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REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The manuscript proposes a new method uniPort for integrating unpaired single-cell 

multiomics data based on variational autoencoder (VAE). The architecture of uniPort 

contains separate decoders for genes common to the datasets as well as dataset-specific 

genes, and achieves alignment in the latent space through optimal transport (OT). I find 

the method contains a few interesting points. However, given the rapidly increasing 

collection of published methods on single-cell multiomics integration, I am wondering if the 

authors can further justify the novelty and unique contributions of uniPort. 

- Comparison with recent integration method (VAE based) for unpaired data. [1] below is 

an example, where the VAE achieves both integration and regulatory inference, and does 

not require conversion of ATAC-seq features into gene activity scores. Discussions about 

conceptual differences and ideally benchmarking on the PBMC example will be helpful. 

- Different versions of OT are commonly used in for single-cell integration and trajectory 

inference. Is the OT used in uniPort different from the existing literature? If not, giving 

references would help with providing a context for the current method. 

- Could the authors comment on the use of gene activity scores and whether it results in 

any information loss for determining subtle cell states. 

- For the PBMC example, commonly used metrics such as FOSCTTM should be used to assess 

whether two modalities from the same cell have been paired properly. 

- Computing the correlation between the predicted and real mean gene expression in Fig 3c 

is not particularly informative. It would be more helpful to compare the correlations of 

different marker genes between predicted and real. How sensitive are the results to the 

number of common and data-specific HVG selected? What happens if the query data 

contains cell types not contained in the reference? 

- In terms of the applications, I find the spatial transcriptomics ones more interesting. 

However, at the same time, deconvolution of spatial data is again a field with a plethora of 

methods, some of which require matching scRNA-seq data while others do not. Does 

uniPort provide novel functionalities lacking in the other methods? Discussions and 

benchmarking would be helpful here. 

1. Cao, Zhi-Jie, and Ge Gao. "Multi-omics single-cell data integration and regulatory 

inference with graph-linked embedding." Nature Biotechnology (2022) 

Reviewer #2 (Remarks to the Author): 

In this work, Cao et al. present uniPort, a new framework to integrate single-cell multi-

omics data. The framework combines a coupled variational autoencoder (coupled-VAE) and 

a mini-batch unbalanced optimal transport (minibatch-UOT) plan, which are added together 

to define the total loss function to optimize. The authors compare uniPort to several 

established frameworks for single-cell integration, such as Seurat, LIGER, MultiMap, and 

eULA' fa S dS`YW aX geWXg^ USeW efgV[We) A` bSdf[Ug^Sd' fZW SgfZade VW_a`efdSfW g`[Gadfse

advantages in cell type classification when integrating single-cell transcriptomics, 

chromatin accessibility and spatially resolved transcriptomic data 



The combination of a variational autoencoder and optimal transportqtwo frameworks that 

are becoming increasingly prominent in single-cell analysisqis interesting and the methods 

and results are well presented. Furthermore, the choice of datasets for comparison is 

entirely appropriate and varied. However, I think the reasoning for why combining the VAE 

and OT frameworks is useful need to be expanded upon significantly. In addition, the paper 

needs to consider and compare more recent multi-omic integration methods, as UOT has 

been used for integration of multi-omics data. 

There are several comments I wish the authors to address: 

Major comments: 

m ;a_bSd[`Y g`[Gort to a wider range of multi-omics-based methods is critical. In 

particular, it would be worth considering: more recent methods in Seurat 

(https://www.cell.com/cell/fulltext/S0092-8674(21)00583-3); scMC 

(https://doi.org/10.1186/s13059-020-02238-2); while the scVI-tools framework has a 

tool, totalVI, that is specifically for multi-omic integration 

(https://doi.org/10.1038/s41592-020-01050-x). 

m Af iag^V TW iadfZiZ[^W fa Ua_bSdW g`[Gadf fa afZWd FJ-based methods, such as SpaOTsc 

(https://doi.org/10.1038/s41467-020-15968-5) and SCOT 

(http://doi.org/10.1089/cmb.2021.0446), which are used for spatial deconvolution and 

multi-omics integration, respectively, as uniPort is the first method that I know of that uses 

mini-batch UOT for single-cell analysis. 

m JZW SgfZors state that minibatch OT is used to allow uniPort to be applied to larger 

datasets, which are common in single-cell analysis. However, I do not see any comparison 

of runtime between the different considered integration frameworks. I think that would 

help strengthen the methods benchmarking. 

m F`W aX fZW bdabaeWV XWSfgdWe aX g`[Gadf [e a`^[`W bdWV[Uf[a` SXfWd Ua`efdgUf[`Y S dWXWdW`UW

atlas, which is demonstrated by predicting scRNA-seq gene expression onto spatial 

MERFISH data, which has significantly lower gene coverage. I think comparing uniPort to 

other methods specialized for mapping scRNA-seq gene expression onto spatial data, such 

as Tangram or gimVI, which were considered in a recent benchmarking study 

(https://doi.org/10.1038/s41592-022-01480-9). 

m For Minibatch-KFJ' fZW bSdS_WfWd z dW^SfWV fa _SdY[`S^ bW`S^[lSf[a` [` WcgSf[a` %/& b^Ske

an important role on the integration, especially when there are rare cell types that are 

bdWeW`f [` a`^k a`W VSfSeWf) MZSf [e fZW dWSea` fa eWf z7,8 MZW` fZW hS^gW aX z [e UZS`YWV'

can uniPort still separate Ependymal cells, which are only observed in MERFISH data? Do 

the results of Figure 3a change significantly? 

m JZW [`bgf S`V agfbgf aX g`[badf [e g`U^WSd' W)Y) N; ' NIp [` >[YgdW ,' Se fZW `afSf[a` Xad

input and output is the same. Similarly, in the Methods section, uniPort also requires XS, YS 

as input, suggesting that uniPort does not generate data-specific genes but rather requires 

them as input. 

m Ja bdWV[Uf YW`We [` eUHE9-seq data by the trained reference atlas (Line 197), only 153 

common genes are used as input. How do the authors consider and deal with possible batch 

effects between samples? 

m MZW` ge[`Y WhS^gSf[a` _Wfd[Ue Xad TW`UZ_Sd][`Y' A fZ[`] [f iag^V ZW^b fZSf fZW SgfZade

were clearer about the comparison. For example, are the authors evaluating known 

clustering vs predicted clustering? For the single-cell RNA-sequencing and single-cell ATAC-

sequencing data of peripheral mononuclear blood cells, do the authors consider the 

consistency of paired single cell labels? 

Minor comments: 



m G^WSeW VagT^W UZWU] fZW X[YgdW USbf[a`e) >ad WjS_b^W' [` >[YgdW .S' a`^k fZW [`fWYdSf[a`

results from uniPort are shown, rather than the results from Harmony, Seurat, SCALEX or 

scVI. 

m Af [e YaaV fa eWW fZW Ua_bSd[ea` TWfiWW` gene expressions in MERFISH and predicted 

RNA as in Supplementary Fig 7. What about the real single cell RNA expression? It seems 

like the authors only show the comparison the mean expressions between real and 

predicted RNA. 

m A` fZW Igbb^W_W`fSdk [`Xad_Sf[a`' ^[`W 005 rT[eSWVs' iZ[UZ A fZ[`] eZag^V TW rT[SeWVs) A

think this is the only spelling error, but please do check over the rest of the manuscript to 

make sure.



IWeba`eWe fa IWh[WiWde5 

NW iag^V ^[]W fa fZS`] fZW dWh[WiWde Xad fZW[d fZagYZfXg^ Ua__W`fe S`V hS^gST^W 
egYYWef[a`e a` agd _S`geUd[bf) KZW _S`geUd[bf ZSe TWW` Xg^^k dWh[eWV Tk Xa^^ai[`Y fZW 
dWh[WiWdev Ua__W`fe S`V egYYWef[a`e' _S][`Y agd dWeg^fe _adW ea^[V S`V Ua`h[`U[`Y) 

KZW ba[`f!Tk!ba[`f dWeba`eWe fa fZW dWh[WiWdev Ua__W`fe S`V egYYWef[a`e SdW Se 
Xa^^aie S`V agd dWeba`eWe SdW [` dWV Ua^ad) 

IWh[WiWd !,5 

$3'0%,, &/--'.21 
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NW e[`UWdW^k SbbdWU[SfW fZW Z[YZ^k [`e[YZfXg^ S`V Ua`efdgUf[hW egYYWef[a`e Tk IWh[WiWd 
!, ea fZSf iW US` [_bdahW fZW _S`geUd[bf SUUadV[`Y^k)   

A` fZW dWh[eWV _S`geUd[bf' iW SVVdWeeWV fZW `ahW^fk S`V g`[cgW Ua`fd[Tgf[a`e aX agd 

-#, KZW _S`geUd[bf bdabaeWe S ̀ Wi _WfZaV g`[Hadf Xad [`fWYdSf[`Y g`bS[dWV e[`Y^W(
UW^^ _g^f[a_[Ue VSfS TSeWV a` hSd[Sf[a`S^ SgfaW`UaVWd $M9=%) KZW SdUZ[fWUfgdW aX 
g`[Hadf Ua`fS[`e eWbSdSfW VWUaVWde Xad YW`We Ua__a` fa fZW VSfSeWfe Se iW^^ Se 
VSfSeWf(ebWU[X[U YW`We' S`V SUZ[WhWe S^[Y`_W`f [` fZW ^SfW`f ebSUW fZdagYZ abf[_S^ 

fdS`ebadf $GK%) A X[`V fZW _WfZaV Ua`fS[`e S XWi [`fWdWef[`Y ba[`fe) @aiWhWd' Y[hW` 
fZW dSb[V^k [`UdWSe[`Y Ua^^WUf[a` aX bgT^[eZWV _WfZaVe a` e[`Y^W(UW^^ _g^f[a_[Ue 
[`fWYdSf[a`' A S_ ia`VWd[`Y [X fZW SgfZade US` XgdfZWd \gef[Xk fZW `ahW^fk S`V g`[cgW 
Ua`fd[Tgf[a`e aX g`[Hadf) 



A` fZW dWh[eWV _S`geUd[bf' iW SVVdWeeWV fZW `ahW^fk S`V g`[cgW Ua`fd[Tgf[a`e aX agd 
iad] [` TafZ _WfZaVe S`V Sbb^[USf[a`e) 

l A` fWd_e aX _WfZaVe' iW ZShW [``ahSf[hW^k [`fdaVgUWV _[`[TSfUZ g`TS^S`UWV 
abf[_S^ fdS`ebadf [`fa M9= fa ahWdUa_W fZW ^[_[fSf[a` a` Ua`hW`f[a`S^ M9= Xad 
e[`Y^W(UW^^ ZWfWdaYW`Wage S`V*ad g`bS[dWV VSfS [`fWYdSf[a`) Ka fZW TWef aX agd 

]`ai^WVYW' g`[Hadf [e fZW X[def _WfZaV fa geW _[`[TSfUZ g`TS^S`UWV abf[_S^ 
fdS`ebadf [` e[`Y^W(UW^^ YW`a_[Ue S`S^ke[e)  

l A` fWd_e aX Sbb^[USf[a`e' agd g`[Hadf [e S` SUUgdSfW' daTgef S`V WXX[U[W`f 
Ua_bgfSf[a`S^ b^SfXad_ fZSf US` `af a`^k SUUgdSfW^k [`fWYdSfW ZWfWdaYW`Wage 

e[`Y^W(UW^^ VSfSeWfe' Tgf S^ea [_bgfW YW`We fa W`ZS`UW fZW dWea^gf[a` aX ebSf[S^ 
VSfS Se S YW`WdSf[hW _aVW^' S`V VWUa`ha^gfW TSdUaV[`Y(TSeWV ebSf[S^ VSfS 
fZdagYZ S` abf[_S^ fdS`ebadf b^S`)  

NW bdah[VWV fZW VWfS[^WV a`W(fa(a`W dWeba`eWe TW^ai)  

#%*/0 &/--'.21! 

-.210/2.5 NW fZS`] fZW dWh[WiWd Xad fZW hS^gST^W SVh[UW) KZWdW SdW eWhWdS^ 
Ua`UWbfgS^ V[XXWdW`UWe TWfiWW` g`[Hadf S`V ?DL=5 

-#!#, ;a_bSd[ea` i[fZ dWUW`f [`fWYdSf[a` _WfZaV $M9= TSeWV% Xad g`bS[dWV VSfS) 

Q,R TW^ai [e S` WjS_b^W' iZWdW fZW M9= SUZ[WhWe TafZ [`fWYdSf[a` S`V dWYg^Sfadk 
[`XWdW`UW' S`V VaWe `af dWcg[dW Ua`hWde[a` aX 9K9;(eWc XWSfgdWe [`fa YW`W SUf[h[fk 
eUadWe) <[eUgee[a`e STagf Ua`UWbfgS^ V[XXWdW`UWe S`V [VWS^^k TW`UZ_Sd][`Y a` fZW 
H:E; WjS_b^W i[^^ TW ZW^bXg^) 



,) g`[Hadf geWV fZW YW`W SUf[h[fk eUadW aX eU9K9; Tk E9=JKIG ad J[Y`SU $^[`We 
..2(./3 a` bSYW ,.%' iZ[^W ?DL= VWhW^abWV S eabZ[ef[USfWV ]`ai^WVYW(TSeWV 
YdSbZ fZSf _aVW^e dWYg^Sfadk e[Y`S^e aX eU9K9; [`efWSV aX ge[`Y fZW YW`W SUf[h[fk 
eUadW)  

-) ?DL= geWV S V[eUd[_[`Sfad fa S^[Y` fZW ^SfW`f V[efd[Tgf[a`e aX V[XXWdW`f _aVS^[f[We 
i[fZ S Ua_b^Wj _WUZS`[e_ [`fdaVgUWV Xad g`TS^S`UWV _SfUZ[`Y) A` Ua_bSd[ea`' 
g`[Hadf W_b^akWV S` WXX[U[W`f g`TS^S`UWV abf[_S^ fdS`ebadf fa S^[Y` fZW 
V[efd[Tgf[a`e)  

.) ?DL= [e ebWU[X[US^^k VWe[Y`WV Xad _g^f[(a_[Ue [`fWYdSf[a` i[fZ S bd[ad YW`W 
dWYg^Sfadk dW^Sf[a`eZ[b' iZ[^W g`[Hadf US` `af a`^k [`fWYdSfW _g^f[(a_[Ue VSfS' Tgf 
S^ea [_bgfW _Sd]Wd YW`We Xad a`W _aVS^[fk Tk S`afZWd Se iW^^ Se VWUa`ha^gfW 
TSdUaV[`Y(TSeWV ebSf[S^ fdS`eUd[bfa_[Ue VSfS) 

"'.&(-%0+! 

A` fZW dWh[eWV hWde[a`' iW XgdfZWd TW`UZ_Sd]WV g`[Hadf SYS[`ef ?DL= a` eU9K9; S`V 
eUIF9 Xda_ fia VSfSeWfe aX H:E; S`V a`W VSfSeWf aX _ageW eb^WW` $>[Ye) -' .' / S`V 

Jgbb^W_W`fSdk >[Ye) -' .%) g`[Hadf SUZ[WhWV Ua_bSdST^W dWeg^fe i[fZ ?DL= a` fZW fia 
H:E; VSfSeWfe S`V agfbWdXad_WV ?DL= a` fZW _ageW eb^WW` VSfSeWf' WeeW`f[S^^k [` 
fZW USeW aX [`fWYdSf[`Y ZWfWdaYW`Wage VSfSeWfe) >ad _adW VWfS[^e STagf fZW 
Ua_bSd[ea`' b^WSeW eWW ^[`We ,-+(,/. S`V ^[`We ,02(,10 a` bSYWe 0(1) >ad VWfS[^e a` 
?DL= [_b^W_W`fSf[a`' b^WSeW eWW ^[`We 012(02. a` bSYW -,) 







-.210/2.5 NW fZS`] fZW dWh[WiWd Xad fZ[e [`e[YZfXg^ Ua__W`f) A` fZW dWh[eWV 
_S`geUd[bf' iW WjfW`e[hW^k V[eUgeeWV S`V Ua_bSdWV g`[Hadf i[fZ Wj[ef[`Y GK(TSeWV 
_WfZaVe) Ggd _WfZaV [e e[Y`[X[US`f^k V[XXWdW`f Xda_ fZW Wj[ef[`Y GK _WfZaVe Xad e[`Y^W(

UW^^ S`S^ke[e) Ka fZW TWef aX agd ]`ai^WVYW' bdWhS^W`f GK(TSeWV _WfZaVe Xad e[`Y^W(
UW^^ S`S^ke[e SdW TSeWV a` Y^aTS^ abf[_S^ fdS`ebadf) A` fZ[e _S`geUd[bf' iW X[def 
[`fdaVgUWV S _[`[TSfUZ g`TS^S`UWV GK S`V Ua_T[`WV [f i[fZ fZW M9= _aVW^ Xad fZ[e 
X[W^V' iZ[UZ dWVgUWe fZW Ua_bgfSf[a`S^ Uaef aX TafZ f[_W S`V _W_adk aX GK) NW 
W_bZSe[lWV fZW V[XXWdW`UWe [` fZW dWh[eWV _S`geUd[bf fZdagYZ fZW Xa^^ai[`Y ba[`fe) 

l NW TW`UZ_Sd]WV g`[Hadf SYS[`ef J;GK S`V JbSGKeU)  
J;GK S`V JbSGKeU SdW fia efSfW(aX(fZW(Sdf GK(TSeWV _WfZaVe Xad e[`Y^W(UW^^ 
_g^f[(a_[Ue [`fWYdSf[a` S`V ebaf VWUa`ha^gf[a`' dWebWUf[hW^k) NW Ua_bSdWV g`[Hadf 
i[fZ J;GK a` fZW [`fWYdSf[a` aX fia VSfSeWfe aX H:E; S`V a`W VSfSeWf aX _ageW 

eb^WW`) NW Xag`V g`[Hadf agfbWdXad_WV J;GK [` VSfS [`fWYdSf[a` a` S^^ WjS_b^We 
$^[`We ,-+(,/. a` bSYWe 0(1% iZ[^W Ua`eg_[`Y _gUZ ^Wee Ua_bgfSf[a`S^ f[_W fZS` 

-#!$, <[XXWdW`f hWde[a`e aX GK SdW Ua__a`^k geWV [` Xad e[`Y^W(UW^^ [`fWYdSf[a` S`V 

fdS\WUfadk [`XWdW`UW) Ae fZW GK geWV [` g`[Hadf V[XXWdW`f Xda_ fZW Wj[ef[`Y ^[fWdSfgdW8 
AX `af' Y[h[`Y dWXWdW`UWe iag^V ZW^b i[fZ bdah[V[`Y S Ua`fWjf Xad fZW UgddW`f _WfZaV) 



J;GK $Jgbb^W_W`fSdk >[Y) ,,%) NW S^ea Ua_bSdWV g`[Hadf i[fZ JbSGKeU Xad 
VWUa`ha^gf[a` aX fZW ek`fZWf[U JK9I_Sb VSfS' S`V iW Xag`V fZSf g`[Hadf SUZ[WhWV 
Z[YZWd SUUgdSUk S`V [e _adW daTgef [` bWdXad_S`UW ge[`Y fZW WhS^gSf[a` _Wfd[Ue 
$Jgbb^W_W`fSdk >[Y) 26 ^[`We --0(-.. a` bSYW 4%) 

l NW bdah[VWV S `Wi bSdSYdSbZ Xad GK _WfZaVe Ua_bSd[ea`) 
A` fZW dWh[eWV _S`geUd[bf' iW SVVWV S `Wi bSdSYdSbZ $^[`We .-2(..1 a` bSYW ,-%5 
sKa fZW TWef aX agd ]`ai^WVYW' bdWhS^W`f GK(TSeWV _WfZaVe Xad e[`Y^W(UW^^ S`S^ke[e 
SdW TSeWV a` Y^aTS^ abf[_S^ fdS`ebadf' W)Y)' J;GK S`V HS_a`S Xad e[`Y^W(UW^^ _g^f[(
a_[Ue VSfS [`fWYdSf[a`' JbSGKeU S`V `ahaJbSIU Xad ebSf[S^ bae[f[a`e 

dWUa`efdgUf[a`' S`V NSVV[`Yfa`(GK Xad fdS\WUfadk [`XWdW`UW) ?^aTS^ abf[_S^ 
fdS`ebadf _S]We fZW Ua_bgfSf[a` hWdk WjbW`e[hW) Ka dWea^hW fZ[e VdSiTSU]' agd 
g`[Hadf X[def^k [`fdaVgUWe S E[`[TSfUZ(LGK [`fa S M9=(TSeWV XdS_Wiad] Xad e[`Y^W(
UW^^ YW`a_[Ue S`S^ke[e' iZ[UZ a`^k `WWVe fa ea^hW S _[`[(TSfUZ fdS`ebadf b^S` Sf 
WSUZ [fWdSf[a`' fZge e[Y`[X[US`f^k dWVgU[`Y fZW Ua_bgfSf[a`S^ Uaef) KZWdWXadW' [f [e 

eUS^ST^W fa ^SdYW VSfSeWfe $Jgbb^W_W`fSdk >[Y) ,,' ,-%) 9VV[f[a`S^^k' [` YW`WdS^' agd 

Uagb^WV(M9= S`V E[`[TSfUZ(LGK(TSeWV g`[Hadf [e _adW SUUgdSfW fZS` afZWd GK(
TSeWV _WfZaVe' egUZ Se J;GK' HS_a`S S`V JbSGKeU [` V[XXWdW`f fSe]e)t  

-.210/2.5 NW fZS`] fZW dWh[WiWd Xad ba[`f[`Y agf fZW [eegW aX _aVW^[`Y YW`W SUf[h[fk 
eUadWe)  

A` fZW dWh[eWV hWde[a`' iW SVVdWeeWV fZ[e [eegW aX fZW [_badfS`UW aX _aVW^[`Y YW`W 

SUf[h[fk eUadWe fZdagYZ S `Wi fSe]5 iW fWefWV g`[Hadfve bWdXad_S`UW iZW` fZW YW`W 

-#!%, ;ag^V fZW SgfZade Ua__W`f a` fZW geW aX YW`W SUf[h[fk eUadWe S`V iZWfZWd [f 

dWeg^fe [` S`k [`Xad_Sf[a` ^aee Xad VWfWd_[`[`Y egTf^W UW^^ efSfWe)



SUf[h[fk eUadWe fZdagYZ S `Wi fSe]5 iW fWefWV g`[Hadfve bWdXad_S`UW iZW` fZW YW`W 

SUf[h[fk eUadW iSe US^Ug^SfWV Tk V[XXWdW`f _aVW^e aX E9=JKIG S`V J[Y`SU' 
dWebWUf[hW^k)  KZW [`fWYdSf[a` dWeg^f eZaiWV fZSf g`[Hadf SUZ[WhWV TWffWd bWdXad_S`UW 
a` YW`W SUf[h[fk eUadW Tk E9=JKIG i[fZ S^^ WhS^gSfWV _Wfd[Ue Z[YZWd fZS` fZSf Tk 
J[Y`SU $Jgbb^W_W`fSdk >[Y) ,.%' iZ[UZ VW_a`efdSfWV fZW [_badfS`UW aX _aVW^[`Y YW`W 

SUf[h[fk eUadW) 

A` fZW dWh[eWV _S`geUd[bf' iW Ua__W`fWV a` fZW geW aX YW`W SUf[h[fk eUadWe Se Xa^^aie 
$^[`We ..2(./3 a` bSYW ,.%5 
s?[hW` fZSf agd [`fWYdSf[a` aX eU9K9; [e TSeWV a` YW`W SUf[h[fk eUadW' iW S^ea fWefWV 

g`[Hadf#e bWdXad_S`UW iZW` YW`W SUf[h[fk eUadW [e US^Ug^SfWV [` V[XXWdW`f SbbdaSUZWe)   
NW W_b^akWV fia _WfZaVe fa Xad_ fZW YW`W SUf[h[fk eUadW [`fdaVgUWV Tk J[Y`SU S`V 
E9=JKIG' dWebWUf[hW^k)  J[Y`SU VWX[`We YW`W SUf[h[fk eUadW Xad eU9K9; Se fZW dWSV 
Uag`f [` fZW YW`W TaVk S`V bda_afWd dWY[a`) E9=JKIG US^Ug^SfWe YW`W SUf[h[fk eUadW 
Se S iW[YZfWV eg_ aX `WSdTk U[e(dWYg^Sfadk W^W_W`fe $I=e%' iZWdW fZW iW[YZf [e S` 

Wjba`W`f[S^^k VWUdWSe[`Y Xg`Uf[a` aX V[efS`UWe aX I=e S`V fSdYWf YW`We) KZW 
[`fWYdSf[a` dWeg^f eZaiWV fZSf g`[Hadf SUZ[WhWV TWffWd bWdXad_S`UW a` fZW YW`W SUf[h[fk 
eUadW Tk E9=JKIG i[fZ S^^ WhS^gSfWV eUadWe Z[YZWd fZS` fZSf Tk J[Y`SU 
$Jgbb^W_W`fSdk >[Y) ,.%' iZ[UZ VW_a`efdSfWV fZW [_badfS`UW aX _aVW^[`Y fZW YW`W 
SUf[h[fk eUadW) Af [e iadfZ `af[`Y fZSf' ?DL=' iZ[UZ [e VWhW^abWV TSeWV a` S 

eabZ[ef[USfWV ]`ai^WVYW(TSeWV YdSbZ fZSf Wjb^[U[f^k S`V SUUgdSfW^k _aVW^e dWYg^Sfadk 
e[Y`S^e aX eU9K9;' [`efWSV aX ge[`Y YW`W SUf[h[fk eUadW' bdah[VWe S` [_badfS`f 

fWUZ`[cgW Xad S`S^kl[`Y eU9K9; VSfS)t 





-.210/2.5 NW fZS`] fZW dWh[WiWd Xad fZW egYYWef[a` aX fZW >GJ;KKE _Wfd[U Xad fZW 
WhS^gSf[a` aX bS[dWV VSfS [`fWYdSf[a`) A` fZW dWh[eWV hWde[a`' iW W_b^akWV fZW ShWdSYW 

>GJ;KKE Xad bWdXad_S`UW WhS^gSf[a` Se Xa^^aie) 

l NW SVVWV fZW VWeUd[bf[a` aX fZW ShWdSYW >GJ;KKE [` fZW _S[` fWjf $^[`We 1-/(
1.+ a` bSYW -/% 

l NW WhS^gSfWV fZW ShWdSYW >GJ;KKE a` fZW bS[dWV H:E; WjS_b^W [` >[Y) -W) 
g`[Hadf SUZ[WhWV S` ShWdSYW >GJ;KKE aX +)+14/' dS`]WV eWUa`V S_a`Y ,, 
Ua_bSdWV _WfZaVe' e^[YZf^k TW^ai ?DL= $+)+//,% iZ[^W e[Y`[X[US`f^k Z[YZWd fZS` 
afZWd _WfZaVe $^[`We ,-/(,-1 a` bSYW 0%) 

-#!&, >ad fZW H:E; WjS_b^W' Ua__a`^k geWV _Wfd[Ue egUZ Se >GJ;KKE eZag^V 

TW geWV fa SeeWee iZWfZWd fia _aVS^[f[We Xda_ fZW eS_W UW^^ ZShW TWW` bS[dWV 
bdabWd^k)



2GE% '+ $# /MKN?OGPML MD ?SCO?EC 28;/<<6 MD BGDDCOCLQ KCQFMBP% 

-.210/2.5 NW fZS`] fZW dWh[WiWd Xad fZW egYYWef[a`) Ka TWffWd fWef fZW SUUgdSUk aX 
YW`W bdWV[Uf[a` Tk g`[Hadf' iW _SVW _aV[X[USf[a`e Tk SVV[`Y fZW Xa^^ai[`Y dWh[e[a`e) 

,) NW bdWV[UfWV IF9 YW`We Tk E=I>AJ@ VSfS Xad _ageW -' S`V Se egYYWefWV' iW 
XgdfZWd US^Ug^SfWV fZW HWSdea` UaddW^Sf[a` UaWXX[U[W`f $H;;% TWfiWW` E=I>AJ@ 

_Sd]Wd YW`We S`V fZW bdWV[UfWV IF9 _Sd]Wd YW`We $Jgbb^W_W`fSdk >[Y) 1U%) KZW 

-#!', ;a_bgf[`Y fZW UaddW^Sf[a` TWfiWW` fZW bdWV[UfWV S`V dWS^ _WS` YW`W 
WjbdWee[a` [` >[Y .U [e `af bSdf[Ug^Sd^k [`Xad_Sf[hW) Af iag^V TW _adW ZW^bXg^ fa 
Ua_bSdW fZW UaddW^Sf[a`e aX V[XXWdW`f _Sd]Wd YW`We TWfiWW` bdWV[UfWV S`V dWS^) 



dWeg^f VW_a`efdSfWV Z[YZ H;; TWfiWW` fZW eS_W YW`We) 

;RNNJCKCLQ?OV 2GE% )+ ## 9C?OPML AMOOCJ?QGML AMCDDGAGCLQ @CQTCCL GKNRQCB K?OICO ECLCP ?LB OC?J 
61:25;4 K?OICO ECLCP MD KMRPC '% 

-) NW XgdfZWd Ua`VgUfWV S `Wi fSe] Se S`afZWd dWh[WiWd egYYWefWV $^[`We ,3.(-,- a` 
bSYWe 2(3%) NW Xa^^aiWV fZW eUZW_W aX Y[_MA fa [_bgfW _[ee[`Y YW`We [` 
E=I>AJ@ Xda_ eUIF9) Ka TW ebWU[X[U' iW X[def dS`Va_^k eW^WUfWV 3+" $[)W)' 

,--*,0.% YW`We [` E=I>AJ@ Se fdS[`[`Y YW`We S`V dWeWdhWV fZW dW_S[`[`Y -+" 
$[)W)' .,*,0.% YW`We Se fWef[`Y YW`We) NW dWbWSfWV fZW STahW efWbe fiW^hW f[_We 
S`V aTfS[`WV ,- fdS[`[`Y S`V fWef[`Y YW`W eWfe) 9XfWdiSdVe' iW fdS[`WV fZW g`[Hadf 
`Wfiad] i[fZ WSUZ fdS[`[`Y YW`W eWf' S`V fZW` [_bgfWV fZW UaddWeba`V[`Y fWef[`Y 



YW`W eWf) NW Ua_bSdWV agd dWeg^fe i[fZ fia efSfW(aX(fZW(Sdf YW`W([_bgf[`Y 
_WfZaVe5 Y[_MA S`V KS`YdS_)  NW Sbb^[WV g`[Hadf' Y[_MA S`V KS`YdS_ fa [_bgfW 
fWef[`Y YW`We' S`V geWV LE9H fa h[egS^[lW TafZ fdS[`[`Y S`V fWef[`Y YW`We $>[Y) 
0W%) N[fZ S` [_bgfSf[a` XdS_Wiad] ^[]W fZSf aX Y[_MA' iW S^ea WjUWbfWV [_bgfWV 
hS^gWe aX g`[Hadf fa USddk YW`W(ebWU[X[U T[SeWe Xda_ eUIF9 YW`We) KZWdWXadW' Xad 

bWdXad_S`UW WhS^gSf[a`' iW Xa^^aiWV Y[_MA S`V dWbadfWV fZW _WV[S` S`V ShWdSYW 
JbWSd_S` UaddW^Sf[a` UaWXX[U[W`fe $_J;; S`V SJ;;%' Se iW^^ Se fZW _WV[S` S`V 
ShWdSYW HWSdea` UaddW^Sf[a` UaWXX[U[W`fe $_H;; S`V SH;;% ahWd [_bgfWV S`V 
Ydag`V fdgfZ fWef[`Y YW`We) g`[Hadf bdah[VWV S e[Y`[X[US`f [_bdahW_W`f ahWd fZW 
fia Ua_bSdWV _WfZaVe a` fZW E=I>AJ@ VSfSeWf) >ad WjS_b^W' g`[Hadf eWbSdSfWV 

V[XXWdW`f UW^^ fkbWe [` fZW LE9H h[egS^[lSf[a` aX [_bgfWV YW`We i[fZ S TWffWd dWeg^f 
$>[Y) 0W%' S`V VW_a`efdSfWV fZW Z[YZWef _J;; $+)-04%' SJ;; $+)-1%' _H;; 
$+)-/4% S`V SH;; $+)-4/% $>[Y) 0X%' e[Y`[X[US`f^k STahW fZaeW aX Y[_MA $_J;; aX 
+)--,' SJ;; aX +)-/' _H;; aX +)-+, S`V SH;; aX +)-/-% S`V KS`YdS_ $_J;; aX 
+),33' SJ;; aX +)-+1' _H;; aX +)-+- S`V SH;; aX +)-.,%)  



2GE% (+ $# =6-9 SGPR?JGW?QGML MD GKNRQCB 61:25;4 ECLCP MD <?LEO?K# EGK>5 ?LB RLG9MOQ%, %# 
6CBG?L ?LB ?SCO?EC ;NC?OK?L AMOOCJ?QGML AMCDDGAGCLQ !;//" ?LB 9C?OPML AMOOCJ?QGML AMCDDGAGCLQ 

!9//" @CQTCCL OC?J ?LB GKNRQCB 61:25;4 ECLCP% 

-.210/2.! NW fZS`] fZW dWh[WiWd Xad fZW hS^gST^W egYYWef[a`) A` fZW dWh[eWV hWde[a`' 

iW WhS^gSfWV fZW daTgef`Wee aX g`[Hadf a` fZW `g_TWd aX Ua__a` S`V VSfS(ebWU[X[U 
@M? eW^WUfWV a` fZW bS[dWV H:E; WjS_b^W i[fZ fZdWW eUW`Sd[ae Se Xa^^aie 
$Jgbb^W_W`fSdk >[Y) ,2T%5  
$,% NW eW^WUfWV 3+++' /+++' -+++' ,+++' S`V 0++ YW`We' dWebWUf[hW^k' Xad TafZ 

Ua__a` S`V VSfSeWf(ebWU[X[U @M?e Xad [`fWYdSf[a`6  
$-% NW eW^WUfWV 3+++' /+++' -+++' ,+++' S`V 0++ YW`We' dWebWUf[hW^k' Xad VSfSeWf(

ebWU[X[U @M?e' iZ[^W _S[`fS[`[`Y fZW `g_TWd aX Ua__a` @M?e Se -+++ Xad 
[`fWYdSf[a`6  

$.% NW eW^WUfWV 3+++' /+++' -+++' ,+++' S`V 0++ YW`We' dWebWUf[hW^k' Xad Ua__a` 

@M?e' iZ[^W _S[`fS[`[`Y fZW `g_TWd aX Ua__a` @M?e Se -+++ Xad [`fWYdSf[a`)  
KZW dWeg^f eZaie fZSf g`[Hadf [e daTgef fa V[XXWdW`f UZa[UWe aX fZW `g_TWd aX Ua__a` 
S`V VSfS(ebWU[X[U @M?e $^[`We //4(/0, a` bSYW ,26 Jgbb^W_W`fSdk IWeg^f 1%)  

-#!(, @ai eW`e[f[hW SdW fZW dWeg^fe fa fZW `g_TWd aX Ua__a` S`V VSfS(ebWU[X[U 

@M? eW^WUfWV8



;RNNJCKCLQ?OV 2GE% &*+ "# CS?JR?QCB PAMOCP MD RLG9MOQ TFCL PCJCAQGLE BGDDCOCLQ LRK@COP MD AMKKML 
?LB PNCAGDGA 4>3 MSCO QFC N?GOCB 9.6/ CU?KNJC% 

-.210/2.5 NW fZS`] fZW dWh[WiWd Xad ba[`f[`Y agf fZ[e [eegW)  

g`[Hadf _Sbe cgWdk VSfS fa dWXWdW`UW VSfS [` fZW ^SfW`f ebSUW Tk _[`[_[l[`Y _[`[TSfUZ 
g`TS^S`UWV abf[_S^ fdS`ebadf ^aee) KZWdWXadW' [X S UW^^ fkbW [` fZW cgWdk [e g`[cgW' fZW 

UW^^e aX fZ[e fkbW US` TW [VW`f[X[WV Se g`TS^S`UWV bSdfe S`V ZShW ^ai fdS`ebadf _See fa 
S`k UW^^ [` fZW dWXWdW`UW VSfSeWf) A` fZW dWh[eWV _S`geUd[bf' iW WhS^gSfWV g`[Hadf a` 
fZ[e eUW`Sd[a i[fZ fia egbbadf[`Y WjbWd[_W`fS^ dWeg^fe5 

,) A` fZW E=I>AJ@ WjS_b^W' WbW`Vk_S^ UW^^e SdW g`[cgW [` fZW E=I>AJ@ VSfS' iZ[^W 

iW eWf fZW eUIF9 VSfS Se S dWXWdW`UW) g`[Hadf SUUgdSfW^k eWbSdSfWV WbW`Vk_S^ 
UW^^e Xda_ afZWd UW^^ fkbWe $>[Y) 0S' T6 eWW ^[`We ,21(,23 a` bSYW 2%)  

-#!), NZSf ZSbbW`e [X fZW cgWdk VSfS Ua`fS[`e UW^^ fkbWe `af Ua`fS[`WV [` fZW 

dWXWdW`UW8 



2GE% (+ !# =6-9 SGPR?JGW?QGML MD 61:25;4 ?LB PA:7- B?Q? @CDMOC GLQCEO?QGML, "# =6-9 
SGPR?JGW?QGML MD 61:25;4 ?LB PA:7- B?Q? ?DQCO RLG9MOQ GLQCEO?QGML% 

-) NW SVV[f[a`S^^k WhS^gSfWV g`[Hadf a` fia g`TS^S`UWV _SfUZ[`Y fSe]e a` fZW _ageW 
eb^WW` VSfSeWf $^[`We ,/2(,10 a` bSYW 1%5 Ka WhS^gSfW fZW bWdXad_S`UW aX g`[Hadf 
a` ZWfWdaYW`Wage VSfS [`fWYdSf[a`' iW Ua`VgUfWV fia g`TS^S`UWV _SfUZ[`Y fSe]e 

Tk dW_ah[`Y ea_W UW^^ fkbWe Xda_ eU9K9; ad eUIF9 aX _ageW eb^WW`' eWbSdSfW^k) 
NW Xag`V fZSf g`[Hadf [e _adW daTgef fZS` fZW afZWd _WfZaVe iZW` ZWfWdaYW`W[fk 
[e bdWeW`fWV [` fZW VSfSeWfe) 



-.210/2.5 NW SbbdWU[SfW fZW dWh[WiWdve Ua__W`f STagf agd Sbb^[USf[a`e [` fZW 

-#!*, A` fWd_e aX fZW Sbb^[USf[a`e' A X[`V fZW ebSf[S^ fdS`eUd[bfa_[Ue a`We _adW 
[`fWdWef[`Y) @aiWhWd' Sf fZW eS_W f[_W' VWUa`ha^gf[a` aX ebSf[S^ VSfS [e SYS[` S X[W^V 
i[fZ S b^WfZadS aX _WfZaVe' ea_W aX iZ[UZ dWcg[dW _SfUZ[`Y eUIF9(eWc VSfS iZ[^W 

afZWde Va `af) <aWe g`[Hadf bdah[VW `ahW^ Xg`Uf[a`S^[f[We ^SU][`Y [` fZW afZWd 
_WfZaVe8 <[eUgee[a`e S`V TW`UZ_Sd][`Y iag^V TW ZW^bXg^ ZWdW)



-.210/2.5 NW SbbdWU[SfW fZW dWh[WiWdve Ua__W`f STagf agd Sbb^[USf[a`e [` fZW 
VWUa`ha^gf[a` aX ebSf[S^ VSfS)  

g`[Hadf VaWe bdah[VW `ahW^ Xg`Uf[a`S^[f[We ^SU][`Y [` fZW afZWd _WfZaV) >ad WjS_b^W' 

a`^[`W VSfS [`fWYdSf[a` ST[^[fk [e TWUa_[`Y [`UdWSe[`Y^k [_badfS`f Xad e[`Y^W(UW^^ 
WjbWd[_W`fe)  g`[Hadf [e S YW`WdSf[hW _aVW^ TSeWV a` fZW M9= _aVW^' iZ[UZ W`ST^We 
[f fa [`fWYdSfW e[`Y^W(UW^^ VSfS S`V [_bgfW YW`We [` S` a`^[`W _S``Wd) NW WjW_b^[X[WV 
fZ[e Xg`Uf[a` aX g`[badf a` ^[`We -+3(-,- aX bSYW 3)  A` Ua`fdSef' fa fZW TWef aX agd 
]`ai^WVYW' bdWhS^W`f VWUa`ha^gf[a` _WfZaVe $W)Y)' fZaeW iZ[UZ iWdW TW`UZ_Sd]WV [` 

S dWUW`f TW`UZ_Sd][`Y efgVk $Q-4R [` agd dWXWdW`UW%% US``af bWdXad_ egUZ S fSe] [` S` 
a`^[`W _S``Wd) NW i[^^ XgdfZWd VWhW^ab `Wi Xg`Uf[a`S^[f[We iZ[UZ US` TW XSU[^[fSfWV Tk 
fZW VSfW YW`WdSf[hW XdS_Wiad] aX g`[Hadf)  

EWS`iZ[^W' [` fZW dWh[eWV _S`geUd[bf' iW TW`UZ_Sd]WV g`[Hadf a` S ek`fZWf[U 

JK9I_Sb SYS[`ef fia efSfW(aX(fZW(Sdf ebSf[S^ VWUa`ha^gf[a` _WfZaVe5 KS`YdS_ S`V 
JbSGKeU' Se S`afZWd dWh[WiWd egYYWefWV $^[`We -,.(-.. a` bSYWe 3(4%) g`[Hadf 
SUZ[WhWV TWffWd bWdXad_S`UW fZS` S`afZWd GK(TSeWV _WfZaV JbSGKeU)  



IWh[WiWd !- 

$3'0%,, &/--'.21

-$, A` fZ[e iad]' ;Sa Wf S^) bdWeW`f g`[Hadf' S `Wi XdS_Wiad] fa [`fWYdSfW e[`Y^W(
UW^^ _g^f[(a_[Ue VSfS) KZW XdS_Wiad] Ua_T[`We S Uagb^WV hSd[Sf[a`S^ SgfaW`UaVWd 
$Uagb^WV(M9=% S`V S _[`[(TSfUZ g`TS^S`UWV abf[_S^ fdS`ebadf $_[`[TSfUZ(LGK% 

b^S`' iZ[UZ SdW SVVWV faYWfZWd fa VWX[`W fZW fafS^ ^aee Xg`Uf[a` fa abf[_[lW) KZW 
SgfZade Ua_bSdW g`[Hadf fa eWhWdS^ WefST^[eZWV XdS_Wiad]e Xad e[`Y^W(UW^^ 
[`fWYdSf[a`' egUZ Se JWgdSf' DA?=I' Eg^f[ESb' S`V eUMA' fa S dS`YW aX geWXg^ USeW 
efgV[We) A` bSdf[Ug^Sd' fZW SgfZade VW_a`efdSfW g`[Hadfve SVhS`fSYWe [` UW^^ fkbW 
U^See[X[USf[a` iZW` [`fWYdSf[`Y e[`Y^W(UW^^ fdS`eUd[bfa_[Ue' UZda_Sf[` SUUWee[T[^[fk 

S`V ebSf[S^^k dWea^hWV fdS`eUd[bfa_[U VSfS) 

KZW Ua_T[`Sf[a` aX S hSd[Sf[a`S^ SgfaW`UaVWd S`V abf[_S^ fdS`ebadfrfia 



-.210/2.5 NW e[`UWdW^k SbbdWU[SfW fZW Z[YZ^k [`e[YZfXg^ S`V Ua`efdgUf[hW egYYWef[a`e 
Tk IWh[WiWd !- ea fZSf iW US` [_bdahW fZW _S`geUd[bf SUUadV[`Y^k)   

A` fZW dWh[eWV _S`geUd[bf' iW WjbS`VWV fZW V[eUgee[a` aX agd bdabaeWV XdS_Wiad] aX 
Ua_T[`Y M9= S`V GK' S`V Ua_bSdWV [f i[fZ afZWd GK(TSeWV _WfZaVe $eWW ^[`We .,0(
..1 a` bSYW ,-%)  

NW bdah[VWV fZW VWfS[^WV a`W(fa(a`W dWeba`eWe TW^ai)  

#%*/0 &/--'.21! 

-.210/2.! NW fZS`] fZW dWh[WiWd Xad fZW hS^gST^W egYYWef[a`) NW dWh[eWV fZW 

_S`geUd[bf Tk TW`UZ_Sd][`Y _adW _g^f[(a_[Ue _WfZaVe $^[`We ,,/(,10 a` bSYWe 0(1%) 

KZW Ua_T[`Sf[a` aX S hSd[Sf[a`S^ SgfaW`UaVWd S`V abf[_S^ fdS`ebadfrfia 

XdS_Wiad]e fZSf SdW TWUa_[`Y [`UdWSe[`Y^k bda_[`W`f [` e[`Y^W(UW^^ S`S^ke[er[e 
[`fWdWef[`Y S`V fZW _WfZaVe S`V dWeg^fe SdW iW^^ bdWeW`fWV) >gdfZWd_adW' fZW UZa[UW 
aX VSfSeWfe Xad Ua_bSd[ea` [e W`f[dW^k Sbbdabd[SfW S`V hSd[WV) @aiWhWd' A fZ[`] fZW 
dWSea`[`Y Xad iZk Ua_T[`[`Y fZW M9= S`V GK XdS_Wiad]e [e geWXg^ `WWV fa TW 
WjbS`VWV gba` e[Y`[X[US`f^k) A` SVV[f[a`' fZW bSbWd `WWVe fa Ua`e[VWd S`V Ua_bSdW 

_adW dWUW`f _g^f[(a_[U [`fWYdSf[a` _WfZaVe' Se LGK ZSe TWW` geWV Xad [`fWYdSf[a` 
aX _g^f[(a_[Ue VSfS) 

-$!#, ;a_bSd[`Y g`[Hadf fa S i[VWd dS`YW aX _g^f[(a_[Ue(TSeWV _WfZaVe [e Ud[f[US^) 
A` bSdf[Ug^Sd' [f iag^V TW iadfZ Ua`e[VWd[`Y5 _adW dWUW`f _WfZaVe [` JWgdSf 

$https://www.cell.com/cell/fulltext/S0092-8674$-,%++03.(.%6 eUE; 

$https://doi.org/10.1186/s13059-020-02238-2%6 iZ[^W fZW eUMA(faa^e XdS_Wiad] ZSe S 

faa^' fafS^MA' fZSf [e ebWU[X[US^^k Xad _g^f[(a_[U [`fWYdSf[a` 

$Zffbe5**Va[)adY*,+),+.3*e/,04-(+-+(+,+0+(j%)



l NW [`U^gVWV eUE; a` fia VSfSeWfe aX H:E; WjS_b^We $>[Y) -6 Jgbb^W_W`fSdk 
>[Ye) -' .% S`V S VSfSeWf aX fZW _ageW eb^WW` WjS_b^W $>[Ye) .' /%' iZ[^W iW 
[Y`adWV eUE; [` E=I>AJ@ VSfS Se iW W`Uag`fWdWV fZW bdaT^W_ aX [`egXX[U[W`f 
_W_adk) eUE; eZaiWV efSfW(aX(fZW(Sdf bWdXad_S`UW a` TSfUZ WXXWUf UaddWUf[a` aX 

a`W _aVS^[fk Tgf ZSe `af TWW` TW`UZ_Sd]WV a` e[`Y^W(UW^^ _g^f[(a_[Ue VSfS 
[`fWYdSf[a`) Ggd dWeg^f eZaiWV fZSf eUE; ZSV e[_[^Sd bWdXad_S`UW i[fZ J;9D=O 
[` fZW H:E; WjS_b^W' iZ[UZ SUUgdSfW^k bdWeWdhWV fZW VSfS V[efd[Tgf[a`) >ad fZW 
_ageW eb^WW` WjS_b^W' eUE; SUZ[WhWV Ua_bSdST^W dWeg^fe i[fZ g`[Hadf)  

l NW S^ea SVVWV ?DL= S`V J;GK [`fa Ua_bSd[ea`' iZ[UZ SdW fZW _aef SVhS`UWV 
_WfZaVe VWe[Y`WV Xad e[`Y^W(UW^^ _g^f[(a_[Ue VSfS [`fWYdSf[a`' a` fZW fia H:E; 
$>[Y) -6 Jgbb^W_W`fSdk >[Ye) -' .% S`V fZW _ageW eb^WW` WjS_b^We $>[Ye) .' /%) 
NW Xag`V fZSf g`[Hadf SUZ[WhWV Ua_bSdST^W dWeg^fe i[fZ ?DL= a` fZW fia H:E; 
WjS_b^We S`V agfbWdXad_WV ?DL= a` fZW _ageW eb^WW` WjS_b^W) g`[Hadf 

agfbWdXad_WV J;GK a` S^^ WjS_b^We)  

l A` fZ[e efgVk' iW [`U^gVWV fZW ^SfWef hWde[a` aX JWgdSf $h/),)+% [`efWSV aX ge[`Y 

hWde[a` .)  >adfg`SfW^k' fZW gbVSfWe Xda_ hWde[a` . fa hWde[a` / SdW `af dW^WhS`f fa 
agd bSbWd) KZW gbVSfWe dWYSdV fZW bdaUWee[`Y aX bS[dWV _g^f[(a_[Ue VSfSeWfe 
$V[XXWdW`f a_[Ue _WSegdWV [` fZW eS_W UW^^%' iZWdWSe agd _WfZaV S`V 
TW`UZ_Sd][`Y S`V S`S^ke[e SdW Xad fZW _gUZ _adW Ua__a` e[fgSf[a` aX g`bS[dWV 
_g^f[(a_[Ue VSfSeWfe $V[XXWdW`f a_[Ue _WSegdWV [` V[XXWdW`f UW^^e%) 9^fZagYZ a`W 

bS[dWV VSfSeWf iSe gf[^[lWV' bS[dWV [`Xad_Sf[a` iSe a`^k geWV [` fZW WhS^gSf[a` aX 
bWdXad_S`UW' Tgf `af [` fdS[`[`Y'   

l :We[VWe' fa fZW TWef aX agd ]`ai^WVYW' fafS^MA [` eUh[(faa^e iSe ebWU[S^^k VWe[Y`WV 



l :We[VWe' fa fZW TWef aX agd ]`ai^WVYW' fafS^MA [` eUh[(faa^e iSe ebWU[S^^k VWe[Y`WV 
Xad fZW [`fWYdSf[a` aX IF9 S`V egdXSUW bdafW[`e i[fZ ;AK=(eWc) KZWdWXadW' iW S^ea 

V[V `af [`U^gVW fafS^MA [` agd Ua_bSd[ea`)  

>ad VWfS[^e a` eUE;' J;GK' S`V ?DL= [_b^W_W`fSf[a`e' b^WSeW eWW ^[`We 01-(03+ a` 
bSYWe -,(--' S`V Xad VWfS[^e a` JWgdSf [_b^W_W`fSf[a`e' b^WSeW eWW ^[`We 0,2(0.- a` 
bSYWe ,4(-+) 

-.210/2.! NW fZS`] fZW dWh[WiWd Xad fZW hS^gST^W Ua__W`f S`V egYYWef[a`e) A` fZW 

dWh[eWV _S`geUd[bf' iW _SVW fZW Xa^^ai[`Y [_bdahW_W`fe5 

l NW TW`UZ_Sd]WV GK(TSeWV [`fWYdSf[a` _WfZaVe' J;GK' a` fZW H:E; S`V _ageW 
eb^WW` WjS_b^We $>[Ye) -' .' Jgbb^W_W`fSdk >[Y) .%) NW Xag`V fZSf fZW 
bWdXad_S`UW aX J;GK [e g`efST^W Se [f [`fWYdSfWV fZW bS[dWV H:E; VSfSeWf iW^^ 

i[fZ fZW fZ[dV Z[YZWef J[^ZagWffW UaWXX[U[W`f S`V fZW eWUa`V Z[YZWef :SfUZ =`fdabk 
eUadW' Tgf XS[^WV fa S^[Y` fZW _ageW eb^WW` VSfSeWf i[fZ ^ai WhS^gSfWV eUadWe) >ad 
VWfS[^e a` J;GK [_b^W_W`fSf[a`' b^WSeW UZWU] ^[`We 02/(03+ a` bSYWe -,(--) 

l NW TW`UZ_Sd]WV g`[Hadf SYS[`ef JbSGKeU S`V KS`YdS_ a` S ek`fZWf[U 

JK9I_Sb VSfSeWf Xda_ S dWUW`f TW`UZ_Sd][`Y bSbWd 

-$!$, Af iag^V TW iadfZiZ[^W fa Ua_bSdW g`[Hadf fa afZWd GK(TSeWV _WfZaVe' 

egUZ Se JbSGKeU $https://doi.org/10.1038/s41467-020-15968-5% S`V J;GK 

$Zffb5**Va[)adY*,+),+34*U_T)-+-,)+//1%' iZ[UZ SdW geWV Xad ebSf[S^ VWUa`ha^gf[a` 
S`V _g^f[(a_[Ue [`fWYdSf[a`' dWebWUf[hW^k' Se g`[Hadf [e fZW X[def _WfZaV fZSf A ]`ai 
aX fZSf geWe _[`[(TSfUZ LGK Xad e[`Y^W(UW^^ S`S^ke[e)



$Zffbe5**Va[)adY*,+),+.3*e/,04-(+--(+,/3+(4% $^[`We -,.(-.. a` bSYWe 3(46 
Jgbb^W_W`fSdk >[Y) 2%)   KS`YdS_ [e S Y^aTS^ _Sfd[j abf[_[lSf[a` _WfZaV' iZ[UZ 
S[_e fa X[`V S _Sbb[`Y _Sfd[j fa bda\WUf eUIF9 VSfS fa ebaf) JbSGKeU Sbb^[We 
g`TS^S`UWV S`V efdgUfgdWV ?da_ah(NSeeWdefW[` abf[_S^ fdS`ebadf fa X[`V S` 
abf[_S^ fdS`ebadf b^S` TWfiWW` eUIF9(eWc VSfS S`V ebaf) NW TW`UZ_Sd]WV fZW 

dWeg^fe aX g`[Hadf' KS`YdS_' S`V JbSGKeU i[fZ Xagd _Wfd[Ue5 HWSdea` UaddW^Sf[a` 
UaWXX[U[W`f $H;;%' efdgUfgdS^ e[_[^Sd[fk [`VWj $JJAE%' daaf _WS` ecgSdW Wddad 
$IEJ=%' S`V BW`eW`(JZS``a` V[hWdYW`UW $BJ<%) @[YZWd H;; S`V JJAE S`V 
^aiWd IEJ= S`V BJ<' [`V[USfW TWffWd bWdXad_S`UW) NW SVabfWV fZW dWeg^fe aX 
KS`YdS_ S`V JbSGKeU V[dWUf^k Xda_ fZW TW`UZ_Sd][`Y bSbWd) GhWdS^^' g`[Hadf 

bWdXad_WV Ua_bWf[f[hW^k i[fZ fZW fia _WfZaVe5 g`[Hadf bWdXad_WV XShadST^k i[fZ 
H;; aX +)//4' IEJ= aX +),02' S`V BJ< aX +)014' iZ[UZ [e TW^ai KS`YdS_ $H;; 
aX +)1,4' IEJ= aX +),/2' S`V BJ< aX +)0-/% iZ[^W STahW JbSGKeU $H;; aX 
+)/+4' IEJ= aX +),42' S`V BJ< aX +)02.% $Jgbb^W_W`fSdk >[Y) 2%)   



-.210/2.!NW fZS`] fZW dWh[WiWd Xad fZW hS^gST^W egYYWef[a`) NW SVVWV S dg`f[_W 

TW`UZ_Sd] a` fZW bS[dWV HE:; WjS_b^W [` Jgbb^W_W`fSdk >[Y) ,,) NW Xag`V fZSf 
g`[Hadf ZSe Ua_bSdST^W dg`f[_W i[fZ M9=(TSeWV _aVW^e' W)Y)' eUMA' J;9D=O' S`V 

?DL=' S`V Ua`eg_We _gUZ ^Wee Ua_bgfSf[a`S^ f[_W fZS` fZaeW Tk Y^aTS^ abf[_S^ 
fdS`ebadf(TSeWV _WfZaVe' W)Y)' J;GK S`V HS_a`S $,+& _[`gfWe he) ,++& _[`gfWe Xad 

,+C UW^^e%)  

-$!%, KZW SgfZade efSfW fZSf _[`[TSfUZ GK [e geWV fa S^^ai g`[Hadf fa TW Sbb^[WV fa 

^SdYWd VSfSeWfe' iZ[UZ SdW Ua__a` [` e[`Y^W(UW^^ S`S^ke[e) @aiWhWd' A Va `af eWW 
S`k Ua_bSd[ea` aX dg`f[_W TWfiWW` fZW V[XXWdW`f Ua`e[VWdWV [`fWYdSf[a` 
XdS_Wiad]e) A fZ[`] fZSf iag^V ZW^b efdW`YfZW` fZW _WfZaVe TW`UZ_Sd][`Y)



-.210/2.5 NW fZS`] fZW dWh[WiWd Xad fZW hS^gST^W egYYWef[a`e) Ggd a`^[`W YW`W 

bdWV[Uf[a` Xad _ageW !- [e VWd[hWV Xda_ E=I>AJ@ VSfS aX _ageW !- S`V S bdW(fdS[`WV 
`Wfiad] Tk VSfS aX _ageW !,) KZ[e [e TSeWV a` fZW XWSfgdW aX fZW YW`WdSf[hW _aVW^) 
@aiWhWd' KS`YdS_ geWV S UW^^(fa(UW^^ bdaTST[^[ef[U _SfUZ[`Y _Sfd[j TWfiWW` eUIF9 
S`V E=I>AJ@' iZ[UZ US` a`^k TW geWV Xad [_bgf[`Y YW`We Xad fdS[`[`Y E=I>AJ@ VSfS 

aX _ageW !,' dSfZWd fZS` E=I>AJ@ VSfS Xda_ S`afZWd _ageW !-)  

KZWdWXadW' fa TWffWd TW`UZ_Sd] g`[Hadf SYS[`ef KS`YdS_ S`V Y[_MA' iW XgdfZWd SVVWV 
S `Wi fSe] $^[`We ,3/(-+2 a` bSYWe 2(3% iZ[UZ [`U^gVWV TafZ KS`YdS_ S`V Y[_MA Xad 
bWdXad_S`UW Ua_bSd[ea`e) Ka TW ebWU[X[U' iW ZShW SVVWV fZW Xa^^ai[`Y Ua_bSd[ea`) 

l NW Xa^^aiWV fZW eUZW_W aX Y[_MA fa [_bgfW _[ee[`Y YW`We Xad E=I>AJ@)  
iW X[def dS`Va_^k eW^WUfWV 3+" $[)W)' ,--*,0.% YW`We [` E=I>AJ@ Se fdS[`[`Y 
YW`We S`V dWeWdhWV fZW dW_S[`[`Y -+" $[)W)' .,*,0.% YW`We Se fWef[`Y YW`We) NW 
dWbWSfWV fZW STahW efWbe fiW^hW f[_We S`V aTfS[`WV ,- fdS[`[`Y S`V fWef[`Y YW`W 

eWfe) 9XfWdiSdVe' iW fdS[`WV fZW g`[Hadf `Wfiad] i[fZ WSUZ fdS[`[`Y YW`W eWf S`V 
fZW` [_bgfWV fZW UaddWeba`V[`Y fWef[`Y YW`W eWf) 

l NW Ua_bSdWV agd dWeg^fe i[fZ Y[_MA S`V KS`YdS_)  

-$!&, G`W aX fZW bdabaeWV XWSfgdWe aX g`[Hadf [e a`^[`W bdWV[Uf[a` SXfWd Ua`efdgUf[`Y 
S dWXWdW`UW Sf^Se' iZ[UZ [e VW_a`efdSfWV Tk bdWV[Uf[`Y eUIF9(eWc YW`W WjbdWee[a` 
a`fa ebSf[S^ E=I>AJ@ VSfS' iZ[UZ ZSe e[Y`[X[US`f^k ^aiWd YW`W UahWdSYW) A fZ[`] 
Ua_bSd[`Y g`[Hadf fa afZWd _WfZaVe ebWU[S^[lWV Xad _Sbb[`Y eUIF9(eWc YW`W 

WjbdWee[a` a`fa ebSf[S^ VSfS' egUZ Se KS`YdS_ ad Y[_MA' iZ[UZ iWdW Ua`e[VWdWV [` 
S dWUW`f TW`UZ_Sd][`Y efgVk $Zffbe5**Va[)adY*,+),+.3*e/,04-(+--(+,/3+(4%) 



l NW Ua_bSdWV agd dWeg^fe i[fZ Y[_MA S`V KS`YdS_)  
NW Sbb^[WV g`[Hadf' Y[_MA' S`V KS`YdS_ fa [_bgfW fWef[`Y YW`We' S`V geWV LE9H 

fa h[egS^[lW TafZ fdS[`[`Y S`V fWef[`Y YW`We $>[Y) 0%) N[fZ S` [_bgfSf[a` XdS_Wiad] 
^[]W fZSf aX Y[_MA' iW S^ea WjUWbfWV [_bgfWV hS^gWe aX g`[Hadf fa USddk YW`W(
ebWU[X[U T[SeWe Xda_ eUIF9 YW`We) KZWdWXadW' Xad bWdXad_S`UW WhS^gSf[a`' iW 
Xa^^aiWV Y[_MA S`V dWbadfWV fZW _WV[S` S`V ShWdSYW JbWSd_S` UaddW^Sf[a` 
UaWXX[U[W`fe $_J;; S`V SJ;;%' Se iW^^ Se fZW _WV[S` S`V ShWdSYW HWSdea` 

UaddW^Sf[a` UaWXX[U[W`fe $_H;; S`V SH;;% ahWd [_bgfWV S`V Ydag`V fdgfZ fWef[`Y 
YW`We) g`[Hadf bdah[VWV S e[Y`[X[US`f [_bdahW_W`f ahWd fZW fia Ua_bSdWV 
_WfZaVe a` fZW E=I>AJ@ VSfSeWf) >ad WjS_b^W' g`[Hadf eWbSdSfWV V[XXWdW`f UW^^ 
fkbWe [` fZW LE9H h[egS^[lSf[a` aX [_bgfWV YW`We i[fZ S TWffWd dWeg^f $>[Y) 0W%' 
S`V VW_a`efdSfWV fZW Z[YZWef _J;; $+)-04%' SJ;; $+)-1%' _H;; $+)-/4%' S`V 

SH;; $+)-4/%' e[Y`[X[US`f^k STahW fZaeW aX Y[_MA $_J;; aX +)--,' SJ;; aX +)-/' 
_H;; aX +)-+,' S`V SH;; aX +)-/-% S`V KS`YdS_ $_J;; aX +),33' SJ;; aX 

+)-+1' _H;; aX +)-+-' S`V SH;; aX +)-.,% $>[Y) 0X%) 



2GE% (+ $# =6-9 SGPR?JGW?QGML MD GKNRQCB 61:25;4 ECLCP MD <?LEO?K# EGK>5 ?LB RLG9MOQ%, %# 
6CBG?L ?LB ?SCO?EC ;NC?OK?L AMOOCJ?QGML AMCDDGAGCLQ !;//" ?LB 9C?OPML AMOOCJ?QGML AMCDDGAGCLQ 

!9//" @CQTCCL OC?J ?LB GKNRQCB 61:25;4 ECLCP% 

-$!', >ad E[`[TSfUZ(LGK' fZW bSdS_WfWd " dW^SfWV fa _SdY[`S^ bW`S^[lSf[a` [` 
WcgSf[a` $/% b^Ske S` [_badfS`f da^W a` fZW [`fWYdSf[a`' WebWU[S^^k iZW` fZWdW SdW 

dSdW UW^^ fkbWe fZSf SdW bdWeW`f [` a`^k a`W VSfSeWf) NZSf [e fZW dWSea` fa eWf "7,8 
NZW` fZW hS^gW aX " [e UZS`YWV' US` g`[Hadf ef[^^ eWbSdSfW =bW`Vk_S^ UW^^e' iZ[UZ 



-.210/2.5 NW fZS`] fZW dWh[WiWd Xad fZW daTgef`Wee aX g`[Hadf a` hSdk[`Y ")  A` fZW 
dWh[eWV _S`geUd[bf' iW US^Ug^SfWV fZW hS^gWe aX >,' FEA' 9IA' :SfUZ =`fdabk eUadW' 
S`V J[^ZagWffW UaWXX[U[W`fe Xad g`[Hadf i[fZ V[XXWdW`f UZa[UWe aX " hS^gWe $"7+)+1-0' 

+),-0' +)-0' +)0' ,' -' /' 3' ,1% Xad TafZ UW^^ fkbW TS^S`UWV bS[dWV H:E; S`V UW^^ fkbW 
g`TS^S`UWV E=I>AJ@ VSfS $Jgbb^W_W`fSdk >[Y) ,2U%) NW Xag`V fZSf g`[Hadf SUZ[WhWV 
daTgef bWdXad_S`UW g`VWd V[XXWdW`f UZa[UWe aX ")  

;RNNJCKCLQ?OV 2GE% &*+ ## CS?JR?QCB PAMOCP MD RLG9MOQ DMO BGDDCOCLQ AFMGACP MD ! MSCO QFC N?GOCB 9.6/ 
?LB 61:25;4 CU?KNJC% 

NW S^ea h[egS^[lWV fZW dWeg^fe aX E=I>AJ@ [`fWYdSf[a` [` fZW USeWe aX "7+),-0 S`V 
"73' dWebWUf[hW^k) g`[Hadf ef[^^ SUUgdSfW^k eWbSdSfWV WbW`Vk_S^ UW^^e aX E=I>AJ@ VSfS 
[` fZW fia USeWe' i[fZ `WY^[Y[T^W S^fWdSf[a`e a` fZW VSfS h[egS^[lSf[a` efdgUfgdWe eZai` 
TW^ai $X[YgdWe `af eZai` [` fZW _S`geUd[bf%) 

SdW a`^k aTeWdhWV [` E=I>AJ@ VSfS8 <a fZW dWeg^fe aX >[YgdW .S UZS`YW 
e[Y`[X[US`f^k8







-.210/2.5  NW fZS`] fZW dWh[WiWd Xad ba[`f[`Y agf fZW Wj[efW`UW aX baee[T^W TSfUZ 
WXXWUfe) NW SYdWW i[fZ fZW dWh[WiWd fZSf [_bgfWV hS^gWe Tk g`[Hadf ad afZWd _WfZaVe 
$W)Y)' Y[_MA% _Sk USddk TSfUZ WXXWUfe TWfiWW` eS_b^We' iZ[UZ iSe S^ea ba[`fWV agf Tk 
Y[_MA QeWW bSYW / aX Y[_MA bSbWd $Zffbe5**da_S[`(^abWl)Y[fZgT)[a*bgT^[USf[a`*Y[_(h[%R) 

Ka VWS^ i[fZ baee[T^W TSfUZ WXXWUfe Vgd[`Y bWdXad_S`UW WhS^gSf[a`' iW' fZWdWXadW' 
Xa^^aiWV Y[_MA fa Ua`e[VWd ge[`Y fZW HWSdea`*JbWSd_W` UaddW^Sf[a` UaWXX[U[W`fe 
TWfiWW` [_bgfWV S`V Ydag`V fdgfZ YW`W hS^gWe' [`efWSV aX ge[`Y _WS` ecgSdW Wddade 
aX fZW [_bgfWV STea^gfW hS^gWe $eWW ^[`We ,43(-+2 a` bSYW 3%)  

-.210/2.5  NW fZS`] fZW dWh[WiWd Xad ba[`f[`Y agf fZ[e [eegW) A` fZW dWh[eWV hWde[a`' 
iW U^Sd[X[WV fZW =hS^gSf[a` _Wfd[Ue [` fZW _S[` fWjf i[fZ _adW VWfS[^e SVVWV Se Xa^^aie5 

l 9VV VWfS[^e STagf US^Ug^Sf[`Y WhS^gSf[a` _Wfd[Ue 
NW SVVWV VWfS[^e STagf Zai fa US^Ug^SfW fZW WhS^gSfWV >,' 9IA' S`V FEA eUadWe 
fZdagYZ bdWV[UfWV S`V dWS^ UW^^ fkbW S``afSf[a`e $^[`We 04.(044 a` bSYW --%5   
sKa TW ebWU[X[U' iW fdS[`WV S ](FWSdWef(FW[YZTad $]FF% U^See[X[Wd Tk fZW 
e]^WSd`)`W[YZTade)CFW[YZTade;^See[X[Wd Xg`Uf[a` TSeWV a` UW^^(fkbW S``afSf[a`e 

-$!), Ka bdWV[Uf YW`We [` eUIF9(eWc VSfS Tk fZW fdS[`WV dWXWdW`UW Sf^Se $D[`W ,42%' 
a`^k ,0. Ua__a` YW`We SdW geWV Se [`bgf) @ai Va fZW SgfZade Ua`e[VWd S`V VWS^ 

i[fZ baee[T^W TSfUZ WXXWUfe TWfiWW` eS_b^We8

-$!*, NZW` ge[`Y WhS^gSf[a` _Wfd[Ue Xad TW`UZ_Sd][`Y' A fZ[`] [f iag^V ZW^b fZSf fZW 
SgfZade iWdW U^WSdWd STagf fZW Ua_bSd[ea`) >ad WjS_b^W' SdW fZW SgfZade 
WhS^gSf[`Y ]`ai` U^gefWd[`Y he bdWV[UfWV U^gefWd[`Y8 >ad fZW e[`Y^W(UW^^ IF9(

eWcgW`U[`Y S`V e[`Y^W(UW^^ 9K9;(eWcgW`U[`Y VSfS aX bWd[bZWdS^ _a`a`gU^WSd 
T^aaV UW^^e' Va fZW SgfZade Ua`e[VWd fZW Ua`e[efW`Uk aX bS[dWV e[`Y^W UW^^ ^STW^e8



e]^WSd`)`W[YZTade)CFW[YZTade;^See[X[Wd Xg`Uf[a` TSeWV a` UW^^(fkbW S``afSf[a`e 
S`V LE9H UaadV[`SfWe aX dWXWdW`UW VSfS $W)Y)' eUIF9% W_TWVV[`Ye [` fZW 
Ua__a` ^SfW`f ebSUW) KZW`' iW Sbb^[WV fZW iW^^(fdS[`WV ]FF U^See[X[Wd fa bdWV[Uf 
UW^^(fkbW S``afSf[a`e aX cgWdk VSfSeWf $W)Y)' eU9K9;*E=I>AJ@% W_TWVV[`Ye' S`V 
US^Ug^SfWV fZW 9IA' FEA S`V >, eUadWe Tk dWS^ S`V bdWV[UfWV cgWdk UW^^ fkbW 
S``afSf[a`e)t 

l 9VV fZW ShWdSYW >GJ;KKE fa Ua`e[VWd fZW Ua`e[efW`Uk aX fZW bS[dWV UW^^e) 
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author): 

The authors have thoroughly addressed my questions. 

Reviewer #2 (Remarks to the Author): 

The authors have addressed my comments.
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