plot of maximum run times in the AB/BA crossover study. A two-sided Shapiro–Wilk normality

test on the maximum run times for each mouse in each treatment group resulted in P = 0.67, with the null hypothesis

that the distribution of data is normal (n = 64). b 95% confidence intervals for the coefficient effect on treadmill run

time in AB/BA crossover (Wald Z-tests, n = 64). Center values are the regression estimate for each coefficient. Error

bars represent the 95% confidence interval. c Histogram of P values for the treatment coefficient from LOOCV models

predicting treadmill run time. The red line represents the P value for the model trained without any hold outs (Wald

Z-tests, n = 64). d Histogram of P values for the treatment coefficient from 1,000 label permutations in GLMM models

predicting treadmill run time. The red line represents the P value for the model trained without any label permutation

(Wald Z-tests, n = 64 per permutation).
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Figure 3.9: Each of the 32 facets (each representing an individual mouse) has six longitudinal treadmill run times plot-

ted (three pre- and three post-treatment crossover). The shapes of the points represent the treatment sequence. Each

mouse facet has two horizontal lines showing the mean run time when dosed with L. bulgaricus (light blue) or V. atyp-

ica (light red). Each facet has a GLMM fit to all data in a treatment sequence (green), a LOOCV GLMM fit trained on

all mice except for the mouse the facet represents (red), and a GLMM fit showing the change in intercept related to

random effect for each mouse (blue).
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Figure 3.10: Difference in maximum run time between V. atypica and L. Bulgaricus gavage treatment periods, segre-

gated into ‘responders’ and ‘non-responders’ to V. atypica treatment (n = 32).
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Figure 3.11: GLMMs predicting run time in the 2-week AB/BA crossover trial. The colors of the lines (GLMM fits) and

points (runs by an arbitrary mouse) represent the treatment sequence (in the legend, L represents L. bulgaricus and V

represents Veillonella atypica). The shapes of the points represent the treatment at a given time point. These models

incorporate both random effects (individual variation per mouse that manifests longitudinally) and fixed effects (treat-

ment day, treatment sequence and treatment given). Visualization of all of the longitudinal data points with the GLMM

predictions overlayed shows the effect of V. atypica increasing performance on both sides of the crossover when aggre-

gated by treatment group (thick lines), as well as the trends for each of the 32 individual mice (thin lines). *P = 0.016, as

determined by Wald Z-test on model coefficients.
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Figure 3.12: a,b Cytokines after V. atypica and L. bulgaricus gavage. Each mouse sample is represented as an individual

point, with the central bar representing the mean and error bars representing s.e.m. (n = 64, 32 and 32 for baseline,

L. bulgaricus and V. atypica, respectively). c,d Cytokines after intrarectal propionate instillation. Each mouse sample

is represented as an individual point, with the central bar representing the mean and error bars representing s.e.m.

(n = 32, 16 and 16 for baseline, L. bulgaricus and V. atypica, respectively). P values were determined by one-way ANOVA

followed by Tukey’s posthoc test.
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Figure 3.13: a Representative section of western blot showing GLUT4 abundance in pre-exercise states, as well as

following L. bulgaricus and V. atypica gavage. A stain-free control was used to normalize the densitometry analysis

shown. The experiment was performed once (n = 8). b Fold-change in GLUT4 abundance. Each point represents an

individual mouse sample, the centre bar represents the mean and error bars represent s.e.m. (n = 8).
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Figure 3.14: a Fraction of putative Veillonella relative abundance from metagenomics (calculated utilizing

MetaPhlAn2(Truong et al., 2015)) before and after exercise in rowers and runners. b Significant alleles (calculated

from pairwise ANOVA) that are present in each of the 87 samples. c The aforementioned 396 significant alleles segre-

gated by exercise state and sample. d Histogram comparing non-redundant gene family size and annotation fraction.
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Figure 3.15: Enzyme-resolution, log-transformed relative abundances of differentially abundant non-redundant gene

families mapped by EC ID to methylmalonyl-CoA pathway components. a Pathway in aggregate. b–i Individual reac-

tions in the pathway (n = 8). Data are represented as violin plots, which display the distribution of data as a rotated

kernel density distribution.
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Figure 3.16: The methylmalonyl-CoA pathway, with conserved steps of the tricarboxylic acid (TCA) cycle abbrevi-

ated. Inset, significantly differentially expressed gene families within the methylmalonyl-CoA pathway in a pair of

non-redundant gene catalogs created from metagenomic sequencing of athlete stool samples. The log-transformed

relative abundance increases after exercise for every enzyme in the methylmalonyl-CoA pathway. **P = 0.00147, as

determined by two-sided Fisher’s exact test (n = 8 enzymes in the pathway). Data are represented as a violin plot,

which displays the distribution of data as a rotated kernel density distribution
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Figure 3.17: Bacterial phylogenetic tree showing the diversity of microbes that have the ability to utilize lactate as a

carbon source.
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Figure 3.18: Prevalence of enzymes in the methylmalonyl-CoA pathway that break down lactate into acetate and

propionate in reference genomes from the representative subset of lactate-processing microbes in Figure 3.17.

Figure 3.19: SCFAs detected in spent media after 48 h of growth with the indicated strain. LM, semi-synthetic lactate

media; NA, not quantified. Each table entry shows the mean ± s.e.m. (BHIL, n = 2; LM, n = 3). P values from left to right,

row by row were: ***P = 0.0008; **P = 0.003; ***P = 4.4 × 10−7; ***P = 1.4 × 10−6; **P = 0.001; *P = 0.023; **P = 0.006;

*P = 0.03; *P = 0.02; and *P = 0.015, compared with the media control, as determined by two-sided Welch’s t-test.
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Figure 3.20: Schematic of the ��$� flux-tracing experimental design. Mice were injected with ��$� sodium lactate, then

sacrificed after 12 minutes. Serum and plasma were collected via cardiac puncture. Cecum and colon contents were

collected by dissection.
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Figure 3.21: Abundance of ��$� lactate quantified relative to the abundance of unlabeled lactate.
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Figure 3.22: ��$� lactate abundance normalized to the expected natural abundance of ��$� lactate. The ratio of la-

beled/unlabeled lactate was quantified for experimental samples, as well as for the unlabeled lactate standard. Exper-

imental samples are represented as the fold-change relative to the unlabeled standard. In Figure 3.21 and this figure,

each mouse sample is represented as an individual point, with the central bar representing the mean and error bars

representing s.e.m. (n = 7). P values were determined by two-sided, one-sample t-test versus natural abundance.
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Figure 3.23: Intracolonic infusion of propionate improves the maximum run time in mice. The graph shows the maxi-

mum run times out of 3 days of consecutive treadmill running. The jitter plot shows each mouse as an individual point,

with the central bar representing the mean and error bars representing s.e.m. (n = 8). The P value was determined by

two-sided unpaired t-test.
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Figure 3.24: Proposed model of the microbiome–exercise interaction. Black arrows represent the well-known steps

of the Cori cycle, where glucose is converted to lactate in the muscle, enters the liver via blood circulation, and is then

is converted back to glucose in the liver via gluconeogenesis. Red arrows represent the steps proposed in this work.

First, lactate produced in the muscle enters the intestinal lumen via the blood circulation. In the intestine, it acts as

a carbon source for specific microbes, including Veillonella species. This causes the observed bloom in intestinal Veil-

lonella, as well as the production of SCFA byproducts (predominantly propionate), which are taken up by the host via

the intestinal epithelium. The presence of microbiome-sourced SCFAs in the blood improves athletic performance via

an unknown mechanism. Together, this creates an addendum to the Cori cycle by converting an exercise byproduct

into a performance-enhancing molecule, mediated by naturally occurring members of the athlete gut microbiome.
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QJPOBUF XBT JOUSPEVDFE JOUSBSFDUBMMZ SBUIFS UIBO PSBMMZ CFDBVTF DPMPOJD BCTPSQUJPO QSPWJEFT B NPSF

EJSFDU SPVUF GPS QSPQJPOBUF UP SFBDI UIF TZTUFNJD DJSDVMBUJPO NJSSPSJOH UIF MPDBUJPO PG 7FJMMPOFMMB�

TPVSDFE QSPQJPOBUF� *OUSBSFDUBM QSPQJPOBUF JOTUJMMBUJPO 	Oؑ�ؑ�
 DPNQBSFE XJUI TBMJOF WFIJDMF 	Oؑ�ؑ�


SFTVMUFE JO JODSFBTFE USFBENJMM SVO UJNFT TJNJMBS UP UIPTF PG 7� BUZQJDB HBWBHF 	1ؑ�ؑ����� 'JHVSF ����
�

��



Figure 3.25: a Mice were gavaged either V. atypica or L. bulgaricus and, 5 h later, injected with sodium lactate

(750 mg kg−1). Blood lactate was measured 5 min postinjection and every subsequent 10 min (n = 8). Points are

means ± s.e.m. b, Area under the curve (AUC) was determined for each mouse and compared between treatments.

Each mouse is represented as an individual point, with the central bar representing the mean and error bars represent-

ing s.e.m. (P = 0.72 by two-sided unpaired t-test, n = 8).

"T JO UIF 7FJMMPOFMMB HBWBHF FYQFSJNFOUT XF SBO UIF TBNF QBOFM PG JO୯୳BNNBUPSZ DZUPLJOFT PO TFSVN

UBLFO ��ؑNJO BG୴FS USFBENJMM SVOOJOH CVU GPVOE OP TJHOJ୮ୢDBOU EJ୭GFSFODFT JO DZUPLJOF MFWFMT 	'JHVSF

����� BDDFTT 4VQQMFNFOUBSZ 5BCMF � GSPN "QQFOEJY #
� 5IFSFGPSF UIF JOUSPEVDUJPO PG QSPQJPOBUF

JOUP UIF DPMPO JT TV୭୮ୢDJFOU UP SFTVMU JO BO FOIBODFE FYFSDJTF QIFOPUZQF WJB B NFDIBOJTN UIBU EPFT

OPU JNQBDU UIF JO୯୳BNNBUPSZ DZUPLJOFT NFBTVSFE�

��� $ঘঞঙকগঐ $ঘখঙঞঝঊঝঘগ ঊগ &ডঙছখগঝঊঝঘগ

$PVQMJOH DPNQVUBUJPOBM BQQSPBDIFT NVMUJؠPNJD EBUB DPMMFDUJPO BQQSPBDIFT BOE FYQFSJNFOUBM WBM�

JEBUJPO MPPLT QSPNJTJOH BT B NFUIPE UP BQQSPBDI VOWBMJEBUFE NFUBHFOPNJD BTTPDJBUJPOT UIBU IBWF

CFFO QSPQPTFE JO UIF QBTU EFDBEF� "DUJOH PO UIJT QSJODJQMF XF PCTFSWFE UIBU� 	�
 7FJMMPOFMMB BCVO�

EBODF JODSFBTFE JO UIF HVU NJDSPCJPNF QPTUFYFSDJTF JO UXP JOEFQFOEFOU DPIPSUT PG BUIMFUFT� 	�
 UIF

��



7FJMMPOFMMBNFUIZMNBMPOZM�$P" QBUIXBZ JT PWFSSFQSFTFOUFE JO BUIMFUF NFUBHFOPNJD TBNQMFT QPTUFY�

FSDJTF� 	�
 TZTUFNJD MBDUBUF DBO DSPTT UIF HVU CBSSJFS JOUP UIF MVNFO PG UIF HVU� 	�
 JO B MPOHJUVEJOBM

"#�#" DSPTTPWFS TUVEZ JO NJDF 7FJMMPOFMMB JOPDVMBUJPO JNQSPWFE USFBENJMM QFSGPSNBODF� BOE 	�


USFBENJMM QFSGPSNBODF JT JNQSPWFE JO NJDF BENJOJTUFSFE QSPQJPOBUF WJB JOUSBDPMPOJD JOGVTJPO�

5IFTF EBUB JMMVTUSBUF B NPEFM JO XIJDI TZTUFNJD MBDUBUF QSPEVDFE EVSJOH FYFSDJTF DSPTTFT UP UIF HVU

MVNFO BOE JT NFUBCPMJ[FE CZ 7FJMMPOFMMB JOUP QSPQJPOBUF JO UIF DPMPO XIJDI JO UVSO TFSWFT UP QSP�

NPUF QFSGPSNBODF� (VU DPMPOJ[BUJPO PG 7FJMMPOFMMBNBZ CF BVHNFOUJOH UIF $PSJ DZDMF CZ QSPWJEJOH

BO BMUFSOBUJWF MBDUBUF�QSPDFTTJOH NFUIPE XIFSFCZ TZTUFNJD MBDUBUF JT DPOWFSUFE JOUP 4$'"T UIBU SF�

FOUFS UIF DJSDVMBUJPO 	'JHVSF ����
� 4$'"T BSF BCTPSCFE JO UIF TJHNPJE BOE SFDUBM SFHJPO PG UIF DPMPO

BOE FOUFS DJSDVMBUJPO WJB UIF QFMWJD QMFYVT CZQBTTJOH UIF MJWFS BOE ESBJOJOH WJB UIF WFOB DBWB UP SFBDI

UIF TZTUFNJD DJSDVMBUJPO EJSFDUMZ 	"SBHIJ[BEFI '�"CEFMOBCZ "� ����
� .JDSPCJPNF�EFSJWFE 4$'"T

UIFO BVHNFOU QFSGPSNBODF EJSFDUMZ BOE BDVUFMZ TVHHFTUJOH UIBU MBDUBUF HFOFSBUFE EVSJOH TVTUBJOFE

CPVUT PG FYFSDJTF DPVME CF BDDFTTJCMF UP UIF NJDSPCJPNF BOE DPOWFSUFE UP UIFTF 4$'"T UIBU JNQSPWF

BUIMFUJD QFSGPSNBODF�

*O DPODMVTJPO XF IBWF TIPXO UIBU UIF NJDSPCJPNF NBZ CF B DSJUJDBM DPNQPOFOU PG QIZTJDBM QFS�

GPSNBODF BOE IJHIMJHIU UIF CFOF୮ୢUT EFSJWFE GSPN JU� "O JNQPSUBOU RVFTUJPO JT IPX UIJT QFSGPSNBODF�

GBDJMJUBUJOH PSHBOJTN ୮ୢSTU DBNF UP CF NPSF QSFWBMFOU BNPOH BUIMFUFT� 8F QSPQPTF UIBU UIF IJHI�

MBDUBUF FOWJSPONFOU PG UIF BUIMFUF QSPWJEFT B TFMFDUJWF BEWBOUBHF GPS DPMPOJ[BUJPO CZ MBDUBUF�NFUBCPMJ[JOH

PSHBOJTNT TVDI BT 7FJMMPOFMMB� 'VUVSF TUVEJFT BSF OFFEFE UP IFMQ FYQMBJO XIZ UIFSF JT BO BQQBSFOU

QSFGFSFODF GPS 7FJMMPOFMMB BOE OPU BOZ PG UIF NBOZ PUIFS MBDUBUF�NFUBCPMJ[JOH PSHBOJTNT� 7FJMMPOFMMB

JO UIF QIZTJDBMMZ BDUJWF IPTU UIFSFGPSF TFSWFT BT B QPUFOUJBM FYBNQMF PG B TZNCJPUJD SFMBUJPOTIJQ JO UIF

��



IVNBO NJDSPCJPNF�

��� $ঘখঙঞঝঊঝঘগঊক .ঝঘজ

8FUMBC NFUIPET UIBU HFOFSBUFE UIF EBUB GPS UIF BOBMZTFT CFMPX DPOEVDUFE CZ NZ UXP FYQFSJNFOUBM

DP�୮ୢSTU BVUIPST GPS UIJT QSPKFDU BSF MPDBUFE JO "QQFOEJY #�

����� ��4 "গঊকঢজজ

&BDI TVCKFDU QSPWJEFE GFDBM TBNQMFT PO B EBJMZ CBTJT VQ UP POF XFFL CFGPSF BOE POF XFFL BG୴FS UIF

NBSBUIPO 	DPOUSPMT EJE OPU SVO JO UIF NBSBUIPO CVU QSPWJEFE GFDBM TBNQMFT
� /FYU XF FYUSBDUFE

HFOPNJD %/" GSPN UIFTF TBNQMFT BOE QFSGPSNFE ��4 S%/" BNQMJDPO TFRVFODJOH GPMMPXFE CZ

CJPJOGPSNBUJD BOBMZTJT UP PCUBJO HFOVT�MFWFM SFTPMVUJPO PG CBDUFSJB JO FBDI JOEJWJEVBMؠT NJDSPCJPNF

	BDDFTT 4VQQMFNFOUBSZ 5BCMFT � BOE � JO "QQFOEJY #
�

��4 SFBET XFSF QSPDFTTFE XJUI UIF %"%"� QJQFMJOF BOE QIZMPTFR 	$BMMBIBO FU BM� ����� .D.VS�

EJF � )PMNFT ����
� 5IFSF FYJTU FYDFMMFOU BMUFSOBUJWFT UP UIF TPG୴XBSF QBDLBHFT UIBU XFSF VUJMJ[FE

	-BOHJMMF FU BM� ����
� %FGBVMU TFUUJOHT XFSF VTFE GPS ୮ୢMUFSJOH BOE USJNNJOH� #VJMU�JO USBJOJOH NPEFMT

XFSF VUJMJ[FE UP MFBSO FSSPS SBUFT GPS UIF BNQMJDPO EBUBTFU� *EFOUJDBM TFRVFODJOH SFBET XFSF DPNCJOFE

UISPVHI Tؠ�"%"% EFSFQMJDBUJPO GVODUJPOBMJUZ BOE UIF %"%"� TFRVFODF؛WBSJBOU JOGFSFODF BMHP�

SJUIN XBT BQQMJFE UP FBDI EBUBTFU� 4VCTFRVFOUMZ QBJSFE�FOE SFBET XFSF NFSHFE B TFRVFODF UBCMF

XBT DPOTUSVDUFE UBYPOPNZ XBT BTTJHOFE BOE BCVOEBODF XBT DBMDVMBUFE BU BMM QPTTJCMF UBYPOPNJD

MFWFMT�

��



����� ��4 .ড�এএঌঝ .ঘকগঐ গ ঝ )ঞখঊগ $ঘঘছঝ

8F DPOTUSVDUFE B TFSJFT PG (-..T UP QSFEJDU 7FJMMPOFMMB SFMBUJWF BCVOEBODF JO UIF NBSBUIPO QBSUJD�

JQBOUT GSPN CPUI SBOEPN F୭GFDUT 	JOEJWJEVBM WBSJBUJPO QFS BUIMFUF UIBU NBOJGFTUT MPOHJUVEJOBMMZ
 BOE

୮ୢYFE F୭GFDUT 	6OJUFE 4UBUFT %FQBSUNFOU PG "HSJDVMUVSF 	64%"
 .Z1MBUF DPOTVNQUJPO DBUFHPSJFT

QSPUFJO QPXEFS TVQQMFNFOUBUJPO NFOTUSVBUJPO TUBUVT SBDF UJNF CPEZ NBTT JOEFY 	#.*
 XFJHIU

HFOEFS BOE BHF
�

5IF MPOHJUVEJOBM OBUVSF PG UIF NJDSPCJPNF TBNQMJOH DPVQMFE XJUI UIF VOJRVF MJGFTUZMFT PG BUI�

MFUFT NFBOT UIBU EJFU QIZTJDBM DIBSBDUFSJTUJDT BHF HFOEFS FUIOJDJUZ BOE UIF NFOTUSVBM DZDMF DPVME

QPUFOUJBMMZ DPOGPVOE UIF BTTPDJBUJPO CFUXFFO QPTUNBSBUIPO TUBUF BOE 7FJMMPOFMMB SFMBUJWF BCVOEBODF

	+VSLPXTLJ FU BM� ����� 1JNFOUFM FU BM� ����
� "T TPNF GPPE DPNQPVOET DBO TFMFDUJWFMZ JODSFBTF UIF

SFMBUJWF BCVOEBODF PG 7FJMMPOFMMB ���� NFBM SFDPSET MPHHJOH FWFSZ JOTUBODF PG GPPE DPOTVNQUJPO

PWFS UIF DPVSTF PG UIF TUVEZ 	BDDFTT 4VQQMFNFOUBSZ 5BCMF � GSPN "QQFOEJY #
 XFSF RVBOUJ୮ୢFE BD�

DPSEJOH UP 64%" .Z1MBUF BOE BTTPDJBUFE XJUI EBJMZ NJDSPCJPNF TBNQMFT� -00$7 XBT QFSGPSNFE

GPS UIF (-.. BOBMZTJT XIFSF UIF 1ؑWBMVF GPS UIF UJNF DPF୭୮ୢDJFOU XBT DBMDVMBUFE GPS BMM QFSNVUB�

UJPOT PG FMJNJOBUJOH POF BUIMFUF XIJDI SFWFBMFE B HFOFSBM USFOE PG OP JOEJWJEVBM BUIMFUF ESJWJOH TJH�

OJ୮ୢDBODF XJUI POF NJOPS PVUMJFS 	'JHVSF ���� 8BME ;�UFTUT
� 5P FOTVSF UIBU BO BSCJUSBSZ TIV୭୯୳JOH

PG QBSUJDJQBOU MBCFMJOH XPVME OPU ZJFME TJHOJ୮ୢDBOU SFTVMUT UIF (-.. XBT USBJOFE ���� UJNFT PO

JOQVU EBUB XJUI QFSNVUFE MBCFMT XIJDI HFOFSBUFE VOJGPSNMZ EJTUSJCVUFE 1ؑWBMVFT BOE TIPXFE UIF

TJHOJ୮ୢDBODF PG UIF PSJHJOBM MBCFMJOH 	'JHVSF ���� 8BME ;�UFTUT
� 5IVT UIF PCTFSWFE TJHOJ୮ୢDBODF PG

UIF BTTPDJBUJPO CFUXFFO 7FJMMPOFMMB SFMBUJWF BCVOEBODF BOE QSF� BOE QPTUNBSBUIPO TUBUF JT MJLFMZ OPU

��



DPOGPVOEFE CZ BOZ ୮ୢYFE F୭GFDUT� 5P UFTU XIFUIFS 7FJMMPOFMMB IBT BOZ QIFOPUZQJD JNQBDU PO SVOOJOH

BCJMJUZ XF OFYU JOUSPEVDFE 7FJMMPOFMMB UP NJDF JO B USFBENJMM FYQFSJNFOU�

.PEFMJOH PG ��4 7FJMMPOFMMB SFMBUJWF BCVOEBODF GPS BUIMFUFT QBSUJDJQBUJOH JO UIF NBSBUIPO XBT

EPOF XJUI UIF 3 OMNF QBDLBHF 	1JOIFJSP FU BM� ����
� " UPUBM PG ���� NFBM SFDPSET MPHHJOH FWFSZ

JOTUBODF PG GPPE DPOTVNQUJPO PWFS UIF DPVSTF PG UIF TUVEZ XFSF RVBOUJ୮ୢFE BDDPSEJOH UP 64%" .Z�

1MBUF BOE BTTPDJBUFE XJUI EBJMZ ��4 TBNQMFT CZ B OVUSJUJPOJTU� 3FMBUJWF BCVOEBODF XBT ୮ୢSTU NPEFMFE

BT�

"CVOEBODFؑ�ؑ˳� + ˳UJNF + ˳TFY + ˳XFJHIU + ˳#.* + ˳BHF + ˳SBDF + ˳NFOTUSVBUJPO + ˳WFHFUBCMFT +

˳GSVJUT + ˳HSBJOT + ˳QSPUFJO + ˳EBJSZ + ˳EJFUBSZ QSPUFJO TVQQMFNFOUBUJPO

4VCTFRVFOUMZ B TFDPOE NPEFM XBT HFOFSBUFE UIBU JODMVEFE JOUFSBDUJPO UFSNT PG UJNF�WFHFUBCMFT

BOE UJNF�NFOTUSVBUJPO� 4JHOJ୮ୢDBODF XBT DBMDVMBUFE GPS BMM PG UIF DPF୭୮ୢDJFOUT JODMVEFE JO UIF (-..

XJUI 8BME ;�UFTUT 	EFGBVMU DBMDVMBUJPO JO UIF MJCSBSZ VUJMJ[FE
� $PF୭୮ୢDJFOUT XFSF DSFBUFE XJUI UIF

DPFGQMPU� QBDLBHF 	#PMLFS ����
�

5IF DPEF GPS UIF UXP NPEFMT JT QSPWJEFE CFMPX�

Model_1 < -lme(Veillonella~time + sex + weight + BMI + age + race + menstruation

 + vegetables + fruits + grains + protein + dairy + dietary_protein_supp,random 

= ~1|subjectID,data = marathon16S)

Model_2 < -lme(Veillonella~time + sex + weight + BMI + race + menstruation + 

vegetables + fruits + grains + protein + dairy + dietary_protein_supp + 

time:vegetables + time:menstruation,random = ~1|subjectID,data = marathon16S)

��



.PEFM QSFEJDUJPOT PWFSMBJE PO UIF VOEFSMZJOH EBUB XFSF WJTVBMJ[FE XJUI UIF HHQMPU� 3 QBDLBHF

	8JDLIBN � $IBOH ����
� .PEFM SFTVMUT XFSF WBMJEBUFE XJUI CPUI -00$7 BOE QFSNVUBUJPO UFTU�

JOH PO TIV୭୯୳FE MBCFMT�

����� 5ছঊখকক 3ঞগ 5খ .ড�এএঌঝজ .ঘকগঐ

%FTQJUF UIF IJHI OVNCFS PG NJDF VUJMJ[FE JO UIF "#�#" DSPTTPWFS FYQFSJNFOU DPNQBSJTPOT PG SBX

SVO UJNFT JO UIJT DPOUFYU DPVME CF DPOGPVOEFE CPUI CZ DBSSZPWFS F୭GFDU 	NPEFMFE BT B TFRVFODF FG�

GFDU
 JOIFSFOU JO UIF MPOHJUVEJOBM TUVEZ EFTJHO BT XFMM BT VOBWPJEBCMZ IJHI JOUFSNPVTF WBSJBUJPO� 5P

BDDPVOU GPS UIJT XF DPOTUSVDUFE B TFSJFT PG (-..T QSFEJDUJOH SVO UJNF� 5IFTF NPEFMT JODPSQPSBUF

CPUI SBOEPN F୭GFDUT 	JOEJWJEVBM WBSJBUJPO QFS NPVTF UIBU NBOJGFTUT MPOHJUVEJOBMMZ
 BOE ୮ୢYFE F୭GFDUT

	USFBUNFOU EBZ USFBUNFOU TFRVFODF BOE USFBUNFOU UZQF HJWFO
� .PEFMJOH XBT DPOEVDUFE XJUI UIF 3

OMNF QBDLBHF 	1JOIFJSP FU BM� ����
� 7JTVBMJ[BUJPO PG DPF୭୮ୢDJFOUT XBT DPOEVDUFE VTJOH UIF DPFG�QMPU

3 QBDLBHF 	#PMLFS ����
� 7JTVBMJ[BUJPO PG QSFEJDUJPOT PWFSMBZFE PO EBUB XBT DPOEVDUFE VTJOH UIF 3

HHQMPU� QBDLBHF 	8JDLIBN � $IBOH ����
�

7JTVBMJ[BUJPO PG BMM MPOHJUVEJOBM EBUB QPJOUT XJUI UIF (-.. QSFEJDUJPOT PWFSMBJE TIPXFE CPUI

UIF F୭GFDU PG 7� BUZQJDB JODSFBTJOH QFSGPSNBODF PO CPUI TJEFT PG UIF DSPTTPWFS XIFO BHHSFHBUFE CZ

USFBUNFOU HSPVQ 	UIJDL MJOFT
 BOE UIF USFOET GPS FBDI PG UIF �� JOEJWJEVBM NJDF 	UIJO MJOFT
 	'JHVSF

����
� -00$7 XBT QFSGPSNFE GPS UIF (-.. BOBMZTJT XIFSF UIF 1ؑWBMVF GPS UIF 7� BUZQJDB USFBU�

NFOU DPF୭୮ୢDJFOU XBT DBMDVMBUFE GPS BMM QFSNVUBUJPOT PG FMJNJOBUJOH POF NPVTF XIJDI SFWFBMFE UIBU

OP JOEJWJEVBM NJDF XFSF ESJWJOH TJHOJ୮ୢDBODF 	'JHVSF ���� 8BME ;�UFTUT
� 5P FOTVSF UIBU BO BSCJUSBSZ

TIV୭୯୳JOH PG NPVTF MBCFMJOH XPVME OPU ZJFME TJHOJ୮ୢDBOU SFTVMUT UIF (-.. XBT USBJOFE ���� UJNFT

��



PO JOQVU EBUB XJUI QFSNVUFE MBCFMT XIJDI HFOFSBUFE VOJGPSNMZ EJTUSJCVUFE 1ؑWBMVFT BOE TIPXFE

UIF TJHOJ୮ୢDBODF PG UIF PSJHJOBM MBCFMJOH 	'JHVSF ���� 8BME ;�UFTUT
� 5IJT MPOHJUVEJOBM NPEFMJOH BQ�

QSPBDI BMMPXT VT UP JOUFSQSFU UIBU BT UIF USFBENJMM SVOT XFSF DPOEVDUFE CBDL UP CBDL FBDI XFFL PO

TVCTFRVFOU EBZT UIF NJDF JO BHHSFHBUF IBE EFDSFBTJOH SVO UJNFT BT UIF UJNF UP FYIBVTUJPO EFDSFBTFE

	WJTJCMF BT B TMPQF PG QSFEJDUJPOT JO 'JHVSF ����
 XIJMF 7� BUZQJDB USFBUNFOU JOEFQFOEFOUMZ JODSFBTFE

SVO UJNFT 	WJTJCMF BT UIF DSPTTPWFS PG QSFEJDUJPOT TIPXJOH UIF 7FJMMPOFMMB USFBUNFOU HSPVQ IBWJOH

MPOHFS UJNFT UP FYIBVTUJPO PO CPUI TJEFT PG UIF DSPTTPWFS JO 'JHVSF ����
� 5P JEFOUJGZ QPTTJCMF CJP�

MPHJDBM NFDIBOJTNT GPS UIF 7FJMMPOFMMB F୭GFDU XF RVBOUJ୮ୢFE MFWFMT PG WBSJPVT JO୯୳BNNBUPSZ DZUPLJOFT

JO UIF CMPPE JNNFEJBUFMZ GPMMPXJOH UIF USFBENJMM SVO� 8F PCTFSWFE UIBU TFWFSBM QSPJO୯୳BNNBUPSZ

DZUPLJOFT JODMVEJOH UVNPS OFDSPTJT GBDUPS�̑ BOE JOUFSGFSPO�̓ XFSF TJHOJ୮ୢDBOUMZ SFEVDFE JO 7� BUZQ�

JDB�USFBUFE NJDF DPNQBSFE XJUI CPUI UIF CBTFMJOF BOE UIF DPOUSPM USFBUNFOU 	'JHVSF ����� BDDFTT 4VQ�

QMFNFOUBSZ 5BCMFT � BOE �� GSPN "QQFOEJY #
� *O B TFQBSBUF FYQFSJNFOU XF RVBOUJ୮ୢFE MFWFMT PG UIF

NVTDMF HMVDPTF USBOTQPSUFS (-65� UP BTTFTT UIF F୭GFDUT PO NVTDMF QIZTJPMPHZ CVU GPVOE OP EJG�

GFSFODF CFUXFFO UIF 7� BUZQJDB USFBUNFOU BOE DPOUSPM 	'JHVSF ����
� 5PHFUIFS UBLJOH JOUP BDDPVOU

JOUFSNPVTF WBSJBUJPO UIF MPOHJUVEJOBM TUVEZ EFTJHO BOE UIF QPTTJCMF DBSSZPWFS F୭GFDUT PG BO "#�#"

DSPTTPWFS USJBM 7� BUZQJDB USFBUNFOU DBVTFT TVCTUBOUJBM JODSFBTFT JO USFBENJMM SVO UJNF JO NJDF�

5IF NPEFMT XFSF DPOTUSVDUFE UP QSFEJDU USFBENJMM SVO UJNF JO UIF "#�#" DSPTTPWFS FYQFSJNFOU

UP JODMVEF UIF USFBUNFOU F୭GFDU PG 7FJMMPOFMMB QFSJPE F୭GFDUT 	UJNF PG USFBUNFOU
 DBSSZPWFS F୭GFDUT EVF

UP UIF USFBUNFOU DSPTTPWFS BOE F୭GFDUT GPS OBUVSBMMZ PDDVSSJOH NPVTF WBSJBUJPO� *O HFOFSBM XF DBO

NPEFM FYQFDUFE SVO UJNF BT�

4FRVFODF� 7� BUZQJDBؑؑڦ-� CVMHBSJDॸ8FFL �� ɉ+ ɍ� + Ⱦ" 8FFL �� ɉ+ ɍ� + Ⱦ# + Ɉ"

��



4FRVFODF� -� CVMHBSJDॸؑ7ؑڦ� BUZQJDB8FFL �� ɉ+ ɍ� + Ⱦ# 8FFL �� ɉ+ ɍ� + Ⱦ" + Ɉ#

8IFSF Ⱦ" BOE Ⱦ# BSF USFBUNFOU F୭GFDUT Ɉ" BOE Ɉ# BSF DBSSZPWFS F୭GFDUT BOE ɍ� BOE ɍ� BSF QFSJPE

F୭GFDUT�

8F JOJUJBMMZ BUUFNQUFE UP NPEFM DBSSZPWFS F୭GFDU BT B TFRVFODF F୭GFDU PS B QFSJPE�TQFDJ୮ୢD USFBUNFOU

F୭GFDU 	JOUFSBDUJPO UFSN
� 5IF 3 DPEF GPS UIF NPEFMT JT QSPWJEFE CFMPX�

Model_1 < -lme(seconds_run~treatment + sequence + period,random

 = ~1|subject,data = datain)

Model_2 < - lme(seconds_run~treatment*period,random

 = ~1|subject,data = datain)

#Z HBVHJOH UIF DPSSFMBUJPO PG DPF୭୮ୢDJFOUT XF TFMFDUFE .PEFM@� GPS UIF BOBMZTJT JO 'JHVSF �����

����� .ঝঊঐগঘখঌ "গঊকঢজজ

"MM PG UIF TUFQT JO UIF QSPDFTTJOH PG SBX NFUBHFOPNJD EBUB XFSF EPOF VUJMJ[JOH UIF "FUIFS QBDLBHF

	-VCFS FU BM� ����
� 3BX SFBET XFSF EF OPWP BTTFNCMFE VTJOH NFHBIJU 	-J FU BM� ����
� 0QFO SFBEJOH

GSBNFT BOE BOOPUBUJPOT XFSF HFOFSBUFE VTJOH QSPLLB 	4FFNBOO ����
� " HFOF GBNJMZ DBUBMPH XBT

HFOFSBUFE GSPN UIF DBMMFE PQFO SFBEJOH GSBNFT BU ��ॎ JEFOUJUZ VUJMJ[JOH UIF $%ୖ)*5 TPG୴XBSF QBDL�

BHF 	'V FU BM� ����
� " SBX BCVOEBODF DPVOU NBUSJY XBT HFOFSBUFE VUJMJ[JOH UIF HFOF GBNJMZ DBUBMPH

#PXUJF � BOE 4".UPPMT 	-BOHNFBE � 4BM[CFSH ����� -J FU BM� ����
� 5IF SBX BCVOEBODF DPVOU

NBUSJY XBT OPSNBMJ[FE CPUI CZ TBNQMF BOE CZ HFOF MFOHUI 	2JO FU BM� ����
� .FUBCPMJD QBUIXBZT

XFSF RVFSJFE VTJOH .FUB$ZD BOE &$ *%T XFSF QVMMFE GSPN QSPLLB BOOPUBUJPOT 	4FFNBOO �����

��



$BTQJ FU BM� ����
� 3 XBT VUJMJ[FE UP QFSGPSN UIF NBKPSJUZ PG TUBUJTUJDBM UFTUT XJUI UIF FYDFQUJPO PG

QBJSXJTF BOBMZTJT PG WBSJBODF 	"/07"
 UFTUT GPS XIJDI UIF 4DJ1Z MJCSBSZ JO 1ZUIPO XBT VTFE 	+POFT

FU BM� ����
� 3PPU NFBO TRVBSF FSSPS DBMDVMBUJPOT XFSF QFSGPSNFE VTJOH UIF QMPUSJY QBDLBHF 	-FNPO

FU BM� ����
�

����� .ঝঊ1ক"গ� 5ঊডঘগঘখঢ গ .ঝঊঐগঘখঌজ %ঊঝঊ

1VUBUJWF UBYPOPNJD BCVOEBODFT XFSF DBMDVMBUFE XJUI .FUB1IM"O� 	5SVPOH FU BM� ����
 BOE GPVOE

UP IBWF UIF TBNF BTTPDJBUJPO CFUXFFO 7FJMMPOFMMB BOE FYFSDJTF TUBUVT BT UIF QSFWJPVT NBSBUIPO SVOOFS

SFTVMUT 	1ؑ�ؑ����� 'JHVSF ����
�

����� "গগঘঝঊঝঘগজ

5P DPNQBSF USFOET JO UIF BHHSFHBUF NJDSPCJPNF XJUI UIF NFUBCPMJD QSPDFTTFT PG NJDSPCFT UIBU

IBE FMFWBUFE ��4 BCVOEBODF JO UIF QSFWJPVT FYQFSJNFOU B QBJSXJTF "/07" XBT QFSGPSNFE PO BMM

���ؑNJMMJPO HFOFT JO UIF DBUBMPH UP MPPL GPS TJHOJ୮ୢDBOU EJ୭GFSFODFT CFGPSF BOE BG୴FS FYFSDJTF� " UP�

UBM PG ��� HFOF GBNJMJFT XJUI VOJRVF BOOPUBUJPOT TIPXFE TUBUJTUJDBMMZ EJ୭GFSFOU SFMBUJWF BCVOEBODF

	1ؑ�ؑ�����
� 8IJMF GBMTF EJTDPWFSZ SBUF DPSSFDUJPO EJE OPU ZJFME TJHOJ୮ୢDBOU JOEJWJEVBM HFOFT PG UIFTF

��� HFOF GBNJMJFT ��� TIBSF GVODUJPOBM BOOPUBUJPOT XJUI UIF SFGFSFODF BTTFNCMJFT PG UIF 7� BUZQ�

JDB�UZQF TUSBJO PO /$#*� 0G UIF TJHOJ୮ୢDBOU HFOVT�MFWFM SFTVMUT GSPN UIF ��4 EBUB 7FJMMPOFMMB IBT FY�

USFNFMZ IJHI�RVBMJUZ BTTFNCMJFT PG DVMUVSFE JTPMBUFT�

4JHOJ୮ୢDBOU BMMFMFT BSF QSFTFOU JO FBDI PG UIF �� TBNQMFT 	'JHVSF ����
� *OUFSFTUJOHMZ XIFO BMM ���

TJHOJ୮ୢDBOU BMMFMFT BSF TFHSFHBUFE CZ FYFSDJTF TUBUF BOE TBNQMF EJTDPSEBOU TIJG୴T PG SFMBUJWF BCVOEBODF

��



BSF PCTFSWFE 	'JHVSF ����
� 5IJT TVHHFTUT UIBU DIBOHFT JO HMPCBM NJDSPCJPNF GVODUJPO BSF BTTPDJBUFE

XJUI 7FJMMPOFMMB BCVOEBODF BOE UIBU DPOTFSWFE 7FJMMPOFMMB HFOFT NBZ HFOFSBMMZ QMBZ NFUBCPMJD SPMFT�

����� $ঘখঙঊছঊঝট (গঘখঌজ

(FOPNF BOOPUBUJPOT XFSF SFUSJFWFE GSPN /$#* SFGFSFODF HFOPNFT� 1IZMPHFOFUJD USFFT XFSF HFOFS�

BUFE GSPN /$#* UBYPOPNZ BOE WJTVBMJ[FE XJUI QIZMP�JP 	3PCJOTPO FU BM� ����
� )FBU NBQT XFSF

HFOFSBUFE XJUI UIF QIFBUNBQ QBDLBHF JO 3 	,PMEF ����
�

����� (গ $ঊঝঊকঘঐ $ছঊঝঘগ

3BX SFBET XFSF QSPDFTTFE BOE EF OPWP BTTFNCMFE JOUP ������� DPOUJHT 	-VCFS FU BM� ����� -J FU BM�

����
� " UPUBM PG ������� UPUBM PQFO SFBEJOH GSBNFT XFSF DBMMFE XIJDI XFSF TVCTFRVFOUMZ DMVTUFSFE

JOUP ������� HFOF GBNJMJFT XJUI B UISFTIPME PG ��ॎ JEFOUJUZ UP DSFBUF B HFOF DBUBMPH BMPOHTJEF QV�

UBUJWF BOOPUBUJPOT BTTJHOFE CZ IPNPMPHZ 	4FFNBOO ����� 'V FU BM� ����
� 0G UIFTF HFOF GBNJMJFT

������ XFSF BTTJHOFE BOOPUBUJPOT BOE ������� XFSF QVUBUJWFMZ DMBTTJ୮ୢFE BT IZQPUIFUJDBM QSPUFJOT�

$PNQBSJOH BOOPUBUJPO TUBUF WFSTVT HFOF GBNJMZ TJ[F ZJFMET UIF FYQFDUFE SFTVMU UIBU MBSHFS GBNJMJFT

XIJDI BSF MJLFMZ UP CF QSFTFOU JO NPSF NJDSPCFT UFOE UP IBWF NBOZ NPSF BOOPUBUJPOT 	'JHVSF ����
�

3BX SFBET XFSF UIFO BMJHOFE CBDL UP UIF HFOF DBUBMPH UP DSFBUF B SBX DPVOU BCVOEBODF NBUSJY 	-BOH�

NFBE � 4BM[CFSH ����� -J FU BM� ����
� 5IJT NBUSJY XBT OPSNBMJ[FE CPUI QFS TBNQMF BOE CZ HFOF

MFOHUI UP DSFBUF B SFMBUJWF BCVOEBODF NBUSJY 	2JO FU BM� ����
�

��



����� 1ঊঝঠঊঢ &কঞঌঊঝঘগ

3FBDUJPOT JOWPMWFE JO UIF CSFBLEPXO PG MBDUBUF UP CPUI QSPQJPOBUF BOE BDFUBUF XFSF NBOVBMMZ BTTPDJ�

BUFE XJUI &$ *%T VTJOH .FUB$ZD 	$BTQJ FU BM� ����
�

��� 4ঝঊঝজঝঌজ

����� ��4 "গঊকঢজজ

'PS 'JHVSF ��� BOE 'JHVSF ��� 8JMDPYPO SBOL�TVN UFTUT XJUI DPOUJOVJUZ DPSSFDUJPO XFSF VTFE UP JO�

WFTUJHBUF EJ୭GFSFODFT JO UBYPOPNJD DPNQPTJUJPO CFGPSF BOE BG୴FS FYFSDJTF� 5IF NFBO 7FJMMPOFMMB BCVO�

EBODF XBT ��� PSEFST PG NBHOJUVEF HSFBUFS �ؑEBZ QPTU�FYFSDJTF DPNQBSFE XJUI �ؑIPVS CFGPSF FYFSDJTF�

'PS 'JHVSF ��� BOE 'JHVSF ��� MPOHJUVEJOBM EBUB XFSF NPEFMFE VTJOH B (-.. BQQSPBDI� *O PVS

NPEFM UIF SBOEPN F୭GFDU XBT JOEJWJEVBM WBSJBUJPO QFS NBSBUIPO SVOOFS� 'JYFE F୭GFDUT BSF TIPXO JO

'JHVSF ���� "O BEWBOUBHF PG UIJT UZQF PG TUBUJTUJDBM BOBMZTJT JT UIBU JU DBO BDDPVOU GPS UIF MBSHF WBSJB�

UJPO CFUXFFO NBSBUIPO QBSUJDJQBOUT JO UIJT UZQF PG TUVEZ�

5P EFUFSNJOF TUBUJTUJDBM TJHOJ୮ୢDBODF B 8BME ;�UFTU XBT VTFE UP BTTJHO 1ؑWBMVFT UP DPF୭୮ୢDJFOUT JO UIF

(-..� /P PVUMJFST XFSF SFNPWFE JO UIJT BOBMZTJT�

'PS 4VQQMFNFOUBSZ 5BCMF � 	BDDFTT GSPN "QQFOEJY # 1ؑWBMVFT XFSF HFOFSBUFE VTJOH 8FMDIؠT U�UFTU

	VOFRVBM WBSJBODFT U�UFTU
�

��



����� $ছঘজজঘটছ .ঘঞজ &ডঙছখগঝ

'PS 'JHVSF ��� FBDI BOJNBM XBT USFBUFE XJUI CPUI 7� BUZQJDB BOE -� CVMHBSJDॸ BT QBSU PG UIF "#�#"

DSPTTPWFS� #FDBVTF BMM �� BOJNBMT XFSF USFBUFE UXJDF BOE DPNQBSFE CFUXFFO USFBUNFOUT UIF 1ؑWBMVF

XBT HFOFSBUFE VTJOH B QBJSFE U�UFTU 	1ؑ�ؑ�����
� 5IF OPSNBMJUZ BTTVNQUJPO XBT BTTFTTFE WJB 4IBQJSP؛

8JMLؠT OPSNBMJUZ UFTU 	1ؑ�ؑ����
 WBMJEBUJOH UIF VTF PG UIF U�UFTU�

'PS 'JHVSF ���� MPOHJUVEJOBM EBUB XFSF NPEFMFE VTJOH B (-.. BQQSPBDI� *O PVS NPEFM UIF

SBOEPN F୭GFDU XBT JOEJWJEVBM WBSJBUJPO QFS NPVTF� 'JYFE F୭GFDUT XFSF USFBUNFOU F୭GFDU QFSJPE F୭GFDU

	UIF UJNF QPJOU BU XIJDI NFBTVSFNFOUT XFSF NBEF
 BOE DBSSZPWFS�TFRVFODF F୭GFDU 	JG UIF PSEFS PG

USFBUNFOUT JO UIF DSPTTPWFS B୭GFDUFE MBUFS SFTVMUT
� "O BEWBOUBHF PG UIJT UZQF PG TUBUJTUJDBM BOBMZTJT JT

UIBU JU DBO BDDPVOU GPS UIF MBSHF WBSJBUJPO CFUXFFO NJDF JO UIJT UZQF PG TUVEZ�

'JHVSF ���� TIPXT UIF OVNCFS PG TFDPOET SVO VOUJM FYIBVTUJPO BU TJY UJNF QPJOUT XJUI FBDI PG

UIF �� NJDF IBWJOH POF NFBTVSFNFOU QFS UJNF QPJOU� 'PS FBDI USFBUNFOU PSEFS 	---777 BOE

777---
 UIF (-.. XBT ୮ୢUUFE CPUI UP FBDI JOEJWJEVBM NPVTF 	TLJOOZ CMVF BOE SFE MJOFT� OPUF

UIBU UIFTF BSF BMM QBSBMMFM GPS NJDF JO UIF TBNF USFBUNFOU PSEFSUIF TQBDF CFUXFFO UIFTF MJOFT SFQSF�

TFOUT UIF SBOEPN؟ F୭GFDUؠ PG OBUVSBM WBSJBUJPO CFUXFFO NJDF
 BOE BMM NJDF XJUI UIF TBNF USFBUNFOU

PSEFS 	UIJDL CMVF BOE SFE MJOFT
�

5P EFUFSNJOF TUBUJTUJDBM TJHOJ୮ୢDBODF B 8BME ;�UFTU XBT VTFE UP BTTJHO 1ؑWBMVFT UP DPF୭୮ୢDJFOUT JO UIF

(-..� /P PVUMJFST XFSF SFNPWFE GSPN UIJT BOBMZTJT�

��



����� .ঝঊঐগঘখঌ "গঊকঢজজ

'PS 'JHVSF ���� BOE 'JHVSF ���� 1ؑWBMVFT GPS JOEJWJEVBM HFOFT XFSF HFOFSBUFE VUJMJ[JOH QBJSXJTF "/07"

DPNQBSJOH UIF SFMBUJWF BCVOEBODF CFGPSF BOE BG୴FS FYFSDJTF� /PO�TJHOJ୮ୢDBOU GBNJMJFT XFSF BTTPDJBUFE

XJUI IPNPMPHT DPNNPO JO PUIFS NJDSPCFT UIBU EP OPU DIBOHF JO BCVOEBODF� 5P EFUFSNJOF UIF TJH�

OJ୮ୢDBODF PG QPUFOUJBM PWFS�SFQSFTFOUBUJPO ���� HMPCBM &$ *%T XFSF SBOEPNMZ TFMFDUFE BOE NFBO

EJ୭GFSFODFT JO SFMBUJWF BCVOEBODF CFUXFFO TBNQMFT UBLFO CFGPSF BOE BG୴FS FYFSDJTF XFSF DBMDVMBUFE�

5IFTF &$ *%T XFSF VTFE UP DPOTUSVDU BO PEET UBCMF UP EFUFSNJOF UIF QSPCBCJMJUZ PG IBWJOH B TFU PG

FJHIU TFMFDUFE &$ *%T XJUI JODSFBTFT JO NFBO HFOF MFWFM SFMBUJWF BCVOEBODF BG୴FS FYFSDJTF� 5IJT DBMDV�

MBUJPO EFUFSNJOFE UIBU UIF SFMBUJWF BCVOEBODF DIBOHFT JO 'JHVSF ���� #ୖ* BSF TJHOJ୮ୢDBOU 	1ؑ�ؑ�������

'JTIFSؠT FYBDU UFTU GPS DPVOU EBUB
�

����� ��$� 'কঞড�ঋঊকঊগঌ &ডঙছখগঝজ

'PS 'JHVSF ���� 1ؑWBMVFT XFSF HFOFSBUFE VTJOH B POF�TBNQMF U�UFTU� 3BUJPT PG MBCFMFE�VOMBCFMFE MBD�

UBUF GSPN TBNQMFT XFSF DPNQBSFE XJUI UIF FYQFDUFE SBUJP EFUFSNJOFE NBUIFNBUJDBMMZ� &BDI TBN�

QMF XBT JOEFQFOEFOUMZ DPNQBSFE XJUI UIF FYQFDUFE SBUJP UIFO NVMUJQMF IZQPUIFTJT DPSSFDUJPO XBT

QFSGPSNFE VTJOH UIF GBMTF EJTDPWFSZ SBUF DPSSFDUJPO NFUIPE PG #FOKBNJOJ BOE )PDICFSH 	TFSVN

1ؑ�ؑ�������� QMBTNB 1ؑ�ؑ�������� DFDVN DPOUFOU 1ؑ�ؑ�������� DPMPO DPOUFOU 1ؑ�ؑ�����
�

����� *গঝছঊঌঘকঘগঌ *গজঝককঊঝঘগ ঘএ 1ছঘঙঘগঊঝ &ডঙছখগঝ

'PS 'JHVSF ���� UIF 1ؑWBMVF 	1ؑ�ؑ�����
 XBT HFOFSBUFE VTJOH 8FMDIؠT U�UFTU 	VOFRVBM WBSJBODFT U�UFTU
�

��



4
4JOHMF $FMM *NNVOPMPHZ PG $BODFS

6জগঐ ঝ 5 ঌকক ছঌঙঝঘছ ঊজ ঊ খঘকঌঞকঊছ ঋঊছঌঘ XF JEFOUJGZ B QPQVMBUJPO PG UVNPSآ

NBUDIJOHأ 	5.
 $%�+ 5 DFMMT JO NPVTF QFSJQIFSBM CMPPE UIBU TIBSF 5$3T XJUI UVNPS JO୮ୢMUSBUJOH

MZNQIPDZUFT 	5*-T
 JO .$�� UVNPST�� 5IFTF 5. DFMMT IBWF B VOJRVF USBOTDSJQUJPOBM QSP୮ୢMF DPN�

�1PSUJPOT PG UIJT DIBQUFS 	BQQMJDBUJPO PG TIJOZ BQQ UP -BZJMJO EBUB
 XFSF QSFWJPVTMZ QVCMJTIFE JO UIF +PVS�
OBM PG &YQFSJNFOUBM .FEJDJOF	.BIVSPO FU BM� ����
 BOE BEEJUJPOBM QPSUJPOT PG JU XFSF VOEFS SFWJTJPO JO B
TFQBSBUF QVCMJDBUJPO BU UIF UJNF PG EJTTFSUBUJPO TVCNJTTJPO�

��



Figure 4.1: Overview of how both Single Cell Gene Expression (GEX) and Single Cell TCR data is collected from both

mouse tumor and mouse blood.

QBSFE UP 5 DFMMT JO UIF CMPPE UIBU EP OP IBWF 5$3T TIBSFE XJUI 5*-T BOE SFQSFTFOU BMM 5*- 5 DFMM

QIFOPUZQFT� 6TJOH NBDIJOF MFBSOJOH XF MFWFSBHFE UIJT VOJRVF USBOTDSJQUJPOBM QSPHSBN UP JEFOUJGZ B

NBSLFS QBOFM UIBU DBO SFDPWFS 5. DFMMT WJB ୯୳PX DZUPNFUSZ BOE TVCTFRVFOUMZ WBMJEBUFE UPQ NBSLFST

VTJOH $*5&ୖ4FR JO BO JOEFQFOEFOU NPVTF DPIPSU� " TDIFNBUJD PG UIF EBUB DPMMFDUFE UP FOBCMF UIFTF

BOBMZTFT JT QSPWJEFE JO 'JHVSF ����

��� 4গঐক $কক -ঊগজঌঊঙজ ঘএ #কঘঘ ঊগ 5ঞখঘছ

8F QFSGPSNFE TD3/"TFR XJUI 5$3 TFRVFODJOH PO QBJSFE QFSJQIFSBM CMPPE BOE UVNPS GSPN #�

NJDF UIBU SFDFJWFE .$�� DPMPO BEFOPDBSDJOPNB UVNPS DFMMT TVCDVUBOFPVTMZ JO UIF ୯୳BOL� *O PSEFS

UP FOSJDI GPS BOUJHFO�FYQFSJFODFE DFMMT JO UIF CMPPE QFSJQIFSBM CMPPE $%�+ 5 DFMMT XFSF TPSUFE GPS

$%��+� 4BNQMFT XFSF DPNQVUBUJPOBMMZ JOUFHSBUFE BOE UIF TJOHMF DFMM USBOTDSJQUPNJD MBOETDBQF XBT

��



DIBSBDUFSJ[FE PG TPSUFE $%��+ $%�+ 5 DFMMT JO CPUI CMPPE 	O������ DFMMT� 'JHVSF ���
 BOE UVNPS

JO୮ୢMUSBUJOH MZNQIPDZUFT 	5*-T
 	O����� DFMMT� 'JHVSF ���
� ��؛�� 1IFOPUZQFT XFSF EF୮ୢOFE CBTFE PO

HFOF TJHOBUVSFT BOE JODMVEFE B SBOHF PG EJ୭GFSFOUJBUJPO TUBUFT JODMVEJOH DFOUSBM NFNPSZ F୭GFDUPS

F୭GFDUPS NFNPSZ *'/�TUJNVMBUFE DZDMJOH BOE FYIBVTUFE 	4JOHFS FU BM� ����
� 8F PWFSMBJE 5$3

DMPOFT CFUXFFO UIF UJTTVFT BOE PCTFSWFE B OPUBCMF QPQVMBUJPO PG $%�� 5 DFMMT JO UIF CMPPE UIBU

TIBSFE NBUDIJOH 5$3T XJUI $%�� 5 DFMMT JO UIF UVNPS XIJDI IFSFBG୴FS BSF SFGFSSFE UP BT �UVNPSآ

NBUDIJOHأ PS 5. DFMMT 	'JHVSF ���
� 8IFO PWFSMBZJOH UIF MPDBUJPO PG 5$3T JO UIF UVNPS UIBU IBWF

NBUDIFT JO CMPPE DFMMT XFSF EFUFDUFE JO FWFSZ USBOTDSJQUJPOBM DMVTUFS JO UIF UVNPS 	'JHVSF ���
 TVH�

HFTUJOH UIBU UIF 5. DFMMT QSFTFOU JO CMPPE QSPWJEF B CSPBE XJOEPX JOUP UIF DMPOFT JO UIF UVNPS NJ�

DSPFOWJSPONFOU� $POUFYUVBMJ[JOH UIF 5. DFMMT JO UIF DPOUFYU PG UIF FOUJSF DFMM MBOETDBQF SFWFBMFE TJH�

OBUVSFT JOEJDBUJWF PG TUSPOHFS QSPMJGFSBUJPO BOE BDUJWBUJPO DBQBDJUZ UIBO OPO�NBUDIJOH DFMMT� 5IFTF

EBUB TVHHFTUFE UIBU 5. DFMMT JO UIF CMPPE QSPWJEFE B XJEF XJOEPX JOUP NBOZ QIFOPUZQFT PG 5 DFMM

EJ୭GFSFOUJBUJPO JO UIF UVNPS BOE UIBU UIFZ DPVME CF DMJOJDBMMZ VTFGVM JG UIFZ DPVME CF EJTUJOHVJTIFE

GSPN UIF SFNBJOEFS PG DFMMT JO CMPPE� *OEFFE XIFO XF DSFBUFE BO JOUFHSBUFE MBOETDBQF PG BMM DFMMT

GSPN CPUI UJTTVFT BOE BQQMJFE USBKFDUPSZ JOGFSFODF XF PCTFSWFE UIF 5. DFMMT ୮ୢUUJOH JOUP EJTUJODU

MJOFBHF TUBUFT 	DZDMJOH BOE FYIBVTUFE
 CVU BMTP CFJOH NFNCFST PG MJOFBHFT UIBU SFQSFTFOU BMM 5 DFMM

QIFOPUZQFT JO UIF UVNPS XIJDI HPFT BHBJOTU UIF DVSSFOU VOEFSTUBOEJOH JO UIF ୮ୢFME�

��



��� $ঞছছগঝ 6গছজঝঊগগঐ ঘএ ঝ 5 $কক 3ঌঙঝঘছ 3ঙছঝঘছ

5IF SFTVMUT QSFTFOUFE JO UIJT DIBQUFS BSF TMJHIUMZ TVSQSJTJOH XIFO UBLFO JO DPOUFYU XJUI SFDFOU TUVEJFT

JO UIF ୮ୢFME� 1SPNJOFOU XPSL MPPLJOH BU TQFDJ୮ୢDJUZ HSPVQT JO UIF 5$3 SFQFSUPJSF IBT TVHHFTUFE UIBU

TBJE SFQFSUPJSF JT JODSFEJCMZ WBTU BOE UIF 5$3T EP OPU OFFE UP IBWF QFSGFDUMZ NBUDIJOH BMQIB BOE

CFUB DIBJOT JO PSEFS UP SFDPHOJ[F B DPNNPO BOUJHFO 	(MBOWJMMF FU BM� ����
� 3BUIFS UIJT XPSL TVH�

HFTUT UIBU 5$3T DPOUBJOJOH NFSFMZ TJNJMBS NPUJGT JO UIF BMQIB BOE CFUB DIBJOT BSF BCMF UP SFDPHOJ[F

DPNNPO BOUJHFOT BOE UIBU JU JT B SBSF PDDVSSFODF UP ୮ୢOE QFSGFDU TFRVFODF NBUDIFT JO CPUI DIBJOT

JO EJ୭GFSFOU 5 DFMMT� " VQEBUFE WFSTJPO PG UIF NFUIPE EFWFMPQFE CZ UIF TBNF HSPVQ UIBU JT EFTJHOFE

UP NBUDI UIFTF NPUJGT CFUXFFO 5 DFMMT UP JEFOUJGZ DPNNPO BOUJHFO TQFDJ୮ୢDJUZ GPVOE TJNJMBS SFTVMUT

	)VBOH FU BM� ����
�

" SFDFOU QBQFS XJUI B B TBNQMF DPMMFDUJPO TUSBUFHZ PG TFRVFODJOH IVNBO UVNPS CMPPE BOE MPOHJ�

UVEJOBM IVNBO UVNPS JOUSPEVDFE UIF JEFB PG DMPOBMآ SFQMBDFNFOUأ XIFSF MBSHF DMPOFT JO UIF UVNPS

EP OPU QFSTJTU BOE JOTUFBE BSF SFQMBDFE PWFS UJNF QFSIBQT BT B SFTQPOTF UP UVNPS JNNVOF FWBTJPO

	:PTU FU BM� ����
� %VF UP UIJT ୮ୢOEJOH PG DMPOBM SFQMBDFNFOU UIJT TUVEZ DMBJNFE OPU UP ୮ୢOE SFQSF�

TFOUBUJWF NBUDIJOH DMPOFT GPS BMM NBKPS UVNPS DFMM QPQVMBUJPOT JO QBJSFE CMPPE XIJDI EJ୭GFST TJH�

OJ୮ୢDBOUMZ GSPN PVS TUVEZ� 5IJT DPVME QPUFOUJBMMZ CF CFDBVTF PG EJ୭GFSFODFT CFUXFFO IVNBO BOE

NPVTF TUVEJFT CVU JU JT BMTP QPTTJCMF UIBU UIF DMPOBM SFQMBDFNFOU TUVEZ EJE OPU QFSGPSN EFFQ FOPVHI

TFRVFODJOH PG UIFJS ؠ� 5$3 MJCSBSZ UP QSPQFSMZ JEFOUJGZ DFMMT XJUI QFSGFDUMZ IPNPMPHPVT DIBJOT CF�

UXFFO UJTTVFT� 5IVT JO UIF DPOUFYU PG SFDFOU XPSL JO UIF ୮ୢFME XIBU JT QSFTFOUFE JO UIJT DIBQUFS JT

TJHOJ୮ୢDBOUMZ EJ୭GFSFOU BOE SBJTFT UIF RVFTUJPO PG HSFBU SFMFWBODF RVFSZJOH XIFUIFS PVS NPVTF ୮ୢOE�

��



Figure 4.2: Clustering and UMAP visualization of peripheral blood (n=10,289 cells, paired MC38 tumor also collected)

on day 18+ post tumor cell implantation. Data integrated from three mice (M1, M2, and M3) from two independent

experiments (experiment 1 = M1, experiment 2 = M2, M3). Colors indicate distinct transcriptional clusters determined

using Seurat clustering. Labels marking each cluster indicate the phenotypic description of the cluster based on gene

expression data (see Methods).
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Figure 4.3: Clustering and UMAP visualization of MC38 tumors (n=8,450 cells, paired blood also collected) on day 18+

post tumor cell implantation. Data integrated from three mice (M1, M2, and M3) from two independent experiments

(experiment 1 = M1, experiment 2 = M2, M3). Colors indicate distinct transcriptional clusters determined using Seurat

clustering. Labels marking each cluster indicate the phenotypic description of the cluster based on gene expression

data (see Methods).
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Figure 4.4: UMAP showing blood CD8+ T cells colored in the integrated mouse data that have a TCR matching to

CD8+ T cells found in tumor (referred to as TM cells), colored by each mouse. Numbers next to each sample in the

legend indicate the number of TM cells recovered in each mouse. Grey indicates CD8+ T cells that do not have a TCR

matching to T cells in tumor (referred to as non-TM).
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Figure 4.5: UMAP showing tumor CD8+ T cells colored in the integrated mouse data that have a TCR matching to

CD8+ T cells found in blood (referred to as TM cells).
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Figure 4.6: Logistic regression showing classification of cells as TM or non-TM based on all genes. Shown are the first

two principal component projections (left), ROC curves (middle), and the Recall-Precision plots (right) with 5-fold cross

validation.
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Figure 4.7: Logistic regression showing classification of cells as TM or non-TM based on a pre-selected list enriched

for surface-marker genes (Chihara et al., 2018). Shown are the first two principal component projections (left), ROC

curves (middle), and the Recall-Precision plots (right) with 5-fold cross validation

Figure 4.8: Top genes as calculated using COMET (Delaney et al., 2019) that contribute to performance of the classi-

fiers (Figure 4.6 and Figure 4.7) utilized to predict tumor matching cells in blood.
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Figure 4.9: Comparison of CX3CR1, CD39, and NKG2D on CD8+ T cells in blood vs MC38 tumors. This plot was

created by Kristen Pauken.
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Figure 4.10: Top markers from the classification and XL-MHG steps assigned to putative biological function from the

literature (Negative Regulatory Pathways, Trafficking, Postive Regulatory Pathways, and NK Receptors). This plot was

created by Kristen Pauken.
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Figure 4.11: Results from 2 mice where GEX, TCR, and CITE-Seq (CX3CR1, CD39, and NKG2D antibodies) was col-

lected; this data shows that the computationally selected markers have high expression on “tumor matching” cells from

blood. Matching plots made by overlaying TCR data on a UMAP calculated from GEX data. P Values generated from

two sided t tests considering the null hypothesis that marker expression and tumor matching status as determined by

TCR sequence matching are independent.
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Figure 4.12: View of the Shiny Application showing pre-computer Louvain clustering of a sample. The view is reactive

and the plots change according to the sample selection toolbar on the left.
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Figure 4.13: View of the Shiny Application showing matching T cells (defined as having a perfect match between all

called alpha and beta chains while also having at least one alpha chain and at least one beta chain) between two tissues.

On the left if a selector for choosing the primary tissue; after this is selected a “secondary tissue” selector is reactively

generated (there is a selector in case there are more than 2 paired samples; if there is only a single secondary tissue

this is automatically selected and there is no option to change it). Once the primary and secondary tissue are selected,

four UMAP plots are generated on the backend and reactively added to the page. The first row contains plots for

the primary tissue while the second row contains plots for the secondary tissue. The first column contains plots of

matching cells and the second column contains plots of not matching cells. In each plot, if a cell is not expanded at all it

is colored black. If it is expanded it is colored according to a grey to purple gradient. For a given tissue, both of the two

plots (matching and not matching) are plotted in the same UMAP space.
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Figure 4.14: View of the Shiny Application showing marker expression from a tissue selected in the sample selector on

the left of the screen. Gene names entered into the “Genes” text entry field will generate UMAP plots for the selected

markers and automatically space multiple plots out on the page. Smart text autocompletion is also implemented for

the gene entry field.
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Figure 4.15: View of the Shiny Application showing clonal expansion from a tissue selected in the sample selector on

the left of the screen. In the UMAP plot, if a cell is not expanded at all it is colored black. If it is expanded it is colored

according to a grey to purple gradient. The plot generated in this menu is similar to the plots generated in Figure 4.13,

with the main difference that there is no segregation of the plot into matching and not matching states as only one

tissue is being plotted.
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Figure 4.16: View of the Shiny Application showing Number of genes from a tissue selected in the sample selector on

the left of the screen. In the UMAP plot, number of genes are colored on a gradient from grey to red.
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Figure 4.17: View of the Shiny Application showing T Cell clones from a tissue selected in the sample selector on

the left of the screen. Selecting a TCR sequence from the dropdown menu (ordered according to descending clone

size) will reactively generate a UMAP plot where cells in the clone are red and cells that are not in the clone are black.

Clones are assigned based on perfect TCR matching in both alpha and beta chains with the requirement that a match-

ing cell have at least one alpha chain and at least one beta chain.
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Figure 4.18: scRNA-seq analysis of LAYN expression in peripheral blood, metastatic LNs (involved LN), and primary

tumor from a human patient.
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Figure 4.19: UMAP plots generated from scRNA-seq and scTCR-seq demonstrating LAYN expression and clone size

from a human patient involved LN. Clones are defined as sets of cells with perfect matches for all called TCR � and �

chains from single-cell TCR data.

Figure 4.20: Coxcomb plots showing the 20 most expanded LAYN+ and LAYN clones in a human patient involved LN.

Each pie slice represents a unique CD8+ T cell clonotype, and pie slice height is proportional to clone size.
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����� %ঝঌঝগঐ )(5 গ #ঊঌঝছঊ এছঘখ $খছঌ -ঘগঐ 3ঊজ

0টছটঠ ঘএ *ঊ

5IF HFOFSBM JEFB GPS UIJT GBJMFE QSPKFDU JT RVJUF TJNQMF� DJSDB ���� XIFO MPOH SFBE TFRVFODJOH GSPN

0YGPSE /BOPQPSF 	0/5
 XBT TUBSUJOH UP IBWF BDUVBMMZ VTBCMF CBTF DBMMJOH BDDVSBDZ BOE UIF BCJMJUZ

UP HFOFSBUF RVBMJUZ NJDSPCJBM DPOUJHT 	'JHVSF ���
 JU TFFNFE QSPNJTJOH UP USZ UP JOGFS QPUFOUJBM )PS�

J[POUBM (FOF 5SBOTGFS 	)(5
 FWFOUT CFUXFFO NJDSPCFT CZ TFRVFODJOH OFX TBNQMFT� 5IF CBTJD JEFB

IFSF JT UIBU BU TPNF QPJOU JO UIF QBTU B )(5 FWFOU FWFOU PDDVSSFE CFUXFFO UXP NJDSPCFT XIJDI

XFSF UIFO TFRVFODFE BT JTPMBUFT BOE EFQPTJUFE JOUP B EBUBCBTF TVDI BT UIF POFT QSPWJEFE CZ /$#*�

8JUI USBEJUJPOBM TIPSU SFBE TFRVFODJOH UIFSF JT MBSHF QSPCBCJMJUZ UIBU HFOFUJD NBUFSJBM USBOTGFSSFE

GSPN POF NJDSPCF UP BOPUIFS JT OPU JODMVEFE JO BTTFNCMZ TDB୭GPMET HFOFSBUFE GSPN TIPSU SFBET� )PX�

FWFS VTJOH MPOH SFBE TFRVFODJOH PG FOWJSPONFOUBM PS HVU TBNQMFT DPVME ZJFME SFBET UIBU IBWF HPPE

NBQQJOHT UP NPSF UIBO POF JTPMBUF SFGFSFODF HFOFSBUFE GSPN TDB୭GPMET VUJMJ[JOH TIPSU *MMVNJOB SFBET

	'JHVSF ���
� 4VCTFRVFOUMZ QPUFOUJBM )(5 TJUFT JO SFGFSFODF JTPMBUF HFOPNFT DPVME CF BMHPSJUINJ�

DBMMZ أJNQVUFEآ 	'JHVSF ���
�

���



Figure 5.1: Illustration of how scaffolds for microbial assemblies could be improved through the utilization of long

reads.
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Figure 5.2: Illustration of how potential Horiztonal Gene Transfer (HGT) events can be potentially identified by finding

“chimeric” reads that contain good mappings to multiple reference genomes in publically available databases.
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Figure 5.3: Illustration of how potential HGT events could be “imputed” into existing reference genomes from informa-

tion contained in “chimeric” long reads have many-fold genome coverage in
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"G୴FS JNQMFNFOUJOH B TDSBQFS UP EPXOMPBE NBOZ JTPMBUF HFOPNFT JU CFDBNF BQQBSFOU UIBU UIF TDBMF

PG UIJT QSPCMFN JT RVJUF DIBMMFOHJOH JO UIF DPNQVUBUJPOBM XIJDI JO QBSU NPUJWBUFE TPNF PG UIF XPSL

JO $IBQUFS ��

����� $ঊজ� $ঘখঙকঝ .ঝঊঐগঘখজ

#ঊঌঔঐছঘঞগ

-PX BCVOEBODF NJDSPCFT QMBZ B DSVDJBM SPMF JO NJDSPCJBM DPNNVOJUJFT 	,VSN FU BM� ����� %BXTPO

FU BM� ����� )BVTNBOO FU BM� ����
� )PXFWFS DVSSFOU NFUBHFOPNJD TFRVFODJOH UFDIOJRVFT EP OPU

BDDPVOU GPS MPX BCVOEBODF NJDSPCFT BT UIF SBOEPN TIPUHVO NFUIPE SFDPWFST NBOZ�GPME HFOPNF

DPWFSBHF PG UIF NPTU BCVOEBOU DPOTUJUVFOUT CVU POMZ B GFX SFBET GSPN UIF MPXFTU BCVOEBODF DPO�

TUJUVFOUT 	TFF JMMVTUSBUJPO JO 'JHVSF ���
� *U JT QBTU UJNF GPS UIF ୮ୢFME PG NFUBHFOPNJDT UP NPWF CF�

ZPOE NBSLFS HFOF BOE ��4 FTUJNBUFT PG UBYPOPNJD BCVOEBODF BOE EFWFMPQ OFX NFUIPET UIBU DBO

BDDVSBUFMZ SFDPWFS UIF GVMM HFOPNFT PG MPX BCVOEBODF NJDSPCFT� 8JUIPVU TVDI HFOPNF SFDPWFSZ

GVODUJPOBM FMVDJEBUJPO PG UIF NFDIBOJTNT VOEFSQJOOJOH IPX DPNNVOJUJFT PG NJDSPCFT JOUFSBDU

XJUI UIFNTFMWFT BOE UIFJS FOWJSPONFOU XJMM CF EJ୭୮ୢDVMU UP BDIJFWF� %FWFMPQJOH B TFRVFODJOH TZTUFN

UIBU JT DPNQSJTFE PG UIF DPVQMJOH PG B H3/" TFMFDUJPO BMHPSJUIN BOE BO FOHJOFFSFE CJPUJOZMBUFE

DBUBMZUJDBMMZ�EFBE $BT� 	CE$BT�
 QVMMEPXO XJUI UIF HPBM PG SFDPWFSJOH UIF DVSSFOUMZ VOSFDPWFSBCMF

HFOPNFT PG MPX BCVOEBODF NJDSPCFT DPVME QPUFOUJBMMZ SFDPWFS MPX BCVOEBODF NJDSPCFT�

���



Figure 5.4: a High abundance microbes have many-fold genome coverage in shotgun sequencing; low abundance

organisms are hardly sampled at all. Preliminary data showing efficiency of engineered dCas9 based DNA pulldown

method. b Purification of His- MBP-tagged dCas9. c Gel analysis of recovered DNA from pulldown assays at varied

molar ratios of pUC19 to biotinylated dCas9. d Measurement of recovery ratios by Qubit DNA assays.
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5P TIPX GFBTJCJMJUZ PG VTJOH B CE$BT� QVMMEPXO UP SFUSJFWF EFTJSFE HFOPNJD %/" $BT� QMBTNJET

XFSF NPEJ୮ୢFE XJUI NVUBUJPOT BU TJUFT %��" BOE )���" UP EJTSVQU UIF DBUBMZUJD SFTJEVFT PG CPUI

)/) BOE 3VW$�MJLF EPNBJOT BOE DSFBUF DBUBMZUJDBMMZ EFBE 	E$BT�
 UIBU IBT OP FOEPOVDMFBTF BCJM�

JUZ�� 4VCTFRVFOUMZ )JT�.#1 UBHHFE E$BT� XBT QVSJ୮ୢFE WJB B SFTJO ୮ୢMUFS 	'JHVSF ��� #
 BOE B CJPUJO

CFBE XBT B୭୮ୢYFE UP DSFBUF CE$BT�� "U WBSZJOH NPMBS SBUJPT CE$BT� BOE Q6$�� QMBTNJET XFSF DPN�

CJOFE XJUI B DPOTUBOU BNPVOU PG H3/" XJUI UBSHFU SFHJPOT NBUDIJOH Q6$��� CE$BT� XFSF TVCTF�

RVFOUMZ QVMMFE EPXO XJUI B 4USFQUBWJEJO DPBUFE CFBE BOE CE$BT� XBT TFQBSBUFE GSPN CPVOE Q6$��

XJUI B QIFOPM�DIMPSPGPSN TPMVUJPO 	'JHVSF ��� $
� VCJUތ BTTBZT XFSF QFSGPSNFE CPUI CFGPSF JOUSP�

EVDUJPO PG CE$BT� BOE BG୴FS UIF QPTU QVMMEPXO TFQBSBUJPO GPS WBSZJOH NPMBS SBUJPT UP NFBTVSF %/"

SFDPWFSZ F୭୮ୢDJFODZ 	'JHVSF ��� %
� 5IFTF SFTVMUT TIPX UIBU XJUI B TV୭୮ୢDJFOU DPODFOUSBUJPO PG CE$BT�

QVMMEPXO PG UBSHFUFE HFOPNJD %/" GSBHNFOUT MBSHF FOPVHI 	Q6$�� JT ����CQ
 UP UIFPSFUJDBMMZ

BNQMJGZ BOE BTTFNCMF DJSDVMBSJ[FE MPX BCVOEBODF NJDSPCJBM HFOPNFT JT GFBTJCMF�

$ঘখঙঞঝঊঝঘগঊক (ঘঊকজ

5IF DPNQVUBUJPOBM HPBM PG UIJT QSPKFDU XBT UP EFWFMPQ BO BMHPSJUIN UP F୭GFDUJWFMZ JEFOUJGZ VOJRVF

HFOPNJD SFHJPOT JO MPX BCVOEBODF NJDSPCFT� "O JTTVF XJUI BOZ $BT� CBTFE UBSHFUFE CJOEJOH JT UIF

TFMFDUJPO PG H3/"T XIPTF ��CQ UBSHFU SFHJPOT BSF VOJRVF UP UIF EFTJSFE HFOPNJD %/" CJOEJOH TJUF

TP BT UP NJOJNJ[F P୭G�UBSHFUT� 5IF DPNCJOBUPSJBM DPNQMFYJUZ PG BWPJEJOH P୭G UBSHFUT JT OPU DPNQV�

�* XPSLFE PO UIJT QSPKFDU KPJOUMZ XJUI BO FYQFSJNFOUBM QPTUEPD 5BP 9V

���



UBUJPOBMMZ TDBMBCMF CFZPOE ��.CQ PG HFOPNJD NBUFSJBM 	ʑ� MBSHF HFOPNF
 	4QPUP FU BM� ����
� %VF

UP QSPQFSUJFT PG EF CSVJKO HSBQIT XIFO NFUBHFOPNFT BSF EF OPWP BTTFNCMFE GSPN POF TBNQMF DPO�

UBJOJOH NBOZ NJDSPCFT SFBET UIBU EP OPU JODPSQPSBUF JOUP UIF DPOTFOTVT DPOUJH BSF MFTT MJLFMZ UP

IBWF FOPVHI IPNPMPHZ UP QPUFOUJBMMZ DBVTF BO P୭G�UBSHFU F୭GFDU BOE NPSF MJLFMZ UP CF QBSU PG B MPX

BCVOEBODF NJDSPCF� 5IVT HJWFO SFBET GSPN B NFUBHFOPNJD TBNQMF NZ QSPQPTFE BQQSPBDI UP TFMFDU

H3/" UBSHFU SFHJPOT DPSSFTQPOEJOH UP MPX BCVOEBODF NJDSPCJBM HFOPNFT JT UP QFSGPSN EF OPWP

NFUBHFOPNF BTTFNCMZ UIFO TFMFDU UIF TFU PG SFBET UIBU XFSF OPU VTFE� 6TJOH SFGFSFODFT EBUBCBTFT

BOE USBJOFE )JEEFO .BSLPW .PEFMT QVUBUJWF OPO�NJDSPCJBM SFBET 	BSDIBFB QIBHF FVLBSZPUFT FUD�


DPVME CF ୮ୢMUFSFE PVU� 5IF QSPQPTFE BMHPSJUIN XPVME UIFO TFMFDU UIF TVCTFU PG UIFTF SFBET UIBU QV�

UBUJWFMZ NJOJNJ[F P୭G�UBSHFU F୭GFDUT� 5IFTF TFRVFODFT DPVME UIFO CF VUJMJ[FE UP DSFBUF H3/"T UIBU

UBSHFU MPX BCVOEBODF NJDSPCFT GPS BOZ $BT� CBTFE UBSHFUJOH TZTUFN�

'ঊকঞছজ

8IJMF UIJT TZTUFN XPSLFE HSFBU PO UIF Q6$�� QMBTNJE USJBMT QJMPUT XJUI NJOJNVN DPNNVOJUJFT

PG NJDSPCFT BCKFDUMZ GBJMFE 	8ZNPSF #SBOE FU BM� ����
� 5IJT XBT MJLFMZ FJUIFS EVF UP QSPCMFNT JO

UIF TZOUIFUJD CJPMPHZ QMBUGPSN PS UIF BMHPSJUIN OPU QSPQFSMZ BDDPVOUJOH GPS DPNQMFY IPNPMPHZ JO

NJDSPCJBM HFOPNFT� .PSF JOGPSNBUJPO BCPVU GPMMPXVQ QSPKFDUT UIBU USZ UP EFDJQIFS BOE RVBOUJGZ

UIF DPNQMFYJUZ PG UIF HFOFUJD MBOETDBQF PG UIF NJDSPCJPNF BSF DPWFSFE JO $IBQUFS ��
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����� "ঝছ

4IPSUMZ BG୴FS "FUIFS XBT QVCMJTIFE "NB[PO JOUSPEVDFE B OFBSMZ JEFOUJDBM BMHPSJUIN PO UIFJS QMBU�

GPSN� 5IJT JT JOUFSFTUJOH BT "NB[PO FTTFOUJBMMZ TFSWFT BT B NBSLFU NBLFS P୭GFSJOH BO JMMJRVJE BTTFU

	DPNQVUF TFSWFST
� UIFZ DPOUSPM UIF QSJDFT CVU NVTU DPNQFUF XJUI PUIFS DPNQBOJFT P୭GFSJOH B TJNJMBS

QSPEVDU 	(PPHMF .JDSPTPG୴ FUD�
� "OFDEPUBMMZ TIPSUMZ BG୴FS"FUIFS XBT QVCMJTIFE UIFSF XFSF RVJUF

TVCTUBOUJBM NBSLFU EJTUPSUJPOT PO UIF TFDPOEBSZ DMPVE DPNQVUJOH NBSLFUQMBDF XIJDI DMFBSMZ XBT

OPU JO "NB[POؠT JOUFSFTU� )PXFWFS BG୴FS "84 JNQMFNFOUFE UIFJS PXO WFSTJPO PG PVS PQFO TPVSDF

BMHPSJUIN UIF QMBZJOH ୮ୢFME XBT NPSF MFWFM� FWFSZ "84 VTFS XBT OPX BCMF UP BDDFTT QSFEJDUJPOT BCPVU

XIFUIFS UIFJS TQPU JOTUBODFT XPVME UFSNJOBUF�

5IJT GFBUVSF SFMFBTF CZ "NB[PO DFSUBJOMZ EFDSFBTFE UIF VUJMJUZ PG "FUIFS JO PCUBJOJOH FYUSFNFMZ

DIFBQ DMPVE DPNQVUJOH GPS HFOPNJD BTTFNCMJFT� *O B XBZ "FUIFS XBT UBLJOH BEWBOUBHF PG B [FSP�

TVN HBNF GPS QFPQMF XIP VTFE JU� )PXFWFS UIF GFBUVSF JOUSPEVDUJPOT UIBU "FUIFS TQVSSFE QMBZFE B

SPMF JO MFWFMJOH UIF QMBZJOH ୮ୢFME GPS FWFSZPOF� VTFST BU TNBMM 6OJWFSTJUJFT XJUIPVU UIFJS PXO DMVTUFST

DBO OPX BUUFNQU UP VUJMJ[F DMPVE DPNQVUJOH XJUIPVU QBZJOH FYPSCJUBOU QSJDFT�

����� 5 "ঝকঝ .ঌছঘঋঘখ

5IF BUIMFUF NJDSPCJPNF QBQFS IBT IBE TJHOJ୮ୢDBOU JO୯୳VFODF PO CPUI EFCBUFT BCPVU QPMJDZ BOE TQPSU�

JOH� JU IBT BMTP JO୯୳VFODFE UIF NJDSPCJPNF ୮ୢFME� 0VS QVCMJDBUJPO PG UIJT QBQFS TQVSSFE XJEFTQSFBE

EJTDVTTJPO PO TPDJBM NFEJB BOE TQFDVMBUJPO UIBU TQPSUJOH DPVME QPUFOUJBMMZ CF SVJOFE GPSFWFS CZ IBW�

���



JOH EPQJOH CF QPTTJCMF UISPVHI B NJDSPCF UIBU NBZ PS NBZ OPU CF OBUVSBMMZ QSFTFOU JO UIF HVUT PG

FMJUF BUIMFUFT� %PFT UIF NJDSPCF FOHSBG୴ JOUP UIF (* USBDUT PG FMJUF BUIMFUFT CFDBVTF PG IJHIFS MBDUBUF

MFWFMT PS EP BUIMFUFT CFDPNF FMJUF CFDBVTF PG DPJODJEFOUBM FOHSBG୴NFOU PG UIF NJDSPCF 5IJT RVFTUJPO

IBT OPU ZFU CFFO BOTXFSFE�

*O UIF DPOUFYU PG DPOUSJCVUJPOT UP UIF NJDSPCJPNF ୮ୢFME PVS ୮ୢOEJOHT SFMBUFE UP UIF EJTDPWFSZ PG

7FJMMPOFMMB BT B QFSGPSNBODF FOIBODJOH NJDSPCF QSPWJEF B TUSPOH BSHVNFOU GPS UIF QPUFOUJBM WBMVF

PG NPWJOH BXBZ GSPN FBTZ UP VTF BOE P୭G UIF TIFMG SFGFSFODF CBTFE NFUBHFOPNJDT UPPMT� 3BUIFS DPO�

EVDUJOH NPSF DIBMMFOHJOH BOBMZTFT SFRVJSJOH EF OPWP BTTFNCMZ PG TFRVFODJOH TBNQMFT TVDI BT JO PVS

TUVEZ XPVME MJLFMZ CFOF୮ୢU NBOZ PUIFS TUVEJFT� $SJUJDT PG OPO SFGFSFODF CBTFE BQQSPBDIFT BSHVF UIBU

BG୴FS BTTFNCMZ BOE HFOF DBUBMPH DSFBUJPO PDDVST UIF WBTU NBKPSJUZ PG HFOFT EFUFDUFE IBWF OP GVOD�

UJPOBM BOOPUBUJPO BOE OP SPVUF UP UIJT XJUIPVU JOWPMWFE FYQFSJNFOUBUJPO VJODFތ	 FU BM� ����
�

)PXFWFS XIJMF JU JT USVF UIBU UIF WBTU NBKPSJUZ PG HFOFT JO UIF DBUBMPH HFOFSBUFE GPS UIF BUIMFUF NJ�

DSPCJPNF QBQFS IBE OP GVODUJPOBM BOOPUBUJPO 	BQQSPYJNBUFMZ � PVU PG ��� NJMMJPO
 XF XFSF TUJMM BCMF

UP EJTDPWFS VOBOOPUBUFE GVODUJPO CZ JOGFSSJOH XIFSF QPPS BOOPUBUJPOT IBE PDDVSSFE JO SFGFSFODF

EBUBCBTFT XIJDI MFE UP IZQPUIFTJT HFOFSBUJPO BCPVU OPWFM NJDSPCJBM FO[ZNBUJD DIFNJTUSZ BOE JOUFS�

FTUJOH NFUBCPMJTN� 5IFTF IZQPUIFTFT XFSF TVCTFRVFOUMZ FYQFSJNFOUBMMZ WBMJEBUFE� -FWFSBHJOH PVS

HFOF DBUBMPH BMMPXFE VT UP MPPL BU UIF NJDSPCJPNF BT B TZTUFN BOE UIFO JNQSPWF PVS VOEFSTUBOEJOH

PG IPX JU XPSLFE JO UIF DPOUFYU PG UIF IVNBO IPTU� 4VDI BO BQQSPBDI XPVME OFWFS IBWF XPSLFE

IBE XF TPMFMZ VUJMJ[FE QSF�FYJTUJOH SFGFSFODF CBTFE BQQSPBDIFT BT UIF OPWFM CJPMPHZ EJTDPWFSFE XBT

OPU QSFTFOU JO TBJE EBUBCBTFT�
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"T UIF TJOHMF DFMM JNNVOPMPHZ DIBQUFS JT TUJMM JO SFWJTJPO BU UIF UJNF PG TVCNJTTJPO PG UIJT EJTTFSUB�

UJPO JU IBT OPU ZFU IBE UIF BCJMJUZ UP FYFSU BOZ JO୯୳VFODF PO UIF ୮ୢFME PG TJOHMF DFMM DBODFS JNNVOPM�

PHZ� )PXFWFS PODF JU JT QVCMJTIFE UIF SFTVMUT UIBU UIF ୮ୢFME XJMM MJLFMZ ୮ୢOE NPTU JOUFSFTUJOH BSF UIF

GBDU UIBU FYBDUMZ NBUDIJOH 5$3 DIBJO TFRVFODFT BSF QSFTFOU CFUXFFO QBJSFE UJTTVFT BU B HSFBUFS UIBO

FYQFDUFE GSFRVFODZ� 5IJT DPVME IBWF QPUFOUJBM FYDJUJOH JNQMJDBUJPOT JO UIF GVUVSF BT UIJT NBZ QSP�

WJEF TPNF VUJMJUZ GPS GVUVSF BMHPSJUINT UIBU USZ UP EFUFDU XIFUIFS B UVNPS XJMM SFTQPOE PS OPU UP

JNNVOPUIFSBQZ CBTFE PO B QFSJQIFSBM CMPPE ESBX�

��� $ঘগঌকঞজঘগজ

4PPO BG୴FS"FUIFS XBT QVCMJTIFE 	PQFO TPVSDF VOEFS B .*5 MJDFOTF
 "NB[PO 8FC 4FSWJDFT JNQMF�

NFOUFE B OFBSMZ JEFOUJDBM QSFEJDUPS PO UIFJS "84 QMBUGPSN XIJDI QSPWJEFE B (6* UIBU BMMPXFE VTFST

UP TFF QSFEJDUJPOT BCPVU XIFUIFS B TQPU JOTUBODF UIBU UIFZ DIPTF UP CJE PO XPVME CF UFSNJOBUFE PS

OPU� 8IJMF DFSUBJOMZ EFUSBDUJOH GSPN UIF OVNCFS PG DJUBUJPOT SFDFJWFE"FUIFS MBJE UIF GPVOEBUJPO

GPS NBOZ TDJFOUJTUT XPSLJOH XJUI MBSHF TDBMF EBUB UP CF BCMF UP BDDFTT DIFBQFS BOE NPSF F୭୮ୢDJFOU DPN�

QVUF�

5IF BUIMFUF NJDSPCJPNF QSPKFDU SFDFJWFE TVCTUBOUJBM NFEJB BUUFOUJPO BMNPTU JNNFEJBUFMZ BG୴FS JU

XBT QVCMJTIFE JO"ST5FDIOJDB 'PSCॶ 5IF /FX :PSL 5JNॶ 5IF -PT "OHFMॶ 5JNॶ $///13

4DJFODF 'SJEBZ%FS 4QJFHFM 4DJFOUJD "NFSJDBO 1#4 BOE 5IF (VBSEJBO CFDBVTF UIF JEFB PG B QSPCJ�

PUJD TVQQMFNFOU UIBU DPVME ZJFME UP VOEFUFDUBCMF EPQJOH JT BO JEFB UIBU QFSNFBUFT JOTUBOUMZ JOUP UIF

���



TQPSUT PCTFTTFE "NFSJDBO DPOTDJPVT� 5IF QPXFS PG UIJT QSPKFDU XBT TIPXJOH IPX QPXFSGVM DPVQMJOH

FYQFSJNFOUBUJPO BOE DPNQVUBUJPOBM BQQSPBDIFT DBO CF� UIF XIPMF JT HSFBUFS UIBO UIF TVN PG UIF

JOEJWJEVBM QBSUT�

5IF NBDIJOF MFBSOJOH BQQSPBDIFT GPS SFBTPOJOH BCPVU 5 DFMMT JO UIF DPOUFYU PG DBODFS JNNVOPUIFS�

BQZ BSF QFSIBQT UIF NPTU JNQPSUBOU DPOUSJCVUJPOT UIBU UIJT EJTTFSUBUJPO NBLFT BT UIFZ MBZ UIF WFSZ

JOJUJBM HSPVOE XPSL GPS MJRVJE CJPQTJFT UIBU DPVME QSFEJDU F୭GFDUJWFOFTT PG DBODFS JNNVOPUIFSBQZ

USFBUNFOUT GBS JO UIF GVUVSF�

��� 'ঞঝঞছ %ছঌঝঘগজ

" HFOFSBM UIFNF PG NZ EJTTFSUBUJPO XPSL IBT CFFO CVJMEJOH DPNQVUBUJPOBM UPPMT UP FOBCMF UIF IBO�

EMJOH PG DPNQMFYJUZ JO CJPMPHJDBM QSPCMFNT BU B TDBMF OPU QSFWJPVTMZ QPTTJCMF� "EWBODFT JO TQBUJBM

USBOTDSJQUPNJDT BOE NVMUJQMFYFE JNBHJOH NBLF SFMFWBOU UP UIF ୮ୢFME PG DPNQVUBUJPOBM CJPMPHZ NBT�

TJWF TDBMF JNBHJOH EBUB XJUI HSFBUFS DPNQMFYJUZ UIBO USBEJUJPOBM TFRVFODJOH EBUB� UIJT BSFB HSFBUMZ

OFFET EFWFMPQNFOU PG DPNQVUBUJPOBM UPPMJOH PWFS UIF OFYU GFX ZFBST�
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"FUIFS� 4DBMJOH $MPVE $PNQVUF

"�� %ঊঝঊ "টঊকঊঋকঝঢ

%BUB VUJMJ[FE BSF BWBJMBCMF BU https://pubs.broadinstitute.org/diabimmune BOE XJUI

&#* 43" BDDFTTJPO &31������� 4PVSDF DPEF JT BWBJMBCMF BU 	https://github.com/kosticlab/

aether
� &YBNQMFT EPDVNFOUBUJPO BOE B UVUPSJBM BSF BWBJMBCMF BU http://aether.kosticlab.

org�

���
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8F IBWF QSPWJEFE B UVUPSJBM UP IFMQ VTFST XJUI NJHSBUJOH UIFJS DPNQVUBUJPOBM XPSL୯୳PXT UP"FUIFS�

5IF UVUPSJBM DBO CF BDDFTTFE IFSF� http://aether.kosticlab.org/tutorials/ � "EEJUJPOBMMZ

UIF UVUPSJBM QBHF QSPWJEFT JOGPSNBUJPO BCPVU VTJOH"FUIFS BDSPTT NVMUJQMF DMPVE DPNQVUF TFSWJDF

QSPWJEFST PS XJUI ZPVS PXO IBSEXBSF�

"�� $ঘখখঊগ -গ 0ঙঝঘগজ

Usage: \textit{aether} [OPTIONS]

The \textit{Aether} Command Line Interface

Options:

-I, --interactive Enables interactive mode.

--dry_run Runs \textit{Aether} in dry-run mode. This shows what

cloud computing resources \textit{Aether} would use,

but does not actually use them or perform any

computation.

--ilp Runs the LP algorithm as a dry run with the

CPLEX solver instead of the default solver

-A, --input-file TEXT The name of a text file, wherein each line

���
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corresponds to an argument passed to one of

the distributed batch jobs.

-L, --provisioning-file TEXT Filename of the provisioning file.

-P, --processors TEXT The number of cores that each batch job

requires

-M, --memory TEXT The amount of memory, in Gigabytes, that each

batch job will require.

-N, --name TEXT The name of the project. This should be

unique, as an S3 bucket is created on Amazon

for this project, and they must have unique

names.

-E, --key-ID TEXT Cloud CLI Access Key ID.

-K, --key TEXT Cloud CLI Access Key.

-R, --region TEXT The region/datacenter that the pipeline should

be run in (e.g. "us-east-1").

-B, --bin-dir TEXT The directory with applications runnable on

the cloud image that are dependencies for your

batch jobs. Paths in your scripts must be

reachable from the top level of this

directory.

-S, --script TEXT The script to be run for every line in input-

���



file and distributed across the cluster.

-D, --data TEXT The directory of any data that the job script

will need to access.

--help Show this message and exit.

"���� 4ঝঙজ / 5ঘ 3ঞগ "84 #ঊঝঌ

�� "O "84 #BUDI VTFS POF NVTU ୮ୢSTU NBOVBMMZ TFU VQ *". VTFS QFSNJTTJPOT XIJDI JT B �� TUFQ
QSPDFTT�

�� 4VCTFRVFOUMZ BO "84 #BUDI VTFS OFFET UP DSFBUF *". SPMFT GPS UIFTF *". VTFST XIJDI "NB�
[POؠT NPTU EFUBJMFE CBUDI JOTUSVDUJPOT EP OPU QSPWJEF DMFBS JOTUSVDUJPOT GPS�

�� 4VCTFRVFOUMZ BO "84 #BUDI VTFS UIFO OFFET UP GPMMPX BO VQ UP �� TUFQ QSPDFTT UP NBOVBMMZ
DSFBUF B LFZ QBJS GPS UIF "84 #BUDI CBDLFOE UP BVUIFOUJDBUF UP QSPWJTJPOFE SFTPVSDFT UIBU UIF
CBUDI QSPDFTT KPC XJMM FOE VQ VTJOH�

�� 4VCTFRVFOUMZ BO "84 #BUDI VTFS NVTU NBOVBMMZ DIBOHF OPO�EFGBVMU OFUXPSLJOH TFUUJOHT UP
DSFBUF B 71$ 	B DMPTFE WJSUVBM OFUXPSL
 XIFSF UIF QSPWJTJPOFE "84 #BUDI KPCT XJMM SVO� 5IJT
JT B � TUFQ NBOVBM QSPDFTT�

�� 4VCTFRVFOUMZ BO "84 #BUDI VTFS NVTU NBOVBMMZ DSFBUF B TFDVSJUZ HSPVQ UP BMMPX DPSSFDU QPSU
BDDFTT UP QSPWJTJPOFE SFTPVSDFT UIBU XJMM CF VUJMJ[FE� 5IJT JT B NBOVBM � TUFQ QSPDFTT�

�� 4VCTFRVFOUMZ BO "84 #BUDI VTFS NVTU DPO୮ୢHVSF UIFJS KPC PQUJPOT GPS FBDI KPC UIFZ SVO�
5IJT JT B NBOVBM � TUFQ QSPDFTT�

�� 4VCTFRVFOUMZ BO "84 #BUDI VTFS NVTU TQFDJGZ UIF SVO UJNF FOWJSPONFOU PO UIFJS CBUDI
KPC WJB QBSBNFUFSJ[JOH B WJSUVBM DPOUBJOFS� 5IJT JT B NBOVBM � TUFQ QSPDFTT� /PUF UIBU UIJT IBT
OPUIJOH UP EP XJUI IPX MPOH UIF KPC SVOT CVU SBUIFS SVO UJNF FOWJSPONFOU�

�� 4VCTFRVFOUMZ BO "84 #BUDI VTFS NVTU TQFDJGZ SFTPVSDFT UIBU UIFJS DPNQVUF KPC XJMM OFFE
	"FUIFS BMTP BTLT GPS UIJT CVU BMTP BTLT GPS BOUJDJQBUFE MFOHUI PG UJNF UIBU B KPC XJMM SVO GPS
�
5IJT JT B NBOVBM � TUFQ QSPDFTT�

���



�� 4VCTFRVFOUMZ BO "84 #BUDI VTFS NVTU DPO୮ୢHVSF UIFJS DPNQVUFS FOWJSPONFOU UZQF� 5IJT JT B
NBOVBM � TUFQ QSPDFTT�

��� 4VCTFRVFOUMZ BO "84 #BUDI VTFS NVTU DPO୮ୢHVSF JOTUBODFT� 5IJT JT B NBOVBM � TUFQ QSPDFTT�

��� 4VCTFRVFOUMZ BO "84 #BUDI VTFS NVTU DPO୮ୢHVSF OFUXPSLJOH GPS UIF JOTUBODFT UIFZ DPO୮ୢH�
VSFE JO TUFQ ��� 5IJT JT B NBOVBM � TUFQ QSPDFTT�

��� 4VCTFRVFOUMZ BO "84 #BUDI VTFS NVTU UBH UIFJS OFUXPSLFE JOTUBODFT� 5IJT JT B NBOVBM � TUFQ
QSPDFTT�

��� 'JOBMMZ BO "84 #BUDI VTFS NVTU NBOVBMMZ DSFBUF UIFJS KPC RVFVF�

"�� 'ঞগগঐ

5IJT XPSL XBT GVOEFE CZ /BUJPOBM *OTUJUVUFT PG )FBMUI�/BUJPOBM )VNBO (FOPNF 3FTFBSDI *OTUJ�

UVUF 	/*)�/)(3*
 5�� )(������ 1*� 1BSL 1FUFS + 	+�.�-�
� BO "84 3FTFBSDI $SFEJUT GPS &EV�

DBUJPO (SBOU 	+�.�-� BOE "�%�,�
� B .JDSPTPG୴ "[VSF GPS 3FTFBSDI (SBOU 	#�5�5� BOE $�+�1�
 /*)

/BUJPOBM *OTUJUVUF PG &OWJSPONFOUBM )FBMUI 4DJFODFT 	/*&)4
 3�� &4������ 	$�+�1�
� /*&)4 3��

&4������ 	$�+�1�
� /BUJPOBM 4DJFODF 'PVOEBUJPO 	/4'
 #JH %BUB 4QPLF HSBOU 	$�+�1�
 B 4NJUI 'BN�

JMZ 'PVOEBUJPO "XBSE GPS &YDFMMFODF JO #JPNFEJDBM 3FTFBSDI 	"�%�,�
� BOE BO "NFSJDBO %BUBCBTF

"TTPDJBUJPO 	"%"
 1BUIXBZ UP 4UPQ %JBCFUFT *OJUJBUPS "XBSE 	"�%�,�
�

���



B
"UIMFUF .JDSPCJPNF 1SPKFDU

#�� 8ঝ -ঊঋ .ঝঘজ

#FMPX BSF NFUIPET SFMBUFE UP XPSL EPOF CZ NZ UXP FYQFSJNFOUBM DP�୮ୢSTU BVUIPST PO UIJT QSPKFDU

5FE $IBWLJO BOE +POBUIBO 4DIFJNBO� $PNQVUBUJPOBM NFUIPET UIBU * EFWFMPQFE BSF MPDBUFE JO UIF

NBJO DIBQUFS�

���



#���� 1ঊছঝঙঊঝঘগ 3ঌছঞঝখগঝ

"MM TUVEZ QBSUJDJQBOUT XFSF SFDSVJUFE GPMMPXJOH B 4QPSUT (FOPNJDT QSPUPDPM 	OVNCFS *3#�������


BQQSPWFE CZ UIF *OTUJUVUJPOBM 3FWJFX #PBSE PG UIF 8ZTT *OTUJUVUF GPS #JPMPHJDBMMZ *OTQJSFE &OHJ�

OFFSJOH� &BDI QBSUJDJQBOU SFBE BOE TJHOFE B DPOTFOU GPSN CFGPSF TUVEZ FOSPMMNFOU BOE XF IBWF

DPNQMJFE XJUI BMM PG UIF SFMFWBOU FUIJDBM SFHVMBUJPOT�

#���� 4ঊখঙক $ঘককঌঝঘগ &ডঝছঊঌঝঘগ ঊগ -ঋছঊছঢ 1ছঙঊছঊঝঘগ

'PS UIF DPMMFDUJPO PG NBUFSJBMT TUVEZ QBSUJDJQBOUT XFSF QSPWJEFE XJUI B ��ؑNM GBMDPO UVCF XJUI B �ؑNM

QJQFUUF UJQ JOTFSUFE JOTJEF� 1BSUJDJQBOUT XFSF JOTUSVDUFE UP EJQ UIF QJQFUUF UJQT JOUP TPJMFE UPJMFU UJT�

TVF UIFO QMBDF UIFN CBDL JOUP UIF UVCFT BOE MBCFM UIF UVCFT XJUI UIF EBUF BOE UJNF PG DPMMFDUJPO�

4BNQMFT XFSF LFQU BU �p$ GPS TIPSU�UFSN TUPSBHF VOUJM TBNQMF QJDLVQ BU XIJDI QPJOU UIFZ XFSF JN�

NFEJBUFMZ QMBDFE POUP ESZ JDF UIFO USBOTGFSSFE UP B $pؑ��گ GSFF[FS GPS MPOH�UFSN TUPSBHF�

'FDBM TBNQMFT XFSF UIBXFE PO JDF BOE SFTVTQFOEFE JO NMؑ�؛� PG 1#4 ���ؑuM PG XIJDI XBT VTFE

GPS %/" FYUSBDUJPO VTJOH UIF .P #JP 1PXFS4PJM IJHI�UISPVHIQVU %/" FYUSBDUJPO LJU GPMMPXJOH

UIF NBOVGBDUVSFSؠT QSPUPDPM� 'PS ��4 S%/" MJCSBSZ DPOTUSVDUJPO uMؑ�؛� PG QVSJ୮ୢFE %/" XBT VTFE

GPS 1$3 BNQMJ୮ୢDBUJPO PG UIF 7� WBSJBCMF SFHJPO VTJOH 2� )PU 4UBSU 1PMZNFSBTF 	/&#
� 1SJNFST

XFSF BEBQUFE GSPN UIF &BSUI .JDSPCJPNF 1SPKFDU 	http://www.earthmicrobiome.org/
 BU�

UBDIJOH *MMVNJOB QBJSFE�FOE BEBQUFST 	GPSXBSE� $55 5$$ $5" $"$ ("$ ($5 $55 $$( "5$

5(5 ($$ "($ .($ $($ ((5 ""� SFWFSTF� ((" (55 $"( "$( 5(5 ($5 $55 $$(

"5$ 5(( "$5 "$) 7(( (58 5$5 ""5
� *MMVNJOB CBSDPEFT XFSF BEEFE UP MJCSBSJFT EVSJOH

���

http://www.earthmicrobiome.org/


B TFDPOE 1$3 TUFQ 	GPSXBSE� ""5 ("5 "$( ($( "$$ "$$ ("( "5$ 5"$ "$5 $55 5$$

$5" $"$ ("$ ($5 $� SFWFSTF� $"" ($" ("" ("$ (($ "5" $(" ("5 (5( "$5 (("

(55 $"( "$( 5(5 ($5 $
 BOE FOE QSPEVDUT XFSF QVSJ୮ୢFE WJB DPMVNO DISPNBUPHSBQIZ 	;ZNP

3FTFBSDI
� *OEJWJEVBM MJCSBSJFT XFSF RVBOUJ୮ୢFE BOE OPSNBMJ[FE GPS TFRVFODJOH VTJOH UIF VBOU�J5ތ

1JDP(SFFO SFBHFOU 	5IFSNP 'JTIFS 4DJFOUJ୮ୢD
� 'PS XIPMF�HFOPNF TIPUHVO MJCSBSZ DPOTUSVDUJPO �ؑOH

PG QVSJ୮ୢFE %/" XBT VTFE GPS *MMVNJOBؠT /FYUFSB 95 5BHNFOUBUJPO LJU GPMMPXJOH UIF NBOVGBD�

UVSFSؠT QSPUPDPM� -JCSBSJFT XFSF TVCNJUUFE UP UIF )BSWBSE #JPQPMZNFST DPSF TFRVFODJOH GBDJMJUZ GPS

CJPBOBMZ[FS RVBMJUZ DPOUSPM BOE ����CBTF QBJS QBJSFE�FOE TFRVFODJOH SFBET VTJOH FJUIFS UIF *MMVNJOB

.J4FR PS )J4FR ���� TZTUFN 	IJHI PVUQVU NPEF
 GPS ��4 S%/" BOE TIPUHVO BOBMZTJT SFTQFDUJWFMZ�

#���� .ঝঊঊঝঊ $ঘককঌঝঘগ

&BDI TUVEZ QBSUJDJQBOU XBT QSPWJEFE XJUI B RVFTUJPOOBJSF UP DPMMFDU IFBMUI EJFUBSZ BOE BUIMFUJD CBDL�

HSPVOE JOGPSNBUJPO 	BEBQUFE GSPN 5IF "NFSJDBO (VU� http://americangut.org/
� "EEJ�

UJPOBMMZ GPS FBDI TBNQMF DPMMFDUJPO TUVEZ QBSUJDJQBOUT ୮ୢMMFE PVU B EBJMZ BOOPUBUJPO TIFFU UP DPMMFDU

EJFUBSZ FYFSDJTF BOE TMFFQ JOGPSNBUJPO�

#���� 1ছঙঊছঊঝঘগ ঘএ #ঊঌঝছঊ এঘছ (ঊটঊঐ

7� BUZQJDB BOE -� CVMHBSJDॸXFSF HSPXO JO ���ؑNM #)*- 	��ؑNM PG ��ॎ TPEJVN MBDUBUF QFS MJUFS
 BOE

.34 CSPUI SFTQFDUJWFMZ� 5IF PQUJDBM EFOTJUZ NFBTVSFE BU B XBWFMFOHUI PG ���ؑON 	0%���
 XBT

NPOJUPSFE BOE BU BO PQUJDBM EFOTJUZ PG ���؛��� DFMMT XFSF QFMMFUFE CZ SFGSJHFSBUFE DFOUSJGVHBUJPO BU

����H GPS ��ؑNJO� 5IF QFMMFU XBT XBTIFE JO 1#4 BOE SFTVTQFOEFE JO �ؑNM SFTJEVBM 1#4� "MJRVPUT PG

���
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���ؑuM XFSF GSP[FO BU $pؑ��گ BOE UIF OVNCFST PG DPMPOZ�GPSNJOH VOJUT 	D�G�V�
 QFS NM XFSF NFBTVSFE

CZ TFSJBM EJMVUJPO POUP #)*- BHBS QMBUFT� 7� BUZQJDBXBT HBWBHFE JO XJME�UZQF $��#-�� NJDF UP EF�

UFSNJOF WJBCJMJUZ BOE USBOTJU UJNF UISPVHI UIF HBTUSPJOUFTUJOBM USBDU PCTFSWJOH QFBL WJBCMF CBDUFSJBM

D�G�V� DPVOUT JO GFDBM QFMMFUT �ؑI BG୴FS HBWBHF�

#���� 5ছঊখকক $ছঘজজঘটছ &ডঙছখগঝ

"OJNBM SFTFBSDI XBT BQQSPWFE CZ UIF +PTMJO %JBCFUFT $FOUFS *OTUJUVUJPOBM "OJNBM $BSF BOE 6TF

$PNNJUUFF BOE XF DPNQMJFE XJUI BMM PG UIF SFMFWBOU FUIJDBM SFHVMBUJPOT� 'PS UIF USFBENJMM FYQFSJ�

NFOUT �� UP ���XFFL�PME $-��#-�� NJDF 	Oؑ�ؑ��
 XFSF BDDMJNBUFE UP USFBENJMMJOH XJUI UXP CPVUT

PG ��ؑNJO PG �ؑNؑNJOگ� XBMLJOH TQMJU PWFS UXP DPOTFDVUJWF EBZT� 'PS FYIBVTUJPO NFBTVSFNFOUT

NJDF XFSF GBTUFE GPS �ؑI CFGPSF FYFSDJTF� 5IFO �ؑI CFGPSF FYFSDJTF NJDF XFSF HBWBHFE XJUI ���ؑuM

PG ���ॎ TPEJVN CJDBSCPOBUF UP OFVUSBMJ[F UIF TUPNBDI DPOUFOUT BOE ��ؑNJO BG୴FS UIF ୮ୢSTU HBWBHF

NJDF XFSF HBWBHFE ���ؑuM PG FJUIFS 7� BUZQJDB PS -� CVMHBSJDॸ QSFQBSFE BT BCPWF BOE OPSNBMJ[FE UP

����D�G�V�ؑNM�� /FYU �ؑIPVST QPTUHBWBHF NJDF XFSF SVO PO UIF USFBENJMM TUBSUJOH BU �NؑNJO� BOE JO�

DSFBTJOH UIF TQFFE CZ �NNJO� FWFSZ NJOVUF VOUJM FYIBVTUJPO� 5IF UJNF PG FYIBVTUJPO XBT SFDPSEFE

GPS FWFSZ BOJNBM EF୮ୢOFE BT B NPVTF GBJMJOH UP SFUVSO UP UIF USFBENJMM GSPN UIF SFTU QMBUGPSN BG୴FS

UISFF DPOTFDVUJWF BUUFNQUT UP DPOUJOVF SVOOJOH� 5IJT QSPUPDPM XBT SFQFBUFE GPS UXP NPSF EBZT

GPMMPXFE CZ �ؑE PG SFTU BOE �ؑE PG DSPTTPWFS USFBUNFOU� 0O UIF ୮ୢSTU EBZ PG USFBUNFOU TFSVN XBT

DPMMFDUFE ��ؑNJO QPTU�FYIBVTUJPO WJB B UBJM WFJO CMFFE BOE NFBTVSFE WJB $JSBQMFY NVMUJQMFY NPVTF

DZUPLJOF BTTBZ 	"VTIPO #JPTZTUFNT
�

���



#���� *ࠬ ࠭࠰࠲ࠧ࠴ (ছঘঠঝ ঊগ 4$'" "গঊকঢজজ

7FJMMPOFMMB TQFDJFT 	7� EJTQBS 7� QBSWVMB BOE 7� BUZQJDB
 XFSF JTPMBUFE BOE QVSJ୮ୢFE GSPN TFWFSBM TUVEZ

QBSUJDJQBOUT BOE HSPXO JO UISFF EJ୭GFSFOU NFEJB DPNQPTJUJPOT� 	�
 #)*- 	��ؑNM PG ��ॎ TPEJVN MBD�

UBUF QFS MJUFS
� 	�
 .34 CSPUI 	#%
 TVQQMFNFOUFE XJUI MBDUBUF 	��ؑNM PG ��ॎ TPEJVN MBDUBUF QFS

MJUFS
� BOE 	�
 TFNJ�TZOUIFUJD MBDUBUF NFEJVN 	QFS MJUFS� �ؑH CBDUP ZFBTU FYUSBDU ����ؑH TPEJVN UIJPHMZ�

DPMBUF ��ؑNM CBTJD GVDITJO BOE ��ؑNM ��ॎ TPEJVN MBDUBUF 	Q)ؑ���

� 7FJMMPOFMMB TQFDJFT XFSF JOPDVMBUFE

JOUP FBDI NFEJVN VOEFS BOBFSPCJD DPOEJUJPOT BOE BMMPXFE UP HSPX GPS ��ؑIPVST UP SFBDI UIF TUB�

UJPOBSZ QIBTF� "G୴FS ��ؑIPVST CBDUFSJB XFSF QFMMFUFE BOE TVQFSOBUBOUT XFSF DPMMFDUFE GPS MBDUBUF BOE

4$'" NFBTVSFNFOUT� "QQSPYJNBUFMZ ��ؑɉM PG TVQFSOBUBOU XBT VTFE UP NFBTVSF UIF MBDUBUF WJB UIF

-BDUBUF 4DPVU 	lactate.com
� 5IF SFNBJOJOH TVQFSOBUBOUT XFSF GSP[FO BU $pؑ��گ UIFO TVCNJUUFE

UP UIF )BSWBSE 4NBMM .PMFDVMF .BTT 4QFDUSPNFUSZ DPSF GBDJMJUZ GPS CVUZSBUF QSPQJPOBUF BOE BDFUBUF

RVBOUJUBUJWF BOBMZTJT�

4$'"T JEFOUJ୮ୢFE GSPN UIF NBTT TQFDUSPNFUSZ JO BMM UISFF NFEJB DPOEJUJPOT DPSSFTQPOEFE XJUI

UIF QSPQJPOBUF FOE QSPEVDU TVHHFTUFE CZ UIF NFUBHFOPNJD SFTVMUT� "DFUBUF XBT OPU PCTFSWFE JO

.34 PS #)*- MJLFMZ EVF UP IJHI FYJTUJOH DPODFOUSBUJPOT JO UIF NFEJB NBLJOH UIF GPSXBSE SFBDUJPO

UIFSNPEZOBNJDBMMZ VOGBWPSBCMF� )PXFWFS BDFUBUF QSPEVDUJPO XBT PCTFSWFE JO TFNJ�TZOUIFUJD MBD�

UBUF NFEJB 	BDDFTT 4VQQMFNFOUBSZ 5BCMF � GSPN "QQFOEJY #
�

���

lactate.com


#���� ��$��কঊঌঝঊঝ 'কঞড 5ছঊঌগঐ

5FO�XFFL�PME $��#-�� NJDF XFSF USFBUFE XJUI TPEJVN CJDBSCPOBUF GPMMPXFE CZ ���ؑD�G�V� PG FJUIFS

7� BUZQJDB 	Oؑ�ؑ�
 PS -� CVMHBSJDॸ 	Oؑ�ؑ�
 QSFQBSFE BT BCPWF� 5IFO ��ॎؑX�X ��$� TPEJVN MBDUBUF

	$BNCSJEHF *TPUPQF -BCPSBUPSJFT
 XBT EJMVUFE UP B DPODFOUSBUJPO PG ���ؑN. JO 1#4� .JDF XFSF JO�

KFDUFE XJUI ���ؑɉM JOUSBWFOPVTMZ WJB UIF UBJM WFJO BOE BG୴FS �ؑNJOVUFT BOFTUIFUJ[FE XJUI JTP୯୳VSBOF�

0OF NPVTF USFBUFE XJUI 7� BUZQJDBXBT VOBCMF UP CF JOKFDUFE EVF UP WFJO DMBNQJOH BOE IBE UP CF

SFNPWFE� /FYU ��ؑNJO QPTU�JOKFDUJPO BOFTUIFTJB XBT DPO୮ୢSNFE WJB GPPU QJODI BOE NJDF XFSF TBD�

SJ୮ୢDFE WJB DBSEJBD QVODUVSF� 8IPMF CMPPE XBT EJWJEFE JOUP UXP TBNQMFT UP PCUBJO CPUI TFSVN BOE

QMBTNB� 5IFTF XFSF ୯୳BTI GSP[FO JO MJRVJE OJUSPHFO BU ��ؑNJOVUFT QPTU�JOKFDUJPO BOE TUPSFE BU �$��ʏگ

*NNFEJBUFMZ GPMMPXJOH DBSEJBD QVODUVSF NJDF XFSF EJTTFDUFE UP SFNPWF UIF DPMPO BOE DFDVN

BOE UIF DPOUFOUT XFSF SFNPWFE CZ TRVFF[JOH XJUI TUFSJMJ[FE GPSDFQT JOUP QSFXFJHIFE UVCFT� 5IF

DPOUFOUT XFSF JNNFEJBUFMZ ୯୳BTI GSP[FO JO MJRVJE OJUSPHFO� 5IF UJNJOH WBSJFE TMJHIUMZ CVU UIJT XBT

EPOF CFUXFFO �� BOE ��ؑNJOVUFT QPTU�JOKFDUJPO�

4BNQMFT XFSF BOBMZ[FE GPS MBDUBUF BOE QSPQJPOBUF CZ UIF #SPBE *OTUJUVUF .FUBCPMPNJDT 1MBUGPSN�

-$ୖ.4 NFUBCPMPNJDT XFSF QFSGPSNFE BT QSFWJPVTMZ EFTDSJCFE 	'VKJTBLB FU BM� ����
� -$ୖ.4 USBDFT

XFSF JEFOUJ୮ୢFE BOE JOUFHSBUFE UP RVBOUJGZ UIF QSFTFODF PG ��$�− BOE ��$��MBDUBUF JTPUPQFT�

#���� $ঘকঘছঌঝঊক 1ছঘঙঘগঊঝ *গজঝককঊঝঘগ

5SFBENJMMJOH GPMMPXFE UIF TBNF QSPUPDPM BT BCPWF� .JDF XFSF GBTUFE �ؑIPVST CFGPSF FYFSDJTF UP OPS�

NBMJ[F UIFJS NFUBCPMJD QSP୮ୢMFT� 4PNF ��ؑNJOVUF CFGPSF FYFSDJTF NJDF XFSF USFBUFE XJUI ���ؑɉM PG

���



FJUIFS 1#4 WFIJDMF BMPOF 	Oؑ�ؑ�
 PS ���ؑN. TPEJVN QSPQJPOBUF JO 1#4 	Oؑ�ؑ�
 VTJOH B ୯୳FYJCMF HBWBHF

OFFEMF UP JOUSPEVDF ���ؑɉM PG TPMVUJPO JOUP UIF DPMPO� .JDF XFSF UIFO SVO UP FYIBVTUJPO BT BCPWF�

5IJT QSPUPDPM XBT SFQFBUFE GPS UISFF DPOTFDVUJWF EBZT� 0O UIF ୮ୢSTU EBZ PG USFBUNFOU TFSVN XBT DPM�

MFDUFE ��ؑNJOVUFT QPTU�FYIBVTUJPO WJB UBJM WFJO CMFFE BOE NFBTVSFE VTJOH UIF $JSBQMFY NVMUJQMFY

NPVTF DZUPLJOF BTTBZ 	"VTIPO #JPTZTUFNT
�

#���� -ঊঌঝঊঝ $কঊছঊগঌ

5P NFBTVSF UIF MBDUBUF DMFBSBODF SBUF NJDF XFSF ୮ୢSTU GBTUFE GPS �ؑIPVST CFGPSF NFBTVSFNFOU UP TUB�

CJMJ[F UIF CBTBM MBDUBUF MFWFMT� 5IFO �ؑIPVST CFGPSF NFBTVSFNFOU NJDF XFSF USFBUFE XJUI TPEJVN

CJDBSCPOBUF GPMMPXFE CZ ���ؑD�G�V� PG FJUIFS 7� BUZQJDB PS -� CVMHBSJDॸ QSFQBSFE BT BCPWF 	Oؑ�ؑ�
�

/FYU ��ؑNJOVUFT CFGPSF NFBTVSFNFOU NJDF XFSF XFJHIFE BOE JOEJWJEVBMMZ DBHFE BOE B CBTFMJOF

CMPPE MBDUBUF SFBEJOH XBT UBLFO VTJOH B -BDUBUF 4DPVU NFUFS� .JDF XFSF BENJOJTUFSFE TPEJVN MBDUBUF

WJB JOUSBQFSJUPOFBM JOKFDUJPO XJUI B EPTF PG ���NHLH� QSFQBSFE BT B ��NHNM� TPMVUJPO PG TPEJVN MBD�

UBUF JO Q)ؑ��� 1#4� #MPPE MBDUBUF MFWFMT XFSF NPOJUPSFE XJUI B -BDUBUF 4DPVU NFUFS BU � �� �� �� BOE

��ؑNJOVUFT QPTU�JOKFDUJPO
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"MM SBX TFRVFODJOH EBUB IBWF CFFO VQMPBEFE UP /$#* BOE 43" JO UIF GPSN PG UIF #JP1SPKFDUT

13+/"������ 	��4
 	http://www.ncbi.nlm.nih.gov/sra?term=PRJNA������
 BOE 13�

+/"������ 	.(9
 	http://www.ncbi.nlm.nih.gov/sra?term=PRJNA������
� 5IFTF BSF

MJOLFE UP BTTPDJBUFE #JP4BNQMFT XIJDI JO UVSO BSF MJOLFE UP UIF QBJSFE�FOE SFBE ୮ୢMFT JO UIF 43"
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http://www.ncbi.nlm.nih.gov/sra?term=PRJNA472785
http://www.ncbi.nlm.nih.gov/sra?term=PRJNA472768


BOE DPSSFTQPOE UP UIF NFUBEBUB JO UIF 4VQQMFNFOUBSZ *OGPSNBUJPO 	https://www.nature.com/

articles/s�����-���-����-�#MOESM�
 ୮ୢMFT�

#�� 4ঞঙঙকখগঝঊছঢ 5ঊঋকজ

"MM TVQQMFNFOUBSZ UBCMFT BSF BWBJMBCMF BU https://static-content.springer.com/esm/art%

�A��.����%�Fs�����-���-����-�/MediaObjects/�����_����_���_MOESM�_ESM.xlsx�
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6OMFTT PUIFSXJTF OPUFE BMM QMPUT XFSF HFOFSBUFE JO 3 WFSTJPO ����� XJUI UIF HHQMPU� EQMZS TDBMFT

HSJE BOE SFTIBQF� QBDLBHFT 	8JDLIBN � $IBOH �����  � 8JDLIBN � 'SBODPJT ����� .VSSFMM �����

8JDLIBN ����
� -BSHF�TDBMF EBUB BOBMZTJT XBT EPOF PO "84 VUJMJ[JOH NBDIJOFT SVOOJOH 6CVOUV

������ %BUB DVSBUJPO NFUIPET XFSF DPEFE JO QZUIPO WFSTJPO ������� 5IF "FUIFS QBDLBHF VUJMJ[FE GPS

BOBMZTJT JT BWBJMBCMF BU https://github.com/kosticlab/aether�

#�� 6গঙছঘঌজজ 8জঝছগ #কঘঝ

3FDFOU XPSL CZ TDJFOUJTUT EPJOH B IVHF BNPVOU PG VOBQQSFDJBUFE TFSWJDF UP UIF HSFBUFS TDJFOUJ୮ୢD

DPNNVOJUZ TVDI BT &MJ[BCFUI #JL IBWF EJTDPWFSFE IPX XJEFTQSFBE HFM NBOJQVMBUJPO JT JO CJPNFEJDBM

SFTFBSDI 	#JL FU BM� ����
� *U TIPVME CF UIF TUBOEBSE GPS BVUIPST UP JODMVEF VOQSPDFTTFE 8FTUFSO HFMT

XJUI UIFJS XPSL UP DPNCBU UIJT� 5IJT JT QSPWJEFE JO 'JHVSF #���
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https://www.nature.com/articles/s41591-019-0485-4#MOESM2
https://www.nature.com/articles/s41591-019-0485-4#MOESM2
https://static-content.springer.com/esm/art%3A10.1038%2Fs41591-019-0485-4/MediaObjects/41591_2019_485_MOESM2_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41591-019-0485-4/MediaObjects/41591_2019_485_MOESM2_ESM.xlsx
https://github.com/kosticlab/aether


Figure B.1: Unprocessed Western Blot for Figure 3.13
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5IJT XPSL XBT GVOEFE CZ UIF 4ZOUIFUJD #JPMPHZ QMBUGPSN BU UIF 8ZTT *OTUJUVUF GPS #JPMPHJDBMMZ *O�

TQJSFE &OHJOFFSJOH BU )BSWBSE 6OJWFSTJUZ� /BUJPOBM *OTUJUVUFT PG )FBMUI 	/*)
�/BUJPOBM )VNBO

(FOPNF 3FTFBSDI *OTUJUVUF HSBOU 5�� )(������ 	UP +�.�-�� QSJODJQBM JOWFTUJHBUPS� 1� +� 1BSL
�

/*)�/BUJPOBM *OTUJUVUF PG %JBCFUFT BOE %JHFTUJWF BOE ,JEOFZ %JTFBTFT HSBOU 5�� %,������ 	UP

5�"�$�� QSJODJQBM JOWFTUJHBUPS� 5� ,� #MBDLXFMM
� B /BUJPOBM 4DJFODF 'PVOEBUJPO (SBEVBUF 3FTFBSDI

'FMMPXTIJQ 1SPHSBN GFMMPXTIJQ 	UP +�.�-�
� /BUJPOBM -JCSBSZ PG .FEJDJOF #*35 HSBOU 5��-.������

	UP #�5�5�
� BO "84 3FTFBSDI $SFEJUT GPS &EVDBUJPO (SBOU 	UP +�.�-� BOE "�%�,�
� B 4NJUI 'BNJMZ

'PVOEBUJPO "XBSE GPS &YDFMMFODF JO #JPNFEJDBM 3FTFBSDI 	UP "�%�,�
� BO "NFSJDBO %JBCFUFT "T�

TPDJBUJPO 1BUIXBZ UP 4UPQ %JBCFUFT *OJUJBUPS "XBSE 	UP "�%�,�
 BOE /*)�/BUJPOBM *OTUJUVUF PG

%JBCFUFT BOE %JHFTUJWF BOE ,JEOFZ %JTFBTFT %JBCFUFT 3FTFBSDI $FOUFS HSBOU 1��%,��������� 	UP

+�.�-� 5�"�$� 5�.� #�5�5� -��%�1� ;�:� .�$�8� 4�-� BOE "�%�,�� QSJODJQBM JOWFTUJHBUPS� (� -�

,JOH
� 8F BDLOPXMFEHF $� +� 1BUFM BOE 4� 3� 4UFJO GPS TUBUJTUJDBM BEWJDF BOE 4� 4PG୴JD GPS BTTJTUBODF

XJUI UBJM WFJO JOKFDUJPOT�

#�� "ঞঝঘছ $ঘগঝছঋঞঝঘগজ

0G UIF BVUIPST PO UIF SFMBUFE QBQFS	4DIFJNBO FU BM� ����
 +�4� (�.�$� BOE "�%�,� DPODFJWFE UIF

QSPKFDU� +�4� DPMMFDUFE UIF BUIMFUF TBNQMFT BOE NFUBEBUB� +�.�-� QFSGPSNFE UIF DPNQVUBUJPOBM BOBMZ�

TJT BOE NPEFMJOH XJUI BTTJTUBODF GSPN 5�"�$� .�$�8� 3�$�8� #�5�5� ;�:� BOE .�8�)� 5�"�$� EF�

TJHOFE BOE QFSGPSNFE UIF NPEFM PSHBOJTN FYQFSJNFOUT XJUI BTTJTUBODF GSPN +�.�-� 5�.� "�5� -��
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BOE "�%�,� XSPUF UIF NBOVTDSJQU� (�.�$� BOE "�%�,� TVQFSWJTFE UIF QSPKFDU�
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#FMPX BSF NFUIPET SFMBUFE UP XPSL EPOF CZ NZ UXP FYQFSJNFOUBM DP�୮ୢSTU BVUIPST PO UIJT QSPKFDU�

$PNQVUBUJPOBM NFUIPET UIBU * EFWFMPQFE BSF MPDBUFE JO UIF NBJO DIBQUFS�

���



$���� .ঌ ঊগ $কক -গজ

8JME UZQF 	85
 GFNBMF $��#-�� NJDF XFSF QVSDIBTFE GSPN UIF +BDLTPO -BCPSBUPSZ 	TUPDL OVN�

CFS ������
� 5VNPS DFMMT XFSF JNQMBOUFE JOUP NJDF BU ���� XFFLT PG BHF� .JDF XFSF NBJOUBJOFE BU

)BSWBSE .FEJDBM 4DIPPM JO TQFDJ୮ୢD QBUIPHFO�GSFF GBDJMJUJFT VOEFS TUBOEBSE IPVTJOH IVTCBOESZ BOE

EJFU DPOEJUJPOT JO BDDPSEBODF XJUI *OTUJUVUJPOBM "OJNBM $BSF BOE 6TF $PNNJUUFF 	*"$6$
 BOE

/*) HVJEFMJOFT� "MM FYQFSJNFOUBM QSPDFEVSFT QFSGPSNFE XFSF BQQSPWFE CZ UIF *"$6$ BU )BSWBSE

.FEJDBM 4DIPPM� 'PS UVNPS TUVEJFT .$�� DPMPO BEFOPDBSDJOPNB DFMMT 	B HJG୴ GSPN %BSJP 7JHOBMJ

6OJWFSTJUZ PG 1JUUTCVSHI 4DIPPM PG .FEJDJOF
 XFSF VTFE� .$�� DFMMT XFSF HSPXO JO %.&. TVQQMF�

NFOUFE XJUI ��ॎ '#4 ��� 6 QFOJDJMMJO BOE ��� ɉH TUSFQUPNZDJO JO B ��p$ JODVCBUPS XJUI �ॎ $0��

$FMMT XFSF IBSWFTUFE BU QBTTBHF ��� BG୴FS UIBX BOE ���Y��� UVNPS DFMMT XFSF JOKFDUFE TVCDVUBOFPVTMZ

JOUP UIF ୯୳BOL PG NJDF BOFTUIFUJ[FE XJUI ���ॎ ����5SJCSPNPFUIBOPM 	"WFSUJO
� 5VNPST XFSF NFB�

TVSFE FWFSZ ��� EBZT VTJOH DBMJQFST BOE NJDF XFSF TBDSJ୮ୢDFE XIFO UVNPST SFBDIFE � DN� WPMVNF

VMDFSBUJPO PS B CPEZ DPOEJUJPO PG �� JO BDDPSEBODF XJUI *"$6$ HVJEFMJOFT� 5VNPS WPMVNF XBT

EFUFSNJOFE VTJOH UIF GPSNVMB GPS UIF WPMVNF PG BO FMMJQTPJE } Y % Y E� XIFSF أ%آ JT UIF NBKPS BYJT

PG UIF UVNPS BOE أEآ JT UIF NJOPS BYJT� 5VNPST XFSF IBSWFTUFE GSPN NJDF BU EBZT ����� BG୴FS JNQMBO�

UBUJPO GPS TJOHMF DFMM 3/" TFRVFODJOH FYQFSJNFOUT BOE ୯୳PX WBMJEBUJPO FYQFSJNFOUT BT JOEJDBUFE JO

UIF 'JHVSF -FHFOET�
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1FSJQIFSBM CMPPE XBT DPMMFDUFE GSPN NJDF VTJOH UIF SFUSPPSCJUBM CMFFEJOH SPVUF BOE CMPPE XBT DPM�

MFDUFE JOUP �ॎ TPEJVN DJUSBUF 	4JHNB
 UP QSFWFOU DMPUUJOH� 31.*���ॎ '#4 XBT BEEFE UP EJMVUF PVU

UIF BOUJ�DPBHVMBOU BOE UIFO XIJUF CMPPE DFMMT XFSF TFQBSBUFE GSPN SFE CMPPE DFMMT VTJOH DFOUSJGV�

HBUJPO UISPVHI IJTUPQBRVF����� 	4JHNB
� 5IF XIJUF CMPPE DFMM MBZFS BU UIF JOUFSGBDF CFUXFFO UIF

IJTUPQBRVF BOE SFNBJOJOH NFEJB XBT TVCTFRVFOUMZ XBTIFE BOE TVCKFDUFE UP TUBJOJOH GPS ୯୳PX DZ�

UPNFUSZ BOBMZTJT PS TPSUJOH GPS TJOHMF DFMM 3/" TFRVFODJOH� 5VNPST XFSF EJTTFDUFE BOE NFDIBOJDBMMZ

EJTBHHSFHBUFE� 'PS ୯୳PX DZUPNFUSZ WBMJEBUJPOT B (FOUMF."$4 	.JMUFOZJ
 XBT VTFE GPS EJTBHHSFHB�

UJPO XIFSFBT GPS TJOHMF DFMM 3/" TFRVFODJOH WFSUJDBM TDJTTPST VTFE UP NJODF UIF UVNPST JOTUFBE PG

UIF (FOUMF."$4� 5IF EJTTPDJBUFE UJTTVF XBT EJHFTUFE XJUI $PMMBHFOBTF 5ZQF * 	��� 6�NM� 8PS�

UIJOHUPO #JPDIFNJDBM
 GPS ����� NJOVUFT BU ��p$� 4BNQMFT XFSF UIFO QBTTFE UISPVHI B �� ɉN ୮ୢMUFS

BOE MZNQIPDZUFT XFSF FOSJDIFE VTJOH DFOUSJGVHBUJPO UISPVHI B 1FSDPMM HSBEJFOU 	��ॎ BOE ��ॎ
�

5IF FOSJDIFE MZNQIPDZUF MBZFS BU UIF ��ॎ���ॎ JOUFSGBDF XBT TVCTFRVFOUMZ XBTIFE BOE TUBJOFE GPS

୯୳PX DZUPNFUSZ PS TPSUFE GPS TJOHMF DFMM 3/" TFRVFODJOH�

$���� 'কঘঠ $ঢঝঘখঝছঢ ঊগ 4ঘছঝগঐ ঘএ .ঘঞজ 4ঊখঙকজ

4JOHMF DFMM TVTQFOTJPOT XFSF HFOFSBUFE BT EFTDSJCFE BCPWF� 4VTQFOTJPOT XFSF MBCFMFE XJUI -*7&�%&"%

'JYBCMF /FBS�*3 $FMM 4UBJO JO 1#4 	5IFSNP 'JTIFS 4DJFOUJ୮ୢD
 UP FYDMVEF EFBE DFMMT GSPN EPXOTUSFBN

BOBMZTFT� $FMMT XFSF QSF�JODVCBUFE XJUI 5SV4UBJO 'D 3FDFQUPS #MPDL 	BOUJ�NPVTF $%���$%��

DMPOF �� #JP-FHFOE
 UIFO MBCFMFE XJUI FYUSBDFMMVMBS BOUJCPEJFT JODMVEJOH� $%� 	DMPOF �����$��
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BOE $%�B 	DMPOF ������
 	GSPN #%
� $%��B 	DMPOF .����
 	GSPN 5IFSNP 'JTIFS 4DJFOUJ୮ୢD
� $$3�

BOE /,(�* 	3�% 4ZTUFNT
� -BH� 	DMPOF $�#�8
 	GSPN #JP�3BE
� BOE $%���� 	DMPOF ���
 1%��

	DMPOF 3.1*���
 $9�$3� 	DMPOF 4"���'��
 $%��- 	.&-���
 $%�� 	*.�
 $$3� 	DMPOF ).�

$$3�
 $9$3� 	DMPOF 4"���%�
 $%��% 	DMPOF 3���
 $%�� 	DMPOF .����
 $%�� 	DMPOF ).˳

���
 $%�� 	DMPOF ).����
 $%�� 	DMPOF ��E�
 /,(�% 	DMPOF $9� PS $�
 $%�� 	DMPOF %VIB��


/,(�" 	DMPOF ��"��
 /,��� 	DMPOF 1,���
 5JN�� 	DMPOF 3.5����
 $%��� 	DMPOF �)�
 4MBNG�

	DMPOF �(�
 5*(*5 	DMPOF *(�
 BOE /31� 	DMPOF �&��
 	GSPN #JP-FHFOE
� 'MPX DZUPNFUSZ MBCFM�

JOH 	XJUIPVU JODMVTJPO PG 'FBUVSF #BSDPEJOH BOUJCPEJFT GSPN #JP-FHFOE
 XBT QFSGPSNFE JO 1#4 TVQ�

QMFNFOUFE XJUI �ॎ '#4� 'PS $*5&�TFR WBMJEBUJPO FYQFSJNFOUT DFMMT XFSF MBCFMFE XJUI 5PUBM4FR$

BOUJCPEJFT BHBJOTU $%�� 	5PUBM4FR $���� DMPOF %VIB��
 BOE $9�$3� 	5PUBM4FR $���� DMPOF

4"���'��
 BT EJSFDUMZ DPOKVHBUFE BOUJCPEJFT BOE /,(�% BT B CJPUJO�TUSFQUBWJEJO SFBDUJPO 	/,(�%�

CJPUJO DMPOF $� QBJSFE XJUI 5PUBM4FR $�����4UFQUBWJEJO
 	GSPN #JP-FHFOE
� -BCFMJOH XJUI 'FBUVSF

#BSDPEJOH BOUJCPEJFT XBT QFSGPSNFE JO 1#4 TVQQMFNFOUFE XJUI �ॎ #4" BOE ����ॎ 5XFFO� 4BNQMFT

XFSF BDRVJSFE PO B '"$4ZNQIPOZ 	#% #JPTDJFODFT
 BOE BOBMZ[FE XJUI 'MPX +P TPG୴XBSF 	#% #JP�

TDJFODFT
� 'MPX DZUPNFUSZ�CBTFE TPSUJOH GPS TJOHMF DFMM 3/" TFR XBT QFSGPSNFE VTJOH B '"$4"SJB

	#% #JPTDJFODFT
� #MPPE TBNQMFT XFSF TPSUFE CBTFE PO MJWF $%����+ $%�+ $%�Ⱦ+ $%��IJHI�

5VNPS TBNQMFT XFSF TPSUFE CBTFE PO MJWF $%����+ $%�+ $%�B+�
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(FOF FYQSFTTJPO BOE 5$3 MJCSBSJFT GPS NPVTF TBNQMFT XFSF HFOFSBUFE VTJOH UIF $ISPNJVN 4JOHMF

$FMM ؠ� -JCSBSZ BOE 7	%
+ 3FBHFOU ,JU 	��9 (FOPNJDT
 BDDPSEJOH UP UIF NBOVGBDUVSFSؠT SFDPNNFO�
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EBUJPOT� 'PS TBNQMFT SFRVJSJOH 'FBUVSF #BSDPEJOH MJCSBSJFT UP EFUFDU 5PUBM4FR$ BOUJCPEJFT 	GSPN

#JP-FHFOE
 UIF $ISPNJVN 4JOHMF $FMM ؠ� 'FBUVSF #BSDPEF -JCSBSZ ,JU 	��9 (FOPNJDT
 XBT VTFE

BDDPSEJOH UP UIF NBOVGBDUVSFSؠT SFDPNNFOEBUJPOT� 'PMMPXJOH TPSUJOH BT EFTDSJCFE BCPWF BQQSPY�

JNBUFMZ ����� DFMMT QFS TBNQMF XFSF MPBEFE JOUP FBDI DIBOOFM PG UIF $ISPNJVN $IJQ BOE SFD�

PNNFOEBUJPOT XFSF GPMMPXFE BTTVNJOH UBSHFUFE DFMM SFDPWFSZ PG ��������� DFMMT� -JCSBSJFT XFSF

TFRVFODFE PO B /FYU4FR TFRVFODFS 	*MMVNJOB
 CZ UIF %'$* 4FRVFODJOH $PSF� (FOF FYQSFTTJPO

MJCSBSJFT BOE 'FBUVSF #BSDPEJOH MJCSBSJFT XFSF TFRVFODFE VTJOH UIF �� Y � Y �� CQ QBSBNFUFST SFD�

PNNFOEFE CZ ��9 (FOPNJDT� 5$3 MJCSBSJFT XFSF TFRVFODFE VTJOH UIF ��� Y � Y ��� CQ QBSBNFUFST

SFDPNNFOEFE CZ ��9 (FOPNJDT� #BTFE PO BQQSPYJNBUF DFMM OVNCFST FYQFDUFE XF TFRVFODFE B

NJOJNVN PG ����� SFBET QFS DFMM GPS HFOF FYQSFTTJPO MJCSBSJFT BOE ���� SFBET QFS DFMM GPS 5$3 BOE

'FBUVSF #BSDPEJOH MJCSBSJFT�
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5IJT EJTTFSUBUJPO XBT TVQQPSUFE JO QBSU CZ UIF B /BUJPOBM 4DJFODF 'PVOEBUJPO (SBEVBUF 3FTFBSDI

'FMMPXTIJQ�
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%���� "ঝছ -গঊছ 1ছঘঐছঊখখগঐ -ঘঐঌ

import subprocess
import os
import json
from scipy.optimize import linprog
import sys
import pickle
import math
import numpy
#from pandas import *
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#this program will minimize cost per hour of distributed compute by utilizing Linear Programming to minimize cost/hour constrained by
1: minimum total cores desired at once, 2: minimum total RAM wanted at once, 3: minimum total free ephemeral storage desired, 4:
AWS account limits, 5: variability in spot bidding price. Inherently, this considers both absolute cost of resources and risk

of being outbid on the cheapest possible resources to optimize compute utilization.

global dirr
dirr='/'.join(os.path.dirname(os.path.realpath(__file__)).split('/')[:-1])+'/'

class AWS_Instance:
def __init__(self,procs,ram,eph,name,limit,running,running_spot,historical_max,current_spot,current_od):

self.instance_type = name
self.procs = procs
self.ram = ram
self.storage = eph
self.limit = limit
self.running = running
self.running_spot = running_spot
self.historical_max = historical_max
self.current_od = current_od
self.current_spot = current_spot

#params for constraints
def get_user_params():

min_cores = int(raw_input("What is the minimum number of distributed cores required?"))
min_ram = int(raw_input("What is the minimum amount in GB of distributed RAM required?"))
min_free_storage = int(raw_input("What is the minimum amount in GB of free ephemeral storage required?"))
max_cost_hour = float(raw_input("What is the max cost that you are willing to pay per hour for your virtual cluster?"))
ram_per_job = int(raw_input("What amount of RAM is required per job?"))
procs_per_job = int(raw_input("How many Processors are required per job?"))
return min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job

def handle_grep_non_zero_output(command):
try:

result = subprocess.check_output(command,shell=True)
return result

except subprocess.CalledProcessError as e:
result = e.output
return result

def define_A_matrix():
current_time = int(subprocess.check_output("date +%s",shell=True))
weeks_back = float(raw_input("How many weeks do you anticipate running your job for?"))
start_time = int(current_time-(weeks_back*604800))
eph = {}
eph_file = open(dirr+"resources/ephemeral_store_info.csv",'r')
for line in eph_file:

q = line.rstrip().split(',')
eph_value = int(q[3])
if eph_value > 0:

eph[q[0]] = eph_value
eph_file.close()
retrievable_account_limits = set()
gl_limits_file = open(dirr+"resources/gamelift_instances.txt",'r')
for line in gl_limits_file:

retrievable_account_limits.add(line.rstrip())
gl_limits_file.close()
aws_instance_file = open(dirr+"resources/instances.csv",'r')
aws_instances = []
os.system("aws ec2 describe-instances > ec2_instances.json")
os.system("aws ec2 describe-spot-instance-requests > ec2_spot_instances.json")
datacenters_fh = open(dirr+"resources/datacenters.txt",'r')
datacenters = []
for lines in datacenters_fh:

datacenters.append(lines.rstrip())
for i in range(0,len(datacenters)):

print(str(i+1)+" "+datacenters[i])
datacenter_idx = int(raw_input("Please enter the integer corresponding to the amazon datacenter in which you are in:"))
datacenter = datacenters[datacenter_idx-1]
os.system("gunzip -c "+dirr+"resources/odprices.gz > odprices")
print("Please visit https://console.aws.amazon.com/ec2/v2/home?region=REGION#Limits: replacing REGION with the region in which you

plan to run this scalable cluster in and provide the requested information that is not available in the API but critical for
proper bidding when prompted.")

idx = 0
pickleq = raw_input("Would you like to use a pickle file?")
if os.path.isfile(pickleq):

aws_instances = pickle.load( open(pickleq,"rb"))
else:

for line in aws_instance_file:
split_line = line.rstrip().split(',')
instance_name = split_line[0]
instance_ram_float = float(split_line[2])
instance_procs_int = int(split_line[1])
instance_eph_int = eph[instance_name] if eph.has_key(instance_name) else 0
running_ec2 = int(subprocess.check_output("grep \""+instance_name+"\" ec2_instances.json | wc -l",shell=True))
running_spot = int(subprocess.check_output("grep \""+instance_name+"\" ec2_spot_instances.json | wc -l",shell=True))
if instance_name in retrievable_account_limits:

os.system("aws gamelift describe-ec2-instance-limits --ec2-instance-type "+instance_name+" | jq -r '.EC2InstanceLimits
[]' > i_temp.json")

with open("i_temp.json",'r') as jsf:
gamelift_api_out = json.load(jsf)
instance_limit_pre = int(gamelift_api_out["InstanceLimit"])

jsf.close()
else:

instance_limit_pre = int(raw_input("What is your account limit for "+instance_name+" in the current region being used?"
))

instance_limit = instance_limit_pre-running_spot
historical_price_pre = handle_grep_non_zero_output("aws ec2 describe-spot-price-history --instance-types "+instance_name+"

--end-time "+str(current_time)+" --start-time "+str(start_time)+" --product-descriptions='Linux/UNIX' --query '
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SpotPriceHistory[*].{az:AvailabilityZone, price:SpotPrice}' | grep 'price' | sed 's/\"price\": \"//' | sed 's/^ *//'
| sed 's/\",//' | uniq | sort | tail -1")

historical_price = float(historical_price_pre)
current_price_pre = float(handle_grep_non_zero_output("aws ec2 describe-spot-price-history --instance-types c4.large --

start-time=$(date +%s) --product-descriptions=\"Linux/UNIX\" --query 'SpotPriceHistory[*].{az:AvailabilityZone,
price:SpotPrice}' | grep 'price' | sed 's/\"price\": \"//' | sed 's/^ *//' | sed 's/\",//' | uniq | sort | tail -1")
)

current_price=float(current_price_pre)
print("retrieved info for: "+instance_name)
od_string = handle_grep_non_zero_output("cat odprices | grep '"+instance_name+"' | grep -v 'Reserved' | grep 'Shared' |

grep -v 'SUSE' | grep -v 'Windows' | grep 'Linux' | grep '"+datacenter+"'")
od_price = float(od_string.split(',')[9][1:-1])
new_instance_type = AWS_Instance(instance_procs_int,instance_ram_float,instance_eph_int,instance_name,instance_limit,

running_ec2,running_spot,historical_price,current_price,od_price)
aws_instances.append(new_instance_type)

pickle.dump( aws_instances, open("instances.p", "wb"))
aws_instance_file.close()

return aws_instances

#characteristics of compute nodes (A)
def formulate_problem(aws_instances):

od_names = map(lambda name: name+".od",map(lambda instance_object: instance_object.instance_type, aws_instances))
spot_names = map(lambda name: name+".spot",map(lambda instance_object: instance_object.instance_type, aws_instances))
names = spot_names+od_names
spot_prices = map(lambda instance_object: instance_object.current_spot, aws_instances)
od_prices = map(lambda instance_object: instance_object.current_od, aws_instances)
prices = spot_prices+od_prices
procs_pre = map(lambda instance_object: instance_object.procs, aws_instances)
procs = procs_pre+procs_pre
gbRAM_pre = map(lambda instance_object: instance_object.ram, aws_instances)
gbRAM = gbRAM_pre+gbRAM_pre
freestorage_pre = map(lambda instance_object: instance_object.storage, aws_instances)
#print freestorage_pre
freestorage = freestorage_pre+freestorage_pre
mc_pre = map(lambda instance_object: instance_object.historical_max, aws_instances)
max_cost_in_previous_time_window = mc_pre+od_prices
account_limits_pre = map(lambda instance_object: instance_object.limit, aws_instances)
account_limits = account_limits_pre+account_limits_pre
num_types = len(procs_pre)
return num_types,names,prices,procs,gbRAM,freestorage,max_cost_in_previous_time_window,account_limits

#setting up LP problem formulation
def run_LP(num_types,names,prices,procs,gbRAM,freestorage,max_cost_in_previous_time_window,account_limits,min_cores,min_ram,

min_free_storage,max_cost_hour,ram_per_job,procs_per_job,aws_instances):
c = prices
A_i = [procs,gbRAM,freestorage]
b_i = [min_cores,min_ram,min_free_storage]
A = map(lambda x: map(lambda y:y*-1,x),A_i)
b = map(lambda z: z*-1,b_i)
for i in range(0,num_types):

append_a = [0] * num_types
append_a[i] = 1
add_a = append_a+append_a
A.append(add_a)
b.append(account_limits[i])

A_limits = []
b_limits = []
for i in range(0,num_types):

a_arr = [0]*num_types
a_arr[i] = 1
new_a = a_arr+a_arr
A_limits.append(new_a)
b_limits.append(account_limits[i])

cost = 0
status = 4
while status != 0:

A_t = A
b_t = b
if cost > max_cost_hour:

break
cost+=1
A_t.append(max_cost_in_previous_time_window)
b_t.append(cost)
#print("solving:"+str(A_t)+"*x="+str(b_t))
bounds_input = map(lambda x: (0,x),account_limits)
lp_output = linprog(c,A_ub=A_t,b_ub=b_t,bounds=tuple(bounds_input))
#print("x="+str(lp_output.x)+"\n\n")
#lp_output = linprog(c,A_ub=A_t,b_ub=b_t,bounds=tuple(bounds_input),options={"bland": True})
status=lp_output.status
A_t.pop()
b_t.pop()
if status == 0:

break
lp_output_n = linprog(c,A_ub=A,b_ub=b,bounds=tuple(bounds_input),options={"bland": True})
return lp_output,lp_output_n

def helper_recursive(input_item,names,instances):
print input_item.x
zipped_output = zip(names,input_item.x)
filtered_output = filter(lambda x: x[1] != 0, zipped_output)
remove_these_pre = map(lambda y: y[0], filter(lambda x: float(x[1]) < 1, filtered_output))
remove_these = map(lambda x: '.'.join(x.split('.')[:2]), remove_these_pre)
new_instances = filter(lambda x: x.instance_type not in remove_these,instances)
return new_instances

def recursive_lp_n(lp_output,lp_output_n,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job,old_names,
aws_instances):
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new_instances = helper_recursive(lp_output_n, old_names, aws_instances)
num_types,names,prices,procs,gbRAM,freestorage,max_cost_in_previous_time_window,account_limits = formulate_problem(new_instances)
new_lp_output, new_lp_output_n = run_LP(num_types,names,prices,procs,gbRAM,freestorage,max_cost_in_previous_time_window,

account_limits,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job,new_instances)
if type(new_lp_output_n.x)==float:

return lp_output_n,old_names
if len(new_lp_output_n.x) == 0:

return lp_output_n,old_names
if list(new_lp_output_n.x) == list(lp_output_n.x):

return lp_output_n,old_names
else:

new_return = recursive_lp_n(new_lp_output,new_lp_output_n,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,
procs_per_job,names,new_instances)

return new_return

def recursive_lp(lp_output,lp_output_n,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job,old_names,
aws_instances):

new_instances = helper_recursive(lp_output, old_names, aws_instances)
num_types,names,prices,procs,gbRAM,freestorage,max_cost_in_previous_time_window,account_limits = formulate_problem(new_instances)
new_lp_output, new_lp_output_n = run_LP(num_types,names,prices,procs,gbRAM,freestorage,max_cost_in_previous_time_window,

account_limits,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job,new_instances)
if type(new_lp_output.x) == float:

return lp_output,old_names
elif len(new_lp_output.x) == 0:

return lp_output,old_names
elif list(new_lp_output.x) == list(lp_output.x):

return lp_output,old_names
else:

new_return = recursive_lp(new_lp_output,new_lp_output_n,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,
procs_per_job,names,new_instances)

return new_return

#add filtering for running instances and job size
def start_bidding():

min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job = get_user_params()
aws_instances = define_A_matrix()
if min_free_storage > 0:

aws_instances = filter(lambda x: x.storage > 0, aws_instances)
aws_instances = filter(lambda x: x.procs > procs_per_job, aws_instances)
aws_instances = filter(lambda x: x.ram > ram_per_job, aws_instances)
num_types,old_names,prices,procs,gbRAM,freestorage,max_cost_in_previous_time_window,account_limits = formulate_problem(

aws_instances)
lp_output,lp_output_n = run_LP(num_types,old_names,prices,procs,gbRAM,freestorage,max_cost_in_previous_time_window,

account_limits,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job,aws_instances)
lp,names = recursive_lp(lp_output,lp_output_n,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job,

old_names,aws_instances)
lp_n,names_n = recursive_lp_n(lp_output,lp_output_n,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job,

old_names,aws_instances)
return lp,lp_n,names,names_n,aws_instances,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job

def find_provisioning_info(name,aws_instances):
pre_desired_instance = filter(lambda x: x.instance_type == '.'.join(name.split('.')[:2]), aws_instances)
assert(len(pre_desired_instance) == 1)
desired_instance = pre_desired_instance[0]
#print procs
procs = str(desired_instance.procs)
ram = str(int(desired_instance.ram))
storage = desired_instance.storage
name = '.'.join(name.split('.')[:2])
return procs,ram,storage,name

def write_prov_file(lp_output,names,aws_instances):
prov_file = open(dirr+"prov.psv",'w')
out_data = zip(names,lp_output.x)
sum_deploy = 0
print("The follwoing is the LP generated provisioning:")
for elem in out_data:

pre_name = elem[0]
procs,ram,storage,name = find_provisioning_info(pre_name,aws_instances)
boolstr = "true" if storage > 0 else "false"
number_to_deploy = int(round(float(elem[1])))
sum_deploy += number_to_deploy
for count in range(0,number_to_deploy):

print(name+'|'+procs+'|'+ram+'|'+boolstr+"|aws\n")
prov_file.write(name+'|'+procs+'|'+ram+'|'+boolstr+"|aws\n")

prov_file.close()
if sum_deploy == 0:

sys.exit(1)
return

def go():
try:

lp_output,lp_output_n,names,names_n,aws_instances,min_cores,min_ram,min_free_storage,max_cost_hour,ram_per_job,procs_per_job =
start_bidding()

write_prov_file(lp_output,names,aws_instances)
return ram_per_job,procs_per_job

except:
print "No feasible solution found, try again with different parameters"
return "exit",0

"""
if len(lp_output_n.x) > 0:

naive_out = zip(names_n,lp_output_n.x)
print "\n"
print "Going by the seat of your pants and choosing the cheapest options that meet your criteria at the curren moment would

result in this bid:"
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print filter(lambda x: x[1] != 0,naive_out)
else:

print "There is no solution"
if len(lp_output) > 0:

print "Taking in to account pricing variability, your ideal bid is:"
cost_out = zip(names,lp_output.x)
print filter(lambda x: x[1] != 0,cost_out)

"""

%���� 5$3 $কঘগ 1ছঘঌজজগঐ

import sys
import os

#input files: 1 tumor tcr filtered contig annotations; 2 blood tcr filtered contig annotations; 3 tumor projection; 4 blood projection;
5 tumor clonotypes; 6 blood clonotypes

#output files: 7 new tumor projection; 8 new blood projection

btcr_fh = open(sys.argv[2],'r')
ttcr_fh = open(sys.argv[1],'r')
bclonotypes_fh = open(sys.argv[6],'r')
tclonotypes_fh = open(sys.argv[5],'r')

blood_clono_to_barcode = {}
tumor_clono_to_barcode = {}
blood_clonotypes = set()
tumor_clonotypes = set()

#logic to handle multiple barcodes assigned to same clonotype
def make_clono_to_barcode_dicts(fh,dictionary):

for lines in fh:
line = lines.rstrip().split(',')
if line[16] != "None":

if line[10] == "True":
if dictionary.has_key(line[16]):

existing_barcodes = dictionary[line[16]]
existing_barcodes.append(line[0])
dictionary[line[16]] = existing_barcodes

else:
dictionary[line[16]] = [line[0]]

return dictionary

blood_clono_to_barcode = make_clono_to_barcode_dicts(btcr_fh,blood_clono_to_barcode)
tumor_clono_to_barcode = make_clono_to_barcode_dicts(ttcr_fh,tumor_clono_to_barcode)

btcr_fh.close()
ttcr_fh.close()

class Clonotype:
def __init__(self,chains_aa,clonotype,clono_to_barcode,frequency):

self.barcodes = clono_to_barcode[clonotype]
#self.frequency = frequency
self.frequency = str(len(set(self.barcodes)))
self.tra = []
self.trb = []
chains_arr = chains_aa.split(';')
for elem in chains_arr:

chain = elem.split(':')
if chain[0] == "TRA":

self.tra.append(chain[1])
if chain[0] == "TRB":

self.trb.append(chain[1])
def geta(self):

return self.tra
def getb(self):

return self.trb
def getname(self):

return '-'.join(self.tra)+'|'+'-'.join(self.trb)

def make_clonotype_sets(fh,clono_set,clono_to_barcode):
for lines in fh:

line = lines.rstrip().split(',')
clonotype_id = line[0]
chains = line[3]
frequency = line[1]
if clonotype_id != "clonotype_id":

if clono_to_barcode.has_key(clonotype_id):
clonotype = Clonotype(chains,clonotype_id,clono_to_barcode,frequency)

clono_set.add(clonotype)
return clono_set

blood_clonotypes = make_clonotype_sets(bclonotypes_fh,blood_clonotypes,blood_clono_to_barcode)
tumor_clonotypes = make_clonotype_sets(tclonotypes_fh,tumor_clonotypes,tumor_clono_to_barcode)
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bclonotypes_fh.close()
tclonotypes_fh.close()
tp_fh = open(sys.argv[3],'r')
bp_fh = open(sys.argv[4],'r')
output_tp_fh = open(sys.argv[7],'w')
output_bp_fh = open(sys.argv[8],'w')

def find_a_chain_matches(clonotype,other_set):
if len(clonotype.tra) > 0:

other_matches = set()
for tra_chain in clonotype.tra:

matches = filter(lambda ctype: tra_chain in ctype.tra, other_set)
for match in matches:

other_matches.add(match)
if len(other_matches) == 0:

return (matches,"")
perfect_hits = filter(lambda ctype: clonotype.tra == ctype.tra, other_set)
if len(perfect_hits) > 0:

return (perfect_hits,'f')
return (matches,'')

return (set(),'')

def find_b_chain_matches(clonotype,other_set):
if len(clonotype.trb) > 0:

other_matches = set()
for trb_chain in clonotype.trb:

matches = filter(lambda ctype: trb_chain in ctype.trb, other_set)
for match in matches:

other_matches.add(match)
if len(other_matches) == 0:

return (matches,"")
perfect_hits = filter(lambda ctype: clonotype.trb == ctype.trb, other_set)
if len(perfect_hits) > 0:

return (perfect_hits,'f')
return (matches,'')

return (set(),'')

def make_tsne_output(input_fh,output_fh,matching_set,other_set):
clonotype_dict = {}
count = 0
for lines in input_fh:

line = lines.rstrip().split(',')
barcode = line[0]
clonotype_hits = filter(lambda ctype: barcode in ctype.barcodes, matching_set)
assert len(clonotype_hits) < 2
if len(clonotype_hits) > 0:

clonotype = clonotype_hits[0]
#find all a chain matches
a_matches = find_a_chain_matches(clonotype,other_set)
#find all b chain matches
b_matches = find_b_chain_matches(clonotype,other_set)
if b_matches[1] == a_matches[1] == 'f':

state = False
#perfect matches
for x in b_matches[0]:

for y in a_matches[0]:
if x.geta() == y.geta() == clonotype.geta():

if x.getb() == y.getb() == clonotype.getb():
#check that a clonotype exists with both a perfect a chain and b chain match
assert len(set(b_matches[0]).intersection(set(a_matches[0]))) > 0
state = True
strkey = ",".join(y.geta())+'|'+",".join(y.getb())
if clonotype_dict.has_key(strkey):

t = clonotype_dict[strkey]
t.append([lines.rstrip(),"matching",clonotype.frequency,clonotype.getname()])
clonotype_dict[strkey] = t

else:
clonotype_dict[strkey] = [[lines.rstrip(),"matching",clonotype.frequency,clonotype.getname()]]

if not state:
#a and b chains both present and from different clonotypes --- not counted as hit
aset = set(sum(map(lambda x:x.geta(), a_matches[0]),[])) #geta gives list of clonotypes, so map returns list of

lists that needs to be flattened
bset = set(sum(map(lambda x:x.getb(), b_matches[0]),[]))
#check that both a and b chains have a clonotype match
assert len(set(clonotype.geta()).intersection(aset)) > 0 and len(set(clonotype.getb()).intersection(bset)) > 0
#confirm that separate a and b chain matches are assigned to different clonotypes
assert len(set(b_matches[0]).intersection(set(a_matches[0]))) == 0
output_fh.write(lines.rstrip()+",not_matching,"+clonotype.frequency+','+clonotype.getname()+'\n')

else:
# one matching chain, missing second chain --- counted as hit
state1 = False
if bool(len(b_matches[0]) > 0) ^ bool(len(a_matches[0]) > 0):

if len(b_matches[0]) > 0:
if clonotype.getb() in map(lambda x: x.trb, b_matches[0]):

#confirm that there are no a matches
assert len(map(lambda x: x.tra, a_matches[0])) == 0
for x in b_matches[0]:

if len(x.tra) == 0:
#confirm that full set of chains match
assert clonotype.getb() == x.getb()
if len(clonotype.tra) == 0:

strkey = ",".join(x.geta())+'|'+",".join(x.getb())
state1 = True
if clonotype_dict.has_key(strkey):
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t = clonotype_dict[strkey]
t.append([lines.rstrip(),"beta_matching",clonotype.frequency,clonotype.getname()])
clonotype_dict[strkey] = t

else:
clonotype_dict[strkey] = [[lines.rstrip(),"beta_matching",clonotype.frequency,clonotype.

getname()]]
if len(a_matches[0]) > 0:

if clonotype.geta() in map(lambda x: x.tra, a_matches[0]):
#confirm that there are no b matches
assert len(map(lambda x: x.trb, b_matches[0])) == 0
for x in a_matches[0]:

if len(x.trb) == 0:
#confirm that full set of chains match
assert clonotype.geta() == x.geta()
if len(clonotype.trb) == 0:

strkey = ",".join(x.geta())+'|'+",".join(x.getb())
state1 = True
if clonotype_dict.has_key(strkey):

t = clonotype_dict[strkey]
t.append([lines.rstrip(),"matching",clonotype.frequency,clonotype.getname()])
clonotype_dict[strkey] = t

else:
clonotype_dict[strkey] = [[lines.rstrip(),"matching",clonotype.frequency,clonotype.getname

()]]
if not state1:

assert(len(clonotype.getname()) > 1)
output_fh.write(lines.rstrip()+",not_matching,"+clonotype.frequency+','+clonotype.getname()+'\n')

else:
assert(len(clonotype.getname()) > 1)
output_fh.write(lines.rstrip()+",not_matching,"+clonotype.frequency+','+clonotype.getname()+'\n')

else:
if count == 0:

output_fh.write(lines.rstrip()+",Group,Frequency,Tcr\n")
count = 1

else:
assert(len(clonotype.getname()) > 1)
output_fh.write(lines.rstrip()+",no_clonotype,1,notcr\n")

return clonotype_dict

tumors = make_tsne_output(tp_fh,output_tp_fh,tumor_clonotypes,blood_clonotypes)
bloods = make_tsne_output(bp_fh,output_bp_fh,blood_clonotypes,tumor_clonotypes)

#print bloods

intersection = set(bloods.keys()).intersection(set(tumors.keys()))

def write_out_matches(d,intersection,fh):
for key in d.keys():

if key in intersection:
for x in d[key]:

fh.write(",".join(x)+'\n')
else:

print "hit"
for x in d[key]:

x[1] = "not_matching"
#fh.write(",".join(x)+'\n')

write_out_matches(bloods,intersection,output_bp_fh)
write_out_matches(tumors,intersection,output_tp_fh)

output_tp_fh.close()
output_bp_fh.close()

tp_fh.close()
bp_fh.close()
output_tp_fh.close()
output_bp_fh.close()
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#!/usr/bin/env python
# coding: utf-8

# In[1]:

from __future__ import division
import numpy as np
import sys
from sklearn.decomposition import PCA
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import math
import matplotlib.pyplot as plt
from sklearn.metrics import precision_recall_curve, auc, roc_auc_score
from sklearn.model_selection import KFold
from sklearn.linear_model import LogisticRegression
from sklearn.ensemble import RandomForestClassifier
from sklearn.metrics import roc_curve

# In[17]:

arr = []
f = open("counts_2chains_surface.csv",'r')
for lines in f:

line = lines.rstrip().split(',')
arr.append(line)

f.close()
nparr = np.array(arr)
print "data loaded"
nparr_t = np.transpose(nparr)[1:]
print len(nparr_t)
print "done transposing"
labels = []
dataarr = []
count = 0
for elem in nparr_t:

print count
count += 1
labels.append(elem[0])
unlabeled = map(lambda x: int(x), elem[1:])
sumrow = sum(unlabeled)
normalized = map(lambda x: math.log(x/sumrow) if x > 0 else 0,unlabeled)
dataarr.append(normalized)

print "log normalized"
npdataarr = np.array(dataarr)

# In[18]:

pca = PCA(n_components=int(100))
transformed = pca.fit_transform(npdataarr)
print "transformed"

labels_d = {}
label_fh = open("metadata.csv",'r')
for lines in label_fh:

line = lines.rstrip().split(',')
if line[9] == "Group":

continue
if line[9] != "not_matching" and line[3] != "no_clonotype":

labels_d[line[0]] = 1
else:

labels_d[line[0]] = 0
label_fh.close()

Xpre = []
ypre = []

for i in range(0,len(labels)):
if labels_d.has_key(labels[i]):

ypre.append(labels_d[labels[i]])
Xpre.append(transformed[i])

X = np.array(Xpre)
y = np.array(ypre)

# In[19]:

class_weight_d = {0:1, 1: 10000}

# In[20]:

FOLDS = 5
k_fold = KFold(n_splits=FOLDS, shuffle=True, random_state=32)
predictor = LogisticRegression(random_state=0, solver='liblinear',penalty="l2",C=.02,class_weight=class_weight_d)

# In[21]:

f, axes = plt.subplots(1, 3, figsize=(10, 5))
axes[0].scatter(X[y==0,0], X[y==0,1], color='blue', s=2, label='y=0')
axes[0].scatter(X[y!=0,0], X[y!=0,1], color='red', s=2, label='y=1')
axes[0].set_xlabel('X[:,0]')
axes[0].set_ylabel('X[:,1]')
axes[0].legend(loc='lower left', fontsize='small')

y_real = []
y_proba = []
y_pred = []
for i, (train_index, test_index) in enumerate(k_fold.split(X)):
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Xtrain, Xtest = X[train_index], X[test_index]
ytrain, ytest = y[train_index], y[test_index]
predictor.fit(Xtrain, ytrain)
pred_proba = predictor.predict_proba(Xtest)
pred = predictor.predict(Xtest)
#explainer = shap.LinearExplainer(pred,Xtrain,feature_dependence="independent")
#shap_values = explainer.shap_values(X_test)
#X_test_array = X_test.toarray()
#shap.summary_plot(shap_values,X_test_array,feature_names=labels)
precision, recall, _ = precision_recall_curve(ytest, pred_proba[:,1])
fpr, tpr, _ = roc_curve(ytest, np.array(pred))
lab = 'Fold %d AUPRC=%.4f' % (i+1, auc(recall, precision))
lab2 = 'Fold %d AUC=%.4f' % (i+1, roc_auc_score(ytest, pred_proba[:,1]))
axes[2].step(recall, precision, label=lab)
axes[1].step(fpr, tpr, label=lab2)
y_real.append(ytest)
y_proba.append(pred_proba[:,1])
y_pred.append(pred)

y_real = np.concatenate(y_real)
y_proba = np.concatenate(y_proba)
y_pred = np.concatenate(y_pred)
precision, recall, _ = precision_recall_curve(y_real, y_proba)
fpr, tpr, _ = roc_curve(y_real, y_pred)
no_skill = len(y_real[y_real==1]) / len(y_real)
plt.plot([0, 1], [no_skill, no_skill], linestyle='--', label='No Skill')
lab = 'Overall AUPRC=%.4f' % (auc(recall, precision))
lab2 = 'Overall AUC=%.4f' % (roc_auc_score(y_real, y_proba))
axes[2].step(recall, precision, lw=2,label=lab, color='black')
axes[2].set_xlabel('Recall')
axes[2].set_ylabel('Precision')
axes[2].legend(loc='lower left', fontsize='small')
axes[1].step(fpr, tpr, label=lab2, lw=2, color='black')
axes[1].set_xlabel('FPR')
axes[1].set_ylabel('TPR')
axes[1].legend(loc='lower left', fontsize='small')

f.tight_layout()
stro = "result"+"100"+".pdf"
f.savefig(stro)

print "done"

# In[22]:

clf = RandomForestClassifier(random_state=0, n_jobs=-1)
model = clf.fit(dataarr, y)

# In[23]:

importances = model.feature_importances_

# In[24]:

feature_names = []
f = open("counts_2chains.csv",'r')
for lines in f:

if len(lines.rstrip().split(',')[0]) > 0:
feature_names.append(lines.rstrip().split(',')[0])

f.close()

# In[25]:

indices = np.argsort(importances)[::-1]

names = [feature_names[i] for i in indices[0:20]]

plt.figure()

plt.title("Feature Importance")
imps = importances[indices][0:20]

plt.bar(range(0,20), imps)

plt.xticks(range(0,20), names, rotation=90)
stro = "result"+"_features"+".pdf"
plt.savefig(stro,bbox_inches='tight')

plt.show()

# In[190]:

indices[0:10]

# In[ ]:
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# In[168]:

1

# In[162]:

importances[indices][0:9]

# In[142]:

# In[144]:

# In[ ]:

%���� .ঘঞজ 4ঞছঊঝ 1ছঘঌজজগঐ

#!/usr/bin/env Rscript
library(Seurat)
library(dplyr)
library(data.table)
library(ggplot2)
library(cowplot)
library(viridis)
library(gridExtra)
library(RColorBrewer)
library(tibble)
#1: 10X dir, 2: freq file, 3: sample, 4: output folder loc
#Example: Rscript pipeline.R /Users/jacobluber/Desktop/ucsf/working_soLNGEX/outs/filtered_gene_bc_matrices/GRCh38 /Users/jacobluber/

Dropbox\ \(HMS\)/Jacob\ Work/Analysis/layn/chi-square/working_so_plotting.csv working_so /Users/jacobluber/Dropbox\ \(HMS\)/
Jacob\ Work/working/working_so/

#parse command line data
#args = commandArgs(trailingOnly=TRUE)
#tenxdir <- args[1]
#freq <- args[2]
#sample <- args[3]
setwd("/Users/jacobluber/Desktop/cwd/p1m1")

data <- Read10X(data.dir = "/Volumes/Jacob's Backup /p1m1")
#read data from Kraken and create Seurat object
#data <- Read10X(data.dir = tenxdir)

#data <- Read10X(data.dir = "/Volumes/Jacob's Backup /k468")
data2 <- CreateSeuratObject(data, min.cells = 3,min.features=400, project = "test")
housekeeping_genes_pre <- read.table("/Users/jacobluber/Desktop/cwd/HK_Satija_mus_musculs.david.converted.txt",stringsAsFactors = FALSE

)
housekeeping_genes <- housekeeping_genes_pre$V1
housekeeping_genes <- intersect(rownames(data2), housekeeping_genes)
subset_counts_matrix <- data.frame(data2@assays$RNA@counts)[housekeeping_genes,]
subset_counts_matrix[subset_counts_matrix > 0] =1
summary(colSums(subset_counts_matrix))
hist(colSums(subset_counts_matrix),main="> .5 selected as cutoff for HK genes")
pdf("HK_genes_hist.pdf",width=7,height=7)
hist(colSums(subset_counts_matrix),main="> .5 selected as cutoff for HK genes")
dev.off()
counts <- colSums(subset_counts_matrix)
counts2 <- data.frame(counts)
counts3 <- counts2 %>% tibble::rownames_to_column() %>% filter(counts > 48)

all.genes <- rownames(x = data2)
mito_pre <- read.table("/Users/jacobluber/Desktop/cwd/mito_genes_mouse.txt",stringsAsFactors = FALSE)
mito_genes <- mito_pre$V1
mito_genes <- intersect(rownames(data2), mito_genes)
subset_counts_matrix <- data.frame(data2@assays$RNA@counts)[mito_genes,]
subset_counts_matrix[subset_counts_matrix > 0] =1
summary(colSums(subset_counts_matrix))
hist(colSums(subset_counts_matrix),main="< 200/1158 genes (Broad list) selected as cutoff for mito genes")
pdf("mito_genes_hist.pdf",width=7,height=7)

���



hist(colSums(subset_counts_matrix),main="< 200/1158 genes (Broad list) selected as cutoff for mito genes")
dev.off()

counts4 <- colSums(subset_counts_matrix)
counts5 <- data.frame(counts4)
counts6 <- counts5 %>% tibble::rownames_to_column() %>% filter(counts4 < 200)

cells <- intersect(counts6$rowname,counts3$rowname)

#Run all processing through UMAP step
#all.genes <- rownames(x = working_so)
#housekeeping_genes_pre <- read.table("/Users/jacobluber/Desktop/cwd/HK_Satija.txt")
#housekeeping_genes <- housekeeping_genes_pre$V1
#non.mito.genes <- grep("^MT-", x = all.genes, value = TRUE, invert = TRUE)
#mito.genes <- grep("^MT-", x = all.genes, value = TRUE, invert = FALSE)

#housekkeeping and mito gene plots
# hist_arr_hk = c()
# for (i in 1:length(colnames(data2@assays$RNA@counts))) {
# hk_genes <- 0
# for (j in 1:length(housekeeping_genes)) {
# if (data2@assays$RNA@counts[,i][housekeeping_genes[j]] == 1){
# old <- hk_genes
# hk_genes <- old+1
# }
# }
# hist_arr_hk<- c(hist_arr_hk,hk_genes)
# }

# hist_arr_hk2 = c()
# for (i in 1:100) {
# print(i)
# hk_genes <- 0
# for (j in 1:length(housekeeping_genes)) {
# if (data2@assays$RNA@counts[,i][housekeeping_genes[j]] >= 1){
# hk_genes <- hk_genes+1
# }
# }
# hist_arr_hk2<- c(hist_arr_hk2,hk_genes/106)
# }
#
# m_genes_arr <- c()
# for (i in 1:300) {
# print(i)
# m_genes <- 0
# for (j in 1:length(mito.genes)) {
# if (data2@assays$RNA@counts[,i][mito.genes[j]] == 1){
# m_genes <- m_genes+1
# }
# }
# m_genes_arr<- c(m_genes_arr,m_genes/13)
# }

working_so <- NormalizeData(data2)
working_so <- SubsetData(working_so, cells = cells)
working_so <- ScaleData(object = working_so, features = rownames(working_so))
working_so <- FindVariableFeatures(object = working_so, mean.function = ExpMean, dispersion.function = LogVMR,

do.plot = FALSE)
hv.genes <- head(x = VariableFeatures(object = working_so), 1000)
working_so <- RunPCA(object = working_so, pc.genes = hv.genes, do.print = FALSE, pcs.print = 1:5,

genes.print = 5, pcs.compute = 50)
working_so <- FindNeighbors(object = working_so, dims = 1:30)
working_so <- FindClusters(object = working_so, resolution = 1.2)
working_so <- RunUMAP(object = working_so, reduction.use = "pca", dims = 1:15, n_neighbors = 15, min_dist = 0.3)

#optionally read in existing Seurat object
#working_so <- readRDS("/Users/jacobluber/browser/k409.ln-blood.rds")

#get the tcr data to determine matching cluster status, and add various other things to the metadata
#tcr <- read.csv("/Users/jacobluber/browser/k468.blood-ln.csv")
ugh1 <- readRDS("/Users/jacobluber/browser/p1m1.blood-tumor.rds")
tcr <- ugh1@meta.data
#tcr <- read.csv(freq)
tcr.idents <- tcr$matching
#CHECK INPUT FILE
tcr$pcluster <- as.numeric(tcr$matching)
tcr$pcluster[tcr$pcluster==1] <- 1
tcr$pcluster[tcr$pcluster==2] <- 1
tcr$pcluster[tcr$pcluster==3] <- 1
tcr$pcluster[tcr$pcluster==4] <- 2
tcr$pcluster[tcr$pcluster==5] <- 2
tcr$ambig <- as.numeric(tcr$matching)
tcr$ambig[tcr$ambig==1] <- 1
tcr$ambig[tcr$ambig==2] <- 1
tcr$ambig[tcr$ambig==3] <- 2
tcr$ambig[tcr$ambig==4] <- 2
tcr$ambig[tcr$ambig==5] <- 2
tcr$consis <- as.numeric(tcr$matching)
tcr$consis[tcr$consis==1] <- 2
tcr$consis[tcr$consis==2] <- 2
tcr$consis[tcr$consis==3] <- 1
tcr$consis[tcr$consis==4] <- 2
tcr$consis[tcr$consis==5] <- 2
tcr$Barcode <- rownames(tcr)
tcr$Barcode <- gsub("(.*)\\-(1)","\\1",tcr$Barcode)
names(tcr.idents)=tcr$Barcode
tcr.pclusters <- tcr$pcluster
tcr.ambig <- tcr$ambig
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names(tcr.pclusters)=tcr$Barcode
names(tcr.ambig)=tcr$Barcode
tcr.consis <- tcr$consis
names(tcr.consis)=tcr$Barcode
working_so <- AddMetaData(working_so,tcr.pclusters,col.name='pcluster')
working_so <- AddMetaData(working_so,tcr.consis,col.name='consistent')
working_so <- AddMetaData(working_so,tcr.ambig,col.name='ambig')
working_so <- AddMetaData(working_so,tcr.idents,col.name='matching')
working_so <- AddMetaData(working_so,data.frame(working_so@reductions$umap@cell.embeddings)$UMAP_1,col.name='u1')
working_so <- AddMetaData(working_so,data.frame(working_so@reductions$umap@cell.embeddings)$UMAP_2,col.name='u2')

#determine which clusters to keep
clusters <- levels(working_so@meta.data$seurat_clusters)

#iterative function to see if a given cluster should be kept, results aggregate like a fold in Haskell
see_if_keep_cluster <- function(so, cluster, idents){
copy_so <- so
cso <- SubsetData(copy_so, ident.use = cluster, do.clean = TRUE, do.scale = TRUE)
new_id <- NULL
cd3e <- sum(as.numeric(GetAssayData(object = cso, slot = "data")["Cd3e",]>0))/nrow(cso@meta.data)
cd3d <- sum(as.numeric(GetAssayData(object = cso, slot = "data")["Cd3d",]>0))/nrow(cso@meta.data)
cd3g <- sum(as.numeric(GetAssayData(object = cso, slot = "data")["Cd3g",]>0))/nrow(cso@meta.data)
cd8b <- sum(as.numeric(GetAssayData(object = cso, slot = "data")["Cd8b1",]>0))/nrow(cso@meta.data)
cd8a <- sum(as.numeric(GetAssayData(object = cso, slot = "data")["Cd8a",]>0))/nrow(cso@meta.data)
foxp3 <- sum(as.numeric(GetAssayData(object = cso, slot = "data")["Foxp3",]>0))/nrow(cso@meta.data)
#cd4 <- sum(as.numeric(GetAssayData(object = cso, slot = "data")["Cd4",]>0))/nrow(cso@meta.data)
if (cd3e > .3 || cd3d > .3 || cd3g > .3) {
if (cd8b > .3 && cd8a > .3 && foxp3 < .05) {
new_id <- cluster

}
}
idents <- c(idents,new_id)
return(idents)

}

idents <- c()
for (i in clusters){
idents <- see_if_keep_cluster(working_so, as.numeric(i),idents)

}

#CHANGE
sample <- "p1m2"

working_so1 <- SubsetData(working_so, ident.use = idents, do.clean = TRUE, do.scale = TRUE)
working_so1 <- ScaleData(object = working_so1, features = rownames(working_so1))
working_so1 <- FindVariableFeatures(object = working_so1, mean.function = ExpMean, dispersion.function = LogVMR,

do.plot = FALSE)
hv.genes <- head(x = VariableFeatures(object = working_so1), 1000)
working_so1 <- RunPCA(object = working_so1, pc.genes = hv.genes, do.print = FALSE, pcs.print = 1:5,

genes.print = 5, pcs.compute = 50)
working_so1 <- FindNeighbors(object = working_so1, dims = 1:30)
working_so1 <- FindClusters(object = working_so1, resolution = 1.2)
working_so1 <- RunUMAP(object = working_so1, reduction.use = "pca", dims = 1:15, n_neighbors = 15, min_dist = 0.3)

#Generate UMAPs to check cluster selection
t1 <- paste0("Clusters Kept=",paste(idents, collapse=', ' ))
p1 <- DimPlot(object = working_so, reduction.use = "umap", no.legend = FALSE, do.return = TRUE, label = TRUE, vector.friendly = TRUE,

pt.size = .4) + ggtitle(paste0(length(colnames(data2))," -> ",length(colnames(working_so))," cells (HK/mito filtering)")) +
theme(plot.title = element_text(hjust = 0.5)) + coord_fixed()

p2 <- DimPlot(object = working_so1, reduction.use = "umap", no.legend = FALSE, do.return = TRUE, label = TRUE, vector.friendly = TRUE,
pt.size = .4) + ggtitle(paste0(length(colnames(working_so))," -> ",length(colnames(working_so1))," cells (CD8 filtering)")) +
theme(plot.title = element_text(hjust = 0.5)) + coord_fixed() + labs(subtitle = t1)

p3 <- FeaturePlot(working_so1,features=c("Foxp3","Cd4","Cd3g","Cd8b1","Cd8a","Cd3d","Cd3e"), reduction = "umap",cols=c("gray","red"),pt
.size = .4, coord.fixed = TRUE,combine=FALSE)

title <- paste0(sample,"_UMAP_original.pdf")
pdf(title,width=7,height=7)
p1
dev.off()
pdf(paste0(sample,"_UMAP_cd8s.pdf"),width=7,height=7)
p2
dev.off()
pdf(paste0(sample,"_UMAP_genes.pdf"),width=7,height=7)
p3
dev.off()
pdf(paste0(sample,"_UMAP_matching_plots.pdf"),width=7,height=7)
FeaturePlot(working_so1,features=c("pcluster"), reduction = "umap",pt.size = .4, coord.fixed = TRUE) + NoLegend() + labs(title = "

Definition Used (consistent U ambiguous), matching in grey")
FeaturePlot(working_so1,features=c("ambig"), reduction = "umap",pt.size = .4, coord.fixed = TRUE) + NoLegend() + labs(title = "

Ambiguous Definition, matching in grey")
FeaturePlot(working_so1,features=c("consistent"), reduction = "umap",pt.size = .4, coord.fixed = TRUE) + NoLegend() + labs(title = "

Consistent Definition, matching in grey")
dev.off()

p4 <- FeaturePlot(working_so,features=c("Foxp3","Cd4","Cd3g","Cd8b1","Cd8a","Cd3d","Cd3e"), reduction = "umap",cols=c("gray","red"),pt.
size = .4, coord.fixed = TRUE,combine=FALSE)

title1 <- paste0(sample,"_UMAP_genes_noCD8_filtering.pdf")
pdf(title1,width=20,height=6)
p4
dev.off()

#rerun UMAP pipeline on data with non CD8 clusters removed
#working_so1 <- SubsetData(working_so, ident.use = idents, do.clean = TRUE, do.scale = TRUE)

markers <- FindMarkers(working_so1, ident.1 = 1, ident.2 = NULL, only.pos = TRUE,test.use = "MAST")
write.table(markers,"MAST_matching_markers.txt")
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#write output files for COMET
write.table(GetAssayData(object = working_so1, slot = "counts"),file=paste0("counts_matrix",".txt"),sep="\t",quote=FALSE,row.names=TRUE

)
write.table(GetAssayData(object = working_so1, slot = "scale.data"),file=paste0("normalized_matrix",".txt"),sep="\t",quote=FALSE,row.

names=TRUE)
write.table(Embeddings(working_so1[["umap"]]),file=paste0("viz",".txt"),sep="\t",quote=FALSE,row.names=TRUE)
cluster_out <- working_so1@meta.data %>% tibble::rownames_to_column('barcode') %>% select(barcode,pcluster)
write.table(cluster_out,file=paste0("clusters",".txt"),sep="\t",quote=FALSE,row.names=FALSE)
write.csv(working_so1@meta.data,file=paste0("metadata",".csv"))
#write out metadata
saveRDS(working_so, file = paste0(sample,".rds"))

#p1 <- DimPlot(object = working_so, reduction.use = "umap", no.legend = FALSE, do.return = TRUE, label = TRUE, vector.friendly = TRUE,
pt.size = 1) + ggtitle("UMAP Clusters Removed") + theme(plot.title = element_text(hjust = 0.5)) + coord_fixed()

%���� .ঘঞজ 4ঊখঙক *গঝঐছঊঝঘগ

library(Seurat)

p1m1_tumor <- readRDS(file = "/Users/jacobluber/Dropbox (HMS)/blood-tumor_pipeline/tumor/p1m1/p1m1.rds")
p2m1_tumor <- readRDS(file = "/Users/jacobluber/Dropbox (HMS)/blood-tumor_pipeline/tumor/p2m1/p2m1.rds")
p2m2_tumor <- readRDS(file = "/Users/jacobluber/Dropbox (HMS)/blood-tumor_pipeline/tumor/p2m2/p2m2.rds")
p1m1_blood <- readRDS(file = "/Users/jacobluber/Dropbox (HMS)/blood-tumor_pipeline/blood/p1m1/p1m1.rds")
p2m1_blood <- readRDS(file = "/Users/jacobluber/Dropbox (HMS)/blood-tumor_pipeline/blood/p2m1/p2m1.rds")
p2m2_blood <- readRDS(file = "/Users/jacobluber/Dropbox (HMS)/blood-tumor_pipeline/blood/p2m2/p2m2.rds")

addLevel <- function(x, newlevel=NULL) {
if(is.factor(x)) {
if (is.na(match(newlevel, levels(x))))
return(factor(x, levels=c(levels(x), newlevel)))

}
return(x)

}

fixMatching <- function(seurat_obj,sample) {
seurat_obj@meta.data$matching <- addLevel(seurat_obj@meta.data$matching,paste0(sample,"_matching"))
seurat_obj@meta.data$matching <- addLevel(seurat_obj@meta.data$matching,"not_matching")
seurat_obj@meta.data$matching[seurat_obj@meta.data$matching == "beta_matching"] <- "not_matching"
seurat_obj@meta.data$matching[seurat_obj@meta.data$matching == "alpha_matching"] <- "not_matching"
seurat_obj@meta.data$matching[seurat_obj@meta.data$matching == "no_clonotype"] <- "not_matching"
seurat_obj@meta.data$matching[seurat_obj@meta.data$matching == "both_matching"] <- paste0(sample,"_matching")
seurat_obj@meta.data$matching[seurat_obj@meta.data$matching == "matching"] <- paste0(sample,"_matching")
sample <- rep(sample,length(seurat_obj@meta.data$matching))
names(sample) <- rownames(seurat_obj@meta.data)
seurat_obj<- AddMetaData(seurat_obj,sample,col.name='sample')
return(seurat_obj)

}

p1m1_tumor <- fixMatching(p1m1_tumor,"p1m1_tumor")
p2m1_tumor <- fixMatching(p2m1_tumor,"p2m1_tumor")
p2m2_tumor <- fixMatching(p2m2_tumor,"p2m2_tumor")
p1m1_blood <- fixMatching(p1m1_blood,"p1m1_blood")
p2m1_blood <- fixMatching(p2m1_blood,"p2m1_blood")
p2m2_blood <- fixMatching(p2m2_blood,"p2m2_blood")

samples.list <- c(p1m1_tumor,p2m1_tumor,p2m2_tumor,p1m1_blood,p2m1_blood,p2m2_blood)
for (i in 1:length(samples.list)) {
samples.list[[i]] <- SCTransform(samples.list[[i]], verbose = T)

}

options(future.globals.maxSize = 3145728000) #Jacob's note: 3000 * 1024^2 bytes to resolve error with 2GB list
samples.features <- SelectIntegrationFeatures(object.list = samples.list, nfeatures = 3000)
samples.list <- PrepSCTIntegration(object.list = samples.list, anchor.features = samples.features,

verbose = T)

samples.anchors <- FindIntegrationAnchors(object.list = samples.list, normalization.method = "SCT",
anchor.features = samples.features, verbose = T)

Sys.setenv('R_MAX_VSIZE'= 100000000000)
samples.integrated <- IntegrateData(anchorset = samples.anchors, normalization.method = "SCT",

verbose = T)
# integration.anchors <- FindIntegrationAnchors(object.list = list(p1m1,p2m1,p2m2), dims = 1:30, verbose=T)
# integrated.mouse.blood <- IntegrateData(anchorset = integration.anchors, dims = 1:30)
#
#
DefaultAssay(object = samples.integrated) <- "RNA"
samples.integrated <- ScaleData(samples.integrated , verbose = T)
samples.integrated <- RunPCA(samples.integrated , npcs = 30, verbose = T)
#
#
samples.integrated <- backup
samples.integrated <- FindNeighbors(object = samples.integrated , dims = 1:30)
samples.integrated <- FindClusters(samples.integrated , resolution = .30,verbose=T)
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samples.integrated <- RunUMAP(samples.integrated , reduction = "pca", dims = 1:30)

#samples.integrated@meta.data$matching <- replace(samples.integrated@meta.data$matching,is.na(samples.integrated@meta.data$matching),"
p2m2_blood_matching")

setwd("/Users/jacobluber/Dropbox (HMS)/blood-tumor_pipeline/ptime/second_clustering")

DefaultAssay(object = tumor.integrated) <- "RNA"
saveRDS(tumor.integrated, file = "mouse_tumor_integrated.RDS")
pdf("mouse_sample.pdf",width=7,height=7)
DimPlot(samples.integrated , reduction = "umap", label = FALSE,

repel = TRUE, group.by = "sample",coord.fixed = TRUE) + ggtitle("Integrated Mouse Tumor Samples")
dev.off()

pdf("mouse_matching_p1m1.pdf",width=7,height=7)
DimPlot(samples.integrated, reduction = "umap",group.by = "matching",coord.fixed = TRUE,cols=c("gray","red","blue","gray","gray","gray"

,"gray"))+ ggtitle("Integrated Mouse Tumor Cells Matching To Blood \n [8540 Total Cells, 2427 Matching Cells]")
dev.off()

pdf("mouse_matching_p2m1.pdf",width=7,height=7)
DimPlot(samples.integrated, reduction = "umap",group.by = "matching",coord.fixed = TRUE,cols=c("gray","gray","gray","red","blue","gray"

,"gray"))+ ggtitle("Integrated Mouse Tumor Cells Matching To Blood \n [8540 Total Cells, 2427 Matching Cells]")
dev.off()

pdf("mouse_matching_p2m2.pdf",width=7,height=7)
DimPlot(samples.integrated, reduction = "umap",group.by = "matching",coord.fixed = TRUE,cols=c("gray","gray","gray","gray","gray","red"

,"blue"))+ ggtitle("Integrated Mouse Tumor Cells Matching To Blood \n [8540 Total Cells, 2427 Matching Cells]")
dev.off()

pdf("mouse_clusters2.pdf",width=7,height=7)
DimPlot(samples.integrated, reduction = "umap",coord.fixed = TRUE)+ ggtitle("Integrated Mouse Tumor Clusters")
dev.off()

pdf("mouse_tumor_markers.pdf",width=7,height=7)
FeaturePlot(samples.integrated,features=c("Foxp3","Cd4","Cd3g","Cd8a","Cd3d","Cd3e","Pdcd1","Ctla4","Sell","Gzmb","Mki67","Il7r","Lag3"

,"Tcf7","Entpd1","Ifng","Foxp3"), reduction = "umap",cols=c("gray","red"),pt.size = .4, coord.fixed = TRUE,combine=FALSE)
dev.off()

#b2<-subset(blood.integrated, subset = sample != "NA")

markers_mast <- FindAllMarkers(samples.integrated, only.pos = TRUE,test.use = "MAST")
markers <- FindAllMarkers(samples.integrated, only.pos = TRUE)
write.csv(markers_mast,"mouse_markers_MAST2.csv")
write.csv(markers,"mouse_markers2.csv")

saveRDS(samples.integrated, file = "integration.RDS")

#saveRDS(integrated.k468, file = "/Users/jacobluber/Desktop/ptime/k468_1.rds")

# blood@meta.data$matching <- addLevel(blood@meta.data$matching, "blood_not_matching")
# blood@meta.data$matching[blood@meta.data$matching == "beta_matching"] <- "blood_not_matching"
# blood@meta.data$matching[blood@meta.data$matching == "alpha_matching"] <- "blood_not_matching"
# blood@meta.data$matching[blood@meta.data$matching == "not_matching"] <- "blood_not_matching"
# blood@meta.data$matching[blood@meta.data$matching == "no_clonotype"] <- "blood_not_matching"
# blood@meta.data$matching <- addLevel(blood@meta.data$matching, "blood_matching")
# blood@meta.data$matching[blood@meta.data$matching == "matching"] <- "blood_matching"
# tumor@meta.data$matching <- addLevel(tumor@meta.data$matching, "tumor_not_matching")
# tumor@meta.data$matching[tumor@meta.data$matching == "beta_matching"] <- "tumor_not_matching"
# tumor@meta.data$matching[tumor@meta.data$matching == "not_matching"] <- "tumor_not_matching"
# tumor@meta.data$matching[tumor@meta.data$matching == "alpha_matching"] <- "tumor_not_matching"
# tumor@meta.data$matching[tumor@meta.data$matching == "no_clonotype"] <- "tumor_not_matching"
# tumor@meta.data$matching <- addLevel(tumor@meta.data$matching, "tumor_matching")
# tumor@meta.data$matching[tumor@meta.data$matching == "matching"] <- "tumor_matching"

integration.anchors <- FindIntegrationAnchors(object.list = list(p1m1_tumor,p2m1_tumor,p2m2_tumor,p1m1_blood,p2m1_blood,p2m2_blood),
dims = 1:30, verbose=T)

integrated.mouse.blood <- IntegrateData(anchorset = integration.anchors, dims = 1:20)

backup <- integrated.mouse.blood

integrated.mouse.blood <- ScaleData(integrated.mouse.blood , verbose = FALSE)
integrated.mouse.blood <- RunPCA(integrated.mouse.blood , npcs = 30, verbose = FALSE)
integrated.mouse.blood <- FindNeighbors(object = integrated.mouse.blood, dims = 1:30)
integrated.mouse.blood <- RunUMAP(integrated.mouse.blood , reduction = "pca", dims = 1:30)

setwd("/Users/jacobluber/Dropbox (HMS)/blood-tumor_pipeline/ptime/")
pdf("sample.pdf",width=7,height=7)
DimPlot(integrated.mouse.blood , reduction = "umap", label = TRUE,

repel = TRUE, group.by = "sample")
dev.off()

DimPlot(integrated.mouse.blood , reduction = "umap", group.by = "matching")
DimPlot(object = integrated.mouse.blood, reduction.use = "umap", no.legend = FALSE, do.return = TRUE, label = TRUE, vector.friendly =

TRUE, pt.size = .4) + theme(plot.title = element_text(hjust = 0.5)) + coord_fixed()

test <- integrated.mouse.blood
test@metadata
FeaturePlot(integrated.mouse.blood,features=c("matching"), reduction = "umap",pt.size = .4, coord.fixed = TRUE,combine=FALSE)
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DimPlot(integrated.mouse.blood , reduction = "umap", group.by = "celltype", label = TRUE,
repel = TRUE) + NoLegend()

FeaturePlot(samples.integrated,features=c("Sell"), reduction = "umap",cols=c("gray","red"),pt.size = .4, coord.fixed = TRUE,combine=
FALSE)

DimPlot(object = integrated.mouse.blood, reduction.use = "umap", no.legend = FALSE, do.return = TRUE, label = TRUE, vector.friendly =
TRUE, pt.size = .4)

+ theme(plot.title = element_text(hjust = 0.5))
+ coord_fixed()

saveRDS(working_so1, file = paste0(sample,".rds"))
#saveRDS(integrated.k468, file = "/Users/jacobluber/Desktop/ptime/k468_1.rds")
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#
# This is a Shiny web application. You can run the application by clicking
# the 'Run App' button above.
#
# Find out more about building applications with Shiny here:
#
# http://shiny.rstudio.com/
#

library(shiny)
library(Seurat)
library(ggplot2)
library(cowplot)
library(viridis)
library(mltools)
library(data.table)
library(dplyr)
library(tidyr)

options(shiny.sanitize.errors = FALSE)

ui <- fluidPage(

# Application title
sidebarLayout(
sidebarPanel(
selectInput("sample", h4("Sample:"),

c("K409 LN [Human]"="k409.ln-blood.tcr.rds","K409 Tumor [Human]" = "k409.tumor-blood.tcr.rds","K411 LN [Human]"="k411.ln
-ablood.tcr.rds","K411 LN (matching PD1 high blood) [Human]"="k411.ln-bblood.tcr.rds","K468 LN [Human]"="k468.ln-
blood.tcr.rds", "Pilot 1 M1 Tumor [Mouse]"="p1m1.tumor-blood.tcr.rds", "K409 Blood (mathing K409 LN) [Human]"="
k409.blood-ln.tcr.rds","K409 Blood (matching K409 Tumor) [Human]"="k409.blood-tumor.tcr.rds","K411 Blood A [Human
]" = "k411.ablood-ln.tcr.rds","K411 Blood B [Human]"="k411.bblood-ln.tcr.rds","K468 Blood [Human]"="k468.blood-ln
.tcr.rds", "Pilot 1 M1 Blood [Mouse]"="p1m1.blood-tumor.tcr.rds","Pilot 2 M1 Blood [Mouse]"="p2m1.blood-tumor.tcr
.rds","Pilot 2 M1 Tumor [Mouse]"="p2m1.tumor-blood.tcr.rds","Pilot 2 M2 Blood [Mouse]"="p2m2.blood-tumor.tcr.rds"
,"Pilot 2 M2 Tumor [Mouse]"="p2m2.tumor-blood.tcr.rds"))

#selectInput("tissue", h4("Matching Tissue Selection (SAMPLE_ID MATCHING_TISSUE [ORGANISM} <-> SAMPLE_ID PRIMARY_TISSUE:"),
# c("K409 Blood [Human] <-> K409 LN"="k409.blood-ln.csv", "K409 LN [Human] <-> K409 Blood"="k409.ln-blood.csv","K409 Tumor

[Human] <-> K409 Blood" = "k409.tumor-blood.csv","K411 LN [Human] <-> K411 Blood A"="k411.ln-ablood.csv","K411 LN [Human] <->
K411 Blood B"="k411.ln-bblood.csv","K468 LN [Human] <-> K468 Blood"="k468.ln-blood.csv", "Mouse Pilot 1 Tumor [Mouse] <-> Mouse
Pilot 1 Blood"="mp1.tumor-blood.csv","K409 Blood [Human] <-> K409 Tumor"="k409.blood-tumor.csv","K411 Blood A [Human] <-> K409
LN" = "k411.ablood-ln.csv","K411 Blood B [Human] <-> K411 LN"="k411.bblood-ln.csv","K468 Blood [Human] <-> K468 LN"="k468.blood-
ln.csv", "Mouse Pilot 1 Blood [Mouse] <-> Mouse Pilot 1 Tumor"="mp1.blood-tumor.csv")),

# Sidebar with a slider input for number of bins

# Show a plot of the generated distribution
#selectizeInput("text", c(), selected = "Pdcd1", multiple = TRUE,
# options = NULL),
#h4("Show Matching Clones From:"),
#uiOutput('selectui')
#div(id="matching")
#h3("Gene Expression Plot[s]"),
#h4("Gene[s]:"),
#div(id="gene")
#h4("TCR Sequence:"),
#div(id="tcr")
),
mainPanel(

tabsetPanel(
tabPanel("Clusters",plotOutput("distPlot2")),

#tabPanel("Matching Clones",splitLayout(plotOutput("matchingPlot"),plotOutput("matchingPlot2"))),
tabPanel("Matching Clones",fluidPage(fluidRow(column(6,wellPanel(span(h4("Secondary Tissue:"),uiOutput('selectui'))))),

fluidRow(
column(6,

plotOutput(outputId = "matchingPlot")
),
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column(6,
plotOutput(outputId = "notMatchingPlot")

)
),

fluidRow(
column(6,

plotOutput(outputId = "matchingPlot1")
),
column(6,

plotOutput(outputId = "notMatchingPlot1")
)

),
fluidRow(h5("'Primary Tissue' is the sample selected on the left and 'Secondary Tissue' is the sample that

appears at the top of this page."))
)),

tabPanel("Marker Expression",fluidPage( fluidRow(h4("Gene[s]:"),uiOutput('geneui')),fluidRow(plotOutput("distPlot")) )),
tabPanel("Clonal Expansion Frequency",plotOutput("distPlot3")),
tabPanel("Number of Genes",plotOutput("distPlot4")),
#tabPanel("Clones",plotOutput("distPlot5"))
tabPanel("Clones",fluidPage(fluidRow(h4("TCR Sequence (Decreasing by Clone Size):"),uiOutput('cloneui')),fluidRow(plotOutput("

distPlot5"))) ) )

#textInput("text", label = h3("Gene"), value = "PDCD1")#,
#sliderInput("bins",
# "Number of bins:",
# min = 1,
# max = 50,
# value = 30)

)

)
)

# Define server logic required to draw a histogram
selector2 <- list("k409.blood-ln.csv"="K409 Blood [Human]")

server <- function(input, output) {
k409ln <- c("K409 Blood [Human]"="k409.blood-ln.csv")
k409tumor <- c("K409 Blood [Human]"="k409.blood-tumor.csv")
k409blood <- c("K409 Tumor [Human]" = "k409.tumor-blood.csv")
k409bloodl <- c("K409 LN [Human]"="k409.ln-blood.csv")
k411ln <- c("K411 Blood A [Human]" = "k411.ablood-ln.csv")
k411lnhigh <- c("K411 Blood B [Human]" ="k411.bblood-ln.csv")
k411ablood <- c("K411 LN [Human]" = "k411.ln-ablood.csv")
k411bblood <- c("K411 LN (matching PD1 high blood) [Human]" = "k411.ln-bblood.csv")
k468ln <- c("K468 Blood [Human]" = "k468.blood-ln.csv")
k468blood <- c("K468 LN [Human]" = "k468.ln-blood.csv")
mp1tumor <- c("Pilot 1 M1 Blood [Mouse]" = "mp1.blood-tumor.csv")
mp1blood <- c("Pilot 1 M1 Tumor [Mouse]" = "mp1.tumor-blood.csv")
p2m1tumor <- c("Pilot 2 M1 Blood [Mouse]" = "p2m1.blood-tumor.csv")
p2m1blood <- c("Pilot 2 M1 Tumor [Mouse]" = "p2m1.tumor-blood.csv")
p2m2tumor <- c("Pilot 2 M2 Blood [Mouse]" = "p2m2.blood-tumor.csv")
p2m2blood <- c("Pilot 2 M2 Tumor [Mouse]" = "p2m2.tumor-blood.csv")
k471tumor <- c("K471 Blood [Human]"="k471.blood-tumor.csv")
k471blood <- c("K471 Tumor [Human]"="k471.tumor-blood.csv")

#selectddInput("sample", h4("Primary Tissue Selection (SAMPLE_ID PRIMARY_TISSUE [ORGANISM] <-> SAMPLE_ID MATCHING_TISSUE):"),
# c("K409 LN [Human] <-> K409 Blood"="k409.ln-blood.tcr.rds","K409 Tumor [Human] <-> K409 Blood" = "k409.tumor-blood.tcr.

rds","K411 LN [Human] <-> K411 Blood A"="k411.ln-ablood.tcr.rds","K411 LN [Human] <-> K411 Blood B"="k411.ln-bblood.tcr.rds","
K468 LN [Human] <-> K468 Blood"="k468.ln-blood.tcr.rds", "Mouse Pilot 1 Tumor [Mouse] <-> Mouse Pilot 1 Blood"="mp1.tumor-blood.
tcr.rds", "K409 Blood [Human] <-> K409 LN"="k409.blood-ln.tcr.rds","K409 Blood [Human] <-> K409 Tumor"="k409.blood-tumor.tcr.rds
","K411 Blood A [Human] <-> K409 LN" = "k411.ablood-ln.tcr.rds","K411 Blood B [Human] <-> K411 LN"="k411.bblood-ln.tcr.rds","
K468 Blood [Human] <-> K468 LN"="k468.blood-ln.tcr.rds", "Mouse Pilot 1 Blood [Mouse] <-> Mouse Pilot 1 Tumor"="mp1.blood-tumor.
tcr.rds"))

selector <- list("k409.ln-blood.tcr.rds"=k409ln,"k409.tumor-blood.tcr.rds"=k409tumor,"k411.ln-ablood.tcr.rds"=k411ln,"k411.ln-bblood.
tcr.rds"=k411lnhigh,"k468.ln-blood.tcr.rds"=k468ln,"p1m1.tumor-blood.tcr.rds"=mp1tumor,"k409.blood-ln.tcr.rds"=k409bloodl,"k409.
blood-tumor.tcr.rds"=k409blood,"k411.ablood-ln.tcr.rds"=k411ablood,"k411.bblood-ln.tcr.rds"=k411bblood,"k468.blood-ln.tcr.rds"=
k468blood,"p1m1.blood-tumor.tcr.rds"=mp1blood,"p2m1.blood-tumor.tcr.rds"=p2m1blood,"p2m1.tumor-blood.tcr.rds"=p2m1tumor,"p2m2.
tumor-blood.tcr.rds"=p2m2tumor,"p2m2.blood-tumor.tcr.rds"=p2m2blood,"k471.tumor-blood.tcr.rds"=k471tumor,"k471.blood-tumor.tcr.
rds"=k471blood)

tcr_regex <- function(sof){
sof <- sub('^([^|])',"TRA:\\1",sof)
sof <- sub('^\\|',"TRB:",sof)
sof <- sub('\\|',",TRB:",sof)
sof <- sub('.*notcr','notcr',sof)
return(sof)

}

tcr_regex_reverse <-function(sof){
sof <- sub('^TRB:','|',sof)
sof <- sub('^TRA:','',sof)
sof <- sub(',TRB:','|',sof)
return(sof)

}

tcr_conv <- reactive({
output <- lapply(sam_ordered_freq()$TCR,tcr_regex)
})

output$cloneui = renderUI ({
selectizeInput("tcr", label = NULL, tcr_conv(),selected=1,multiple=FALSE,options=NULL)

})
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output$geneui = renderUI ({
selectizeInput("text", label = NULL, rownames(x = sam()),selected = c(rownames(x = sam())[idx()],rownames(x = sam())[idx()-1],

rownames(x = sam())[idx()-2],rownames(x = sam())[idx()-3]), multiple = TRUE,options = NULL)
})

output$selectui = renderUI ({
selectInput("tissue", label = NULL, sublist(),multiple=FALSE,selected=1)

})

#output$matchingt = renderText ({
# sublist()[1]
#})

sublist <- reactive({
object = selector[[input$sample]]

})

sam <- reactive({
seurat_object = readRDS(input$sample)

})

sam_ordered_freq <- reactive({
sof <- sam()@meta.data[order(sam()@meta.data$Frequency,decreasing=TRUE),]

})

sam2 <- reactive({
seurat_obect = read.csv(input$tissue)

})

idx <- reactive({
rand_num = sample(5:length(rownames(sam())),1)

})

md_oh <- reactive({
output = one_hot(data.table(sam()@meta.data),cols=c("TCR"))

})

sam_matching <- reactive({
output = sam()@meta.data %>% filter(matching == "both_matching" | matching == "matching" | matching == "beta_matching" |

matching == "alpha_matching" )
})

sam_notmatching <- reactive({
output = sam()@meta.data %>% filter(matching != "both_matching" & matching != "matching" & matching != "beta_matching" &

matching != "alpha_matching")
})

sam2_matching <- reactive({
output = sam2() %>% filter(matching == "matching" | matching == "both_matching" | matching == "beta_matching" | matching == "

alpha_matching")
})

sam2_notmatching <- reactive({
output = sam2() %>% filter(matching != "both_matching" & matching != "matching" & matching != "beta_matching" & matching != "

alpha_matching")
})

u1max <- reactive({
output = max(sam()@meta.data$u1)

})
u1min <- reactive({

output = min(sam()@meta.data$u1)
})
u2max <- reactive({

output = max(sam()@meta.data$u2)
})
u2min <- reactive({

output = min(sam()@meta.data$u2)
})

u1max2 <- reactive({
output = max(sam2()$u1)

})
u1min2 <- reactive({

output = min(sam2()$u1)
})
u2max2 <- reactive({

output = max(sam2()$u2)
})
u2min2 <- reactive({

output = min(sam2()$u2)
})

output$matchingPlot <- renderPlot({
ggplot(sam_matching(), aes(x=u1, y=u2))+

geom_point(aes(color=freq),size=1)+
xlab("UMAP 1")+
ylab("UMAP 2")+
ggtitle("Expansion Plot Of Matching Cells For Primary Tissue")+
coord_fixed()+
labs(color='Frequency')+
scale_colour_gradient(low="gray",high="purple", na.value="black")+
labs( subtitle = "(black indicates no expansion)")+
xlim(u1min(),u1max())+
ylim(u2min(),u2max())

})
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output$matchingPlot1 <- renderPlot({
ggplot(sam2_matching(), aes(x=u1, y=u2))+

geom_point(aes(color=freq),size=1)+
xlab("UMAP 1")+
ylab("UMAP 2")+
ggtitle("Expansion Plot Of Matching Cells For Secondary Tissue")+
coord_fixed()+
labs(color='Frequency')+
scale_colour_gradient(low="gray",high="purple", na.value="black")+
labs( subtitle = "(black indicates no expansion)")+
xlim(u1min2(),u1max2())+
ylim(u2min2(),u2max2())

})

output$notMatchingPlot <- renderPlot ({
ggplot(sam_notmatching(), aes(x=u1, y=u2))+

geom_point(aes(color=freq),size=1)+
xlab("UMAP 1")+
ylab("UMAP 2")+
ggtitle("Expansion Plot Of Not Matching Cells For Primary Tissue")+
coord_fixed()+
labs(color='Frequency')+
scale_colour_gradient(low="gray",high="purple", na.value="black")+
labs( subtitle = "(black indicates no expansion)")+
xlim(u1min(),u1max())+
ylim(u2min(),u2max())

})

output$notMatchingPlot1 <- renderPlot ({
ggplot(sam2_notmatching(), aes(x=u1, y=u2))+

geom_point(aes(color=freq),size=1)+
xlab("UMAP 1")+
ylab("UMAP 2")+
ggtitle("Expansion Plot Of Not Matching Cells For Secondary Tissue")+
coord_fixed()+
labs(color='Frequency')+
scale_colour_gradient(low="gray",high="purple", na.value="black")+
labs( subtitle = "(black indicates no expansion)")+
xlim(u1min2(),u1max2())+
ylim(u2min2(),u2max2())

})

output$distPlot5 <- renderPlot({
ggplot(md_oh(), aes(x=u1, y=u2))+

geom_point(aes(color=as.factor(md_oh()[[paste0("TCR_",tcr_regex_reverse(input$tcr))]])),size=1)+
xlab("UMAP 1")+
ylab("UMAP 2")+
ggtitle(paste0("Clone ",input$tcr," (",toString(sum(md_oh()[[paste0("TCR_",tcr_regex_reverse(input$tcr))]] == 1)),"

Cells)"))+
scale_color_manual(breaks = c("0", "1"), values=c("black", "red"))+
theme(legend.position="none")+
coord_fixed()

},height=800,width=800)

output$distPlot <- renderPlot({
FeaturePlot(sam(),features=c(input$text), reduction = "umap",cols=c("gray","red"), pt.size = 1, coord.fixed=T)

},height=800,width=800)

output$distPlot2 <- renderPlot({
DimPlot(object = sam(), reduction.use = "umap", no.legend = FALSE, do.return = TRUE, vector.friendly = TRUE, pt.size = 1,label=

FALSE,label.size=12,repel=TRUE) + ggtitle("UMAP") + theme(plot.title = element_text(hjust = 0.5))+ggtitle("Clusters")+
coord_fixed()

},height=800,width=800)

output$distPlot3 <- renderPlot({
FeaturePlot(sam(),features=c("freq"), pt.size = 1, reduction = "umap",coord.fixed=T,cols=c("gray","purple"))+scale_colour_gradient

(low="gray",high="purple", na.value="black")+labs(title = "Clonal Expansion", subtitle = "(black indicates no expansion)")
},height=800,width=800)

output$distPlot4 <- renderPlot({
FeaturePlot(sam(),features=c("nFeature_RNA"), pt.size = 1, reduction = "umap",coord.fixed=T,cols=c("gray","red"))+ggtitle("Number

of Genes")
},height=800,width=800)

}

# Run the application
shinyApp(ui = ui, server = server)
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