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Abstract

BRd\ VL]e LV RQe Rf WKe PRVW dLVceUQLbOe Za\V LQ ZKLcK aQLPaO VSecLeV YaU\. TKe bOXe ZKaOe

(Balaenoptera musculus), WKe OaUJeVW aQLPaO RQ eaUWK, caQ UeacK XS WR 30 P LQ OeQJWK aQd ZeLJK

XS WR 200 WRQQeV. AW WKe RWKeU e[WUePe, a VSecLeV Rf fURJ caOOed Paedophr\ne amauensis LV

aPRQJ WKe VPaOOeVW aQLPaOV RQ eaUWK ZLWK adXOWV PeaVXULQJ MXVW 8 PP LQ OeQJWK, abRXW WKe VL]e Rf

a Sea. UQdeUVWaQdLQJ KRZ RUJaQLVPV JURZ WR WKeLU cKaUacWeULVWLc VL]eV LV a fXQdaPeQWaO

bLRORJLcaO TXeVWLRQ. AOWKRXJK a OaUJeU bRd\ VL]e caQ LQcUeaVe aQ RUJaQLVP¶V cRPSeWLWLYe

adYaQWaJe, aQ LQcUeaVed bRd\ VL]e aOVR UeTXLUeV added WLPe aQd QXWULeQWV WR deYeORS. AV VXcK,

RUJaQLVPV PXVW KaYe PecKaQLVPV WR bRWK VeQVe aQd adMXVW JURZWK dXULQJ deYeORSPeQW. SWXdLeV

Rf VLQJOe ceOOV KaYe UeYeaOed WKaW JURZWK UeJXOaWLRQ caQ be acKLeYed XVLQJ WLPe RU VL]e VeQVLQJ

cRQWURO PeWKRdV. IQ PXOWLceOOXOaU RUJaQLVPV, KRZeYeU, UeJXOaWRU\ PecKaQLVPV PXVW QRW RQO\

cRQWURO VLQJOe ceOO JURZWK bXW aOVR LQWeJUaWe LW acURVV RUJaQV aQd WLVVXeV dXULQJ deYeORSPeQW. IQ

WKLV dLVVeUWaWLRQ, I LQYeVWLJaWe JURZWK cRQWURO LQ WKe URXQdZRUP QePaWRde Caenorhabditis

elegans. C. elegans LV SaUWLcXOaUO\ VXLWed fRU WKe VWXd\ Rf JURZWK cRQWURO becaXVe Rf LWV UaSLd

deYeORSPeQW aQd JeQeWLc WUacWabLOLW\. I fLUVW RSWLPL]e a KLJK-WKURXJKSXW SKeQRW\SLQJ SOaWfRUP

WKaW facLOLWaWeV TXaQWLWaWLYe aVVeVVPeQW Rf WKRXVaQdV Rf LQdLYLdXaOV aW KLJK SUecLVLRQ. UVLQJ WKLV

SOaWfRUP, I TXaQWLf\ cKaQJeV LQ aQLPaO VL]e aQd VKaSe WKURXJKRXW deYeORSPeQW, aQd e[SORUe KRZ

JeQeWLcV aQd QaWXUaO JeQeWLc YaULaWLRQ cRQWULbXWe WR dLffeUeQceV LQ aQLPaO JURZWK. TKe UeVXOWV Rf

WKLV ZRUN Oa\ WKe fRXQdaWLRQ fRU a PecKaQLVWLc dLVVecWLRQ Rf RUJaQLVPaO JURZWK cRQWURO.
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WeUe LW QRW fRU P\ XQdeUJUadXaWe acadePLc adYLVRUV, DUV. JLP LLVVePRUe aQd CKU\VWaO

BUXce, aQd P\ XQdeUJUadXaWe UeVeaUcK adYLVRU, DU. MLcKaeO NLcKROV, I ZRXOd QeYeU KaYe

cRQVLdeUed a caUeeU LQ UeVeaUcK. I aP fRUeYeU JUaWefXO WR WKe SaWLeQce WKe\ VKRZed Pe aV a \RXQJ

VcLeQWLVW, WKe LQceVVaQW cXULRVLW\ WKe\ LPSaUWed XSRQ Pe, aQd WKe UeVSecW WKe\ WaXJKW Pe I

deVeUYed. TKe\ eacK, LQ WKeLU RZQ Za\, VKRZed Pe WKe YeU\ beVW Rf acadePLa aQd fRU WKaW I aP

WKaQNfXO.

AbRYe aOO, I ZRXOd OLNe WR acNQRZOedJe P\ adYLVRU, DU. EULN AQdeUVeQ. TKURXJKRXW P\

fRXU \eaUV aV a JUadXaWe VWXdeQW aW NRUWKZeVWeUQ UQLYeUVLW\, EULN KaV QRW RQO\ beeQ a cRQVWaQW

VRXUce Rf VXSSRUW, bXW aOVR KaV JRQe abRYe aQd be\RQd WR eQVXUe I Kad ZKaW I Qeeded WR be
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VXcceVVfXO. I beOLeYe, ZLWKRXW a dRXbW LQ P\ PLQd, WKaW EULN KaV fRXQd KLV caOOLQJ aV a VcLeQWLVW,

WeacKeU, aQd PeQWRU. HLV SaVVLRQ fRU VcLeQce LV LQfecWLRXV, KLV cRPPLWPeQW WR UeVeaUcK LQVSLULQJ,

aQd KLV VKeeU deWeUPLQaWLRQ XQPaWcKed. I ORRN fRUZaUd WR VeeLQJ ZKeUe KLV caUeeU WaNeV KLP.

M\ WLPe LQ JUadXaWe VcKRRO ZRXOd QRW KaYe beeQ WKe VaPe ZLWKRXW WKe PaQ\ cROOeaJXeV

aQd fULeQdV I¶Ye Pade aORQJ WKe Za\. FLUVW, I ZRXOd OLNe WR acNQRZOedJe DU. GaRWLaQ ZKaQJ ZKR

KeOSed Pe fLQd P\ SOace LQ WKe OabRUaWRU\ dXULQJ P\ URWaWLRQ. GaRWLaQ¶V VecUeW SRZeU LV KLV

eQdXULQJ SRVLWLYLW\ aQd cRQfLdeQce. I aP VR fRUWXQaWe WR KaYe ZRUNed ZLWK KLP aQd ZLWQeVV KLV

e[SeULPeQWaO VNLOO fLUVWKaQd ± I aP cRQYLQced WKeUe LV QR e[SeULPeQW WRR dLffLcXOW fRU GaRWLaQ. I

ZLOO caUU\ KLV caOPQeVV ZLWK Pe WKURXJK aOO fXWXUe VWUeVVfXO VLWXaWLRQV.

TZR RWKeU SeRSOe I ZRXOd OLNe WR PeQWLRQ aUe DUV. TLP CURPbLe aQd SaP WLdPa\eU. I

Kad WKe SOeaVXUe Rf bXLOdLQJ WKe eas\Xpress SacNaJe ZLWK WKeVe LQcUedLbO\ WaOeQWed SRVWdRcV.

TKe\ KaYe bRWK beeQ a cRQVWaQW VRXUce Rf SRVLWLYe feedbacN aQd cRQVWUXcWLYe cULWLcLVP. M\

SURJUeVV RYeU WKe OaVW fRXU \eaUV ZRXOd QRW KaYe beeQ SRVVLbOe ZLWKRXW RXU daLO\ cROOabRUaWLRQ

aQd cRQYeUVaWLRQ. UQNQRZLQJO\, WKe\ KaYe SXVKed aQd PeQWRUed Pe WR be a beWWeU SURJUaPPeU

aQd VcLeQWLVW. AbRYe aOO, WKe\ JLYe Pe KRSe fRU WKe fXWXUe Rf acadePLa ± I ORRN fRUZaUd WR VeeLQJ

WKe SURdXcW Rf WKeLU KaUd ZRUN aQd dedLcaWLRQ WR VcLeQce.

Ne[W, I ZRXOd OLNe WR WKaQN DU. KaWLe EYaQV. KaWLe¶V e[WeQVLYe NQRZOedJe aQd

cRPSXWaWLRQaO SURZeVV LQWLPLdaWed Pe fRU WKe ORQJeVW WLPe. I VRRQ fRXQd WKaW Ze ZeUe LQcUedLbO\

VLPLOaU aQd I KaYe beeQ fRUWXQaWe eQRXJK WR OeaQ RQ KeU e[SeULeQce aQd adYLce LQ WKe OaVW \eaU aV

I e[SORUed caUeeUV LQ LQdXVWU\. AV VKe PaNeV KeU RZQ WUaQVLWLRQ WR LQdXVWU\, I aP ceUWaLQ VKe ZLOO

cRQWLQXe WR PaNe JUeaW cRQWULbXWLRQV WR KeU fLeOd.
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TKe daWa LQ WKLV dLVVeUWaWLRQ ZRXOd QRW e[LVW ZeUe LW QRW fRU WKe KeOS Rf WZR WaOeQWed

WecKQLcLaQV, NLcROe RRbeUWR aQd SRSKLa GLbVRQ. TKe\ bRWK VKaUed WKe bXUdeQ Rf P\ 72-KRXU WLPe

cRXUVe e[SeULPeQWV, aOORZLQJ Pe WR JeW a feZ KRXUV Rf VKXW e\e ZKLOe NQRZLQJ P\ aQLPaOV

ZRXOd be LQ JRRd KaQdV. I ZRXOd aOVR be UePLVV Lf I dLd QRW PeQWLRQ DU. RRb\Q TaQQ\. RRb\Q¶V

WLUeOeVV PaQaJePeQW Rf aOO aVSecWV Rf WKe OabRUaWRU\, eVSecLaOO\ WKe CeNDR VWUaLQ cROOecWLRQ, LV

bRWK LPSUeVVLYe aQd LQVSLULQJ. HeU NLQdQeVV aQd KRVSLWaOLW\ LV LQfecWLRXV, aQd KeU bLUWKda\ WUeaWV

aUe deOLcLRXV!

I aP JUaWefXO WR P\ cRPPLWWee PePbeUV, DUV. JRKQ MaUNR, MaUcR GaOOLR, SKeOb\ BO\WKe,

NLaOO MaQJaQ, aQd EULN AQdeUVeQ, ZKR KaYe SURYLded KeOSfXO cRPPeQWV aQd adYLce UeJaUdLQJ

P\ VcLeQWLfLc aQd caUeeU MRXUQe\. I KaYe VLQceUeO\ aSSUecLaWed WKe VXSSRUW WKe\¶Ye VKRZQ Pe aV

I¶Ye SXUVXed a QRQ-acadePLc caUeeU SaWK. IQ SaUWLcXOaU, I ZRXOd OLNe WR WKaQN NLaOO fRU WKe WLPe

I¶Ye VSeQW aV SaUW Rf KeU JURXS. TKe e[SeULeQce KaV VKaSed Pe LQWR a beWWeU cRPPXQLcaWRU aQd

deeSeQed P\ UeVSecW fRU WKe fLeOd Rf PaWKePaWLcV.

DXULQJ P\ WLPe LQ JUadXaWe VcKRRO, I Kad WKe fRUWXQe Rf aQ LQcUedLbO\ VXSSRUWLYe cRKRUW.

LRUaLQa SWLQVRQ, EPLO\ PXMadaV, aQd EPLO\ C]aMNRZVNL KaYe VKaUed LQ WKe MR\V aQd VWUXJJOeV Rf

JUad VcKRRO fURP da\ RQe (*cRXJK* QXaQW BLR *cRXJK*). I aP JUaWefXO fRU WKeLU cRQWLQXed

VXSSRUW aQd fULeQdVKLS WKURXJKRXW WKLV MRXUQe\. IQ addLWLRQ WR P\ feOORZ VcLeQWLVWV, I aP WKaQNfXO

fRU P\ QeWZRUN Rf faPLO\ aQd fULeQdV. M\ SaUeQWV aQd WKUee \RXQJeU VLbOLQJV UePaLQ a cRQVWaQW

UePLQdeU Rf WKe SULYLOeJe I KaYe WR SXUVXe P\ SaVVLRQ fRU VcLeQce. M\ cORVe fULeQd (aQd VRRQ WR

be feOORZ DU.!), SaUa MaUWLQNR, ZaV aOZa\V a VKRUW caOO aZa\ ZKeQ I Qeeded a V\PSaWKeWLc eaU WR
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YeQW abRXW JUadXaWe VcKRRO. AQd Rf cRXUVe P\ caW, SSRRN\, ZKR¶V XQcRQdLWLRQaO ORYe aQd VRfW

SXUUV KaYe bULJKWeQed eYeU\ PRUQLQJ aQd eaVed eYeU\ eYeQLQJ.

LaVW, bXW ceUWaLQO\ QRW OeaVW, P\ JUadXaWe VcKRRO MRXUQe\ ZRXOd QRW KaYe beeQ SRVVLbOe

ZLWKRXW WKe ORYe aQd VXSSRUW Rf P\ SaUWQeU, AXVWLQ McIOYaLQe. AXVWLQ KaV beeQ P\ URcN fRU WKe

OaVW VeYeQ \eaUV, NeeSLQJ Pe VaQe aPLdVW WKe WULaOV Rf JUadXaWe VcKRRO adPLVVLRQV, caQdLdac\

e[aPV, aQd QRZ WKLV ± WKe dRcWRUaO dLVVeUWaWLRQ aQd defeQVe. I aP JUaWefXO fRU WKe cRXQWOeVV KRXUV

VSeQW OLVWeQLQJ WR Pe WaON RQ-aQd-RQ abRXW VcLeQce, WLPe VSeQW dULYLQJ Pe WR caPSXV fRU OaWe

QLJKW e[SeULPeQWV, aQd WKe PaQ\, PaQ\ ZRUdV Rf eQcRXUaJePeQW. AOO Rf WKLV ZRXOd QRW KaYe beeQ

SRVVLbOe ZLWKRXW KLP.
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Dedication

FRU P\ faPLO\, aQd WKe OLWWOe bOacN JLUO ZKR aOZa\V aVSLUed WR be JUeaW.

Though she be but little, she is fierce.
- Shakespeare
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1

1. INTRODUCTION

A fXQdaPeQWaO RbMecWLYe LQ bLRORJ\ LV WR XQdeUVWaQd ZKaW PaNeV LQdLYLdXaOV, SRSXOaWLRQV, aQd

VSecLeV dLffeUeQW fURP RQe aQRWKeU. TKe RbVeUYabOe cKaUacWeULVWLcV Rf aQ RUJaQLVP, VXcK aV

PRUSKRORJ\, deYeORSPeQW, aQd beKaYLRU, PaNe XS LWV phenot\pe. B\ cRQWUaVW, genot\pe deVcULbeV

WKe LQKeULWabOe JeQeWLc PaWeULaO WKaW LV UeVSRQVLbOe fRU deWeUPLQLQJ a JLYeQ WUaLW [1]. TKe

UeOaWLRQVKLS beWZeeQ JeQRW\Se aQd SKeQRW\Se LV RfWeQ cRPSOe[ aQd PXOWLfaceWed. SRPe WUaLWV caQ

be OLQNed WR VLQJOe JeQe PXWaWLRQV [2]. MRVW WUaLWV, KRZeYeU, aUe LQfOXeQced b\ a cRPbLQaWLRQ Rf

JeQeWLc aQd eQYLURQPeQWaO facWRUV. IQYeVWLJaWLQJ WKe YaULaWLRQ LQ cRPSOe[ WUaLWV, SURYLdeV deeSeU

LQVLJKW LQWR SKeQRW\SLc dLYeUVLW\ aQd LWV caXVeV.

TKLV LQWURdXcWLRQ VWaUWV b\ SURYLdLQJ aQ RYeUYLeZ Rf SKeQRW\SLc KeWeURJeQeLW\, fRcXVLQJ

RQ WKe JeQeWLc YaULaWLRQ WKaW caQ LQfOXeQce LWV ePeUJeQce (Section 1.1). I dLVcXVV KRZ TXaQWLWaWLYe

JeQeWLc PaSSLQJ LV XVed WR VWXd\ XQdeUO\LQJ YaULaWLRQ LQ cRPSOe[ WUaLWV (Section 1.2). Ne[W,

Caenorhabditis elegans LV SUeVeQWed aV aQ aSSURSULaWe PRdeO V\VWeP fRU WKe VWXd\ Rf SKeQRW\SLc

YaULaWLRQ (Section 1.3). I dLVcXVV SRVW-ePbU\RQLc deYeORSPeQW aQd e[aPLQe e[LVWLQJ NQRZOedJe

Rf KRZ WKe SURceVVeV Rf JURZWK aQd bRd\ VL]e aUe cRQWUROOed LQ WKe QePaWRde. FLQaOO\, I UeYLeZ

SULQcLSOeV Rf JeQeWLc PaSSLQJ LQ C. elegans.
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1.1. PHENOTYPIC VARIATION

TKe fLeOd Rf TXaQWLWaWLYe JeQeWLcV cOaVVLcaOO\ SRVWXOaWeV WKaW YaULaWLRQ aPRQJ SKeQRW\SeV aULVeV

fURP WZR PaMRU VRXUceV: JeQeWLcV aQd eQYLURQPeQW [3,4]. E[SUeVVed aV aQ eTXaWLRQ, WKLV

UeOaWLRQVKLS caQ be ZULWWeQ aV,

(1-1)𝑉
՘
ࡦ   𝑉

𝐺
࡟   𝑉

𝐸

ZKeUe VP UeSUeVeQWV YaULaQce LQ a SKeQRW\Se, VG LV JeQeWLc YaULaWLRQ, aQd VE LV YaULaWLRQ LQ WKe

eQYLURQPeQW. TKe JeQeWLc cRPSRQeQW Rf YaULaWLRQ aULVeV fURP JeQeWLc YaULaQWV ZLWKLQ a

SRSXOaWLRQ [5]. CRQYeUVeO\, eQYLURQPeQWaO YaULaWLRQ aULVeV ZKeQ LQdLYLdXaOV Rf WKe VaPe

JeQRW\Se e[SeULeQce cKaQJeV LQ eQYLURQPeQWaO cRQdLWLRQV (i.e., fRRd aYaLOabLOLW\, WePSeUaWXUe)

aQd UeVSRQd ZLWK PXOWLSOe SKeQRW\SLc dLffeUeQceV [6]. NRWabO\, JeQeWLc aQd eQYLURQPeQWaO

cRPSRQeQWV Rf SKeQRW\SLc YaULaWLRQ aUe UaUeO\ LQdeSeQdeQW; PaQ\ WUaLWV e[KLbLW a JeQeWLc

cRPSRQeQW WR SOaVWLcLW\. IQ WKLV caVe, WKe RbVeUYabOe cKaQJe LQ a SRSXOaWLRQ¶V SKeQRW\Se dXe WR

eQYLURQPeQWaO dLffeUeQceV LV LQfOXeQced b\ JeQeWLc YaULaWLRQ. TKLV fRUP Rf YaULaWLRQ LQdLcaWeV WKe

SUeVeQce Rf JeQRW\Se-b\-eQYLURQPeQW (G[E) LQWeUacWLRQ. GLYeQ WKLV LQWeUacWLRQ WeUP, WRWaO

SKeQRW\SLc YaULaWLRQ LV PRUe aSSURSULaWeO\ e[SUeVVed aV,

(1-2)𝑉
𝑃
ࡦ   𝑉

𝐺
࡟   𝑉

𝐸
࡟  𝑉

𝐺ՠ𝐸
 

ZKeUe WKe cRQWULbXWLRQ Rf JeQeWLc YaULaQce WR SOaVWLcLW\ LV caSWXUed LQ WKe WeUP, VG[E [7].

AQRWKeU LPSRUWaQW VRXUce Rf SKeQRW\Se YaULaWLRQ LV VWRcKaVWLc YaULaWLRQ. FRU a JLYeQ

eQYLURQPeQWaO cRQdLWLRQ, UaQdRP QRLVe e[LVWV LQ WKe e[SUeVVLRQ Rf WKe WUXe SKeQRW\Se. TKLV

XQcRQWUROOed YaULaWLRQ PaQLfeVWV aV dLffeUeQceV aPRQJ LQdLYLdXaOV Rf WKe VaPe JeQRW\Se UaLVed LQ

a cRPPRQ eQYLURQPeQW [8]. TZR facWRUV caQ dULYe WKLV OeYeO Rf YaULaWLRQ: UaQdRPQeVV LQ WKe
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deYeORSPeQWaO SURceVV aQd VPaOO fOXcWXaWLRQV LQ WKe eQYLURQPeQW. SWRcKaVWLc fOXcWXaWLRQV LQ bRWK

WKe deYeORSPeQWaO SURceVV aQd aQ LQdLYLdXaO¶V e[SeULeQced eQYLURQPeQW cRQWULbXWeV WR WRWaO

YaULaQce LQ a SRSXOaWLRQ¶V SKeQRW\SLc UeVSRQVe [9]. AccRUdLQJO\, WKe WRWaO SKeQRW\SLc YaULaWLRQ Rf

a SRSXOaWLRQ VKRXOd QRZ be UeSUeVeQWed aV,

(1-3)𝑉
՘
ࡦ   𝑉

𝐺
࡟   𝑉

𝐸
࡟   𝑉

𝐺ՠ𝐸
࡟   𝑉

𝑁՗Ց՛Ս 
 

ZKeUe VNRLVe UeSUeVeQWV LQWUa-LQdLYLdXaO YaULaWLRQ LQ UeVSRQVe WR aQ LQWULQVLc facWRU. TR addUeVV WKe

cRQWULbXWLRQ Rf WKLV YaULaQce, bRWK WKe eQYLURQPeQW aQd bacNJURXQd JeQRW\Se PXVW be

cRQVWUaLQed. MeaVXULQJ WKe YaULaWLRQ Rf WUaLWV ZLWKLQ aQ LVRJeQLc SRSXOaWLRQ LQcUeaVeV WKe

VaPSOed SKeQRW\SLc VSace aQd aOORZV fRU WKe LVROaWLRQ Rf LQcRPLQJ VRXUceV Rf YaULaWLRQ.

DLffeUeQceV LQ JeQeWLcaOO\ LdeQWLcaO LQdLYLdXaOV UefOecW WKe LQWULQVLc YaULaQce SUeVeQW [9]. FRU

VSecLeV LQ ZKLcK JeQeWLc cORQeV aUe aYaLOabOe RU VeOfLQJ LV SRVVLbOe, VXcK aV C. elegans, WKLV LV

eaVLO\ accRPSOLVKed. NRQeWKeOeVV, WKe LQWeUacWLRQ Rf WKe YaULRXV VRXUceV Rf YaULaWLRQ (

), cRPbLQed ZLWK WKe VKeeU PaJQLWXde Rf WKe QXPbeU Rf SKeQRW\SLc WUaLWV,𝑉
𝐺

 ,  𝑉
𝐸

 ,  𝑉
𝐺ՠ𝐸

 , 𝑉
𝑁՗Ց՛Ս 

PaNeV WKe VWXd\ Rf WKe SKeQRW\SLc YaULaWLRQ LQ a SRSXOaWLRQ VWULNLQJO\ cRPSOe[.

1.1.1. From genot\pe to phenot\pe

IQ 1865, aQ AXVWULaQ PRQN b\ WKe QaPe Rf GUeJRU MeQdeO SXbOLVKed ZRUN LQYeVWLJaWLQJ WKe

cRQQecWLRQ beWZeeQ JeQRW\Se aQd SKeQRW\Se. FRU eLJKW \eaUV, Ke VWXdLed WKe Sea SOaQWV WKaW JUeZ

LQ WKe JaUdeQ Rf KLV PRQaVWeU\, RbVeUYLQJ SaWWeUQV LQ WKeLU cRORU, We[WXUe, aQd KeLJKW fURP RQe

JeQeUaWLRQ WR WKe Qe[W [10]. MeQdeO¶V e[SeULPeQWV OaLd WKe fRXQdaWLRQ fRU RXU XQdeUVWaQdLQJ Rf

JeQeWLc LQKeULWaQce aQd WKe cRUUeOaWLRQ beWZeeQ XQdeUO\LQJ JeQeWLc PaNeXS aQd SK\VLcaOO\
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YLVLbOe WUaLWV. MRUe WKaQ 150 \eaUV OaWeU, VcLeQWLVWV cRQWLQXe WR VWXd\ KRZ JeQeWLc YaULaWLRQ

cRQWULbXWeV WR SKeQRW\SLc dLffeUeQceV.

ReceQW adYaQceV LQ VeTXeQcLQJ WecKQRORJLeV KaYe acceOeUaWed WKe JeQeUaWLRQ Rf YaVW

aPRXQWV Rf JeQRW\Se daWa [11±13] aQd eQabOed VcLeQWLVWV WR LdeQWLf\ JeQeWLc SeUWXUbaWLRQV

caXVaOO\ OLQNed WR dLVeaVe WUaLWV. HRZeYeU, dLVceUQLQJ WKe UeOaWLRQVKLS beWZeeQ JeQRW\Se aQd

SKeQRW\Se UePaLQV a cKaOOeQJe. AOWKRXJK WKeUe LV a VWURQJ cRUUeOaWLRQ beWZeeQ WKe WZR,

SKeQRW\Se LV QRW VROeO\ deWeUPLQed b\ WKe JeQRW\Se Rf a feZ WUaLW-aVVRcLaWed JeQeV bXW UaWKeU LV

WKe cXPXOaWLYe UeVXOW Rf LQWeUacWLRQV aPRQJ JeQeWLc aQd QRQ-JeQeWLc facWRUV RYeU WLPe [14]. TKLV

LV SaUWLcXOaUO\ aSSaUeQW LQ WKe cRQWe[W Rf dLVeaVe. TKe cOLQLcaO V\PSWRPV WKaW Ze RbVeUYe LQ

affecWed LQdLYLdXaOV aUe WKe UeVXOW Rf LQWeUacWLRQV beWZeeQ WKeLU JeQeWLc bacNJURXQd, PXWaWLRQV,

aQd WKe eQYLURQPeQW RYeU WLPe. DLVeaVe SKeQRW\SeV Pa\ fROORZ MeQdeOLaQ LQKeULWaQce SaWWeUQV

aQd WKXV be SUedRPLQaQWO\ dULYeQ b\ a VLQJOe JeQe PXWaWLRQ, bXW RfWeQWLPeV LQYROYe PXOWLSOe

JeQeV aORQJ ZLWK addLWLRQaO eQYLURQPeQWaO facWRUV [15,16]. AV WKe cRPSOe[LW\ Rf a WUaLW LQcUeaVeV,

LW becRPeV LQcUeaVLQJO\ PRUe dLffLcXOW WR UeVROYe WKe JeQRW\Se WR SKeQRW\Se UeOaWLRQVKLS.

HRZeYeU, WKe LdeQWLfLcaWLRQ Rf JeQeWLc YaULaQWV XQdeUO\LQJ SKeQRW\SeV LV Ne\ WR XQdeUVWaQdLQJ

KRZ JeQRW\Se LQfOXeQceV cRPSOe[ WUaLWV aVVRcLaWed ZLWK JURZWK, KeaOWK, aQd dLVeaVe.

1.2. QUANTITATIVE TRAIT LOCI MAPPING

QXaQWLWaWLYe WUaLW ORcL (QTL) PaSSLQJ LV a PeWKRd fRU LdeQWLf\LQJ WKe JeQeWLc baVLV Rf cRPSOe[

WUaLWV. WLWK WKLV WecKQLTXe, UeJLRQV Rf WKe JeQRPe WKaW cRQWaLQ ORcL WKaW affecW a PeaVXUabOe WUaLW

caQ be LdeQWLfLed. MaSSLQJ QTL aOORZV VcLeQWLVWV WR VWXd\ WKe XQdeUO\LQJ JeQeWLc aUcKLWecWXUe Rf
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cRPSOe[ WUaLWV. MaQ\ VWXdLeV KaYe PaSSed QTL WKaW affecW KXPaQ dLVeaVe aQd KaYe XQcRYeUed

QeZ ORcL SURYLdLQJ LQVLJKWV LQWR WKe bLRORJ\ Rf dLVeaVe [17±19].

TKeUe aUe WZR PaLQ aSSURacKeV WR LdeQWLf\ QTL: OLQNaJe PaSSLQJ aQd JeQRPe-ZLde

aVVRcLaWLRQ (GWA) PaSSLQJ [20]. BRWK WecKQLTXeV UeO\ RQ VWaWLVWLcaO PeWKRdV WR cRUUeOaWe JeQeWLc

YaULaWLRQ ZLWK SKeQRW\SLc YaULaWLRQ. SLPSO\, WKeVe PeWKRdV deWeUPLQe ZKeWKeU WKe JeQRW\Se aW a

JLYeQ SRVLWLRQ LQ WKe JeQRPe e[SOaLQV SKeQRW\SLc dLffeUeQceV aPRQJ LQdLYLdXaOV. LLQNaJe

PaSSLQJ XVeV SRSXOaWLRQV Rf UecRPbLQaQWV JeQeUaWed fURP a cURVV beWZeeQ SKeQRW\SLcaOO\ aQd

JeQRW\SLcaOO\ dLYeUVe VWUaLQV. IQ cRQWUaVW, GWA PaSSLQJ OeYeUaJeV WKe e[LVWLQJ QaWXUaO JeQeWLc

dLYeUVLW\ aPRQJ JeQeWLcaOO\ dLVWLQcW LQdLYLdXaOV [20].

OfWeQWLPeV, QTL VSaQ OaUJe JeQRPLc UeJLRQV cRQWaLQLQJ PaQ\ JeQeV. TR QaUURZ WKe

VeaUcK VSace fRU SRWeQWLaO JeQeV cRQWULbXWLQJ WR SKeQRW\SLc dLffeUeQceV, WKe QTL UeJLRQ caQ be

LVROaWed LQ a dLffeUeQW JeQeWLc bacNJURXQd LQ QeaU-LVRJeQLc OLQeV (NILV) [21,22]. TKe SKeQRW\SeV

Rf WKeVe NILV caQ WKeQ be XVed WR UefLQe WKe QTL b\ deWeUPLQLQJ ZKeWKeU WKe LQWURJUeVVed

JeQRPLc UeJLRQ UecaSLWXOaWeV WKe QTL effecW. UOWLPaWeO\, LQ RUJaQLVPV ZLWK ZeOO aQQRWaWed

JeQRPeV, caXVaOLW\ caQ be WeVWed XVLQJ JeQRPe-edLWLQJ WRROV [23±25].

1.3. CAENORHABDITIS ELEGANS

FUeQcK bLRORJLVW, EPLOe MaXSaV, fLUVW deVcULbed LVROaWLQJ Rhabditis elegans (QRZ Caenorhabditis

elegans) QeaU WKe cLW\ Rf AOJLeUV (AOJeULa) LQ 1900 [26]. He cRQdXcWed VRPe Rf WKe fLUVW

e[SeULPeQWV RQ WKe QePaWRde, eOabRUaWeO\ deWaLOLQJ LWV aQaWRP\ aQd deYeORSPeQW. SeYeUaO

decadeV OaWeU, C. elegans ZaV aJaLQ LVROaWed fRU VWXd\ b\ VLcWRU NLJRQ aQd EOOVZRUWK DRXJKeUW\.

TKeVe VcLeQWLVWV ZRUNed WR UefLQe cXOWXUe cRQdLWLRQV aQd e[SeULPeQWaO PeWKRdV fRU SURSaJaWLQJ
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aQLPaOV LQ WKe OabRUaWRU\ [27]. HRZeYeU, LW ZaV QRW XQWLO S\dQe\ BUeQQeU SXbOLVKed ZRUN RQ WKe

QePaWRde LQ WKe 1970V WKaW C. elegans becaPe aQ eVWabOLVKed PRdeO RUJaQLVP [28]. SLQce WKaW

WLPe, UeVeaUcK RQ WKe URXQdZRUP KaV e[SaQded WR e[SORUe dLYeUVe aUeaV Rf PRdeUQ bLRORJ\ aQd LV

acWLYeO\ VWXdLed LQ RYeU a WKRXVaQd OabRUaWRULeV ZRUOdZLde [29].

1.3.1. As a model organism

IQ 1963, ZeOO NQRZQ bacWeULaO JeQeWLcLVW, S\dQe\ BUeQQeU, decLded WR WXUQ KLV UeVeaUcK effRUWV

aZa\ fURP bacWeULa aQd WRZaUdV aQ aQLPaO V\VWeP. He VRXJKW aQ RUJaQLVP WKaW cRXOd VeUYe aV a

JeQeWLc PRdeO WR SURbe KRZ PXWaWLRQV dLVUXSW RUJaQLVPaO deYeORSPeQW aQd beKaYLRU. AfWeU

cRQVLdeULQJ a QXPbeU Rf RUJaQLVPV, Ke XOWLPaWeO\ VeWWOed RQ C. elegans fRU VeYeUaO UeaVRQV [30].

TKLV fUee-OLYLQJ bacWeULYRUe JURZV UaSLdO\ RQ aJaU SOaWeV RU LQ OLTXLd cXOWXUe, UeacKLQJ aQ adXOW

OeQJWK Rf aSSUR[LPaWeO\ 1 PP LQ WKUee da\V [31]. IWV VPaOO VL]e aQd WUaQVSaUeQW bRd\ PaNe WKe

QePaWRde aQ LdeaO RUJaQLVP fRU PLcURVcRSLc RbVeUYaWLRQ (Figure 1-1). AV KeUPaSKURdLWeV, C.

elegans caQ SURdXce XS WR 300 JeQeWLcaOO\ LdeQWLcaO SURJeQ\ LQ a OLfeWLPe. TKeVe LQdLYLdXaOV caQ

be PaLQWaLQed QeaUO\ LQdefLQLWeO\ WKURXJK cU\RSUeVeUYaWLRQ, SURYLdLQJ a PeWKRd fRU ORQJ-WeUP

VWRUaJe aQd VafeJXaUdLQJ aJaLQVW WKe accXPXOaWLRQ Rf PXWaWLRQV [31,32].
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Figure 1-1. Photomicrographs of C. eleganV. MaMRU PaMRU aQaWRPLcaO feaWXUeV Rf WKe C.

elegans adXOW KeUPaSKURdLWe (top) aQd PaOe (bottom) XQdeU bULJKWfLeOd LOOXPLQaWLRQ. BaU, 20 ȝP.

(FURP [31]).

SLQce BUeQQeU¶V fLUVW SaSeU eVWabOLVKLQJ C. elegans aV a PRdeO RUJaQLVP, WKe aQLPaO KaV

becRPe a SRZeUfXO V\VWeP fRU JeQeWLc aQd PROecXOaU aQaO\VLV. NRWabO\, b\ WKe 1980V, VcLeQWLVWV

Kad dRcXPeQWed WKe eQWLUe ceOO OLQeaJe Rf WKe QePaWRde, fURP ePbU\R WR adXOW [33±36]. A decade

OaWeU, C. elegans becaPe WKe fLUVW PXOWLceOOXOaU RUJaQLVP WR KaYe LWV JeQRPe VeTXeQced [37]. TKLV

100 Mb JeQRPe, WKRXJK UeOaWLYeO\ VPaOO, cRPSULVeV VL[ cKURPRVRPeV aQd aSSUR[LPaWeO\ 20,000

SURWeLQ-cRdLQJ JeQeV WKaW aUe KRPRORJRXV WR SURWeLQ-cRdLQJ JeQeV fRXQd LQ RWKeU RUJaQLVPV,

LQcOXdLQJ KXPaQV [38,39].
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1.3.2. Post-embr\onic deYelopment

C. elegans SRVW-ePbU\RQLc deYeORSPeQW cRQVLVWV Rf fRXU OaUYaO VWaJeV (L1 - L4) WKaW aUe

SXQcWXaWed b\ dLVWLQcW deYeORSPeQWaO eYeQWV caOOed PROWV ZKeUe aQLPaOV VKed aQ e[RVNeOeWRQ

caOOed WKe cXWLcOe (Figure 1-2). EacK OaUYaO VWaJe beJLQV ZLWK a SeULRd Rf acWLYe JURZWK, aQd LV

fROORZed b\ a SeULRd Rf TXLeVceQce (OeWKaUJXV) ZKeUe feedLQJ aQd PRYePeQW LV WePSRUaULO\

KaOWed [40]. DXULQJ WKLV WLPe, a QeZ cXWLcOe LV V\QWKeVL]ed XQdeU WKe ROd. A PROW LV cRPSOeWed

ZKeQ aQLPaOV VKed WKe ROd cXWLcOe (ecd\VLV) aQd WUaQVLWLRQ WR WKe Qe[W VWaJe [41].

Figure 1-2. Illustration of the C. eleganV life c\cle. EPbU\RV KaWcK WR WKe fLUVW OaUYaO VWaJe aQd

SURceed WKURXJK fRXU OaUYaO VWaJeV (L1 - L4) befRUe becRPLQJ PaWXUe adXOWV. TUaQVLWLRQV beWZeeQ

OaUYaO VWaJeV aUe PaUNed b\ PROW eYeQWV ZKeUe WKe aQLPaO'V RXWeU cROOaJeQ-ULcK cXWLcOe LV VKed. AQ
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aOWeUQaWe deYeORSPeQWaO VWaJe, daXeU, RccXUV LQ UeVSRQVe WR XQfaYRUabOe eQYLURQPeQWaO

cRQdLWLRQV. CUeaWed ZLWK BLRUeQdeU.cRP.

TKe UaWe Rf OaUYaO deYeORSPeQW LQ C. elegans LV VWURQJO\ deSeQdeQW RQ eQYLURQPeQWaO cRQdLWLRQV.

DLeWaU\ UeVWULcWLRQ KaV beeQ VKRZQ WR e[WeQd deYeORSPeQWaO SURJUeVVLRQ XS WR WeQ-fROd [42]. IQ

e[WUePe cRQdLWLRQV, VXcK aV abVeQce Rf fRRd RU KLJK SRSXOaWLRQ deQVLW\, C. elegans aUe abOe WR

KaOW deYeORSPeQW eQWLUeO\ b\ eQWeULQJ daXeU, a ORQJ-OLYed PRUSKRORJLcaOO\ dLVWLQcW VWaJe

RSWLPL]ed fRU VXUYLYaO [43,44]. TKe decLVLRQ WR eQWeU daXeU LV RQe Rf PaQ\ cKecNSRLQWV UeJXOaWLQJ

deYeORSPeQWaO SURJUeVVLRQ. SXcK cKecNSRLQWV RfWeQ RccXU eaUO\ LQ WKe PROWLQJ SURceVV aQd KaYe

beeQ LdeQWLfLed LQ eYeU\ OaUYaO VWaJe [45,46]. TKe ZeOO cRRUdLQaWed WLPLQJ Rf deYeORSPeQW LV

eVVeQWLaO WR WKe cRPSOeWLRQ Rf VWaJe-VSecLfLc SURceVVeV, LQcOXdLQJ ceOO-dLffeUeQWLaWLRQ aQd WLVVXe

PRUSKRJeQeVLV [47,48], aQd XQdeUVcRUeV WKe LPSRUWaQce Rf JURZWK UeJXOaWLRQ dXULQJ C. elegans

OaUYaO deYeORSPeQW.

1.3.3. GroZth regulation

OUJaQLVPaO JURZWK LV UeJXOaWed RQ a JeQeWLc OeYeO, aV cKaQJeV LQ JeQe e[SUeVVLRQ SaWWeUQV aQd

VLJQaOLQJ dLcWaWe PXcK Rf deYeORSPeQW. HRZeYeU, eQYLURQPeQWaO cRQdLWLRQV (e.g., QXWULeQW

aYaLOabLOLW\ aQd WePSeUaWXUe) aOVR KaYe VWURQJ LPSacWV RQ JURZWK. TKeUefRUe, LW LV LPSRUWaQW WR

accRXQW fRU KRZ WKe SURceVVeV Rf JURZWK aQd deYeORSPeQW aUe cRQWUROOed JeQeWLcaOO\, aQd KRZ

WKe\ caQ be LQfOXeQced eQYLURQPeQWaOO\.

1.3.3.1. Genetic pathZa\s regulate bod\ si]e

TKe cRQWURO Rf C. elegans deYeORSPeQWaO SURJUeVVLRQ KaV beeQ VWXdLed e[WeQVLYeO\ RQ WKe JeQeWLc

OeYeO. TKe fLUVW bRd\ VL]e PXWaQWV ZeUe LVROaWed LQ JeQeWLc VcUeeQV b\ S\dQe\ BUeQQeU [32].
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SXbVeTXeQW VcUeeQV fRU VPaOO (SPa) aQd ORQJ (LRQ) PXWaQWV UeYeaOed a PaMRU UeJXOaWRU Rf JURZWK

aQd bRd\ VL]e: DBL-1 [49±52]. DBL-1 LV a OLJaQd LQ WKe WUaQVfRUPLQJ JURZWK facWRU-ȕ (TGF-ȕ)

VXSeUfaPLO\ aQd KRPRORJRXV WR PePbeUV Rf WKe PaPPaOLaQ bRQe PRUSKRJeQeWLc SURWeLQ (BMP)

faPLO\ [53]. SecUeWed b\ QeXURQV aQd bRd\-ZaOO PXVcOe, DBL-1 LV QeceVVaU\ fRU bRd\ VL]e

UeJXOaWLRQ, aQd RWKeU deYeORSPeQWaO aQd KRPeRVWaWLc SURceVVeV [49]. MXWaQWV defLcLeQW LQ dbl-1

KaYe a PaUNed UedXcWLRQ (40%) LQ bRWK OeQJWK aQd ZLdWK cRPSaUed WR WKe ZLOd W\Se WKURXJKRXW

SRVW-ePbU\RQLc deYeORSPeQW [49,50]. IQ cRQWUaVW, LQcUeaVed DBL-1 VLJQaOLQJ caXVeV aQLPaOV WR

be ORQJeU (25%) WKaQ WKe ZLOd W\Se [49,54].

1.3.3.2. EnYironmental factors modulate bod\ si]e

AV SUeYLRXVO\ PeQWLRQed, QXWULeQW UeVWULcWLRQ LV NQRZQ WR decUeaVe C. elegans JURZWK UaWe RU,

ZKeQ e[WUePe, LQdXce cRPSOeWe deYeORSPeQWaO aUUeVW [42,44,55]. BRd\ VL]e LV aOVR affecWed b\

WKe TXaOLW\ Rf fRRd. AV bacWeULYRUeV, C. elegans RbWaLQ WKeLU QXWULeQWV SULPaULO\ fURP bacWeULa.

HLVWRULcaOO\, a VWUaLQ Rf Escherichia coli, OP50, ZaV cKRVeQ aV WKe VWaQdaUd OabRUaWRU\ dLeW [56].

AOWKRXJK PRVW e[SeULPeQWaO VWXdLeV XVe OP50 aV WKe SULPaU\ fRRd VRXUce, WKe QXPbeU Rf

bacWeULaO dLeWV XVed WR SURSaJaWe C. elegans KaV e[SaQded LQ UeceQW \eaUV. AOWKRXJK WKeVe dLeWV

VXSSRUW deYeORSPeQW, UeVeaUcK KaV LdeQWLfLed VeYeUaO SKeQRW\SLc effecWV WKaW aUe aOWeUed. FRU

e[aPSOe, ZKeQ fed Comamonas DA1877 RU E. coli HB101, aQLPaOV deYeORS faVWeU aQd JURZ

OaUJeU WKaQ WKRVe fed E. coli OP50 [57±59].

AVLde fURP dLeW, RWKeU eQYLURQPeQWaO VWLPXOL caQ aOVR UeJXOaWe C. elegans bRd\ VL]e.

SWaQdaUd ZLOd-W\Se aQLPaOV XVed LQ PRVW e[SeULPeQWV JURZ OaUJeU ZKeQ cXOWXUed aW ORZeU

WePSeUaWXUeV [60]. AddLWLRQaOO\, UeVeaUcK KaV VKRZQ WKaW WKe C. elegans QeUYRXV V\VWeP SOa\V a

Ne\ UROe LQ WKe UeJXOaWLRQ Rf bRd\ VL]e b\ eQYLURQPeQWaO VWLPXOL. WKeQ UaLVed LQ LVROaWLRQ, C.
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elegans e[KLbLW decUeaVed JURZWK UaWeV aQd UeacK VPaOOeU adXOW VL]eV cRPSaUed WR aQLPaOV UaLVed

LQ JURXSV [61]. TKLV UeVXOW, KRZeYeU, LV UeYeUVed ZLWK PecKaQRVeQVRU\ VWLPXOaWLRQ dXULQJ

deYeORSPeQW, dePRQVWUaWLQJ a UROe fRU PecKaQRVeQVRU\ QeXURQV LQ bRd\ VL]e UeJXOaWLRQ.

SLPLOaUO\, a QXPbeU Rf PXWaWLRQV affecWLQJ cLOLaWed VeQVRU\ QeXURQV WKURXJK ZKLcK C. elegans

SeUceLYe eQYLURQPeQWaO VWLPXOL aUe VKRZQ WR be UeTXLUed fRU aQLPaOV WR JURZ WR WKe SURSeU VL]e

[62,63]. TKLV VXJJeVWV WKaW SeUceSWLRQ Rf eQYLURQPeQWaO VWLPXOL LV cUXcLaO fRU WKe UeJXOaWLRQ Rf

bRd\ VL]e LQ C. elegans.

1.3.3.3. Cuticle structure influences bod\ si]e

TKe C. elegans cXWLcOe LV a cRPSOe[, PXOWL-Oa\eUed VWUXcWXUe SULPaULO\ cRPSRVed Rf cROOaJeQV.

TKe PaMRU VXUface VWUXcWXUeV Rf WKe cXWLcOe LQcOXde WKe cLUcXPfeUeQWLaO ULdJeV (aQQXOL) aQd WURXJKV

(fXUURZV) [64] (Figure 1-3). AV aQLPaOV SURJUeVV WKURXJK WKeLU OLfe-c\cOe, WKe VWUXcWXUe aQd

WKLcNQeVV Rf WKe cXWLcOe cKaQJe bXW LWV UROe LQ WKe PaLQWeQaQce Rf bRd\ PRUSKRORJ\ aQd LQWeJULW\

UePaLQV. TR daWe, 21 cXWLcOe cROOaJeQ PXWaQWV KaYe beeQ LdeQWLfLed WKaW caXVe a UaQJe Rf bRd\

PRUSKRORJ\ defecWV [64]. SeYeUaO Rf WKeVe PXWaQWV (dp\-2, 3, 7, 8, 10) OacN aQQXOL aQd e[KLbLW a

dLVSURSRUWLRQaWe UedXcWLRQ LQ bRd\ VL]e [65]. TKeVe dp\ aQLPaOV aUe QRWLceabO\ VKRUWeU LQ OeQJWK

aQd ZLdeU WKaQ WKe ZLOd W\Se, cOeaUO\ dePRQVWUaWLQJ WKe LPSRUWaQce Rf WKe SK\VLcaO VWUXcWXUe Rf

WKe cXWLcOe RQ JURZWK.
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Figure 1-3. Illustration of the C. eleganV cuticle. TKe K\SRdeUPLV (K\S) cRPSULVeV K\SRdeUPaO

ceOOV ZKLcK VecUeWe WKe cXWLcOe (JUe\). CLUcXPfeUeQWLaO ULQJV caOOed aQQXOL UXQ WKe OeQJWK Rf WKe

cXWLcOe. TKe YaOOe\V beWZeeQ aQQXOL aUe fXUURZV, ZKLcK fRUP LPPedLaWeO\ abRYe cLUcXPfeUeQWLaO

bXQdOeV Rf acWLQ (QRW VKRZQ) SUeVeQW LQ K\SRdeUPaO ceOOV dXULQJ ePbU\RJeQeVLV aQd PROWLQJ.

SeaP ceOOV (RUaQJe) WKaW UXQ aORQJ WKe OefW aQd ULJKW VLdeV. (FURP [66]).

1.3.4. Natural genetic Yariation

C. elegans SUeVeQW a VcaOabOe aQd WUacWabOe aQLPaO PRdeO WR cRQQecW SKeQRW\SLc dLffeUeQceV WR

JeQeWLc YaULaQWV. C. elegans aUe eaVLO\ SURSaJaWed aV cORQaO cXOWXUeV, eOLPLQaWLQJ JeQeWLc YaULaQce

aV a cRQWULbXWRU WR SKeQRW\SLc YaULaQce LQ e[SeULPeQWaO VWXdLeV. AddLWLRQaOO\, KXQdUedV Rf ZLOd

VWUaLQV KaYe beeQ cROOecWed ZRUOdZLde, SURYLdLQJ acceVV WR e[WeQVLYe JeQeWLc dLYeUVLW\ [67,68].

TZR KeaYLO\ VWXdLed VWUaLQV aUe WKe OabRUaWRU\-adaSWed VWUaLQ, N2, aQd a ZLOd VWUaLQ, CB4856. N2,

deULYed fURP aQ LVROaWe fRXQd LQ BULVWRO, UK LQ 1951, LV UecRJQL]ed aV WKe caQRQLcaO OabRUaWRU\

ZLOd-W\Se VWUaLQ ZLWK LWV JeQRPe VeUYLQJ aV WKe UefeUeQce [69]. AcURVV WKe JORbe RQ WKe HaZaLLaQ
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LVOaQd Rf OaKX, CB4856 ZaV LVROaWed LQ 1972 [70]. CRPSaUed aJaLQVW WKe N2 UefeUeQce, WKe

CB4856 JeQRPe LV KLJKO\ dLYeUJeQW [71,72]. TKLV e[WeQVLYe JeQeWLc dLYeUVLW\ OLNeO\ XQdeUOLeV WKe

PaQ\ SKeQRW\SLc dLffeUeQceV beWZeeQ WKe WZR VWUaLQV, LQcOXdLQJ VRcLaO beKaYLRU, OLfe-KLVWRU\

WUaLWV (bRd\ VL]e, fecXQdLW\, OLfeVSaQ), aQd JeQe e[SUeVVLRQ [73±78].

1.3.5. Linkage mapping

TKe N2 aQd CB4856 VWUaLQV caQ be VWXdLed WR beWWeU XQdeUVWaQd KRZ JeQeWLc YaULaWLRQ cRQWULbXWeV

WR SKeQRW\SLc dLffeUeQceV. CURVVLQJ WKe N2 aQd CB4856 VWUaLQV fROORZed b\ cURVVLQJ WKe SURJeQ\

Rf WKLV cURVV fRU PaQ\ JeQeUaWLRQV SURdXceV LQdLYLdXaOV ZLWK XQLTXe YaULaQWV deULYed fURP eacK

SaUeQWaO bacNJURXQd. PeUfRUPed aW a OaUJe VcaOe, WKeVe SaQeOV Rf UecRPbLQaQW LQbUed OLQeV aUe a

SRZeUfXO WRRO fRU LdeQWLf\LQJ JeQRPLc UeJLRQV WKaW aUe cRUUeOaWed ZLWK SKeQRW\SLc YaULaWLRQ.

LLQNaJe PaSSLQJ LV a SRSXOaU JeQeWLc PaSSLQJ aSSURacK XVed WR LdeQWLf\ fXQcWLRQaO

YaULaQWV WKaW cRQWULbXWe WR SKeQRW\SLc dLYeUVLW\. IQ C. elegans, OLQNaJe PaSSLQJ OeYeUaJeV

UecRPbLQaQW OLQe SaQeOV, cRUUeOaWLQJ JeQRW\Se aQd SKeQRW\Se WR LdeQWLf\ QTL. TKe AQdeUVeQ Lab

KaV deYeORSed aQ R SacNaJe WR facLOLWaWe VXcK aQaO\VeV [79]. B\ LQYeVWLJaWLQJ WKe QaWXUaO JeQeWLc

YaULaWLRQ XQdeUO\LQJ SKeQRW\SLc dLffeUeQceV, UeVeaUcKeUV aUe abOe WR XQcRYeU JeQeWLc SaWKZa\V

LQYROYed LQ bLRORJLcaO SURceVVeV. SeYeUaO VWXdLeV KaYe WaNeQ WKLV aSSURacK WR VWXd\ WKe JeQeWLc

XQdeUSLQQLQJV Rf cRPSOe[ WUaLWV OLNe bRd\ VL]e, VRcLaO beKaYLRU, aQd dUXJ UeVSRQVe (Figure 1-4)

[78,80±85].
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Figure 1-4. OYerYieZ of causal genes identified through QTL mapping approaches. TKe

cRORUV UeSUeVeQW WKe PaSSLQJ WecKQLTXe(V) WKaW ZeUe XVed fRU QTL PaSSLQJ: bXON-VeJUeJaQW

aQaO\VLV (BSA) (RUaQJe); OLQNaJe PaSSLQJ (SLQN); JeQRPe-ZLde aVVRcLaWLRQ (GWA) PaSSLQJ

(JUeeQ); OLQNaJe aQd GWA PaSSLQJ (SXUSOe). (FURP [86])
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2

2. A potential role for cuticle elasticit\
in deYelopmental groZth control

IQ WKe VSULQJ TXaUWeU Rf 2019, I decLded WR cRPSOeWe P\ fLQaO fLUVW-\eaU URWaWLRQ LQ WKe AQdeUVeQ

LabRUaWRU\. AW WKe WLPe, I ZaV cRPLQJ Rff a URWaWLRQ ZLWK DU. NLaOO MaQJaQ ZKR ZaV LQYROYed LQ

a UeOaWLYeO\ QeZ cROOabRUaWLRQ ZLWK DU. EULN AQdeUVeQ aV SaUW Rf WKe NSF-SLPRQV CeQWeU fRU

QXaQWLWaWLYe BLRORJ\. TKe JeQeUaO JRaO Rf WKe SURMecW ZaV WR VWXd\ WKe LQWeUSOa\ beWZeeQ

RUJaQLVPaO JURZWK aQd eQYLURQPeQWaO YaULabOeV VXcK aV dLeW aQd WePSeUaWXUe. NeedLQJ a OLWWOe

e[WUa e[SeULPeQWaO aVVLVWaQce, EULN UecUXLWed Pe WR WKe WeaP. LLWWOe dLd I NQRZ WKLV SURMecW ZRXOd

becRPe WKe KeaUW Rf P\ WKeVLV. WKaW eQVXed ZaV a VeULeV Rf daXQWLQJ, e[KaXVWLQJ, aQd LQcUedLbO\

UeZaUdLQJ WLPe-cRXUVe e[SeULPeQWV. TKe fROORZLQJ cKaSWeU KLJKOLJKWV WKe UeVXOWV Rf MXVW RQe Rf

WKeVe e[SeULPeQWV, SXbOLVKed LQ Cells and Development LQ 2022 [87].
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2.1. ABSTRACT

GURZWK cRQWURO eVWabOLVKeV RUJaQLVP VL]e, UeTXLULQJ PecKaQLVPV WR VeQVe aQd adMXVW JURZWK

dXULQJ deYeORSPeQW. SWXdLeV Rf VLQJOe ceOOV UeYeaOed WKaW VL]e KRPeRVWaVLV XVeV dLVWLQcW cRQWURO

PeWKRdV. IQ PXOWLceOOXOaU RUJaQLVPV, PecKaQLVPV WKaW UeJXOaWe VLQJOe ceOO JURZWK PXVW LQWeJUaWe

cRQWURO acURVV RUJaQV aQd WLVVXeV dXULQJ deYeORSPeQW WR JeQeUaWe adXOW VL]e aQd VKaSe. We

OeYeUaJed WKe URXQdZRUP Caenorhabditis elegans aV a VcaOabOe aQd WUacWabOe PRdeO WR cROOecW

SUecLVe JURZWK PeaVXUePeQWV Rf WKRXVaQdV Rf LQdLYLdXaOV, PeaVXUe feedLQJ beKaYLRU, aQd

TXaQWLf\ cKaQJeV LQ aQLPaO VL]e aQd VKaSe dXULQJ a deQVeO\ VaPSOed deYeORSPeQWaO WLPe cRXUVe.

AV aQLPaOV WUaQVLWLRQed fURP RQe deYeORSPeQWaO VWaJe WR WKe Qe[W, Ze RbVeUYed cKaQJeV LQ bRd\

aVSecW UaWLR ZKLOe bRd\ YROXPe UePaLQed cRQVWaQW. TKeQ, Ze PRdeOed a SK\VLcaO PecKaQLVP b\

ZKLcK cRQVWUaLQWV RQ cXWLcOe VWUeWcK cRXOd caXVe cKaQJeV LQ C. elegans bRd\ VKaSe. TKe

PRdeO-SUedLcWed VKaSe cKaQJeV aUe cRQVLVWeQW ZLWK WKRVe RbVeUYed LQ WKe daWa. TKeRUeWLcaOO\,

cXWLcOe VWUeWcK cRXOd be VeQVed b\ WKe aQLPaO WR LQLWLaWe OaUYaO-VWaJe WUaQVLWLRQV, SURYLdLQJ a

PeaQV fRU SK\VLcaO cRQVWUaLQWV WR LQfOXeQce deYeORSPeQWaO WLPLQJ aQd JURZWK UaWe LQ C. elegans.

2.2. INTRODUCTION

GURZWK LV a cRPSOe[ SURceVV fXQdaPeQWaO WR deYeORSPeQW. IQdLYLdXaO ceOOV aQd ZKROe aQLPaOV

PXVW UeacK aQ aSSURSULaWe VL]e WR UePaLQ cRPSeWLWLYe LQ WKeLU eQYLURQPeQW. A OaUJeU bRd\ VL]e

cRQYe\V PaQ\ VeOecWLYe adYaQWaJeV WR aQ RUJaQLVP, LQcOXdLQJ LQcUeaVed VXcceVV LQ SUedaWLRQ,

defeQVe aJaLQVW SUedaWLRQ, VXcceVV LQ PaWLQJ, RU VXcceVVfXO LQWUaVSecLfLc aV ZeOO aV LQWeUVSecLfLc

cRPSeWLWLRQ. OffVeWWLQJ WKeVe adYaQWaJeV, OaUJeU RUJaQLVPV UeTXLUe PRUe fRRd UeVRXUceV WR JURZ,

WaNe ORQJeU WR deYeORS, aQd SURdXce feZeU RffVSULQJ [88]. TKeUefRUe, LW LV cULWLcaO fRU PXOWLceOOXOaU
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RUJaQLVPV WR effecWLYeO\ cRRUdLQaWe WKe JURZWK Rf bRWK LQdLYLdXaO ceOOV aQd WKe ZKROe bRd\.

AddLWLRQaOO\, JURZWK aW bRWK Rf WKeVe VcaOeV PXVW be cRXSOed ZLWK deYeORSPeQWaO SURJUeVVLRQ WR

eQVXUe WKe SURSeU WLPLQJ Rf LUUeYeUVLbOe deYeORSPeQWaO eYeQWV.

IQ UeceQW \eaUV, effRUWV KaYe fRcXVed RQ XQdeUVWaQdLQJ KRZ RUJaQLVPV cRQWURO JURZWK WR

acKLeYe VL]e KRPeRVWaVLV [89±91]. MaQ\ Rf WKeVe VWXdLeV aUe PRWLYaWed b\ WKe decadeV-ORQJ

debaWe abRXW ZKeWKeU JURZWK LV OLQeaU RU e[SRQeQWLaO; WZR VeSaUaWe PRdeOV eacK KaYLQJ XQLTXe

LPSOLcaWLRQV fRU VL]e UeJXOaWLRQ. IQ a OLQeaU PRdeO ZLWK cRQVWaQW JURZWK UaWe, VPaOOeU RUJaQLVPV

PXVW JURZ SURSRUWLRQaOO\ PRUe WKaQ OaUJeU RUJaQLVPV WR PaLQWaLQ VL]e KRPeRVWaVLV. IQ WKLV

SaUadLJP, RUJaQLVP VL]e caQ be cRQWUROOed VLPSO\ b\ VSecLf\LQJ JURZWK dXUaWLRQ. SXbVeTXeQWO\,

WKLV PeWKRd Rf JURZWK cRQWURO ZaV QaPed WKe ³TLPeU´ PRdeO [92,93]. Caulobacter vibrioides, a

bacWeULXP ZKRVe ceOOV dLYLde afWeU a ceUWaLQ aPRXQW Rf WLPe, KaV beeQ UeSRUWed WR fROORZ a

³TLPeU´ JURZWK PRdeO [94]. AOWeUQaWLYeO\, RUJaQLVPV caQ LQVWead PRQLWRU VL]e aQd adMXVW

dXUaWLRQ Rf JURZWK WR UeacK aQ RSWLPaO VL]e. TKLV PeWKRd Rf cRQWURO LV UefeUUed WR aV WKe ³SL]eU´

PRdeO [95±97]. IQ aQ e[SRQeQWLaO PRdeO, JURZWK UaWe LV SURSRUWLRQaO WR VL]e. A WLPe-baVed

cRQWURO PecKaQLVP aORQe ZRXOd faLO WR PaLQWaLQ VL]e KRPeRVWaVLV becaXVe OaUJeU RUJaQLVPV

ZRXOd JURZ SURSRUWLRQaOO\ PRUe dXULQJ a VSecLfLed SeULRd Rf WLPe. TKLV dLffeUeQce LQ JURZWK

UeTXLUeV a VL]e-baVed cRQWURO PecKaQLVP WR eQVXUe WKaW JURZWK LV KaOWed RQce a Pa[LPXP VL]e LV

UeacKed. FLVVLRQ \eaVW, a URd-VKaSed eXNaU\RWe ZKRVe ceOOV dLYLde afWeU JURZLQJ WR a ceUWaLQ VL]e,

KaYe beeQ UeSRUWed WR fROORZ a ³SL]eU´ JURZWK UeJLPe [98]. AOWKRXJK ³TLPeU´ aQd ³SL]eU´ aUe

WKe PRVW RfWeQ SURSRVed VL]e-cRQWURO PRdeOV, RWKeU PRdeOV KaYe beeQ VXJJeVWed. TKe ³AddeU´

PRdeO SURSRVeV WKaW a fL[ed YROXPe LV added WR a ceOO RU RUJaQLVP dXULQJ JURZWK [99,100],

ZKeUeaV WKe ³FROdeU´ PRdeO VSecLfLeV WKaW aQ RUJaQLVP LQcUeaVeV LQ YROXPe b\ a fL[ed SURSRUWLRQ
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LQ RUdeU WR cRQWURO JURZWK [101]. IW LV QRW WULYLaO WR deWeUPLQe ZKLcK PRdeO PRVW accXUaWeO\

deVcULbeV JURZWK Rf LQdLYLdXaO ceOOV RU ZKROe RUJaQLVPV becaXVe TXaQWLWaWLYe PeaVXUePeQWV Rf

JURZWK PXVW be cROOecWed aW KLJK SUecLVLRQ aQd WKURXJKSXW XQdeU WLJKWO\ cRQWUROOed e[SeULPeQWaO

cRQdLWLRQV. IQ XQLceOOXOaU RUJaQLVPV, WKe deYeORSPeQW Rf KLJK-WKURXJKSXW e[SeULPeQWaO

WecKQLTXeV LQ cRPbLQaWLRQ ZLWK WKeRUeWLcaO PRdeOV KaYe adYaQced WKe XQdeUVWaQdLQJ Rf VL]e

cRQWURO [102±106]. PURJUeVV KaV beeQ VORZeU fRU PXOWLceOOXOaU RUJaQLVPV becaXVe ceOO JURZWK

ZLWKLQ WLVVXeV aQd WLVVXe JURZWK ZLWKLQ RUJaQLVPV RfWeQ SURJUeVV aW dLffeUeQW UaWeV, VXJJeVWLQJ

WKaW WKe\ aUe OLNeO\ QRW UeJXOaWed LQ WKe VaPe Za\V [107±109].

TKe QePaWRde Caenorhabditis elegans SUeVeQWV bRWK a VcaOabOe aQd WUacWabOe PXOWLceOOXOaU

aQLPaO PRdeO WR VWXd\ JURZWK cRQWURO. WLWK aQ adXOW bRd\ OeQJWK Rf aSSUR[LPaWeO\ 1 PP,

KXQdUedV Rf WKRXVaQdV Rf LQdLYLdXaOV aUe eaVLO\ cXOWXUed LQ cRQWUROOed OabRUaWRU\ cRQdLWLRQV [30].

MRUeRYeU, C. elegans SRVW-ePbU\RQLc deYeORSPeQW LV PaUNed b\ VeYeUaO PROWV WKaW SURYLde cOeaU

deYeORSPeQWaO PLOeVWRQeV [64]. EacK PROW LV LQLWLaWed b\ a SeULRd Rf TXLeVceQce (OeWKaUJXV) aQd

WeUPLQaWed RQce WKe aQLPaO VXcceVVfXOO\ VKedV LWV cROOaJeQ-ULcK RXWeU cXWLcOe (ecd\VLV) [40]. FRXU

PROWV VeSaUaWe WKe C. elegans OLfe c\cOe LQWR fLYe dLVWLQcW VWaJeV: fRXU OaUYaO VWaJeV (L1-L4) aQd

adXOW. TKe WLPLQJ Rf WKeVe PROWV deWeUPLQeV WKe cRPSOeWLRQ Rf VWaJe-VSecLfLc deYeORSPeQW

[47,48] aQd XQdeUVcRUeV WKe LPSRUWaQce Rf JURZWK UeJXOaWLRQ dXULQJ C. elegans OaUYaO

deYeORSPeQW.

A fXOO deVcULSWLRQ Rf aQ RUJaQLVP¶V deYeORSPeQW LQcOXdeV WKe aVVeVVPeQW Rf KRZ JURZWK

aQd bRd\ VL]e aUe UeJXOaWed. IQLWLaO VWXdLeV Rf C. elegans deYeORSPeQW deVcULbed ZKROe-RUJaQLVP

JURZWK aV a VLJPRLdaO cXUYe cKaUacWeUL]ed b\ cRQWLQXRXV OaUYaO JURZWK LQ OeQJWK WKaW UeacKeV

VaWXUaWLRQ LQ adXOWKRRd [110]. TKeVe eaUO\ VWXdLeV K\SRWKeVL]ed WKaW PROW eYeQWV Kad OLWWOe effecW
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RQ cRQWLQXRXV JURZWK aV WKe C. elegans cXWLcOe aOORZed fRU VWUeWcK dXULQJ OaUYaO VWaJeV. LaWeU

ZRUN deWeUPLQed WKaW OaUYaO SURJUeVVLRQ ZaV QRW cRQWLQXRXV bXW UaWKeU SLeceZLVe LQ QaWXUe [111].

TKLV VWXd\ VKRZed WKaW C. elegans YROXPeWULc JURZWK UaWe LQcUeaVed fURP VWaJe WR VWaJe VXcK WKaW

L1 aQLPaOV Kad WKe VORZeVW UaWe Rf JURZWK aQd L4 aQLPaOV Kad WKe faVWeVW. TKLV fLQdLQJ VXJJeVWV

WKaW C. elegans KaYe a PecKaQLVP fRU UeJXOaWLQJ JURZWK UaWe, SRWeQWLaOO\ aW eacK PROW. Ne[W,

UeVeaUcKeUV XVLQJ VLQJOe-aQLPaO LPaJLQJ VWUaWeJLeV RbVeUYed WKaW aQLPaOV dLd QRW adYaQce WR WKe

Qe[W deYeORSPeQWaO VWaJe XQWLO a cULWLcaO YROXPe ZaV UeacKed [42]. TKLV fLQdLQJ VXJJeVWV WKaW C.

elegans JURZWK fROORZV a ³SL]eU´ PRdeO ZLWK eacK PROW decLVLRQ cRQWUROOed b\ a YROXPe

WKUeVKROd aQd fXUWKeU LPSOLeV WKaW LQdLYLdXaO ceOOV aUe abOe WR cRPPXQLcaWe LQfRUPaWLRQ abRXW

bRd\ VL]e WR SUecLVeO\ UeJXOaWe JURZWK. MRVW UeceQWO\, OLYe LPaJLQJ aQd cKaUacWeUL]aWLRQ Rf bRd\

YROXPe KeWeURJeQeLW\ UeYeaOed WKaW ZLWK UeVSecW WR WKe VWaUW Rf a OaUYaO VWaJe, C. elegans UeOaWLYe

cKaQJe LQ YROXPe ZLWKLQ a VWaJe LV QeaUO\ LQYaULaQW WKeUeb\ SUeYeQWLQJ UaSLd dLYeUJeQce LQ

YROXPe beWZeeQ faVW- aQd VORZ-JURZLQJ aQLPaOV [101]. A PecKaQLVP WKaW PaLQWaLQV a cRQVWaQW

UeOaWLYe cKaQJe LQ YROXPe ZLWKLQ eacK OaUYaO VWaJe UeOLeV RQ WKe cRXSOLQJ beWZeeQ JURZWK UaWe

aQd deYeORSPeQWaO WLPLQJ. NRWabO\, VXcK cRXSOLQJ LV cRQVLVWeQW ZLWK UeceQW RbVeUYaWLRQV Rf

WePSRUaO VcaOLQJ LQ C. elegans deYeORSPeQW ZKeUe deVSLWe LQWeU-LQdLYLdXaO YaULabLOLW\ LQ WKe

abVROXWe dXUaWLRQ Rf a OaUYaO VWaJe, UeOaWLYe WLPLQJ Rf a VWaJe LV VLPLOaU [112,113].

TR XQdeUVWaQd C. elegans JURZWK cRQWURO aW WKe ZKROe-RUJaQLVP OeYeO, Ze XVed a

cRPbLQaWLRQ Rf TXaQWLWaWLYe PeaVXUePeQWV aQd PaWKePaWLcaO PRdeOLQJ. We SeUfRUPed a

KLJK-UeVROXWLRQ ORQJLWXdLQaO VWXd\ Rf C. elegans OaUYaO SURJUeVVLRQ aQd caSWXUed KLJK-SUecLVLRQ

deWaLOV abRXW aQLPaO OeQJWK, ZLdWK, YROXPe, aQd feedLQJ d\QaPLcV. B\ LQYeVWLJaWLQJ C. elegans

feedLQJ aQd JURZWK LQ WaQdeP fRU WKRXVaQdV Rf LQdLYLdXaO aQLPaOV, Ze fRXQd decUeaVeV LQ
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feedLQJ beKaYLRU aVVRcLaWed ZLWK eacK OaUYaO WUaQVLWLRQ WKaW ZeUe aOVR cRUUeOaWed LQ WLPe ZLWK

cKaQJeV LQ JURZWK UaWe. We XVed RXU OaUJe-VcaOe PeaVXUePeQWV Rf bRd\ VKaSe WR fXUWKeU aQaO\]e

WKe SeULRdV Rf WLPe VXUURXQdLQJ eacK OaUYaO WUaQVLWLRQ. AW eacK PROW, Ze RbVeUYed VLPXOWaQeRXV

LQcUeaVeV LQ OeQJWK, decUeaVeV LQ ZLdWK, aQd PaLQWeQaQce Rf YROXPe. BaVed RQ WKe SK\VLcaO

cKaUacWeULVWLcV Rf WKe cXWLcOe, Ze SURSRVe a ³SWUeWcKeU´ PecKaQLVP ZKeUeb\ SK\VLcaO cRQVWUaLQWV

RQ cXWLcOe VWUeWcK LQfOXeQce bRd\ VKaSe. We fLQd WKe SWUeWcKeU PRdeO-SUedLcWed VKaSe cKaQJeV aUe

cRQVLVWeQW ZLWK RbVeUYed daWa. AQLPaOV Pa\ be abOe WR deWecW ZKeQ WKe cXWLcOe UeacKeV LWV

Pa[LPXP caSacLW\ fRU VWUeWcK SURYLdLQJ a VLJQaO WR LQLWLaWe OaUYaO-VWaJe WUaQVLWLRQV.

2.3. MATERIALS AND METHODS

2.3.1. Worm culture

TKe caQRQLcaO OabRUaWRU\ VWUaLQ N2 ZaV RbWaLQed fURP WKe C. elegans NaWXUaO DLYeUVLW\ ReVRXUce

[114]. AQLPaOV ZeUe cXOWXUed aW 20�C RQ 6 cP SOaWeV Rf PRdLfLed QePaWRde JURZWK PedLa

(NGMA), ZKLcK cRQWaLQed 1% aJaU aQd 0.7% aJaURVe Veeded ZLWK E. coli OP50 bacWeULa [78].

2.3.2. Bacterial food

E. coli HB101 bacWeULa ZeUe SUeSaUed fURP cXOWXUeV JURZQ fRU 15 KRXUV LQ SXSeUbURWK aQd WKeQ

SeOOeWed b\ ceQWULfXJaWLRQ. HB101 bacWeULa ZeUe dLOXWed WR OD100 LQ K PedLXP (51 PM NaCO,

32 PM KCO, 3 PM CaCO2, aQd 3 PM MJSO4 LQ dLVWLOOed ZaWeU) aQd VWRUed aW -80�C. BacWeULa

ZeUe WKaZed aQd fed WR aQLPaOV aW a cRQceQWUaWLRQ VXffLcLeQW WR VXVWaLQ SRSXOaWLRQ JURZWK fURP

KaWcKLQJ WR adXOWKRRd (OD20).
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2.3.3. GroZth of the animals

PRSXOaWLRQV Rf aQLPaOV ZeUe SURSaJaWed RQ NGMA SOaWeV fRU WZR JeQeUaWLRQV ZLWKRXW VWaUYaWLRQ.

IQ WKe WKLUd JeQeUaWLRQ, JUaYLd adXOWV ZeUe bOeacK-V\QcKURQL]ed [115]. EPbU\RV ZeUe

UeVXVSeQded LQ K PedLXP, aOLTXRWed LQWR a 500 PL fOaVN aW a cRQceQWUaWLRQ Rf RQe ePbU\R SeU

�L, aQd aOORZed WR KaWcK RYeUQLJKW. TKe fROORZLQJ da\, aUUeVWed L1V ZeUe fed HB101 bacWeULa aW

a fLQaO cRQceQWUaWLRQ Rf OD20 LQ a fLQaO fOaVN YROXPe Rf 100 PL K PedLXP aQd HB101 fRRd.

AQLPaOV ZeUe JURZQ fRU WKUee da\V aW 20�C ZLWK cRQVWaQW VKaNLQJ. FROORZLQJ WKeVe WKUee da\V,

adXOW aQLPaOV ZeUe bOeacK-V\QcKURQL]ed RQce PRUe aQd ePbU\RV ZeUe aOLTXRWed WR VeYeQ

UeSOLcaWe 500 PL fOaVNV aW a cRQceQWUaWLRQ Rf RQe ePbU\R SeU �L LQ 100 PL. TKe fROORZLQJ

PRUQLQJ, VL[ fOaVNV ZeUe fed HB101 bacWeULaO fRRd aW a fLQaO cRQceQWUaWLRQ Rf OD20 LQ a fLQaO

fOaVN YROXPe Rf 100 PL K PedLXP aQd HB101 fRRd. TZR addLWLRQaO fOaVNV ZeUe LQcOXded WR

cRQWURO fRU L1 aQLPaO VL]e aQd SRVVLbOe cOXPSLQJ Rf bacWeULaO fRRd: RQe fOaVN cRQWaLQed L1 OaUYae

bXW dLd QRW KaYe fRRd added aQd RQe fOaVN cRQWaLQed QR OaUYae bXW WKe VaPe cRQceQWUaWLRQ Rf

HB101 bacWeULa aV WKe VL[ fOaVNV cRQWaLQLQJ L1 OaUYae. AOO UeSOLcaWe fOaVNV ZeUe NeSW LQ aQ

LQcXbaWRU aW 20�C ZLWK VKaNLQJ fRU WKe dXUaWLRQ Rf WKe e[SeULPeQW. A VPaOO WePSeUaWXUe JUadLeQW

Rf 1.25�C ZaV UecRUded LQ WKe VKaNLQJ LQcXbaWRU ZLWK WKe KLJKeVW WePSeUaWXUe UeadLQJV RQ WKe

ULJKW VLde aQd ORZeVW WePSeUaWXUe UeadLQJV RQ WKe OefW VLde. TKLV VOLJKW YaULaWLRQ LQ WePSeUaWXUe

cRQWULbXWed WR YaULaWLRQ LQ deYeORSPeQWaO UaWe aPRQJ UeSOLcaWeV baVed RQ SRVLWLRQ ZLWKLQ WKe

LQcXbaWRU (UeSOLcaWeV ZeUe SOaced LQ QXPeULcaO RUdeU ZLWK UeSOLcaWe 1 SRVLWLRQed RQ WKe faU ULJKW

VLde Rf WKe LQcXbaWRU).
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2.3.4. High-throughput measurements of bod\ si]e and fluorescence

FOaVNV ZeUe VaPSOed eacK KRXU beJLQQLQJ RQe KRXU afWeU feedLQJ aQd cRQWLQXLQJ fRU 72

cRQVecXWLYe KRXUV. AW eacK KRXU, 500 �L ZaV UePRYed fURP eacK fOaVN aQd WUaQVfeUUed WR a ZeOO

Rf a deeS 96-ZeOO SOaWe. EacK fOaVN ZaV VaPSOed aW eacK WLPe SRLQW. FOXRUeVceQW SRO\cKURPaWLc

beadV (PRO\VcLeQceV, 19507-5) ZLWK a 0.5 ȝP SaUWLcOe VL]e ZeUe added WR eacK ZeOO aW a fLQaO

cRQceQWUaWLRQ Rf 3.64[108 beadV/PL aQd LQcXbaWed aW 20�C fRU 10 PLQXWeV ZLWK VKaNLQJ.

FROORZLQJ WKe bead LQcXbaWLRQ, 30 �L fURP eacK ZeOO Rf WKe deeS 96-ZeOO SOaWe ZaV aOLTXRWed WR

a 96-ZeOO PLcURWLWeU SOaWe. TKe SURceVV ZaV UeSeaWed 11 WLPeV WR 11 VeSaUaWe ZeOOV Rf WKe VaPe

PLcURWLWeU SOaWe ZLWK SLSeWWLQJ WR PL[ WKe ZeOO cRQWeQWV fURP WKe deeS 96-ZeOO SOaWe. AQLPaOV

ZeUe WKeQ WUeaWed ZLWK VRdLXP a]Lde aW a fLQaO cRQceQWUaWLRQ Rf 50 PM WR SaUaO\]e aQd SUeYeQW

defecaWLRQ Rf WKe LQJeVWed beadV. TKe 96-ZeOO SOaWe ZaV LPaJed ZLWK aQ IPaJeXSUeVV NaQR

(MROecXOaU DeYLceV, SaQJRVe, CA) XVLQJ bRWK 2[ (NLNRQ MRD00025) aQd 10[ (NLNRQ

MRH00101) RbMecWLYeV. TKe IPaJeXSUeVV NaQR acTXLUeV bULJKWfLeOd LPaJeV XVLQJ a 4.7

PeJaPL[eO CMOS caPeUa. IPaJeV aUe VWRUed LQ 16-bLW TIFF fRUPaW. FLQaOO\, aQLPaOV ZeUe VcRUed

XVLQJ a OaUJe-SaUWLcOe fORZ c\WRPeWeU (COPAS BIOSORT, UQLRQ BLRPeWULca, HROOLVWRQ MA).

TKe COPAS BIOSORT VKeaWK fORZ UaWe ZaV NeSW aW a cRQVWaQW 10.3 �0.1 PL SeU PLQXWe WR

UedXce YaULabLOLW\ LQ OeQJWK PeaVXUePeQWV.

2.3.5. Image processing

MaQXaO PeaVXUePeQWV Rf aQLPaO VL]e ZeUe SeUfRUPed XVLQJ WKe fUee JaYa LPaJe-SURceVVLQJ

SURJUaP IPaJeJ [116]. WeOO LPaJeV fRU WKe VL[ UeSOLcaWe fOaVNV, e[cOXdLQJ cRQWUROV, ZeUe ORaded

LQWR IPaJeJ VRfWZaUe. LeQJWK ZaV PeaVXUed fURP Kead WR WaLO, aQd ZLdWK ZaV PeaVXUed aW WKe

ZLdeVW SRLQW Rf WKe aQLPaO. FLYe aQLPaOV ZeUe PeaVXUed SeU ZeOO acURVV WKLUW\ WRWaO ZeOOV fRU eacK
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KRXU. MeaVXUePeQWV ZeUe UeSeaWed fRU aOO 72 WLPe SRLQWV LQ WKe aVVa\. BRd\ OeQJWK aQd ZLdWK

ZeUe XVed WR eVWLPaWe cURVV-VecWLRQaO aUea (OeQJWK*ZLdWK). TKLV PeWULc ZaV XVed WR deVcULbe

aQLPaO aUea fRU WKe e[WeQW Rf WKe We[W. VROXPe ZaV caOcXOaWed fURP bRd\ OeQJWK aQd ZLdWK b\

aSSUR[LPaWLQJ WKe aQLPaO aV a c\OLQdeU. PL[eOV ZeUe cRQYeUWed WR �P XVLQJ a cRQYeUVLRQ facWRU Rf

3.2937 �P/SL[eO.

2.3.6. Data processing

TKe COPAS BIOSORT ZaV XVed WR cROOecW PeaVXUePeQWV Rf aQLPaO OeQJWK (TOF), RSWLcaO

e[WLQcWLRQ (EXT), aQd fOXRUeVceQce fRU eYeU\ aQLPaO LQ eacK ZeOO. TKeVe WUaLWV PeaVXUe

SURSeUWLeV Rf QePaWRde deYeORSPeQW aQd, aV VXcK, LQcUeaVe aV aQLPaOV SURJUeVV WR adXOWKRRd

[117]. OSWLcaO e[WLQcWLRQ PeaVXUePeQWV cRUUeVSRQd WR WKe aPRXQW Rf OLJKW abVRUbed RYeU WKe fXOO

OeQJWK Rf aQ aQLPaO aV LW SaVVeV WKURXJK WKe LQVWUXPeQW. AQ addLWLRQaO PeaVXUePeQW (QRUP.EXT)

caQ be caOcXOaWed b\ QRUPaOL]LQJ RSWLcaO e[WLQcWLRQ b\ OeQJWK. TKe UaZ daWa cROOecWed ZeUe

LPSRUWed aQd SURceVVed XVLQJ WKe eas\sorter R SacNaJe [118].

TKe COPAS BIOSORT daWa ZeUe aQaO\]ed fXUWKeU XVLQJ GaXVVLaQ fLQLWe PL[WXUe

PRdeOLQJ aV LPSOePeQWed LQ WKe mclust R SacNaJe [119]. TKeVe SURbabLOLVWLc PRdeOV aVVXPe WKaW

daWa aUe JeQeUaWed fURP a PL[WXUe Rf PXOWLYaULaWe QRUPaO dLVWULbXWLRQV aQd, WKeUefRUe, caQ be XVed

WR cOaVVLf\ XQVWUXcWXUed daWa LQWR PeaQLQJfXO JURXSV. SSecLfLcaOO\, WKe mclust SacNaJe fLWV a

PL[WXUe PRdeO WR daWa aQd VeOecWV WKe RSWLPaO QXPbeU Rf cOXVWeUV XVLQJ aQ

e[SecWaWLRQ-Pa[LPL]aWLRQ aOJRULWKP aQd Ba\eV IQfRUPaWLRQ CULWeULa. FRU PRdeO-baVed cOXVWeULQJ,

ORJ WUaQVfRUPed aQLPaO OeQJWK (ORJTOF) aQd ORJ WUaQVfRUPed RSWLcaO e[WLQcWLRQ (ORJEXT) ZeUe

XVed aV LQSXWV fRU WKe Mclust fXQcWLRQ. DaWa fURP eacK KRXU Rf WKe e[SeULPeQW ZaV aQaO\]ed b\

UeSOLcaWe aQd cOXVWeUV WKaW dLd QRW aSSeaU WR LQcOXde PaMRULW\ aQLPaO RbMecWV ZeUe LdeQWLfLed aQd
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UePRYed aV deVcULbed SUeYLRXVO\ [120]. TKLV SURceVVLQJ UePRYed QRQ-aQLPaO RbMecWV VXcK aV

bacWeULaO cOXPSV, VKed cXWLcOeV, aQd Qe[W JeQeUaWLRQ OaUYaO aQLPaOV fURP WKe WLPe-cRXUVe daWa.

We XVed a QXPS\ SRO\fLW UeJUeVVLRQ Rf ZeOO PedLaQ daWa fURP WKe COPAS BIOSORT aQd

LPaJe PeaVXUePeQWV WR cRQYeUW TOF aQd QRUP.EXT daWa WR PLcURQV. OQO\ WKe XQLW-cRUUecWed

BIOSORT daWa ZeUe XVed fRU fXUWKeU aQaO\VLV.

2.3.7. Molt anal\sis

FOXRUeVceQce daWa RbWaLQed fURP WKe COPAS BIOSORT ZaV XVed aV a SUR[\ fRU feedLQJ

beKaYLRU WR dLVWLQJXLVK aQLPaOV LQ a PROW fURP JURZLQJ aQLPaOV. FLUVW, fOXRUeVceQce ZaV

QRUPaOL]ed b\ EXT WR accRXQW fRU WKe abLOLW\ Rf OaUJeU aQLPaOV WR cRQVXPe PRUe fRRd aQd beadV.

Ne[W, aQ aQaO\VLV Rf YaULaQce VWaWLVWLcaO PRdeO ZaV fLW WR WKe fOXRUeVceQce daWa QRUPaOL]ed b\

EXT WR deWeUPLQe WKe aPRXQW Rf YaULaQce cRQWULbXWed b\ UeSOLcaWe aQd ZeOO (TabOe S1). A ORcaO

NeUQeO UeJUeVVLRQ VPRRWKLQJ PeWKRd ZaV WKeQ aSSOLed WR WKe UeVLdXaOV Rf WKe YaULaQce aQaO\VLV

XVLQJ WKe lokern R SacNaJe [121]. ReVLdXaOV ZeUe XVed WR addUeVV RQO\ WKe dLffeUeQceV RYeU WLPe

aQd LJQRUe PLQRU YaULaWLRQ aPRQJ UeSOLcaWeV aQd ZeOOV. TKe ORcaO PLQLPa Rf WKe UeJUeVVLRQ

fXQcWLRQ ZeUe fRXQd b\ VROYLQJ fRU ZKeUe WKe fLUVW deULYaWLYe Rf WKLV fXQcWLRQ eTXaOed ]eUR. TKe

WLPe aVVRcLaWed ZLWK eacK ORcaO PLQLPXP ZaV XVed WR UeSUeVeQW WKe WLPLQJ Rf eacK PROW. MROWV

RccXUUed aW 14, 25, 36, aQd 48 KRXUV.

TR LdeQWLf\ SeULRdV Rf WLPe WKaW cRQWaLQed a PaMRULW\ Rf JURZLQJ aQLPaOV, WKe LQfOecWLRQ

SRLQWV Rf WKe UeJUeVVLRQ fXQcWLRQ ZeUe caOcXOaWed b\ VROYLQJ fRU ZKeUe WKe VecRQd deULYaWLYe Rf

WKe fXQcWLRQ eTXaOed ]eUR. TLPe SRLQWV beWZeeQ LQfOecWLRQ SRLQWV WKaW dLd QRW cRQWaLQ a ORcaO

fOXRUeVceQce PLQLPXP ZeUe cRQVLdeUed aV JURZWK SeULRdV. TKeVe KRXUV ZeUe 1-13, 17-22, 27-32,

aQd 39-45 cRUUeVSRQdLQJ WR L1, L2, L3, aQd L4 JURZWK SeULRdV.
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EacK PROW LV LQLWLaWed ZKeQ aQLPaOV eQWeU TXLeVceQce: a beKaYLRUaO VWaWe ZKeUe aQLPaOV

ceaVe acWLYe feedLQJ. TR cOaVVLf\ LQdLYLdXaO aQLPaOV aV LQ a PROW RU JURZLQJ, Ze VeW a TXLeVceQce

WKUeVKROd XVLQJ fOXRUeVceQce PeaVXUePeQWV aW eacK ORcaO PLQLPXP. TKe fOXRUeVceQce

PeaVXUePeQW aW eacK ORcaO PLQLPXP ZaV aV fROORZV: 0.07, 0.06, 0.06, 0.06. TKe aYeUaJe Rf WKeVe

PeaVXUePeQWV (0.06) ZaV XVed aV WKe fOXRUeVceQce WKUeVKROd VLJQLf\LQJ TXLeVceQW beKaYLRU. AQ\

LQdLYLdXaO aQLPaOV WKaW feOO beORZ WKLV WKUeVKROd fOXRUeVceQce YaOXe ZeUe deVLJQaWed aV LQ a PROW

aQd aQLPaOV abRYe WKLV WKUeVKROd YaOXe ZeUe cOaVVLfLed aV JURZLQJ.

2.3.8. Comparison of model fits

TR deWeUPLQe WKe YROXPe JURZWK PRdeO, Ze fLW OLQeaU, e[SRQeQWLaO, aQd cXbLc fXQcWLRQV WR daWa

deVLJQaWed aV JURZWK SeULRdV fRU eacK OaUYaO VWaJe. BRWK OLQeaU aQd QRQOLQeaU fXQcWLRQV ZeUe

fLWWed XVLQJ OeaVW-VTXaUeV UeJUeVVLRQ. ANaLNe¶V LQfRUPaWLRQ cULWeULRQ (AIC) [122] aQd Ba\eVLaQ

LQfRUPaWLRQ cULWeULRQ (BIC) [123] ZeUe JRRdQeVV Rf fLW cULWeULa XVed WR eYaOXaWe caQdLdaWe PRdeOV.

TR aVVeVV WKe VWUeQJWK Rf eYLdeQce fRU eacK caQdLdaWe PRdeO, Ze LdeQWLfLed WKe PRdeO ZLWK WKe

VPaOOeVW AIC RU BIC YaOXe aQd aVVeVVed WKe dLffeUeQce beWZeeQ WKLV YaOXe aQd WKe AIC RU BIC Rf

WKe RWKeU WZR PRdeOV. TKe PaJQLWXde Rf WKe dLffeUeQce ZaV XVed WR deWeUPLQe WKe OeYeO Rf VXSSRUW

fRU eacK caQdLdaWe PRdeO aV SUeYLRXVO\ deVcULbed [124,125]. AOO PRdeO fLWV aQd aQaO\VLV ZeUe

SeUfRUPed XVLQJ WKe stats R SacNaJe.

2.3.9. Stretcher model anal\sis

TR aQaO\]e VKaSe d\QaPLcV, OeQJWK aQd ZLdWK daWa fURP JURZWK WLPe SeULRdV ZeUe e[WUacWed fURP

WKe fXOO COPAS BIOSORT SRSXOaWLRQ daWa aQd aQaO\]ed fURP eacK UeSOLcaWe VeSaUaWeO\ WR aYRLd

LVVXeV ZLWK UeSOLcaWe YaULabLOLW\. FRU UeSOLcaWe 2, WKe KRXUV defLQLQJ JURZWK SeULRdV ZeUe 1-13,

16.37-22.39, aQd 26.93-32.96; cRUUeVSRQdLQJ WR L1, L2, aQd L3. HRXUV defLQLQJ OaUYaO VWaJeV
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ZeUe URXQded aV daWa ZaV cROOecWed aW e[acW KRXU LQcUePeQWV. TKe L4 VWaJe ZaV e[cOXded fURP

WKe aQaO\VLV becaXVe Rf WKe KLJK YaULabLOLW\ ZLWKLQ WKe SRSXOaWLRQ. TKLV RccXUV becaXVe VPaOO

cKaQJeV LQ JURZWK UaWe ZLWKLQ eacK VWaJe aUe aPSOLfLed aV WKe aQLPaOV aJe. We aSSOLed a ORcaO

NeUQeO UeJUeVVLRQ, lokern R SacNaJe [126], WR VPRRWK WKe SRSXOaWLRQ d\QaPLcV Rf OeQJWK aQd

ZLdWK. TR caOcXOaWe PeaQ aQd VWaQdaUd deYLaWLRQ, WKe VPRRWKed SRSXOaWLRQ PeaVXUePeQWV ZeUe

bRRWVWUaSSed XVLQJ 2,000 VaPSOeV ZLWK UeSOacePeQW. TR deWeUPLQe cXWLcOe SURSeUWLeV WKURXJKRXW

OaUYaO VWaJeV, Ze caOcXOaWed WKe PeaQ UaWLR Rf deULYaWLYeV Rf UeJUeVVLRQ ZLdWK aQd OeQJWK.

2.4. RESULTS

2.4.1. QuantitatiYe measurements of C. eleganV groZth

We KaYe RSWLPL]ed a TXaQWLWaWLYe JURZWK aVVa\ WKaW UeOLabO\ PeaVXUeV VPaOO cKaQJeV LQ C.

elegans bRd\ VL]e WKURXJKRXW deYeORSPeQW (Figure 2-1). OXU PeWKRd SURYLdeV bRWK

KLJK-WKURXJKSXW aQd KLJK-SUecLVLRQ aVVeVVPeQW Rf deYeORSPeQWaO JURZWK. IQ bULef, SRSXOaWLRQV Rf

100,000 aQLPaOV ZeUe cXOWXUed LQ fOaVNV. We cXOWXUed VL[ UeSOLcaWe SRSXOaWLRQV Rf C. elegans fRU a

WRWaO Rf 600,000 V\QcKURQL]ed aQd JURZLQJ aQLPaOV. EYeU\ KRXU afWeU feedLQJ, a VaPSOe Rf WKe

SRSXOaWLRQ fURP eacK fOaVN (a300 aQLPaOV/fOaVN) ZaV cROOecWed WR PeaVXUe aQLPaO OeQJWK, ZLdWK,

aQd feedLQJ UaWe. TKe IPaJeXSUeVV V\VWeP (MROecXOaU DeYLceV) ZaV XVed WR cROOecW LPaJeV Rf

VaPSOed aQLPaOV. FeedLQJ UaWe, e[aPLQed XVLQJ LQJeVWLRQ Rf fOXRUeVceQW PLcURVSKeUeV aV a SUR[\,

aQd bRd\ VL]e ZeUe WKeQ PeaVXUed XVLQJ WKe COPAS BIOSORT (UQLRQ BLRPeWULca). TKLV

SOaWfRUP eQabOed fXUWKeU aQaO\VLV Rf OLfe VWaJe aQd bRd\ VL]e, cRQWULbXWLQJ added SUecLVLRQ WR RXU

PeaVXUePeQWV.
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Figure 2-1. An oYerYieZ of the quantitatiYe groZth assa\. S\QcKURQL]ed aQLPaOV ZeUe

cXOWXUed LQ fOaVNV ZKeUe VL[ fOaVNV cRQWaLQed UeSOLcaWe SRSXOaWLRQV Rf QePaWRdeV, RQe fOaVN Kad a

SRSXOaWLRQ Rf XQfed aQLPaOV, aQd RQe fOaVN RQO\ cRQWaLQed bacWeULaO fRRd. AW eacK KRXU Rf WKe

e[SeULPeQW, aOO eLJKW fOaVNV ZeUe VaPSOed. IQ VWeS 1, aQLPaOV ZeUe WUaQVfeUUed fURP eacK fOaVN WR

a VLQJOe ZeOO Rf a 96-ZeOO PLcURWLWeU SOaWe. IQ VWeS 2, fOXRUeVceQW beadV ZeUe added WR eacK ZeOO.

FROORZLQJ a 10-PLQXWe LQcXbaWLRQ SeULRd, aQLPaOV fURP eacK ZeOO Rf WKe deeS-ZeOO SOaWe ZeUe

WUaQVfeUUed WR VeYeUaO ZeOOV Rf a 96-ZeOO PLcURWLWeU SOaWe fRU VWeS 3. IQ VWeS 4, aQLPaOV LQ eacK ZeOO

Rf WKe PLcURWLWeU SOaWe ZeUe LPaJed. IQ VWeS 5, WKe VaPe aQLPaOV ZeUe PeaVXUed XVLQJ WKe COPAS

BIOSORT. TKLV SURceVV ZaV UeSeaWed eYeU\ KRXU afWeU feedLQJ fRU 72 cRQVecXWLYe KRXUV (Vee

MeWKRdV). ScKePaWLc Rf WKe e[SeULPeQWaO ZRUNfORZ ZaV cUeaWed ZLWK BLRReQdeU.cRP.

TZR PeaVXUePeQWV Rf bRd\ VL]e ZeUe cROOecWed fURP UaZ daWa WaNeQ fURP WKe COPAS

BIOSORT: WLPe Rf fOLJKW (TOF) aQd RSWLcaO e[WLQcWLRQ (EXT) (Figure S2-1). TLPe Rf fOLJKW LV a

PeaVXUePeQW Rf bRd\ OeQJWK, aQd RSWLcaO e[WLQcWLRQ cRUUeVSRQdV WR RSWLcaO deQVLW\, a

PeaVXUePeQW LQfOXeQced b\ bRd\ OeQJWK, WKLcNQeVV, aQd cRPSRVLWLRQ [117,127]. We LQYeVWLJaWed
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ZKeWKeU RSWLcaO e[WLQcWLRQ cRXOd be cRUUeOaWed WR a dLffeUeQW PeaVXUe Rf bRd\ VL]e XVLQJ WKe

cROOecWLRQ Rf PaQXaO VL]e PeaVXUePeQWV RbWaLQed fURP LPaJeV (see Methods). We caOcXOaWed WKe

PedLaQ OeQJWK, ZLdWK, aUea, aQd YROXPe Rf aQLPaOV LQ a VXbVeW Rf LPaJed ZeOOV fURP eacK KRXU Rf

WKe e[SeULPeQW. We WKeQ cRPSaUed WKeVe YaOXeV WR PedLaQ PeaVXUePeQWV Rf aQLPaOV LQ eacK ZeOO

fURP WKe SURceVVed COPAS BIOSORT daWa. We fRXQd a VWURQJ cRUUeOaWLRQ beWZeeQ PaQXaO

PeaVXUePeQWV Rf aQLPaO OeQJWK fURP WKe LPaJe aQaO\VLV aQd TOF PeaVXUePeQWV fURP WKe

COPAS BIOSORT (Figure S2-2). We aOVR RbVeUYed aQ eTXaOO\ VWURQJ cRUUeOaWLRQ beWZeeQ

PaQXaO PeaVXUePeQWV Rf aQLPaO aUea aQd EXT aV ZeOO aV aQLPaO ZLdWK aQd EXT QRUPaOL]ed b\

bRd\ OeQJWK (QRUP.EXT). We WKeQ caOcXOaWed aQLPaO YROXPe XVLQJ PeaVXUePeQWV fURP WKe

COPAS BIOSORT b\ XVLQJ a c\OLQdULcaO aSSUR[LPaWLRQ fRU C. elegans VKaSe (see Methods).

TKLV UeVXOW e[SaQded WKe QXPbeU Rf bRd\ VL]e SaUaPeWeUV WKaW Ze ZeUe abOe WR aVVeVV XVLQJ WKe

COPAS BIOSORT daWa, aOORZLQJ XV WR LQYeVWLJaWe JURZWK d\QaPLcV LQ OeQJWK, ZLdWK, aQd

YROXPe (Figure 2-2A-C). TR dLVeQWaQJOe QePaWRde RbMecWV fURP QRQ-aQLPaO RbMecWV (bacWeULa

cOXPSV, deWULWXV, VKed cXWLcOeV), Ze ePSOR\ed PRdeO-baVed cOXVWeULQJ WR UePRYe XQZaQWed

RbMecWV aQd beWWeU e[aPLQe JURZWK Rf aQLPaOV (Figure S2-3). LaVWO\, Ze cRQYeUWed XQLWOeVV

COPAS BIOSORT PeaVXUePeQWV LQWR PLcURQV (see Methods).
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Figure 2-2. QuantitatiYe measurements of animal si]e. COPAS BIOSORT daWa Rf aQLPaO

OeQJWK (A), ZLdWK (B), aQd YROXPe (C) afWeU WKe UePRYaO Rf QRQ-aQLPaO RbMecWV XVLQJ

PRdeO-baVed cOXVWeULQJ PeWKRdV (Vee MeWKRdV).
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We UeSRUW bRd\ OeQJWK, ZLdWK, aQd YROXPe Rf aQLPaOV aW eacK KRXU Rf deYeORSPeQW fURP

L1 WR adXOW (Figure S2-1 aQd Figure 2-2). HLVWRULcaOO\, JURZWK Rf C. elegans KaV beeQ VKRZQ aV

a VLJPRLdaO cXUYe ZKeUe e[SRQeQWLaO JURZWK dXULQJ OaUYaO VWaJeV UeacKeV a Pa[LPXP UaWe LQ

adXOWKRRd [110]. MRUe UeceQWO\, UeVeaUcKeUV KaYe LdeQWLfLed WKaW JURZWK cXUYeV aUe dLVcRQWLQXRXV

dXULQJ deYeORSPeQW SXQcWXaWed b\ OaUYaO WUaQVLWLRQV [42,111]. UVLQJ RXU TXaQWLWaWLYe JURZWK

aVVa\, Ze caSWXUed WKeVe VPaOO-VcaOe dLVcRQWLQXLWLeV LQ OaUYaO JURZWK UaWe aV ZeOO aV aQ aSSaUeQW

JURZWK Pa[LPXP dXULQJ eaUO\ adXOWKRRd. We QRWLced WKaW aOO VL]e YaULabOeV (OeQJWK, ZLdWK, aQd

YROXPe) dLVSOa\ed WKeVe d\QaPLcV. ObMecWV LdeQWLfLed aV aQLPaOV aSSeaU WR JURZ LQ VL]e.

HRZeYeU, LQ SaUWLcXOaU WLPe ZLQdRZV dXULQJ deYeORSPeQW, JURZWK d\QaPLcV YLVLbO\ VKLfW,

SURdXcLQJ dLVcRQWLQXLWLeV LQ aQLPaO JURZWK UaWe. WLWK WKeVe daWa, Ze ZeUe abOe WR fXUWKeU

LQYeVWLJaWe C. elegans JURZWK aQd VL]e cRQWURO.

2.4.2. Fluorescence proYides a quantitatiYe measurement of animal feeding behaYior and

deYelopmental progression

IQ addLWLRQ WR bRd\ VL]e aQd VKaSe, WKe UaZ daWa fURP WKe TXaQWLWaWLYe JURZWK aVVa\ LQcOXded

PeaVXUePeQWV Rf fOXRUeVceQce fRU eacK aQLPaO. TR UeadLO\ aVVeVV WKe WKRXVaQdV Rf PeaVXUePeQWV

acTXLUed aW eacK KRXU, Ze JeQeUaWed VXPPaU\ VWaWLVWLcV Rf PedLaQ ZeOO PeaVXUePeQWV (Table

S2-1). WLWK WKeVe VXPPaUL]ed daWa, Ze LQYeVWLJaWed WKe UeOaWLRQVKLS beWZeeQ feedLQJ beKaYLRU

aQd deYeORSPeQWaO VWaJe. IW LV ZeOO eVWabOLVKed WKaW WePSRUaU\ VXVSeQVLRQV Rf C. elegans feedLQJ

RccXU dXULQJ eacK PROW [43,110]. AV VXcK, acWLYe feedLQJ LV fUeTXeQWO\ XVed WR dLVWLQJXLVK

JURZLQJ aQLPaOV fURP LQdLYLdXaOV LQ a PROW. We TXaQWLfLed feedLQJ beKaYLRU b\ e[SRVLQJ aQLPaOV

WR fOXRUeVceQW beadV WKe aSSUR[LPaWe VL]e Rf bacWeULa aQd PeaVXULQJ fOXRUeVceQce Rf aQLPaOV

[128]. BecaXVe OaUJeU aQLPaOV aUe abOe WR cRQVXPe PRUe fRRd aQd WKeUefRUe cRQWaLQ PRUe
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LQJeVWed fRRd, Ze QRUPaOL]ed fOXRUeVceQce b\ aQLPaO aUea WR accRXQW fRU LQcUeaVeV LQ bRd\ VL]e

(Figure S2-4). TKe UeVXOWLQJ fOXRUeVceQce daWa VKRZed a d\QaPLc SaWWeUQ (Figure 2-3A). AW

aSSUR[LPaWeO\ 15 KRXUV, fOXRUeVceQce VWeadLO\ LQcUeaVed WR a SeaN befRUe decUeaVLQJ bacN WR

LQLWLaO OeYeOV aW aSSUR[LPaWeO\ KRXU 27. TKLV SaWWeUQ, UeSeaWed WKUee addLWLRQaO WLPeV, eVWabOLVKed

cOeaU WLPe ZLQdRZV Rf ORcaO PLQLPaO fOXRUeVceQce. TKeVe ORcaO PLQLPa UeSUeVeQW SeULRdV Rf WLPe

ZKeUe a OaUJe SURSRUWLRQ Rf WKe SRSXOaWLRQ Kad UedXced RU ceaVed feedLQJ aQd WKeUefRUe VXJJeVWV

WLPe ZLQdRZV ZKeUe a PaMRULW\ Rf aQLPaOV ZeUe OLNeO\ QRW feedLQJ becaXVe WKe\ ZeUe LQ a PROW.

We XVed a ORcaO NeUQeO UeJUeVVLRQ PeWKRd WR eVWLPaWe a VPRRWK cXUYe aQd caOcXOaWe WKe deULYaWLYe

WR LdeQWLf\ WKe WLPe aVVRcLaWed ZLWK eacK ORcaO PLQLPXP (see Methods). We WKeQ aVVeVVed

LPaJeV cROOecWed fURP WKe JURZWK aVVa\ aQd fRXQd WKaW SeULRdV Rf decUeaVed feedLQJ aUe

cRQcXUUeQW ZLWK WKe SUeVeQce Rf VKed cXWLcOeV, VXSSRUWLQJ WKaW aQLPaOV aUe XQdeUJRLQJ a PROW

dXULQJ WKeVe SeULRdV Rf WLPe (Figure S2-5). WKeQ Ze RYeUOaLd WKe WLPLQJ Rf eacK ORcaO PLQLPXP

RQ WKe SRSXOaWLRQ VL]e daWa, Ze ZeUe abOe WR RXWOLQe WKe VWaUW aQd eQd Rf eacK OaUYaO VWaJe (Figure

2-3 B-D). NRWabO\, ORcaO PLQLPa RccXUUed aSSUR[LPaWeO\ eYeU\ WeQ KRXUV, cRQVLVWeQW ZLWK ZeOO

eVWabOLVKed RbVeUYaWLRQV Rf PROW WLPLQJ [110]. FXUWKeUPRUe, Ze RbVeUYed a cOeaU UeOaWLRQVKLS

beWZeeQ cKaQJeV LQ feedLQJ beKaYLRU aQd JURZWK d\QaPLcV ZKeUe decUeaVeV LQ feedLQJ RccXUUed

VLPXOWaQeRXVO\ ZLWK dLVcRQWLQXRXV JURZWK LQ OeQJWK, ZLdWK, aQd YROXPe.
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Figure 2-3. Fluorescence d\namics outline larYal stages. (A) MedLaQ QRUPaOL]ed Ued

fOXRUeVceQce (\-a[LV) RYeU WLPe ([-a[LV) LV VKRZQ. TKe bOXe OLQe UeSUeVeQWV WKe NeUQeO UeJUeVVLRQ
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fLW WR WKe daWa. TKe Ued YeUWLcaO OLQeV cRUUeVSRQd WR WKe ORcaO PLQLPa Rf WKe UeJUeVVLRQ aQd

UeSUeVeQW WKe WUaQVLWLRQ beWZeeQ OaUYaO VWaJeV. MedLaQ OeQJWK (B), PedLaQ ZLdWK (C), aQd PedLaQ

ORJ YROXPe (D) aUe VKRZQ ZLWK OaUYaO-VWaJe WUaQVLWLRQV aV ZeOO. USSeU aQd ORZeU bRXQdV Rf WKe

bR[ SORWV cRUUeVSRQd WR WKe fLUVW aQd WKLUd TXaUWLOeV. TKe XSSeU aQd ORZeU ZKLVNeUV e[WeQd WR 1.5

WLPeV WKe YaOXe Rf WKe LQWeUTXaUWLOe UaQJe.

2.4.3. Changes in C. eleganV bod\ shape occur at larYal-stage transitions

AdXOW bRd\ VL]e LV XOWLPaWeO\ deWeUPLQed b\ WKe cRRUdLQaWLRQ Rf deYeORSPeQWaO SURJUeVVLRQ aQd

UaWe Rf JURZWK. TR XQdeUVWaQd KRZ C. elegans acKLeYe fLQaO VL]e, Ze PXVW fLUVW e[aPLQe KRZ C.

elegans JURZ. QXaQWLWaWLYe VWXdLeV Rf C. elegans JURZWK fUeTXeQWO\ aVVeVV cKaQJeV LQ OeQJWK RU

YROXPe RYeU WLPe; KRZeYeU, WR fXOO\ cKaUacWeUL]e cKaQJeV aVVRcLaWed ZLWK JURZWK, LW LV aOVR

LPSRUWaQW WR cRQVLdeU WKe d\QaPLcV Rf ZLdWK. TZR JeQeUaO PRdeOV ZeUe SURSRVed fRU C. elegans

JURZWK LQ YROXPe: OLQeaU aQd e[SRQeQWLaO [42,110,111]. NRWabO\, WKeVe YROXPe JURZWK PRdeOV

UeTXLUe dLffeUeQW d\QaPLcV LQ OeQJWK aQd ZLdWK. TR acKLeYe OLQeaU YROXPe JURZWK, OeQJWK aQd

ZLdWK PXVW LQcUeaVe aW SUecLVe VXbOLQeaU UaWeV WKaW WRJeWKeU UeVXOW LQ a OLQeaU LQcUeaVe LQ YROXPe.

If aQLPaO OeQJWK aQd ZLdWK LQcUeaVed aW a cRQVWaQW OLQeaU UaWe, WKeQ YROXPe ZRXOd LQcUeaVe aW a

cXbLc UaWe. AOWeUQaWLYeO\, Lf bRWK OeQJWK aQd ZLdWK JUeZ e[SRQeQWLaOO\, WKeQ YROXPe ZRXOd fLW aQ

e[SRQeQWLaO PRdeO. We VRXJKW WR LdeQWLf\ ZKLcK PRdeO beVW deVcULbed C. elegans JURZWK

beKaYLRU bXW ZeUe XQabOe WR cRQVLVWeQWO\ dLVWLQJXLVK beWZeeQ OLQeaU, e[SRQeQWLaO, aQd cXbLc

PRdeOV XVLQJ VWaWLVWLcaO LQfRUPaWLRQ cULWeULRQ becaXVe Rf WKe VLPLOaULW\ LQ WKe VKaSeV Rf WKe

JURZWK cXUYeV (Figure S2-6 aQd Table S2-2). TKLV UeVXOW LV QRW VXUSULVLQJ becaXVe cRPSXWaWLRQaO

VLPXOaWLRQV KaYe VKRZQ WKaW LQcUeaVeV LQ e[SeULPeQWaO QRLVe, abRYe 2% added QRLVe, OLPLW WKe

cRUUecW LdeQWLfLcaWLRQ Rf JURZWK PRdeOV [129].
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GURZWK KaV LPSRUWaQW LPSOLcaWLRQV fRU KRZ aQLPaOV UeJXOaWe VL]e (OeQJWK, ZLdWK, RU

YROXPe). SL]e KRPeRVWaVLV UeTXLUeV WKaW JURZWK UaWe aQd deYeORSPeQWaO UaWe aUe cRRUdLQaWed.

DeVSLWe VLJQLfLcaQW YaULaWLRQ LQ LQdLYLdXaO JURZWK UaWe, UeOaWLYe WLPLQJ Rf C. elegans OaUYaO

WUaQVLWLRQV LV KLJKO\ VLPLOaU acURVV LQdLYLdXaOV [112,113], LPSO\LQJ a cRQWURO PecKaQLVP WR

UeJXOaWe deYeORSPeQWaO SURJUeVVLRQ. EaUO\ ZRUN SURSRVed a YROXPe-baVed JURZWK cRQWURO PRdeO

LQ C. elegans [42], aOWKRXJK UeceQW ZRUN VXJJeVWV WKaW YROXPe KRPeRVWaVLV LV acKLeYed WKURXJK a

FROdeU PecKaQLVP [101]. TR aVVeVV cKaQJeV LQ bRd\ VL]e aQd VKaSe dXULQJ a OaUYaO WUaQVLWLRQ, Ze

e[aPLQed WKe d\QaPLcV Rf aQLPaO OeQJWK, ZLdWK, aQd YROXPe LQ WKe KRXUV befRUe, dXULQJ, aQd

afWeU eacK PROW. We fLQd WKaW fRU eacK VKaSe YaULabOe, OaUJeU aQLPaOV eQWeU PROW fLUVW (Figure 2-4).

We aOVR RbVeUYe dLffeUeQceV LQ WKe dLVWULbXWLRQV Rf OeQJWKV dXULQJ a OaUYaO WUaQVLWLRQ cRPSaUed WR

ZLdWKV aQd YROXPeV. MeaVXUePeQWV Rf aQLPaO ZLdWK aQd YROXPe UePaLQ XQLPRdaO WKURXJKRXW a

PROW, bXW OeQJWK dReV QRW. AV OaUJeU aQLPaOV beJLQ WR e[LW WKe PROW, a UaSLd LQcUeaVe LQ bRd\

OeQJWK RccXUV WKaW OeadV WR WKe aSSeaUaQce Rf bLPRdaOLW\ Rf OeQJWKV acURVV WKe SRSXOaWLRQ.

IPSRUWaQWO\, YROXPe UePaLQV cRQVWaQW ZKLOe OeQJWK LQcUeaVeV aQd ZLdWK decUeaVeV, LQdLcaWLQJ a

cKaQJe LQ bRd\ aVSecW UaWLR QRW VL]e. NRWabO\, WKe OeQJWK LQcUeaVe RccXUV VLPXOWaQeRXVO\ ZLWK a

decUeaVe LQ ZLdWK acURVV WKe SRSXOaWLRQ (Figure 2-4D). TKeVe cKaQJeV LQ WKe SK\VLcaO

dLPeQVLRQV aW eacK OaUYaO WUaQVLWLRQ VXJJeVWV WKaW bRd\ VKaSe Pa\ be LQYROYed LQ WKe cRQWURO Rf

C. elegans JURZWK.
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Figure 2-4. Changes in bod\ shape occur during larYal-stage transitions. PRSXOaWLRQ deQVLW\

cXUYeV Rf OeQJWK (A), ZLdWK (B) aQd YROXPe (C) fRU WKe KRXUV VXUURXQdLQJ WKe L3 - L4 OaUYaO

WUaQVLWLRQ (Ued KRUL]RQWaO OLQe aW 36 KRXUV cRUUeVSRQdV WR WKe PROW). EacK dLVWULbXWLRQ ZaV dLYLded

LQWR fLYe TXaQWLOeV. TKe SeUceQWaJe Rf TXLeVceQW aQLPaOV SUeVeQW ZLWKLQ eacK TXaQWLOe ZaV

caOcXOaWed (Vee MeWKRdV), aQd eacK TXaQWLOe ZaV cRORUed WR UefOecW WKLV SeUceQWaJe. IQ aOO VKaSe

YaULabOeV, TXaQWLOeV WKaW cRQWaLQ WKe OaUJeVW aQLPaOV dLVSOa\ed aQ LQcUeaVe LQ TXLeVceQce eaUOLeU

WKaQ TXaQWLOeV WKaW cRQWaLQ WKe VPaOOeVW aQLPaOV. TKeVe d\QaPLcV ZeUe cRQVLVWeQW acURVV aOO

OaUYaO-VWaJe WUaQVLWLRQV (Figure S2-7). (D) MedLaQ ZLdWK YV. PedLaQ OeQJWK fRU e[SeULPeQWaO

KRXUV 1 - 55. Red LQdLcaWeV PeaVXUePeQWV WKaW faOO abRYe WKe TXLeVceQce WKUeVKROd (see

Methods). SLPXOWaQeRXV cKaQJeV LQ OeQJWK aQd ZLdWK RccXU dXULQJ SeULRdV Rf LQcUeaVed

TXLeVceQce.

2.4.4. Modeling C. eleganV cuticle stretch d\namics

2.4.4.1. Sensing of cuticle stretch as a trigger for larYal-stage transitions

PUeYLRXV VWXdLeV WKeRUL]ed WKaW WKe LQWeUQaO PecKaQLVP fRU VeQVLQJ bRd\ VL]e aQd WULJJeULQJ PROWV

LQ C. elegans LV dULYeQ, LQ SaUW, b\ WKe SURSeUWLeV Rf WKe cROOaJeQ-ULcK cXWLcOe [42,101]. MaQ\

cXWLcOe cROOaJeQ PXWaWLRQV caXVe PRUSKRORJLcaO defecWV LQ QePaWRde VKaSe [130]. SRPe Rf WKeVe

PXWaQWV aUe VKRUWeU WKaQ WKe ZLOd W\Se bXW dR QRW KaYe dLffeUeQceV LQ aQLPaO ZLdWK, LPSO\LQJ WKaW

WKe cXWLcOe affecWV OeQJWK aQd ZLdWK LQdeSeQdeQWO\ [32]. TKe C. elegans cXWLcOe dReV QRW JURZ

WKURXJK WKe addLWLRQ Rf QeZ PaWeULaO bXW UaWKeU VWUeWcKeV WR accRPPRdaWe LQcUeaVeV LQ aQLPaO

bRd\ VL]e. CXWLcOe VWUeWcK LV OLNeO\ OLPLWed b\ WKe PaWeULaO SURSeUWLeV Rf WKe cXWLcOe. TKe C.

elegans cXWLcOe LV SULPaULO\ Pade Rf cURVV-OLQNed cROOaJeQV RUJaQL]ed LQWR OaWeUaO ULdJeV aQd

cLUcXPfeUeQWLaO baQdV [131]. CRPPRQO\ fRXQd LQ PaQ\ bLRORJLcaO V\VWePV, cROOaJeQ-baVed
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PaWeULaOV aUe faLUO\ fOe[LbOe XQdeU ORZ VWUeVV cRQdLWLRQV. HRZeYeU, aV VWUeVV LQcUeaVeV, cROOaJeQ

fLbULOV becRPe eORQJaWed aQd RULeQW LQ WKe ORad beaULQJ dLUecWLRQ OeadLQJ WR a decUeaVe LQ

eOaVWLcLW\ [132]. PUeYLRXV ZRUN XVLQJ aWRPLc fRUce PLcURVcRS\ UeYeaOed a KLJK OeYeO Rf

bLRPecKaQLcaO VWLffQeVV aW WKe cLUcXPfeUeQWLaO baQdV [133], OeadLQJ RWKeUV WR VSecXOaWe WKaW

PecKaQLcaO VWUaLQ RQ WKeVe VWUXcWXUeV LV OLNeO\ adMXVWed aV LQWeUQaO bRd\ SUeVVXUe cKaQJeV [134].

AddLWLRQaOO\, LQ nekl-3(sv3) PROWLQJ PXWaQWV, WKe cXWLcOe LV QRW SURSeUO\ UePRYed fURP WKe PLddOe

SaUW Rf WKeLU bRd\, OeaYLQJ WKe fUee Kead aQd WaLO WR JURZ QRUPaOO\ ZKLOe WKe eQcaVed PLddOe LV

cRQVWULcWed b\ WKe ROd cXWLcOe WR SUe-PROW dLPeQVLRQV [135]. GLYeQ WKLV bRd\ UeVWULcWLRQ, Ze

VSecXOaWed WKaW WKe ROd cXWLcOe VWUeWcKeV be\RQd LWV WROeUaQce, becRPeV VWLff, aQd cRQVWULcWV WKe

ceQWeU Rf WKe QePaWRde UeOaWLYe WR WKe JURZLQJ Kead aQd WaLO VL]e. TR RXU NQRZOedJe, LW LV

XQNQRZQ Lf WKe cXWLcOe VWUeWcKeV eQRXJK dXULQJ WKe cRXUVe Rf QRUPaO deYeORSPeQW WR becRPe VWLff

LQ eLWKeU WKe OeQJWK RU ZLdWK dLUecWLRQV. If WKe cXWLcOe dReV becRPe VWLff befRUe a PROW, C. elegans

Pa\ be abOe WR VeQVe WKe UedXcWLRQ Rf eOaVWLcLW\ RU "VWUeWcKLQeVV,´ aQd XVe WKLV VLJQaO, aORQJ ZLWK

RWKeUV, WR deWeUPLQe ZKeQ WR LQLWLaWe a PROW. TR deWecW SRVVLbOe cKaQJeV LQ cXWLcOe VWUeWcK dXULQJ

QRUPaO deYeORSPeQW, Ze aVNed KRZ cKaQJeV LQ cXWLcOe eOaVWLcLW\ ZLOO LPSacW bRd\ VKaSe.

TR XQdeUVWaQd WKe LPSacW Rf cXWLcOe eOaVWLcLW\ RQ bRd\ VKaSe, Ze deYeORSed a ³SWUeWcKeU´

PRdeO LQdeSeQdeQW Rf RXU PeaVXUePeQWV dXULQJ deYeORSPeQW. We SURSRVe WKaW WKe QePaWRde

SaVVeV WKURXJK WKUee dLVWLQcW UeJLPeV UeOaWed WR cXWLcOe VWUeWcK: OLQeaU VWUeWcK d\QaPLcV, QRQOLQeaU

VWUeWcK d\QaPLcV, aQd WKe OaUYaO-VWaJe WUaQVLWLRQ (Figure 2-5). TKeVe UeJLPeV aULVe QaWXUaOO\ fURP

WKe fROORZLQJ bLRORJLcaOO\ VXSSRUWed aVVXPSWLRQV. TKe cXWLcOe VWUXcWXUe LV aQLVRWURSLc, SRVVLbO\

OeadLQJ WR dLVWLQcW VWLffQeVV SURSeUWLeV LQ WKe OeQJWK aQd ZLdWK dLUecWLRQV [136,137]. We

aSSUR[LPaWed WKe cXWLcOe aV a KROORZ c\OLQdeU Rf QeJOLJLbOe WKLcNQeVV fLOOed b\ WKe bRd\ Rf WKe
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QePaWRde. GURZWK ZaV PRdeOed aV LQWeUQaO SUeVVXUe eYeQO\ aSSOLed WR WKe cXWLcOe LQ aOO

dLUecWLRQV. AQ aQLVRWURSLc, eOaVWLc cXWLcOe UeVSRQdV dLffeUeQWO\ WR SUeVVXUe fURP JURZWK dXULQJ

OLQeaU VWUeWcK, QRQOLQeaU VWUeWcK, aQd SRVW-PROW UeOa[aWLRQ, OeadLQJ WR dLffeUeQceV LQ VKaSe dXULQJ

eacK VWaJe Rf deYeORSPeQW.

Figure 2-5. Cuticle stretch d\namics guide larYal-stage transitions. TKe SWUeWcKeU PRdeO

deVcULbeV eacK OaUYaO VWaJe aV a c\cOe. NePaWRdeV aUe PRdeOed aV a c\OLQdULcaO RbMecW ZLWK a WKLQ

cXWLcOe eSLdeUPLV. (BR[ 1) LLQeaU SWUeWcK D\QaPLcV: XQLfRUP JURZWK SUeVVXUe VWUeWcKeV WKe

cXWLcOe OLQeaUO\ LQ bRWK OeQJWK aQd ZLdWK. (BR[ 2) NRQOLQeaU SWUeWcK D\QaPLcV: WKe cXWLcOe KaV

UeacKed a VWUeWcK WKUeVKROd LQ OeQJWK, aQd XQdeU XQLfRUP JURZWK SUeVVXUe WKe OeQJWK VWUeWcKeV OeVV
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(VXb-OLQeaU) aQd ZLdWK VWUeWcKeV OLQeaUO\. (BR[ 3) LaUYaO SWaJe TUaQVLWLRQ: a QeZ cXWLcOe LV fRUPed

aQd WKe ROd cXWLcOe LV VKed (ecd\VLV), UePRYLQJ cRQVWUaLQWV LQ OeQJWK. TKe QePaWRde bRd\

³UeOa[eV´ LQ OeQJWK, caXVLQJ aQ LQcUeaVe LQ OeQJWK, a decUeaVe LQ ZLdWK, aQd cRQVWaQW YROXPe.

IQ WKe OLQeaU VWUeWcK UeJLPe (Figure 2-5), WKe cXWLcOe ZRXOd be OLQeaUO\ eOaVWLc LQ bRWK WKe

OeQJWK aQd ZLdWK dLUecWLRQV, VWUeWcKLQJ SURSRUWLRQaOO\ WR WKe SUeVVXUe e[eUWed RQ WKe cXWLcOe.

PUeYLRXV ZRUN fRXQd eYLdeQce fRU a OLQeaUO\ eOaVWLc cXWLcOe [138,139] LQ aQLPaOV e[SaQded LQ a

QeJaWLYe e[WeUQaO SUeVVXUe eQYLURQPeQW RU afWeU SRVLWLYe fRUce ZaV aSSOLed WR WKe cXWLcOe. GLOSLQ

et al. fRXQd eYLdeQce Rf OLQeaU eOaVWLcLW\ LQ WKe QePaWRde bRd\. We cRQMecWXUe WKaW WKLV OLQeaU

eOaVWLcLW\ LV caXVed b\ WKe cRQVWUaLQWV aSSOLed b\ WKe cXWLcOe [138,139]. A OLQeaUO\ eOaVWLc cXWLcOe

ZLOO KaYe VWUeWcK LQ WKe OeQJWK dLUecWLRQ aQd VWUeWcK LQ WKe ZLdWK dLUecWLRQ, eacK UeOaWed WR∆𝐿 ∆𝑊

JURZWK-aSSOLed SUeVVXUe b\∆՘

(1)∆𝐿 ࡦ  𝑎
𝐿
∆՘

. (2)∆𝑊 ࡦ  𝑎
𝑊

∆՘

TKe ³VWUeWcK cReffLcLeQWV´ LQ OeQJWK, , aQd ZLdWK, , PeaVXUe WKe VWLffQeVV Rf WKe cXWLcOe (FLOe𝑎
𝐿

𝑎
𝑊

S5, ET. S4-S13). SPaOOeU YaOXeV cRUUeVSRQd WR a VWLffeU PaWeULaO, ZKLcK LV OeVV abOe WR VWUeWcK LQ

UeVSRQVe WR SUeVVXUe. TKe VWUeWcK cReffLcLeQWV aUe cRQVWaQW LQ WKe OLQeaUO\ eOaVWLc UeJLPe aQd aUe

deWeUPLQed b\ JeRPeWULc cRQVWaQWV aQd PaWeULaO SURSeUWLeV. TKe UaWLR Rf WKe cKaQJe LQ OeQJWK (ET.

1) aQd ZLdWK (ET. 2) SURdXceV a SUeVVXUe-LQdeSeQdeQW UeOaWLRQVKLS WKaW deSeQdV RQO\ RQ WKe UaWLR

Rf WKe JeRPeWULc aQd PaWeULaO SURSeUWLeV, ZKLcK caQ be YeULfLed XVLQJ PeaVXUePeQWV Rf OeQJWK

aQd ZLdWK (Figure 2-3). DXULQJ WKe OLQeaUO\ eOaVWLc UeJLPe, WKe UaWLR Rf JURZWK LQ ZLdWK WR JURZWK

LQ OeQJWK LV cRQVWaQW WKURXJKRXW a OaUYaO VWaJe ZKeUe WKe cXWLcOe SURSeUWLeV aUe fL[ed aV LQ
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(3)∆𝑊
∆𝐿 ࡦ   

𝑎
𝑊

𝑎
𝐿

ࡦ  Ջ՗Ֆ՛՜𝑎Ֆ՜.

IQ WKe QRQOLQeaU VWUeWcK UeJLPe (Figure 2-5), JURZWK cRQWLQXeV WR aSSO\ SUeVVXUe WR WKe cXWLcOe

XQLfRUPO\ LQ aOO dLUecWLRQV. AV RbVeUYed LQ nekl-3(sv3) PXWaQWV, WKe cXWLcOe caQ UeVWULcW bRd\

JURZWK [135]. OQce RXWVLde Rf WKe OLQeaUO\ eOaVWLc UeJLPe, WKe cXWLcOe ZRXOd KaUdO\ VWUeWcK, eYeQ

XQdeU OaUJe fRUceV. We K\SRWKeVL]e WKaW WKLV VKLfW fURP OLQeaU WR QRQOLQeaU UeJLPeV caQ SURYLde a

PecKaQLVP fRU VL]e-VeQVLQJ aQd cXeV WKe OaUYaO-VWaJe WUaQVLWLRQ (Figure 2-5). IQ SULQcLSOe, WKLV

WUaQVLWLRQ cRXOd RccXU LQ eLWKeU WKe ZLdWK RU OeQJWK dLUecWLRQV. FRU VLPSOLcLW\, Ze LOOXVWUaWe a

WUaQVLWLRQ fURP OLQeaU WR QRQOLQeaU VWUeWcK LQ WKe OeQJWK dLUecWLRQ ZKLOe OLQeaU VWUeWcK LQ WKe ZLdWK

dLUecWLRQ LV PaLQWaLQed. IQ WKe QRQOLQeaU UeJLPe, WKe VWUeWcK LQ WKe OeQJWK dLUecWLRQ LQ UeVSRQVe WR

SUeVVXUe becRPeV

(4)∆𝐿 ࡨ 𝑎
~

𝐿
ഈ՘ഉ ∆՘.

TKe QRQOLQeaU ³VWUeWcK cReffLcLeQW,´ LV QR ORQJeU cRQVWaQW aQd decUeaVeV ZLWK LQcUeaVLQJ𝑎
~

𝐿
ഈ՘ഉ,

SUeVVXUe. IW LV VPaOOeU WKaQ becaXVe WKe cXWLcOe KaV becRPe OeVV eOaVWLc WKaQ LQ WKe OLQeaU𝑎
𝐿

UeJLPe. If WKe OeQJWK-dLUecWLRQ eQWeUV WKe QRQOLQeaU UeJLPe aQd KaV UedXced VWUeWcK UeVSRQVe aQd

ZLdWK KaV WKe VaPe cRQVWaQW VWUeWcK UeVSRQVe, WKeQ Ze e[SecW WKe / UaWLR WR LQcUeaVe∆𝑊 ∆𝐿

(5)∆𝑊
∆𝐿 |

Ֆ՗ՖࡠՔՑՖՍ𝑎՚
ࡦ   

𝑎
𝑊

𝑎
~

𝐿
ഈ՘ഉ

ࡪ  
𝑎

՟

𝑎
𝐿

ࡦ ∆𝑊
∆𝐿 |

ՔՑՖՍ𝑎՚
.

If WKe ZLdWK-dLUecWLRQ eQWeUV WKe QRQOLQeaU UeJLPe fLUVW, WKeQ WKe / ZRXOd decUeaVe. IW LV∆𝑊 ∆𝐿

SRVVLbOe WKaW bRWK OeQJWK aQd ZLdWK cRXOd eQWeU WKe QRQOLQeaU UeJLPe aW aURXQd WKe VaPe WLPe, LQ

ZKLcK caVe WKe cKaQJe LQ WKe / UaWLR ZRXOd deSeQd RQ WKe dLffeUeQceV LQ WKe∆𝑊 ∆𝐿

SUeVVXUe-deSeQdeQW VWUeWcK cReffLcLeQWV. TKLV SUedLcWLRQ PRWLYaWeV aQ aQaO\VLV Rf WKe / UaWLR∆𝑊 ∆𝐿
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Rf WKe VKaSe daWa (Figure 2-4), WR deWeUPLQe Lf aQ\ VLJQ Rf a QRQOLQeaU VWUeWcK UeJLPe LQ eLWKeU

dLUecWLRQ LV RbVeUYed.

DXULQJ WKe OaUYaO-VWaJe WUaQVLWLRQ (Figure 2-5), a QeZ, OaUJeU cXWLcOe LV fRUPed beQeaWK WKe

ROd cXWLcOe WKaW LV VKed dXULQJ ecd\VLV. BecaXVe WKe ROd cXWLcOe cRQVWUaLQed JURZWK LQ OeQJWK, Ze

SUedLcW a UaSLd LQcUeaVe LQ WKe OeQJWK dLUecWLRQ ZKeQ WKe cRQVWUaLQW LV UePRYed. AQLPaO YROXPe LV

cRQVeUYed aV JURZWK dReV QRW RccXU dXULQJ WKLV SURceVV. TKeUefRUe, WKe UeOa[aWLRQ LQ OeQJWK LV

accRPSaQLed b\ a cRUUeVSRQdLQJ decUeaVe LQ ZLdWK.

2.4.4.2. Discontinuities in animal groZth rate driYen b\ limits on cuticle stretch

TR WeVW ZKeWKeU WKe VKaSe d\QaPLcV SUedLcWed b\ WKe SWUeWcKeU PRdeO aUe cRQVLVWeQW ZLWK WKe daWa,

Ze aQaO\]ed WKe UeOaWLRQVKLS beWZeeQ PeaVXUed QePaWRde OeQJWK aQd ZLdWK RYeU deYeORSPeQWaO

WLPe. TKLV aQaO\VLV UeTXLUeV QR PRdeO fLWWLQJ RU aVVXPSWLRQV abRXW ZKLcK dLUecWLRQ Pa\ eQWeU a

QRQOLQeaU UeJLPe fLUVW, aQd LW LQYROYeV RQO\ caOcXOaWLQJ / . AOWKRXJK WKe VKaSe UeOa[aWLRQ fRU∆𝑊 ∆𝐿

aQ LQdLYLdXaO aQLPaO LV e[SecWed WR KaSSeQ aW a PXcK VKRUWeU WLPe VcaOe WKaQ daWa cROOecWLRQ

(VecRQdV WR PLQXWeV), WKe PeaVXUed VKaSe cKaQJe ZLWKLQ WKe SRSXOaWLRQ RccXUV RQ a OaUJeU WLPe

VcaOe (VeYeUaO KRXUV). AV VXcK, Ze caQ RbVeUYe WKe VXddeQ VKaSe cKaQJe aW WUaQVLWLRQV b\

aVVeVVLQJ cKaQJeV LQ OeQJWK aQd ZLdWK Rf WKe SRSXOaWLRQ (Figure 2-6). DRLQJ VR, Ze deWecWed aOO

WKUee UeJLPeV SUedLcWed b\ WKe SWUeWcKeU PRdeO LQ WKe COPAS BIOSORT daWa: OLQeaU VWUeWcK,

QRQOLQeaU VWUeWcK, aQd UeOa[aWLRQ (Figure 2-6A). IQ aOO OaUYaO VWaJeV, Ze RbVeUYed aQ

aSSUR[LPaWeO\ cRQVWaQW LQVWaQWaQeRXV / UaWLR, cRQVLVWeQW ZLWK a OLQeaU VWUeWcK UeJLPe∆𝑊 ∆𝐿

(Figure 2-6B aQd Figure 2-6C). We aOVR deWecWed a OaUJe VORSe decUeaVe dXULQJ WKe L1 VWaJe,

ZKLcK cRXOd cRUUeVSRQd LQ WLPe WR WKe PeWabROLc decLVLRQ fRU eQWU\ LQWR WKe VWUeVV-UeVLVWaQW,

deYeORSPeQWaOO\ aUUeVWed daXeU VWaJe [140] dLYLVLRQV Rf WKe VeaP ceOOV, a SRSXOaWLRQ Rf eSLdeUPaO
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VWeP ceOOV LQ C. elegans [33]. AOWKRXJK WUaQVLWLRQV LQ WKe VORSe ( / UaWLR) aUe dLffLcXOW WR∆𝑊 ∆𝐿

deWecW aW aOO OaUYaO VWaJeV becaXVe Rf QRLVe aPSOLfLcaWLRQ aQd SRSXOaWLRQ effecWV (Figure S2-9), Ze

RbVeUYed a VKaUS VORSe LQcUeaVe, cRQVLVWeQW ZLWK a QRQOLQeaU VWUeWcK UeJLPe LQ OeQJWK SULRU WR

OaUYaO VWaJe WUaQVLWLRQV (Vee eQd Rf L2 aQd L3 VWaJeV). FROORZLQJ WKe QRQOLQeaU VWUeWcK UeJLPe, Ze

QRWed a VLPXOWaQeRXV LQcUeaVe LQ OeQJWK aQd decUeaVe LQ ZLdWK aW WKe WUaQVLWLRQ beWZeeQ OaUYaO

VWaJeV, cRQVLVWeQW ZLWK a OeQJWK WKUeVKROd LQ WKe SWUeWcKeU PRdeO (Figure 2-5D, Figure 2-6A, aQd

Figure S2-8). AV a ZKROe, WKe cKaQJeV LQ aQLPaO VKaSe aUe cRQVLVWeQW ZLWK WKe K\SRWKeVLV WKaW WKe

cXWLcOe UeacKeV WKe QRQOLQeaU eOaVWLc UeJLPe befRUe OaUYaO-VWaJe WUaQVLWLRQV dXULQJ QRUPaO

deYeORSPeQW. TKe abLOLW\ WR VeQVe ZKeQ a cULWLcaO cXWLcOe VWLffQeVV LV UeacKed ZRXOd aOORZ aQLPaOV

WR PRQLWRU UeOaWLYe cKaQJeV LQ bRd\ JURZWK ZLWKLQ eacK OaUYaO VWaJe, VeUYLQJ aV a cRQQecWLRQ

beWZeeQ JURZWK UaWe aQd deYeORSPeQWaO WLPLQJ.
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Figure 2-6. E[perimental data are consistent Zith a length threshold in cuticle stretch. (A)

A JUa\VcaOe KLVWRJUaP Rf WKe ZLdWK (\-a[LV) YV OeQJWK ([-a[LV) Rf aOO VaPSOed aQLPaOV LQ UeSOLcaWe

2. TKe UaQJe Rf aOO bRRWVWUaS UeJUeVVLRQV LV LQ JROd. (B) DePRQVWUaWLRQ Rf caOcXOaWLQJ WKe UaWLR Rf

ZLdWK-WR-OeQJWK VWUeWcK aV WKe ORcaO VORSe XVLQJ L3. LefW SaQeO LV a UeSeWLWLRQ Rf L3 daWa fURP

Figure 2-6A. RLJKW SaQeO LV a UeSeWLWLRQ Rf UeVXOWV fURP Figure 2-6C. (C) WLWKLQ a OaUYaO VWaJe,

WKe UaWLR Rf ZLdWK WR OeQJWK VWUeWcK YaULeV RYeU WLPe. TKe VWaQdaUd deYLaWLRQ caSWXUeV SRSXOaWLRQ

YaULaWLRQ (JUe\).
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2.5. DISCUSSION

UVLQJ aQ LQWeJUaWed LPaJe-baVed aQd fORZ-baVed SKeQRW\SLQJ VWUaWeJ\ WR SUecLVeO\ eYaOXaWe

feedLQJ, JURZWK, aQd PROW d\QaPLcV aW KLJK UeSOLcaWLRQ, Ze deWecWed RVcLOOaWLRQV LQ feedLQJ

beKaYLRU cRQVLVWeQW ZLWK OaUYaO SURJUeVVLRQV aQd XVed WKeVe d\QaPLcV WR defLQe OaUYaO VWaJeV. We

RbVeUYed cKaQJeV LQ bRd\ VKaSe aW eacK OaUYaO-VWaJe WUaQVLWLRQ WKaW caQ be dULYeQ b\ dLffeUeQceV

LQ SK\VLcaO cXWLcOe SURSeUWLeV aORQJ OeQJWK RU ZLdWK (aQLVRWURS\). TKeVe UeVXOWV VXJJeVW a

PecKaQLVP b\ ZKLcK aQLPaOV VeQVe WKeLU VL]e aQd cRQWURO PROW WLPLQJ b\ deWecWLQJ WKe SK\VLcaO

VWUeWcK Rf WKe cXWLcOe, dePRQVWUaWLQJ KRZ SK\VLcaO cRQVWUaLQWV caQ LQfOXeQce deYeORSPeQWaO

WLPLQJ aQd JURZWK UaWe.

2.5.1. A potential role for cuticle stretch in the timing of larYal-stage transitions

MeaVXUePeQW Rf bRWK aQLPaO OeQJWK aQd ZLdWK aOORZed XV WR RbVeUYe cKaQJeV LQ bRd\ VKaSe aV

ZeOO aV bRd\ VL]e. We SURSRVe a PecKaQLVP LQ ZKLcK a VWUeWcK WKUeVKROd aORQJ WKe bRd\ OeQJWK

a[LV acWV aV a WULJJeU WR OaUYaO-VWaJe WUaQVLWLRQV. PUeYLRXVO\, a FROdeU PecKaQLVP fRU C. elegans

JURZWK KaV beeQ VXJJeVWed [101]. MecKaQLcaO VWUeWcK VeQVLQJ cRXOd SURYLde RUJaQLVPV a Za\ WR

cRXSOe WKe UaWe Rf JURZWK aQd deYeORSPeQW WR PaLQWaLQ a cRQVWaQW UeOaWLYe cKaQJe, RU fROd

cKaQJe, LQ YROXPe ZLWKLQ a OaUYaO VWaJe. IQ WKLV Za\, VPaOOeU aQLPaOV ZRXOd UeacK a VWUeWcK OLPLW

aW a VPaOOeU VL]e aV WKe cXWLcOe ZRXOd RQO\ VWUeWcK b\ a SeUceQWaJe Rf LWV RULJLQaO VL]e befRUe

UeacKLQJ a WKUeVKROd. FRU cXWLcOe VWUeWcK WR WULJJeU OaUYaO-VWaJe WUaQVLWLRQV, aQLPaOV PXVW eLWKeU

KaYe WKe abLOLW\ WR PeaVXUe WKe aPRXQW WKe cXWLcOe KaV VWUeWcKed RU WKe VWLffQeVV Rf WKe cXWLcOe.

AcURVV bLRORJLcaO V\VWePV, ceOOV caQ UeVSRQd WR WKe VWLffQeVV Rf WKeLU eQYLURQPeQW XVLQJ

PecKaQRVeQVLWLYe cRPSRQeQWV [141,142], bXW feZ e[aPSOeV LQ WLVVXeV RU ZKROe-RUJaQLVPV aUe
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NQRZQ. IQ C. elegans, LW KaV beeQ dePRQVWUaWed WKaW KePLdeVPRVRPeV, ZKLcK cRQQecW WKe cXWLcOe

aQd WKe eSLdeUPLV, aUe PecKaQRVeQVLWLYe dXULQJ ePbU\RJeQeVLV [143,144]. AddLWLRQaOO\, deQVe

bRdLeV, ZKLcK cRQQecW WKe eSLdeUPLV aQd PXVcOeV, aUe K\SRWKeVL]ed WR be PecKaQRVeQVLWLYe aV

ZeOO [48,145±147]. CKaQJeV LQ cXWLcOe cRPSRVLWLRQ, aQd SUeVXPabO\ VWLffQeVV, KaYe beeQ VKRZQ

WR aOVR affecW ZeOO NQRZQ JURZWK cRQWUROOLQJ SaWKZa\V VXcK aV WKe BMP VLJQaOLQJ SaWKZa\

[148]. TKeVe SRVVLbOe PecKaQRVeQVLWLYe cRPSRQeQWV cRXOd PRQLWRU WKe VWLffQeVV Rf WKe cXWLcOe

aQd be SaUW Rf WKe VLJQaOLQJ SaWKZa\V WKaW UeJXOaWe WKe LQLWLaWLRQ Rf PROWV. FXUWKeU e[SeULPeQWV

aUe UeTXLUed WR e[SOLcLWO\ WeVW ZKeWKeU WKeVe cRPSRQeQWV cRQWURO OaUYaO-VWaJe WUaQVLWLRQV bXW

dLVeQWaQJOLQJ eSLVWaWLc JURZWK effecWV LQ PXWaQWV fURP VSecLfLc PecKaQRVeQVaWLRQ effecWV PLJKW

be dLffLcXOW. IW LV aOVR LPSRUWaQW WR QRWe WKaW eYLdeQce fRU a VWUeWcK-baVed PecKaQLVP fRU JURZWK

cRQWURO dReV QRW SUecOXde WKe SRVVLbLOLW\ Rf a deYeORSPeQWaO WLPeU. IW LV OLNeO\ WKaW SK\VLcaO

cRQVWUaLQW-baVed eYeQWV aUe SaUW Rf a OaUJeU UeJXOaWRU\ V\VWeP cRRUdLQaWLQJ deYeORSPeQWaO

decLVLRQV.

OXU aQaO\VLV Rf / UaWLR cKaQJeV RYeU OaUYaO VWaJeV SURYLdeV a fLUVW aSSUR[LPaWLRQ Rf∆𝑊 ∆𝐿

WKe WLPLQJ Rf cXWLcOe VWUeWcK SURSeUWLeV. TKe LQcUeaVe Ze RbVeUYed LQ WKe / UaWLR, fROORZed∆𝑊 ∆𝐿

b\ VXddeQ UeOa[aWLRQ WR a ORQJeU WKLQQeU aQLPaO LV cRQVLVWeQW ZLWK a decUeaVe LQ WKe eOaVWLcLW\ Rf

WKe cXWLcOe LQ WKe OeQJWK dLUecWLRQ befRUe a PROW. TKeVe RbVeUYaWLRQV Rf VKaSe cKaQJe aOVR LQdLcaWe

WKaW C. elegans dR QRW SUeePSW WKe VKaSe cKaQJe b\ PROWLQJ befRUe WKe\ KLW WKe ³VWUeWcK OLPLW´,

PeaQLQJ WKaW WKe decUeaVe LQ eOaVWLcLW\ cRXOd be deWecWed b\ WKe aQLPaO aQd WKLV VWUeWcK-baVed

SK\VLcaO cRQVWUaLQW PecKaQLVP cRXOd SOa\ a UROe LQ deYeORSPeQWaO decLVLRQV. IQWeUeVWLQJO\, ZKeQ

RbVeUYLQJ WKe L4 WR adXOW WUaQVLWLRQ, RWKeUV KaYe deWecWed aQLVRWURSLc cRQVWULcWLRQ RQ WKe

WUaQVYeUVe (ZLdWK) a[LV fROORZed b\ JUadXaO UeOa[aWLRQ dULYeQ b\ UeaUUaQJePeQWV LQ cRUWLcaO acWLQ
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QeWZRUNV [149]. SLQJOe-ZRUP, KLJK fUeTXeQc\ PeaVXUePeQWV WaUJeWLQJ KRXUV VXUURXQdLQJ WKe

VXddeQ ZLdWK-WR-OeQJWK UaWLR LQcUeaVe, aUe Qeeded WR beWWeU UeVROYe cXWLcOe VKaSe d\QaPLcV.

AOWKRXJK aQaO\VLV Rf WKe OaUYaO JURZWK d\QaPLcV fRU C. elegans bRd\ VKaSe PXWaQWV (dp\, lon, RU

sma) Pa\ SURYLde LQVLJKWV LQWR / UaWLR YaULaWLRQ, PeaVXUePeQWV Rf ZKROe-aQLPaO OeQJWK aQd∆𝑊 ∆𝐿

ZLdWK RQO\ SURYLde a WRWaO VWLffQeVV eVWLPaWe, OeaYLQJ XV XQabOe WR dLVWLQJXLVK WKe cRQWULbXWLRQV Rf

cXWLcOe VWLffQeVV fURP RWKeU WLVVXeV. FRU e[aPSOe, SUeYLRXV ZRUN KaV VKRZQ WKaW bRdLeV Rf

dp\-10(e128) PXWaQWV aUe WZLce aV VWLff aV WKe ZLOd W\Se [150], aQd dp\-5(e61) PXWaQWV aUe VRfWeU

WKaQ ZLOd-W\Se aQLPaOV [138]. AXWKRUV KaYe VSecXOaWed WKaW WKLV dLffeUeQce LQ VWLffQeVV LV caXVed

b\ aQ LQcUeaVed LQWeUQaO JO\ceURO cRQceQWUaWLRQ LQ dp\-10(e128) aQLPaOV WKaW LV abVeQW LQ

dp\-5(e61) aQLPaOV [150]. TKeUefRUe, aOWKRXJK WKeVe PXWaWLRQV LPSacW bRd\ VKaSe VLPLOaUO\, WKe\

dR QRW KaYe WKe VaPe effecW RQ bRd\ VWLffQeVV, LQdLcaWLQJ WKaW bRd\ VKaSe aORQe dReV QRW SUedLcW

bRd\ VWLffQeVV. TR aVVeVV cXWLcOe SURSeUWLeV LQdeSeQdeQW Rf RWKeU QePaWRde WLVVXeV aQd RUJaQV,

fXWXUe e[SeULPeQWV SURbLQJ WKe VWLffQeVV Rf fUee cXWLcOeV aUe QeceVVaU\.

AddLWLRQaOO\, ZLWKLQ WKe L1 VWaJe, WKe UeOaWLYe VWUeWcK PeaVXUed LQ ZLdWK aQd OeQJWK dLd

QRW fROORZ WKe SaWWeUQ RbVeUYed LQ RWKeU OaUYaO VWaJeV. We RbVeUYed a PLd-VWaJe dLS LQ WKe

ZLdWK-WR-OeQJWK UaWLR WKaW LV RWKeUZLVe aSSUR[LPaWeO\ cRQVWaQW WKURXJKRXW WKe L1 VWaJe.

E[SeULPeQWV e[SORULQJ WKe VWUXcWXUaO SURSeUWLeV Rf cXWLcOeV aW aOO OaUYaO VWaJeV PLJKW KeOS WR

deWeUPLQe ZKeUe WKe L1 VKaSe cKaQJeV RULJLQaWe.
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2.5.2. DeYelopment comprises comple[ interactions of groZth regulation across diYerse

scales

OXU UeVXOWV aUe cRQVLVWeQW ZLWK a PRdeO LQ ZKLcK C. elegans XVe SK\VLcaO cRQVWUaLQWV RQ aQLPaO

VL]e, LQ WaQdeP ZLWK RWKeU UeJXOaWRU\ PecKaQLVPV, WR cRQWURO JURZWK UaWe aQd deWeUPLQe

deYeORSPeQWaO WUaQVLWLRQV. TKLV W\Se Rf UeJXOaWLRQ cRXOd be aSSOLcabOe WR RUJaQLVPV ZLWK VWLff

cXWLcOeV RU RWKeU SK\VLcaO baUULeUV WR JURZWK, OLNe PaQ\ VSecLeV Rf Ecd\VR]Ra. TKe cRQWURO Rf

ZKROe-RUJaQLVP JURZWK UeTXLUeV ceOOV, WLVVXeV, aQd RUJaQV WR RUcKeVWUaWe fLQaO VL]e aQd ceOO

QXPbeU. IQ C. elegans, ceOO QXPbeU LV SUecLVeO\ defLQed aQd LQYaULaQW fURP aQLPaO WR aQLPaO

[151], VR WKe fLQaO adXOW VL]e Rf aQ LQdLYLdXaO PXVW cRPe fURP ceOO VL]e aV RSSRVed WR QXPbeU.

FXWXUe VWXdLeV VKRXOd fRcXV RQ KRZ ZKROe-RUJaQLVP VL]e LV deWeUPLQed b\ WKe LQWeJUaWLRQ Rf ceOO,

WLVVXe, aQd RUJaQ VL]e. B\ LQcRUSRUaWLQJ WKeVe dLffeUeQW deYeORSPeQWaO VcaOeV, WKe SWUeWcKeU PRdeO

caQ be UefLQed WR cRPSOeWeO\ deVcULbe KRZ SK\VLcaO cRQVWUaLQWV RQ SaUWV Rf WKe RUJaQLVP LPSacW

WKe ZKROe. C. elegans JLYeV LQYeVWLJaWRUV a SRZeUfXO V\VWeP WR LQYeVWLJaWe aQLPaO-WR-aQLPaO

YaULaWLRQ LQ deYeORSPeQWaO WUaMecWRULeV acURVV eacK Rf WKeVe VcaOeV.

2.6. CONTRIBUTIONS

TKLV ZRUN ZaV VXSSRUWed b\ WKe NSF-SLPRQV CeQWeU fRU QXaQWLWaWLYe BLRORJ\ aW NRUWKZeVWeUQ

UQLYeUVLW\. DU. EULN AQdeUVeQ, DU. GaRWLaQ ZKaQJ, aQd NLcROe RRbeUWR aVVLVWed ZLWK WKe

KLJK-WKURXJKSXW VaPSOLQJ. DU. SaVKa SKLUPaQ aQd CKULVWLQa GRVV bXLOW aQd WeVWed WKe

PaWKePaWLcaO PRdeOV. HaQQaK N. AKPed, EOOLRW J. AQdeUVeQ, IVabeOOa R. MLOOeU, JXVWLQe K.

RR]eQLcK, IULV L. SZaUWKRXW, aQd JRUdaQ A. VaXJKQ KeOSed cROOecW PaQXaO VL]e PeaVXUePeQWV Rf

aQLPaOV fURP LPaJeV. DUV. EULN AQdeUVeQ aQd NLaOO MaQJaQ VXSeUYLVed WKe SURMecW.
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2.7. SUPPLEMENT

Figure S2-1. RaZ measurements of animal si]e. RaZ COPAS BIOSORT daWa Rf aQLPaO OeQJWK

(A), ZLdWK (B), aQd YROXPe (C) aUe VKRZQ KeUe. AfWeU 60 KRXUV, aQLPaOV KaYe deYeORSed WR WKe

adXOW VWaJe. SPaOOeU RbMecWV RbVeUYed afWeU 65 KRXUV ZeUe WKe Qe[W JeQeUaWLRQ Rf QeZO\ KaWcKed

L1 OaUYae OaLd b\ WKe aQLPaOV WKaW deYeORSed dXULQJ WKe WLPe cRXUVe.
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Figure S2-2. Correlation anal\sis of bod\ si]e measurements. MaQXaO PeaVXUePeQWV Rf

aQLPaO OeQJWK, ZLdWK, aQd eVWLPaWed aUea ZeUe cRPSaUed WR COPAS BIOSORT PeaVXUePeQWV Rf

TOF (WLPe Rf fOLJKW), QRUP.EXT (e[WLQcWLRQ QRUPaOL]ed b\ TOF), aQd EXT (e[WLQcWLRQ),

UeVSecWLYeO\. A KeQdaOO cRUUeOaWLRQ YaOXe LV VKRZQ LQ eacK SORW.
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Figure S2-3. Mi[ture modeling of COPAS BIOSORT data Zas used to prune data. ML[WXUe

PRdeOV Rf GaXVVLaQ dLVWULbXWLRQV ZeUe fLW WR ORJ WUaQVfRUPed aQLPaO OeQJWK ([-a[LV) aQd ORJ

WUaQVfRUPed RSWLcaO e[WLQcWLRQ (\-a[LV). DaWa fURP eacK KRXU Rf WKe e[SeULPeQW ZaV aQaO\]ed aQd

SURceVVed WR UePRYe cOXVWeUV WKaW dLd QRW LQcOXde aQLPaO RbMecWV. AOO UeSOLcaWeV ZeUe SUXQed

LQdeSeQdeQWO\; a VXbVeW Rf daWa fURP UeSOLcaWe 2 LV VKRZQ KeUe. PaQeOV LQdLcaWe e[SeULPeQWaO

KRXUV fURP ZKLcK daWa ZeUe WaNeQ. AcURVV WKe eQWLUe daWaVeW, aSSUR[LPaWeO\ 50% Rf RbMecWV ZeUe

LdeQWLfLed aV QRQ-aQLPaO RbMecWV aQd UePRYed fRU aOO fXUWKeU aQaO\VLV.
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Figure S2-4. Fluorescence measurements normali]ed b\ bod\ si]e. Red fOXRUeVceQW beadV

ZeUe fed WR aQLPaOV dXULQJ e[SeULPeQWaWLRQ aQd fOXRUeVceQce daWa ZaV cROOecWed b\ WKe COPAS

BIOSORT. RaZ daWa ZeUe VXPPaUL]ed b\ ZeOO WR RbWaLQ PedLaQ Ued fOXRUeVceQce PeaVXUePeQWV

(A). FOXcWXaWLRQV LQ fOXRUeVceQce LQdLcaWe fOXcWXaWLRQV LQ feedLQJ beKaYLRU. MedLaQ Ued

fOXRUeVceQce daWa ZaV QRUPaOL]ed b\ bRd\ VL]e PeaVXUePeQWV (TOF - OeQJWK LQ (B), EXT - aUea

LQ (C), aQd YROXPe LQ (D)) WR accRXQW fRU LQcUeaVeV LQ bRd\ VL]e. DLYLdLQJ fOXRUeVceQce b\ aUea

UeVXOWed LQ d\QaPLcV ZKeUe ORcaO PLQLPa LQ fOXRUeVceQce UeacKed a baVeOLQe aQd WKeUefRUe ZaV

PRVW VXcceVVfXO LQ QRUPaOL]LQJ fOXRUeVceQce d\QaPLcV WR accRXQW fRU cKaQJeV LQ aQLPaO VL]e RYeU

WLPe.
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Figure S2-5. Cuticles identified during periods of decreased feeding. IPaJeV Rf ZeOOV

cROOecWed dXULQJ WKe e[SeULPeQW ZeUe e[aPLQed fRU eYLdeQce Rf VKed cXWLcOeV. (A) E[SeULPeQWaO

KRXUV ZKeUe cXWLcOeV ZeUe LdeQWLfLed fURP LPaJeV RYeUOaS ZLWK KRXUV ZKeUe SRSXOaWLRQ feedLQJ

beKaYLRU LV ORZ. CXWLcOeV VKed fURP WKe L4-AdXOW PROW SeUVLVWed ORQJeU WKaQ SUeYLRXV OaUYaO VWaJe

cXWLcOe debUL. (B) E[aPSOe LPaJe Rf aQLPaO ZLWKRXW YLVLbOe cXWLcOe dXULQJ a SeULRd Rf eOeYaWed

feedLQJ. (C) E[aPSOe LPaJe Rf aQ aQLPaO ZLWK YLVLbOe cXWLcOe LQdLcaWLQJ cRPSOeWLRQ Rf PROW

dXULQJ a SeULRd Rf decUeaVed feedLQJ. ScaOe baU, 263.5 �P.
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Figure S2-6. Volume groZth data fit Zith linear, e[ponential, and cubic models. VROXPe daWa

Rf LQdLYLdXaOV LQ WLPe SRLQWV defLQed aV JURZWK SeULRdV aUe aQaO\]ed fRU eacK VWaJe. L1 VWaJe ZaV

fXUWKeU VeSaUaWed LQWR WZR SeULRdV WR accRXQW fRU WKe YROXPe dLS WKaW RccXUV PLd-VWaJe. SKaSeV Rf

WKe WKUee JURZWK cXUYeV aOO aSSeaU UeOaWLYeO\ VLPLOaU dXe WR WKe KLJK UeOaWLYe QRLVe LQ WKe daWa. TKe

cReffLcLeQW Rf YaULaWLRQ LV beWZeeQ 15-16% RYeU WKe cRXUVe Rf WKe e[SeULPeQW. CRPSXWaWLRQaO

VLPXOaWLRQV KaYe VKRZQ WKaW LQcUeaVeV LQ e[SeULPeQWaO QRLVe OLPLW WKe cRUUecW LdeQWLfLcaWLRQ Rf

JURZWK PRdeOV [129].
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Figure S2-7. Densit\ plots of population si]e d\namics across all larYal transitions. DeQVLW\
cXUYeV Rf OeQJWK (A), ZLdWK (B) aQd YROXPe (C). CXUYeV aUe dLYLded LQWR fLYe TXaQWLOeV aQd
cRORUed b\ WKe SeUceQWaJe Rf TXLeVceQW aQLPaOV SUeVeQW ZLWKLQ WKaW TXaQWLOe. MROWV aUe eVWLPaWed
WR RccXU aW e[SeULPeQWaO KRXUV 14, 25, 36, aQd 48 (Vee MeWKRdV).
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Figure S2-8. Animals in all replicates, measured from images. AQLPaO OeQJWK aQd ZLdWK RYeU

C. elegans deYeORSPeQW caSWXUed fURP LPaJe daWa. HLJKeU QRLVe OeYeOV LQ WKeVe PeaVXUePeQWV

SUecOXde accXUaWe UeJUeVVLRQV WR LQdLYLdXaO OaUYaO VWaJeV. LeQJWK MXPSV aQd ZLdWK dLSV aUe VWLOO

aSSaUeQW. CRPSaUe ZLWK FLJ 6.
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Figure S2-9. Stretcher model anal\sis of replicate 2 COPAS BIOSORT data for different

stage thresholding. CRPSaUe WR FLJXUe 2-5. LaUYaO KRXUV ZeUe defLQed b\ WaNLQJ WKe ceLOLQJ Rf

WKe ORZeU bRXQdaU\ aQd WKe fORRU Rf WKe XSSeU bRXQdaU\. TKLV URXQdLQJ PeWKRd fRU OaUYaO VWaJe

defLQLWLRQ dePRQVWUaWeV WKe VeQVLWLYLW\ Rf WKe aQaO\VLV WR edJe effecWV. TKe XQe[SecWed VWeS LQ WKe

L2 OaUYaO VWaJe (FLJ 6) ZaV VLJQLfLcaQWO\ UedXced ZLWK WKLV URXQdLQJ PeWKRd.
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Table S2-1. Results of anal\sis of Yariance models fit to COPAS BIOSORT data. AQaO\VLV Rf
YaULaQce WeVWV ZeUe XVed WR TXaQWLf\ WKe aPRXQW Rf YaULaQce LQ RXU daWa cRQWULbXWed b\ WKe
VaPSOLQJ WecKQLTXe. TKe VaPSOLQJ WecKQLTXe LQYROYed XQbLaVed VaPSOLQJ Rf aQLPaOV fURP VL[
UeSOLcaWe SRSXOaWLRQV aQd VXbVeTXeQW dLVWULbXWLRQ LQWR PXOWLSOe ZeOOV Rf a PLcURWLWeU SOaWe fRU
aQaO\VLV. We TXaQWLfLed WKe aPRXQW Rf YaULaQce cRQWULbXWed b\ UeSOLcaWe aQd ZeOO. We fLQd WKaW
WKe YaULaQce e[SOaLQed b\ ZeOO LV QeaUO\ QeJOLJLbOe ZKeUeaV UeSOLcaWe cRQWULbXWeV PLQRU YaULaQce
LQ VRPe PeaVXUePeQWV. GLYeQ WKLV LQfRUPaWLRQ, Ze deeP WKe JeQeUaWed VXPPaU\ VWaWLVWLcV aQ
aSSURSULaWe UeSUeVeQWaWLRQ Rf WKe SRSXOaWLRQ. Df = deJUeeV Rf fUeedRP, SXP ST = VXP Rf VTXaUeV,
MeaQ ST = PeaQ VTXaUeV (RU ), F YaOXe = F-VWaWLVWLc, PU(>F) = p-value, % VaU՛՝Օ ՗Վ ՛ՙ՝𝑎՚Ս՛ Ս՚՚՗՚

ՌՍՏ՚ՍՍ՛ ՗Վ Վ՚ՍՍՌ՗Օ
E[SOaLQed = SeUceQW YaULaQce e[SOaLQed.
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Table S2-2. Model fit criteria used to assess candidate groZth models. TR deWeUPLQe WKe OeYeO

Rf VXSSRUW fRU eacK PRdeO, WKe caQdLdaWe PRdeO ZLWK WKe VPaOOeVW UaZ AIC ZaV LdeQWLfLed aQd

cRPSaUed WR RWKeU AIC YaOXeV. TKe VaPe aVVeVVPeQW ZaV SeUfRUPed fRU BIC. TKe PaJQLWXde Rf

WKe RU YaOXe ZaV WKeQ XVed WR deWeUPLQe WKe OeYeO Rf VXSSRUW fRU eacK caQdLdaWe∆𝐴𝐼𝐶 ∆𝐵𝐼𝐶

PRdeO JLYeQ SUeYLRXVO\ eVWabOLVKed VLJQLfLcaQce WKUeVKROdV [124,125]. If WKe deOWa YaOXe ZaV

JUeaWeU WKaQ 6, WKe PRdeO ZLWK WKe VPaOOeVW UaZ AIC RU BIC YaOXe ZaV deQRWed aV WKe beVW PRdeO.

If WKe deOWa YaOXe ZaV OeVV WKaQ 6 bXW JUeaWeU WKaQ 2, WKe PRdeO ZLWK WKe VPaOOeVW AIC RU BIC

YaOXe ZaV deWeUPLQed WR OLNeO\ be WKe beVW PRdeO. If WKe deOWa YaOXe ZaV OeVV WKaQ 2, Ze aUe

XQabOe WR dLVWLQJXLVK WKe PRdeO Rf beVW fLW.
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3

3. Multiple genetic loci underlie
differences in C. eleganV groZth

TKe AQdeUVeQ Lab LV SaUWLcXOaUO\ adeSW aW cRQQecWLQJ SKeQRW\SLc YaULaWLRQ LQ a SRSXOaWLRQ WR

XQLTXe JeQeWLc YaULaQWV. AV a fROORZ-XS WR WKe ZRUN deVcULbed LQ WKe SUeYLRXV cKaSWeU, I ZaV

LQWeUeVWed LQ OeYeUaJLQJ WKLV e[SeUWLVe WR e[SORUe KRZ QaWXUaO JeQeWLc YaULaWLRQ LQfOXeQced JURZWK

LQ C. elegans. TKLV PeaQW UXQQLQJ aQRWKeU ORQJ WLPe-cRXUVe e[SeULPeQW (RQ P\ JROdeQ bLUWKda\

QR OeVV!), dLJJLQJ LQWR a WUeaVXUe WURYe Rf ³WKURZ-aZa\´ daWa cROOecWed LQ 2014, aQd ZRUNLQJ ZLWK

a feZ QeZ VWUaLQV RWKeU WKaQ RXU ROd fULeQd, N2. TKe fROORZLQJ cKaSWeU LV baVed Rff Rf P\ ZRUN

RQ WKLV SURMecW. IW ZaV VXbPLWWed aV a fLUVW-aXWKRU PaQXVcULSW WR G3 LQ ASULO 2022 [152].
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3.1. ABSTRACT

GURZWK UaWe aQd bRd\ VL]e aUe cRPSOe[ WUaLWV WKaW cRQWULbXWe WR WKe fLWQeVV Rf RUJaQLVPV. TKe

LdeQWLfLcaWLRQ Rf ORcL WKaW XQdeUOLe dLffeUeQceV LQ WKeVe WUaLWV SURYLdeV LQVLJKWV LQWR WKe JeQeWLc

cRQWULbXWLRQV WR deYeORSPeQW. LeYeUaJLQJ Caenorhabditis elegans aV a WUacWabOe PeWa]RaQ PRdeO

fRU TXaQWLWaWLYe JeQeWLcV, Ze caQ LdeQWLf\ JeQRPLc UeJLRQV WKaW XQdeUOLe dLffeUeQceV LQ JURZWK.

We PeaVXUed SRVW-ePbU\RQLc JURZWK Rf WKe OabRUaWRU\-adaSWed ZLOd-W\Se VWUaLQ (N2) aQd a ZLOd

VWUaLQ fURP HaZaLL (CB4856), aQd fRXQd dLffeUeQceV LQ bRd\ VL]e. UVLQJ OLQNaJe PaSSLQJ, Ze

LdeQWLfLed WKUee dLVWLQcW TXaQWLWaWLYe WUaLW ORcL (QTL) RQ cKURPRVRPeV IV, V, aQd X WKaW aUe

aVVRcLaWed ZLWK YaULaWLRQ LQ bRd\ VL]e. We fXUWKeU e[aPLQed WKeVe VL]e-aVVRcLaWed QTL XVLQJ

cKURPRVRPe VXbVWLWXWLRQ VWUaLQV aQd QeaU-LVRJeQLc OLQeV, aQd YaOLdaWed WKe cKURPRVRPe X QTL.

AddLWLRQaOO\, Ze JeQeUaWed a OLVW Rf caQdLdaWe JeQeV fRU WKe cKURPRVRPe X QTL. TKeVe JeQeV

cRXOd SRWeQWLaOO\ cRQWULbXWe WR dLffeUeQceV LQ aQLPaO JURZWK aQd VKRXOd be eYaOXaWed LQ

VXbVeTXeQW VWXdLeV. OXU ZRUN UeYeaOV WKe JeQeWLc aUcKLWecWXUe XQdeUO\LQJ aQLPaO JURZWK YaULaWLRQ

aQd KLJKOLJKWV WKe JeQeWLc cRPSOe[LW\ Rf bRd\ VL]e LQ C. elegans QaWXUaO SRSXOaWLRQV.

3.2. INTRODUCTION

PUecLVe UeJXOaWLRQ Rf fLQaO bRd\ VL]e LV eVVeQWLaO WR WKe deYeORSPeQW aQd fLWQeVV Rf RUJaQLVPV.

AOWKRXJK a OaUJeU bRd\ VL]e caQ LQcUeaVe cRPSeWLWLYe adYaQWaJeV, LW aOVR UeTXLUeV added WLPe aQd

QXWULeQWV WR deYeORS [88]. FRU WKLV UeaVRQ, PecKaQLVPV WKaW cRQWURO deYeORSPeQWaO JURZWK UaWe

aQd XOWLPaWe bRd\ VL]e aUe OLNeO\ XQdeU VWURQJ QaWXUaO VeOecWLRQ.

TKe URbXVWQeVV aQd SUecLVLRQ ZLWK ZKLcK aQLPaO deYeORSPeQW LV cKRUeRJUaSKed LV VWLOO

QRW ZeOO XQdeUVWRRd. DeYeORSLQJ V\VWePV cRRUdLQaWe WKe RUJaQL]aWLRQ aQd LQWeUacWLRQ aPRQJ
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ceOOV, WLVVXeV, aQd RUJaQV aW KLJK UeSURdXcLbLOLW\ eYeQ LQ WKe SUeVeQce Rf JeQeWLc aQd

eQYLURQPeQWaO SeUWXUbaWLRQV. TKe eaUO\ deYeORSPeQWaO bLRORJLVW C.H. WaddLQJWRQ cRLQed WKe

WeUP ³caQaOL]aWLRQ´ WR deVcULbe WKLV bLRORJLcaO URbXVWQeVV [153]. DeYeORSPeQWaO caQaOL]aWLRQ KaV

beeQ ZLdeO\ VWXdLed LQ KXPaQ JURZWK [154±156], aQd VKRZQ WKaW WR acKLeYe aQ adXOW KeLJKW

ZLWKLQ QRUPaO UaQJe, VKRUWeU LQdLYLdXaOV WeQd WR XQdeUJR acceOeUaWed JURZWK ZKeUeaV WaOOeU

LQdLYLdXaOV e[SeULeQce a decUeaVed UaWe Rf JURZWK [157]. IQ WKLV Za\, WKe JURZWK cXUYeV Rf

LQdLYLdXaOV, WKRXJK YaULabOe, cRQYeUJe RQ a QaUURZ UaQJe.

TR VWXd\ WKe SKeQRPeQRQ Rf RUJaQLVPaO VL]e XQLfRUPLW\, cRQVLdeUabOe SUecLVLRQ aQd

WKURXJKSXW LV Qeeded, ZKLcK caQ be a cKaOOeQJe ZKeQ ZRUNLQJ ZLWK PXOWLceOOXOaU RUJaQLVPV. TKe

QePaWRde Caenorhabditis elegans SUeVeQWV a SRZeUfXO PRdeO RUJaQLVP WR VWXd\ deYeORSPeQWaO

JURZWK. C. elegans KaV a TXLcN JeQeUaWLRQ WLPe, SURdXceV OaUJe QXPbeUV Rf JeQeWLcaOO\ LdeQWLcaO

RffVSULQJ, aQd LV eaVLO\ cXOWXUed LQ cRQWUROOed OabRUaWRU\ cRQdLWLRQV [30]. FXUWKeUPRUe, C. elegans

SRVW-ePbU\RQLc deYeORSPeQW LV ZeOO cKaUacWeUL]ed aQd PaUNed b\ fRXU OaUYaO-VWaJe WUaQVLWLRQV

(PROWV) WKaW VeSaUaWe WKe C. elegans OLfe c\cOe LQWR fLYe dLVWLQcW VWaJeV: fRXU OaUYaO VWaJeV (L1-L4)

aQd adXOW [40]. TKe WLPLQJ Rf WKeVe PROWV deWeUPLQeV WKe cRPSOeWLRQ Rf VWaJe-VSecLfLc

deYeORSPeQW [47,48], XQdeUVcRULQJ WKe LPSRUWaQce Rf deYeORSPeQWaO JURZWK UeJXOaWLRQ LQ C.

elegans.

We caQ OeYeUaJe C. elegans QaWXUaO JeQeWLc dLYeUVLW\ [67,68,86,158,159] WR cRQQecW

SKeQRW\SLc dLffeUeQceV WR JeQeWLc YaULaQWV. TZR SaUWLcXOaU VWUaLQV Rf LQWeUeVW aUe WKe

OabRUaWRU\-adaSWed ZLOd-W\Se VWUaLQ, N2, aQd a ZLOd VWUaLQ fURP HaZaLL, CB4856. TKe JeQeWLc

dLYeUVLW\ beWZeeQ WKeVe WZR VWUaLQV ZaV VKRZQ WR XQdeUOLe PXOWLSOe SKeQRW\SLc dLffeUeQceV,

LQcOXdLQJ aJJUeJaWLRQ beKaYLRU, OLfe KLVWRU\ WUaLWV, aQd JeQe e[SUeVVLRQ [86]. RecRPbLQaQW LQbUed
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OLQeV cRQVWUXcWed fURP cURVVeV beWZeeQ WKe N2 aQd CB4856 VWUaLQV eacK KaYe XQLTXe YaULaQWV

deULYed fURP eacK SaUeQWaO bacNJURXQd. PeUfRUPed aW a OaUJe VcaOe, WKeVe SRSXOaWLRQV Rf

UecRPbLQaQW LQdLYLdXaOV aUe a SRZeUfXO WRRO WR LdeQWLf\ JeQRPLc UeJLRQV WKaW aUe cRUUeOaWed ZLWK

SKeQRW\SLc YaULaWLRQ. MaSSLQJ WKe QaWXUaO YaULaWLRQ XQdeUO\LQJ SKeQRW\SLc dLffeUeQceV aOORZV fRU

WKe dLVVecWLRQ Rf JeQeWLc QeWZRUNV LQYROYed LQ LPSRUWaQW bLRORJLcaO SURceVVeV. MaQ\ RWKeUV KaYe

WaNeQ WKLV aSSURacK WR VWXd\ WKe JeQeWLc XQdeUSLQQLQJV Rf cRPSOe[ WUaLWV [86,159].

TR cKaUacWeUL]e WKe JeQeWLc baVLV fRU YaULaWLRQ LQ bRd\ VL]e aQd JURZWK LQ C. elegans, Ze

fLUVW SeUfRUPed a ORQJLWXdLQaO VWXd\ Rf SRVW-ePbU\RQLc JURZWK LQ N2 aQd CB4856 aQLPaOV.

AOWKRXJK Ze RbVeUYed VLPLOaU SaWWeUQV LQ RYeUaOO JURZWK d\QaPLcV, Ze aOVR QRWLced VPaOO

dLffeUeQceV LQ bRd\ VL]e aW LQdLYLdXaO WLPe SRLQWV acURVV deYeORSPeQW. TR VWXd\ WKeVe dLffeUeQceV

LQ VL]e, Ze XVed OLQNaJe PaSSLQJ WR LdeQWLf\ WKUee dLVWLQcW QTL WKaW LQfOXeQce aQLPaO VL]e

YaULaWLRQ. We fXUWKeU aVVeVVed eacK QTL LQdeSeQdeQWO\ XVLQJ cKURPRVRPe VXbVWLWXWLRQ VWUaLQV

aQd QeaU-LVRJeQLc OLQeV. DRLQJ VR, Ze YaOLdaWed WKe cKURPRVRPe X QTL aQd LdeQWLfLed

SURPLVLQJ caQdLdaWe JeQeV WKaW cRXOd cRQWULbXWe WR WKe dLffeUeQceV LQ VL]e beWZeeQ WKe N2 aQd

CB4856 VWUaLQV. OXU ZRUN SURYLdeV a fUaPeZRUN fRU fXWXUe VWXdLeV WR LQYeVWLJaWe WKe JeQeWLc

PecKaQLVPV cRQWUROOLQJ deYeORSPeQWaO JURZWK aQd bRd\ VL]e LQ QaWXUaO SRSXOaWLRQV Rf C.

elegans.

3.3. MATERIALS AND METHODS

3.3.1. Strains

AQLPaOV ZeUe JURZQ aW 20�C RQ 6 cP SOaWeV Rf PRdLfLed QePaWRde JURZWK PedLa (NGMA),

cRQWaLQLQJ 1% aJaU aQd 0.7% aJaURVe Veeded ZLWK E. coli OP50 bacWeULa. RecRPbLQaQW LQbUed

adYaQced LQWeUcURVV OLQeV (RIAILV) XVed fRU OLQNaJe PaSSLQJ ZeUe cRQVWUXcWed SUeYLRXVO\ [117].
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TKe cRQVWUXcWLRQ Rf cKURPRVRPe VXbVWLWXWLRQ VWUaLQV (CSSV) aQd QeaU LVRJeQLc OLQeV (NILV) XVed

fRU YaOLdaWLRQ LV deWaLOed beORZ. SWUaLQV aUe aYaLOabOe XSRQ UeTXeVW.

3.3.2. High-throughput groZth assa\

MeaVXUePeQWV Rf bRd\ VL]e aQd fOXRUeVceQce ZeUe PeaVXUed aV SUeYLRXVO\ deVcULbed [87].

BULefO\, WKe N2 aQd CB4856 VWUaLQV ZeUe SURSaJaWed fRU WKUee JeQeUaWLRQV, bOeacK-V\QcKURQL]ed,

aQd WLWeUed aW a cRQceQWUaWLRQ Rf 1 ePbU\R SeU �L LQWR VL[ UeSOLcaWe 500 PL fOaVNV fRU a fLQaO

YROXPe Rf 25 PL. TKe fROORZLQJ da\, aUUeVWed L1V ZeUe fed HB101 fRRd aW a fLQaO cRQceQWUaWLRQ

Rf OD20 LQ a fLQaO fOaVN YROXPe Rf 100 PL K PedLXP aQd HB101 fRRd. AQLPaOV ZeUe WKeQ

JURZQ aW 20�C ZLWK cRQVWaQW VKaNLQJ. FOaVNV ZeUe VaPSOed eacK KRXU beJLQQLQJ RQe KRXU afWeU

feedLQJ aQd cRQWLQXLQJ fRU 51 cRQVecXWLYe KRXUV. AW eacK KRXU, aQLPaOV ZeUe VaPSOed fURP eacK

fOaVN, WUeaWed ZLWK VRdLXP a]Lde, LPaJed ZLWK aQ IPaJeXSUeVV NaQR (MROecXOaU DeYLceV,

SaQJRVe, CA) aQd VcRUed XVLQJ a OaUJe-SaUWLcOe fORZ c\WRPeWeU (COPAS BIOSORT, UQLRQ

BLRPeWULca, HROOLVWRQ MA). TKe COPAS BIOSORT SOaWfRUP ZaV XVed WR cROOecW PeaVXUePeQWV

Rf aQLPaO OeQJWK (TOF) aQd RSWLcaO e[WLQcWLRQ (EXT). NRUPaOL]ed RSWLcaO e[WLQcWLRQ (QRUP.EXT)

ZaV SUeYLRXVO\ eVWabOLVKed aV a SUR[\ fRU aQLPaO ZLdWK. TKe UaZ daWa cROOecWed ZeUe LPSRUWed

aQd SURceVVed XVLQJ WKe eas\sorter R SacNaJe [118]. PURceVVLQJ UePRYed QRQ-aQLPaO RbMecWV

VXcK aV bacWeULaO cOXPSV, VKed cXWLcOeV, aQd Qe[W JeQeUaWLRQ OaUYaO aQLPaOV fURP WKe WLPe-cRXUVe

daWa XVLQJ WKe mclust R SacNaJe [119].

3.3.3. High-throughput fitness assa\ for linkage mapping

FRU RIAIL SKeQRW\SLQJ, Ze XVed a KLJK-WKURXJKSXW fLWQeVV aVVa\ SUeYLRXVO\ deVcULbed [117]. IQ

bULef, SRSXOaWLRQV Rf eacK VWUaLQ ZeUe SURSaJaWed RQ NGMA SOaWeV fRU fRXU JeQeUaWLRQV afWeU

ZKLcK JUaYLd adXOWV ZeUe bOeacK-V\QcKURQL]ed aQd ePbU\RV fURP eacK VWUaLQ ZeUe aOLTXRWed aW a
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cRQceQWUaWLRQ Rf 25-50 ePbU\RV/ȝL LQWR 96-ZeOO PLcURWLWeU SOaWeV fRU a fLQaO YROXPe Rf 50 ȝL K

PedLXP. TKe Qe[W da\, aUUeVWed L1V ZeUe fed HB101 bacWeULaO O\VaWe (PeQQV\OYaQLa SWaWe

UQLYeUVLW\ SKaUed FeUPeQWaWLRQ FacLOLW\, SWaWe CROOeJe, PA; [160]) aW a fLQaO cRQceQWUaWLRQ Rf 5

PJ/PL LQ K PedLXP aQd JURZQ WR WKe L4 OaUYaO VWaJe fRU 48 KRXUV aW 20�C ZLWK cRQVWaQW

VKaNLQJ. AQLPaOV ZeUe WKeQ VRUWed XVLQJ a COPAS BIOSORT SOaWfRUP dXULQJ ZKLcK WLPe

aQLPaO OeQJWK aQd ZLdWK ZeUe cROOecWed. MeaVXUePeQWV cROOecWed b\ WKe COPAS BIOSORT ZeUe

SURceVVed aQd aQaO\]ed XVLQJ WKe eas\sorter R SacNaJe [118]. WeOO SRSXOaWLRQV Rf UecRPbLQaQW

VWUaLQV WKaW cRQWaLQed PRUe WKaQ 100 RU feZeU WKaQ WKUee LQdLYLdXaOV ZeUe UePRYed fURP fXUWKeU

SURceVVLQJ, UeVXOWLQJ LQ aQ aYeUaJe Rf 25 LQdeSeQdeQW UeSOLcaWe ZeOOV SeU VWUaLQ. DLffeUeQceV

aPRQJ VWUaLQV WeVWed RQ dLffeUeQW da\V ZeUe cRQWUROOed XVLQJ a OLQeaU PRdeO (animal_si]e a

e[periment_date). IQ WKLV Za\, Ze addUeVV RQO\ WKe dLffeUeQceV aPRQJ VWUaLQV caXVed b\ JURZWK

aQd WKe da\-WR-da\ e[SeULPeQWaO YaULaQce LV cRQWUROOed. TKeVe UeVLdXaO YaOXeV aUe XVed fRU

SORWWLQJ.

3.3.4. Linkage mapping

310 RIAILV (VeW 2 RIAILV) ZeUe SKeQRW\Sed XVLQJ WKe KLJK-WKURXJKSXW aVVa\ deVcULbed abRYe.

LLQNaJe PaSSLQJ ZaV SeUfRUPed fRU bRd\ VL]e WUaLWV XVLQJ WKe R SacNaJe linkagemapping

(ZZZ.JLWKXb.cRP/AQdeUVeQLab/OLQNaJePaSSLQJ) aV SUeYLRXVO\ deVcULbed [81]. TKe JeQRW\SLc

daWa aQd UeVLdXaO SKeQRW\SLc daWa ZeUe PeUJed XVLQJ WKe merge_pheno fXQcWLRQ ZLWK WKe

aUJXPeQW set = 2. QXaQWLWaWLYe WUaLW ORcL (QTL) ZeUe deWecWed XVLQJ WKe fsearch fXQcWLRQ. TKLV

fXQcWLRQ caOcXOaWeV WKe ORJaULWKP Rf WKe RddV (LOD) VcRUeV fRU eacK JeQeWLc PaUNeU aQd eacK WUaLW

aV -n(ln(1-R^2)/2ln(10)) ZKeUe R LV WKe PeaUVRQ cRUUeOaWLRQ cReffLcLeQW beWZeeQ WKe RIAIL

JeQRW\SeV aW WKe PaUNeU aQd WUaLW YaOXeV [161]. A VLJQLfLcaQce WKUeVKROd baVed RQ a 5%
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JeQRPe-ZLde eUURU UaWe ZaV caOcXOaWed b\ SeUPXWLQJ WKe SKeQRW\SLc YaOXeV Rf eacK RIAIL 1000

WLPeV. QTL ZeUe LdeQWLfLed aV WKe PaUNeU ZLWK WKe KLJKeVW LOD VcRUe abRYe WKe VLJQLfLcaQce

WKUeVKROd. TKLV PaUNeU ZaV WKeQ LQWeJUaWed LQWR WKe PRdeO aV a cRfacWRU aQd PaSSLQJ ZaV

UeSeaWed LWeUaWLYeO\ XQWLO QR fXUWKeU VLJQLfLcaQW QTL ZeUe LdeQWLfLed. FLQaOO\, WKe annotate_lods

fXQcWLRQ ZaV XVed WR caOcXOaWe WKe effecW VL]e Rf eacK QTL. 95% cRQfLdeQce LQWeUYaOV ZeUe

defLQed b\ a 1.5-LOD dURS fURP WKe SeaN PaUNeU.

3.3.5. Generation of chromosome substitution strains (CSSs) and near-isogenic lines

(NILs)

CSSV ZeUe JeQeUaWed fURP a cURVV Rf WKe N2 aQd CB4856 VWUaLQV. TKeVe VWUaLQV ZeUe cURVVed aQd

KeWeUR]\JRXV KeUPaSKURdLWe SURJeQ\ ZeUe PaWed WR eacK SaUeQWaO JeQRW\Se fRU fRXU JeQeUaWLRQV

fROORZed b\ WKUee JeQeUaWLRQV Rf VeOfLQJ WR eQVXUe KRPR]\JRVLW\ Rf WKe JeQRPe. FRU eacK cURVV,

PCR aPSOLcRQV fRU LQVeUWLRQ-deOeWLRQV (LQdeOV) RQ WKe OefW aQd ULJKW VLdeV Rf cKURPRVRPeV IV aQd

V ZeUe XVed WR cRQfLUP SURJeQ\ JeQRW\SeV aQd VeOecW QRQ-UecRPbLQaQWV ZLWKLQ WKe LQWURJUeVVed

UeJLRQ (S1 Te[t). CSSV ZeUe ZKROe-JeQRPe VeTXeQced WR cRQfLUP WKeLU JeQRW\SeV.

NILV ZeUe JeQeUaWed aV SUeYLRXVO\ deVcULbed [81,85,162,163] b\ eLWKeU bacNcURVVLQJ a

VeOecWed RIAIL RU NIL fRU VL[ JeQeUaWLRQV RU de novo b\ cURVVLQJ WKe SaUeQWaO VWUaLQV N2 aQd

CB4856 WR cUeaWe a KeWeUR]\JRXV LQdLYLdXaO WKaW ZaV WKeQ bacNcURVVed fRU VL[ JeQeUaWLRQV. PCR

aPSOLcRQV fRU LQdeO YaULaQWV ZeUe XVed WR WUacN WKe JeQRPLc LQWeUYaO (S1 Te[t). NILV ZeUe

ZKROe-JeQRPe VeTXeQced WR YeULf\ LQWURJUeVVLRQV.

3.3.6. Statistical anal\sis of CSS and NIL results

GURZWK d\QaPLcV fRU CSSV ZeUe WeVWed XVLQJ a PRdLfLed YeUVLRQ Rf WKe KLJK-WKURXJKSXW fLWQeVV

aVVa\ fRU OLQNaJe PaSSLQJ. AQLPaOV ZeUe SURSaJaWed RQ NGMA SOaWeV fRU WZR JeQeUaWLRQV
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befRUe JUaYLd adXOWV ZeUe bOeacK-V\QcKURQL]ed aQd ePbU\RV fURP eacK VWUaLQ ZeUe aOLTXRWed aW a

cRQceQWUaWLRQ Rf 1 ePbU\R/ȝL LQWR 12-ZeOO, fOaW bRWWRP cXOWXUe SOaWeV. AfWeU WKUee da\V, JUaYLd

adXOWV ZeUe bOeacK-V\QcKURQL]ed aQd ePbU\RV ZeUe WLWeUed LQWR 96-ZeOO PLcURWLWeU SOaWeV aW a

cRQceQWUaWLRQ Rf 50 ePbU\RV/ȝL fRU a fLQaO YROXPe Rf 50 ȝL K PedLXP. TKe Qe[W da\, aUUeVWed

L1V ZeUe fed HB101 OLYe bacWeULaO fRRd aW a fLQaO cRQceQWUaWLRQ Rf OD20. AQLPaOV ZeUe JURZQ

fRU 48 KRXUV aW 20�C ZLWK cRQVWaQW VKaNLQJ aQd WKeQ VcRUed XVLQJ WKe COPAS BIOSORT

SOaWfRUP aV befRUe. TKe UaZ daWa cROOecWed ZeUe aJaLQ LPSRUWed aQd SURceVVed XVLQJ WKe

eas\sorter R SacNaJe [118]. PURceVVLQJ UePRYed QRQ-aQLPaO RbMecWV VXcK aV bacWeULaO cOXPSV,

VKed cXWLcOeV, aQd Qe[W JeQeUaWLRQ OaUYaO aQLPaOV fURP WKe WLPe-cRXUVe daWa XVLQJ WKe mclust R

SacNaJe [119]. CRPSOeWe SaLUZLVe VWUaLQ cRPSaULVRQV ZeUe SeUfRUPed XVLQJ WKe Tuke\HSD

fXQcWLRQ [164] RQ aQ ANOVA PRdeO ZLWK WKe fRUPXOa phenot\pe a strain. A p-YaOXe Rf p < 0.05

ZaV XVed aV a WKUeVKROd fRU VWaWLVWLcaO VLJQLfLcaQce. RecaSLWXOaWLRQ ZaV defLQed b\ WKe

VLJQLfLcaQce aQd dLUecWLRQ Rf effecW WKe CSS RU NIL Kad cRPSaUed WR WKe SaUeQWaO VWUaLQV.

3.4. RESULTS

3.4.1. GroZth d\namics of the N2 and CB4856 strains

TR SUecLVeO\ eYaOXaWe C. elegans JURZWK d\QaPLcV, Ze SUeYLRXVO\ deYeORSed a KLJK-WKURXJKSXW

JURZWK aVVa\ WKaW LQWeJUaWeV LPaJe-baVed aQd fORZ-baVed deYLceV WR TXaQWLf\ WKe JURZWK Rf

WKRXVaQdV Rf aQLPaOV RYeU deYeORSPeQWaO WLPe [87]. We XVed WKLV aVVa\ WR cROOecW bRd\ VL]e

PeaVXUePeQWV Rf N2 aQd CB4856 aQLPaOV RYeU WKe cRXUVe Rf OaUYaO deYeORSPeQW fURP WKe L1

VWaJe WKURXJK WKe L4 VWaJe. BULefO\, SRSXOaWLRQV Rf 100,000 aQLPaOV ZeUe cXOWXUed LQ fOaVNV LQ

WULSOLcaWe fRU eacK VWUaLQ. EYeU\ KRXU afWeU feedLQJ, Ze VaPSOed WKe SRSXOaWLRQ fURP eacK fOaVN
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(aSSUR[LPaWeO\ 300 aQLPaOV SeU fOaVN), cROOecWed LPaJeV, aQd PeaVXUed OeQJWK (TOF) aQd ZLdWK

(QRUP.EXT) Rf VaPSOed aQLPaOV XVLQJ WKe COPAS BIOSORT SOaWfRUP (Figure S3-1). FURP

WKeVe UaZ bRd\ VL]e PeaVXUePeQWV, Ze UePRYed QRQ-aQLPaO RbMecWV XVLQJ PRdeO-baVed

cOXVWeULQJ aQd JeQeUaWed VXPPaU\ VWaWLVWLcV WR VWXd\ SRSXOaWLRQ cKaQJeV (Figures S3-2 aQd S3-3,

Vee Methods). HeUe, Ze UeSRUW PeaQ OeQJWK aQd PeaQ ZLdWK Rf aQLPaOV RYeU 51 cRQVecXWLYe

deYeORSPeQWaO WLPe SRLQWV (Figure 3-1). OYeUaOO, Ze RbVeUYed OLWWOe dLYeUJeQce LQ JURZWK

beKaYLRU beWZeeQ WKe WZR VWUaLQV. AV SUeYLRXVO\ UeSRUWed, Ze deWecWed cRQWLQXRXV JURZWK

SXQcWXaWed b\ SeULRdV Rf dLVcRQWLQXRXV JURZWK UaWe, UeVXOWLQJ LQ YLVLbOe VKLfWV LQ OeQJWK aQd ZLdWK

RYeU WLPe. AOWKRXJK JURZWK beKaYLRU LV cRQVLVWeQW LQ bRWK N2 aQd CB4856 aQLPaOV, Ze caSWXUe

VLJQLfLcaQW dLffeUeQceV LQ aQLPaO OeQJWK aQd ZLdWK aW LQdLYLdXaO WLPe SRLQWV, SaUWLcXOaUO\ eaUO\ LQ

deYeORSPeQW (Figure S3-4). AV aQLPaOV aJe Ze LdeQWLf\ feZeU WLPe SRLQWV ZLWK VLJQLfLcaQW

dLffeUeQceV OLNeO\ dXe WR LQcUeaVed SRSXOaWLRQ YaULaQce. We fLQd WKaW acURVV aOO LQVWaQceV ZKeUe

WKeUe LV a VLJQLfLcaQW dLffeUeQce LQ aQLPaO OeQJWK, N2 LV cRQVLVWeQWO\ ORQJeU WKaQ CB4856.

HRZeYeU, WKLV LV QRW WKe caVe LQ aQLPaO ZLdWK aV Ze RbVeUYe WLPe SRLQWV ZKeUe CB4856 LV ZLdeU

WKaQ N2 aQd RWKeUV ZKeUe LW LV WKLQQeU.
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Figure 3-1. QuantitatiYe measurements of groZth for N2 and CB4856 animals. TXNe\

bR[SORWV Rf PeaQ OeQJWK (A) aQd PeaQ ZLdWK (B) fRU WKe N2 (RUaQJe) aQd CB4856 (bOXe) VWUaLQV

RYeU deYeORSPeQWaO WLPe. TKe KRUL]RQWaO OLQe LQ WKe PLddOe Rf WKe bR[ LV WKe PedLaQ, aQd WKe bR[

deQRWeV WKe 25WK WR 75WK TXaQWLOeV Rf WKe daWa. TKe YeUWLcaO OLQe UeSUeVeQWV WKe 1.5 LQWeUTXaUWLOe

UaQJe. IQVeW SORWV PaJQLf\ PeaQ aQLPaO VL]e PeaVXUePeQWV fURP KRXU 48. EacK SRLQW

cRUUeVSRQdV WR WKe PeaQV OeQJWK RU PeaQ ZLdWK Rf a SRSXOaWLRQ Rf aQLPaOV LQ eacK ZeOO.
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3.4.2. Identification of QTL underl\ing Yariation in groZth

AV a cRPSOe[ WUaLW, deYeORSPeQWaO JURZWK LV OLNeO\ LQfOXeQced b\ PaQ\ JeQeV aV ZeOO aV WKe

LQWeUacWLRQV aPRQJ WKeP. TR LQYeVWLJaWe WKe JeQeWLc baVLV Rf dLffeUeQceV LQ JURZWK, Ze aVVeVVed

WKe deYeORSPeQW Rf a SaQeO Rf 310 RIAILV deULYed fURP a cURVV beWZeeQ WKe N2 aQd CB4856

VWUaLQV (VeW 2 RIAILV, Vee Methods). IQ OLeX Rf cROOecWLQJ PeaVXUePeQWV WKURXJKRXW

deYeORSPeQW, Ze XVed bRd\ VL]e aV a cRQYeQLeQW SUR[\ fRU deYeORSPeQWaO SURJUeVVLRQ, ZKeUe

faVW JURZWK cRUUeVSRQdV WR OaUJe VL]e aQd VORZ JURZWK cRUUeVSRQdV WR VPaOO VL]e. AfWeU 48 KRXUV

Rf JURZWK, Ze cROOecWed PeaVXUePeQWV Rf OeQJWK aQd ZLdWK XVLQJ a KLJK-WKURXJKSXW fLWQeVV aVVa\,

aQd UePRYed ZeOOV cRQWaLQLQJ PRUe WKaQ 100 RU feZeU WKaQ WKUee aQLPaOV fURP dRZQVWUeaP

SURceVVLQJ (Vee Methods). DRLQJ VR, Ze RbVeUYed a dLVWULbXWLRQ Rf bRWK OeQJWK (Figure 3-2A)

aQd ZLdWK (Figure 3-2D) aPRQJ WKe RIAILV, LQdLcaWLQJ WKaW JURZWK UaWe YaULeV LQ WKe VWUaLQ

SRSXOaWLRQ. Ne[W, Ze PaSSed bRd\ OeQJWK aQd ZLdWK VeSaUaWeO\ aQd RbWaLQed WKUee VLJQLfLcaQW

QTL (Figure 3-2B,E). TKe OeQJWK-aVVRcLaWed QTL, VSaQQLQJ WKe ceQWeU Rf cKURPRVRPe IV, aQd

WKe ZLdWK-aVVRcLaWed QTL RQ WKe ceQWeU Rf cKURPRVRPe V LQdeSeQdeQWO\ e[SOaLQ aSSUR[LPaWeO\

5% Rf WKe SKeQRW\SLc YaULaWLRQ aPRQJ WKe RIAILV. TKe WKLUd QTL RQ WKe ULJKW aUP Rf

cKURPRVRPe X e[SOaLQV VOLJKWO\ PRUe YaULaWLRQ aW 8.6% (Table 3-1). NRWabO\, QRW RQO\ dLd Ze

fLQd dLVWLQcW QTL fRU OeQJWK aQd ZLdWK, Ze aOVR RbVeUYed QTL ZLWK RSSRVLWe effecWV RQ bRd\

VKaSe. SWUaLQV ZLWK WKe N2 aOOeOe RQ cKURPRVRPe IV ZeUe ORQJeU WKaQ VWUaLQV ZLWK WKe CB4856

aOOeOe aW WKLV ORcaWLRQ (Figure 3-2C). B\ cRQWUaVW, VWUaLQV ZLWK WKe CB4856 aOOeOeV RQ

cKURPRVRPeV V aQd X ZeUe ZLdeU WKaQ VWUaLQV ZLWK WKe N2 aOOeOe aW WKeVe ORcL (Figure 3-2F).

TKe LdeQWLfLcaWLRQ Rf dLVWLQcW QTL fRU OeQJWK vs. ZLdWK LQdLcaWeV WKaW bRd\ VKaSe LV LQfOXeQced b\

PXOWLSOe JeQeWLc PecKaQLVPV. AddLWLRQaOO\, Ze VcaQQed WKe JeQRPe fRU LQWeUacWLRQV beWZeeQ
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SaLUV Rf JeQRPLc PaUNeUV WKaW cRXOd affecW WKe SKeQRW\SLc dLVWULbXWLRQ Rf OeQJWK RU ZLdWK LQ WKe

RIAILV aQd LdeQWLfLed QR VLJQLfLcaQW LQWeUacWLRQV (Figures S3-5 aQd S3-6). TKeVe daWa VXJJeVW

WKaW WKe WKUee LdeQWLfLed ORcL cRQWaLQ YaULaQWV WKaW XQLTXeO\ LQfOXeQce JURZWK UaWe aORQJ PXOWLSOe

a[eV, ZKeUe eacK ORcXV LQdeSeQdeQWO\ affecWV WKe ORQJLWXdLQaO RU cLUcXPfeUeQWLaO JURZWK Rf

aQLPaOV.

Figure 3-2. Linkage mapping identifies three QTL associated Zith bod\ si]e. HLVWRJUaP Rf

QRUPaOL]ed PeaQ bRd\ OeQJWK (A) aQd PeaQ bRd\ ZLdWK (D) Rf WKe RIAIL SRSXOaWLRQ. (B, E)

LLQNaJe PaSSLQJ UeVXOWV fRU PeaQ bRd\ OeQJWK RU PeaQ bRd\ ZLdWK aUe VKRZQ ZLWK JeQRPLc

SRVLWLRQ ([-a[LV) SORWWed aJaLQVW WKe ORJaULWKP Rf WKe RddV (LOD) VcRUe (\-a[LV). X-a[LV WLcN

PaUNV deQRWe eYeU\ 5 Mb. SLJQLfLcaQW QTL aUe deQRWed b\ a Ued WULaQJOe aW WKe SeaN PaUNeU, aQd

bOXe VKadLQJ VKRZV WKe 95% cRQfLdeQce LQWeUYaO aURXQd WKe SeaN PaUNeU. TKe SeUceQWaJe Rf WKe

WRWaO SKeQRW\SLc YaULaQce LQ WKe RIAIL SRSXOaWLRQ WKaW LV e[SOaLQed b\ eacK QTL LV VKRZQ abRYe

WKe SeaN PaUNeU. (C, F) TXNe\ bR[ SORWV VKRZ WKe QRUPaOL]ed PeaQ OeQJWK RU ZLdWK (\-a[LV) Rf
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RIAILV VSOLW b\ JeQRW\Se aW WKe PaUNeU ZLWK WKe Pa[LPXP LOD VcRUe ([-a[LV). PRSXOaWLRQV Rf

UecRPbLQaQW VWUaLQV ZeUe JURZQ LQ LQdeSeQdeQW ZeOOV. EacK SRLQW cRUUeVSRQdV WR WKe PeaQ YaOXe

Rf aOO ZeOO PeaQV. BR[eV fRU daWa fURP VWUaLQV ZLWK WKe N2 aOOeOe aUe cRORUed RUaQJe, aQd bR[eV

fRU daWa fURP VWUaLQV ZLWK WKe CB4856 aOOeOe aUe VKRZQ LQ bOXe.

Table 3-1. Bod\ si]e QTL

Trait Chromosome InterYal (bp) Peak LOD Variance
e[plained (%)

Effect
si]e

LeQJWK IV 6,211,685 - 12,868,784 9,392,639 3.22 5.28 -0.229

WLdWK V 5,371,124 - 12,112,105 11,806,498 4.54 5.59 0.236

WLdWK X 12,565,734 - 13,173,080 12,750,794 5.25 8.63 0.293

3.4.3. Validation of loci associated Zith differences in animal si]e

TR YaOLdaWe ZKeWKeU JeQeWLc YaULaWLRQ beWZeeQ WKe N2 aQd CB4856 VWUaLQV cRQWULbXWeV WR

dLffeUeQceV LQ aQLPaO VL]e, Ze JeQeUaWed cKURPRVRPe VXbVWLWXWLRQ VWUaLQV (CSSV) fRU

cKURPRVRPeV IV aQd V LQ ZKLcK WKe eQWLUe cKURPRVRPe fURP WKe N2 VWUaLQ ZaV LQWURJUeVVed

LQWR WKe CB4856 JeQeWLc bacNJURXQd aQd YLce YeUVa. We aOVR cRQVWUXcWed UecLSURcaO

QeaU-LVRJeQLc OLQeV (NILV) fRU cKURPRVRPeV IV, V, aQd X. TKeVe NILV cRQWaLQ a VPaOO JeQRPLc

VeJPeQW deULYed fURP RQe SaUeQW VWUaLQ LQWURJUeVVed LQWR WKe JeQeWLc bacNJURXQd Rf WKe RWKeU

SaUeQW VWUaLQ. We WKeQ PeaVXUed WKe OeQJWK aQd ZLdWK Rf aQLPaOV afWeU 48 KRXUV Rf JURZWK aQd

caOcXOaWed VWaWLVWLcaO VLJQLfLcaQce LQ a SaLUZLVe PaQQeU fRU eacK VWUaLQ (Vee Methods). FRU WKe

cKURPRVRPeV IV aQd V QTL, Ze ZeUe XQabOe WR UecaSLWXOaWe WKe UeVXOWV RbVeUYed LQ WKe OLQNaJe

PaSSLQJ (Figures S3-7 aQd S3-8). TKeVe WZR QTL eacK e[SOaLQ RQO\ 5% Rf WKe WRWaO SKeQRW\SLc

YaULaWLRQ aPRQJ WKe RIAILV aQd KaYe WKe VPaOOeVW effecW VL]eV aPRQJ WKe WKUee deWecWed QTL
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(Table 3-1). TKe LQabLOLW\ WR YaOLdaWe WKeVe QTL VXJJeVWV a cRPSOe[ JeQeWLc aUcKLWecWXUe WKaW

caQQRW be e[SOaLQed b\ LVROaWLQJ WKeVe ORcL XVLQJ CSSV aQd NILV, RU a OacN Rf SRZeU WR deWecW

dLffeUeQceV dULYeQ b\ WKeVe QTL LQ WKe CSSV aQd NILV. B\ cRQWUaVW, Ze VXcceVVfXOO\ YaOLdaWed

WKe cKURPRVRPe X QTL b\ RbVeUYLQJ WKaW JeQRW\Se VLJQLfLcaQWO\ cRQWULbXWed WR dLffeUeQceV LQ

bRd\ ZLdWK Rf NILV (Figure 3-3). TKe VWUaLQ ZLWK WKe CB4856 aOOeOe RQ cKURPRVRPe X cURVVed

LQWR WKe N2 JeQeWLc bacNJURXQd ZaV VLJQLfLcaQWO\ ZLdeU WKaQ WKe N2 VWUaLQ (TXNe\¶V HSD,

p-YaOXe = 1.29e-10). SLPLOaUO\, WKe VWUaLQ ZLWK WKe N2 cKURPRVRPe X UeJLRQ LQWURJUeVVed LQWR WKe

CB4856 JeQeWLc bacNJURXQd ZaV VLJQLfLcaQWO\ WKLQQeU WKaQ WKe CB4856 VWUaLQ (TXNe\¶V HSD,

p-YaOXe = 1.29e-10). TKeVe UeVXOWV cRQfLUPed WKaW JeQeWLc YaULaWLRQ beWZeeQ WKe N2 aQd CB4856

VWUaLQV RQ cKURPRVRPe X cRQWULbXWeV WR WKe dLffeUeQce LQ bRd\ ZLdWK beWZeeQ WKeVe VWUaLQV.

Figure 3-3. NILs Yalidated the chromosome X QTL. (A) SWUaLQ JeQRW\SeV aUe dLVSOa\ed aV

cRORUed UecWaQJOeV (N2: RUaQJe, CB4856: bOXe) fRU cKURPRVRPe X (OefW) aQd LQ JeQeUaO fRU WKe

UeVW Rf WKe cKURPRVRPeV (ULJKW). TKe VROLd YeUWLcaO OLQe UeSUeVeQWV WKe SeaN PaUNeU Rf WKe QTL.
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TKe daVKed YeUWLcaO OLQeV UeSUeVeQW WKe cRQfLdeQce LQWeUYaO. (B) ReVLdXaO PeaQ aQLPaO ZLdWK

([-a[LV) LV SORWWed aV TXNe\ bR[ SORWV aJaLQVW VWUaLQ (\-a[LV). EacK SRLQW cRUUeVSRQdV WR WKe PeaQ

ZLdWK Rf a SRSXOaWLRQ Rf aQLPaOV fURP eacK ZeOO. TKe bR[eV fRU WKe SaUeQWaO VWUaLQV aUe cRORUed:

N2, RUaQJe; CB4856, bOXe. SWaWLVWLcaO VLJQLfLcaQce ZaV caOcXOaWed b\ TXNe\¶V HSD (**** =

p-YaOXe < 0.0001).

3.4.4. Identification of candidate genes in the chromosome X QTL

TR LdeQWLf\ caQdLdaWe JeQeV WKaW cRXOd XQdeUOLe YaULaWLRQ LQ bRd\ ZLdWK, Ze LQYeVWLJaWed WKe

JeQeV LQ WKe cKURPRVRPe X LQWeUYaO LQ WKe N2 VWUaLQ. We fRXQd 151 JeQeV SUeVeQW LQ WKLV LQWeUYaO

aQd eOLPLQaWed 96 JeQeV WKaW Kad QR JeQeWLc YaULaWLRQ LQ WKe CB4856 VWUaLQ (Table 3-2). Of WKe

UePaLQLQJ 55 JeQeV, 18 KaYe JeQeWLc YaULaWLRQ LQ WKe aPLQR-acLd VeTXeQce Rf a SURWeLQ

(SURWeLQ-cRdLQJ YaULaWLRQ), aQd 34 KaYe JeQeWLc YaULaWLRQ WKaW LV QRW SURWeLQ-cRdLQJ (QRQ-cRdLQJ

YaULaWLRQ). HRZeYeU, SURWeLQ-cRdLQJ YaULaWLRQ LV MXVW RQe Za\ LQ ZKLcK JeQeWLc YaULaWLRQ caQ

caXVe SKeQRW\SLc YaULaWLRQ. We aOVR cRQVLdeUed LQVWaQceV ZKeUe JeQeWLc YaULaWLRQ caXVeV a

cKaQJe LQ JeQe e[SUeVVLRQ. UVLQJ aQ e[SUeVVLRQ QTL (eQTL) daWaVeW WKaW PaSSed e[SUeVVLRQ

dLffeUeQceV LQ aQRWKeU SaQeO Rf RIAILV (VeW 1) deULYed fURP N2 aQd CB4856 [82,165], Ze

LdeQWLfLed fLYe JeQeV ZLWK eQTL WKaW PaS WR RXU UeJLRQ Rf LQWeUeVW. AddLWLRQaOO\, Ze fRXQd 17

RWKeU JeQeV RXWVLde WKLV JeQRPLc LQWeUYaO ZLWK eQTL WKaW PaS WR WKLV LQWeUYaO, UeVXOWLQJ LQ a WRWaO

Rf 72 caQdLdaWe JeQeV, QRQe Rf ZKLcK aUe ORcaWed ZLWKLQ a K\SeU-dLYeUJeQW UeJLRQ [166].

TR fXUWKeU QaUURZ RXU OLVW Rf JeQeV, Ze LQVSecWed WKe fXQcWLRQaO deVcULSWLRQV aQd JeQe

RQWRORJ\ (GO) aQQRWaWLRQV fRU WKe UePaLQLQJ 72 caQdLdaWe JeQeV. WKeQ cRQVLdeULQJ WKe 21 JeQeV

ZLWK SURWeLQ-cRdLQJ YaULaWLRQ aQd/RU eQTL, RQe caQdLdaWe (ppk-3) VWRRd RXW. ppk-3, RU

SKRVSKaWLd\OLQRVLWRO SKRVSKaWe NLQaVe 3, LV aQ RUWKRORJ Rf WKe PaPPaOLaQ PIKf\Ye. TKeVe
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NLQaVeV SOa\ LPSRUWaQW UROeV LQ ceOO cRPPXQLcaWLRQ aQd PePbUaQe WUaffLcNLQJ [167]. NRWabO\,

PXWaWLRQV LQ ppk-3 aUe UeVSRQVLbOe fRU a UaQJe Rf deYeORSPeQWaO defecWV, LQcOXdLQJ ePbU\RQLc

OeWKaOLW\, deYeORSPeQWaO aUUeVW, aQd OaUYaO JURZWK deOa\ [168]. IQYeVWLJaWLQJ WKe VeTXeQce Uead

aOLJQPeQWV Rf WKe N2 aQd CB4856 VWUaLQV aW WKe ppk-3 ORcXV XVLQJ WKe VaULaQW BURZVeU RQ

CeNDR [68], Ze RbVeUYed a PLVVeQVe YaULaQW LQ WKe VecRQd e[RQ SUedLcWed WR eQcRde a

VeULQe-WR-WKUeRQLQe VXbVWLWXWLRQ (S43T). AOWKRXJK WKLV YaULaQW LV QRW LQ a SUedLcWed fXQcWLRQaO

dRPaLQ, LW cRXOd aOWeU SURWeLQ fXQcWLRQ WKeUeb\ cRQWULbXWLQJ WR WKe RbVeUYed SKeQRW\SLc

dLffeUeQce. AVLde fURP ppk-3, Ze LdeQWLfLed WZR addLWLRQaO caQdLdaWe JeQeV ZKeQ aVVeVVLQJ WKe

fXQcWLRQaO deVcULSWLRQ fRU WKe 34 JeQeV ZLWK QRQ-cRdLQJ JeQeWLc YaULaWLRQ. TKe fLUVW, nhr-25,

eQcRdeV a QXcOeaU KRUPRQe UeceSWRU RUWKRORJRXV WR FW]-F1 LQ Drosophila aQd LV UeTXLUed fRU

SURSeU PROWLQJ aQd deYeORSPeQWaO cRQWURO [169]. We RbVeUYed a VSOLce-VLWe YaULaQW LQ WKe nhr-25

ORcXV WKaW cRXOd dLVUXSW SURSeU RNA VSOLcLQJ. IQWeUeVWLQJO\, dLVUXSWLRQ Rf nhr-25 RfWeQ caXVeV

ePbU\RQLc aUUeVW; KRZeYeU, PXWaQWV WKaW VXUYLYe KaWcKLQJ dLVSOa\ a VTXaW bRd\ VWaWXUe (DS\

SKeQRW\Se), VXJJeVWLQJ WKaW nhr-25 cRXOd SOa\ a UROe LQ bRd\ VL]e aQd VKaSe [170]. TKe VecRQd,

bcat-1, eQcRdeV a bUaQcKed-cKaLQ aPLQR acLd aPLQRWUaQVfeUaVe WKaW, b\ RNAL VcUeeQV, LV VKRZQ

WR be UeTXLUed fRU ePbU\RQLc aQd OaUYaO deYeORSPeQW [171]. IQ WKe bcat-1 ORcXV Ze RbVeUYe a

YaULaQW LQ aQ LQWURQ aQd LQ WKe WKUee SULPe XQWUaQVOaWed UeJLRQ. TRJeWKeU, WKeVe UeVXOWV VXJJeVW

WKaW RQe RU PRUe JeQeV RQ cKURPRVRPe X aUe caQdLdaWeV WKaW Qeed addLWLRQaO VWXd\ WR e[SOaLQ WKe

YaULaWLRQ WKaW Ze RbVeUYe LQ aQLPaO JURZWK.
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Table 3-2. Genes in QTL interYal for chromosome X

No Yariationa Protein-coding Yariation
and/or eQTLb

Non-coding
Yariationc

Other eQTL that
map to interYald

Total

96 21 34 17 168
aGeQeV ZLWKLQ JeQRPLc LQWeUYaO ZLWK QR JeQeWLc YaULaWLRQ
bGeQeV ZLWKLQ JeQRPLc LQWeUYaO ZLWK SURWeLQ-cRdLQJ YaULaWLRQ aQd/RU aQ eQTL WKaW PaSV WR WKLV LQWeUYaO
cGeQeV ZLWKLQ JeQRPLc LQWeUYaO ZLWK QRQ-cRdLQJ YaULaWLRQ aQd QR eQTL WKaW PaSV WR WKLV LQWeUYaO
dGeQeV RXWVLde JeQRPLc LQWeUYaO ZLWK eQTL WKaW PaSV WR WKLV LQWeUYaO

3.5. DISCUSSION

HeUe, Ze LQYeVWLJaWed OaUYaO JURZWK Rf N2 aQd CB4856 aQLPaOV fURP WKe L1 VWaJe WR WKe L4

VWaJe. AOWKRXJK Ze RbVeUYed VLPLOaULWLeV LQ WKe d\QaPLcV Rf JURZWK, Ze aOVR VaZ dLffeUeQceV LQ

WKe VL]e Rf aQLPaOV acURVV deYeORSPeQWaO WLPe. We XVed OLQNaJe PaSSLQJ WR LQYeVWLJaWe WKeVe

dLffeUeQceV aQd LdeQWLfLed WKUee VPaOO-effecW QTL aVVRcLaWed ZLWK YaULaWLRQ LQ bRd\ VL]e. TZR

QTL XQdeUOLe YaULaWLRQ LQ aQLPaO ZLdWK, aQd a VLQJOe QRQ-RYeUOaSSLQJ QTL cRQWULbXWeV WR

dLffeUeQceV LQ aQLPaO OeQJWK. UVLQJ NILV, Ze YaOLdaWed WKe ZLdWK-aVVRcLaWed QTL RQ

cKURPRVRPe X aQd LdeQWLfLed caQdLdaWe JeQeV WKaW cRXOd XQdeUOLe YaULaWLRQ LQ ZLdWK. TaNeQ

WRJeWKeU, RXU UeVXOWV dePRQVWUaWe WKe SRZeU Rf OeYeUaJLQJ QaWXUaO JeQeWLc YaULaWLRQ WR e[aPLQe WKe

JeQeWLc aUcKLWecWXUe Rf cRPSOe[ WUaLWV VXcK aV bRd\ VL]e aQd VKaSe.

3.5.1. A comple[ genetic architecture underlies differences in bod\ si]e

AV a cRPSOe[ OLfe KLVWRU\ WUaLW, deYeORSPeQWaO JURZWK cRXOd be LQfOXeQced b\ VeYeUaO ORcL [172].

IQ WKLV VWXd\, Ze UeSRUW WKUee VL]e-aVVRcLaWed QTL. SWULNLQJO\, Ze fLQd ORcL WKaW decRXSOe

cRPSRQeQWV Rf bRd\ VL]e, UeYeaOLQJ a cRPSOe[ JeQeWLc V\VWeP WKaW LQfOXeQceV JURZWK aORQJ

dLffeUeQW a[eV Rf WKe bRd\. EYLdeQce fRU JeQeWLcaOO\ VeSaUaWe PRdXOeV XQdeUO\LQJ dLVWLQcW aVSecWV

Rf a VLQJOe WUaLW KaV beeQ RbVeUYed LQ VWXdLeV Rf C. elegans beKaYLRUaO SaWWeUQV ZKeUe OLQNaJe
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PaSSLQJ VWXdLeV XVLQJ a SaQeO Rf RIAILV (VeW 1, [165]) LdeQWLfLed dLVWLQcW ORcL XQdeUO\LQJ

VeSaUaWe aVSecWV Rf aYRLdaQce UeVSRQVe WR WKeUPaO VWLPXOL [173]. HeUe, Ze LdeQWLf\ dLVWLQcW QTL

fRU OeQJWK aQd ZLdWK, VXJJeVWLQJ WKaW dLffeUeQW JeQeWLc PecKaQLVPV cRQWURO aQLPaO JURZWK aORQJ

WKe OeQJWK vs. ZLdWK dLUecWLRQV. TKLV fLQdLQJ LV SaUWLcXOaUO\ LQWeUeVWLQJ JLYeQ WKe dLffeUeQceV LQ

JeQeUaO JURZWK d\QaPLcV Rf OeQJWK cRPSaUed WR ZLdWK WKaW Ze fRXQd KeUe (Figure 3-1) aQd

SUeYLRXVO\ [87] a VLPXOWaQeRXV LQcUeaVe LQ OeQJWK aQd decUeaVe LQ ZLdWK aW WKe WUaQVLWLRQ beWZeeQ

OaUYaO VWaJeV.

TKe UeVXOWV Rf WKe OLQNaJe PaSSLQJ e[SeULPeQW LdeQWLfLed WZR bURad SeaNV RQ

cKURPRVRPeV IV aQd V aVVRcLaWed ZLWK OeQJWK aQd ZLdWK UeVSecWLYeO\, aV ZeOO aV a QaUURZ SeaN

RQ cKURPRVRPe X fRU ZLdWK. AOWKRXJK Ze VXcceVVfXOO\ YaOLdaWed WKe ZLdWK-aVVRcLaWed QTL RQ

cKURPRVRPe X (Figure 3-3), Ze ZeUe XQabOe WR YaOLdaWe WKe RWKeU WZR QTL (Figures S3-6 aQd

S3-7). OXU LQabLOLW\ WR UecaSLWXOaWe WKe UeVXOWV RbVeUYed LQ WKe OLQNaJe PaSSLQJ PLJKW be dULYeQ

b\ VeYeUaO facWRUV. FLUVW, PaQ\ ORcL VSUead acURVV WKe JeQRPe cRXOd XQdeUOLe YaULaWLRQ LQ bRd\

VL]e. UQdeU WKLV SRO\JeQLc PRdeO, aQ\ UeJLRQ caQ KaUbRU YaULaQWV dULYLQJ RXU RbVeUYed

SKeQRW\SLc dLffeUeQce WKURXJK addLWLYe aQd/RU QRQ-addLWLYe effecWV. TKe cRQWULbXWLRQ Rf

SRO\JeQLcLW\ WR SKeQRW\SLc YaULaQce KaV SUeYLRXVO\ beeQ e[SORUed LQ C. elegans. SWXdLeV Rf

feUWLOLW\ aQd bRd\ VL]e LQ WKe C. elegans PXOWLSaUeQWaO e[SeULPeQWaO eYROXWLRQ (CeMEE) SaQeO

fRXQd WKaW a VLJQLfLcaQW fUacWLRQ Rf SKeQRW\SLc YaULaQce, QeaUO\ 40% fRU feUWLOLW\, caQ be e[SOaLQed

b\ SRO\JeQLcLW\ [174]. SecRQd, WKe LQWeUYaOV cRXOd cRQWaLQ QTL Rf RSSRVLQJ effecWV, PaNLQJ LW

dLffLcXOW WR UecaSLWXOaWe WKe UeVXOWV RbVeUYed LQ WKe PaSSLQJ XVLQJ NILV. NRWabO\, UeVeaUcKeUV

KaYe RbVeUYed SaWWeUQV Rf SRO\JeQ\ aQd aQWaJRQLVWLc-effecW ORcL ZKeQ LQYeVWLJaWLQJ C. elegans

JURZWK aQd UeSURdXcWLRQ LQ QLcNeO VWUeVV [175]. TKLUd, LW LV SRVVLbOe WKaW WKe QTL effecWV aUe
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VPaOOeU WKaQ 5% aQd Ze aUe XQdeUSRZeUed WR deWecW dLffeUeQceV dULYeQ b\ WKeVe QTL LQ WKe CSSV

aQd NILV.

3.5.2. Candidate genes for Yariation in bod\ si]e

GeQeWLc YaULaQWV XQdeUO\LQJ cRPSOe[ WUaLWV aUe RfWeQ eOXVLYe [86,176]. UOWLPaWeO\, ZKeQ

VeaUcKLQJ fRU QTL, Ze aLP WR LdeQWLf\ JeQeV cRQWULbXWLQJ WR WKe YaULaWLRQ LQ SKeQRW\SeV aPRQJ

LQdLYLdXaOV. HeUe, Ze LdeQWLfLed caQdLdaWe JeQeV ORcaWed LQ WKe LQWeUYaO Rf WKe cKURPRVRPe X

QTL (Table 3-2). HRZeYeU, cRPSOe[ WUaLWV, VXcK aV bRd\ VL]e, aUe OLNeO\ affecWed b\ PaQ\ JeQeV.

FRU e[aPSOe, UeceQW VWXdLeV Rf KXPaQ JeQeWLc YaULaWLRQ XVLQJ daWa fURP 5.4 PLOOLRQ LQdLYLdXaOV

UeSRUW fLQdLQJ RYeU 12,000 LQdeSeQdeQW ORcL aVVRcLaWed ZLWK KeLJKW [177]. IQ WKe OabRUaWRU\ VWUaLQ

Rf C. elegans, Ze NQRZ PaQ\ ORcL WKaW TXaQWLWaWLYeO\ affecW bRd\ VL]e aQd VKaSe. MXWaWLRQV LQ

WKeVe JeQeV VSaQ YaULRXV cOaVVeV, LQcOXdLQJ abQRUPaO SKaU\QJeaO SXPSLQJ (EaW), eJJ-Oa\LQJ

defecWLYe (EJO), XQcRRUdLQaWed (UQc), abQRUPaO daXeU fRUPaWLRQ (Daf), aQd VeYeUaO cXWLcOe aQd

bRd\ VKaSe cOaVVeV (DS\, LRQ, SPa, RRO, STW) [58,130,178]. TKe SRO\JeQLc QaWXUe Rf cRPSOe[

WUaLWV LV a UecRJQL]ed baUULeU LQ LdeQWLf\LQJ WKe JeQeV cRQWULbXWLQJ WR SKeQRW\SLc YaULaWLRQ LQ a

SRSXOaWLRQ [175,179]. HRZeYeU, Ze beOLeYe WKaW PROecXOaU aQaO\VLV Rf ORcL WKaW XQdeUOLe YaULaWLRQ

LQ deYeORSPeQW-aVVRcLaWed WUaLWV LQ QaWXUaO SRSXOaWLRQV Rf C. elegans LV eVVeQWLaO WR decLSKeULQJ

WKe eYROXWLRQaU\ VLJQLfLcaQce Rf deYeORSPeQWaO caQaOL]aWLRQ.

3.5.3. Comparison Zith preYious QTL studies of C. eleganV groZth

OXU PaSSLQJ UeVXOWV bRWK UecaSLWXOaWe aQd e[SaQd XSRQ SUeYLRXV QTL VWXdLeV Rf JURZWK LQ C.

elegans. PUeYLRXVO\, PedLaQ bRd\ OeQJWK Rf PL[ed-VWaJe aQLPaOV ZaV PaSSed XVLQJ WKe VaPe

SaQeO Rf RIAILV (VeW 2) [117]. A VLQJOe VPaOO-effecW (5.7%) QTL LQ WKe ceQWeU Rf cKURPRVRPe IV
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ZaV fRXQd, cRQVLVWeQW ZLWK RXU fLQdLQJV. AOVR LQ WKLV VWXd\, WKe aXWKRUV PaSSed PedLaQ bRd\

ZLdWK (QRUP.EXT) WR WKUee QTL RQ cKURPRVRPeV III, IV, aQd X. We deWecWed aQ RYeUOaSSLQJ

JeQRPLc UeJLRQ RQ cKURPRVRPe X LQ RXU cXUUeQW VWXd\. DLVcUeSaQc\ LQ WKe RWKeU QTL LV OLNeO\

caXVed b\ dLffeUeQceV LQ WKe bRd\ VL]e aVVa\ aV WKe SUeYLRXV VWXd\ PeaVXUed PL[ed-VWaJe aQLPaOV

aQd Ze fRcXVed RQ V\QcKURQL]ed L4 aQLPaOV. AddLWLRQaOO\, RWKeUV KaYe PaSSed YaULaWLRQ LQ

aQLPaO OeQJWK fRU a cROOecWLRQ Rf LQWURJUeVVLRQ OLQeV SURdXced fURP WKe N2 aQd CB4856 VWUaLQV aW

48 KRXUV afWeU L1 aUUeVW [180]. HeUe, LQYeVWLJaWRUV fRXQd fLYe VeSaUaWe QTL RQ cKURPRVRPe IV

affecWLQJ bRd\ VL]e. TKLV UeVXOW VXJJeVWV WKe SUeVeQce Rf VeYeUaO LQdeSeQdeQW ORcL RQ cKURPRVRPe

IV eacK cRQWULbXWLQJ WR YaULaWLRQ LQ OeQJWK. FXUWKeU LQYeVWLJaWLRQ LV QeceVVaU\ WR deWeUPLQe

ZKeWKeU WKe RYeUOaSSLQJ JeQRPLc UeJLRQ deWecWed LQ RXU cXUUeQW VWXd\ LV LQ facW VeSaUaWe ORcL WKaW

LQdeSeQdeQWO\ cRQWULbXWe WR YaULaWLRQ LQ aQLPaO OeQJWK. MRVW UeceQWO\, a JURXS XVLQJ a C. elegans

RIL SRSXOaWLRQ LdeQWLfLed 18 QTL LQfOXeQcLQJ YaULRXV bRd\-VL]e WUaLWV aW a UaQJe Rf WePSeUaWXUeV,

ZLWK WKe PaMRULW\ cOXVWeULQJ RQ cKURPRVRPe X [181]. TKLV ZRUN QRW RQO\ dePRQVWUaWeV WKe

JeQeWLc cRPSOe[LW\ XQdeUO\LQJ bRd\-VL]e SKeQRW\SeV, bXW aOVR VXJJeVWV WKe SUeVeQce Rf

cR-UeJXOaWRU\ ORcL XQdeUO\LQJ SOaVWLcLW\. C. elegans JLYeV LQYeVWLJaWRUV a SRZeUfXO V\VWeP WR

beWWeU RXU XQdeUVWaQdLQJ Rf WKe JeQeWLc PecKaQLVPV WKaW VKaSe JURZWK aQd eQYLURQPeQWaO

VeQVLWLYLW\ LQ QaWXUaO SRSXOaWLRQV.

3.6. CONTRIBUTIONS

TKLV ZRUN ZaV VXSSRUWed b\ WKe NSF-SLPRQV CeQWeU fRU QXaQWLWaWLYe BLRORJ\ aW NRUWKZeVWeUQ

UQLYeUVLW\. DU. EULN AQdeUVeQ, DU. GaRWLaQ ZKaQJ, aQd SRSKLa GLbVRQ aVVLVWed ZLWK WKe

KLJK-WKURXJKSXW VaPSOLQJ.
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3.7. SUPPLEMENT

Figure S3-1. RaZ measurements of animal si]e.

RaZ COPAS BIOSORT Rf aQLPaO OeQJWK (A) aQd ZLdWK (B) fRU N2 aQd CB4856 aQLPaOV aUe

VKRZQ KeUe.
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Figure S3-2. Mi[ture modeling of COPAS BIOSORT data Zas used to prune data.

ML[WXUe PRdeOV Rf GaXVVLaQ dLVWULbXWLRQV ZeUe fLW WR ORJ WUaQVfRUPed aQLPaO OeQJWK ([-a[LV) aQd

ORJ WUaQVfRUPed RSWLcaO e[WLQcWLRQ (\-a[LV). DaWa fURP eacK KRXU Rf WKe e[SeULPeQW ZaV aQaO\]ed

aQd SURceVVed WR UePRYe cOXVWeUV WKaW dLd QRW LQcOXde aQLPaO RbMecWV. PaQeOV LQdLcaWe

e[SeULPeQWaO KRXUV fURP ZKLcK daWa ZeUe WaNeQ.
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Figure S3-3. Pruned measurements of animal si]e.

COPAS BIOSORT daWa Rf aQLPaO OeQJWK (A) aQd ZLdWK (B) afWeU WKe UePRYaO Rf QRQ-aQLPaO

RbMecWV XVLQJ PRdeO-baVed cOXVWeULQJ PeWKRdV.
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Figure S3-4. Comparison of means across deYelopmental time points.

TXNe\ bR[SORWV Rf PeaQ OeQJWK (A) aQd PeaQ ZLdWK (B) fRU N2 (RUaQJe) aQd CB4856 (bOXe) RYeU

deYeORSPeQWaO WLPe. TKe KRUL]RQWaO OLQe LQ WKe PLddOe Rf WKe bR[ LV WKe PedLaQ, aQd WKe bR[

deQRWeV WKe 25WK WR 75WK TXaQWLOeV Rf WKe daWa. TKe YeUWLcaO OLQe UeSUeVeQWV WKe 1.5 LQWeUTXaUWLOe

UaQJe. IQVeW SORWV PaJQLf\ PeaQ aQLPaO VL]e PeaVXUePeQWV fURP KRXU 48. EacK SRLQW

cRUUeVSRQdV WR WKe PeaQ Rf a SRSXOaWLRQ fURP eacK ZeOO. SWaWLVWLcaO VLJQLfLcaQce ZaV caOcXOaWed

XVLQJ a WLOcR[RQ WeVW (QV = QRQ-VLJQLfLcaQW (p-YaOXe > 0.05); *, **, ***, aQd **** = VLJQLfLcaQW

(p-YaOXe < 0.05, 0.01, 0.001, RU 0.0001, UeVSecWLYeO\).
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Figure S3-5. TZo dimensional genome scan for mean animal length.

LRJ Rf WKe RddV (LOD) VcRUeV aUe VKRZQ fRU eacK SaLUZLVe cRPbLQaWLRQ Rf ORcL, VSOLW b\

cKURPRVRPe. TKe XSSeU-OefW WULaQJOe cRQWaLQV WKe eSLVWaVLV LOD VcRUeV aQd WKe ORZeU-ULJKW

WULaQJOe cRQWaLQV WKe LOD VcRUeV fRU WKe fXOO PRdeO. LOD VcRUeV aUe cRORUed, LQcUeaVLQJ fURP

SXUSOe WR JUeeQ WR \eOORZ. TKe LOD VcRUeV fRU WKe eSLVWaVLV PRdeO aUe VKRZQ RQ WKe OefW Rf WKe

cRORU VcaOe aQd WKe LOD VcRUeV fRU WKe fXOO PRdeO aUe VKRZQ RQ WKe ULJKW.
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Figure S3-6. TZo dimensional genome scan for mean animal Zidth.

LRJ Rf WKe RddV (LOD) VcRUeV aUe VKRZQ fRU eacK SaLUZLVe cRPbLQaWLRQ Rf ORcL, VSOLW b\

cKURPRVRPe. TKe XSSeU-OefW WULaQJOe cRQWaLQV WKe eSLVWaVLV LOD VcRUeV aQd WKe ORZeU-ULJKW

WULaQJOe cRQWaLQV WKe LOD VcRUeV fRU WKe fXOO PRdeO. LOD VcRUeV aUe cRORUed, LQcUeaVLQJ fURP

SXUSOe WR JUeeQ WR \eOORZ. TKe LOD VcRUeV fRU WKe eSLVWaVLV PRdeO aUe VKRZQ RQ WKe OefW Rf WKe

cRORU VcaOe aQd WKe LOD VcRUeV fRU WKe fXOO PRdeO aUe VKRZQ RQ WKe ULJKW.
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Figure S3-7. Validating the chromosome IV length-associated QTL.

SWUaLQ JeQRW\SeV aUe dLVSOa\ed aV cRORUed UecWaQJOeV (N2: RUaQJe, CB4856: bOXe) fRU

cKURPRVRPe IV (OefW) aQd LQ JeQeUaO fRU WKe UeVW Rf WKe cKURPRVRPeV (ULJKW). TKe VROLd YeUWLcaO

OLQe UeSUeVeQWV WKe SeaN PaUNeU Rf WKe QTL. TKe daVKed YeUWLcaO OLQeV UeSUeVeQW WKe cRQfLdeQce

LQWeUYaO. (B) ReVLdXaO PeaQ aQLPaO OeQJWK ([-a[LV) LV SORWWed aV TXNe\ bR[ SORWV aJaLQVW VWUaLQ

(\-a[LV). SWaWLVWLcaO VLJQLfLcaQce ZaV caOcXOaWed b\ TXNe\¶V HSD (QV = QRQ-VLJQLfLcaQW, p-YaOXe >

0.05).
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Figure S3-8. Validating the chromosome V Zidth-associated QTL.

SWUaLQ JeQRW\SeV aUe dLVSOa\ed aV cRORUed UecWaQJOeV (N2: RUaQJe, CB4856: bOXe) fRU

cKURPRVRPe V (OefW) aQd LQ JeQeUaO fRU WKe UeVW Rf WKe cKURPRVRPeV (ULJKW). TKe VROLd YeUWLcaO

OLQe UeSUeVeQWV WKe SeaN PaUNeU Rf WKe QTL. TKe daVKed YeUWLcaO OLQeV UeSUeVeQW WKe cRQfLdeQce

LQWeUYaO. (B) ReVLdXaO PeaQ aQLPaO ZLdWK ([-a[LV) LV SORWWed aV TXNe\ bR[ SORWV aJaLQVW VWUaLQ

(\-a[LV). SWaWLVWLcaO VLJQLfLcaQce ZaV caOcXOaWed b\ TXNe\¶V HSD (QV = QRQ-VLJQLfLcaQW, p-YaOXe >

0.05; * aQd *** = VLJQLfLcaQW, p-YaOXe < 0.05 RU 0.001 UeVSecWLYeO\).
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S3-1 Te[t. Reagents used to generate CSSs and NILs.

List of RIAILs used:

SeW 2:

QX115, QX123, QX134, QX144, QX160, QX161, QX175, QX226, QX227, QX231, QX240,
QX241, QX242, QX243, QX244, QX245, QX248, QX250, QX252, QX253, QX254, QX258,
QX261, QX263, QX264, QX265, QX266, QX267, QX268, QX269, QX270, QX271, QX272,
QX273, QX274, QX275, QX276, QX277, QX278, QX279, QX280, QX281, QX282, QX283,
QX284, QX285, QX286, QX287, QX288, QX289, QX290, QX291, QX293, QX294, QX295,
QX296, QX297, QX298, QX299, QX300, QX301, QX302, QX303, QX304, QX305, QX306,
QX307, QX309, QX310, QX311, QX314, QX315, QX316, QX318, QX319, QX320, QX321,
QX322, QX323, QX324, QX325, QX326, QX327, QX328, QX329, QX330, QX331, QX332,
QX333, QX334, QX335, QX336, QX337, QX338, QX339, QX340, QX341, QX343, QX345,
QX346, QX347, QX348, QX349, QX350, QX352, QX353, QX354, QX355, QX356, QX357,
QX358, QX359, QX360, QX361, QX362, QX363, QX364, QX365, QX366, QX367, QX368,
QX369, QX370, QX371, QX372, QX373, QX374, QX375, QX376, QX377, QX378, QX379,
QX380, QX381, QX382, QX383, QX384, QX385, QX386, QX387, QX390, QX391, QX392,
QX393, QX394, QX395, QX396, QX397, QX398, QX399, QX400, QX401, QX402, QX403,
QX404, QX405, QX406, QX407, QX408, QX409, QX410, QX411, QX412, QX413, QX414,
QX416, QX417, QX418, QX419, QX420, QX421, QX423, QX424, QX426, QX427, QX428,
QX429, QX430, QX431, QX432, QX433, QX434, QX435, QX436, QX437, QX438, QX439,
QX440, QX441, QX443, QX444, QX445, QX446, QX447, QX448, QX449, QX450, QX451,
QX452, QX453, QX454, QX455, QX456, QX457, QX458, QX459, QX460, QX461, QX463,
QX464, QX465, QX466, QX467, QX468, QX469, QX470, QX471, QX472, QX473, QX474,
QX475, QX476, QX477, QX478, QX479, QX480, QX481, QX482, QX483, QX484, QX485,
QX486, QX487, QX488, QX489, QX49, QX490, QX491, QX492, QX493, QX494, QX495,
QX496, QX497, QX498, QX500, QX501, QX503, QX506, QX508, QX511, QX512, QX513,
QX514, QX515, QX517, QX520, QX521, QX523, QX524, QX525, QX526, QX527, QX528,
QX529, QX530, QX531, QX533, QX534, QX538, QX539, QX540, QX542, QX545, QX549,
QX550, QX551, QX553, QX554, QX555, QX556, QX557, QX559, QX560, QX561, QX563,
QX564, QX565, QX570, QX572, QX573, QX574, QX579, QX580, QX583, QX585, QX587,
QX588, QX59, QX594, QX596, QX597, QX598, QX61, QX62, QX72, QX78, QX85,
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Reagents to generate CSSs and NILs:

Strain Genot\pe Constructed
from

Left primer Right primer

ECA232 eanIR152[V, CB4856>N2] QX450[N2 RECA799 &
RECA800

RECA745 &
RECA746

ECA575 eanIR324[IV, N2>CB4856] N2[CB4856 RECA1132 &
RECA1133

RECA1135 &
RECA1136

ECA597 eanIR330[IV, CB4856>N2] ECA231[N2 RECA781 &
RECA782

RECA857 &
RECA858

ECA599 eanIR332[IV, N2>CB4856] ECA598[CB4
856

RECA781 &
RECA782

RECA857 &
RECA858

ECA828 eanIR359[X, N2>CB4856] N2[CB4856 RECA1313 &
RECA1314

RECA1246 &
RECA1247

ECA929 eanIR411[X, CB4856>N2] N2[CB4856 RECA1313 &
RECA1314

RECA1246 &
RECA1247

ECA1058 eanIR433[V, N2 > CB4856] ECA1029[CB
4856

RECA1408 &
RECA1409

RECA1341 &
RECA1342

ECA1060 eanIR435[V, N2 > CB4856] ECA554[CB4
856

RECA745 &
RECA746

RECA763 &
RECA764

ECA1064 eanIR439[IV, CB4856>N2] N2[CB4856 RECA1131 &
RECA1132

RECA1135 &
RECA1136

ECA2006 eanIR446[V, CB4856>N2] N2[CB4856 RECA1141 &
RECA1142

RECA1147 &
RECA1148
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Primers:

Primer Genomic position Sequence

RECA745 V:13,110,045 WJcaJaJJWJJaJWaacccW

RECA746 V:13,110,045 cWcJJWcWcWcccccacWaa

RECA763 V:15,121,356 cJcacaWWcWWWaWWWcWJJcJ

RECA764 V:15,121,356 aWcJJccJWWWWWcaccWJa

RECA781 IV:5,110,734 JaJcacWWWJJcJacWWWcJ

RECA782 IV:5,110,734 WccJJJcaaaWWaJWJWJJc

RECA799 V:7,862,556 WWcWcJcWacWJJaacacJc

RECA800 V:7,862,556 WcaaJaaJcJWWJJJaaJWcW

RECA1131 IV:1,039,851 WacccaccJcaWcaaaacca

RECA1132 IV:1,039,851 acaJJcJWWcaaaJacacca

RECA1135 IV:17,317,014 WWWcaJacaJJaaaJcJccW

RECA1136 IV:17,317,014 JWWJaJaJaWccJJaccJac

RECA1141 V:144,547 cWcaWJJJaJWaaccWJJJc

RECA1142 V:144,547 cJJWJacaacJJaJaaWcca

RECA1147 V:20,622,851 JWWWaJWaccaJcJJJJcaW

RECA1148 V:20,622,851 WJcaWWccJacccaaJaJac

RECA1246 X:11,696,902 WJcJJWJJJacWWWWcWWJW

RECA1247 X:11,696,902 JWcccaJcaWJWaaccJWcW

RECA1313 X:8,038,337 JcWJWJcaJJacWJJaWJWa

RECA1314 X:8,038,337 WJcWWWcWJaWcWJWJccJW

RECA1341 V:7,104,674 cccaWccccacaaWJWWWcJ

RECA1342 V:7,104,674 aaWcJacJaJWJJcacWWJW

RECA1408 V:3,778,859 cacJWJcccWWWWJcaaWJa

RECA1409 V:3,778,859 JaJcWcccJJaaaacWcJaa
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4

4. eas\Xpress: An R package to anal\]e and
Yisuali]e C. eleganV microscop\ data

generated using CellProfiler

I feeO WKaW WKe SURMecW deVcULbed LQ WKLV cKaSWeU ZaV WKe PRVW UeZaUdLQJ Rf P\ dRcWRUaO UeVeaUcK. I

MRLQed WKe AQdeUVeQ Lab ZLWK aQ LQWURdXcWRU\ OeYeO Rf cRdLQJ e[SeULeQce LQ P\WKRQ aQd OLWWOe

NQRZOedJe Rf R. MaNLQJ TXLcN VWXd\ Rf WKe QeZ SURJUaPPLQJ OaQJXaJe, I KaYe VLQce faOOeQ Kead

RYeU KeeOV LQ ORYe ZLWK LW. NRZ, I XVe R WR QRW RQO\ aQaO\]e daWa bXW aOVR JeQeUaWe UeSRUWV, bXLOd

ZebVLWeV, aQd eYeQ ZULWe WKLV WKeVLV (WKaQN \RX, bRRNdRZQ! [182]). TKLV cKaSWeU deVcULbeV WKe R

SacNaJe I KeOSed deYeORS fRU KaQdOLQJ KLJK-WKURXJKSXW C. elegans PLcURVcRS\ daWa ZKLcK ZaV

SXbOLVKed LQ PLoS ONE LQ 2021 [183]. I aP be\RQd ecVWaWLc WR cRQWULbXWe WR WKe RSeQ-VRXUce aQd

#rstats ZRUOdV aQd KRSe WR cRQWLQXe WR dR VR LQ P\ fXWXUe.
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4.1. ABSTRACT

HLJK-WKURXJKSXW LPaJLQJ WecKQLTXeV KaYe becRPe ZLdeVSUead LQ PaQ\ fLeOdV Rf bLRORJ\. TKeVe

SRZeUfXO SOaWfRUPV JeQeUaWe OaUJe TXaQWLWLeV Rf daWa WKaW caQ be dLffLcXOW WR SURceVV aQd YLVXaOL]e

effLcLeQWO\ XVLQJ e[LVWLQJ WRROV. We deYeORSed eaV\XSUeVV WR SURceVV aQd UeYLeZ C. elegans

KLJK-WKURXJKSXW PLcURVcRS\ daWa LQ WKe R eQYLURQPeQW. TKe SacNaJe SURYLdeV a ORJLcaO

ZRUNfORZ fRU WKe UeadLQJ, aQaO\VLV, aQd YLVXaOL]aWLRQ Rf daWa JeQeUaWed XVLQJ CeOOPURfLOeU¶V

WRUPTRRObR[. We eTXLSSed eaV\XSUeVV ZLWK SRZeUfXO fXQcWLRQV WR cXVWRPL]e WKe fLOWeULQJ Rf

QRLVe LQ daWa, VSecLfLcaOO\ b\ LdeQWLf\LQJ aQd UePRYLQJ RbMecWV WKaW deYLaWe fURP e[SecWed aQLPaO

PeaVXUePeQWV. TKLV fOe[LbLOLW\ LQ daWa fLOWeULQJ aOORZV XVeUV WR RSWLPL]e WKeLU aQaO\VLV SLSeOLQe WR

PaWcK WKeLU QeedV. IQ addLWLRQ, eaV\XSUeVV LQcOXdeV WRROV fRU JeQeUaWLQJ deWaLOed YLVXaOL]aWLRQV,

aOORZLQJ WKe XVeU WR LQWeUacWLYeO\ cRPSaUe VXPPaU\ VWaWLVWLcV acURVV ZeOOV aQd SOaWeV ZLWK eaVe.

ReVeaUcKeUV VWXd\LQJ C. elegans beQefLW fURP WKLV VWUeaPOLQed aQd e[WeQVLbOe SacNaJe aV LW LV

cRPSOePeQWaU\ WR CeOOPURfLOeU aQd OeYeUaJeV WKe R eQYLURQPeQW WR UaSLdO\ SURceVV aQd aQaO\]e

OaUJe KLJK-WKURXJKSXW LPaJLQJ daWaVeWV.

4.2. INTRODUCTION

DeYeORSPeQWV LQ KLJK-WKURXJKSXW LPaJLQJ WecKQLTXeV KaYe Oed WR a UaSLd LQcUeaVe LQ WKeVe daWa.

ReVeaUcKeUV aUe abOe WR PRYe aZa\ fURP WKe OabRULRXV PaQXaO cROOecWLRQ Rf LPaJeV WKaW W\SLcaOO\

OLPLWV OaUJe-VcaOe aQaO\VeV [184]. FXUWKeUPRUe, WKeVe adYaQceV KaYe eQabOed VcLeQWLVWV WR cROOecW

daWa Rf LQWacW ceOOV, WLVVXeV, aQd ZKROe-RUJaQLVPV ZLWK LQcUeaVed WePSRUaO aQd VSaWLaO UeVROXWLRQ

[185]. HRZeYeU, W\SLcaO XVeUV UeTXLUe VRfWZaUe PeWKRdV fRU effLcLeQW KaQdOLQJ, aQaO\VLV, aQd

YLVXaOL]aWLRQ WR PaNe WKe PRVW Rf WKeVe e[WeQVLYe LPaJe daWaVeWV.
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C. elegans LV a JORbaOO\ dLVWULbXWed, fUee-OLYLQJ URXQdZRUP QePaWRde WKaW LV aPeQabOe WR

PaQ\ W\SeV Rf e[SeULPeQWaO bLRORJ\. TKe C. elegans ceOO OLQeaJe LV cRPSOeWeO\ cKaUacWeUL]ed

[33], aQd WKe C. elegans cRQQecWRPe LV cRPSOeWeO\ PaSSed [186], PaNLQJ WKeVe aQLPaOV aQ

e[ePSOaU\ PRdeO fRU deYeORSPeQWaO bLRORJ\ aQd QeXURbLRORJ\. TKe VSecLeV caQ aOVR be UaSLdO\

UeaUed LQ OaUJe, JeQeWLcaOO\ dLYeUVe SRSXOaWLRQV LQ OabRUaWRU\ VeWWLQJV, SURYLdLQJ XQSaUaOOeOed

VWaWLVWLcaO SRZeU fRU e[SeULPeQWaO bLRORJ\ cRPSaUed WR aQ\ RWKeU PeWa]RaQ [187]. FXUWKeUPRUe,

PeWabROLc aQd deYeORSPeQWaO SaWKZa\V LQ C. elegans aUe cRQVeUYed LQ KXPaQV [39].

HLJK-WKURXJKSXW LPaJLQJ WecKQRORJLeV caQ LPSURYe C. elegans VWXdLeV b\ LQcUeaVLQJ

e[SeULPeQWaO effLcLeQc\, VcaOabLOLW\, aQd TXaOLW\. E[LVWLQJ V\VWePV fRU aXWRPaWed LPaJe

acTXLVLWLRQ, VXcK aV WKe MROecXOaU DeYLceV IPaJeXSUeVV SOaWfRUPV JeQeUaWe LPaJeV Rf

QePaWRdeV WKaW caQ be aQaO\]ed ZLWK VRfWZaUe OLNe CeOOPURfLOeU¶V WRUPTRRObR[ [188] WR e[WUacW

QePaWRde SKeQRW\Se LQfRUPaWLRQ. TKLV VRfWZaUe XVeV SURbabLOLVWLc QePaWRde PRdeOV WUaLQed RQ

XVeU-VeOecWed aQLPaOV WR aXWRPaWe WKe VeJPeQWaWLRQ Rf QePaWRdeV fURP WKe bacNJURXQd Rf LPaJeV

LQ KLJK-WKURXJKSXW. AV a UeVXOW, CeOOPURfLOeU¶V WRUPTRRObR[ LV abOe WR PeaVXUe KXQdUedV Rf

SKeQRW\SeV UeOaWed WR aQLPaO VKaSe, LQWeQVLW\, aQd We[WXUe. IPSOePeQWLQJ WKLV VRfWZaUe fRU

OaUJe-VcaOe LPaJLQJ e[SeULPeQWV caQ JeQeUaWe OaUJe TXaQWLWLeV Rf daWa WKaW UeTXLUeV addLWLRQaO

aQaO\VLV VRfWZaUe fRU UeOLabOe aQd UeSURdXcLbOe KaQdOLQJ, SURceVVLQJ, aQd YLVXaOL]aWLRQ.

CeOOPURfLOeU AQaO\VW ZaV deYeORSed WR RffeU WRROV fRU WKe aQaO\VLV Rf LPaJe-baVed daWaVeWV, bXW

WKLV VRfWZaUe LV QRW LQWeJUaWed ZLWK PRdeUQ VWaWLVWLcaO eQYLURQPeQWV. We VRXJKW WR deVLJQ a

UeVRXUce WKaW facLOLWaWeV WKe e[SORUaWLRQ Rf CeOOPURfLOeU daWa LQ WKe R eQYLURQPeQW [189], ZKeUe

WKLV OLPLWaWLRQ caQ be eOLPLQaWed. TKe R OaQJXaJe SURYLdeV e[WeQVLYe RSeQ-VRXUce VWaWLVWLcaO aQd

daWa YLVXaOL]aWLRQ WRROV WKaW aUe ZeOO VXSSRUWed b\ WKe XVeU cRPPXQLW\. IQ OeYeUaJLQJ R, Ze aUe
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abOe WR cUeaWe a fOe[LbOe WRRO WKaW caQ be UaSLdO\ LQWeJUaWed ZLWK RWKeU VWaWLVWLcaO R SacNaJeV WR VXLW

SURMecW-VSecLfLc aQaO\VLV QeedV.

We deYeORSed eaV\XSUeVV, a VRfWZaUe SacNaJe fRU WKe R VWaWLVWLcaO SURJUaPPLQJ

OaQJXaJe, WR aVVLVW LQ WKe SURceVVLQJ, aQaO\VLV, aQd YLVXaOL]aWLRQ Rf C. elegans daWa JeQeUaWed

XVLQJ CeOOPURfLOeU. eaV\XSUeVV SURYLdeV WRROV fRU TXaOLW\ cRQWURO, VXPPaUL]aWLRQ, aQd

YLVXaOL]aWLRQ Rf LPaJe-baVed C. elegans SKeQRW\Se daWa. BXLOW WR be cRPSOePeQWaU\ WR

CeOOPURfLOeU, WKLV SacNaJe SURYLdeV a VWUeaPOLQed ZRUNfORZ fRU WKe UaSLd TXaQWLWaWLYe aQaO\VLV Rf

KLJK-WKURXJKSXW LPaJLQJ daWaVeWV.

4.3. MATERIALS AND METHODS

4.3.1. Preparation of animals for imaging

BOeacK-V\QcKURQL]ed aQLPaOV ZeUe fed E. coli HB101 bacWeULa VXVSeQded aQd aOORZed WR deYeORS

aW 20�C ZLWK cRQWLQXRXV VKaNLQJ. AQLPaOV LQ 96-ZeOO PLcURWLWeU SOaWeV ZeUe WLWeUed WR

aSSUR[LPaWeO\ 30 aQLPaOV SeU ZeOO. PULRU WR LPaJLQJ, aQLPaOV ZeUe WUeaWed ZLWK VRdLXP a]Lde (50

PM LQ 1X M9) fRU 10 PLQXWeV WR SaUaO\]e aQd VWUaLJKWeQ WKeLU bRdLeV.

4.3.2. Imaging

AQLPaOV LQ PLcURWLWeU SOaWeV ZeUe LPaJed aW 2X PaJQLfLcaWLRQ ZLWK aQ IPaJeXSUeVV NaQR

(MROecXOaU DeYLceV, SaQ JRVe, CA). TKe IPaJeXSUeVV NaQR acTXLUeV bULJKWfLeOd LPaJeV ZLWK a

4.7 PeJaPL[eO CMOS caPeUa aQd aUe VWRUed LQ 16-bLW TIFF fRUPaW. TKe LPaJeV ZeUe SURceVVed

XVLQJ CeOOPURfLOeU VRfWZaUe (fRU deWaLOV Vee KWWSV://JLWKXb.cRP/AQdeUVeQLab/CeOOPURfLOeU).
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4.3.3. Paraquat dose response

A 1.5 M VROXWLRQ Rf SaUaTXaW (MeWK\O YLRORJeQ dLcKORULde, SLJPa, 856177-1G) ZaV SUeSaUed LQ

VWeULOe ZaWeU, aOLTXRWed, aQd fUR]eQ aW -20�C XQWLO XVed. E[SeULPeQWaO aQLPaOV ZeUe JURZQ aW

20�C aQd fed OP50 bacWeULa VSRWWed RQ PRdLfLed QePaWRde JURZWK PedLXP, cRQWaLQLQJ 1% aJaU

aQd 0.7% aJaURVe WR SUeYeQW aQLPaOV fURP bXUURZLQJ. AfWeU WKUee JeQeUaWLRQV Rf SaVVaJLQJ,

aQLPaOV ZeUe bOeacK-V\QcKURQL]ed aQd ePbU\RV ZeUe WUaQVfeUUed WR WKe ZeOOV Rf 96-ZeOO

PLcURSOaWeV. EacK ZeOO cRQWaLQed aSSUR[LPaWeO\ 30 ePbU\RV LQ 50 �L Rf K PedLXP [190].

MLcURSOaWeV ZeUe LQcXbaWed RYeUQLJKW aW 20�C ZLWK cRQWLQXRXV VKaNLQJ. TKe fROORZLQJ da\,

aUUeVWed L1 aQLPaOV ZeUe fed HB101 bacWeULa VXVSeQded LQ K PedLXP. AW WKe WLPe Rf feedLQJ,

WKe aQLPaOV ZeUe aOVR e[SRVed WR SaUaTXaW aW RQe Rf VL[ cRQceQWUaWLRQV (0, 7.81, 31.25, 125, 500,

2000 �M) b\ VeULaO dLOXWLRQ Rf a fUeVKO\ WKaZed aOLTXRW Rf 1.5 M SaUaTXaW VROXWLRQ. TKe fLQaO

YROXPe LQ eacK ZeOO afWeU dRVLQJ aQd feedLQJ ZaV 75 �L. TKe aQLPaOV ZeUe WKeQ JURZQ fRU 48

KRXUV aW 20�C ZLWK cRQWLQXRXV VKaNLQJ, afWeUZaUdV WKe PLcURSOaWeV ZeUe LPaJed WR aVVeVV WKe

effecWV Rf SaUaTXaW e[SRVXUe RQ QePaWRde deYeORSPeQW.

4.3.4. Naming conYentions

SeYeUaO fXQcWLRQV LQ WKe eas\Xpress SacNaJe UeTXLUe VSecLfLc QaPLQJ cRQYeQWLRQV WR ZRUN

SURSeUO\. FRU fXOO deWaLOV UeJaUdLQJ eVVeQWLaO fLOe QaPLQJ aQd dLUecWRU\ VWUXcWXUe Vee WKe SacNaJe

UeSRVLWRU\ (KWWSV://JLWKXb.cRP/AQdeUVeQLab/eaV\XSUeVV). IPSRUWaQWO\, ZKeQ XVLQJ WKe MeWadaWa

PRdXOe LQ CeOOPURfLOeU WR e[WUacW LQfRUPaWLRQ deVcULbLQJ \RXU LPaJeV, VSecLfLc cROXPQ QaPeV aUe

VXJJeVWed (TabOe 1).
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Table 4-1. Suggested naming conYentions for CellProfiler metadata.

Image_FileName_RaZBF Image_PathName_RaZBF
Metadata_

Date
Metadata_E[p

eriment
Metadata_

Plate
Metadata_Magni

fication Metadata_Well

20191119-JURZWK-S05-P2X_C03.
TIF

/CeOOPURfLOeU/e[aPSOe/UaZ_LPaJ
eV 20191119 JURZWK S05 P2X C03

20191119-JURZWK-S06-P2X_C09.
TIF

/CeOOPURfLOeU/e[aPSOe/UaZ_LPaJ
eV 20191119 JURZWK S06 P2X C09

20191119-JURZWK-S09-P2X_C06.
TIF

/CeOOPURfLOeU/e[aPSOe/UaZ_LPaJ
eV 20191119 JURZWK S09 P2X C06

TKe QaPLQJ Rf ³MeWadaWa_POaWe´ aQd ³MeWadaWa_WeOO´ aUe eVVeQWLaO WR WKe setflags(),

viewPlate(), viewWell(), aQd viewDose() fXQcWLRQV. AddLWLRQaOO\, ³IPaJe_fLOeNaPe_RaZBF´ aQd

³IPaJe_PaWKNaPe_RaZBF´ aUe QeceVVaU\ fRU WKe SURSeU fXQcWLRQ Rf viewDose().

4.3.5. Data aYailabilit\

TKe eQWLUeW\ Rf WKe eaV\XSUeVV SacNaJe LV ZULWWeQ LQ WKe R OaQJXaJe aQd LV fUee WR LQVWaOO acURVV

aQ\ V\VWeP VXSSRUWLQJ R, LQcOXdLQJ LLQX[, MacOSX, aQd WLQdRZV. TKe cRPSOeWe VRXUce cRde,

e[aPSOe daWa, e[WeQVLYe dRcXPeQWaWLRQ, aQd LQVWaOOaWLRQ deWaLOV aUe aYaLOabOe RQ GLWHXb. A

WXWRULaO RQ WKe XVaJe Rf eaV\XSUeVV aQd WKe aYaLOabOe fXQcWLRQV, caQ be fRXQd aW

KWWSV://USXbV.cRP/MQ\aaQJa/765641. TKLV SacNaJe LV RSeQ-VRXUce; fRU XSdaWeV aQd WR VXbPLW

cRPPeQWV, YLVLW KWWSV://JLWKXb.cRP/AQdeUVeQLab/eaV\XSUeVV.

4.4. RESULTS

4.4.1. Design and implementation

TKe eaV\XSUeVV SacNaJe LV deVLJQed WR be VLPSOe aQd acceVVLbOe WR XVeUV faPLOLaU ZLWK WKe R

eQYLURQPeQW. TKe eaV\XSUeVV SacNaJe cRPSULVeV QLQe fXQcWLRQV fRU UeadLQJ, SURceVVLQJ, aQd

YLVXaOL]LQJ OaUJe KLJK-WKURXJKSXW LPaJe-baVed daWaVeWV acTXLUed fURP PLcURSOaWe-baVed aVVa\V

SURceVVed ZLWK CeOOPURfLOeU (Figure 4-1). BecaXVe RXU VRfWZaUe LV bXLOW WR KaQdOe CeOOPURfLOeU
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daWa aV LQSXW, Ze VXJJeVW XVeUV UeYLeZ WKe RYeUYLeZ aQd aSSOLcaWLRQV Rf CeOOPURfLOeU aV a

SUeUeTXLVLWe deVcULSWLRQ Rf daWa JeQeUaWLRQ [188]. BeORZ, Ze deVcULbe WKe ZRUNfORZ fRU XVeUV WR

aQaO\]e WKeLU LPaJe daWa ZLWK eaV\XSUeVV.

Figure 4-1. eas\Xpress ZorkfloZ. TKe VXJJeVWed ZRUNfORZ fRU XVLQJ WKe eaV\XSUeVV SacNaJe

VWaUWV ZLWK UaZ daWa JeQeUaWed fURP CeOOPURfLOeU. FRU PRUe LQfRUPaWLRQ RQ LPSOePeQWLQJ

CeOOPURfLOeU WR JeQeUaWe daWa, Vee KWWSV://JLWKXb.cRP/AQdeUVeQLab/CeOOPURfLOeU. ReadLQJ VWeSV aUe

VKRZQ LQ bOXe, SURceVVLQJ VWeSV aUe VKRZQ LQ JUeeQ, aQd YLVXaOL]aWLRQ VWeSV aUe VKRZQ LQ \eOORZ.

4.4.2. Data import and model assignment

TR Uead LQ CeOOPURfLOeU daWa fLOeV, Ze SURYLde readXpress(). MeaVXUePeQWV caOcXOaWed b\

CeOOPURfLOeU caQ be e[SRUWed LQ a cRPPa-VeSaUaWed YaOXe (cVY) fLOe aQd acceVVed XVLQJ

readXpress(). FRU OaUJe-VcaOe, KLJK-WKURXJKSXW e[SeULPeQWV, XVeUV caQ ePSOR\ a cRPSXWLQJ

cOXVWeU fRU LQcUeaVed aQaO\VLV VSeed (KWWSV://JLWKXb.cRP/AQdeUVeQLab/CeOOPURfLOeU). IQ WKLV caVe,
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CeOOPURfLOeU daWa VWRUed LQ .RDaWa fRUPaW LV acceVVed XVLQJ readXpress(). AddLWLRQaOO\, WKe

fXQcWLRQ caQ RSWLRQaOO\ LPSRUW a deVLJQ fLOe cUeaWed b\ WKe XVeU cRQWaLQLQJ e[SeULPeQWaO

WUeaWPeQWV aQd cRQdLWLRQV. TKLV deVLJQ fLOe LV MRLQed WR WKe CeOOPURfLOeU daWa aQd RXWSXW aV a VLQJOe

daWafUaPe.

CeOOPURfLOeU¶V WRUPTRRObR[ deWecWV aQd PeaVXUeV WKe SKeQRW\SeV Rf LQdLYLdXaO aQLPaOV

baVed RQ XVeU-caOLbUaWed PRdeOV Rf YaULabLOLW\ LQ bRd\ VL]e aQd VKaSe [188]. TR effecWLYeO\ deWecW

aQLPaOV LQ a PL[ed-VWaJe SRSXOaWLRQ, PXOWLSOe ZRUP PRdeOV PXVW be XVed. HRZeYeU, XVLQJ

PXOWLSOe ZRUP PRdeOV cUeaWeV a RQe-WR-PaQ\ UeOaWLRQVKLS beWZeeQ UeaO aQLPaOV aQd WKeLU

PeaVXUed SKeQRW\Se (Figure S4-1). We KaYe LQcOXded WKe fXQcWLRQ modelSelection() WR aQQRWaWe

WKLV LQfRUPaWLRQ fRU dRZQVWUeaP aQaO\VLV. IQ LQVWaQceV ZKeUe PXOWLSOe ZRUP PRdeO RbMecWV aUe

aVVLJQed WR a VLQJOe SULPaU\ RbMecW, modelSelection() ZLOO LdeQWLf\ WKe beVW fLWWLQJ PRdeO. MRdeOV

aUe fLUVW UaQNed b\ fUeTXeQc\ LQ WKe daWaVeW VXcK WKaW WKe VPaOOeVW PRdeO LV cOaVVLfLed aV WKe PRVW

fUeTXeQWO\ RccXUULQJ aQd WKe OaUJeVW PRdeO LV WKe OeaVW fUeTXeQWO\ RccXUULQJ. IQ RXU e[SeULeQce,

WKe PRVW fUeTXeQWO\ RccXULQJ PRdeO LQ WKe daWaVeW KaV WKe VPaOOeVW VL]e becaXVe LW LV RfWeQ

UeSeaWedO\ aVVLJQed WR a VLQJOe SULPaU\ RbMecW. CRQYeUVeO\, WKe OeaVW fUeTXeQWO\ RccXUULQJ PRdeO

LQ WKe daWaVeW KaV WKe OaUJeVW VL]e aV LW LV abOe WR defLQe WKe eQWLUe VL]e Rf aQ aQLPaO, aQd LV WKXV

aVVLJQed WR a SULPaU\ RbMecW RQO\ RQce. TKe OaUJeVW UaQNed PRdeO RccXULQJ ZLWKLQ a VLQJOe

SULPaU\ RbMecW LV WKeQ VeOecWed aV WKe beVW fLWWLQJ PRdeO fRU WKaW SULPaU\ RbMecW. If QeceVVaU\,

modelSelection() ZLOO aOVR VSecLf\ ZKeWKeU WKe VeOecWed PRdeO RbMecW ZaV UeSeaWedO\ aVVLJQed WR

WKe VaPe SULPaU\ RbMecW aQd fOaJ WKLV eYeQW aV a cOXVWeU. TKLV SURbOeP RccXUV LQ LQVWaQceV ZKeUe a

PRdeO RbMecW LV UeSeaWedO\ aVVLJQed WR a VLQJOe SULPaU\ RbMecW. If WKe OaUJeVW PRdeO RbMecW LV

fRXQd WR RccXU UeSeaWedO\ LQ a VLQJOe SULPaU\ RbMecW, WKLV PRdeO ZLOO be VeOecWed aQd a cOXVWeU fOaJ
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ZLOO be added (Figure S4-1C). TKe modelSelection() VWeS LV eVVeQWLaO WR UeVROYe caVeV ZKeUe

PXOWLSOe LQVWaQceV Rf a VeOecWed PRdeO RbMecW aUe aVVLJQed WR a VLQJOe SULPaU\ RbMecW, WKXV

cRQWULbXWLQJ WR LQaccXUaWe SKeQRW\Se PeaVXUePeQWV.

4.4.3. Data pruning and summari]ation

OQce WKe daWa aUe Uead LQWR WKe R VWaWLVWLcaO eQYLURQPeQW, LW LV cUXcLaO WR RSWLPL]e daWa TXaOLW\

befRUe LQ-deSWK aQaO\VLV. UQeYeQ ZeOO LOOXPLQaWLRQ caQ KLQdeU WKe SeUfRUPaQce Rf CeOOPURfLOeU¶V

RbMecW LdeQWLfLcaWLRQ aQd SKeQRW\Se e[WUacWLRQ. DeVSLWe cRUUecWLQJ fRU XQeYeQ LOOXPLQaWLRQ ZLWKLQ

a ZeOO, dLVceUQLQJ fRUeJURXQd RbMecWV fURP bacNJURXQd caQ be eVSecLaOO\ cKaOOeQJLQJ QeaU WKe

SeULSKeU\ Rf WKe ZeOO aQd caQ add QRLVe WR QePaWRde SKeQRW\Se daWa (Figure S4-2). TKe fXQcWLRQ

edgeFlag() ZaV ZULWWeQ WR LdeQWLf\ aQd fOaJ aQLPaOV ORcaWed QeaU WKe edJe Rf cLUcXOaU ZeOOV XVLQJ

WKe ceQWURLd cRRUdLQaWeV Rf WKe VeOecWed PRdeO RbMecW. B\ defaXOW, WKe fXQcWLRQ VeWV WKe UadLXV Rf

eYeQ LOOXPLQaWLRQ fURP WKe LPaJe ceQWeU WR 825 SL[eOV, bXW WKLV SaUaPeWeU caQ be adMXVWed b\ WKe

XVeU WR VeUYe SURMecW-VSecLfLc aQaO\VeV.

We aOVR deYeORSed setFlags() LQ cRQMXQcWLRQ ZLWK edgeFlag() WR fXUWKeU addUeVV daWa

SRLQWV WKaW deYLaWe fURP WKe e[SecWed aQLPaO PeaVXUePeQWV. TKe fXQcWLRQ setFlags() WaNeV WKe

RXWSXW Rf edgeFlags() aQd deWecWV RXWOLeU PeaVXUePeQWV aPRQJ aOO PeaVXUePeQWV ZLWKLQ a ZeOO

XVLQJ TXNe\¶V feQceV [191]. B\ defaXOW, RXWOLeU caOcXOaWLRQV aUe SeUfRUPed b\ e[cOXdLQJ daWa

LdeQWLfLed b\ modelSelection() aV SaUW Rf a cOXVWeU aV ZeOO aV daWa LQ cORVe SUR[LPLW\ WR WKe ZeOO

edJe. HRZeYeU, setFlags() LV cXVWRPL]abOe, aOORZLQJ WKe XVeU WR VSecLf\ ZKLcK fLOWeUV WR LQcOXde.

edgeFlag() aQd setFlags() ZeUe deVLJQed WR aOORZ fRU aQaO\VLV-VSecLfLc RSWLPL]aWLRQ ZKeQ

KaQdOLQJ YaULRXV e[SeULPeQWaO daWaVeWV. TKLV fOe[LbLOLW\ LQ daWa fLOWeULQJ PaNeV eaV\XSUeVV

e[WeQVLbOe WR PaQ\ XQLTXe SURMecWV.
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OQce daWa aUe adeTXaWeO\ fOaJJed, WKe fXQcWLRQ process() RUJaQL]eV WKe daWa LQWR a OLVW

cRQWaLQLQJ fRXU eOePeQWV: UaZ daWa, SURceVVed daWa, aQd VXPPaULeV fRU bRWK daWaVeWV. TKe UaZ

daWa eOePeQW LV WKe CeOOPURfLOeU daWa fROORZLQJ modelSelection() aQd fOaJ aQQRWaWLRQ. TKe

SURceVVed daWa aUe JeQeUaWed b\ defaXOW afWeU VXbVeTXeQW UePRYaO Rf aOO cOXVWeU, edJe, aQd RXWOLeU

fOaJV. If a XVeU LQcOXdeV daWa aQQRWaWed aV cOXVWeUV RU edJe caVeV LQ setFlags(), cOXVWeU aQd edJe

caVeV ZLOO be UeWaLQed LQ WKe SURceVVed daWa RXWSXW. FLQaOO\, LW LV RfWeQ XVefXO WR VXPPaUL]e daWa

b\ ZeOO WR LQWeUSUeW SaWWeUQV VSecLfLc WR e[SeULPeQWaO YaULabOeV. AOWeUQaWLYeO\, PeaVXUePeQWV Pa\

be VXPPaUL]ed b\ RWKeU e[SeULPeQWaO facWRUV accRUdLQJ WR WKe LQdLYLdXaO e[SeULPeQWeU¶V SOaWe

deVLJQ. process() aLdV LQ WKe VXPPaUL]aWLRQ Rf bRWK WKe UaZ aQd SURceVVed daWa eOePeQWV. TKLV

fXQcWLRQ cRPSUeKeQVLYeO\ caOcXOaWeV WKe PeaQV, YaULaQceV, TXaQWLOeV, PLQLPXP, aQd Pa[LPXP

YaOXeV Rf aQLPaO OeQJWK fRU aQ\ e[SeULPeQWaO XQLW (e.g. ZeOO). We KaYe aOVR LQcOXded WKe ZUaSSeU

fXQcWLRQ Xpress() WR acceOeUaWe WKe LPSRUW aQd SURceVVLQJ Rf CeOOPURfLOeU daWa. Xpress() ZLOO

SeUfRUP WKe abRYe fXQcWLRQV ZLWK aOO defaXOW VeWWLQJV, bXW a XVeU caQ aOWeU LQSXW aUJXPeQWV WR

beWWeU VXLW SURMecW VSecLfLc QeedV.

4.4.4. Visuali]ation

TKe eaV\XSUeVV SacNaJe SURYLdeV VeYeUaO SORWWLQJ fXQcWLRQV WR aOORZ XVeUV WR e[SORUe WKe daWa

WKURXJK deWaLOed aQd eOeJaQW YLVXaOL]aWLRQV. AfWeU daWa VXPPaUL]aWLRQ, LW LV RfWeQ XVefXO WR LQVSecW

WKe YaOXeV Rf WKe VXPPaU\ VWaWLVWLcV LQ RUdeU WR UecRJQL]e SaWWeUQV RU LdeQWLf\ SRWeQWLaO RXWOLeU

daWa. We SURYLde viewPlate() WR aVVLVW ZLWK WKe YLVXaOL]aWLRQ Rf PeaQ aQLPaO OeQJWK ZLWKLQ eacK

ZeOO acURVV a PLcURWLWeU SOaWe (Figure 4-2). TKLV fXQcWLRQ acceSWV eLWKeU UaZ RU SURceVVed daWa WR
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JeQeUaWe aQ LQWeUacWLYe SORW WKaW aOORZV XVeUV WR VcaQ acURVV a SOaWe WR deWeUPLQe WKe QXPbeU Rf

RbMecWV SUeVeQW ZLWKLQ LQdLYLdXaO ZeOOV.

Figure 4-2. E[ample plot generated b\ YieZPlaWe(). WeOO-ZLVe SORW Rf PeaQ aQLPaO OeQJWK

(ȝP) fURP WKe VXPPaUL]ed SURceVVed daWa. IQWeUacWLYe feaWXUe eQabOeV WKe aVVeVVPeQW Rf WKe

QXPbeU Rf aQLPaOV SeU ZeOO.

TR cRPSOePeQW WKe WRS-OeYeO daWa YLVXaOL]aWLRQ SURYLded b\ viewPlate(), Ze KaYe

LQcOXded viewWell() WR aOORZ XVeUV WR deeSO\ e[SORUe daWa ZLWKLQ LQdLYLdXaO ZeOOV. TKLV fXQcWLRQ

JeQeUaWeV a SORW Rf WKe ZeOO LPaJe fROORZLQJ CeOOPURfLOeU aQaO\VLV ZLWK aOO RbMecWV aQQRWaWed ZLWK

WKeLU aVVLJQed cOaVV (Figure 4-3). AddLWLRQaOO\, viewWell() caQ RSWLRQaOO\ JeQeUaWe a bR[SORW Rf

WKe OeQJWK YaOXeV fRU eacK RbMecW. TKLV SORWWLQJ fXQcWLRQ LV eVSecLaOO\ XVefXO becaXVe LW eQabOeV

UaSLd TXaOLWaWLYe aVVeVVPeQW Rf RbMecW cOaVVLfLcaWLRQ SeUfRUPaQce. B\ RYeUOa\LQJ WKe PRdeO RbMecW
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cOaVVLfLcaWLRQV RQ WKe ZeOO LPaJe, XVeUV caQ TXLcNO\ deWeUPLQe ZKeWKeU CeOOPURfLOeU cOaVVLfLed

RbMecWV aV e[SecWed RU ZKeWKeU eUURUV LQ PRdeO VeOecWLRQ RU daWa fOaJV RccXUUed.
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Figure 4-3. E[ample plots generated b\ YieZWell(). TKe fXQcWLRQ viewWell() facLOLWaWeV WKe

e[SORUaWLRQ Rf daWa ZLWKLQ aQ LQdLYLdXaO ZeOO. WeOO LPaJeV dLVSOa\LQJ eaV\XSUeVV UaZ (A) aQd

SURceVVed (B) daWa aUe aQQRWaWed ZLWK WKe ORcaWLRQ Rf eacK PRdeO RbMecW ceQWURLd (cLUcOeV) aQd aUe

cRORUed b\ RbMecW cOaVV LQ WKe OeJeQd (OefW). AQLPaOV aUe RXWOLQed LQ dLffeUeQW cRORUV WR LQdLcaWe WKe

PRdeO RbMecW(V) LdeQWLfLed fRU eacK SULPaU\ RbMecW (Vee Figure S4-1). TKe OeQJWK Rf eacK RbMecW LV

dLVSOa\ed aV a bR[SORW (ULJKW). WeOO edJe cLUcXPfeUeQce defLQed b\ WKe fXQcWLRQ edgeFlag() LV

VKRZQ LQ Ued.

LaVWO\, Ze KaYe deYeORSed WKe fXQcWLRQ viewDose() WR aOORZ fRU WKe YLVXaOL]aWLRQ Rf dRVe

UeVSRQVe daWa. C. elegans aUe RfWeQ XVed WR VWXd\ cRQVeUYed UeVSRQVeV WR YaULRXV cRPSRXQdV

[82,84,117,192,193]. viewDose() aOORZV a XVeU WR YLVXaOO\ e[aPLQe WKe effecW Rf a cRPSRXQd RQ

aQLPaO VL]e aQd VKaSe RYeU a UaQJe Rf cRQceQWUaWLRQV (Figure 4-4). B\ VSecLf\LQJ WKe VWUaLQ aQd

cRPSRXQd Rf LQWeUeVW, a SORW Rf UeSUeVeQWaWLYe ZeOOV ZLOO be JeQeUaWed WKaW LQcOXdeV OabeOV fRU

eacK LdeQWLfLed RbMecW.
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Figure 4-4. E[ample plots generated b\ YieZDoVe(). TKe fXQcWLRQ viewDose() SORWV

UeSUeVeQWaWLYe UaZ (A) RU SURceVVed (B) ZeOO LPaJeV ZLWK RbMecWV aQQRWaWed b\ PRdeO cOaVV fRU

eacK dRVe Rf a VeOecWed dUXJ aQd VWUaLQ. TKe OeQJWK PeaVXUePeQWV Rf UaZ (C) aQd SURceVVed (D)

aUe aOVR VKRZQ.
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4.4.5. Application to C. eleganV groZth data

We eYaOXaWed eaV\XSUeVV XVLQJ daWa cROOecWed fURP a C. elegans JURZWK e[SeULPeQW [87].

AQLPaOV ZeUe LPaJed WKURXJKRXW WKe eQWLUe OLfe c\cOe, beJLQQLQJ aW WKe fLUVW OaUYaO (L1) VWaJe aQd

cRQWLQXLQJ XQWLO adXOWKRRd. IPaJeV ZeUe WKeQ SURceVVed ZLWK CeOOPURfLOeU¶V WRUPTRRObR[ aQd

aQaO\]ed XVLQJ eaV\XSUeVV. DXULQJ WKe LPSOePeQWaWLRQ Rf eaV\XSUeVV, fRXU XQLTXe ZRUP PRdeOV

UeSUeVeQWLQJ C. elegans OLfe VWaJeV ZeUe caOLbUaWed aQd aSSOLed: L1, L2/L3, L4, aQd AdXOW. TKeVe

ZRUP PRdeOV dR QRW deVLJQaWe VWaJe aVVLJQPeQWV bXW UaWKeU UeSUeVeQW WKe aSSUR[LPaWe VL]eV Rf

aQLPaOV WKaW faOO ZLWKLQ WKe UeVSecWLYe aJe JURXSV (Figure S4-1). TKe fXQcWLRQ modelSelection()

aVVLJQed WKe aSSURSULaWe PRdeO RbMecW WR aQLPaOV aW eacK OLfe VWaJe, edgeFlag() aQd setFlags()

LdeQWLfLed RXWOLeU daWa SRLQWV, aQd viewWell() SURYLded cOeaU YLVXaOL]aWLRQV Rf bRWK WKe SURceVVed

(Figure 4-5) aQd UaZ (Figure S4-3) daWa.
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Figure 4-5. eas\Xpress applied to C. eleganV groZth data. A VXbVeW Rf ZeOO LPaJeV acTXLUed

dXULQJ C. elegans deYeORSPeQW dLVSOa\LQJ eaV\XSUeVV SURceVVed daWa aUe VKRZQ KeUe. IPaJeV

WaNeQ aW (A) 9 KRXUV LQdLcaWLQJ WKe L1 VWaJe, (B) 28 KRXUV LQdLcaWLQJ WKe L2/L3 VWaJe, (C) 46

KRXUV LQdLcaWLQJ WKe L4 VWaJe, aQd (D) 63 KRXUV LQdLcaWLQJ WKe adXOW VWaJe ZeUe aQaO\]ed ZLWK

CeOOPURfLOeU XVLQJ fRXU ZRUP PRdeOV. TKe eaV\XSUeVV ZRUNfORZ ZaV WKeQ XVed WR SURceVV aQd

YLVXaOL]e WKe daWa. TKe OeQJWK Rf eacK RbMecW LdeQWLfLed afWeU SURceVVLQJ LV VKRZQ LQ (E).

4.5. CONCLUSIONS

TKe eaV\XSUeVV SacNaJe SUeVeQWV aQ RUJaQL]ed ZRUNfORZ fRU PaQaJLQJ C. elegans SKeQRW\Se

daWa JeQeUaWed XVLQJ CeOOPURfLOeU. TKLV SacNaJe SURYLdeV WRROV fRU WKe UeadLQJ, SURceVVLQJ, aQd

YLVXaOL]aWLRQ Rf WKeVe daWa LQ a VLPSOe aQd effLcLeQW Za\. B\ OeYeUaJLQJ e[LVWLQJ R LQfUaVWUXcWXUe,

eaV\XSUeVV eQabOeV UeSURdXcLbOe aQaO\VLV, LQWeJUaWLRQ ZLWK RWKeU VWaWLVWLcaO R SacNaJeV, aQd

e[WeQVLbLOLW\ WR PaQ\ UeVeaUcK SURMecWV XVLQJ aQ RSeQ-VRXUce aQaO\VLV SLSeOLQe.

4.6. CONTRIBUTIONS

TKLV SacNaJe ZaV bXLOW b\ JR\ N\aaQJa aQd DUV. TLPRWK\ CURPbLe aQd SaP WLdPa\eU. EULN

AQdeUVeQ VXSeUYLVed WKe cRQVWUXcWLRQ aQd deYeORSPeQW Rf WKe SacNaJe.
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4.7. SUPPLEMENT

Figure S4-1. Multiple model objects assigned to a single primar\ object. WKeQ UXQQLQJ

CeOOPURfLOeU¶V WRUPTRRObR[ ZLWK PXOWLSOe ZRUP PRdeOV, PXOWLSOe PRdeO RbMecWV caQ be aVVLJQed

WR a VLQJOe SULPaU\ RbMecW (UeaO aQLPaO). DLffeUeQW cRORUV aUe XVed WR RXWOLQe eacK ZRUP PRdeO
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RbMecW. HeUe fRXU XQLTXe PRdeOV ZeUe XVed: L1, L2/L3, L4, aQd AdXOW. TKeVe ZRUP PRdeOV

UeSUeVeQW WKe aSSUR[LPaWe VL]eV Rf aQLPaOV aW eacK OLfe VWaJe. FRU e[aPSOe, VRPe PXWaQW RU

dLYeUVe ZLOd JeQeWLc bacNJURXQdV PLJKW KaYe dLffeUeQWO\ VL]ed adXOW aQLPaOV aV cRPSaUed WR WKe

OabRUaWRU\-adaSWed N2 VWUaLQ. We KaYe LQcOXded WKLV ³VRfW PaWcKLQJ´ WR accRXQW fRU VPaOO

dLffeUeQceV LQ WKe VL]eV Rf deYeORSPeQWaO VWaJeV acURVV dLffeUeQW JeQeWLc bacNJURXQdV,

OabRUaWRULeV, aQd eQYLURQPeQWaO cRQdLWLRQV. (A) AQ aQLPaO deWecWed b\ CeOOPURfLOeU aV a SULPaU\

RbMecW KaV beeQ aVVLJQed WKUee XQLTXe ZRUP PRdeOV: WZR L1 PRdeO RbMecWV, RQe L2/L3 PRdeO

RbMecW, aQd RQe L4 PRdeO RbMecW. modelSelection() cOaVVLfLeV WKLV aQLPaO aV aQ L4 PRdeO RbMecW.

(B) AQ aQLPaO deWecWed aV a SULPaU\ RbMecW KaV beeQ aVVLJQed fRXU XQLTXe ZRUP PRdeOV: WKUee

L1 PRdeO RbMecWV, WZR L2/L3 PRdeO RbMecWV, RQe L4 PRdeO RbMecW, aQd RQe AdXOW PRdeO RbMecW.

HeUe, modelSelection() LdeQWLfLeV WKe AdXOW PRdeO aV WKe beVW fLWWLQJ PRdeO RbMecW. (C) AQ aQLPaO

deWecWed aV a SULPaU\ RbMecW KaV beeQ aVVLJQed WZR XQLTXe ZRUP PRdeOV: WKUee L1 PRdeO

RbMecWV, aQd WZR L2/L3 PRdeO RbMecWV. IQ WKLV caVe, modelSelection() cOaVVLfLeV WKLV aQLPaO aV aQ

L2/L3 PRdeO RbMecW aQd addV a cOXVWeU fOaJ aQQRWaWLRQ WR LQdLcaWe WKe UeSeaWed aVVLJQPeQW Rf WKe

VeOecWed PRdeO RbMecW WR WKe SULPaU\ RbMecW.
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Figure S4-2. UneYen illumination along Zell edge hinders CellProfiler¶s abilit\ to segment

animals from background. (A) LefW LV UaZ LQWeQVLW\ YaOXeV acURVV ZeOO. (B) RLJKW LV ZLWK

bacNJURXQd cRUUecWLRQ. IQWeQVLWLeV Rf RbMecW LOOXPLQaWLRQ aUe dLVSOa\ed RQ eacK ]-a[LV. ObMecWV

QeaU WKe edJe Rf WKe ZeOO (\ < 500 aQd \ > 1500) KaYe VLPLOaU UaZ deWecWed LQWeQVLWLeV (LQW) WR

PRUe PedLaO RbMecWV (\ a 1000) LQ (A) bXW ORZeU cRUUecWed LQWeQVLWLeV LQ (B) becaXVe Rf XQeYeQ

bacNJURXQd cRUUecWLRQ. RaZ aQd bacNJURXQd-cRUUecWed LPaJe VeJPeQWV aUe dLVSOa\ed LQ (C).

NRWLce aQLPaOV RQ WKe edJeV Rf WKe ZeOO dR QRW VWaQd RXW fURP WKe bacNJURXQd aV PXcK aV

aQLPaOV LQ WKe ceQWeU Rf WKe ZeOO aQd WKeUefRUe aUe PRUe cKaOOeQJLQJ WR dLVceUQ.



125

Figure S4-3. RaZ data from C. eleganV groZth e[periment displa\ed b\ the function

YieZWell(). SLPLOaU WR FLJ 5, ZeOO LPaJeV WaNeQ aW (A) 9 KRXUV LQdLcaWLQJ WKe L1 VWaJe, (B) 28

KRXUV LQdLcaWLQJ WKe L2/L3 VWaJe, (C) 46 KRXUV LQdLcaWLQJ WKe L4 VWaJe, aQd (D) 63 KRXUV ZeUe

aQaO\]ed. HeUe, WKe UaZ daWa UeVXOWV aUe dLVSOa\ed. TKe OeQJWK Rf eacK LdeQWLfLed RbMecW LdeQWLfLed

LV VKRZQ LQ (E).
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5

5. DISCUSSION

E[WeQVLYe SKeQRW\SLc dLYeUVLW\ e[LVWV LQ WKe aQLPaO NLQJdRP. A JRaO Rf bLRORJLcaO UeVeaUcK LV WR

decLSKeU WKe VRXUce Rf WKLV dLYeUVLW\ aQd VWXd\ LWV LPSacW RQ LQdLYLdXaOV, SRSXOaWLRQV, aQd

VSecLeV. BRd\ VL]e, LQ SaUWLcXOaU, LV a WUaLW WKaW YaULeV VWULNLQJO\ acURVV aQLPaO SK\ORJeQ\, aQd KaV

cULWLcaO UaPLfLcaWLRQV RQ aQ aQLPaO¶V abLOLW\ WR VXUYLYe aQd UeSURdXce. FRU WKLV UeaVRQ, VcLeQWLVWV

aLP WR XQdeUVWaQd KRZ RUJaQLVPV JURZ WR WKeLU cKaUacWeULVWLc VL]eV. OUJaQLVPaO deYeORSPeQW

cRPSULVeV a VeTXeQce Rf JeQeWLcaOO\ SURJUaPPed aQd LQWULcaWeO\ OLQNed eYeQWV WKaW fROORZ SUecLVe

WePSRUaO aQd VSaWLaO RUdeULQJ. RePaUNabO\, deVSLWe YaULaWLRQ LQ eQYLURQPeQWaO cRQdLWLRQV (e.g.,

WePSeUaWXUe, QXWULeQW aYaLOabLOLW\, etc.), deYeORSLQJ V\VWePV cRRUdLQaWe WKe RUJaQL]aWLRQ aQd

LQWeUacWLRQ aPRQJ ceOOV, WLVVXeV, aQd RUJaQV ZLWK KLJK UeSURdXcLbLOLW\. M\ JUadXaWe UeVeaUcK

fRcXVed RQ LQYeVWLJaWLQJ PecKaQLVPV Rf JURZWK UeJXOaWLRQ LQ deYeORSLQJ Caenorhabditis

elegans. HeUe, I ZLOO eOabRUaWe RQ WKe LPSOLcaWLRQV Rf P\ daWa aQd SURYLde LQVLJKWV WKaW I KRSe

ZLOO SURSeO fXWXUe UeVeaUcK.
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5.1. SUMMARY

TKLV dLVVeUWaWLRQ aLPed WR SUeVeQW PecKaQLVPV b\ ZKLcK deYeORSPeQWaO JURZWK Pa\ be

cRQWUROOed XVLQJ WKe URXQdZRUP QePaWRde Caenorhabditis elegans. SWXd\LQJ C. elegans OaUYaO

deYeORSPeQW LV UeOaWLYeO\ VWUaLJKWfRUZaUd, KRZeYeU, dRLQJ VR aW KLJK WePSRUaO UeVROXWLRQ ZKLOe

PaLQWaLQLQJ KLJK SUecLVLRQ aQd WKURXJKSXW caQ be a cKaOOeQJe. IQ Chapter 2, I LQWURdXced a

KLJK-WKURXJKSXW SKeQRW\SLQJ SOaWfRUP WKaW I RSWLPL]ed WR facLOLWaWe WKe TXaQWLWaWLYe aVVeVVPeQW

Rf VL]e aQd feedLQJ beKaYLRU Rf WKRXVaQdV Rf LQdLYLdXaOV XQdeU WLJKWO\ cRQWUROOed eQYLURQPeQW

cRQdLWLRQV. UVLQJ WKLV SOaWfRUP WR cROOecW JURZWK daWa RYeU WLPe, I fLQd WKaW aV aQLPaOV

WUaQVLWLRQed fURP RQe deYeORSPeQWaO VWaJe WR WKe Qe[W, cKaQJeV LQ bRd\ VKaSe RccXUUed. GLYeQ

WKLV UeVXOW, I ZRUNed ZLWK PaWKePaWLcaO VcLeQWLVWV WR PRdeO a SK\VLcaO PecKaQLVP b\ ZKLcK

cRQVWUaLQWV RQ cXWLcOe eOaVWLcLW\ cRXOd caXVe cKaQJeV LQ C. elegans bRd\ VKaSe, aQd fRXQd WKe

PRdeO-SUedLcWed VKaSe cKaQJeV WR be cRQVLVWeQW ZLWK WKRVe RbVeUYed LQ WKe e[SeULPeQWaO daWa.

TKLV ZRUN SXWV fRUWK a QRYeO ³SWUeWcKeU´ PecKaQLVP fRU KRZ C. elegans cRXOd XVe SK\VLcaO

cRQVWUaLQWV (i.e., UeVWULcWLRQ Rf cXWLcOe VWUeWcK) aV a VeQVRU fRU JURZWK aQd aV a PeaQV WR UeJXOaWe

deYeORSPeQWaO WLPLQJ. NRWLQJ WKe LPSRUWaQce Rf WKe cXWLcOe LQ C. elegans JURZWK, I fXUWKeU

e[aPLQed WKe OaUYaO deYeORSPeQW Rf WKUee VWUaLQV ZLWK PXWaWLRQV LQ dLVWLQcW cXWLcOe cROOaJeQ

SURWeLQV LQ Appendi[ A. TZR Rf WKe WKUee PXWaQW VWUaLQV e[KLbLWed deOa\ed JURZWK aQd

PaLQWaLQed a cRQVLVWeQWO\ VKRUWeU aQd ZLdeU VKaSe ZKeQ cRPSaUed WR ZLOd W\Se, ePSKaVL]LQJ WKe

LPSRUWaQce Rf cXWLcOe VWUXcWXUe LQ deYeORSPeQW. IPSRUWaQWO\, aOO WKUee VWUaLQV e[KLbLWed d\QaPLcV

cRQVLVWeQW ZLWK a ³SWUeWcKeU´ JURZWK PRdeO.

TKe SURceVV Rf deYeORSPeQW LV KLJKO\ UeSURdXcLbOe eYeQ LQ WKe SUeVeQce Rf JeQeWLc aQd

eQYLURQPeQWaO SeUWXUbaWLRQV. IQ Chapter 3, I OeYeUaJed C. elegans QaWXUaO JeQeWLc dLYeUVLW\ WR
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e[SORUe KRZ JeQeWLc YaULaWLRQ cRQWULbXWeV WR dLffeUeQceV LQ aQLPaO JURZWK. UVLQJ a TXaQWLWaWLYe

JeQeWLc PaSSLQJ aSSURacK, I LdeQWLfLed dLVWLQcW JeQRPLc UeJLRQV WKaW VeSaUaWeO\ e[SOaLQ YaULaWLRQ

LQ aQLPaO OeQJWK aQd ZLdWK. TKLV ZRUN KLJKOLJKWV WKe cRPSOe[ JeQeWLc aUcKLWecWXUe Rf bRd\ VL]e,

LdeQWLfLeV SURPLVLQJ caQdLdaWe JeQeV WKaW Pa\ XQdeUOLe YaULaWLRQ LQ aQLPaO ZLdWK, aQd SURYLdeV a

fUaPeZRUN fRU fXWXUe VWXdLeV WR LQYeVWLJaWe JeQeWLc PecKaQLVPV cRQWUROOLQJ deYeORSPeQWaO

JURZWK aQd bRd\ VL]e LQ QaWXUaO SRSXOaWLRQV Rf C. elegans.

LLNe PaQ\ KLJK-WKURXJKSXW LPaJLQJ WecKQLTXeV, WKe e[SeULPeQWaO SOaWfRUP LQWURdXced LQ

CKaSWeU 2 JeQeUaWeV OaUJe TXaQWLWLeV Rf daWa WKaW caQ be dLffLcXOW WR SURceVV aQd YLVXaOL]e

effLcLeQWO\. IQ Chapter 4, I dLVcXVV WKe deYeORSPeQW Rf eaV\XSUeVV: aQ R SacNaJe WKaW SURYLdeV

WRROV fRU WKe UeadLQJ, SURceVVLQJ, aQd YLVXaOL]aWLRQ Rf C. elegans PLcURVcRS\ daWa LQ a VLPSOe aQd

effLcLeQW Za\. TKLV VRfWZaUe SacNaJe eQabOeV UeSURdXcLbOe aQaO\VLV, LQWeJUaWLRQ ZLWK RWKeU

VWaWLVWLcaO R SacNaJeV, aQd e[WeQVLbLOLW\ WR PaQ\ UeVeaUcK SURMecWV XVLQJ aQ RSeQ-VRXUce aQaO\VLV

SLSeOLQe.

5.2. THE FUTURE OF DEVELOPMENTAL GROWTH STUDIES

5.2.1. The C. eleganV cuticle and its role in deYelopmental timing

MROWLQJ LV a XQLTXe cKaUacWeULVWLc WKaW defLQeV WKe OLfe c\cOeV Rf PaQ\ aQLPaO VSecLeV, LQcOXdLQJ,

aUWKURSRdV (LQVecWV, aUacKQLdV, cUXVWaceaQV), QePaWRdeV (URXQdZRUPV), aQd RWKeU PePbeUV Rf WKe

Ecd\VR]Ra JURXS [194,195]. DeVSLWe LWV SUeYaOeQce, WKe SULPaU\ fXQcWLRQ Rf PROWLQJ YaULeV acURVV

WKeVe dLffeUeQW JURXSV. AUWKURSRdV, cRYeUed b\ ULJLd cKLWLQ-baVed cXWLcOeV, UeTXLUe PROWLQJ fRU

bRd\ VL]e e[SaQVLRQ [196,197]. B\ cRQWUaVW, WKe QePaWRde bRd\ LV eQcaVed LQ a fOe[LbOe
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cROOaJeQ-baVed cXWLcOe WKaW aOORZV fRU JURZWK aQd e[SaQVLRQ beWZeeQ PROWV [198,199], OeaYLQJ

WKe TXeVWLRQ: Does the C. elegans cuticle pla\ a role in developmental growth and molting?

FeZ ORQJLWXdLQaO VWXdLeV Rf C. elegans JURZWK KaYe beeQ SeUfRUPed. IQLWLaO UeVeaUcK

deVcULbed C. elegans deYeORSPeQW aV a VLJPRLdaO cXUYe cKaUacWeUL]ed b\ cRQWLQXRXV OaUYaO

JURZWK [200,201]. TKeVe eaUO\ VWXdLeV UeaVRQed WKaW PROW eYeQWV Kad OLWWOe effecW RQ cRQWLQXRXV

JURZWK aV WKe C. elegans fOe[LbOe cXWLcOe aOORZed fRU VWUeWcK dXULQJ deYeORSPeQW. LaWeU ZRUN

cOaULfLed WKaW JURZWK UaWe ZaV QRW cRQWLQXRXV bXW UaWKeU SLeceZLVe LQ QaWXUe aQd LQcUeaVed fURP

VWaJe WR VWaJe, VXJJeVWLQJ WKaW C. elegans Pa\ cRQWaLQ a PecKaQLVP fRU UeJXOaWLQJ JURZWK UaWe,

SRWeQWLaOO\ WKURXJK eacK PROW eYeQW [111]. Ne[W, UeVeaUcKeUV fRXQd WKaW aQLPaOV RQO\ adYaQce WR

WKe Qe[W deYeORSPeQWaO VWaJe RQce a cULWLcaO VL]e LV UeacKed, LPSO\LQJ WKaW eacK PROW decLVLRQ LV

cRQWUROOed b\ a VL]e WKUeVKROd [42]. ReceQW ZRUN VKRZV WKaW C. elegans deYeORSPeQW LV OLNeO\

cRQWUROOed QRW b\ VL]e-deSeQdeQW UeJXOaWLRQ Rf JURZWK bXW UaWKeU b\ UeOaWLYe cKaQJe, RU fROd

cKaQJe LQ bRd\ YROXPe, VXJJeVWLQJ WKaW aQLPaOV WULJJeU PROWLQJ eYeQWV LQ Za\V WKaW PaLQWaLQ a

cRQVWaQW fROd cKaQJe LQ bRd\ YROXPe [101]. HRZeYeU, WZR TXeVWLRQV UePaLQ: How do animals

sense their bod\ si]e? AQd PRVW LPSRUWaQWO\, how is this information disseminated to precisel\

regulate growth?

IQ CKaSWeU 2, I SURSRVed a QRYeO PecKaQLVP b\ ZKLcK SK\VLcaO cRQVWUaLQWV caQ LQfOXeQce

deYeORSPeQWaO WLPLQJ aQd JURZWK UaWe LQ C. elegans. AOWKRXJK eOaVWLcLW\ Rf WKe cXWLcOe SeUPLWV

JURZWK dXULQJ eacK OaUYaO VWaJe, cXWLcOe ³VWUeWcKLQeVV´ LV OLPLWed. B\ VeQVLQJ WKe UedXcWLRQ Rf

cXWLcOe eOaVWLcLW\, C. elegans cRXOd XVe WKLV aV a PecKaQLcaO VLJQaO WR WULJJeU PROWLQJ eYeQWV. TR

YaOLdaWe WKLV SURSRVed PecKaQLVP, RQe PXVW fLUVW deWeUPLQe ZKeWKeU cXWLcOe eOaVWLcLW\ cKaQJeV

dXULQJ a OaUYaO VWaJe. PUeYLRXV aWRPLc fRUce PLcURVcRS\ (AFM) VWXdLeV Rf C. elegans VXJJeVW WKaW
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aQLPaOV e[SeULeQce a ORVV Rf VWLffQeVV aV WKe\ aJe [202], KRZeYeU QR VWXdLeV KaYe beeQ SeUfRUPed

RQ deYeORSLQJ aQLPaOV. CaSWXULQJ AFM LPaJeV Rf WKe cXWLcOe RYeU WKe cRXUVe Rf a VLQJOe OaUYaO

VWaJe ZRXOd be a SRWeQWLaO PeWKRd WR LQYeVWLJaWe cXWLcOe VWLffQeVV dXULQJ JURZWK. AFM

e[SeULPeQWV, KRZeYeU, aUe OLPLWed LQ WKaW WKe\ aSSO\ VPaOO KLJKO\ ORcaOL]ed LQdeQWaWLRQ fRUceV

WKaW Pa\ QRW adeTXaWeO\ UeSUeVeQW WKe OaUJe VWUeWcKLQJ ORadV e[SeULeQced dXULQJ JURZWK. TR

cRQfLUP eOaVWLcLW\ cKaQJeV LQ WKe cXWLcOe, dLUecW PeaVXUePeQWV Rf WKe VWLffQeVV Rf LVROaWed cXWLcOeV

LV eVVeQWLaO. ReceQWO\ SXbOLVKed ZRUN XVLQJ PLcURfOXLdLc WecKQRORJ\ WR VWUeWcK LVROaWed cXWLcOeV

fRXQd VLJQLfLcaQW LQcUeaVeV LQ ORQJLWXdLQaO VWLffQeVV aW OaUJe VWUeWcKLQJ ORadV [203]. PeUfRUPLQJ

VLPLOaU WeVWV RQ LVROaWed cXWLcOeV Rf aQLPaOV SUecedLQJ aQd fROORZLQJ a PROW LQ SaUaOOeO ZLWK

PeaVXUePeQWV Rf WRWaO bRd\ VWLffQeVV cRXOd SURYLde VXSSRUW fRU RXU K\SRWKeVLV WKaW PROWLQJ

RccXUV aV a UeVXOW Rf decUeaVed cXWLcOe eOaVWLcLW\. AddLWLRQaOO\, Lf Ze fLQd WKaW cXWLcOe eOaVWLcLW\

cKaQJeV dXULQJ deYeORSPeQW, LW cRXOd be LQWeUeVWLQJ WR cROOecW JURZWK PeaVXUePeQWV Rf aQLPaOV

cXOWXUed XQdeU YaU\LQJ RVPRWLc cRQdLWLRQV. GLYeQ RXU VWUeWcK-baVed JURZWK PRdeO, I ZRXOd

e[SecW WR RbVeUYe acceOeUaWed deYeORSPeQWaO WLPLQJ LQ aQLPaOV e[SRVed WR K\SRRVPRWLc

cRQdLWLRQV becaXVe Rf WKe UeOaWLYeO\ KLJK VWUeWcKLQJ ORadV RQ WKe cXWLcOe WKURXJKRXW JURZWK.

IdeQWLf\LQJ cKaQJeV LQ cXWLcOe eOaVWLcLW\ dXULQJ JURZWK LV MXVW RQe SaUW Rf XQdeUVWaQdLQJ

WKe UROe WKe cXWLcOe Pa\ SOa\ LQ PROW WLPLQJ. We PXVW aOVR cRQVLdeU KRZ LQfRUPaWLRQ RULJLQaWLQJ

fURP WKe cXWLcOe LV VeQVed aQd SURSaJaWed WR WKe UeVW Rf WKe aQLPaO. IQ C. elegans, aWWacKPeQW

cRPSOe[eV caOOed KePLdeVPRVRPeV cRQQecW WKe cXWLcOe WR WKe eSLdeUPLV aQd aUe VKRZQ WR

UeVSRQd WR PecKaQLcaO WeQVLRQ e[eUWed b\ PXVcOe cRQWUacWLRQ [144]. IW LV SRVVLbOe WKaW C. elegans

KePLdeVPRVRPeV acW QRW RQO\ aV aQ aWWacKPeQW VWUXcWXUe bXW aOVR aV a PecKaQRVeQVRU WKaW

UeVSRQdV WR fRUceV aW WKe eSLdeUPLV aQd aW WKe cXWLcOe. AddLWLRQaOO\, PRWRU QeXURQV Pa\ VeUYe aV
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aQRWKeU SRWeQWLaO PecKaQRVeQVRU. MecKaQRVeQVRU\ QeXURQV aUe W\SLcaOO\ XVed WR UeJXOaWe YaULRXV

beKaYLRUV, LQcOXdLQJ, ORcRPRWLRQ, eJJ Oa\LQJ, SKaU\QJeaO SXPSLQJ, aQd defecaWLRQ [204].

NRWabO\, PaQ\ PRWRU QeXURQV e[WeQd aORQJ WKe ORQJLWXdLQaO bRd\ a[LV aQd VRPe aOVR e[WeQd

cLUcXPfeUeQWLaO a[RQV [205], RSeQLQJ XS WKe SRVVLbLOLW\ WKaW WKeVe QeXURQV PLJKW SURYLde VLJQaOV

SURSRUWLRQaO WR bRd\ OeQJWK aQd ZLdWK. FXWXUe VWXdLeV Rf KRZ SeUWXUbaWLRQV Rf KePLdeVPRVRPeV

aQd PRWRU QeXURQV LQfOXeQce C. elegans bRd\ VL]e aQd deYeORSPeQWaO WLPLQJ ZRXOd be

ZRUWKZKLOe.

5.2.2. Identif\ing genetic factors that contribute to Yariation in groZth and bod\ si]e

DLVceUQLQJ KRZ cRPSOe[ WUaLWV aUe JeQeWLcaOO\ cRQWUROOed LV eVVeQWLaO WR XQdeUVWaQdLQJ WKe

eYROXWLRQ Rf SKeQRW\SLc dLYeUVLW\. GeQeWLc UeJXOaWRUV Rf WUaLW YaULaWLRQ caQ be PaSSed XVLQJ QTL

aQaO\VLV Rf RIAILV deULYed fURP JeQeWLcaOO\ aQd SKeQRW\SLcaOO\ dLYeUJeQW VWUaLQV. IQ P\ ZRUN, I

XVed OLQNaJe PaSSLQJ WR LdeQWLf\ JeQeWLc ORcL XQdeUO\LQJ dLffeUeQceV LQ C. elegans bRd\ VL]e aQd

fRXQd WKUee VPaOO-effecW QTL e[SOaLQLQJ 5-8% Rf YaULaWLRQ LQ WKe RIAIL SKeQRW\SeV. OXU abLOLW\

WR deWecW aQd YaOLdaWe RQe Rf WKeVe QTL ePSKaVL]eV WKe SRZeU Rf XVLQJ C. elegans WR cRUUeOaWe

VPaOO-effecW JeQeWLc ORcL WR TXaQWLWaWLYe SKeQRW\SeV. IQ CKaSWeU 3, I SRVWXOaWe WKaW WKe LQabLOLW\ WR

UecaSLWXOaWe WKe RWKeU WZR QTL effecWV cRXOd be aWWULbXWed WR LQVXffLcLeQW SRZeU RU WKe SUeVeQce Rf

addLWLRQaO XQdeWecWed QTL ZLWK addLWLYe RU QRQ-addLWLYe effecWV. TKe CSSV aQd NILV I XVed fRU

YaOLdaWLRQ e[SeULPeQWV eacK cRQWaLQ a VLQJOe UeJLRQ Rf LQWURJUeVVLRQ LQ a JeQeWLc bacNJURXQd Rf

WKe RSSRVLWe JeQRW\Se. FXWXUe ZRUN VKRXOd aLP WR cRQVWUXcW dRXbOe CSSV RU PXOWL-UeJLRQ NILV

ZKeUe SaLUZLVe cRPbLQaWLRQV Rf WZR JeQRPLc UeJLRQV aUe LQWURJUeVVed LQ WKe RSSRVLWe JeQRW\Se.

PKeQRW\SLQJ WKeVe addLWLRQaO VWUaLQV cRXOd UeYeaO addLWLRQaO ORcL cRQWULbXWLQJ WR WKe cKURPRVRPe

IV aQd V effecWV.
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5.2.2.1. AlternatiYes to classical linkage mapping

Genome-Zide aVVociaWion (GWA) maSSing

HLJK OeYeOV Rf JeQRW\SLc aQd SKeQRW\SLc dLYeUVLW\ e[LVW LQ QaWXUaO SRSXOaWLRQV. IQ cRQWUaVW WR

OLQNaJe PaSSLQJ ZKeUe JeQeWLc dLYeUVLW\ LV OLPLWed WR WKe WZR SaUeQWaO VWUaLQV, GWA PaSSLQJ

OeYeUaJeV WKe e[LVWLQJ QaWXUaO dLYeUVLW\ fRXQd LQ a SRSXOaWLRQ. B\ cRUUeOaWLQJ SKeQRW\SLc

YaULaWLRQ aPRQJ ZLOd VWUaLQV ZLWK ZKROe-JeQRPe daWa, GWA VWXdLeV LdeQWLf\ fXQcWLRQaO YaULaQWV

WKaW cRQWULbXWe WR SKeQRW\SLc dLYeUVLW\. IQ C. elegans, a JURZLQJ cROOecWLRQ Rf ZLOd VWUaLQV aQd

JeQRPe-ZLde YaULaWLRQ daWa aUe UeadLO\ aYaLOabOe (CeNDR, [68]). UVLQJ WKLV UeVRXUce, aVVRcLaWLRQ

PaSSLQJ KaV Oed WR WKe dLVcRYeU\ Rf JeQeV aQd YaULaQWV WKaW XQdeUOLe YaULaWLRQ LQ cRPSOe[ WUaLWV

(Figure 1-4) [86].

ReceQWO\, WKe AQdeUVeQ Lab cRPSOeWed aQ e[WeQVLYe GWA e[SeULPeQW, cROOecWLQJ bRd\

OeQJWK PeaVXUePeQWV fRU 195 ZLOd VWUaLQV acURVV 54 dLffeUeQW dUXJ cRQdLWLRQV. E[SORULQJ WKeVe

daWa WR LdeQWLf\ VL]e-aVVRcLaWed QTL Rf aQLPaOV e[SRVed WR WKe cRQWURO cRQdLWLRQ (ZaWeU RU

DMSO), aQd cRPSaULQJ WKe UeVXOWV WR WKe OLQNaJe PaSSLQJ SUeVeQWed LQ CKaSWeU 3, ZRXOd be WKe

Qe[W VWeS fRU VXbVeTXeQW LQYeVWLJaWLRQV Rf JeQeWLc facWRUV WKaW XQdeUOLe dLffeUeQceV LQ C. elegans

JURZWK aQd bRd\ VL]e. WLWK daWa fURP WKe OLQNaJe aQd aVVRcLaWLRQ PaSSLQJV, Ze cRXOd ORRN fRU

QTL WKaW RYeUOaS beWZeeQ WKe WZR PeWKRdV. OYeUOaSSLQJ QTL ZRXOd VXJJeVW WKaW a cRPPRQ

YaULaQW SUeVeQW LQ WKe CB4856 VWUaLQ cRQWULbXWeV WR dLffeUeQceV LQ bRd\ VL]e Rf aQLPaOV LQ bRWK

PaSSLQJ SRSXOaWLRQV. AOWeUQaWLYeO\, QRQ-RYeUOaSSLQJ QTL ZRXOd VXJJeVW WKaW WKe QTL LdeQWLfLed

fURP OLQNaJe PaSSLQJ LV dULYeQ b\ a UaUe YaULaQW LQ WKe CB4856 VWUaLQ, ZKeUeaV WKe QTL

LdeQWLfLed fURP aVVRcLaWLRQ PaSSLQJ LV dULYeQ b\ a cRPPRQ YaULaQW QRW fRXQd LQ WKe CB4856
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VWUaLQ. TKe cRPbLQaWLRQ Rf bRWK aVVRcLaWLRQ aQd OLQNaJe PaSSLQJ SURYLdeV aQ aSSURacK WR bRWK

QaUURZ JeQRPLc LQWeUYaOV aQd JeQeUaWe UefLQed OLVWV Rf SRWeQWLaO caXVaO JeQeV.

BXlk-VegUeganW anal\ViV

QTL PaSSLQJ KaV beeQ ceQWUaO WR WKe LdeQWLfLcaWLRQ Rf ORcL XQdeUO\LQJ cRPSOe[ WUaLWV LQ C.

elegans. HRZeYeU, QTL PaSSLQJ W\SLcaOO\ UeTXLUeV WKe JeQeUaWLRQ Rf OaUJe SaQeOV Rf cURVV

SURJeQ\ WKaW PXVW be LQdLYLdXaOO\ JeQRW\Sed aQd SKeQRW\Sed, a OeQJWK\ aQd RfWeQ cRVWO\ WaVN. AQ

aOWeUQaWLYe WR WUadLWLRQaO QTL PaSSLQJ LV bXON-VeJUeJaQW aQaO\VLV (BSA). IQ cRQWUaVW WR

cRQVWUXcWLQJ, VeTXeQcLQJ, aQd SKeQRW\SLQJ LQdLYLdXaOV fRU a RIL RU RIAIL SaQeO, WKe BSA

aSSURacK XVeV SRROV Rf UecRPbLQaQW LQdLYLdXaOV JeQeUaWed fURP JeQeWLcaOO\ aQd SKeQRW\SLcaOO\

dLYeUJeQW SaUeQWV. RecRPbLQaQW LQdLYLdXaOV aUe WKeQ VeOecWed baVed RQ WKe SKeQRW\Se Rf LQWeUeVW

aQd aOOeOe fUeTXeQcLeV aUe cRPSaUed beWZeeQ WKe XQVeOecWed aQd VeOecWed SRROV. OYeU UeceQW

\eaUV, UeVeaUcKeUV KaYe dePRQVWUaWed WKe SRZeU Rf XVLQJ BSA WR cRQQecW SKeQRW\SLc dLffeUeQceV

WR VSecLfLc JeQeV (Figure 1-4) [86]. LeYeUaJLQJ BSA WR LdeQWLf\ QTL aVVRcLaWed ZLWK

deYeORSPeQWaO JURZWK ZRXOd be a ZRUWKZKLOe eQdeaYRU. RecRPbLQaQW LQdLYLdXaOV fURP aQ

N2[CB4856 cURVV cRXOd be cXOWXUed aV deVcULbed LQ CKaSWeU 2. TKeQ, b\ VeOecWLQJ WKe WaLOV Rf WKe

SRSXOaWLRQ dLVWULbXWLRQ, WKe aOOeOe fUeTXeQc\ cKaQJeV Rf WKe ³OaUJe-VL]ed´ aQd ³VPaOO-VL]ed´

LQdLYLdXaOV dXULQJ WKe e[SeULPeQW caQ be cRPSaUed. ReSeaWLQJ WKLV RYeU YaULRXV VWaJeV dXULQJ

deYeORSPeQW cRXOd SRWeQWLaOO\ UeYeaO XQLTXe QTL fRU LQdeSeQdeQW OaUYaO VWaJeV. AOWeUQaWLYeO\,

RQe cRXOd PaNe XVe Rf SRSXOaWLRQ-ZLde dLYeUVLW\ b\ SeUfRUPLQJ JURZWK aQd VeOecWLRQ RQ a SRRO

Rf ZLOd VWUaLQV. TKe aSSOLcaWLRQ Rf a SRZeUfXO PaSSLQJ PeWKRd OLNe BSA WR LdeQWLf\ QTL ZLOO

e[SaQd RXU XQdeUVWaQdLQJ Rf WKe PROecXOaU PecKaQLVPV XQdeUO\LQJ C. elegans JURZWK aQd

deYeORSPeQW.
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5.2.3. Phenot\pic plasticit\ and genot\pe-b\-enYironment interaction

IQ P\ JUadXaWe ZRUN I VWXd\ WKe JURZWK aQd deYeORSPeQW Rf C. elegans XQdeU WLJKWO\ cRQWUROOed

eQYLURQPeQWaO cRQdLWLRQV. HRZeYeU, eQYLURQPeQWaO facWRUV LQ QaWXUaO KabLWaWV aUe UaUeO\ cRQVWaQW,

aQd WKLV YaULaWLRQ caQ LPSacW deYeORSPeQWaO SURJUeVVLRQ aQd JURZWK UaWe. ReVeaUcK KaV VKRZQ

WKaW C. elegans UeaULQJ WePSeUaWXUe, aV ZeOO aV bRWK fRRd TXaOLW\ aQd TXaQWLW\ aOWeU WKe VSeed Rf

OaUYaO deYeORSPeQW [57,59,206]. TKe WeUP SKeQRW\SLc SOaVWLcLW\ LV XVed WR deVcULbe WKLV

SKeQRPeQRQ ZKeUe aQ LQdLYLdXaO e[SUeVV PXOWLSOe SKeQRW\SLc dLffeUeQceV baVed RQ e[WeUQaO

cRQdLWLRQV [207]. NRWabO\, dLVWLQcW JeQRW\SeV Rf a VLQJOe VSecLeV caQ VKRZ XQLTXe SaWWeUQV Rf

SOaVWLcLW\. GeQRW\Se-b\-eQYLURQPeQW (G[E) LQWeUacWLRQV UeSUeVeQW WKLV cRQWULbXWLRQ Rf JeQeWLc

YaULaWLRQ WR eQYLURQPeQWaO VeQVLWLYLW\.

ReacWLRQ QRUPV aUe RfWeQ XVed WR YLVXaOO\ cRPSaUe SOaVWLcLW\ aPRQJ dLffeUeQW JeQRW\SeV b\

dLVSOa\LQJ SKeQRW\SLc dLffeUeQceV aV a fXQcWLRQ Rf eQYLURQPeQWaO cKaQJe [208]. A SKeQRW\Se

Pa\ be cRQVWaQW acURVV JeQRW\SeV aQd eQYLURQPeQWV, RU LW Pa\ be affecWed LQ VeYeUaO Za\V. FLUVW,

SKeQRW\Se cRXOd dLffeU beWZeeQ JeQRW\SeV, LQdLcaWLQJ JeQeWLc YaULaWLRQ, bXW UePaLQ XQaffecWed

acURVV PXOWLSOe eQYLURQPeQWV. DLVSOa\ed aV KRUL]RQWaO OLQeV beWZeeQ eQYLURQPeQWaO SaUaPeWeUV,

WKLV caVe UeSUeVeQWV URbXVWQeVV WR eQYLURQPeQWaO SeUWXUbaWLRQ (Figure 5-1A). SecRQd, UeJaUdOeVV

Rf JeQRW\Se, WKeUe cRXOd be a JeQeUaO SOaVWLc UeVSRQVe WR eQYLURQPeQWaO cKaQJe. HeUe, dLaJRQaO

OLQeV beWZeeQ eQYLURQPeQWaO cRQdLWLRQV UefOecW SOaVWLcLW\ aQd WKe VORSe Rf WKe OLQe UeSUeVeQWV WKe

PaJQLWXde Rf SOaVWLcLW\ (Figure 5-1B). TKLUd, WKe PaJQLWXde Rf SOaVWLcLW\ fRU a JLYeQ WUaLW cRXOd

YaU\ aPRQJ JeQRW\SeV, UeSUeVeQWed aV QRQ-SaUaOOeO UeacWLRQ QRUPV (Figure 5-1C), LQdLcaWLQJ WKe

SUeVeQce Rf G[E LQWeUacWLRQ. AOWKRXJK WKe RccXUUeQce Rf G[E LQWeUacWLRQV LV ZeOO VWXdLed, WKe
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JeQRPLc UeJLRQV LQYROYed aUe QRW becaXVe Rf WKe cRPSOe[ LQWeUacWLRQ beWZeeQ JeQeWLcV aQd

eQYLURQPeQWaO facWRUV WKaW dULYeV SOaVWLcLW\ [209±211].

Figure 5-1. ScKePaWLc UeSUeVeQWaWLRQ Rf UeacWLRQ QRUPV, LOOXVWUaWLQJ fRUPV Rf SOaVWLcLW\.

IQ WKe OaVW PRQWK, UeVeaUcK ZaV SXbOLVKed WKaW e[SORUed WKe JeQeWLc aUcKLWecWXUe Rf bRd\-VL]e

SOaVWLcLW\ LQ C. elegans [181]. ReVeaUcKeUV XVed 40 RILV deULYed fURP WKe N2 aQd CB4856

VWUaLQV WR LQYeVWLJaWe WKe effecWV Rf WePSeUaWXUe aQd deYeORSPeQWaO VWaJe RQ WKe UeacWLRQ QRUPV Rf

YaULRXV bRd\-VL]e WUaLWV (aQLPaO OeQJWK, ZLdWK, aQd VL]e Rf VRPe LQWeUQaO RUJaQV). NRW RQO\ dLd

WKe\ fLQd cOeaU eYLdeQce Rf G[E LQWeUacWLRQV, bXW WKe\ aOVR QRWLced WKaW WKe VKaSe Rf WKe UeacWLRQ

QRUP ZaV affecWed b\ deYeORSPeQWaO VWaJe, SRWeQWLaOO\ VWePPLQJ fURP dLffeUeQceV LQ LQWeUacWLRQ

beWZeeQ VWaJe-VSecLfLc JeQe e[SUeVVLRQ SaWWeUQV aQd eQYLURQPeQWaO WePSeUaWXUe. TKe aXWKRUV

aOVR SeUfRUPed QTL PaSSLQJ aQd fRXQd 18 ORcL XQdeUO\LQJ bRd\-VL]e WUaLWV aQd RQO\ fLYe

SOaVWLcLW\ ORcL. IQWeUeVWLQJO\, WKUee SOaVWLcLW\ QTL cRORcaOL]ed ZLWK bRd\-VL]e QTL, VXJJeVWLQJ WKe

SRVVLbLOLW\ Rf cR-UeJXOaWRU\ ORcL LQfOXeQcLQJ bRWK SOaVWLcLW\ aQd WKe WUaLWV WKePVeOYeV. FXWXUe ZRUN

VKRXOd bXLOd RQ WKeVe fLQdLQJV b\ cROOecWLQJ VL]e PeaVXUePeQWV fRU ZLOd C. elegans VWUaLQV XQdeU

dLffeUeQW eQYLURQPeQWaO cRQdLWLRQV. TKLV UeVeaUcK LV YLWaO WR RXU XQdeUVWaQdLQJ Rf WKe cRPSOe[

LQWeUSOa\ beWZeeQ JeQeWLc PecKaQLVPV aQd eQYLURQPeQWaO fRUceV WKaW VKaSe SKeQRW\SLc YaULaWLRQ

LQ QaWXUaO SRSXOaWLRQV.
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Appendi[

I Kad WKe SOeaVXUe Rf cROOabRUaWLQJ ZLWK PePbeUV Rf WKe MaQJaQ JURXS LQ WKe EQJLQeeULQJ

ScLeQce aQd ASSOLed MaWK deSaUWPeQW aW NRUWKZeVWeUQ WR LQYeVWLJaWe C. elegans JURZWK XVLQJ

PaWKePaWLcaO PRdeOV. TKe fROORZLQJ aUe WZR PaQXVcULSWV WKaW caPe RXW Rf WKLV cROOabRUaWLRQ aQd

dLUecWO\ UeOaWe WR daWa aQd WKRXJKWV SUeVeQWed LQ CKaSWeU 2 Rf WKLV WKeVLV. TKe\ aUe bRWK cXUUeQWO\

LQ SUeSaUaWLRQ fRU VXbPLVVLRQ WR microPublication.
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A. GroZth d\namics of C. eleganV cuticle mutants

Characteri]ation of larYal groZth in C. eleganV cuticle mutants

JR\ N\aaQJa1,2, SaVKa SKLUPaQ3, NLaOO M. MaQJaQ3, aQd EULN C. AQdeUVeQ1

1. DeSaUWPeQW Rf MROecXOaU BLRVcLeQceV, NRUWKZeVWeUQ UQLYeUVLW\, EYaQVWRQ, IL 60208, USA

2. IQWeUdLVcLSOLQaU\ BLRORJLcaO ScLeQceV PURJUaP, NRUWKZeVWeUQ UQLYeUVLW\, EYaQVWRQ, IL 60208, USA

3. DeSaUWPeQW Rf EQJLQeeULQJ ScLeQceV aQd ASSOLed MaWKePaWLcV, NRUWKZeVWeUQ UQLYeUVLW\, EYaQVWRQ, IL

60208, USA

Abstract

IQ Caenorhabditis elegans, PaQ\ JeQeV LQYROYed LQ WKe fRUPaWLRQ Rf WKe cXWLcOe aUe aOVR NQRZQ WR

LQfOXeQce bRd\ VL]e aQd VKaSe. We aVVeVVed SRVW-ePbU\RQLc JURZWK Rf bRWK ORQJ aQd VKRUW C. elegans

bRd\ VL]e PXWaQWV fURP WKe L1 WR L4 VWaJe. We fRXQd VLPLOaU deYeORSPeQWaO WUaMecWRULeV Rf N2 aQd lon-3

aQLPaOV. B\ cRQWUaVW, Ze RbVeUYed RYeUaOO decUeaVeV LQ bRd\ OeQJWK aQd LQcUeaVeV LQ bRd\ ZLdWK Rf WeVWed

dp\ PXWaQWV cRPSaUed WR N2, cRQVLVWeQW ZLWK WKe DS\ SKeQRW\Se. We fXUWKeU VKRZ WKaW WKe d\QaPLcV Rf

aQLPaO VKaSe LQ WKe PXWaQW VWUaLQV aUe cRQVLVWeQW ZLWK a SUeYLRXVO\ SURSRVed ³SWUeWcKeU´ JURZWK PRdeO.
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Figure A-1: QuantitatiYe assessment of C. eleganV larYal groZth.

(A) ReSUeVeQWaWLYe LPaJeV Rf VWUaLQV XVed LQ WKLV VWXd\ WaNeQ aW WKe L4 VWaJe. TXNe\ bR[SORWV fRU

PedLaQ aQLPaO fOXRUeVceQce QRUPaOL]ed b\ aUea (B), PedLaQ aQLPaO OeQJWK (�M) (C), aQd

PedLaQ aQLPaO ZLdWK (�M) (D). TKe KRUL]RQWaO OLQe LQ WKe PLddOe Rf WKe bR[ LV WKe PedLaQ, aQd
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WKe bR[ deQRWeV WKe 25WK WR 75WK TXaQWLOeV Rf WKe daWa. TKe YeUWLcaO OLQe UeSUeVeQWV WKe 1.5

LQWeUTXaUWLOe UaQJe. EacK SRLQW cRUUeVSRQdV WR WKe PedLaQ YaOXe Rf a SRSXOaWLRQ Rf aQLPaOV LQ

eacK ZeOO. (E) MedLaQ OeQJWK ([-a[LV) SORWWed aJaLQVW PedLaQ OeQJWK (\-a[LV). (F) TKe UaWLR Rf WKe

cKaQJe LQ ZLdWK WR OeQJWK RYeU WLPe. CaOcXOaWed fURP WKe ORcaO VORSe Rf daWa LQ SaQeO (E). TKe

VWaQdaUd deYLaWLRQ caSWXUeV SRSXOaWLRQ YaULaWLRQ (JUe\).

Description

BRd\ VL]e OaUJeO\ LQfOXeQceV aQ RUJaQLVP¶V fXQcWLRQaO cKaUacWeULVWLcV: JURZWK, UeSURdXcWLRQ,

PeWabROLVP, OLfeVSaQ. AV a UeVXOW, WKe deWeUPLQaQW facWRUV Rf RUJaQLVP VL]e, SaUWLcXOaUO\ dXULQJ

deYeORSPeQW, KaYe beeQ e[SORUed LQ PaQ\ V\VWePV. Caenorhabditis elegans, a fUee-OLYLQJ

QePaWRde, SUeVeQWV a YeUVaWLOe JeQeWLc PRdeO V\VWeP WR VWXd\ KRZ WKe SURceVVeV Rf JURZWK aQd

deYeORSPeQW aUe UeJXOaWed. C. elegans PaWXUeV WR aQ adXOW afWeU PXOWLSOe PROWLQJ eYeQWV dXULQJ

ZKLcK WLPe aQLPaOV V\QWKeVL]e a QeZ e[RVNeOeWRQ (cXWLcOe) aQd e[SeO WKeLU ROd RQe. TKe C.

elegans cXWLcOe LV a cRPSOe[, PXOWL-Oa\eUed VWUXcWXUe SULPaULO\ cRPSRVed Rf cROOaJeQV. AV

aQLPaOV SURJUeVV WKURXJK WKeLU OLfe-c\cOe, WKe VWUXcWXUe aQd WKLcNQeVV Rf WKe cXWLcOe cKaQJeV bXW

LWV UROe LQ WKe PaLQWeQaQce Rf bRd\ PRUSKRORJ\ aQd LQWeJULW\ UePaLQV. TR daWe, 21 cXWLcOe

cROOaJeQ PXWaQWV KaYe beeQ LdeQWLfLed WKaW caXVe a UaQJe Rf bRd\ PRUSKRORJ\ defecWV (PaJe aQd

JRKQVWRQe 2007). SRPe Rf WKeVe PXWaQWV e[KLbLW a dLVSURSRUWLRQaWe UedXcWLRQ LQ bRd\ VL]e, ZKLOe

RWKeUV aUe QRWLceabO\ OaUJeU WKaQ ZLOd W\Se (CKR eW aO. 2021), cOeaUO\ dePRQVWUaWLQJ WKe

LPSRUWaQce Rf WKe SK\VLcaO VWUXcWXUe Rf WKe cXWLcOe RQ JURZWK. AQaO\]LQJ WKe cKaUacWeULVWLcV Rf

VL]e dXULQJ deYeORSPeQW LQ YaULRXV C. elegans bRd\ VKaSe PXWaQWV LV ceQWUaO WR XQdeUVWaQdLQJ

WKe UROe WKeVe JeQeWLc SaWKZa\V KaYe RQ bRd\ JURZWK.
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We SeUfRUPed a KLJK-UeVROXWLRQ ORQJLWXdLQaO VWXd\ Rf JURZWK LQ a VeOecWLRQ Rf C. elegans

cXWLcOe PXWaQWV. We VeOecWed PXWaQWV WKaW ZeUe bRWK UeSRUWedO\ VKRUWeU (dp\-1(e1), dp\-5(e61))

aQd ORQJeU (lon-3(e2175)) WKaQ ZLOd W\Se (CKR eW aO. 2021) (Figure A-1A). We WKeQ cROOecWed

KLJK-SUecLVLRQ PeaVXUePeQWV Rf aQLPaO fOXRUeVceQce (Figure A-1B), OeQJWK (Figure A-1C), aQd

ZLdWK (Figure A-1D) fURP WKe L1 VWaJe WKURXJK WKe L4 VWaJe. AV Ze SUeYLRXVO\ dePRQVWUaWed

(N\aaQJa eW aO. 2022), Ze caQ XVe RVcLOOaWLRQV LQ fOXRUeVceQce aV a SUR[\ fRU feedLQJ beKaYLRU WR

cKaUacWeUL]e OaUYaO SURJUeVVLRQ b\ aVVRcLaWLQJ SeULRdV Rf decUeaVed feedLQJ ZLWK PROW eYeQWV.

DRLQJ VR, Ze QRWLce WKaW lon-3(e2175) aQLPaOV fROORZ VLPLOaU deYeORSPeQWaO WUaMecWRULeV WR WKe

N2 ZLOd W\Se. B\ cRQWUaVW, Ze deWecW a deOa\ LQ WKe PROW WLPLQJ Rf bRWK dp\ PXWaQW VWUaLQV, ZLWK

dp\-1(e1) XQdeUJRLQJ eacK OaUYaO WUaQVLWLRQ OaWeU WKaQ aOO RWKeU WeVWed VWUaLQV. We aOVR RbVeUYe a

PaUNed decUeaVe LQ aQLPaO OeQJWK aQd LQcUeaVe LQ aQLPaO ZLdWK QRWLceabOe afWeU WKe L1 VWaJe LQ

bRWK dp\ VWUaLQV, cRQVLVWeQW ZLWK WKeLU cKaUacWeULVWLc dump\ SKeQRW\Se. IQWeUeVWLQJO\, Ze QRWe

OLWWOe VL]e dLYeUJeQce beWZeeQ lon-3(e2175) aQd N2 aQLPaOV dXULQJ RXU WLPe cRXUVe.

MeaVXUePeQWV Rf bRWK aQLPaO OeQJWK aQd ZLdWK aOORZ XV WR aVVeVV cKaQJeV LQ bRd\ VKaSe

aV ZeOO aV VL]e. PUeYLRXVO\, PRWLYaWed b\ cKaQJeV LQ WKe bRd\ aVSecW UaWLR Rf aQLPaOV Ze RbVeUYed

aW OaUYaO VWaJe WUaQVLWLRQV, Ze PRdeOed a SK\VLcaO PecKaQLVP b\ ZKLcK cRQVWUaLQWV RQ cXWLcOe

VWUeWcK cRXOd caXVe cKaQJeV LQ C. elegans bRd\ VKaSe (N\aaQJa eW aO. 2022). We fRXQd WKaW

PRdeO-SUedLcWed VKaSe cKaQJeV ZeUe cRQVLVWeQW ZLWK WKRVe VeeQ LQ RXU daWa Rf N2 aQLPaOV. GLYeQ

WKLV UeVXOW, Ze SURSRVed a ³SWUeWcKeU´ PRdeO fRU JURZWK ZKeUeLQ C. elegans VeQVe cKaQJeV LQ

cXWLcOe eOaVWLcLW\, LQ WaQdeP ZLWK RWKeU UeJXOaWRU\ PecKaQLVPV, WR cRQWURO JURZWK UaWe aQd

deWeUPLQe deYeORSPeQWaO WUaQVLWLRQV. GLYeQ WKe VWUXcWXUaO LPSacWV Rf dp\-1(e1), dp\-5(e61) aQd

lon-3(e2175) PXWaQWV, Ze VRXJKW WR deWeUPLQe ZKeWKeU WKe VKaSe d\QaPLcV SUedLcWed b\ WKe
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SWUeWcKeU PRdeO ZRXOd be cRQVLVWeQW ZLWK WKe PXWaQW daWa. B\ aQaO\]LQJ WKe UeOaWLRQVKLS beWZeeQ

PeaVXUed aQLPaO OeQJWK aQd ZLdWK ( / ) RYeU WLPe, Ze aUe abOe WR deWecW WKe OLQeaU aQd∆𝑊 ∆𝐿

QRQOLQeaU VWUeWcK UeJLPeV SUedLcWed b\ WKe SWUeWcKeU PRdeO (Figure 1F). IQ aOO VWUaLQV, Ze RbVeUYe

aQ aSSUR[LPaWeO\ cRQVWaQW / UaWLR LQ aOO OaUYaO VWaJeV, cRQVLVWeQW ZLWK a OLQeaU VWUeWcK∆𝑊 ∆𝐿

UeJLPe. Ne[W, Ze RbVeUYe a VKaSe VORSe LQcUeaVe, cRQVLVWeQW ZLWK a QRQOLQeaU VWUeWcK UeJLPe LQ

OeQJWK SUecedLQJ OaUYaO VWaJe WUaQVLWLRQV.

Methods

Worm culture

TKe OabRUaWRU\ VWUaLQ N2 ZaV RbWaLQed fURP WKe C. elegans NaWXUaO DLYeUVLW\ ReVRXUce (CRRN eW

aO. 2017). AOO RWKeU VWUaLQV ZeUe SURYLded b\ WKe CGC, ZKLcK LV fXQded b\ NIH OffLce Rf

ReVeaUcK IQfUaVWUXcWXUe PURJUaPV (P40 OD010440). AQLPaOV ZeUe cXOWXUed aW 20�C RQ 6 cP

SOaWeV Rf PRdLfLed QePaWRde JURZWK PedLa (NGMA), ZKLcK cRQWaLQed 1% aJaU aQd 0.7%

aJaURVe Veeded ZLWK E. coli OP50 bacWeULa.

High-throughput groZth assa\

MeaVXUePeQWV Rf bRd\ VL]e aQd fOXRUeVceQce ZeUe PeaVXUed aV SUeYLRXVO\ deVcULbed (N\aaQJa eW

aO. 2022). BULefO\, VWUaLQV ZeUe SURSaJaWed fRU WKUee JeQeUaWLRQV, bOeacK-V\QcKURQL]ed, aQd WLWeUed

aW a cRQceQWUaWLRQ Rf 1 ePbU\R SeU �L LQWR 250 PL fOaVNV. TKe fROORZLQJ da\, aUUeVWed L1V ZeUe

fed HB101 fRRd aW a fLQaO cRQceQWUaWLRQ Rf OD20 LQ a fLQaO fOaVN YROXPe Rf 100 PL K PedLXP

aQd HB101 fRRd. AQLPaOV ZeUe JURZQ ZLWK cRQVWaQW VKaNLQJ aW 20�C. FOaVNV ZeUe VaPSOed eacK

KRXU beJLQQLQJ RQe KRXU afWeU feedLQJ aQd cRQWLQXLQJ fRU 42 cRQVecXWLYe KRXUV. AW eacK KRXU,

800 �L ZaV UePRYed fURP eacK fOaVN aQd LQcXbaWed ZLWK fOXRUeVceQW SRO\cKURPaWLc beadV
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(PRO\VcLeQceV, 19507-5) fRU 10 PLQXWeV ZLWK VKaNLQJ. FROORZLQJ WKe bead LQcXbaWLRQ, aQLPaOV

ZeUe WUaQVfeUUed WR a 96-ZeOO PLcURWLWeU SOaWe, WUeaWed ZLWK VRdLXP a]Lde, LPaJed ZLWK aQ

IPaJeXSUeVV NaQR (MROecXOaU DeYLceV, SaQJRVe, CA), aQd VcRUed XVLQJ a OaUJe-SaUWLcOe fORZ

c\WRPeWeU (COPAS BIOSORT, UQLRQ BLRPeWULca, HROOLVWRQ MA). COPAS BIOSORT ZaV XVed

WR cROOecW PeaVXUePeQWV Rf aQLPaO OeQJWK (TOF), RSWLcaO e[WLQcWLRQ (EXT), aQd Ued fOXRUeVceQce

fRU eYeU\ aQLPaO LQ eacK ZeOO.

Data processing

COPAS BIOSORT daWa ZeUe SURceVVed aV SUeYLRXVO\ deVcULbed (N\aaQJa eW aO. 2022). TR

UePRYe QRQ-aQLPaO RbMecWV VXcK aV bacWeULaO cOXPSV, VKed cXWLcOeV, aQd Qe[W JeQeUaWLRQ OaUYaO

aQLPaOV fURP WKe WLPe-cRXUVe daWa. DaWa fRU eacK ZeOO ZaV VXPPaUL]ed WR RbWaLQ PedLaQ ZeOO

PeaVXUePeQWV. TOF aQd QRUP.EXT daWa ZeUe WKeQ cRQYeUWed WR PLcURQV. OQO\ WKe XQLW-cRUUecWed

daWa ZeUe XVed fRU fXUWKeU aQaO\VLV. ³SWUeWcKeU´ PRdeO aQaO\VLV Rf VKaSe d\QaPLcV ZaV SeUfRUPed

aV SUeYLRXVO\ deVcULbed (N\aaQJa eW aO. 2022).

Reagents
STRAIN GENOTYPE AVAILABLE FROM

N2 Caenorhabditis elegans CeNDR

CB1 dp\-1(e1) CGC

CB61 dp\-5(e61) CGC

CB4123 lon-3(e2175) CGC
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B. Food allocation during C. eleganV groZth

Mechanical control of feeding and allocation of food energ\ likel\ constrain

groZth d\namics in C. eleganV
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Figure B-1: Visuali]ation and anal\sis of food intake and utili]ation models. (A) A VLQJOe

c\cOe LQ ZKLcK aQLPaOV WaNe XS aQd WUaQVSRUW fRRd WR WKe JXW cRQVLVWV Rf fRXU JeQeUaO VWeSV. TKe

c\cOe beJLQV ZLWK UeOa[ed SKaU\QJeaO PXVcOeV aQd a cORVed SKaU\QJeaO OXPeQ (VWeS 1). TKe

aQLPaO RSeQV WKe SKaU\QJeaO OXPeQ VR WKaW fOXLd aQd fRRd fORZ WKURXJK WKe bXccaO caYLW\ aQd LQWR

WKe SKaU\QJeaO OXPeQ (VWeS 2). TKe aQLPaO UeOa[eV WKe PXVcOeV WKaW cRQWURO WKe RSeQLQJ, VWRSSLQJ

WKe fORZ Rf fOXLd WKURXJK WKe bXccaO caYLW\ aQd WUaSSLQJ a YROXPe Rf PedLa aSSUR[LPaWeO\ eTXaO

WR WKe Pa[LPXP YROXPe Rf WKe SKaU\QJeaO OXPeQ (VWeS 3). FLQaOO\, WKe SKaU\Q[ cORVeV, e[WUXdLQJ

e[ceVV PedLa aQd WUaSSLQJ bacWeULa aQd beadV WKaW aUe WKeQ µVZaOORZed¶ (VWeS 4). (B) PURdXcW Rf

SXPSLQJ fUeTXeQc\ aQd SKaU\QJeaO OXPeQ fUacWLRQ. (C) D\QaPLcV Rf YROXPe JURZWK UaWe. (D)

D\QaPLcV Rf WKe eVWLPaWed fRRd XWLOL]aWLRQ WRZaUdV JURZWK. (E) D\QaPLcV Rf Ued fOXRUeVceQce.

(F) D\QaPLcV Rf fRRd aOORcaWLRQ bUeaNdRZQ. FRRd aOORcaWed WRZaUd PaLQWeQaQce LV SURSRUWLRQaO

WR aQLPaO VL]e (SLQN). FRRd aOORcaWed WRZaUd JURZWK LV caOcXOaWed fURP fRRd LQWaNe (C) aQd

XWLOL]aWLRQ (D) WR SURdXce ORZ (daUN JUeeQ) aQd KLJK (cRPbLQed JUeeQ) eVWLPaWeV. FRRd aOORcaWed

WR RWKeU PeWabROLc SURceVVeV cRQVLVWV Rf UePaLQLQJ fRRd UeVRXUceV (JUe\). IQ SaQeOV C-E, WKe VROLd

bOXe OLQe UeSUeVeQWV WKe PeaQ bRRWVWUaS UeJUeVVLRQ. SWaQdaUd deYLaWLRQ RQ WKe UeJUeVVLRQ LV

PaUNed b\ WKe VKaded bOXe UeJLRQ. IQ SaQeOV C-F, VeUWLcaO Ued OLQeV PaUN PROW WLPeV. EUURUV RQ

VKaded UeJLRQV aUe �0.7 KRXUV. TKeVe daWa aUe fURP UeSOLcaWe 2 aQd aUe UeSUeVeQWaWLYe Rf aOO

UeSOLcaWeV.

Description

We KaYe SUeYLRXVO\ VKRZQ WKaW cKaQJeV LQ SK\VLcaO SURSeUWLeV Rf WKe C. elegans cXWLcOe PLJKW

VeUYe aV a cXe fRU deYeORSPeQWaO WLPLQJ (N\aaQJa eW aO. 2021). C. elegans PXVW KaYe
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PecKaQLVPV WR cRQWURO JURZWK WKURXJKRXW deYeORSPeQW, SaUWLcXOaUO\ LQ UeVSRQVe WR WKeVe cXeV.

LLNe PRVW VSecLeV, C. elegans dR QRW LQcUeaVe WKeLU JURZWK UaWe LQdefLQLWeO\ LQ UeVSRQVe WR

LQcUeaVed fRRd aYaLOabLOLW\ (USSaOXUL aQd BUaQJZ\QQe 2015). TKe aQLPaOV cRXOd cRQWURO JURZWK

eQWLUeO\ XVLQJ feedLQJ UaWe, aV WKe\ acWLYeO\ cRQWURO WKe feedLQJ UaWe (FaQJ-YeQ eW aO. 2009) aQd

VWRS feedLQJ aW WKe LQLWLaWLRQ Rf a PROW (SLQJK aQd SXOVWRQ 1978). IQ addLWLRQ WR WKLV PecKaQLcaO

cRQWURO, WKe\ cRXOd XVe PeWabROLc cRQWURO WR SUeePSWLYeO\ dLYeUW LQJeVWed UeVRXUceV WRZaUd RU

aZa\ fURP JURZWK. MeWabROLc SURceVVLQJ Rf VWRUed UeVRXUceV cRXOd be eVSecLaOO\ XVefXO Lf

aQLPaOV cRPSOeWe WKeLU PROW aQd eQWeU a fRRd-OLPLWed eQYLURQPeQW. UVLQJ a TXaQWLWaWLYe feedLQJ

PRdeO, Ze e[aPLQe WKe C. elegans JURZWK daWa (N\aaQJa eW aO. 2021) WR LQYeVWLJaWe WKe SRVVLbOe

PecKaQLcaO cRQWURO Rf feedLQJ aQd WKe PeWabROLc cRQWURO Rf WKe aOORcaWLRQ Rf LQJeVWed fRRd WRZaUd

RUJaQLVPaO JURZWK aQd deYeORSPeQW.

C. elegans LV a fLOWeU feedeU WKaW SXPSV LWV fRRd WKURXJK a c\cOe Rf SKaU\QJeaO PXVcOe

cRQWUacWLRQV aQd UeOa[aWLRQV WKaW aOWeUQaWLYeO\ RSeQ aQd cORVe WKe SKaU\QJeaO caYLW\. C. elegans

aUe caSabOe Rf acWLYeO\ PRdXOaWLQJ WKe OeQJWK Rf WLPe XVed WR cRQWUacW RU RSeQ a VXbVeW Rf WKe

SKaU\QJeaO PXVcOeV (FaQJ-YeQ eW aO. 2009). OXU feedLQJ PRdeO deVcULbeV KRZ cRQWURO Rf WKLV

WLPe OeQJWK aQd WKXV WKe cRQWURO Rf WKe RYeUaOO SXPSLQJ SeULRd, defLQed aV WKe OeQJWK Rf WLPe Rf

RQe fXOO SXPSLQJ c\cOe, WUaQVOaWeV WR cKaQJeV LQ WKe UaWe Rf fRRd XSWaNe (Figure B-1A). TKe

UeVXOWV Rf RXU aQaO\VLV VKRZ bRWK aQ RVcLOOaWLRQ LQ SXPSLQJ UaWeV aQd a VORZ cKaQJe LQ

SKaU\QJeaO OXPeQ VL]e WKURXJKRXW deYeORSPeQW (Figure B-1B). TKe PLQLPa Rf WKe SURdXcW Rf

SXPSLQJ fUeTXeQc\ aQd SKaU\Q[ fUacWLRQ RccXUUed dXULQJ PROW WLPeV, cRQVLVWeQW ZLWK SULRU

NQRZOedJe (SLQJK aQd SXOVWRQ 1978; B\eUO\ eW aO. 1976). TKe UeOaWLYe OeQJWK Rf WKe SKaU\Q[ WR

aQLPaO OeQJWK KaV beeQ VKRZQ WR decUeaVe RYeU deYeORSPeQW (AYeU\ 2003) aQd a VLPLOaU WUeQd LQ
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WKe YROXPe Rf WKe SKaU\QJeaO OXPeQ cRXOd e[SOaLQ WKe VORZ decUeaVe LQ WKe SURdXcW Rf SXPSLQJ

fUeTXeQc\ aQd SKaU\Q[ fUacWLRQ.

TR XQdeUVWaQd ZKeWKeU aQLPaOV cRQWURO JURZWK UaWe SULPaULO\ XVLQJ WKe PecKaQLcaO

feedLQJ SURceVV RU PeWabROLc UeJXOaWLRQ, Ze deVcULbe KRZ fRRd LV XWLOL]ed RQce LW LV LQJeVWed b\

C. elegans. We aVVXPed WKUee JeQeUaO caWeJRULeV Rf fRRd XWLOL]aWLRQ: PaLQWeQaQce, RbVeUYed

YROXPeWULc JURZWK, aQd aOO RWKeU SURceVVeV. We aVVXPe WKaW UeVRXUceV UeTXLUed fRU PaLQWeQaQce

aUe SURSRUWLRQaO WR WKe YROXPe Rf WKe aQLPaO. OWKeU SURceVVeV Pa\ LQcOXde WKe deYeORSPeQW Rf

WLVVXeV aQd VWUXcWXUeV, VXcK aV UeSURdXcWLYe cRPSRQeQWV, ZLWKLQ WKe ZRUP ZKLcK aUe UeVRXUce

LQWeQVLYe, bXW aUe QRW deWecWed dXULQJ WKe PeaVXUePeQWV Rf WKe ZLdWK, OeQJWK, RU YROXPe. FRRd

LQWaNe UaWe (XVLQJ Ued fOXRUeVceQce aV a SUR[\) aQd YROXPe JURZWK UaWe (QXPeULcaOO\

dLffeUeQWLaWed fURP WKe YROXPe UeJUeVVLRQ) fROORZ VLPLOaU d\QaPLcV WKURXJKRXW PXcK Rf C.

elegans deYeORSPeQW (Figure 1C aQd Figure 1E). EacK OaUYaO VWaJe cRQVLVWV Rf WKUee W\SeV Rf

d\QaPLcV: VWead\ JURZWK dXULQJ ZKLcK fRRd LQWaNe aQd JURZWK UaWe aUe bRWK LQcUeaVLQJ (JUeeQ),

SUeSaUaWLRQ fRU PROW dXULQJ ZKLcK fRRd LQWaNe aQd JURZWK UaWe aUe bRWK decUeaVLQJ (Ued), aQd

WUaQVLWLRQ UeJLRQV ZKeUe fRRd LQWaNe aQd JURZWK UaWe dR QRW YaU\ WRJeWKeU (ZKLWe). DXULQJ VWead\

JURZWK aQd PROW LQLWLaWLRQ, PecKaQLcaO fRRd LQWaNe UaWe aQd aOORcaWLRQ Rf fRRd UeVRXUceV WRZaUdV

RbVeUYabOe JURZWK KaYe VLPLOaU d\QaPLcV. AW WUaQVLWLRQ SRLQWV WKe aOORcaWLRQ Rf fRRd UeVRXUceV

WRZaUdV JURZWK, UeacKeV a ORcaO PLQLPXP RU Pa[LPXP. TKeVe ORcaO e[WUePa LQ fRRd XWLOL]aWLRQ

aW WUaQVLWLRQ SRLQWV OLNeO\ LQdLcaWe OaUJe cKaQJeV LQ PeWabROLc UeJXOaWLRQ (Figure 1D).

OXU aQaO\VLV Rf WKe UeOaWLRQVKLS beWZeeQ JURZWK UaWe aQd fRRd LQWaNe UaWe TXaQWLfLed WKe

LQWeUSOa\ Rf PeWabROLc UeJXOaWLRQ aQd PecKaQLcaO fRRd LQWaNe (Figure 1F). MecKaQLcaO fRRd

LQWaNe SURYLdeV WKe XSSeU bRXQd Rf aYaLOabOe fRRd UeVRXUceV fRU JURZWK, bXW PeWabROLc UeJXOaWLRQ
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VXbVWaQWLaOO\ cKaQJeV KRZ PXcK Rf WKLV aYaLOabOe fRRd LV XWLOL]ed fRU YROXPeWULc JURZWK acURVV

deYeORSPeQW. LRcaO e[WUePa LQ PeWabROLc UeJXOaWLRQ d\QaPLcV cRLQcLde ZLWK WKe VWaUW Rf

WUaQVLWLRQ WLPeV. WLWKLQ WKe L2 aQd L3 VWaJeV Ze RbVeUYed a decRXSOLQJ beWZeeQ JURZWK UaWe aQd

fRRd LQWaNe d\QaPLcV (Figure 1F ZKLWe UeJLRQ) WZLce. TKe fLUVW Rf WKeVe WLPe SeULRdV cRUUeVSRQdV

WR WKe WLPeV aW ZKLcK WKe ZLdWK-WR-OeQJWK UaWLR dUaVWLcaOO\ cKaQJeV aQd WKe VecRQd cRUUeVSRQdV WR

ecd\VLV. We eVWLPaWed WKaW WKURXJKRXW OaUYaO VWaJeV PeWabROLc UeVRXUceV aOORcaWed WR QRQ-JURZWK

SURceVVeV YaULeV PXcK OeVV WKaQ fRRd UeVRXUceV UeTXLUed fRU JURZWK aQd PaLQWeQaQce. TKe

RVcLOOaWRU\ beKaYLRU Rf fRRd XWLOL]aWLRQ PRWLYaWeV WKe Qeed fRU fXUWKeU PeWabRORPLc e[SeULPeQWV

WR SURbe PeWabROLc UeJXOaWRU\ d\QaPLcV SaUWLcXOaUO\ LQ aURXQd OaUYaO-VWaJe WUaQVLWLRQV.

Methods

Worm culture

TKe caQRQLcaO OabRUaWRU\ VWUaLQ N2 ZaV RbWaLQed fURP WKe C. elegans NaWXUaO DLYeUVLW\ ReVRXUce

(CRRN eW aO. 2017) aQd aQLPaOV ZeUe cXOWXUed aW 20�C RQ 6 cP SOaWeV Rf PRdLfLed QePaWRde

JURZWK PedLa (NGMA), ZKLcK cRQWaLQed 1% aJaU aQd 0.7% aJaURVe Veeded ZLWK E. coli OP50

bacWeULa.

High-throughput groZth assa\

MeaVXUePeQWV Rf bRd\ VL]e aQd fOXRUeVceQce ZeUe PeaVXUed aV SUeYLRXVO\ deVcULbed (N\aaQJa eW

aO. 2021). BULefO\, VWUaLQV ZeUe SURSaJaWed fRU WKUee JeQeUaWLRQV, bOeacK-V\QcKURQL]ed, aQd WLWeUed

aW a cRQceQWUaWLRQ Rf 1 ePbU\R SeU �L LQWR VL[ UeSOLcaWe 500 PL fOaVNV. TKe fROORZLQJ da\,

aUUeVWed L1V ZeUe fed HB101 fRRd aW a fLQaO cRQceQWUaWLRQ Rf OD20 LQ a fLQaO fOaVN YROXPe Rf

100 PL K PedLXP aQd HB101 fRRd. AQLPaOV ZeUe aOORZed WR JURZ aW 20�C ZLWK cRQVWaQW
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VKaNLQJ. FOaVNV ZeUe VaPSOed eacK KRXU beJLQQLQJ RQe KRXU afWeU feedLQJ aQd cRQWLQXLQJ fRU 72

cRQVecXWLYe KRXUV. AW eacK KRXU, 500 �L ZaV UePRYed fURP eacK fOaVN aQd LQcXbaWed ZLWK

fOXRUeVceQW SRO\cKURPaWLc beadV (PRO\VcLeQceV, 19507-5) fRU 10 PLQXWeV ZLWK VKaNLQJ. FROORZLQJ

WKe bead LQcXbaWLRQ, aQLPaOV ZeUe aOLTXRWed WR a 96-ZeOO PLcURWLWeU SOaWe, WUeaWed ZLWK VRdLXP

a]Lde, LPaJed ZLWK aQ IPaJeXSUeVV NaQR (MROecXOaU DeYLceV, SaQJRVe, CA), aQd VcRUed XVLQJ a

OaUJe-SaUWLcOe fORZ c\WRPeWeU (COPAS BIOSORT, UQLRQ BLRPeWULca, HROOLVWRQ MA). COPAS

BIOSORT ZaV XVed WR cROOecW PeaVXUePeQWV Rf aQLPaO OeQJWK (TOF), RSWLcaO e[WLQcWLRQ (EXT),

aQd Ued fOXRUeVceQce fRU eYeU\ aQLPaO LQ eacK ZeOO.

Feeding model anal\sis

TR aQaO\]e YROXPeWULc JURZWK d\QaPLcV aQd feedLQJ d\QaPLcV, YROXPe UeJUeVVLRQ ZaV

caOcXOaWed XVLQJ a c\OLQdULcaO aSSUR[LPaWLRQ fRU aQLPaO VKaSe aQd WKe VaPe ORcaO NeUQeO

UeJUeVVLRQ SUeYLRXVO\ deVcULbed (N\aaQJa eW aO. 2021) ZaV aSSOLed WR Ued fOXRUeVceQce daWa.

VROXPe JURZWK UaWe ZaV caOcXOaWed XVLQJ WKe S\WKRQ QXPS\ JUadLeQW fXQcWLRQ aSSOLed WR WKe

YROXPe UeJUeVVLRQV. AQ addLWLRQaO PRYLQJ WLPe ZLQdRZ aYeUaJe (1.4 KRXUV) ZaV aSSOLed WR

VPRRWK QXPeULcaO eUURUV LQ WKe deULYaWLYe ZKeQ deWeUPLQLQJ feedLQJ aQd JURZWK UeJLPe

WUaQVLWLRQ SRLQWV. MRdeO deULYaWLRQV caQ be fRXQd LQ WKe E[WeQded DaWa fLOe.
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E[tended Data

DeriYation of eating modelChicagol

We e[SUeVV WKe YROXPe Rf WKe SKaU\QJeaO OXPeQ aV a fUacWLRQ, , Rf QePaWRde YROXPe,Տഈ՜ഉ

. AV WKe SXPSLQJ SeULRd LV PXcK faVWeU (PV LQ adXOWV) WKaQ WKe𝑉
Ք՝ՕՍՖ:Օ𝑎ՠ

ഈ՜ഉ ࡦ  Տഈ՜ഉࡣ 𝑉
՟՗՚Օ

ഈ՜ഉ

UaWe Rf PeaVXUed JURZWK (KRXUV), Ze aYeUaJed WKe fRRd LQWaNe UaWe RYeU a VLQJOe SXPSLQJ SeULRd.

We beJLQ b\ defLQLQJ WKe LQVWaQWaQeRXV UaWe Rf fRRd LQWaNe aV a fXQcWLRQ Rf WKe fORZ UaWe Rf PedLa

WKURXJK WKe bXccaO caYLW\ aQd WKe cURVV VecWLRQaO aUea Rf WKe bXccaO caYLW\

(1)
Ռ𝑉

Վ՗՗Ռ

Ռ՜ ࡦ 𝐴
Պ՝ՋՋ𝑎Ք

We WKeQ PaNe WKe aVVXPSWLRQ WKaW WKe XSWaNe Rf PedLa fLOOV WKe SKaU\Q[ caYLW\ Ze KaYe

(2)
Ռ𝑉

Վ՗՗Ռ

Ռ՜ ࡦ 𝐶
Ռ𝑉

՘Ր𝑎՚աՖՠ

Ռ՜

We aYeUaJe bRWK VLdeV Rf WKe eTXaWLRQ XQdeU WKe aVVXPSWLRQ WKaW WKe SXPSLQJ SeULRd LV

VLJQLfLcaQWO\ VKRUWeU WKaQ WKe WLPe VcaOe Rf JURZWK

(3)1
𝑇

0

𝑇

∫
Ռ𝑉

Վ՗՗Ռ

Ռ՜ Ռ՜ ࡦ 1
𝑇

0

𝑇

∫ 𝐶𝐴
Պ՝ՋՋ𝑎Ք

TKe LQWeJUaO RQ WKe ULJKW KaQd VLde LV WKe WRWaO fRRd LQWaNe dXULQJ a VLQJOe SXPSLQJ SeULRd.
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(4)1
𝑇

0

𝑇

∫
Ռ𝑉

Վ՗՗Ռ

Ռ՜ Ռ՜ ࡦ 1
𝑇 ∆𝑉

Վ՗՗Ռ

We WKeQ WaNe LQWR accRXQW WKaW fRRd LV QRW WUaQVSRUWed WR WKe JXW LQ WKe VaPe VWeS aV LWV XSWaNe.

TKXV WKe WRWaO fRRd LQWaNe dXULQJ a VLQJOe SXPS caQ be caOcXOaWed b\ WKe aPRXQW Rf fRRd WKaW fLOOV

WKe fXOO\ RSeQed SKaU\Q[

(5)1
𝑇

0

𝑇

∫
Ռ𝑉

Վ՗՗Ռ

Ռ՜ Ռ՜ ࡦ 𝐶
𝑇 ∆𝑉

՘Ր𝑎՚աՖՠ:Օ𝑎ՠ

We WKeQ UeSOace WKe aYeUaJe RQ WKe ULJKW KaQd VLde ZLWK WKe aYeUaJe fRRd LQWaNe UaWe RYeU WKe

SXPSLQJ SeULRd. FRU VLPSOLcLW\ aQd becaXVe Ze ZLOO deaO eQWLUeO\ ZLWK WKe aYeUaJe fRRd LQWaNe

UaWe, Ze dR QRW XVe a dLffeUeQW QRWaWLRQ fRU WKLV aYeUaJe UaWe.

(6)
Ռ𝑉

Վ՗՗Ռ

Ռ՜ Ռ՜ ࡦ 𝐶
𝑇 ∆𝑉

՘Ր𝑎՚աՖՠ:Օ𝑎ՠ
ࡦ 𝐶Վഈ՜ഉ𝑉

՘Ր𝑎՚աՖՠ:Օ𝑎ՠ

HeUe, LV WKe cRQceQWUaWLRQ Rf bacWeULa LQ WKe cXOWXUe ZKeUe aQLPaOV aUe JURZQ aQd LV WKe𝐶 Վഈ՜ഉ

SXPSLQJ fUeTXeQc\ aQd WKe LQYeUVe Rf WKe SeULRd Rf a VLQJOe SXPS. BRWK SXPSLQJ fUeTXeQc\,

, aQd WKe fUacWLRQaO SKaU\QJeaO OXPeQ VL]e, , YaU\ RYeU WKe aQLPaO¶V OLfe c\cOe. TKRXJKՎഈ՜ഉ Տഈ՜ഉ

aQ\ LQdLYLdXaO bacWeULXP Pa\ WaNe PXOWLSOe SXPSV WR WUaYeO dRZQ WR WKe JXW, Ze aVVXPe WKaW,

RQce fRRd KaV eQWeUed WKe SKaU\QJeaO OXPeQ, LW ZLOO eYeQWXaOO\ be PeWabROL]ed. WLWK WKLV

aVVXPSWLRQ, Ze aUe RQO\ LQWeUeVWed LQ WKe UaWe aW ZKLcK fRRd eQWeUV VR Ze dR QRW PRdeO WKe

d\QaPLcV Rf fRRd WUaYeOLQJ WKURXJK WKe JXW.

Defecation anal\sis

We YeULf\ WKaW Ued fOXRUeVceQce (deQRWed aV ³ ´) caQ be WUeaWed aV a SUR[\ PeaVXUePeQW fRU𝑅ՍՌ

fRRd LQWaNe UaWe JLYeQ defecaWLRQ UaWeV. We XVe WKe defecaWLRQ UeVXOWV fRXQd LQ (LLX aQd TKRPaV
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1994) WR deWeUPLQe Lf Ued fOXRUeVceQW PeaVXUePeQWV caQ be XVed aV a SUR[\ fRU fRRd LQWaNe UaWe aV

RSSRVed WR WKe LQVWaQWaQeRXV fRRd YROXPe LQ WKe JXW. DefecaWLRQ LQ adXOWV KaSSeQV YeU\

UeJXOaUO\, ZLWK a SeULRd Rf , ZLWK Rf WKeLU LQWeVWLQaO YROXPe𝑇
Ռ

ࡦ 45 ࡡ 3՛ Ր
Ռ

ࡦ 43 ࡡ 10%

beLQJ e[SeOOed eacK WLPe. TKe YROXPe e[SeOOed LV ZeOO PL[ed. DefLQLQJ aV WKe cXUUeQW aPRXQW𝑉
Վ

Rf fRRd LQ WKe QePaWRde JXW. We caQ XVe cRQVeUYaWLRQ Rf PaVV WR VWaWe WKaW WKe UaWe Rf cKaQJe LQ

WKe aPRXQW Rf fRRd LQ WKe JXW LV eTXaO WR WKe UaWe Rf fRRd LQWaNe WKURXJK eaWLQJ OeVV WKe defecaWLRQ

UaWe aQd WKe UaWe aW ZKLcK fRRd YROXPe LV PeWabROL]ed LQWR ceOO SURdXcWV:

(7)
Ռ𝑉

Վ

Ռ՜ ࡦ   
Ռ𝑉

Վ

Ռ՜ |
Ս𝑎՜ՑՖՏ

ࡠ  
Ռ𝑉

Վ

Ռ՜ |
ՌՍՎՍՋ𝑎՜ՑՖՏ

ࡠ
Ռ𝑉

Վ

Ռ՜ |
ՕՍ՜𝑎Պ՗ՔՑբՍՌ

UVLQJ Ued fOXRUeVceQce aV a SUR[\ fRU fRRd LQWaNe Ze caQ LJQRUe WKe PeWabROLVP WeUP aV WKe

fOXRUeVceQW beadV ZeUe QRW PeWabROL]ed.

(8)
Ռ𝑉

Վ

Ռ՜ ࡦ   
Ռ𝑉

Վ

Ռ՜ |
Ս𝑎՜ՑՖՏ

ࡠ  
Ռ𝑉

Վ

Ռ՜ |
ՌՍՎՍՋ𝑎՜ՑՖՏ

TKe abRYe eTXaWLRQ VWaWeV WKaW WKe UaWe Rf cKaQJe Rf WKe YROXPe Rf fOXRUeVceQW beadV LQ WKe JXW LV

eTXaO WR WKe dLffeUeQce beWZeeQ WKe LQWaNe Rf Ued fOXRUeVceQW beadV PLQXV WKe defecaWLRQ UaWe Rf

Ued fOXRUeVceQW beadV. UVLQJ WKe UeVXOWV Rf (LLX aQd TKRPaV 1994) fRU WKe VecRQd WeUP, aQd

defLQLQJ aV WKe YROXPe Rf fRRd LQ WKe JXW MXVW SULRU WR defecaWLRQ, aV WKe fUacWLRQ Rf𝑉
Վ:Օ𝑎ՠ

Ր
Ռ

fRRd e[SeOOed dXULQJ a VLQJOe defecaWLRQ c\cOe, aQd aV WKe SeULRd Rf defecaWLRQ. We aYeUaJe𝑇
Ռ

ETXaWLRQ (S8) RYeU VKRUW WLPe SeULRdV WR UePRYe WKe SXPSLQJ aQd defecaWLRQ SeULRd RVcLOOaWLRQV.

(9)
Ռ𝑉

՚ՍՌ:Օ𝑎ՠ

Ռ՜ ࡦ   
Ռ𝑉

՚ՍՌ

Ռ՜ |
Ս𝑎՜ՑՖՏ

ࡠ  
𝑉

՚ՍՌ:Օ𝑎ՠ
Ր

Ռ

𝑇
Ռ

OQ WKe OefW KaQd VLde, WKe LQVWaQWaQeRXV UaWe Rf WKe JXW Ued fOXRUeVceQce LQ ETXaWLRQ (S8) LV

UeSOaced b\ WKe UaWe Rf cKaQJe Rf WKe Pa[LPXP RU ³fXOO´ JXW fOXRUeVceQce. TKe VecRQd WeUP RQ
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WKe ULJKW KaQd VLde Rf ETXaWLRQ (S8) KaV beeQ UeSOaced b\ WKe aYeUaJe defecaWLRQ UaWe RYeU a

c\cOe caOcXOaWed b\ PXOWLSO\LQJ WKe fXOO JXW fOXRUeVceQce b\ WKe fUacWLRQ e[SeOOed aQd dLYLdLQJ b\

WKe defecaWLRQ SeULRd. We VROYe ETXaWLRQ (S9) fRU WKe aYeUaJe eaWLQJ UaWe.

(10)
Ռ𝑉

՚ՍՌ

Ռ՜ |
Ս𝑎՜ՑՖՏ

ࡦ  
Ռ𝑉

՚ՍՌ:Օ𝑎ՠ

Ռ՜ ࡟
𝑉

՚ՍՌ:Օ𝑎ՠ
Ր

Ռ

𝑇
Ռ

We WaNe WKe ORcaO UeJUeVVLRQ Rf WKe Ued fOXRUeVceQce WR deWeUPLQe . TKLV YaOXe LV𝑉
՚ՍՌ:Օ𝑎ՠ

ഈ՜ഉ

SOXJJed LQWR WKe VecRQd WeUP RQ WKe ULJKW KaQd VLde Rf ETXaWLRQ (S10) aQd LWV deULYaWLYe LV XVed

WR aSSUR[LPaWe WKe fLUVW WeUP RQ WKe ULJKW KaQd VLde Rf ETXaWLRQ (S10). We WaNe WKe adXOW YaOXeV

Rf aQd (LLX aQd TKRPaV 1994) aV a fLUVW aSSUR[LPaWLRQ. FLJXUe (S6) dePRQVWUaWeV aՐ
Ռ

𝑇
Ռ

cRPSaULVRQ Rf WKe Ued fOXRUeVceQce aQd WKe Ued LQWaNe UaWe ZLWK defecaWLRQ WaNeQ LQWR accRXQW aW

WKe cRQVWaQW adXOW UaWeV aQd TXaQWLWLeV. We KaYe VcaOed bRWK WKe SLQN cXUYe deQRWLQJ Ued

fOXRUeVceQce aQd WKe bOXe cXUYe deQRWLQJ Ued LQWaNe UaWe b\ WKeLU Pa[LPXP. TKLV VcaOLQJ aOORZV

XV WR Vee WKaW WKe WZR cXUYeV aUe RQO\ a PXOWLSOLcaWLYe facWRU aSaUW XS WR eUURU baUV. TKLV aOORZV XV

WR XVe WKe Ued PeaVXUePeQW aV a SUR[\ fRU bRWK Ued aQd fRRd LQWaNe UaWeV.

We XVe Ued fOXRUeVceQce aQd caOcXOaWed YROXPe aV WKe SURdXcW Rf SXPSLQJ UaWe aQd

SKaU\QJeaO OXPeQ fUacWLRQ, , RYeU WLPe.Վഈ՜ഉՏഈ՜ഉ ∝ 𝑅ՍՌ
𝑉

՟՗՚Օ

DeriYation of food utili]ation model

TKe UaWe Rf fRRd cRQYeUVLRQ WR JURZWK caQ be deVcULbed b\:

(11)
Ռ𝑉

՟՗՚Օ

Ռ՜ ഈ՜ഉ ࡦ ηഈ՜ഉαഈ՜ഉ
Ռ𝑉

Վ՗՗Ռ

Ռ՜ ഈ՜ഉ.

HeUe, LV WKe LQVWaQWaQeRXV UaWe Rf fRRd LQWaNe (aYeUaJed RYeU a VLQJOe SXPS), LV WKe
Ռ𝑉

Վ՗՗Ռ

Ռ՜ ηഈ՜ഉ

PeWabROLc effLcLeQc\ Rf cRQYeUWLQJ fRRd WR JURZWK, aQd LV fRRd XWLOL]aWLRQ, PeaQLQJ WKeαഈ՜ഉ
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fUacWLRQ Rf fRRd XVed fRU YROXPeWULc JURZWK aV RSSRVed WR PaLQWeQaQce RU RWKeU PeWabROLc

SURceVVeV. If bRWK aQd aUe cRQVWaQW, WKeQ WKe eTXaWLRQ SUedLcWV WKe UaWe Rf YROXPeWULcηഈ՜ഉ αഈ՜ഉ

JURZWK LV dLUecWO\ SURSRUWLRQaO WR WKe UaWe Rf fRRd cRQVXPSWLRQ, ZKLcK ZRXOd be eTXLYaOeQW WR

cRQWUROOLQJ JURZWK WKURXJK feedLQJ ZLWK QR cKaQJeV LQ PeWabROLc UeJXOaWLRQ (WKURXJK eQ]\Pe

e[SUeVVLRQ RU RWKeU dLUecWLRQ Rf fOX[ beWZeeQ SaWKZa\V). EffLcLeQc\ caSWXUeV WKe Pa[LPXP

effLcLeQc\ Rf PeWabROLVP, aQd Ze aVVXPe LW dReV QRW YaU\ VLJQLfLcaQWO\ ZKeQ WKe fRRd VRXUce LV

cRQVWaQW, . TKeUefRUe, XWLOL]aWLRQ caSWXUeV WKe d\QaPLcV Rf PeWabROLc UeJXOaWLRQ. If WKeηഈ՜ഉ ࡦ η

fUacWLRQ Rf fRRd XWLOL]ed fRU JURZWK LV QRW cRQVWaQW, WKeQ YROXPeWULc JURZWK UaWe LV QR ORQJeU

SURSRUWLRQaO WR fRRd cRQVXPSWLRQ UaWe aQd PeWabROLc cRQWURO PXVW SOa\ a UROe LQ dULYLQJ WKe

JURZWK UaWe.

We caOcXOaWe WKe YaOXe Rf WKe SURdXcW Rf PeWabROLc effLcLeQc\ aQd fRRd XWLOL]aWLRQ, ,αഈ՜ഉ η

fURP WKe daWa b\ PaQLSXOaWLQJ ET. (11):

(12)αഈ՜ഉ η ࡦ  
Ռ𝑉

՟՗՚Օ

Ռ՜ ഈ՜ഉഈ ഉ/ 
Ռ𝑉

Վ՗՗Ռ

Ռ՜ ഈ՜ഉഈ ഉ.

B\ XVLQJ WKe Ued fOXRUeVceQce aV a SUR[\ fRU fRRd LQWaNe UaWe LQ ET. (12), Ze caQ eVWLPaWe WKe

d\QaPLcaO beKaYLRU XS WR VcaOLQJ facWRUV fRU WKe PeWabROLc effLcLeQc\ WLPeV fRRd XWLOL]aWLRQ,

. BecaXVe RQO\ XWLOL]aWLRQ YaULeV LQ WLPe, LW caSWXUeV WKe d\QaPLcV Rfαഈ՜ഉ η ∝
Ռ𝑉

՟՗՚Օ

Ռ՜ ഈ՜ഉഈ ഉ/ 𝑅ՍՌ

PeWabROLc UeJXOaWLRQ:

(13)αഈ՜ഉ ∝  
Ռ𝑉

՟՗՚Օ

Ռ՜ ഈ՜ഉഈ ഉ/ 𝑅ՍՌ.
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Vita

JR\ N\aaQJa LV a fLUVW-JeQeUaWLRQ KeQ\aQ LPPLJUaQW UaLVed LQ BXffaOR, NY. SKe aWWeQded JRKQ

CaUUROO UQLYeUVLW\ fRU XQdeUJUadXaWe VWXd\ ZKeUe VKe eaUQed dXaO deJUeeV LQ CeOO & MROecXOaU

BLRORJ\ aQd CKePLVWU\. TKLV e[SeULeQce LJQLWed a faVcLQaWLRQ LQ WKe LQWeUVecWLRQ Rf BLRORJ\ aQd

CKePLVWU\. SKe fROORZed WKLV SaVVLRQ, eaUQLQJ a MaVWeUV aW PULQceWRQ UQLYeUVLW\ ZKeUe VKe

LQYeVWLJaWed WKe LQWeUSOa\ beWZeeQ RNA cKePLVWU\ aQd ceOOXOaU UeJXOaWRU\ PecKaQLVPV. WKLOe aW

PULQceWRQ, a SURJUaPPLQJ cRXUVe LQWURdXced KeU WR WKe aSSOLcaWLRQ Rf TXaQWLWaWLYe PeWKRdV LQ

bLRORJLcaO VcLeQceV aQd PRWLYaWed KeU WR VeaUcK fRU a dRcWRUaO SURJUaP cRPPLWWed WR fRVWeULQJ

WKLV QeZfRXQd LQWeUeVW. JR\ ZeQW RQ WR SXUVXe a PK.D. aW NRUWKZeVWeUQ UQLYeUVLW\ LQ WKe

IQWeUdLVcLSOLQaU\ BLRORJLcaO ScLeQceV SURJUaP. TKeUe, VKe ZaV a SaUW Rf WKe NSF-SLPRQV CeQWeU

fRU QXaQWLWaWLYe BLRORJ\, SaUWLcLSaWLQJ LQ UeVeaUcK aLPed aW aSSO\LQJ PaWKePaWLcaO LQTXLU\ WR WKe

VWXd\ Rf aQLPaO JURZWK aQd deYeORSPeQW. DXULQJ KeU dRcWRUaO UeVeaUcK, JR\ aXWKRUed

PaQXVcULSWV VSaQQLQJ WRSLcV fURP deYeORSPeQWaO bLRORJ\, JeQRPLcV, aQd VRfWZaUe deYeORSPeQW.


