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Reviewer #1 (Remarks to the Author): 

This manuscript is very well written and represents an important step in our understanding of 

microbial diversity in the oceans. SAR202 is without a doubt one of the most important lineages on 

the planet and getting into culture and studying it’s growth will be of broad interest and thus I fully 

endorse this be published in Nature Comm. I have very few comments all of which are minor 

changes that should be made. 

Ln 16 – I agree this is at the top of that list, however I think some might take offense to say they 

were at the “top”, maybe change to “among the top”. 

Ln – 53 – not clear on “keen interest and technological advances” would take them off this list? 

Reword this sentence, make no sense to me. 

Ln 435 – what version of GTDB-Tk was used? 

Reviewer #2 (Remarks to the Author): 

The manuscript by Lim et al. reports the isolation SAR202 bacterioplankton for the first time. This 

is a significant achievement in microbial ecology, given the ubiquity and abundance of this lineage 

in global oceans. I sincerely acknowledge their efforts and achievements. Using the isolated 

strains, the authors performed genome analysis and eco-physiological characterization. Although 

the manuscript is well-written and easy to follow the context overall, several points require 

logical/methodological clarification. The followings are my review comments. 

Major comments: 

1. Representativeness of the isolate among the SAR202 clade 

The isolated strains all belong to group I of the SAR202 clade. However, group III dominates in the 

deep ocean, where SAR202 shows high relative abundance that initially attracted researchers. In 

this regard, the authors must be careful when generalizing the results based on the isolates to the 

whole SAR202 clade. Indeed, a previous study indicated a significant gap in the genetic repertoire 

between groups I and III (Saw et al. 2020). For instance, COG4948, which is overrepresented in 

group I genomes and one of the main subjects of this manuscript, is not that abundant and 

diverse in group III genomes. The existence of (helio-)rhodopsin is also not the case in group III 

and thus is unlikely the general feature of SAR202. The growth inhibition at low temperatures 

(Extended Fig. 3) is also unlikely for members inhabiting deep oceans. Linking the results with the 

molecular diversity hypothesis is intriguing. However, this should be carefully introduced because 

many people would imagine the processes in the deep ocean when it comes to this hypothesis and 

SAR202. Overall, given the broad phylogenetic range of the SAR202 clade, the characteristics of 

group I and that of the SAR202 clade should be clearly separated in the discussion. 

2. Interpretation of the carbon compound-adding experiments (Fig. 5) 

The authors’ interpretation and aim of the experiment in Fig 5 are unclear to me. The result 

demonstrates the growth enhancement by the compounds but does not provide information on 

how these compounds are used by the cells. Unless showing there is no other predicted metabolic 

pathway to utilize these compounds, linking the results (Fig. 5a) with the overrepresentation of 

some COGs (Fig. 5b) is not logically convincing. Further, since the compounds are not the sole 

carbon source in the media, the results cannot conclude that these compounds are serving as 

carbon and energy sources (L. 237). Overall, the authors need to clarify the aim of the experiment 

and reasonably discuss what was demonstrated and what remains unknown in the experiment. 

3. Method for read-mapping analysis 

The authors estimated the relative abundance of JH545 across the ocean using metagenomic read 

mapping. Here, I could not evaluate the validity of the analysis due to the following reasons. First 

of all, RPKM is the value normalized by the number of mapped reads. This means that RPKM would 

change significantly depending on the size of the mapping reference. For instance, if other 



dominant members (like SAR11) were included in the mapping reference, the RPKM would be 

estimated lower, as the number of mapped reads increases. With this regard, what was used for 

the mapping reference is unclear in the method section. Second and related, it is unclear whether 

the authors performed competitive mapping or not. If there is a close relative (ANI>~90% (= the 

threshold of read mapping)) of JH545 in the sample, or if the JH545 have a conserved genomic 

region shared with many other bacteria, the reads from those non-JH545 genomes would be mis-

mapped to JH545 and result in overestimation. (more information for competitive mapping is 

available here: https://instrain.readthedocs.io/en/master/important_concepts.html#handling-and-

reducing-mis-mapping-reads ). With this regard, the term “abundance of JH545” is inappropriate 

here because JH545 is a name of an isolated strain, and short-read mapping will never reveal the 

abundance of the same genotype. Seeing Fig. 1, I guess that the authors’ read mapping analysis 

would also detect JH1073, JH639, JH702, even UBA7894, and other related species in the same 

genus/family. I would doubt the high RPKM at >1000m depth might be false positives derived 

from close relatives, not rhodopsin-holding members of JH545. Finally, the size fraction (filter pore 

size) of the mapped metagenomes is unclear. Differences in the size fraction may cause biases in 

the abundance estimation due to the different proportions of non-prokaryotic reads among the 

samples. Please clarify the method for the read-mapping analysis. 

Minor comments: 

L. 79: What was the subclade of the second abundant SAR202 in Extended Fig. 2? They are also 

abundant in the sample water but were not recovered as an isolate. Is there an explanation for 

this? 

L. 107: Is “influence of horizontal gene transfer” important? Are there any important genes on the 

genomic islands? 

L. 109 “shared similar features”: How similar were they to each other? What was ANI between 

them? Is there a hypervariable region unshared between strains (this cannot be captured by 

metagenome and is one of the main advantages of using cultivated strain)? Do they share 

genomic synteny? I would suggest drawing a dot plot among the genomes if it shows something 

interesting. 

L. 129-: The discussion of archaellum is fascinating. Drawing a gene phylogenetic tree would 

further conclude the origin of the Chloroflexota archaellum. Has this already been done by others? 

If not, I would suggest drawing the tree. 

L. 283: Please cite the reference for the observation that Bacteroidia, Gammaproteobacteria, and 

Verrucomicrobiota are responsible for polysaccharide degradation. 

L. 306-: Since the isolation is innovative, I would encourage the author to describe more about 

future perspectives in the conclusion section. What will become possible in the future by using this 

isolate? What remains unknown in the present study, and what should be done in the next step? 

L. 377-: What was the initial cell density of this experiment? 

L. 430 “ANIb”: Is this typo? 

Fig. 3: Please provide an explanation for the colors of the transporter illustrations. 

Extended Fig 4: “as drawn by IMG” “integrated results” What do they mean? Please specify. 

Extended Table 1: This table is hard to read as there are many horizontal lines. Please modify the 

format for better readability. 
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Authors’ response to Reviewers’ comments

Reviewer #1:

4DEP I8JXP:OEMQ EP Y<O\ Z<HH ZOEU<J 8J; O<MO<P<JQP 8J EIMKOQ8JQ PQ<M EJ KXO XJ;<OPQ8J;EJC K= IE:OK9E8H

;EY<OPEQ\ EJ QD< K:<8JPe 3"2ywy EP ZEQDKXQ 8 ;KX9Q KJ< K= QD< IKPQ EIMKOQ8JQ HEJ<8C<P KJ QD< MH8J<Q 8J;

C<VJC EJQK :XHQXO< 8J; PQX;\EJC EQgP COKZQD ZEHH 9< K= 9OK8; EJQ<O<PQ 8J; QDXP * =XHH\ <J;KOP< QDEP 9< MX9HEPD<;

EJ /8QXO< $KIIe * D8Y< Y<O\ =<Z :KII<JQP 8HH K= ZDE:D 8O< IEJKO :D8JC<P QD8Q PDKXH; 9< I8;<e

Line 16d * 8CO<< QDEP EP 8Q QD< QKM K= QD8Q HEPQb DKZ<Y<O * QDEJG PKI< IECDQ Q8G< K><JP< QK P8\ QD<\ Z<O< 8Q QD<

hQKMib I8\9< :D8JC< QK h8IKJC QD< QKMie

2<PMKJP<d 7< 8CO<< ZEQD \KXO MKEJQb 8J; Z<qY< :D8JC<; hQKMi QK r8IKJC QD< QKMr nHEJ< x}oe

Line 53d JKQ :H<8O KJ hG<<J EJQ<O<PQ 8J; Q<:DJKHKCE:8H 8;Y8J:<Pi ZKXH; Q8G< QD<I K> QDEP HEPQa 2<ZKO; QDEP

P<JQ<J:<b I8G< JK P<JP< QK I<e

2<PMKJP<d 7< O<YEP<; QD< P<JQ<J:< QD8Q EJ:HX;<; QDEP MDO8P< QK 9<U<O :KJY<\ ZD8Q Z< 8O< QO\EJC QK P8\e 7<gY<

Z8JQ<; QK <IMD8PE]< QD8Q I8J\ MOKG8O\KS: COKXMP 8O< JKQ :XHQXO<; \<Q <Y<J QDKXCD I8J\ O<P<8O:D<OP ZDK

O<:KCJE]< QD< EIMKOQ8J:< K= :XHSY8SKJ D8Y< 8MMHE<; JKY<H Q<:DJENX<P O<:<JQH\e 4D< O<YEP<; P<JQ<J:<P 8O< 8P

=KHHKZP nHEJ<P |{k|~oe

h%<PMEQ< QD< O<:<JQ PXOC< EJ EJQ<O<PQ 8J; Q<:DJKHKCE:8H 8;Y8J:<P EJ :XHSY8SKJb 8 DECD MOKMKOSKJ K=

MOKG8O\KS: COKXMP O<I8EJ XJ:XHQXO<;e 4D< 3"2ywy :H8;< D8P JK :XHQXO<; EPKH8Q<P \<Qb I8GEJC EQ KJ< K=

QD< hIKPQ Z8JQ<;r EJ :XHQXO< 8J; 8 G<\ rQ8OC<Q =KO :XHSY8SKJre

Line 435d ZD8Q Y<OPEKJ K= (4%#k4G Z8P XP<;a

2<PMKJP<d 7< XP<; (4%#k4G Y<OPEKJ xe~ewe 7< 8;;<; QDEP Y<OPEKJ EJ=KOI8SKJ EJ QD< I8JXP:OEMQe 1H<8P< O<=<O

QK HEJ< {}|e

Reviewer #2:

4D< I8JXP:OEMQ 9\ -EI 4A 0:e O<MKOQP QD< EPKH8SKJ 3"2ywy 98:Q<OEKMH8JGQKJ =KO QD< ?OPQ SI<e 4DEP EP 8

PECJE?:8JQ 8:DE<Y<I<JQ EJ IE:OK9E8H <:KHKC\b CEY<J QD< X9ENXEQ\ 8J; 89XJ;8J:< K= QDEP HEJ<8C< EJ CHK98H K:<8JPe

* PEJ:<O<H\ 8:GJKZH<;C< QD<EO <>KOQP 8J; 8:DE<Y<I<JQPe 5PEJC QD< EPKH8Q<; PQO8EJPb QD< 8XQDKOP M<O=KOI<;

C<JKI< 8J8H\PEP 8J; <:KkMD\PEKHKCE:8H :D8O8:Q<OE]8SKJe "HQDKXCD QD< I8JXP:OEMQ EP Z<HHkZOEU<J 8J; <8P\ QK

=KHHKZ QD< :KJQ<[Q KY<O8HHb P<Y<O8H MKEJQP O<NXEO< HKCE:8HjI<QDK;KHKCE:8H :H8OE?:8SKJe 4D< =KHHKZEJCP 8O< I\

O<YE<Z :KII<JQPe
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Major comments:

1. Representa veness of the isolate among the SAR202 clade

4D< EPKH8Q<; PQO8EJP 8HH 9<HKJC QK COKXM * K= QD< 3"2ywy :H8;<e )KZ<Y<Ob COKXM *** ;KIEJ8Q<P EJ QD< ;<<M

K:<8Jb ZD<O< 3"2ywy PDKZP DECD O<H8SY< 89XJ;8J:< QD8Q EJES8HH\ 8UO8:Q<; O<P<8O:D<OPe *J QDEP O<C8O;b QD<

8XQDKOP IXPQ 9< :8O<=XH ZD<J C<J<O8HE]EJC QD< O<PXHQP 98P<; KJ QD< EPKH8Q<P QK QD< ZDKH< 3"2ywy :H8;<e

*J;<<;b 8 MO<YEKXP PQX;\ EJ;E:8Q<; 8 PECJE?:8JQ C8M EJ QD< C<J<S: O<M<OQKEO< 9<QZ<<J COKXMP * 8J; *** n38Z 4A

0:e ywywoe 'KO EJPQ8J:<b $0({�{�b ZDE:D EP KY<OO<MO<P<JQ<; EJ COKXM * C<JKI<P 8J; KJ< K= QD< I8EJ PX9F<:QP K=

QDEP I8JXP:OEMQb EP JKQ QD8Q 89XJ;8JQ 8J; ;EY<OP< EJ COKXM *** C<JKI<Pe 4D< <[EPQ<J:< K= nD<HEKkoODK;KMPEJ EP

8HPK JKQ QD< :8P< EJ COKXM *** 8J; QDXP EP XJHEG<H\ QD< C<J<O8H =<8QXO< K= 3"2ywye 4D< COKZQD EJDE9ESKJ 8Q HKZ

Q<IM<O8QXO<P n&[Q<J;<; 'ECe zo EP 8HPK XJHEG<H\ =KO I<I9<OP EJD89ESJC ;<<M K:<8JPe -EJGEJC QD< O<PXHQP ZEQD

QD< IKH<:XH8O ;EY<OPEQ\ D\MKQD<PEP EP EJQOECXEJCe )KZ<Y<Ob QDEP PDKXH; 9< :8O<=XHH\ EJQOK;X:<; 9<:8XP< I8J\

M<KMH< ZKXH; EI8CEJ< QD< MOK:<PP<P EJ QD< ;<<M K:<8J ZD<J EQ :KI<P QK QDEP D\MKQD<PEP 8J; 3"2ywye 0Y<O8HHb

CEY<J QD< 9OK8; MD\HKC<J<S: O8JC< K= QD< 3"2ywy :H8;<b QD< :D8O8:Q<OEPS:P K= COKXM * 8J; QD8Q K= QD< 3"2ywy

:H8;< PDKXH; 9< :H<8OH\ P<M8O8Q<; EJ QD< ;EP:XPPEKJe

2<PMKJP<d 7< 8CO<< ZEQD QD< O<YE<Z<O QD8Q Eo I8J\ O<P<8O:D<OP D8Y< 9<<J KOECEJ8HH\ EJQ<O<PQ<; EJ QD< 3"2ywy

:H8;< H8OC<H\ ;X< QK EQP 89XJ;8J:< EJ QD< ;<<M K:<8Jb EEo ;EY<OP< 3"2ywy COKXMP PDKZ ;E><O<JQ ;<MQD

;EPQOE9XSKJPb ZEQD QD< 3"2ywy COKXM *** 9<EJC QD< IKPQ 89XJ;8JQ COKXM EJ QD< ;<<M K:<8J C<J<O8HH\b 8J; EEEo

QD<O< 8O< <YE;<JQ C<JKIE: n8J; MXQ8SY<H\ I<Q89KHE:o ;E><O<J:<P 9<QZ<<J QD< COKXM *** 8J; COKXM * QK ZDE:D

KXO EPKH8Q<P 9<HKJCe

7EQD QDEP EJ IEJ;b Z< QDEJG Z< QOE<; QK EJ;E:8Q< :H<8OH\ EJ KXO KOECEJ8H I8JXP:OEMQ QD8Q KXO EPKH8Q<P 9<HKJC QK

QD< COKXM *e 7< JKQ< DKZ<Y<O QD8Q I8J\ O<8;<OP K= KXO I8JXP:OEMQ 8O< HEG<H\ QK O<C8O; QD< =<8QXO<P Z< O<MKOQ

8P C<J<O8HH\ 8MMHE:89H< QK QD< ZDKH< 3"2ywy :H8;<b <PM<:E8HH\ 9<:8XP< QDEP EP QD< ?OPQ O<MKOQ 89KXQ :XHQXO<;

3"2ywy :<HHPe 4D<O<=KO<b Z< O<YEP<; KXO I8JXP:OEMQ QK I8G< EQ :H<8O<O QD8Q QD< ?J;EJCP K= QDEP PQX;\ 8O< =OKI

QD< 3"2ywy COKXM * EPKH8Q<P 8J; COKXM *** I<I9<OP EJ QD< ;<<M K:<8J :8J D8Y< ;E><O<JQ =<8QXO<Pe

Firstb Z< EJ;E:8Q<; EJ QD< ?OPQ M8O8CO8MD K= QD< P<:SKJ KJ $0({�{� QD8Q ;EY<OP< 3"2ywy COKXMP PDKZ

COKXMkPM<:E?: M8U<OJ K= M8O8HKC <[M8JPEKJ 8P =KHHKZP nHEJ<P x�}kx��oe

h.8J\ I8OEJ< 98:Q<OE8 D8Y< IEJEI8H C<JKI<P ZEQD =<Z M8O8HKCPb PK QD< XJXPX8HH\ H8OC< P<QP K= M8O8HKCP

MO<P<JQ EJ ;EY<OP< 3"2ywy COKXMPb PX:D 8P $0({�{� 8J; $0(yx{x EJ QD< COKXMP * 8J; ***b O<PM<:SY<H\b

8UO8:Q<; 8U<JSKJ ZD<J QD<\ Z<O< ?OPQ ;EP:KY<O<;ei

'XOQD<Ob Z< :D8JC<; h4D< H8OC<PQ $0( P<QP EJ QD< 3"2ywy C<JKI<Pbi QK h4D< H8OC<PQ $0( P<QP EJ QD<

3"2ywy C<JKI<P K= QDEP PQX;\bib QK EJ;E:8Q< IKO< :H<8OH\ QD8Q QD< 89XJ;8JQ $0( P<QP Z< O<MKOQ 8MMHE<P QK KXO

EPKH8Q<P 8J; COKXM * nHEJ< yy}oe

Secondb Z< 8;;<; 8 PDKOQ ;EP:XPPEKJ EJ QD< P<:SKJ KJ QD< Y<OS:8H ;EPQOE9XSKJ K= QD< +)|{| MKMXH8SKJb QK

EJ;E:8Q< QD8Q Z< 8HPK J<<; ;8Q8 =OKI KQD<O 3"2ywy COKXMP nPX:D 8P COKXM ***o QK 9<U<O XJ;<OPQ8J; ZD8Q

XJ;<OHE<P QD< MO<Y8H<J:< K= QD< 3"2ywy :H8;< EJ QD< ;<<M K:<8J 8P =KHHKZP nHEJ<P zw|kzw�oe
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h7< JKQ<b DKZ<Y<Ob QD8Q QD<O< 8O< KQD<O 3"2ywy COKXMP n<eCeb COKXM ***o QD8Q 8O< GJKZJ QK :KJQOE9XQ<

PX9PQ8JS8HH\ QK QD< DECD O<H8SY< 89XJ;8J:< K= QD< 3"2ywy :H8;< EJ QD< ;<<M<PQ K:<8J O<CEKJPe 4D<

EPKH8SKJ 8J; :D8O8:Q<OE]8SKJ K= 8 ZE;<O ;EY<OPEQ\ K= 3"2ywyb <PM<:E8HH\ HEJ<8C<P Q\ME:8H K= QD< ;8OG

K:<8Jb :KXH; MOKM<H =XQXO< O<P<8O:D QD8Q 8EIP QK O<:KJPQOX:Q :8O9KJ :D<IEPQO\ 8J; <:KHKC\ EJ QD< ;8OG

K:<8Jei

Thirdb Z< 8HPK 8;;<; 8 PDKOQ ;EP:XPPEKJ KJ QD< O<H<Y8J:< K= KQD<O 3"2ywy COKXMP nPX:D 8P COKXM ***o QK

IKH<:XH8O ;EY<OPEQ\ D\MKQD<PEP 8J; :8O9KJ :\:HEJCjP<NX<PQO8SKJ EJ QD< ;<<M K:<8J FXPQ 9<=KO< QD< :KJ:HX;EJC

O<I8OGP 8P =KHHKZP nHEJ<P zy{kzy�oe

h*Q PDKXH; 9< JKQ<; QD8Q :8O9KJ MKKHP EJ QD< ;8OG K:<8J :KXH; 8HPK 9< 8><:Q<; 9\ KQD<O 3"2ywy COKXMPe

'KO <[8IMH<b 3"2ywy COKXM ***b ZDE:D EP GJKZJ QK 9< IKO< 89XJ;8JQ QD8J COKXM * EJ QD< ;8OG K:<8Jb D8P

9<<J PXCC<PQ<; QK :KJQOE9XQ< QK QD< ;<CO8;8SKJ 8J; QO8JP=KOI8SKJ K= O<:8H:EQO8JQ KOC8JE: I8U<O XPEJC

8J <[M8J;<; O<M<OQKEO< K= A8YEJk;<M<J;<JQ IKJKK[\C<J8P<Pei

Fourthb Z< 8;;<; 8 P<JQ<J:< EJ QD< P<:SKJ KJ )<2 QK EJ;E:8Q< QD8Q QD< <[EPQ<J:< K= )<2 I8\ EJ;E:8Q< QD<

8;8MQ8SKJ K= PKI< 3"2ywy I<I9<OP nPX:D 8P KXO EPKH8Q<Po QK PXO=8:< K:<8Jb O8QD<O QD8J C<J<O8H =<8QXO<P K=

QD< ZDKH< 3"2ywy :H8;< 8P =KHHKZP nHEJ<P x~}kx~�oe

h(EY<J QD8Q JK )<2 D8P 9<<J =KXJ; EJ 3"2ywy COKXM ***b ZDE:D EP 89XJ;8JQ EJ QD< ;8OG K:<8Jb QD<

MKPP<PPEKJ K= )<2 9\ +)|{| EPKH8Q<; =OKI :K8PQ8H PXO=8:< Z8Q<O I8\ EJ;E:8Q< 8;8MQ8SKJ QK QD< <XMDKS:

D89EQ8Qei

Fi hb Z< 8;;<; 8 PDKOQ ;EP:XPPEKJ EJ QD< 3"2ywy COKZQD P<:SKJ QK ;<P:OE9< QD< EIMHE:8SKJ K= COKZQD

:D8O8:Q<OEPS:P K= +)|{| K9P<OY<; 8Q { s$ 8P =KHHKZP nHEJ<P ��k�yoe

h6<O\ HEUH< COKZQD =KHHKZ<; 9\ CO8;X8H ;<:HEJ< 8Q { s$ n3XMMH<I<JQ8O\ 'ECe zo PXCC<PQP QD8Q PQO8EJ +)|{|

9<HKJCEJC QK QD< 3"2ywy COKXM * I8\ JKQ 9< Z<HHk8;8MQ<; QK ;<<M P<8b ZD<O< KQD<O I<I9<OP K= QD<

3"2ywy :H8;< n<eCeb COKXM ***o 8O< MO<Y8H<JQei

'EJ8HH\b Z<g; HEG< QK JKQ< QD8Q Z< 9<HE<Y< PQX;E<P K= PXO=8:<k8;8MQ<; HEJ<8C<P K= I8OEJ< 98:Q<OE8H :H8;<P QD8Q

D8Y< HKJC 9<<J O<C8O;<; QK 9< H8OC<H\ :KJ?J<; QK QD< ;8OG K:<8J n<eCeb KXO 3"2ywy EPKH8Q<Po ZKXH; 9<

EJQ<O<PSJC 8J; <PP<JS8H QK XJ;<OPQ8J;EJC QD<P< :H8;<Pe 2<:<JQH\b P<Y<O8H C<JKI<k:<JQOE: I<Q8C<JKIE: PQX;E<P

Z<O< M<O=KOI<; KJ PX:D :H8;<Pb EJ:HX;EJC QD< 3"2zy{ n#K<X= 4A 0:eb ywyxb (92?=19=;4ob 3"2{w} n(<Q] 4A 0:eb

ywx�b (#9=ob 8J; 3"2ywy n38Z 4A 0:eb ywywb (#9=o :H8;<Pe 4D<P< :H8;<P O<MO<P<JQ MD\HXIkH<Y<H COKXMP n3"2zy{c

Mmm3"2zw{b 3"2{w}c Mmm.8OEJEPKI8QKQ8o KO 8 PXM<OKO;<O n3"2ywyc EJ QDEP PQX;\o EJ (4%#e 2<A<:SJC QD< ZE;<

MD\HKC<J<S: ;EY<OPEQ\ K= QD<P< :H8;<Pb QD<P< PQX;E<P PDKZ<; QD8Q I<Q89KHE: MKQ<JS8HP 8O< DECDH\ ;EY<OPE?<;

8IKJC QD< I<I9<OP K= <8:D :H8;< 8J; O<Y<8H<; QD8Q PKI< I<I9<OP 8O< =KXJ; MO<=<O<JS8HH\ EJ <XMDKS:

]KJ<Pb 8P KMMKP<; QK <8OH\ C<J<O8HE]8SKJP QD8Q Z<O< 98P<; KJ 9OK8; MD\HKC<J<S: :8Q<CKOE]8SKJPe 4D<O<=KO<b

IKO< QDKOKXCD XJ;<OPQ8J;EJC KJ QD<P< EIMKOQ8JQ :H8;<P ZEHH O<NXEO< QD< EJY<PSC8SKJ K= ;EY<OP< I<I9<OP QD8Q

PDKZ ;E><O<JS8H ;<MQD MO<=<O<J:<Pe

2. Interpreta on of the carbon compound-adding experiments (Fig. 5)
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4D< 8XQDKOPg EJQ<OMO<Q8SKJ 8J; 8EI K= QD< <[M<OEI<JQ EJ 'EC | 8O< XJ:H<8O QK I<e 4D< O<PXHQ ;<IKJPQO8Q<P

QD< COKZQD <JD8J:<I<JQ 9\ QD< :KIMKXJ;P 9XQ ;K<P JKQ MOKYE;< EJ=KOI8SKJ KJ DKZ QD<P< :KIMKXJ;P 8O<

XP<; 9\ QD< :<HHPe 5JH<PP PDKZEJC QD<O< EP JK KQD<O MO<;E:Q<; I<Q89KHE: M8QDZ8\ QK XSHE]< QD<P< :KIMKXJ;Pb

HEJGEJC QD< O<PXHQP n'ECe |8o ZEQD QD< KY<OO<MO<P<JQ8SKJ K= PKI< $0(P n'ECe |9o EP JKQ HKCE:8HH\ :KJYEJ:EJCe

'XOQD<Ob PEJ:< QD< :KIMKXJ;P 8O< JKQ QD< PKH< :8O9KJ PKXO:< EJ QD< I<;E8b QD< O<PXHQP :8JJKQ :KJ:HX;< QD8Q

QD<P< :KIMKXJ;P 8O< P<OYEJC 8P :8O9KJ 8J; <J<OC\ PKXO:<P n-e yz~oe 0Y<O8HHb QD< 8XQDKOP J<<; QK :H8OE=\ QD<

8EI K= QD< <[M<OEI<JQ 8J; O<8PKJ89H\ ;EP:XPP ZD8Q Z8P ;<IKJPQO8Q<; 8J; ZD8Q O<I8EJP XJGJKZJ EJ QD<

<[M<OEI<JQe

2<PMKJP<d

4D< O<YE<Z<O O8EP<P 8J EIMKOQ8JQ MKEJQ QD8Q Z< D8Y< 8;;O<PP<; 9\ 8HQ<OEJC QD< I8JXP:OEMQe 7< Z8JQ O<8;<OP

QK XJ;<OPQ8J; QD8Q O<P<8O:D ZEQD :<HHP QD8Q 8O< :D8HH<JCEJC QK :XHSY8Q< =O<NX<JQH\ O<NXEO<P XPEJC ;E><O<JQ

8MMOK8:D<Pe 4D< ;8Q8 Z< O<MKOQ ;<IKJPQO8Q< 8 MOKJKXJ:<; COKZQD O<PMKJP< QK KOC8JE: :8O9KJ PX9PQO8Q<P

MO<;E:Q<; 9\ C<JKI< O<:KJPQOX:SKJb 9XQ ;K JKQ <J89H< XP QK ;<Q<OIEJ< E= QD<\ Z<O< XP<; 8P :8O9KJ KO <J<OC\

PKXO:<P KO 9<J<?Q<; QD< :<HHP 9\ PKI< KQD<O I<:D8JEPIe 4D<O<=KO<b Z< 8;;<; =XOQD<O <[MH8J8SKJP QK QD<

O<YEP<; I8JXP:OEMQ 8P =KHHKZP nHEJ<P y{�ky}yoe

r 7< Q<PQ<; QD< COKZQD O<PMKJP< K= +)|{| :<HHP QK <[Q<OJ8H I<Q89KHEQ<P QD8Q Z<O< MO<;E:Q<; QK 9<

PX9PQO8Q<P =KO QD< :8Q89KHE: M8QDZ8\P MOKMKP<; 89KY<e *J QD<P< <[M<OEI<JQP Z< XP<; 8 ;<?J<; I<;EXI

98P<; KJ 8OS?:E8H P<8Z8Q<Ob QK ZDE:D Z< 8;;<; QD< P8I< :K=8:QKOP 8J; KOC8JE: :KIMKXJ;P QD8Q Z<O<

XP<; =KO QD< KOECEJ8H EPKH8SKJ K= QD< PQO8EJPe 7< ;E; JKQ <[8IEJ< ZD<QD<O QD< Q<PQ<; PX9PQO8Q<P :KXH;

P<OY< 8P PKH< :8O9KJ PKXO:<P 9<:8XP< K= QD< Y<O\ HKZ COKZQD O8Q< K= QD< :<HHP 8J; 9<:8XP< :<HHP 8;8MQ<;

QK KHECKQOKMDE: <:KP\PQ<IP KB<J <[DE9EQ O<;X:<; I<Q89KHE: A<[E9EHEQ\ EJ :KIM8OEPKJ QK :KMEKQOKMDE:

:<HHP ZD<J :D8HH<JC<; ZEQD PEIMHE?<; :8O9KJ IE[QXO<Pe "HH PX9PQO8Q<P Q<PQ<;b EJ:HX;EJC �k=X:KP<b �k

OD8IJKP<b QD<EO H8:QKJ< 8J; 8:E; =KOIPb 8J; 8P:KO98Q< <JD8J:<; QD< COKZQD K= PQO8EJ +)|{| EJ 8OS?:E8H

P<8Z8Q<O I<;E8 n'ECe |8oe 7EQD EJ:O<8P<P EJ COKZQD O8Q<Pb :<HH ;<JPES<P EJ H8Q< <[MKJ<JS8H MD8P< npz|

;8\P K= EJ:X98SKJo Z<O< IKO< QD8J xw SI<P DECD<O EJ PX9PQO8Q<k8I<J;<; :XHQXO<Pb 8HQDKXCD QD<

:XHQXO<P O<8:D<; PEIEH8O ;<JPES<P EJ PQ8SKJ8O\ MD8P<e "P:KO98Q< Z8P Q<PQ<; 9<:8XP< 8J 8P:KO98Q<

;<CO8;8SKJ M8QDZ8\ O<NXEOEJC 8 $0({�{� <J]\I< Z8P J<8OH\ :KIMH<Q< EJ QD< +)|{| C<JKI<

n3XMMH<I<JQ8O\ 'ECe �oer

'KO :KJQ<[Qb QD< PKH< :8O9KJ PKXO:< :KJ:<MQ D8P JKQ QO8JP=<OO<; Z<HH QK <[M<OEI<JQ8H ZKOG ZEQD JXI<OE:8HH\

EIMKOQ8JQ KHECKQOKMDPe 7< :8J ;O8Z M8O8HH<HP QK KJ< K= QD< IKPQ Z<HHk;<Y<HKM<; IK;<H P\PQ<IP =KO

KHECKQOKMDE: :<HH :XHQXO<b 3"2xxb ZDE:D D8P JK PKH< :8O9KJ PKXO:<Pb 8J; J<Y<O 8:DE<Y<P DECD :<HH ;<JPES<P KO

O8ME; COKZQD O8Q<P 9XQ D8P 9<<J MOKY<J QK I<Q89KHE]< 8 ZE;< O8JC< K= :KIMKXJ;Pe 3X9PQ8JS8H EJY<PQI<JQ EJ

;<Y<HKMEJC QD<P< :<HHP 8P 8 IK;<H P\PQ<I D8P XJ:KY<O<; MOKM<OS<P QD8Q I8\ M8OQH\ <[MH8EJ QD<P< 9<D8YEKOPe

2<;X:<; I<Q89KHE: :KJJ<:SYEQ\ 8J; O<CXH8SKJ D8Y< 9<<J MOKMKP<; QK 9< 8;8MSY< =KO :<HHP O<MHE:8SJC EJ 8

;EHXQ< 8J; :KIMH<[ KOC8JE: :KIMKXJ; IEHE<X[ n<eCe /K<HH 4A 0:eb ywyzb (92?=19=:H (=:H #9=:H +4DHoe
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7< DKM< QD< O<YE<Z<O ZEHH 8CO<< QD8Q QD< :<HHXH8O O<PMKJP<P EJ COKZQD <[M<OEI<JQP QK <[KI<Q89KHEQ<

:KIMKXJ;P MO<;E:Q<; 9\ QD< I<Q89KHE: O<:KJPQOX:SKJ 8O< <YE;<J:< EJ PXMMKOQ K= QD< :KJ:<MQX8H IK;<H Z<

MOKMKP< QK <[MH8EJ QD< MO<P<J:< K= M8O8HKC =8IEHE<P EJ QD<P< :<HHPe

4K :H8OE=\ QD< 8OCXI<JQP =KO QDEP EJQ<OMO<Q8SKJb Z< =XOQD<O O<YEP<; QD< I8JXP:OEMQ 8P =KHHKZP nHEJ<P y{wk

y{{od

h"HQDKXCD 9KQD OD8IJKP< 8J; =X:KP< 8O< GJKZJ QK 9< ;<CO8;<; YE8 M8QDZ8\P EJYKHYEJC MDKPMDKO\H8SKJ

EJ I8J\ KOC8JEPIPb QD<P< GEJ8P<k;<M<J;<JQ M8QDZ8\P Z<O< JKQ =KXJ; EJ QD< C<JKI<Pe 4DEP PXCC<PQP

QD8Q QD< O<:KJPQOX:Q<; JKJkMDKPMDKO\H8SY< M8QDZ8\P PDKZJ EJ 'ECe |9 IECDQ P<OY< 8P QD< KJH\ :8Q89KHE:

OKXQ<P =KO 9KQD PXC8OP EJ QD<P< PQO8EJPei

3. Method for read-mapping analysis

4D< 8XQDKOP <PSI8Q<; QD< O<H8SY< 89XJ;8J:< K= +)|{| 8:OKPP QD< K:<8J XPEJC I<Q8C<JKIE: O<8; I8MMEJCe

)<O<b * :KXH; JKQ <Y8HX8Q< QD< Y8HE;EQ\ K= QD< 8J8H\PEP ;X< QK QD< =KHHKZEJC O<8PKJPe 'EOPQ K= 8HHb 21,. EP QD<

Y8HX< JKOI8HE]<; 9\ QD< JXI9<O K= I8MM<; O<8;Pe 4DEP I<8JP QD8Q 21,. ZKXH; :D8JC< PECJE?:8JQH\

;<M<J;EJC KJ QD< PE]< K= QD< I8MMEJC O<=<O<J:<e 'KO EJPQ8J:<b E= KQD<O ;KIEJ8JQ I<I9<OP nHEG< 3"2xxo Z<O<

EJ:HX;<; EJ QD< I8MMEJC O<=<O<J:<b QD< 21,. ZKXH; 9< <PSI8Q<; HKZ<Ob 8P QD< JXI9<O K= I8MM<; O<8;P

EJ:O<8P<Pe 7EQD QDEP O<C8O;b ZD8Q Z8P XP<; =KO QD< I8MMEJC O<=<O<J:< EP XJ:H<8O EJ QD< I<QDK; P<:SKJe 3<:KJ;

8J; O<H8Q<;b EQ EP XJ:H<8O ZD<QD<O QD< 8XQDKOP M<O=KOI<; :KIM<SSY< I8MMEJC KO JKQe *= QD<O< EP 8 :HKP< O<H8SY<

n"/*�p�w� n� QD< QDO<PDKH; K= O<8; I8MMEJCoo K= +)|{| EJ QD< P8IMH<b KO E= QD< +)|{| D8Y< 8 :KJP<OY<;

C<JKIE: O<CEKJ PD8O<; ZEQD I8J\ KQD<O 98:Q<OE8b QD< O<8;P =OKI QDKP< JKJk+)|{| C<JKI<P ZKXH; 9< IEPk

I8MM<; QK +)|{| 8J; O<PXHQ EJ KY<O<PSI8SKJe nIKO< EJ=KOI8SKJ =KO :KIM<SSY< I8MMEJC EP 8Y8EH89H<

D<O<d DUMPdjjEJPQO8EJeO<8;QD<;K:PeEKj<JjI8PQ<OjEIMKOQ8JQm:KJ:<MQPeDQIHtD8J;HEJCk8J;kO<;X:EJCkIEPk

I8MMEJCkO<8;Poe 7EQD QDEP O<C8O;b QD< Q<OI h89XJ;8J:< K= +)|{|i EP EJ8MMOKMOE8Q< D<O< 9<:8XP< +)|{| EP 8

J8I< K= 8J EPKH8Q<; PQO8EJb 8J; PDKOQkO<8; I8MMEJC ZEHH J<Y<O O<Y<8H QD< 89XJ;8J:< K= QD< P8I< C<JKQ\M<e

3<<EJC 'ECe xb * CX<PP QD8Q QD< 8XQDKOPg O<8; I8MMEJC 8J8H\PEP ZKXH; 8HPK ;<Q<:Q +)xw~zb +)}z�b +)~wyb <Y<J

5#"~��{b 8J; KQD<O O<H8Q<; PM<:E<P EJ QD< P8I< C<JXPj=8IEH\e * ZKXH; ;KX9Q QD< DECD 21,. 8Q �xwwwI ;<MQD

IECDQ 9< =8HP< MKPESY<P ;<OEY<; =OKI :HKP< O<H8SY<Pb JKQ ODK;KMPEJkDKH;EJC I<I9<OP K= +)|{|e 'EJ8HH\b QD< PE]<

=O8:SKJ n?HQ<O MKO< PE]<o K= QD< I8MM<; I<Q8C<JKI<P EP XJ:H<8Oe %E><O<J:<P EJ QD< PE]< =O8:SKJ I8\ :8XP<

9E8P<P EJ QD< 89XJ;8J:< <PSI8SKJ ;X< QK QD< ;E><O<JQ MOKMKOSKJP K= JKJkMOKG8O\KS: O<8;P 8IKJC QD<

P8IMH<Pe 1H<8P< :H8OE=\ QD< I<QDK; =KO QD< O<8;kI8MMEJC 8J8H\PEPe

2<PMKJP<d 7< XJ;<OPQ8J; QD< O<YE<Z<OqP :KJ:<OJP ZEQD QD< I8J\ =8:QKOP QD8Q EJAX<J:< O<8;kI8MMEJC I<QOE:Pe

7< O<M<8Q<; QD< 8J8H\PEP ZEQD $KY<O.b 8 ZE;<H\ XP<; QKKH QK <PSI8Q< QD< 89XJ;8J:< K= C<JKI<P EJ

I<Q8C<JKI< P8IMH<Pb 8J; O<MH8:<; QD< KOECEJ8H ?CXO<P ZEQD J<Z ?CXO<P QD8Q XP< XJEQP K= rO<H8SY< 89XJ;8J:<
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n�or EJPQ<8; K= r21,.re 4D< O<PXHQP 8O< C<J<O8HH\ PEIEH8O 8J; PXMMKOQ QD< :KJ:HXPEKJ QD8Q QD< r3"2ywy EPKH8Q<P

O<MO<P<JQ 8 :<HH Q\M< QD8Q EP :KIIKJ EJ QD< <XMDKS: ]KJ< 9XQ O<H8SY<H\ IKO< 89XJ;8JQ EJ QD< ;8OG K:<8Jre

*J QD< KOECEJ8H I8JXP:OEMQb #H8PQ/ Z8P XP<; =KO O<8;kI8MMEJCe %X< QK QD< PHKZ PM<<; K= #H8PQ 8J;

HEIEQ8SKJP EJ :KIMXSJC O<PKXO:<P 8Y8EH89H< QK XPb Z< PX9P8IMH<; x IEHHEKJ O<8;P =OKI <8:D I<Q8C<JKI<

9<=KO< O<8; I8MMEJCe 7< ;<:E;<; PX9P8IMHEJC Z8P JKQ PXEQ89H< =KO QDEP PQX;\b PEJ:< O8J;KIJ<PP EJ

PX9P8IMHEJC IECDQ D8Y< XJ<[M<:Q<;H\ H8OC< <><:QP KJ QD< O<PXHQP =KO QD< C<JKI<P ZDKP< 89XJ;8J:<P 8O< Y<O\

HKZe .8J\ 3"2ywy C<JKI<P D8Y< 8HO<8;\ 9<<J PDKZJ QK 9< O8O< EJ 8 MO<YEKXP PQX;\ nMH<8P< O<=<O QK 38Z 4A 0:eb

ywywb (#9=b <PM<:E8HH\ 'ECe } 8J; EQP PD8;EJC P:8H<oe 4D<O<=KO<b Z< ;<Q<OIEJ<; QK XP< QD< <JSO< I<Q8C<JKI<

;8Q8 ZEQDKXQ PX9P8IMHEJC =KO O<8J8H\PEPb ZDE:D O<NXEO<; IKO< P:8H89H< QKKH PX:D 8P $KY<O.e 4D< MOK:<;XO<P

Z< =KHHKZ<; =KO =O8CI<JQ O<:OXEQI<JQ 8O< MO<P<JQ<; EJ QD< O<YEP<; I8JXP:OEMQ nHEJ<P |x�k|zwoe

7< JKQ< QD8Q QD< O<YEP<; O<PXHQP K9Q8EJ<; XPEJC $KY<O. PDKZ M8U<OJP C<J<O8HH\ PEIEH8O QK QDKP< Z<

MO<P<JQ<; EJ QD< KOECEJ8H I8JXP:OEMQb 9XQ IKO< P:8U<O EJ QD< O<PXHQP =OKI I8OEJ< QO<J:D<P n'ECe }9oe 4D<O<=KO<b

Z< :D8JC<; QD< hC<KImPIKKQDi KMSKJP =KO ;O8ZEJC O<CO<PPEKJ nPIKKQDEJCo HEJ<P EJ QD< MHKQb =OKI hHIi QK

hC8Ii n'ECe }9oe 4K O<A<:Q QDEP :D8JC<b Z< 8HPK O<YEP<; P<JQ<J:<P ;<P:OE9EJC QD< O<PXHQP K= I8OEJ< QO<J:D<P 8P

=KHHKZP nHEJ<P y~xky~zo 8J; QD< H<C<J; =KO 'ECe }e

r *J I<Q8C<JKI<P =OKI P<Y<O8H I8OEJ< QO<J:D<Pb QD< O<H8SY< 89XJ;8J:< K= QD< +)|{| MKMXH8SKJ

C<J<O8HH\ EJ:O<8P<; ZEQD EJ:O<8PEJC ;<MQD 89KY< QD< D8;KM<H8CE: ]KJ< n9<HKZ }bwww Iob ZD<O< QD<EO

O<H8SY< 89XJ;8J:< ;<:HEJ<; n'ECe }8l9or

7< 8HPK O<YEP<; 'ECe }: n=KO 48O8 0:<8JPo PK QD8Q 9X99H< :KHKOP :KOO<PMKJ; QK QD< K:<8JPe "HQDKXCD QDEP

Z8P JKQ O<NX<PQ<; 9\ QD< O<YE<Z<OPb Z< O<YEP<; QD< MHKQ 9<:8XP< Z< 9<HE<Y< QD8Q QDEP :D8JC< ZEHH D<HM O<8;<OP

8PP<PP QD< CHK98H ;EPQOE9XSKJ K= +)|{| MKMXH8SKJ IKO< <8PEH\e 4D< H<C<J; =KO 'ECe }: Z8P O<YEP<; 8::KO;EJCH\e

7< 8:GJKZH<;C< QD8Q Z< ;E; JKQ <[MH8EJ :H<8OH\ 89KXQ DKZ Z< :8H:XH8Q<; QD< 21,. Y8HX<P EJ KXO KOECEJ8H

I8JXP:OEMQb ZDE:D Z8P ;E><O<JQ =OKI QD< :KJY<JSKJ8H :8H:XH8SKJe "P MKEJQ<; KXQ :KOO<:QH\ 9\ QD< O<YE<Z<Ob

XPX8HH\b 21,. EP JKOI8HE]<; 9\ QD< QKQ8H JXI9<O K= O<8;P QD8Q 8O< I8MM<; QK 8J\ KJ< K= O<=<O<J:< C<JKI<P

EJ:HX;<; EJ 8J8H\P<Pb PK 21,. K= 8 PM<:E?: C<JKI< EP 8><:Q<; 9\ DKZ I8J\ KQD<O C<JKI<P Z<O< XP<;

QKC<QD<O 8J; 8HPK 9\ QD< 89XJ;8J:< K= KQD<O C<JKI<Pe #XQb QD< 21,. EJ KXO KOECEJ8H I8JXP:OEMQ Z8P JKQ

JKOI8HE]<; 9\ QD< QKQ8H JXI9<O K= O<8;P QD8Q 8O< I8MM<;b 9XQ Z8P JKOI8HE]<; 9\ QD< QKQ8H JXI9<O K= O<8;P

QD8Q 8O< XP<; =KO I8MMEJCe #<:8XP< Z< XP<; x IEHHEKJ PX9P8IMH< O<8;P =KO <8:D I<Q8C<JKI< EJ QD< KOECEJ8H

I8JXP:OEMQb QD< JXI9<O K= O<8;P I8MM<; QK QD< +)|{| C<JKI< Z8P ;EYE;<; 9\ x IEHHEKJ O<8;P =KO 8HH

I<Q8C<JKI<Pe 4D<O<=KO<b Z< QDEJG QD8Q QD< 21,. Y8HX<P EJ KXO KOECEJ8H I8JXP:OEMQ Z<O< =O<< =OKI QD< EPPX<P

O8EP<; 9\ QD< O<YE<Z<Oe 7< 8:GJKZH<;C< QD8Q KXO Z8\ K= :8H:XH8SJC 21,. I8\ 9< :KJ=XPEJC QK I8J\ O<8;<OP

9<:8XP< KXO :8H:XH8SKJ ;E><O<; =OKI ZE;<H\ XP<; 8MMOK8:D<Pe 4D<O<=KO<b Z< ;<?J<; KXO 21,. EJ QD< KOECEJ8H

I8JXP:OEMQ 8P hQD< JXI9<O K= O<:OXEQ<; O<8;P M<O GEHK98P< K= C<JKI< M<O IEHHEKJ QKQ8H O<8;Pi nHEJ<P y|wky|x K=

QD< KOECEJ8H I8JXP:OEMQoe #XQb QDEP MDO8P< Z8P JKQ <JKXCD QK EJ;E:8Q< :H<8OH\ QD< ;E><O<J:< 9<QZ<<J KXO XP< K=

21,. 8J; IKO< ZE;<H\ XP<; 21,.e #<:8XP< Z< XP<; $KY<O. ZEQD QD< hkkI<QDK;P O<H8SY<m89XJ;8J:<i

KMSKJ EJ QD< O<YEP<; I8JXP:OEMQb QD<P< EPPX<P 8O< JK HKJC<O O<H<Y8JQe /KQ< QD8Q $KY<O. D8P 8HPK hOMGIi
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KMSKJPb 9XQ Z< ;E; JKQ XP< QDEP KMSKJe

7< XP<; KJH\ QD< +)|{| C<JKI< =KO O<8; I8MMEJC 8J8H\PEP 9KQD EJ QD< KOECEJ8H 8J; O<YEP<; I8JXP:OEMQb QDXP

Z< XP<; JKJk:KIM<SSY< I8MMEJCe 7DEH< Z< XP<; 8 :XQK> Y8HX< K= �w� P<NX<J:< E;<JSQ\ EJ QD< KOECEJ8H

I8JXP:OEMQb Z< XP<; �|� 8P hkkIEJkO<8;kM<O:<JQkE;<JSQ\i KMSKJ K= $KY<O. EJ QD< O<YEP<; I8JXP:OEMQ 8P

=KHHKZP nHEJ<P |y}k|y�oe

h4D< QDO<PDKH; Y8HX< =KO hkkIEJkO<8;kM<O:<JQkE;<JSQ\i Z8P P<Q QK �|�b 8J "/* Y8HX< ZE;<H\ XP<; =KO

PM<:E<P ;<I8O:8SKJb 8P Z< Z8JQ<; QK <PSI8Q< QD< O<H8SY< 89XJ;8J:< K= I<Q8C<JKI< O<8;P QD8Q :KXH;

9< O<C8O;<; 8P 9<EJC =OKI QD< P8I< PM<:E<P 8P +)|{|ei

7< QKKG QDEP 8MMOK8:D nXPEJC KJH\ QD< +)|{| C<JKI< ZEQD 8 :XQK> Y8HX< K= �|�o 9<:8XP< Z< QDEJG EQ P<OY<P

KXO MXOMKP< Z<HHb Ee<eb <PSI8SJC QD< O<H8SY< 89XJ;8J:< K= QD< PM<:E<PkH<Y<H MKMXH8SKJ O<MO<P<JQ<; 9\ +)|{|e

7< 8CO<< ZEQD QD< O<YE<Z<O QD8Q QD< Q<OI h89XJ;8J:< K= +)|{|i Z8P XP<; EJ8MMOKMOE8Q<H\ EJ KXO I8JXP:OEMQe

*J QD< O<YEP<; I8JXP:OEMQb Z< QOE<; QK XP< QD< Q<OI h+)|{| MKMXH8SKJi :KJPEPQ<JQH\ EJPQ<8; K= h+)|{|ib 8B<O

EJ;E:8SJC QD8Q Z< ZEHH XP< QD< Q<OI QK ;<P:OE9< PM<:E<PkH<Y<H MKMXH8SKJ O<MO<P<JQ<; 9\ +)|{| EJ QD< ?OPQ

P<JQ<J:< K= QD< P<:SKJ SQH<; h3"2ywy EPKH8Q<P O<MO<P<JQ 8 :<HH Q\M< QD8Q EP :KIIKJ EJ QD< <XMDKS: ]KJ< 9XQ

O<H8SY<H\ IKO< 89XJ;8JQ EJ QD< ;8OG K:<8Jie 1H<8P< JKQ< QD8Q Z< O<YEP<; P<Y<O8H MDO8P<P EJ QDEP P<:SKJ QK

:KJY<\ KXO I<PP8C< IKO< :H<8OH\ nHEJ<P y}}kzw�oe

#<:8XP< Z< XP<; �|� 8P QD< :XQK> Y8HX< K= O<8; I8MMEJC 8J; 9<:8XP< QD< =KXO 3"2ywy C<JKI<P K= QDEP

PQX;\ D8Y< ���e�� K= "/* Y8HX<P 8IKJC QD<IP<HY<P nO<=<O QK KXO O<PMKJP< QK 8JKQD<O :KII<JQ 9<HKZob Z<

8CO<< ZEQD QD< O<YE<Z<O QD8Q Z< ;<Q<:Q<; 8HH QDO<< PQO8EJP nEe<eb +)xw~zb +)}z�b +)~wyo 8J; :HKP<H\ O<H8Q<;

HEJ<8C<Pe #XQ Z< QDEJG QD8Q QDEP ZKXH; JKQ EJYKG< 8J\ MOK9H<IP EJ QD< EJQ<OMO<Q8SKJ K= KXO O<PXHQPb 9<:8XP<

QD<P< =KXO PQO8EJP :H<8OH\ 9<HKJC QK QD< P8I< PM<:E<P n98P<; KJ "/*o 8J; Z< Z8JQ<; QK <PSI8Q< QD< 89XJ;8J:<

K= PM<:E<PkH<Y<H MKMXH8SKJ O<MO<P<JQ<; 9\ +)|{|e 7< QDEJG QD8Q QD< I<Q8C<JKI< O<8;P PEIEH8O QK QD<

5#"~��{ C<JKI< ZEHH JKQ D8Y< 8 H8OC< EIM8:Q 9<:8XP< QD< "/* Y8HX< 9<QZ<<J +)|{| 8J; 5#"~��{ EP p~|�b =8O

=8O 9<HKZ QD< :XQK> K= �|� n9\ +3M<:<P73oe #<:8XP< Z< XP<; �|� 8P 8 :XQK> Y8HX<b Z< QDEJG QD8Q EQ EP HEG<H\

QD8Q QD< I<Q8C<JKI< O<8;P QD8Q 8O< O<:OXEQ<; =OKI �xwwwI ;<MQD 8O< =OKI 3"2ywy :<HHP QD8Q MXQ8SY<H\

9<HKJC QK QD< P8I< PM<:E<P 8P +)|{|e

'KHHKZEJC QD< PXCC<PSKJb Z<gY< 8;;<; QD< PE]< =O8:SKJ K= QD< I<Q8C<JKI<P EJ 3XMMH<I<JQ8O\ 489H< { K=

QD< O<YEP<; I8JXP:OEMQe 4D< I<Q8C<JKI<P K= I8OEJ< QO<J:D<P n'ECe }8k9o Z<O< =OKI �weyyk`Ie 4D<

I<Q8C<JKI<P K= 48O8 0:<8JP 8J; PQ8SKJ "-0)" Z<O< H8OC<H\ =OKI weyylzew `I n~w P8IMH<Pob <[:<MQ =KO xy

P8IMH<P =OKI QD< QZK 48O8 0:<8JP PQ8SKJP 8J; PQ8SKJ "-0)" nweyylxe} `Ioe 7< 8CO<< ZEQD QD< O<YE<Z<O QD8Q

QD< PE]< =O8:SKJ I8\ D8Y< <><:QP KJ QD< <PSI8SKJ K= O<H8SY< 89XJ;8J:<e #XQ Z< QDEJG QD8Q QD< PE]< =O8:SKJ

ZKXH; D8Y< 8 Y<O\ HEUH<b E= 8J\b <><:QP KJ QD< ?J;EJCP K= QDEP PQX;\e 'EOPQb QD< I<Q8C<JKI<P K= QO<J:D<P Z<O<

JKQ :KIM8O<; QK QD< I<Q8C<JKI<P K= 48O8 0:<8JP 8J; PQ8SKJ "-0)"e 7< 8J8H\]<; KJH\ QD< ;<MQD MOK?H<P

ZEQDEJ QO<J:D I<Q8C<JKI<P QD8Q 8O< =OKI QD< P8I< PE]< =O8:SKJe 3<:KJ;b O<C8O;EJC QD< I<Q8C<JKI<P K= 48O8

0:<8JP 8J; PQ8SKJ "-0)"b Eo IKPQ K= PQ8SKJP 8J; P8IMH<P ny| PQ8SKJP 8IKJC y�c ~w P8IMH<P 8IKJC �yo Z<O<
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=OKI QD< P8I< PE]< =O8:SKJ nweyylzew `Iob EEo P8IMH<P =OKI QD< P8I< PQ8SKJP Z<O< =OKI QD< P8I< PE]< =O8:SKJb

8J; KXO 8J8H\P<P =K:XP<; KJ QD< ;<MQD MOK?H<P O8QD<O QD8J :KIM8OEPKJ 9<QZ<<J QD< PQ8SKJPb EEEo 9KQD PE]<

=O8:SKJP nweyylzew `I 8J; weyylxe} `Io 8O< QD< =O8:SKJP ZE;<H\ XP<; =KO 8J8H\P<P K= MOKG8O\KQ<e

Minor comments:

Line 79d 7D8Q Z8P QD< PX9:H8;< K= QD< P<:KJ; 89XJ;8JQ 3"2ywy EJ &[Q<J;<; 'ECe ya 4D<\ 8O< 8HPK 89XJ;8JQ EJ

QD< P8IMH< Z8Q<O 9XQ Z<O< JKQ O<:KY<O<; 8P 8J EPKH8Q<e *P QD<O< 8J <[MH8J8SKJ =KO QDEPa

2<PMKJP<d #<=KO< O<PMKJ;EJC QK QDEP :KII<JQb MH<8P< JKQ< QD8Q QD< MO<YEKXP f&[Q<J;<; 'ECe yg D8P 9<<J

:D8JC<; QK f3XMMH<I<JQ8O\ 'ECe yge

7< M<O=KOI<; #H8PQ/ XPEJC QD< "36 P<NX<J:<P 8P NX<OE<P 8C8EJPQ QD< 335 O2/" C<J< P<NX<J:<P K= (4%#

n2ywyoe "PPECJI<JQ K= MXQ8SY< (4%# Q8[KJKI\ QK QD< "36P Z8P M<O=KOI<; 98P<; KJ QD< (4%# Q8[KJKI\ K=

QD< 9<PQ DEQPe "HH QD< =KXO "36P K= QD< 3"2ywy :H8;<b EJ:HX;EJC QD< P<:KJ; 89XJ;8JQ KJ<b Z<O< =KXJ; QK 9<HKJC

QK QD< 3"2ywy COKXM * nKmm5#"xx|xoe 7DEH< QD< IKPQ 89XJ;8JQ "36 :KOO<PMKJ;EJC QK QD< EPKH8Q<P EP 8@HE8Q<;

ZEQD =mm#EJxy~ nCOKXM *8c O<=<O QK 'ECe xob QD< P<:KJ; 89XJ;8JQ "36 EP 8@HE8Q<; ZEQD =mm4.&%k~w nCOKXM *9 KO

*:oe 4DEP :H8PPE?:8SKJ O<PXHQP D8Y< 9<<J 8;;<; QK 3XMMH<I<JQ8O\ 'ECe y9 K= QD< O<YEP<; I8JXP:OEMQb ZEQD 8

;<P:OEMSKJ K= 8J8H\PEP I<QDK;P EJ QD< H<C<J;e 4D< 335 O2/" C<J< P<NX<J:<P Z< XP<; 8O< 8Y8EH89H< 8Q

DUMPdjj;8Q8eCQ;9e<:KC<JKIE:eKOCjO<H<8P<PjO<H<8P<ywyjywyewjC<JKIE:m?H<Pm8HHjPPXm8HHmOywyeQ8OeC]e

5J=KOQXJ8Q<H\b Z< ;KJgQ D8Y< 8J\ <[MH8J8SKJ KJ ZD\ Z< :KXH;JgQ :XHQXO< 8J EPKH8Q<nPo :KOO<PMKJ;EJC QK QD<

P<:KJ; 89XJ;8JQ "36e 7< FXPQ PXPM<:Q QD8Q ;E><O<J:<P EJ YE89EHEQ\ n)<JPKJ 4A 0:eb ywywb ">>:H %<D9?=<H

(92?=19=:Ho 8J; I<Q89KHE: 8:SYEQ\ n.XJPKJk.:(<< 4A 0:Hb ywyyb )0AC?4o 9<QZ<<J QD< 3"2ywy MKMXH8SKJP

IECDQ D8Y< 8><:Q<; QD< :XHSY8SKJ O<PXHQPe

Line 107d *P hEJAX<J:< K= DKOE]KJQ8H C<J< QO8JP=<Oi EIMKOQ8JQa "O< QD<O< 8J\ EIMKOQ8JQ C<J<P KJ QD< C<JKIE:

EPH8J;Pa

2<PMKJP<d 7< ;<H<Q<; QD< MDO8P<r DKOE]KJQ8H C<J< QO8JP=<Or =OKI QD< O<YEP<; I8JXP:OEMQe

"HQDKXCD DKOE]KJQ8H C<J< QO8JP=<O n)(4o EP EIMKOQ8JQ EJ MOKG8O\KS: <YKHXSKJ EJ C<J<O8Hb EQ EP JKQ J<:<PP8O\

D<O<e 7< JKQ< QD8Q IKPQ K= QD< C<J<P KJ QD< C<JKIE: EPH8J;P MO<;E:Q<; 9\ *PH8J;6E<Z<O { P<<I QK <J:K;<

D\MKQD<S:8H MOKQ<EJPe (<J<P Q\ME:8H K= IK9EH< C<J<S: <H<I<JQPb PX:D 8P O<:KI9EJ8P< 8J; QO8JPMKP8P<b Z<O<

=KXJ;b PXCC<PSJC )(4 EP 8J <YKHXSKJ8O\ =KO:< QD8Q EIM8:QP QD<P< C<JKI<Pe #XQb PEJ:< JK C<J<P K= I<Q89KHE:

KO <:KHKCE:8H O<H<Y8J:< QK KXO J8OO8SY< Z<O< JKQ =KXJ;b QDEP QKME: :8J 9< H<B =KO 8JKQD<O ;8\e

Line 109 hPD8O<; PEIEH8O =<8QXO<Pid )KZ PEIEH8O Z<O< QD<\ QK <8:D KQD<Oa 7D8Q Z8P "/* 9<QZ<<J QD<Ia *P

QD<O< 8 D\M<OY8OE89H< O<CEKJ XJPD8O<; 9<QZ<<J PQO8EJP nQDEP :8JJKQ 9< :8MQXO<; 9\ I<Q8C<JKI< 8J; EP KJ< K=

QD< I8EJ 8;Y8JQ8C<P K= XPEJC :XHSY8Q<; PQO8EJoa %K QD<\ PD8O< C<JKIE: P\JQ<J\a * ZKXH; PXCC<PQ ;O8ZEJC 8 ;KQ

MHKQ 8IKJC QD< C<JKI<P E= EQ PDKZP PKI<QDEJC EJQ<O<PSJCe

2<PMKJP<d 0XO EJQ<JQ EJ QD< O<=<O<J:< QK hPD8O<; PEIEH8O =<8QXO<Pi Z8P QK :KJY<\ QD8Q QD< =KXO C<JKI<P 8O<
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J<8OH\ E;<JS:8H QK <8:D KQD<O EJ Q<OIP K= C<JKI<kEJ=<OO<; I<Q89KHE: =<8QXO<P nMKQ<JS8HPoe 7< =KXJ; HEUH<

;E><O<J:< 9<QZ<<J QD< C<JKI<P EJ O<:KJPQOX:Q<; I<Q89KHE: M8QDZ8\Pe "HPKb QD< =XJ:SKJ8H MOK?H<P K9Q8EJ<;

=OKI QD< *.(k&2 8JJKQ8SKJ nEe<eb JXI9<O K= C<J<P 8PPECJ<; QK QD< <JQOE<P K= 1'".b $0(b ,0b 8J; 4*(2'".o

Z<O< J<8OH\ E;<JS:8H 8IKJC QD< C<JKI<Pe 7< 8;IEQ QD8Q QD< MDO8P< ;E; JKQ :KJY<\ Z<HH ZD8Q Z< Z8JQ<; QK

;<P:OE9<e 4D<O<=KO<b Z< O<YEP<; QD< P<JQ<J:< 8P =KHHKZP nHEJ<P xx{kxx}oe

h(<JKI<kEJ=<OO<; I<Q89KHE: =<8QXO<P Z<O< J<8OH\ E;<JS:8H 8IKJC QD< =KXO C<JKI<P n<eCeb $0( MOK?H<Pc

3XMMH<I<JQ8O\ 489H< zob H<8;EJC XP QK =K:XP KJ KJ< K= QD<Ib +)|{|b =KO =XOQD<O 8J8H\PEP n'ECe zoi

4D< "/* Y8HX<P 8IKJC QD< C<JKI<P Z<O< ���e��b ZDE:D Z8P EJ;E:8Q<; EJ HEJ< xwx K= QD< KOECEJ8H I8JXP:OEMQ

nHEJ< xw~ EJ QD< O<YEP<; I8JXP:OEMQoe 4D< C<JKI<P PD8O<; C<JKIE: P\JQ<J\ 8:OKPP QD< ZDKH< C<JKI< H<JCQDPe

" .5.I<O nJX:I<Oo MHKQ K= QD< QZK :KIMH<Q< C<JKI<P n+)|{| 8J; +)xw~zo PDKZP Z<HH QDEP P\JQ<J\ nO<=<O QK

QD< ?CXO< 9<HKZoe 3<Y<O8H PDKOQ O<CEKJP PDKZEJC ;EP:KJSJXEQ\ EJ QD< MHKQ :KEJ:E;<; H8OC<H\ ZEQD QD< MO<;E:Q<;

C<JKIE: EPH8J;Pb EJ;E:8SJC 8 Y<O\ HEUH< ;E><O<J:<P 9<QZ<<J QD< C<JKI<P 8O< O<H8Q<; QK IK9EH< C<J<S:

<H<I<JQP n.(&Poe 7< QDEJG QD8Q .(&P EJ QD< 3"2ywy C<JKI<P EP 8J EJQ<O<PSJC PX9F<:Q =KO =XQXO< EJY<PSC8SKJe

#XQb Z< ;<:E;<; 8J8H\PEP K= QD< .(&P Z8P KXQPE;< K= QD< P:KM< K= QDEP PQX;\b PEJ:< JK C<J<P K= 8MM8O<JQ

I<Q89KHE: KO <:KHKCE:8H O<H<Y8J:< Z<O< =KXJ; EJ QD< .(&Pe

Line 129d 4D< ;EP:XPPEKJ K= 8O:D8<HHXI EP =8P:EJ8SJCe %O8ZEJC 8 C<J< MD\HKC<J<S: QO<< ZKXH; =XOQD<O :KJ:HX;<

QD< KOECEJ K= QD< $8:=?=64F=A0 8O:D8<HHXIe )8P QDEP 8HO<8;\ 9<<J ;KJ< 9\ KQD<OPa *= JKQb * ZKXH; PXCC<PQ

;O8ZEJC QD< QO<<e

2<PMKJP<d 4D8JG \KX =KO QDEP EJPECDRXH :KII<JQe "P =8O 8P Z< GJKZb JK KJ< D8P M<O=KOI<; MD\HKC<J<S:

8J8H\PEP K= 8O:D8<HH8 C<J<P EJ:HX;EJC QDKP< =OKI 98:Q<OE8H C<JKI<Pe 'KHHKZEJC QD< PXCC<PSKJb Z< D8Y<

:KJPQOX:Q<; 8 I8[EIXI HEG<HEDKK; MD\HKC<J<S: QO<< K= 'H8# n8O:D8<8H A8C<HHEJob ZDE:D Z8P EJ:HX;<; EJ QD<
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O<YEP<; I8JXP:OEMQ 8P 3XMMH<I<JQ8O\ 'ECe ~e 4DEP QO<< :KJ?OI<; KXO EJ=<O<J:< QD8Q QD< $8:=?=64F=A0 8O:D8<HH8

Z<O< KOECEJ8Q<; =OKI "?28040e "::KO;EJCH\b Z< 8;;<; 8 PDKOQ <[MH8J8SKJ KJ QD< QO<< QK QD< O<YEP<;

I8JXP:OEMQ 8P =KHHKZP nHEJ<P x||kx|�oe

h" MD\HKC<J<S: 8J8H\PEP K= 'H8# P<NX<J:<P =KXJ; EJ PQO8EJ +)|{|b P<Y<O8H $8:=?=64F=A0 C<JKI<Pb 8J;

O<MO<P<JQ8SY< 8O:D8<8H EPKH8Q<Pb :KJ?OI<; QDEP EJ=<O<J:<e 4D< 'H8# P<NX<J:<P K= $8:=?=64F=A0 =KOI<; 8

IKJKMD\H<S: :H8;<b ZDE:D Z8P HK:8Q<; 8P 8 PEPQ<O :H8;< K= 8J 8O:D8<8H 'H8# COKXM n3XMMH<I<JQ8O\ 'ECe

~oi

7<gY< 8HPK 8;;<; QD< 8J8H\PEP MOK:<;XO<P Z< XP<; EJ QD< P<:SKJ h"J8H\P<P K= QD< )<2 8J; 'H8#i EJ

h.<QDK;Pi nHEJ<P {~}k{�~oe

Line 283d 1H<8P< :EQ< QD< O<=<O<J:< =KO QD< K9P<OY8SKJ QD8Q #02A4?=9390b &0;;0>?=A4=102A4?90b 8J;

/4??C2=;92?=19=A0 8O< O<PMKJPE9H< =KO MKH\P8::D8OE;< ;<CO8;8SKJe

2<PMKJP<d 7< :EQ<; QD< =KHHKZEJC O<YE<Z M8M<Ob ZEQD QD< PQ8Q<I<JQ K= hO<=<O<J:<P QD<O<EJi nHEJ< y��oe

"OJKPSb $e 4A 0:e 4D< 9EKC<K:D<IEPQO\ K= I8OEJ< MKH\P8::D8OE;<Pd PKXO:<Pb EJY<JQKOE<Pb 8J; 98:Q<OE8H

;OEY<OP K= QD< :8O9KD\;O8Q< :\:H<e "JJXe 2<Ye .8Oe 3:Ee 13b �xkxw� nywyxoe

1H<8P< JKQ< QD8Q QD< JXI9<O K= O<=<O<J:<P EP 8HO<8;\ Z<HH KY<O QD< HEIEQ K= )0AC?4 $=;;C<920B=< n~woe

4D<O<=KO<b Z< ;<Q<OIEJ<; QK :EQ< KJH\ 8 O<:<JQ O<YE<Z M8M<O EJ ZDE:D O<8;<OP :8J ?J; I8J\ KOECEJ8H O<P<8O:D

8OS:H<P O<H<Y8JQ QK QDEP EPPX<e

Line 306d 3EJ:< QD< EPKH8SKJ EP EJJKY8SY<b * ZKXH; <J:KXO8C< QD< 8XQDKO QK ;<P:OE9< IKO< 89KXQ =XQXO<

M<OPM<:SY<P EJ QD< :KJ:HXPEKJ P<:SKJe 7D8Q ZEHH 9<:KI< MKPPE9H< EJ QD< =XQXO< 9\ XPEJC QDEP EPKH8Q<a 7D8Q

O<I8EJP XJGJKZJ EJ QD< MO<P<JQ PQX;\b 8J; ZD8Q PDKXH; 9< ;KJ< EJ QD< J<[Q PQ<Ma

2<PMKJP<d 'KHHKZEJC QD< PXCC<PSKJb Z< 8;;<; 8 ;<P:OEMSKJ KJ ZD8Q Z< QDEJG ZKXH; 9< EJQ<O<PSJC O<P<8O:D

NX<PSKJP QD8Q :8J 8J; PDKXH; 9< 8;;O<PP<; EJ =XQXO< PQX;E<P 8P =KHHKZP nHEJ<P z{wkz{�oe

h$<HH :XHQXO<P K= JKY<H MOKG8O\KQ<P MOKYE;< KMMKOQXJES<P QK PQX;\ 8 ZE;< O8JC< K= :<HHXH8O MOKM<OS<P

QD8Q :8JJKQ 9< ;<Q<OIEJ<; =OKI C<JKI<P 8HKJ<e *JQ<O8:SKJP K= QD<P< PHKZH\ COKZEJC :<HHP ZEQD KOC8JE:

:8O9KJ <[KI<Q89KHEQ<Pb 8J; QD<EO XJ<[MH8EJ<; P<JPESYEQ\ QK HECDQb 8O< MOKIEPEJC 8Y<JX<P =KO =XQXO< ZKOGe

3QX;E<P K= 3"2ywy 8O:D8<HH8 =XJ:SKJ 8J; EJQ<CO8SKJ ZEQD QD< :<HH <JY<HKM< K= 3"2ywy I8\ MOKYE;<

:HX<P EJQK QD< <:KHKC\ 8J; :<HH 8O:DEQ<:QXO< K= QD<P< XJXPX8H :<HHPe 4D< ?J;EJCP Z< O<MKOQ MOKYE;<;

PXOMOEPEJC EJPECDQP EJQK :D8HH<JC<P QD8Q HKJCkPQ8HH<; 3"2ywy :XHSY8SKJe 7D<QD<O QD< ;EY<OPEQ\ K= JKQk\<Qk

:XHQXO<; HEJ<8C<P K= 3"2ywy :<HHP EJD89ESJC QD< ;8OG K:<8J :8J 9< <[MH8EJ<; 9\ PEIEH8O MOKM<OS<P

O<I8EJP QK 9< P<<Ji

Line 377d 7D8Q Z8P QD< EJES8H :<HH ;<JPEQ\ K= QDEP <[M<OEI<JQa

2<PMKJP<d 4D< EJES8H :<HH ;<JPES<P K= QDEP Q<IM<O8QXO< Q<PQ O8JC<; =OKI xexx�xw{ QK xe|x�xw{ :<HHP I-kx
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n3XMMH<I<JQ8O\ 'ECe z K= QD< O<YEP<; I8JXP:OEMQoe

Line 430d h"/*9id *P QDEP Q\MKa

2<PMKJP<d h"/*9i EP JKQ 8 Q\MKe 7< XP<; +3M<:E<P73 MH8RKOI n2E:DQ<O 4A 0:eb ywx|b #9=9<5=?;0B2@c

DUMPdjjFPM<:E<PeOE9KDKPQe:KIjFPM<:E<PZPjtDKI<o QK :8H:XH8Q< "/* Y8HX<Pe +3M<:E<P73 MOKYE;<P QD< QZK KMSKJP

=KO "/* :8H:XH8SKJd "/*9 8J; "/*Ie 7DEH< "/*9 XP<P #-"34 8P EQP :KO< 8HECJI<JQ MOKCO8Ib "/*I XP<P

.5.I<O n2E:DQ<O 8J; 2KPP<HHLk.LO8b yww�b *?=2H )0A:H "203H ,29H .H,H"oe 7< EJ;E:8Q<; h"/*9i EJ KXO

I8JXP:OEMQ QK I8G< EQ :H<8O QD8Q Z< XP<; "/*9 nJKQ "/*Io EJ +3M<:E<P73 MH8RKOIe

Fig. 3d 1H<8P< MOKYE;< 8J <[MH8J8SKJ =KO QD< :KHKOP K= QD< QO8JPMKOQ<O EHHXPQO8SKJPe

2<PMKJP<d 7< 8O< PKOO\ QD8Q Z< ;E; JKQ MOKYE;< EJ=KOI8SKJ KJ QD< :KHKOP K= QO8JPMKOQ<OPe *J QD< KOECEJ8H

I8JXP:OEMQb QD< :KHKOP K= QD< QO8JPMKOQ<OP :KOO<PMKJ;<; QK QD< =XJ:SKJ8H :H8PPE?:8SKJ 8P =KHHKZPd MEJGb "#$

QO8JPMKOQ<OPc \<HHKZb YKHQ8C<kC8Q<; EKJ :D8JJ<HPc :\8Jb EKJ :D8JJ<HP nXJEMKOQ<OPoc HECDQ CO<<Jb EKJ :D8JJ<HP

n8JSMKOQ<OP KO P\IMKOQ<OPoc HECDQ 9HX<b 8:SY< QO8JPMKOQ<OPe

%XOEJC QD< O<YEPEKJb DKZ<Y<Ob Z< :8I< QK QDEJG QD8Q QDEP :H8PPE?:8SKJ IECDQ 9< QKK ;<Q8EH<;e 4D<O<=KO<b Z<

;<Q<OIEJ<; QK :H8PPE=\ QD< QO8JPMKOQ<OP EJQK QD< QZK :8Q<CKOE<Pb Ee<eb "#$ QO8JPMKOQ<OP 8J; KQD<OPe *J QD< O<YEP<;

'ECe zb "#$ QO8JPMKOQ<OP 8J; KQD<OP 8O< :KHKO<; EJ MEJG 8J; 9HX<b O<PM<:SY<H\e 7< 8HPK 8;;<; QDEP :KHKO

;<PECJ8SKJ EJ QD< ?CXO< H<C<J; nHEJ<P �ywk�yxoe *J 8;;ESKJb Z<gY< 8;;<; 8OOKZP EJ;E:8SJC QD< ;EO<:SKJ K=

QO8JPMKOQ QK "#$ QO8JPMKOQ<OPb ZDE:D Z<O< 8HPK IEPPEJC EJ QD< KOECEJ8H I8JXP:OEMQe

Extended Fig. 4d h8P ;O8ZJ 9\ *.(i hEJQ<CO8Q<; O<PXHQPi 7D8Q ;K QD<\ I<8Ja 1H<8P< PM<:E=\e

2<PMKJP<d 1H<8P< JKQ< QD8Q QD< KOECEJ8H &[Q<J;<; 'ECe { D8P 9<<J :D8JC<; QK 3XMMH<I<JQ8O\ 'ECe | EJ QD<

O<YEP<; I8JXP:OEMQe 7D8Q Z< Z8JQ<; QK EJ;E:8Q< 9\ XPEJC QD< MDO8P< h8P ;O8ZJ 9\ *.(i EP QD8Q QDEP C<JKI<

I8M D8P JKQ 9<<J ;O8ZJ 9\ XP 9XQ Z8P MOK;X:<; 9\ *.(k&2 8JJKQ8SKJ K= QD< C<JKI<e 7< 8CO<< ZEQD QD<

O<YE<Z<O QD8Q QD< MDO8P< Z8P JKQ :H<8Oe 4D<O<=KO<b Z< ;<H<Q<; QD< MDO8P<e *JPQ<8;b Z< 8;;<; 8 P<M8O8Q<

P<JQ<J:< QK <[MH8EJ QDEP MKEJQ 8Q QD< H8PQ M8OQ K= QD< H<C<J; K= 3XMMH<I<JQ8O\ 'ECe |8 8P =KHHKZP nHEJ<P x��kywwoe

h-89@ 74<=;4 ;0> E0@ >?=3C243 1G '(&I%+ 0<<=A0B=<Hi

7D8Q Z< Z8JQ<; QK EJ;E:8Q< 9\ XPEJC QD< MDO8P< hEJQ<CO8Q<; O<PXHQPi EP QD8Q QD< C<JKIE: EPH8J;P n(*o

MO<P<JQ<; EJ 3XMMH<I<JQ8O\ 'ECe |9 EP QD< 8CCO<C8SKJ nXJEKJo K= QD< EPH8J;P MO<;E:Q<; 9\ P<Y<O8H MO<;E:SKJ

I<QDK;P EIMH<I<JQ<; EJ *PH8J;6E<Z<O {e *PH8J;6E<Z<O { XP<P P<Y<O8H I<QDK;P QK MO<;E:Q (*Pe 4D< I8EJ KXQMXQ

K= *PH8J;6E<Z<O { PDKZP QD< 8CCO<C8SKJ nXJEKJo K= (*P MO<;E:Q<; 9\ 8HH I<QDK;Pb EJ 8;;ESKJ QK (*P MO<;E:Q<;

9\ <8:D I<QDK;b ZEQD ;E><O<JQ :KHKOPe *J 9KQD QD< KOECEJ8H 8J; O<YEP<; I8JXP:OEMQPb Z< MO<P<JQ<; KJH\ QD<

8CCO<C8SKJ nXJEKJo K= (*Pe 7< 8CO<< ZEQD QD< O<YE<Z<O QD8Q QD< MDO8P< hEJQ<CO8Q<; O<PXHQPi Z8P JKQ :H<8Oe

4D<O<=KO<b Z< O<MDO8P<; QD< H<C<J; 8P =KHHKZP nHEJ<P ywykywzoe

h4D< KXQ<OIKPQ OEJC PDKZP QD< MKPESKJP K= C<JKIE: EPH8J;P MO<;E:Q<; 9\ P<Y<O8H I<QDK;P EIMH<I<JQ<;
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EJ *PH8J;6E<Z<O {ei

Extended Table 1d 4DEP Q89H< EP D8O; QK O<8; 8P QD<O< 8O< I8J\ DKOE]KJQ8H HEJ<Pe 1H<8P< IK;E=\ QD< =KOI8Q =KO

9<U<O O<8;89EHEQ\e

2<PMKJP<d 'KHHKZEJC \KXO PXCC<PSKJb Z< IK;E?<; QD< =KOI8Q K= QDEP Q89H<e 4D< IK;E?<; Q89H< EP MO<P<JQ<; 8P

3XMMH<I<JQ8O\ 489H< x EJ QD< O<YEP<; I8JXP:OEMQe 7< QOE<; KXO 9<PQ QK O<IKY< 8P I8J\ DKOE]KJQ8H HEJ<P 8P

MKPPE9H<e 7< DKM< QD8Q O<8;<OP ZKXH; D8Y< JK KO HEUH< ;E@:XHQ\ EJ O<8;EJC QDEP Q89H<e

kkk &/% kkk
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