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Qa^ Znmahkl ^qiehk^ Z kZg`^ h_ [bh\a^fb\Zeer-fhmboZm^] k^Z\mbhg-]b!nlbhg lrlm^fl mh ^qiehk^ ma^ jn^lmbhg
h_ Qnkbg`-mri^ iZmm^kg _hkfZmbhg hnmlb]^ h_ ma^ \eZllb\Ze YZ\mboZmhk-bgab[bmhk) _kZf^phkd. Qa^r ZgZers^ Z eZk`^
gnf[^k h_ lrlm^fl bgoheobg` 4 ln[ngbml e^Z]bg` mh 11 \hfie^q^l, Zg] ma^ oZkbhnl k^Z\mbhg l\a^f^l g^^]^] mh
_hkf Zee ln\a \hfie^q^l. Tbmabg mabl liZ\^ h_ ^e^f^gmZkr [bh\a^fb\Ze bgm^kZ\mbhgl, ma^r nl^] lbfie^ ZgZermb\Ze
\kbm^kbZ Zg] ^qm^glbo^ \hfinmZmbhgZe ^qiehkZmbhgl mh ^en\b]Zm^ pab\a k^Z\mbhg iZmapZrl e^] mh lrlm^fl Z[e^ mh
_hkf iZmm^kgl pbmabg lnbmZ[e^ [bheh`b\Ze iZkZf^m^k kZg`^l. Qa^r Zelh \hfiZk^] ma^ mhiheh`r h_ ma^bk k^Z\mbhg
l\a^fZ Zg] \hfie^q^l mh mahl^ _hng] bg [bhbg_hkfZmb\l ]ZmZl^ml, ln``^lmbg` maZm fZgr ^qblmbg` iZmapZrl bg
anfZg \^ee ebg^l ^qab[bm ma^ kb`am mhiheh`b\Ze fhmb_l mh Z]fbm iZmm^kg _hkfZmbhg obZ Qnkbg`-ebd^ bglmZ[bebmb^l.

Lo^kZee F "g] ma^ mhib\ bfihkmZgm, Zg] ma^ \hk^ b]^Zl h_ ma^ iZi^k o^kr bgm^k^lmbg`. Fm bl \e^Zk maZm ma^
\eZllb\Ze Z\mboZmhk-bgab[bmhk iZkZ]b`f bl _Zk mhh lbfieblmb\. ?khZ]er, F "g] ma^ lrlm^fZmb\ ZgZerlbl bg ma^ iZi^k
p^ee ]hg^, Zg] lhf^ h_ ma^ bglb`aml `Zbg^] o^kr ikhfblbg`. Ehp^o^k F aZo^ Z gnf[^k h_ m^\agb\Ze \hg\^kgl, Zg]
Z _^p ln``^lmbhgl k^`Zk]bg` pb]^k Zli^\ml h_ fh]^eebg` maZm fZr *hk fZr ghm+ [^ a^ei_ne mh k^eZm^ mh hg`hbg`
^!hkml _hk fhobg` [^rhg] ma^l^ \eZllb\Ze iZkZ]b`fl. Lo^kZee ma^ fZgnl\kbim aZl Z [bm h_ Zg ^qaZnlmbo^ GCHE :;
<CE9; ZiikhZ\a bg m^kfl h_ ma^ gnf[^k h_ lrlm^fl lmn]b^], Zg] ma^ f^mah]l ^fiehr^]. Ehp^o^k bm ]h^l eZ\d
ihebla bg lhf^ pZrl pab\a fhk^ gZkkhp lmn]b^l phne] aZo^ [^\Znl^ ma^r ]h ghm bgm^g] mh "m lh fZgr mabg`l
bgmh hg^ lmn]r. ?^ehp Zk^ Z gnf[^k h_ \hff^gml Zbf^] Zm a^eibg` ma^ Znmahkl bfikho^ ma^bk lmhkr, ZkkZg`^]
pbmabg Z _^p \Zm^`hkb^l. Fm lahne] [^ ghm^] maZm F ]h ghm mabgd ma^ Znmahkl fnlm Z]]k^ll ;I;EK \hff^gm
[^ehp bg \hibhnl ]^mZbe t kZma^k, F _^^e ma^r lahne] \hglb]^k ma^l^ eZk`^er Zl hiihkmngbmb^l mh mabgd Z[hnm ma^
lmk^g`mal Zg] p^Zdg^ll^l h_ ma^bk ZiikhZ\a fhk^ \kbmb\Zeer, Zg] mh \hglb]^k \aZg`^l maZm ma^r _^^e phne] a^ei
ma^f fZd^ Z lmkhg`^k l\b^gmb"\ Zk`nf^gm.
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1. '+34- 3. &3,-1102/# Fm bl Z [bm ng\e^Zk ik^\bl^er paZm l\Ze^ h_ lrlm^fl ma^ Znmahkl Zk^ bgm^g]bg` mh
lmn]r. Qa^r f^gmbhg [hma bgmkZ\^eeneZk Zg] mblln^-e^o^e iZmm^kgbg`, [nm nl^ iZkZf^m^k kZg`^l eZk`^er _hk
ma^ eZmm^k *pbma fhlm h_ ma^ ]bl\nllbhg Zelh _h\nlbg` hg mblln^-l\Ze^ ia^ghf^gZ+. FfihkmZgmer, bm Zii^Zkl
ebd^ Zee h_ ma^bk \hfie^q^l Zk^ fh]^ee^] Zl ]b!nlb[e^ hg k^eZmbo^er eZk`^ e^g`ma l\Ze^l. Jr ng]^klmZg]bg`
bl maZm fhlm ik^lnfimbo^ iZmm^kg-_hkfbg` lrlm^fl Zm mabl l\Ze^ Zk^ \hfihl^] h_ ]b!nlb[e^ lb`gZeebg`
fhe^\ne^l \hnie^] mh fhk^ \hfie^q bgmkZ\^eeneZk `^g^ ^qik^llbhg, kZma^k maZg ma^ ink^er \a^fb\Ze l\^gZkbh
h_ lrlm^fl pab\a \Zg k^Z\m Zg] ]b!nl^ bg ma^ lZf^ liZ\^. Qa^k^ aZo^ [^^g Z gnf[^k h_ lmn]b^l hg mabl
fhk^ \hfieb\Zm^] liZmbZe ZkkZg`^f^gm nlbg` ^bma^k ghg-]b!nlb[e^ k^Z\mbhgl \hnie^] mh ]b!nlb[e^ lb`gZeebg`
fhe^\ne^l *HebdZ ^m Ze., 2012; HhkoZlho%Z ^m Ze., 2015+ hk `^g^-^qik^llbhg mbf^ ]^eZrl *DZ!g^r Zg] Jhgd,
2006; PZk`hh] ^m Ze., 2022+ pab\a k^ik^l^gm ma^ bgmkZ\^eeneZk ]rgZfb\l [nm hger lmkb\mer fh]^e ma^ ]b!nlb[e^
fhkiah`^gl. F mabgd bg [hma \Zl^l, ma^ k^lnembg` fh]^el fZr [^ fhk^ \hfieb\Zm^], Zg] e^ll Zf^gZ[e^
mh ma^ dbg] h_ lrlm^fZmb\ ZgZerlbl ]hg^ bg mabl fZgnl\kbim. K^o^kma^e^ll, F mabgd ma^ Znmahkl lahne] Zm
e^Zlm \hglb]^k maZm fn\a h_ ma^ k^Z\mbhg fZ\abg^kr _hk mblln^-e^o^e iZmm^kgbg` ]h^l ghm ]b!nl^ hnmlb]^ h_
ma^ \^ee, Zg] lh ma^ ikhihl^] _kZf^phkd bl Z [bm h_ Z \kn]^ ZiikhqbfZmbhg mh Z fhk^ ]^mZbe^] fh]^e h_
bgm^k\^eeneZk lb`gZeebg` Zg] bgmkZ\^eeneZk k^Z\mbhgl. Phf^ ]bl\nllbhg hk cnlmb"\Zmbhg Zkhng] ma^ l\hi^ h_
ma^ fh]^eebg` a^k^ phne] [^ a^ei_ne.

2. (:4- " 0267)*01070-6 )5- 011!436-,# O^eZm^] mh mabl, ma^ Znmahkl \bm^ k^_^k^g\^ 23 bg m^kfl h_ fh]^eebg`
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pbma ghg-]b!nlb[e^ fhkiah`^gl e^Z]bg` mh ]bli^klbhg \nko^l maZm Zk^ ghm g^`Zmbo^ _hk eZk`^ pZo^gnf[^k
*b.^. mahl^ _hk pab\a #*++ & 0 Zl + " #+. Tabe^ k^_^k^g\^ 23 bl Z `hh] iZi^k, F)] k^\hff^g] k^Z]bg`
*HebdZ ^m Ze., 2012+ \Zk^_neer, Zl ln\a YQri^ 2) bglmZ[bebmb^l k^Zeer e^Z] mh Z [k^Zd]hpg h_ ma^ \hgmbgnnf
arihma^lbl g^^]^] mh cnlmb_r Z MAB fh]^e bg ma^ "klm ieZ\^. QaZm bl, b_ #*++ & 0 _hk Zk[bmkZkber eZk`^ oZen^l
h_ +, ma^ fh]^e bl ghm fZma^fZmb\Zeer p^ee-ihl^], Zg] hg^ phne] ^qi^\m \^ee-e^o^e hk YlZem-Zg]-i^ii^k)
iZmm^kgbg` _hk fh]^el ihl^] hg ma^ mblln^ e^o^e. B!^\mbo^er mabl f^Zgl ma^ fh]^e bl gh ehg`^k oZeb], Zg]
ln\a bglmZ[bebmb^l lahne] [^ ]blk^`Zk]^].

3. %1-)5-5 &3,-1102/ %)9-)76# Qa^ lmn]r l^^fl mh `h [^mp^^g jnZgmbmZmbo^ Zg] jnZebmZmbo^ bg bml
l\hi^ Zm oZkbhnl ihbgml. Chk ^qZfie^, Zl Z[ho^ ma^ iZkZf^m^kl Zk^ \ahl^g mh fZm\a l^glb[e^ [bheh`b\Ze
kZg`^l _hk mblln^-e^o^e lmkn\mnk^l. ?nm ma^ [khZ] hnm\hf^ h_ ma^ ZgZerlbl bl fhk^ jnZebmZmbo^, _h\nlbg`
hg k^Z\mbhg iZmapZrl pab\a \Zg ^qab[bm iZmm^kg _hkfZmbhg. Fg ma^ P^\mbhg WLfb\l-e^o^e ik^]b\mbhg h_
ihm^gmbZe [bh\a^fb\Ze \hfie^q^l ^gZ[ebg` Qnkbg` iZmm^kgl' ma^ Znmahkl "g] maZm fZgr anfZg lb`gZeebg`
lrlm^fl Zk^ h_ ma^ _hkf h_ ma^ b]^gmb"^] iZmm^kg-_hkfbg` lrlm^fl. Fm phne] [^ phkma jnZeb_rbg` mabl
mh \e^Zker ]^ghm^ maZm mabl bl bg k^Z\mbhg lmkn\mnk^, [nm ghm kZm^ iZkZf^m^kl *b.^. ma^ Znmahkl ]b] ghm
"m ma^bk fh]^el mh ma^ ]ZmZl^ml mh lahp jnZgmbZmbo^ k^\ZibmneZmbhg+. Fm bl Zelh bfihkmZgm mh ghm^ b_ ma^
lb`gZeebg` fhe^\ne^l [^bg` ]^l\kb[^] _khf ma^l^ ]ZmZl^ml Zk^ ZiikhikbZm^er ]b!nlb[e^, hk paZm ik^\bl^er
ma^r k^ik^l^gm bg m^kfl h_ bgm^k\^eeneZk lb`gZeebg`/^qik^llbhg. ?^bg` fhk^ \Zk^_ne bg fZdbg` \e^Zk maZm
ma^ hnm\hf^l a^k^ Zk^ eZk`^er jnZebmZmbo^, kZma^k maZg mkrbg` mh ]^"gbmbo^er lmZm^ maZm \^kmZbg fhmb_l Zk^
lmkb\mer g^\^llZkr _hk iZmm^kg _hkfZmbhg, phne] bfikho^ ma^ lmn]r. F ebd^] ma^ ]bl\nllbhg h_ fhmb_l, [nm
ma^ ik^\bl^ lmZm^f^gml hg paZm p^ e^Zkg Z[hnm ma^f \hne] [^ fZ]^ fn\a fhk^ ik^\bl^.

4. $17-52)709-6 73 (8502/# Qa^ Znmahkl ghm^ maZm fZgr [bheh`b\Ze lrlm^fl ^qab[bm iZmm^kgl, a^g\^ fhmb-
oZmbg` ma^ l^Zk\a _hk Qnkbg`-mri^ lb`gZeebg` lrlm^fl. Fm bl phkma ghmbg` maZm fZgr iarlb\Ze f^\aZgblfl
\Zg `bo^ jnZebmZmbo^er lbfbeZk lrff^mkb\Ze iZmm^kgl, Zg] maZm hma^k f^\aZgblfl *^.`. ihlbmbhgZe bg_hk-
fZmbhg *PaZki^, 2019+, \eh\d-Zg]-pZo^_khgm *Asb^dZg ^m Ze., 2014+, hk f^\aZgh\a^fb\Ze f^\aZgblfl
S^^kfZg ^m Ze. *2021++ Zelh ^qab[bm iZmm^kg-_hkfZmbhg. Nnhmbg` Dh^k`^ Llm^k _khf ma^ bgmkh]n\mbhg
h_ *B\hghfhn Zg] Dk^^g, 2014+: WPh paZm `hh] Zk^ fh]^el= Qa^ _hk^`hbg` ]bl\nllbhg fZr l^^f Z
[bm ]^ik^llbg` mh ma^hk^mb\Ze [bheh`blml: Zee fZgg^k h_ fh]^el ikh]n\^ ma^ lZf^ liZmbZe iZmm^kgl. Qanl
bm bl ghm `^g^kZeer ihllb[e^ mh ]blmbg`nbla [^mp^^g fh]^el lhe^er _khf ma^ iZmm^kgl ma^r `^g^kZm^, Zg]
ma^ jn^lmbhg F kZbl^] Zm ma^ [^`bggbg` [^`l Zg Zglp^k: paZm `hh] Zk^ fh]^el h_ iZmm^kg _hkfZmbhg=' F
_^^e ma^ Znmahkl \hne] \hglb]^k Z [khZ]^k ]bl\nllbhg h_ ma^bk fhmboZmbhg bg m^kfl h_ hi^kZmbhgZebsbg` Z
li^\b"\ f^\aZgblf *Qnkbg` lrlm^fl+ _hk iZmm^kg _hkfZmbhg, ghmbg` bfihkmZg\^ \hglmkZbgml Z[hnm ieZn-
lb[e^ [bh\a^fb\Ze iZmapZrl. Qabl \e^Zk fhe^\neZk \hglmkZbgbg` h_ fh]^el bl ^qZ\mer paZm bl ]bl\nll^] bg
*Thhee^r ^m Ze., 2021+ *Zl p^ee Zl bg *B\hghfhn ^m Ze., 2020++ Z[hnm ma^hk^mb\Ze fh]^el [^bg` Z[e^ mh
k^\ZibmneZm^ iZmm^kgl pbmahnm Z\mnZeer cnlmb_rbg` Zgr iZkmb\neZk f^\aZgblf nge^ll ma^r Zk^ \hglmkZbg^]
\Zk^_neer mh ieZnlb[e^ fhe^\neZk iZmapZrl. Fm phne] Zelh [^ phkma mZdbg` Z ehhd Zm Z k^\^gm lrlm^fZmb\
ZgZerlbl h_ lbfie^ k^Z\mbhg-]b!nlbhg fh]^el [r TZm^kl ^m Ze. *2024+, pab\a mZd^l Zg Zemh`^ma^k ]b!^k^gm
g[nm \hfie^f^gmZkr ob^p mh ln\a Z lrlm^fZmb\ ZgZerlbl _khf ma^ ik^l^gm fZgnl\kbim.

$'6-*0'6.('/!&*(-1.('/ "200*165

5. Qa^ Znmahkl lahne] [^ \Zk^_ne bg ma^ _hkfneZmbhg h_ ma^bk fZll-Z\mbhg fh]^el Zg] ln[l^jn^gm ebg^ZkbsZ-
mbhgl. Fg iZkmb\neZk, bg BjnZmbhg *P.5+, lahne] ma^k^ [^ Z _Z\mhk h_ 2 bg _khgm h_ ma^ m^kfl bgoheobg` V''X
Zg] V'XV'X bg ma^ "klm ^jnZmbhg, [nm hger Z lbg`e^ _Z\mhk h_ 2 bg ma^ l^\hg] ^jnZmbhg= Qabl ]h^l ghm
e^Z] mh fZll \hgl^koZmbhg h_ ma^ k^Z\mbhg pbma kZm^ `bo^g [r (AA"$! _hk ^qZfie^. PbfbeZker, bg BjnZmbhg
*P.19+, Zl p^ee Zl fZgr hma^kl, ma^k^ Zk^ _Z\mhkl h_ 3 hg lhf^ m^mkZf^kb\ m^kfl, [nm ghm hma^kl *^.`. *P.32+
aZl gh bgm^`^k _Z\mhkl=+. M^kaZil fhk^ phkkrbg`, bg ma^ ebg^ZkbsZmbhg bg *P.6+, F phne] ^qi^\m Z]]bmbhgZe
_Z\mhkl h_ 2 \hfbg` _khf ma^ jnZ]kZmb\ m^kfl, [nm ma^l^ aZo^ [^^g ]khii^]. Fg iZkmb\neZk, Zg ^jnZmbhg
h_ ma^ _hkf

*V'X

*,
< $$$ ! 2(AA"$!V'XV'X $$$%
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lahne] e^Z] mh Z ebg^Zkbs^] lrlm^f h_ ma^ _hkf,

*!)

*,
< $$$ ! 4(AA"$!V'X" $$$%

[nm Z _Z\mhk h_ 2 aZl ]blZii^Zk^] _khf ma^ \hkk^lihg]bg` GZ\h[bZg ^e^f^gm )##. Mhllb[er mabl bl cnlm Z
mrih, [nm ie^Zl^ ]h \a^\d mabl \Zk^_neer _hk Zgr ghgebg^Zk m^kf *ab`a^k-hk]^k k^Z\mbhg [^rhg] Z lbg`e^
fhghf^k+.

6. F Zf Zelh lhf^paZm \hg\^kg^] pbma ma^ ghmbhg h_ lm^Z]r-lmZm^ hk ^jnbeb[kbnf lhenmbhg *Z[hnm pab\a hg^
]h^l ma^ ebg^ZkbsZmbhg+. >l bl p^ee dghpg _hk lrlm^fl h_ ghgebg^Zk ^jnZmbhgl \hfbg` _khf fZll-Z\mbhg
dbg^mb\l, p^ fZr ^qi^\m fZgr ^jnbeb[kbZ, hk ^o^g gh ^jnbeb[kbZ, kZma^k maZg Z lbg`e^ hg^. Chk ^qZfie^,
*P.5+ \Zg Z]fbm s^kh, hg^, hk mph ^jnbeb[kbZ, ]^i^g]bg` hg ma^ iZkZf^m^kl, Zl ma^l^ lZmbl_r ^jnZmbhgl _hk
ma^ bgm^kl^\mbhg ihbgml h_ mph jnZ]kZmb\l. IZm^k bg ma^ lniie^f^gm bm bl lmZm^] maZm W Qa^l^ lm^Z]r-lmZm^
\hg\^gmkZmbhgl Zk^ ]^m^kfbg^] nlbg` ma^ hnm\hf^l h_ gnf^kb\Ze \hgmbgnZmbhg ZgZerlbl.' Ehp^o^k, mabl bl
lmbee ng\e^Zk bg m^kfl h_ ngbjn^g^ll Zg] ]^i^g]^g\^ hg ma^ iZkZf^m^kl... Jnembie^ ^jnbeb[kbZ \Zg kZ]b\Zeer
\aZg`^ ma^ eZg]l\Zi^ h_ iZmm^kg _hkfZmbhg, _hk ^qZfie^ [r ]^lmkhrbg` Zee iZmm^kgl \k^Zm^] [r Z Qnkbg`
bglmZ[bebmr Zl lahpg bg HkZnl^ ^m Ze. *2024+.

7. TaZm ]h ma^ Znmahkl f^Zg [r ma^ WEhi_-Qnkbg` [b_nk\Zmbhg'= Qa^k^ bl Z m^\agb\Ze bglmZ[bebmr dghpg Zl
Z WQnkbg`-Ehi_' [b_nk\Zmbhg, pab\a bl Z \h]bf^glbhg-2 [b_nk\Zmbhg \hbg\b]bg` pbma iZkZf^m^kl \khllbg`
[hma Qnkbg` Zg] Ehi_ mak^lahe]l _hk ma^ lZf^ oZen^ *ma^k^ bl Z k^eZm^] bglmZ[bebmr dghpg Zl Z WpZo^' hk
WQnkbg`-pZo^' bglmZ[bebmr pa^k^ ma^ \khllbg` h_ ma^ ]bli^klbhg \nko^ Zm Z Qnkbg` [b_nk\Zmbhg h\\nkl Zl Z
\hfie^q \hgcn`Zm^ iZbk h_ `khpma kZm^l *SbeeZk-P^in%eo^]Z Zg] @aZfig^rl, 2023++. ?nm F ]h ghm dghp
paZm bl f^Zgm bg mabl l^\mbhg. Jhk^ `^g^kZeer, F "g] ma^ lmn]r h_ Ehi_ [b_nk\Zmbhgl bg ma^l^ lrlm^fl Z [bm
h_ Z k^] a^kkbg`; bg]^^] ma^k^ fZr [^ lhf^ \hkk^eZmbhg [^mp^^g ma^l^ mri^l h_ bglmZ[bebmb^l Zl ma^ Znmahkl
ihbgm hnm, [nm fr bfik^llbhg bl maZm bm fZd^l ma^ ZgZerlbl fhk^ \nf[^klhf^ Zg] e^ll bgm^kik^mZ[e^ mh
bg\en]^ Z l^Zk\a _hk Ehi_ [b_nk\Zmbhgl Zm Zee.

8. Qa^ Znmahkl ]bl\nll ma^ nl^ h_ Q^eenkbnf mh i^k_hkf \hgmbgnZmbhg ZgZerlbl. Ah ma^r f^Zg gnf^kb\Ze
\hgmbgnZmbhg h_ ^jnbeb[kbZ pbma k^li^\m mh hg^ hk fhk^ iZkZf^m^kl= @Zg ma^r ikhob]^ fhk^ ]^mZbel=
Ihhdbg` makhn`a ma^ Q^eenkbnf ]h\nf^gmZmbhg, F \Zg)m jnbm^ ]^m^kfbg^ b_ bm i^k_hkfl lmZg]Zk] gnf^kb\Ze
\hgmbgnZmbhg *^.`. Zl ]^l\kb[^] bg *P^r]^e, 2009+ hk bg ma^ lh_mpZk^ iZ\dZ`^l JZm@LKQ *Aahh`^ ^m Ze.,
2003+, i]^2iZma *R^\d^k ^m Ze., 2014+, hk ma^ he]^k >nmh *Ah^]^e Zg] Le]^fZg, 1998+; l^^ *HkZnldhi_
^m Ze., 2007+ _hk Z pb]^k k^ob^p+. O^Z]bg` ma^ "e^ Wm^ [b_nk\Zmbhg.ir' bm Zii^Zkl ebd^ Q^ee^kbnf bl nlbg`
>RQL mh i^k_hkf Z hg^-iZkZf^m^k \hgmbgnZmbhg _khf Zg bgbmbZe ^jnbeb[kbnf ihbgm, [nm F \Zg)m ^Zlber lihm
pa^k^ ma^ hkb`bgZe ^jnbeb[kbnf bl _hng] *hk pab\a iZkZf^m^k*l+ Zk^ nl^] bg ma^ \hgmbgnZmbhg+. @Zg ma^
Znmahkl ]^l\kb[^ ahp ^jnbeb[kbZ p^k^ _hng], Zg] paZm dbg]l h_ \hgmbgnZmbhg lmn]b^l p^k^ i^k_hkf^]= TZl
bm ehhdbg` _hk Ehi_ [b_nk\Zmbhgl hger, hk p^k^ ab`a^k \h]bf^glbhg *hk `eh[Ze+ [b_nk\Zmbhgl Zelh inkln^]=
JZgr lrlm^fl \Zg Z]fbm hl\beeZmbhgl pbmahnm Z Ehi_ [b_nk\Zmbhg, Zg] lbfbeZker Qnkbg` [b_nk\Zmbhgl \Zg
h\\nk bg lrlm^fl pbmahnm Zgr Ehi_. F Ziik^\bZm^ mabl bl Z m^\agb\Ze ihbgm, [nm ab`a-makhn`ainm ZgZerlbl
bl ghm lhf^mabg` mrib\Zeer ]hg^ pbma gnf^kb\Ze \hgmbgnZmbhg Zl _Zk Zl F)f ZpZk^.

9. WAn^ mh ebfbmZmbhgl bg hnk gnf^kb\Ze MAB lbfneZmbhgl, p^ aZo^ \hg"g^] ma^ ]bf^glbhge^ll ]b!nlbhg
\h^$\b^gm' b_ ma^ Znmahkl nl^ Zg bfieb\bm mbf^lm^iibg` l\a^f^ *^.`. [r nlbg` l\bir.bgm^`kZm^ hk Zgr hma^k
h!-ma^-la^e_ lmb! f^mah]l+, ma^r pbee [^ Z[e^ mh ^qiehk^ Z fn\a eZk`^k kZg`^ bg ]b!nlbhg \h^$\b^gml. >gr
lmZg]Zk] lmb! f^mah] phkdl o^kr p^ee _hk k^Z\mbhg-]b!nlbhg lrlm^fl pbmahnm Zgr k^lmkb\mbhgl hg ]b!nlbhg
iZkZf^m^kl hk mbf^lm^iibg`.

10. Jhk^ `^g^kZeer, ma^ Znmahkl \hne] \hglb]^k Z fhk^ Ze`^[kZb\ ZiikhZ\a mh ]^m^kfbgbg` lnbmZ[bebmr h_ lrlm^fl
_hk iZmm^kg _hkfZmbhg nlbg` fZmkbq f^mah]l ln\a Zl bg *PZmghbZgn ^m Ze., 2000+ hk fhk^ k^\^gmer bg
*SbeeZk-P^in%eo^]Z Zg] @aZfig^rl, 2023+. Qabl bl fhk^ bg ebg^ pbma paZm TZm^kl ^m Ze. *2024+ ]h^l,
mahn`a ma^r hger ehhd Zm mph-li^\b^l lrlm^fl. F lnli^\m maZm Z fhk^ ZgZermb\Ze ZiikhZ\a phne] fZd^
ma^ \hfinmZmbhgZe l^Zk\a oZlmer fhk^ ^$\b^gm maZg ma^ \nkk^gm f^mah].

3



11. JZgr ]^mZbel k^`Zk]bg` ma^ \hfinmZmbhgZe ibi^ebg^ Zk^ ghm o^kr \e^Zk _khf ma^ lniie^f^gm/f^mah]l/\h]^
bml^e_. Fg iZkmb\neZk, ik^\bl^er paZm ]blmkb[nmbhgl h_ kZg]hf iZkZf^m^kl p^k^ nl^]= T^k^ ma^l^ ZepZrl
Rgb_hkfer ]blmkb[nm^] bg ma^ kZg`^l ]^l\kb[^]= Ehp p^k^ ^jnbeb[kbZ lhn`am *Zg] b_ bgbmbZe ]ZmZ p^k^ nl^]
mh l^Zk\a _hk ^jnbeb[kbZ, p^k^ ma^l^ Zelh kZg]hfbs^]=+ Chk ma^ ]bli^klbhg ZgZerlbl, ahp ^qZ\mer pZl +

]bl\k^mbs^] Zg] \a^\d^]= Ehp ]h ma^ Znmahkl dghp ma^r nl^] Z ln$\b^gmer "g^ k^lhenmbhg h_ + bg\en]bg`
ln$\b^gmer ]^gl^ Zg] ab`a _k^jn^g\r fh]^l= Fg `^g^kZe bm phne] a^ei b_ Z fhk^ ]^mZbe^] ]^l\kbimbhg h_
ma^ \hfinmZmbhgZe ibi^ebg^ pZl ikhob]^], pbma Zee h_ ma^ gnf^kb\Ze oZen^l `bo^g.

$.124 "200*165!&7325

Qa^k^ Zk^ jnbm^ Z _^p mrihl bg ma^ fZgnl\kbim, lh Z fhk^ \Zk^_ne k^Z] makhn`a fZr a^ei ihebla ma^ m^qm. ?^ehp
Zk^ Z _^p ^qZfie^l Zehg`lb]^ o^kr fbghk \hff^gml.

12. W\Zg ^bma^k ikhm^\ml' lahne] [^ W\Zg ^bma^k ikhm^\m'.

13. W"klm-hk]^k ]b!nlbhg' bl ghm Z m^kf F)f _ZfbebZk pbma, hk hg^ maZm Zii^Zkl l^Zk\abg` Zkhng]. Mk^lnfZ[er
ma^ Znmahkl f^Zg Cb\dbZg ]b!nlbhg *b.^. Cb\d)l "klm eZp+= Qa^ mkhn[e^ pbma ma^ m^kf Yhk]^k) [^bg` maZm
bm aZl Z ]blmbg\m f^Zgbg` _hk ]^kboZmbo^l *pa^k^ ]b!nlbhg bl Z l^\hg]-hk]^k hi^kZmhk+.

14. Wg^Zker fhk^ maZg 9000' bl [Z] iakZlbg`. Wcnlm ng]^k 9000' hk WZefhlm 9000' bl fhk^ Z\\nkZm^ ik^lnf-
Z[er= Lg^ \hne] lbfier [^ ik^\bl^ Zg] `bo^ ma^ gnf[^k Zl p^ee...

15. WiZkmb\neZker kZmbhl ma^ ]^`kZ]Zmbhg kZm^ \hglmZgml' F mabgd Zg Wh_' bl fbllbg` [^_hk^ Wma^ ]^`kZ]Zmbhg
kZm^ \hglmZgml'.

16. WQh`^ma^k p^ hma^k _hnk fh]^el' Phf^mabg` bl fbllbg` a^k^.

17. Pniie^f^gmZe P^\mbhg 1: W^g\hngm^k Qnkbg` iZmm^kg bl mh Z]] Zg Z]]bmbhg ]^`k^^ h_' ebd^er ma^ Znmahkl
f^Zg WZ]]bmbhgZe'.

18. Pniie^f^gmZe P^\mbhg 1: Wm^kfl h_ bm)l ihm^gmbZe mh `^g^kZm^ Qnkbg` iZmm^kg' gh Zihlmkhia^ g^^]^] bg
Wbml' a^k^. PbfbeZk nl^l h_ Wbml' ^el^pa^k^ Zl Z ihll^llbo^ ghng.

19. Mng\mnZmbhg fbllbg` bg fZgr ^jnZmbhgl, ^.`. Z i^kbh] bl g^^]^] bg *P.8+.

20. Pniie^f^gmZe P^\mbhg 1: Wma^ ]^`k^^ mak^^ iherghfbZe p^ ma^ mZ[e^' ]^e^m^ Wp^'.

21. Qa^ ^jnZmbhg gnf[^kbg` bg ma^ Pniie^f^gm bl bg\hglblm^gm, [^\Znl^ bm k^lmZkml pbmabg ^Z\a l^\mbhg. Qa^
fZchkbmr h_ paZm F)o^ pkbmm^g k^_^kl mh ma^ "klm l^\mbhg, [nm k^i^Zm^] gnf[^kbg` fZd^l bm aZk] mh [^
ik^\bl^&

22. Fg Pniie^f^gmZe P^\mbhg 3, ^jnZmbhg *P.2+ bl mri^l^m lhf^paZm ihhker. Qa^ Znmahkl \hne] \hglb]^k nlbg`
[eh\d fZmkbq ghmZmbhg mh fZd^ bm \e^Zk^k, ^.`.,

A B

C D
% A < $ $ $

hk lbfbeZk.

K?: Qa^ fZgnl\kbim Zek^Z]r \bm^l fZgr k^_^k^g\^l, lh ie^Zl^ ]h ghm _^^e ma^ g^^] mh bg\en]^ Zgr h_ ma^
k^_^k^g\^l F aZo^ a^k^ *^li^\bZeer Zgr F Zf Zg Znmahk hg+. OZma^k, F Zf f^k^er ahibg` ma^ Znmahk \hglb]^kl
lhf^ h_ ma^ i^kli^\mbo^l ik^l^gm^] bg ma^l^ iZi^kl pab\a fZr aZo^ [^^g ho^kehhd^].
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Reviewer #2 (Remarks to the Author):

This study screened through a comprehensive set of simple biochemical networks without any 

):3/-'-6 *))(&%'. *24 6,25) 6,%6 '%1 +)1)4%6) $74-1+ 3%66)41@ $,) 924. -()16-=)( ,29 1)6924.

>9:9691BH </+->398 <+>/ -98=>+8>= +8. .3C?=398 -9/C3-3/8>= +C/-> >2/ :9==3,363>B 90 1/8/<+>381

Turing pattern. Because the suggested pattern-enabling networks only contain complex 

formation and constitutive synthesis/degradation, thousands of protein and RNA complexes 

could match the network topology and hence could be candidates of Turing pattern generators. 

This study brings new and exciting insights into a classical topic in mathematical biology. 

Pattern formation is prevalent in development and other crucial biological processes. The 

widely accepted activator-inhibitor and substrate-depletion models for Turing pattern 

*240%6-21A %/6,27+, -15-+,6*7/A '%1126 )%5-/; =1( % 0%6',-1+ ):%03/) -1 4)%/-6;@ $,-5 567(;

potential bridges this gap. The topic is of broad interest to the audience in biology, biophysics 

and bioengineering.

Major comments:

1. In the discussion about the required network topology, the authors stated: “Each of the 10 

pattern-enabling reaction networks has at least two molecules whose associated parameter 

@+6?/= J=B8>2/=3= +8. ./1<+.+>398 <+>/ -98=>+8>=K -+8 .3C/< ,/>A//8 >2/ >A9GM %9A .3C/</8>

5,27/( 6,)-4 3%4%0)6)4 8%/7)5 &)C "69A 6,-5 5)16)1') -5 % &-6 '21*75-1+ 7321 =456 +/%1')@

Suggested edit: “Each of the 10 pattern-enabling reaction networks contain at least two 

.3C/</8> 796/-?6/= J$31?</ E,H ,6+-5 +8. A23>/ -3<-6/=KG '9>/ >2+> 38 >2/ 79./6H .3C/</8>

796/-?6/= =:/-3D-+66B </0/< >9 796/-?6/= A3>2 .3C/</8> :+<+7/>/<=GM

EG *2+> 3= >2/ ?83> 90 >2/ .3C?=398 -9/C3-3/8>= =29A8 38 $31G FI "8 37:9<>+8> </+=98 A2B >2/

'/%55-'%/ %'6-8%624D-1,-&-624 %1( 57&564%6)D()3/)6-21 02()/5 '%1126 )%5-/; =1( ):%03/)5 -1

</+63>B 3= >2/ </;?3</. 6+<1/ .3C/</8-/ ,/>A//8 >2/ .3C?=398 -9/C3-3/8>= 90 >2/ >A9 -97:98/8>=

of the system. Do pattern-enabling networks in this work have as stringent requirement on the 

.3C?=398 -9/C3-3/8>=I

3. In the omics-study, is there any possibility to further screen for the rate constants and 

.3C?=398 -9/C3-3/8>= /@/8 30 >2/B +</ 4?=> /=>37+>/. 8?7,/<=I )2/</ -+8N> ,/ >29?=+8.= 90

Turing pattern generators.

4. The Routh-Hurwitz analysis should be cited and described (could be in the Supplementary 

text).

Minor comments:

1. Typo: “It should be noted that the networks in our study are hypergraphs (each edge that 

4)34)5)165 &-1(-1+ -182/8)5 > 12()5E 4%6,)4 4)+7/%4 +4%3,5 '20021/; 75)( *24 ()=1-1+ *))(D

forward loops”. “rather” Â "rather than”.

EG L&8 (/> && J$31?</ F-H 6/0>KH (?,?83> " =/<@/= += + .3C?=398 0+-363>+>9<MG )2/ .3C?=398 -9/C3-3/8>

90 " 3= =7+66/< >2+8 >2+> 90 # +8. "#G (9H # =9?8.= 79</ 635/ >2/ .3C?=398 0+-363>+>9< 38 >23= -+=/I

3. Typo: “our analysis showed that the choice of parameter values, particularly ratios the 

degradation rate constants of protein/RNA subunits in various complexes, can be crucial for 

pattern formation.” Missing “between” after “ratios”.

?@ $;32B F#1 %((-6-21 62 6,) (-4)'6 -16)434)6%6-21 2* 02/)'7/%4 ()+4%(%6-21A 6,) =456D24()4 ()'%;

4%6)5 2* 6,) 02/)'7/)5 -1 274 02()/5 %4) &) +)1)4%/-<)( 62 4%6)5 2* 4)028%/ *420 % 53)'-='

location (e.g. removal of molecules from plasma membrane via endocytosis) where patterns 

can arise.” “are be generalized” Â “can be generalized”.

5. Typo: “Together we other four models, we analytically proved that Eq 1 cannot have any 

unstable steady state with arbitrary positive rate constants,” “Together we” Â “Together with”



Black text: Reviewers’ comments.  

Blue text: Authors’ responses (Bold: highlights of edits made to manuscript, where all 

edits are marked red in both main text and supplementary text). 

Reviewer #1 (Remarks to the Author) 

The authors explore a range of biochemically-motivated reaction-diffusion systems to 

explore the question of Turing-type pattern formation outside of the classical ‘activator-

inhibitor’ framework. They analyze a large number of systems involving 4 subunits leading 

to 11 complexes, and the various reaction schemes needed to form all such complexes. 

Within this space of elementary biochemical interactions, they used simple analytical criteria 

and extensive computational explorations to elucidate which reaction pathways led to 

systems able to form patterns within suitable biological parameter ranges. They also 

compared the topology of their reaction schema and complexes to those found in 

bioinformatics datasets, suggesting that many existing pathways in human cell lines exhibit 

the right topological motifs to admit pattern formation via Turing-like instabilities. 

Overall I find the topic important, and the core ideas of the paper very interesting. It is clear 

that the classical activator-inhibitor paradigm is far too simplistic. Broadly, I find the 

systematic analysis in the paper well done, and some of the insights gained very promising. 

However I have a number of technical concerns, and a few suggestions regarding wider 

aspects of modelling that may (or may not) be helpful to relate to ongoing efforts for moving 

beyond these classical paradigms. Overall the manuscript has a bit of an exhaustive tour de 

force approach in terms of the number of systems studied, and the methods employed. 

However it does lack polish in some ways which more narrow studies would have because 

they do not intend to fit so many things into one study. Below are a number of comments 

aimed at helping the authors improve their story, arranged within a few categories. It should 

be noted that I do not think the authors must address every comment below in copious detail 

– rather, I feel they should consider these largely as opportunities to think about the 

strengths and weaknesses of their approach more critically, and to consider changes that 

they feel would help them make a stronger scientific argument. 

Author response: We thank the Reviewer for the thorough and insightful review. The comments 

helped us think more carefully about the scope and significance of our study in a broader 

context. We have now addressed each comment with additional discussion and more 

accurate interpretation of our results. In this revision, we also made corrections and 

clarifications on a few technical descriptions in our manuscript that were confusing to 

readers, and we performed additional analyses to address some concerns on the 

computational pipeline. Overall, we feel that the resulting revised manuscript has 

significantly improved in several aspects. 

Comments on Modelling/Interpretation 

1) Scope of Modelling: It is a bit unclear precisely what scale of systems the authors are 

intending to study. They mention both intracellular and tissue-level patterning, but use 

parameter ranges largely for the latter (with most of the discussion also focusing on tissue-

scale phenomena). Importantly, it appears like all of their complexes are modelled as 

diffusible on relatively large length scales. My understanding is that most presumptive 

pattern-forming systems at this scale are composed of diffusible signalling molecules 

coupled to more complex intracellular gene expression, rather than the purely chemical 

scenario of systems which can react and diffuse in the same space. There have been a 

number of studies on this more complicated spatial arrangement using either non-

diffusible reactions coupled to diffusible signalling molecules (Klika et al., 2012; 

Korvasov´a et al., 2015) or gene-expression time delays (Gaffney and Monk, 2006; 

Sargood et al., 2022) which represent the intracellular dynamics but only strictly model the 

diffusible morphogens. I think in both cases, the resulting models may be more 



complicated, and less amenable to the kind of systematic analysis done in this manuscript. 

Nevertheless, I think the authors should at least consider that much of the reaction 

machinery for tissue-level patterning does not diffuse outside of the cell, and so the 

proposed framework is a bit of a crude approximation to a more detailed model of 

intercellular signalling and intracellular reactions. Some discussion or justification around 

the scope of the modelling here would be helpful. 

Author response: We agree with the Reviewer that our original manuscript had a weakness in the 

connection between the tissue-scale pattern formation that often involves non-diffusive 

components and the assumption that all molecules are diffusive in our models. In addition, 

our intention was to use our models to explain both intracellular and tissue-level patterning, 

as noted by the Reviewer, but there were limited examples of and emphasis on 

intracellular patterning that we discussed in our manuscript. We have now discussed the 

limitation of our modeling scope (i.e. we did not consider immobile components in pattern 

formation), and we also added new text to the manuscript for building a stronger 

connection between our assumption of a continuum system and realistic biological 

patterns at both intracellular and multicellular levels.  For the latter purpose, we included 

a reference to a recent experimental study that showed spontaneous, tissue-level self-

organization in the absence of preformed cellular boundaries (Cheng and Ferrell Jr, 2019), 

highlighting the importance of continuum-like reaction-diffusion system without any 

preformed immobile component in development. We also included a reference to a recent 

modeling work of using Turing-pattern to explain intracellular patterning of Caulobacter 

(Xu et al., 2023). Finally, while intracellular patterning may be more consistent with the 

continuum assumption made in our models, we think that the fact that cells are immobile 

in many cases does not necessarily invalidate the assumption of systems with only 

diffusive molecules. The constant exchange of molecules via extracellular vesicles or 

symplastic transport, for example, makes the multicellular, cytoplasmic components in 

some systems closer to the continuum assumption. Of course, we agree with the Reviewer 

that if gene regulation at the transcriptional level is involved in initiating patterns, then 

assumption can be unrealistic. The relevant revision was performed in the first paragraph 

of Introduction, and the last paragraph of Discussion. All the suggested references 

have been cited. 

2) Type 2 instabilities are ill-posed: Related to this, the authors cite reference 23 in terms 

of modelling with non-diffusible morphogens leading to dispersion curves that are not 

negaA8C4 5<? 90?64 D0C4;B:14? "8%4% A7<@4 5<? D7827 J"># ' & 0@ > H G#% /7894 ?454?4;24

23 is a good paper, I’d recommend reading (Klika et al., 2012) carefully, as such ‘Type 2’ 

instabilities really lead to a breakdown of the continuum hypothesis needed to justify a 

,)* :<349 8; A74 58?@A =9024% .70A 8@$ 85 J"># ' & 5<? 0?18A?0?89F 90?64 C09B4@ <5 >$ A74 :<349

is not mathematically well-posed, and one would expect cell-level or ‘salt-and-pepper’ 

patterning for models posed on the tissue level. Effectively this means the model is no 

longer valid, and such instabilities should be disregarded. 

Author response: We thank the Reviewer for suggesting a more accurate description of Type 2 

Turing instability. This helped us make a better connection between the absence of Type 

2 instability in our results to the continuum assumption that we have made. To address 

the Reviewer’s comment, we have revised both the main text (the last paragraph of 

Results section ‘Network topology required for Turing pattern-enabling reactions’) 

and supplementary text (B.4) to highlight the importance of the continuum hypothesis and 

its validity, given the absence of Type 2 Turing instability from the analysis of our PDE 

models. The suggested reference was cited accordingly. 

3) Clearer Modelling Caveats: The study seems to go between quantitative and qualitative 

in its scope at various points. For example, as above the parameters are chosen to match 

sensible biological ranges for tissue-level structures. But the broad outcome of the 

analysis is more qualitative, focusing on reaction pathways which can exhibit pattern 

formation. In the Section “Omics-level prediction of potential biochemical complexes 

enabling Turing patterns” the authors find that many human signalling systems are of the 

form of the identified pattern-forming systems. It would be worth qualifying this to clearly 



denote that this is in reaction structure, but not rate parameters (i.e. the authors did not fit 

their models to the datasets to show quantitative recapitulation). It is also important to note 

if the signalling molecules being described from these datasets are appropriately diffusible, 

or what precisely they represent in terms of intercellular signalling/expression. Being more 

careful in making clear that the outcomes here are largely qualitative, rather than trying to 

definitively state that certain motifs are strictly necessary for pattern formation, would 

improve the study. I liked the discussion of motifs, but the precise statements on what we 

learn about them could be made much more precise. 

Author response: We agree with the Reviewer that we should be more precise about the 

interpretation of the inferred, specific pattern formation systems. The Reviewer rightly 

pointed out that the conclusions in the last Results section are qualitative rather than 

quantitative. We have added the following sentences to the first paragraph of the 

section ‘Omics-level prediction of potential biochemical complexes enabling Turing 

patterns’ for a more accurate interpretation of our results. “Due to the lack of measured 

rate constants in these predicted systems, we were not able to further constrain the list of 

gene products that enable Turing patterns with experimental data. This qualitative 

inference of complexes is therefore not sufficient to identify pattern-enabling molecules 

definitively, and the pool of complex-associated gene products should be viewed as a 

preliminary set for subsequent screening in future studies. It should be noted, however, 

that this limitation also applies to the classical activator-inhibitor paradigm for identifying 

systems for Turing patterns. Our findings on the broad range of proteins and RNAs whose 

network topologies permit Turing patterns suggest the need of measurements for key 

parameters, such as degradation rate constants and diffusion coefficients as shown in the 

previous section, for predicting Turing pattern-enabling systems more accurately.” 

4) Alternatives to Turing: The authors note that many biological systems exhibit patterns, 

hence motivating the search for Turing-type signaling systems. It is worth noting that many 

physical mechanisms can give qualitatively similar symmetrical patterns, and that other 

mechanisms (e.g. positional information (Sharpe, 2019), clock-and-wavefront (Dziekan et 

al., 2014), or mechanochemical mechanisms Veerman et al. (2021)) also exhibit pattern-

formation. Quoting Goerge Oster from the introduction of (Economou and Green, 2014): 

“So what good are models? The foregoing discussion may seem a bit depressing to 

theoretical biologists: all manner of models produce the same spatial patterns. Thus it is 

not generally possible to distinguish between models solely from the patterns they 

generate, and the question I raised at the beginning begs an answer: what good are 

models of pattern formation?” I feel the authors could consider a broader discussion of 

their motivation in terms of operationalizing a specific mechanism (Turing systems) for 

pattern formation, noting importance constraints about plausible biochemical pathways. 

This clear molecular constraining of models is exactly what is discussed in (Woolley et al., 

2021) (as well as in (Economou et al., 2020)) about theoretical models being able to 

recapitulate patterns without actually justifying any particular mechanism unless they are 

constrained carefully to plausible molecular pathways. It would also be worth taking a look 

at a recent systematic analysis of simple reaction-diffusion models by Waters et al. (2024), 

which takes an altogether different but complementary view to such a systematic analysis 

from the present manuscript. 

Author response: The Reviewer pointed out an important and challenging question to all 

modelers: given a phenomenon (pattern formation in this case), can we accurately infer 

its underlying mechanism? The Reviewer’s comment and the references have prompted 

us to think more deeply into this question for a better description of our work’s scope and 

significance. We think that there are two parts for addressing this question: 1) Enumeration 

of mathematically and biologically plausible models/mechanisms, and 2) Model selection 

and identifiability. Our work does not contribute to the second part directly, as implied by 

this comment: our work does not aim to provide an evaluation of Turing instability over 

other pattern-formation mechanisms on their ability to explain similar observations, nor 

does it select a molecular network based on pattern specifics (strips vs spots, in-phase vs 

out-of-phase etc.). Instead, our work significantly expanded the list of mathematically and 

biologically plausible molecular mechanisms under the category of Turing pattern, and we 

think that these mechanisms were underappreciated previously. Indirectly, our work may 



help future work to identify specific mechanisms with constraints on molecular pathways 

and patterning specifics. 

We agree that it is important to mention alternatives mechanisms for pattern formation. 

We therefore added a sentence to the first paragraph of Introduction. We also 

discussed the referenced papers in relation to the model selection and identifiability 

problem that the Reviewer mentioned with a new paragraph of Discussion (the second 

last paragraph). To compare our work with the work of minimal mass-action system 

mentioned by the Reviewer, we added a sentence to the last paragraph of Introduction, 

and a sentence to the first paragraph of Results. 

Mathematical/Technical Comments 

5) The authors should be careful in the formulation of their mass-action models and 

subsequent linearizations. In particular, in Equation (S.5), should there be a factor of 2 in 

front of the terms involving [AA] and [A][A] in the first equation, but only a single factor of 

2 in the second equation? This does not lead to mass conservation of the reaction with 

?0A4 68C4; 1F +((I<55 5<? 4E0:=94% -8:8larly, in Equation (S.19), as well as many others, 

there are factors of 3 on some tetrameric terms, but not others (e.g. (S.32) has no integer 

factors?). Perhaps more worrying, in the linearization in (S.6), I would expect additional 

factors of 2 coming from the quadratic terms, but these have been dropped. In particular, 

an equation of the form 
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should lead to a linearized system of the form, 
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but a factor of 2 has disappeared from the corresponding Jacobian element a11. Possibly 

this is just a typo, but please do check this carefully for any nonlinear term (higher-order 

reaction beyond a single monomer). 

Author response: We thank the Reviewer for the careful read. The error in the linearized 

equation S6, as pointed out by the Reviewer, was indeed a typo and it has been corrected 

in this revision. We also checked our code that generates the ODEs and performs 

algebraic analysis requiring Jacobian matrix (available at the GitHub site), and confirmed 

that the stoichiometry was properly used. An additional textbox explaining the 

stoichiometric coefficients (integer factors) has been included in the supplementary file (at 

the end of Section A).

6) I am also somewhat concerned with the notion of steady-state or equilibrium solution 

(about which one does the linearization). As is well known for systems of nonlinear 

equations coming from mass-action kinetics, we may expect many equilibria, or even no 

equilibria, rather than a single one. For example, (S.5) can admit zero, one, or two 

equilibria, depending on the parameters, as these satisfy equations for the intersection 

points of two quadratics. Later in the supplement it is stated that “These steady-state 

concentrations are determined using the outcomes of numerical continuation analysis.” 

However, this is still unclear in terms of uniqueness and dependence on the parameters... 

Multiple equilibria can radically change the landscape of pattern formation, for example by 

destroying all patterns created by a Turing instability as shown in Krause et al. (2024). 

Author response: We agree with the Reviewer’s comment on the possibility that multistability 

can result in changes of pattern formation landscape. This issue is relevant to our work 

because all 10 pattern-enabling reaction networks are capable of producing bistability and 

Turing pattern related oscillation in our study, although they likely occur in different 

parameter regions.  



First, to avoid this situation of multistability we have chosen the parameter space for Turing 

bifurcation analysis in the vicinity of limit cycle (Hopf bifurcation), because coexistence of 

limit cycle and stable steady state in a single parameter set is not very common in general. 

In specific systems, this approach of searching synthetic Turing patterns near Hopf 

bifurcation was used as an established protocol for similar reasons (references provided 

in main text: (Cross and Hohenberg, 1993; Jensen et al., 1993; Lengyel and Epstein, 

1992). To further address the Reviewer’s concern, we used a more stringent criterion to 

select ODE parameter sets for subsequent dispersion analysis: we focused on those sets 

that produced Hopf bifurcation point, but not saddle-node bifurcation point (a commonly 

used hallmark for finding bistability). With this more selective pool of parameter sets, we 

confirmed that the 10 reaction networks, but not others, can generate Turing patterns 

(Figure R1, same as newly added Figure S7). As shown in Figure R1 A, all 10 reaction 

networks produced Turning patterns with parameter sets free of saddle-node bifurcation 

in numerical continuation. The same conclusion was reached with parameter sets with 

both Hopf bifurcation and saddle-node bifurcation (Figure R1 B). It should be noted that in 

the latter case, although these parameter sets contain saddle-node bifurcation points, the 

Hopf bifurcation points do not typically overlap with a bistable region in term of the control 

parameter used for continuation (Figure R1 C). 

Figure R1. Bar charts depicting the comparison between bifurcation-containing and Turing 

pattern-enabling ODE parameter sets:(A) Scenario where ODE parameter sets with only 

HB points are considered. (B) Scenario where ODE parameter sets with both HB and LP 

points are considered (HB=Hopf Bifurcation and LP=Limit Point representing saddle-node 

bifurcation). (C) A typical scenario in B where a Hopf bifurcation point does not overlap 

with any bistable region even though saddle-node and Hopf bifurcations both appear in a 

continuation run. 

In summary, while we cannot eliminate the possible but uncommon cases where Turing 

pattern-enabling parameter sets from our study are susceptible to the destructive effect of 

coexistence of a limit cycle and a stable steady state. Our prior and new evidence provides 

a strong support for the validity of our approach of searching for pattern-enabling networks. 

In the revised version, appropriate changes have been included in the supplementary file 

highlighted by red font (e.g. Figure S7 and text in Section B.3). 

7) What do the authors mean by the “Hopf-Turing bifurcation”? There is a technical instability 

known as a “Turing-Hopf” bifurcation, which is a codimension-2 bifurcation coinciding with 

parameters crossing both Turing and Hopf thresholds for the same value (there is a related 

instability known as a “wave” or “Turing-wave” instability where the crossing of the 

dispersion curve at a Turing bifurcation occurs as a complex conjugate pair of growth rates 

(Villar-Sep´ulveda and Champneys, 2023)). But I do not know what is meant in this section. 

More generally, I find the study of Hopf bifurcations in these systems a bit of a red herring; 

indeed there may be some correlation between these types of instabilities as the authors 



point out, but my impression is that it makes the analysis more cumbersome and less 

interpretable to include a search for Hopf bifurcations at all. 

Author response: We thank the Reviewer for pointing out the error and for the correct reference 

for Turing-Hopf bifurcation. The term “Hopf-Turing” bifurcation was indeed an incorrectly 

chosen term in our original manuscript intended to describe the combined process of Hopf 

bifurcation analysis and subsequent Turing bifurcation analysis using parameter sets 

exhibiting Hopf bifurcation. We have now corrected the error, and appropriate 

modifications marked by red font were made in Section B5 of the supplementary text.  

The Reviewer’s concern about using Hopf bifurcation is also related to Comment 6 and 

Comment 8. Here, we clarify that we used Hopf bifurcation as an intermediate step and a 

proxy to find Turing pattern-enabling systems for two reasons. First, we believe that the 

correlation between Hopf bifurcation and Turing instability is strong enough to justify the 

usage of Hopf bifurcation for convenience. In a 2-variable system, for example, the sign 

patterns of the Jacobian matrix necessary for supporting Hopf bifurcation and Turing 

instability are identical. They both require either [+ +, 7 7] or [+ 7, + 7], although Turing 

instability needs to be diffusion driven (Tyson, 2002; Tyson et al., 2003; Waters et al., 

2024). It is therefore not surprising that analyzing specific chemical systems’ Turing 

instability in the vicinity of Hopf bifurcations has been routinely performed for several 

decades (Cross and Hohenberg, 1993; Jensen et al., 1993; Lengyel and Epstein, 1992; 

Li et al., 2013; Mu and Lo, 2023; Zhao et al., 2021). In addition, high-throughput screening 

studies based on graphs showed that every pattern-enabling network topology contains a 

negative feedback loop with at least two variables, a network motif considered necessary 

and sufficient for oscillation in the absence of diffusion (Diego et al., 2018; Scholes et al., 

2019). Our approach of using Hopf bifurcations to find systems with Turing instability is a 

natural extension of these studies. Secondly, we believe that Hopf bifurcation was 

underutilized for searching Turing instability in previous studies only because of the 

technical challenges of performing high-throughput numerical continuations (as pointed 

out by the Reviewer in Comment 8). With the implementation of high-throughput screening 

for Hopf bifurcations, our technique can accelerate the discovery of pattern-enabling 

system in the future. 

In addition to correcting the wrong term ‘Hopf-Turing bifurcation’ that we used in the 

original manuscript, we performed additional dispersion analysis for parameter sets that 

did not produced any local (including Hopf) bifurcation from one-parameter continuation 

with ODE systems. We found that, in the 10 pattern-enabling reaction networks, a small 

fraction (<3% compared to about 99% in those with Hopf-bifurcations, as shown in Figure 

R1 A and B) of these bifurcation-free parameter sets can produce Turing patterns. 

Furthermore, we did not find any pattern-enabling parameter set in those 8 reaction 

networks originally identified to be non-pattern-enabling computationally (These networks 

are in addition to those 5 networks that we eliminated algebraically. See Comment 10). 

Because performing this additional dispersion analysis took 50-100 times more time than 

our original approach with Hopf bifurcation as an intermediate, and we did not find any 

new biological insight with the extended dispersion runs, we did not discuss the result in 

detail in the revised manuscript. Instead, we briefly mentioned it at the end of the first 

Results section.

8) The authors discuss the use of Tellurium to perform continuation analysis. Do they mean 

numerical continuation of equilibria with respect to one or more parameters? Can they 

provide more details? Looking through the Tellurium documentation, I can’t quite 

determine if it performs standard numerical continuation (e.g. as described in (Seydel, 

2009) or in the software packages MatCONT (Dhooge et al., 2003), pde2path (Uecker et 

al., 2014), or the older Auto (Doedel and Oldeman, 1998); see (Krauskopf et al., 2007) for 

a wider review). Reading the file “te bifurcation.py” it appears like Tellerium is using AUTO 

to perform a one-parameter continuation from an initial equilibrium point, but I can’t easily 

spot where the original equilibrium is found (or which parameter(s) are used in the 

continuation). Can the authors describe how equilibria were found, and what kinds of 

continuation studies were performed? Was it looking for Hopf bifurcations only, or were 

higher codimension (or global) bifurcations also pursued? Many systems can admit 

oscillations without a Hopf bifurcation, and similarly Turing bifurcations can occur in 



systems without any Hopf. I appreciate this is a technical point, but high-throughput 

analysis is not something typically done with numerical continuation as far as I’m aware. 

Author response: The Reviewer is correct that we used one-parameter continuation from an 

initial equilibrium point. The initial equilibrium was first obtained by simulating the ODE 

system at /6 = 0 (or /5 = 0 for single subunit system without B), where the system always 

has a unique equilibrium point, using randomized initial conditions. Numerical continuation 

was subsequently performed and local bifurcation points (e.g. Hopf bifurcation and saddle-

node bifurcations) were obtained through scanning the control parameter / and updating 

equilibrium points. The continuation was performed with Tellurium, which includes an 

efficient implementation of AUTO that enabled us to perform the computation in a high-

throughput, automated manner (screening massive parameter sets and many reaction 

networks). We are not aware of any high-throughput approach for detecting global 

bifurcation. Although the Tellurium package was not developed in our group, we feel that 

the community can widely benefit from using this high-throughput pipeline for finding local 

bifurcation points for various types of studies, so we think our published code and this 

manuscript will provide an example of this utility. The Reviewer’s comment on the 

relationship between Hopf bifurcation and Turing instability was addressed in responses 

to Comments 6 and 7. We agree with the Reviewer that one cannot equate Hopf 

bifurcation to oscillation in general because there are global bifurcations that can lead to 

oscillation. However, due to practicality, detecting Hopf bifurcation is commonly used to 

evaluate/prove systems’ ability to oscillate (Obatake et al., 2019). In this work, we 

extended the strategy and showed the practicality of using Hopf bifurcation to facilitate the 

discovery of Turing instability. We have now taken the Reviewer’s suggestion to provide 

more details about the numerical continuation method. An additional paragraph with 

appropriate references was added to the Methods section ‘ODE parameter sampling and 

numerical bifurcation analysis’. 

9) “Due to limitations in our numerical PDE simulations, we have confined the dimensionless 

diffusion coefficient” if the authors use an implicit timestepping scheme (e.g. by using 

scipy.integrate or any other off-the-shelf stiff methods), they will be able to explore a much 

larger range in diffusion coefficients. Any standard stiff method works very well for 

reaction-diffusion systems without any restrictions on diffusion parameters or timestepping. 

Author response: We thank the Reviewer for the suggestion. Our original statement needed to 

be corrected in that the choice of the diffusion coefficient range was both for biological 

reasons and for avoiding possible numerical problems. Restricting the diffusion 

coefficients to a moderate, rather than a wide, range around a realistic median value 

(estimation described in B.1.2 of supplementary text) help us focus on finding pattern-

enabling systems containing molecules with typical, but not extreme diffusivity, with 

sufficient samples, which is more meaningful for discovering realistic biological systems 

in the future. 

In terms of the potential numerical issue, the high stiffness partly comes from faster 

binding/unbinding reactions compared to production/degradation. In addition, the 

quadratic terms are the highest-order nonlinear terms in our system, which also features 

an abundance of linear terms. This abundance of linear terms and absence of higher-

order nonlinearity beyond quadratic make the ODE system stiff. We had two options to 

handle the stiffness of the equations. First, using implicit methods for simulation, which 

are extremely slow (e.g. Figure R2) and cumbersome for larger networks, hence we 

avoided using implicit methods. To handle the stiffness and complexity of the networks 

with considerable computational efficiency, our only remaining option was utilizing simple 

explicit method (to deal with network complexity) implemented in a low-level language (to 

achieve computational efficiency) and employ a sufficiently small time-step to avoid 

divergence (prevention for stiffness). Moreover, we have implemented RK4 in FORTRAN 

for extremely stiff cases, and the gain in computational efficiency was lower than that of 

forward Euler with smaller time steps. In this revision, we also attempted to use the 

suggested method (scipy), and we found that with a stiff Gierer-Meinhardt reaction 

diffusion system (Figure R2), the scipy-based methods are too slow for large-scale 

computation. Furthermore, a FORTRAN-based stiff method LSODA failed to produce any 





parameters were used? Were these always Uniformly distributed in the ranges described? 

How were equilibria sought (and if initial data were used to search for equilibria, were 

these also randomized?) For the dispersion analysis, how exactly was q discretized and 

checked? How do the authors know they used a sufficiently fine resolution of q including 

sufficiently dense and high frequency modes? In general, it would help if a more detailed 

description of the computational pipeline was provided, with all of the numerical values 

given. 

Author response: We agree with the Reviewer that some important details of our computational 

pipeline were either missing or difficult to find in the original manuscript. We have been 

trying to increase the accessibility of the computational pipeline throughout the writing 

process, and as a result we developed the supplementary text and GitHub repository in a 

comprehensive way. However, the shear vastness of the computational work still made it 

challenging to compactly articulate the pipeline with all necessary details. We have now 

addressed the Reviewer’s comment by further enhancing the clarity and reproducibility of 

our work in several aspects. 

We have now improved the detailed computational map to clearly demonstrate the 

computational pipeline in the GitHub repository. We now clarified that we have used the 

Sobol quasi-random sequence to sample the parameter values. The sequence is 

uniformly distributed random numbers irrespective of the sample size, which is not the 

case for pseudorandom numbers. The distributions of the reactions parameter values 

were log-uniform (now specified in Methods and ranges provided in Table S1), whereas 

the those for the diffusion coefficients were uniform (Section B.1 in supplementary text). 

The initial equilibrium point was obtained with numerical simulation at /6 = 0  using 

randomized initial conditions. The numerical continuation runs then update the equilibrium 

point iteratively and give the steady state concentrations, and we have used the steady 

states residing near the Hopf bifurcation to carry out the dispersion analysis. We have 

used ") = 0.05 for the purpose of dispersion analysis and this implies that the performed 

dispersion analysis can capture unstable modes with wavelength less than 4.75 × 103.m

(now mentioned in Methods) and detailed reasoning pertaining to the inquiry is provided 

in the supplementary text (under Dispersion Analysis). Other necessary modifications 

were also carried out in the supplementary text and are marked by red font. 

To further address the Reviewer’s comment, we created a new table listing all important 

model and algorithm parameters in our GitHub README file (at the bottom of the front 

page), where readers can find the locations of text referencing the parameter values as 

well as the code files for tuning those parameters, if desired. 

Minor Comments/Typos 

There are quite a few typos in the manuscript, so a more careful read through may help 

polish the text. Below are a few examples alongside very minor comments. 

12) “can either protects” should be “can either protect”.

Author response: Thank you for catching the typo. We have now corrected it and marked it with 

red font. 

13) “first-order diffusion” is not a term I’m familiar with, or one that appears searching around. 

Presumably the authors mean Fickian diffusion (i.e. Fick’s first law)? The trouble with the 

term ‘order’ being that it has a distinct meaning for derivatives (where diffusion is a second-

order operator). 

Author response: Thank you for catching the typo. We have now taken the suggestion and 

replaced ‘first-order’ by ‘Fickian’ and marked it with red font. 





Author response: Thank you for the great suggestion. We have now incorporated this notation for 

this equation (Eq S.6 with the current numbering). 

NB: The manuscript already cites many references, so please do not feel the need to 

include any of the references I have here (especially any I am an author on). Rather, I am 

merely hoping the author considers some of the perspectives presented in these papers 

which may have been overlooked. 

Author response: We thank the Reviewer for all the excellent references and for the flexibility. We 

have now included all the suggested references in the revision (except one replacement 

with the original paper for the clock-and-wavefront model). We do not think the list of 

references is excessive, but we will confirm this with the Editor later if the manuscript is 

accepted.

Comments regarding code: Broadly the code looks good. A medium-level summary detailing 

the computational methods with more clarity, as requested in my comments, would help 

make the framework much more useful. 

Author response: As mentioned in responses above, we have now improved the documentation 

in the README file of the GitHub repository. This includes an additional visual illustration

showing how our computational pipeline (Figure 2c) is connected to the code files, and a 

new table listing all model and algorithm parameters.
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Reviewer #2 (Remarks to the Author)

This study screened through a comprehensive set of simple biochemical networks without 

any explicit feedback for those that can generate Turing pattern. The work identified how 

network topology, reaction rate constants and diffusion coefficients affect the possibility of 

generating Turing pattern. Because the suggested pattern-enabling networks only contain 

complex formation and constitutive synthesis/degradation, thousands of protein and RNA 

complexes could match the network topology and hence could be candidates of Turing 

pattern generators. This study brings new and exciting insights into a classical topic in 

mathematical biology. Pattern formation is prevalent in development and other crucial 

biological processes. The widely accepted activator-inhibitor and substrate-depletion 

models for Turing pattern formation, although insightful, cannot easily find a matching 

example in reality. This study potential bridges this gap. The topic is of broad interest to the 

audience in biology, biophysics and bioengineering. 

Author response: We thank the Reviewer for the positive evaluation of our manuscript in terms of 

significance and for the constructive suggestions. In this revision, we have taken all the 

Reviewer’s suggestions to revise the manuscript. Two new figures were added to the 

supplementary materials to illustrate the new analyses that we performed to address the 

Reviewer’s comment.  

Major comments: 

1. In the discussion about the required network topology, the authors stated: “Each of the 10 

pattern-enabling reaction networks has at least two molecules whose associated parameter 

values (synthesis and degradation rate constants) can differ between the two.” How different 

should their parameter values be? Btw, this sentence is a bit confusing upon first glance. 

Suggested edit: “Each of the 10 pattern-enabling reaction networks contain at least two 

different molecules (Figure 2b, black and white circles). Note that in the model, different 

molecules specifically refer to molecules with different parameters.” 

Author response: We agree with the Reviewer that the differences in parameters between 

molecules needed to be better clarified and illustrated. The description of parameter ranges 

was not very clear, especially in the main text, so it caused considerable confusion to 

reviewers. During our computational screening, we sampled most parameters from log-

uniform distributions with estimated, biologically plausible ranges covering two orders of 

magnitude (Table S1). As an example, we use the figure below (Figure R2) to illustrate the 

distributions of degradation rate constants for molecules A and C in two pattern-enabling 

models (ABC-1 and ABCD-2). Between these two molecules, the rate constants can differ 

by up to two orders of magnitude, because of the sampling scheme (Figure R2, gray). In 

each of the pattern-enabling parameter sets, the two parameters can still differ significantly: 

many of them differ by more than an order of magnitude (Figure R2, blue). The selection of 

these two models is significant in the sense that molecules A and C are symmetrical in the 

network: they can bind to molecule B independently. There are two special cases of the two 

models respectively: AAB-1 and AAAB-4, in which A and C can be viewed as the same 

molecules with identical parameters. Interestingly, both the kinetically symmetrical versions 

AAB-1 and AAAB-4 and the asymmetrical versions ABC-1 and ABCD-2 are pattern-enabling. 

To address the reviewer’s comment, we took the suggestion to revise the text at the 

beginning of the second paragraph of the result section ‘Network topology required 

for Turing pattern-enabling reactions’. We also added brief descriptions of the parameter 

sampling ranges to the text introducing Figure 2C and Methods. In addition, we added a 

new Figure S9 (same as Figure R3 shown here) to the Supplementary Information. 





we are not able to estimate the rate constants and diffusion coefficients to further constrain 

the preliminary list of networks. It should be noted that, to our best knowledge, such 

estimates on rate constants were not available in most classically defined activator-inhibitor 

systems for Turing pattern formation. 

We also agree with Reviewer that there can’t be thousands of systems for generating Turing 

patterns. We think that the primary value of our work including the omics-level prediction is 

to demonstrate the breath of network topologies and their associated gene products that 

potentially enable Turing patterns, such that future experimentalists should focus on 

measuring rate constants rather than seek for matching network structures. This shift of 

attention will help to fill the gap mentioned in the paragraph above. Nonetheless, our high-

throughput screen can still provide a meaningful list of candidate proteins and RNAs for 

Turing pattern formation, and our gene ontology analysis provided some evidence to this. 

To address the Reviewer’s comment, we have now described the limitations and the 

specific significance of our omics-level prediction to the last Results section. 

4. The Routh-Hurwitz analysis should be cited and described (could be in the Supplementary 

text). 

Author response: We agree with the Reviewer. We have now mentioned and cited the Routh-

Hurwitz Criterion at its first appearance in the main figure (Figure 2c) (the third paragraph 

of Results section). We also cited the original papers in Methods. In addition, a textbox (in 

Sec.A.2) containing the new citations and new description of Routh-Hurwitz analysis for 

a 3-component system is included in the latest version of the supplementary text.  

Minor comments: 

1. Typo: “It should be noted that the networks in our study are hypergraphs (each edge that 

represents binding involves 3 nodes) rather regular graphs commonly used for defining 

feed-forward loops”. “rather” --' "rather than”. 

Author response: Thank you for catching the typo. We have now corrected it and marked it with 

red font. 

2. “In Set II (Figure 5c, left), Subunit A serves as a diffusion facilitator”. The diffusion coefficient 

of A is smaller than that of B and AB. So, B sounds more like the diffusion facilitator in this 

case? 

Author response: Thank you for catching the error. We have now corrected it and marked it with 

red font. 

3. Typo: “our analysis showed that the choice of parameter values, particularly ratios the 

degradation rate constants of protein/RNA subunits in various complexes, can be crucial for 

pattern formation.” Missing “between” after “ratios”. 

Author response: Thank you for catching the error. We have now corrected it and marked it with 

red font. 

4. Typo: “In addition to the direct interpretation of molecular degradation, the first-order decay 

rates of the molecules in our models are be generalized to rates of removal from a specific 

location (e.g. removal of molecules from plasma membrane via endocytosis) where patterns 

can arise.” “are be generalized” --' “can be generalized”. 

Author response: Thank you for catching the typo. We have now corrected it and marked it with 

red font. 



5. Typo: “Together we other four models, we analytically proved that Eq 1 cannot have any 

unstable steady state with arbitrary positive rate constants,” “Together we” --'  “Together 

with” 

Author response: Thank you for catching the typo. We have now corrected it and marked it with 

red font. 

References for Response to Reviewer 2 

Marcon, L., Diego, X., Sharpe, J., & Müller, P. (2016). High-throughput mathematical analysis 

identifies Turing networks for patterning with equally diffusing signals. Elife, 5, e14022. 



Reviewer #1 (Remarks to the Author):

The authbors have done an excellent job of addressing my comments, and vastly improving 

their manuscript. I congratulate them on a nice piece of work.

I have one outstanding comment that could be worth tweaking a sentence or two to address, 

5*16)* " &1 015 5*+0- 5*+4 %1//'05 *#4 # 4+)0+:%#05 +/2#%5 10 5*' /#064%3+25> 8*+%* " 45310).9

recommend for publication in any case.

The remaining comment relates to the very detailed response regarding multistability of the 

reaction networks. The authors suggest (in the section "ODE parameter sampling and numerical 

bifurcation analysis") that when sigma_B=0 (or sigma_A=0), there is a single unique stable 

equilibrium. Is this always the case? Is there a simple mathematical reason why we shouldn't 

expect the base parameters to admit more than one stable equilibria? Apologies if this is 

1$7+164> $65 +5 %16.& $' 8135* ?$3+';9@ ,645+(9+0) 8*9 5*'3' 4*16.& 10.9 $' # /10145#$.'

equilibrium in this case. In SI section B.3 there is a discussion of using an equilibrium near a 

Hopf threshold to prevent multistability, but again one has to a priori start with a system that 

only has a monostable equilibrium I think to ensure this. It also does not preclude other "far 

away" bifurcations from generating stable equilibria (e.g. saddle-node bifurcations which do not 

involve the original stable equilibrium).

I appreciate that the high-throughput analysis really focuses on the local picture, studying only 

bifurcations of equilibria, but there are many systems where other stable equilibria exist and 

can spoil the potential for pattern formation in complicated ways depending on subtle details of 

5*' 010.+0'#3+5+'4 #0& 2#3#/'5'34 ?'=)= 4'' %1//'05 < +0 /9 :345 4'5 1( %1//'054> #0& 5*'

cited work there). The direct numerical simulations of the PDE are a good validation that the 

parameters found do not exhibit these pathologies, but it could help to show that there are no 

far-away stable equilibria in general (though this may not be possible away from sigma=0). 

Despite the verbosity, this is really a minor comment!

Reviewer #1 (Remarks on code availability):

The authors have done an excellent job making their methods clearer, and their high-throughput 

pipeline accessible. Very well done!

Reviewer #2 (Remarks to the Author):

The authors have addressed all my comments.

Reviewer #2 (Remarks on code availability):

I did not install and run the code. But the instructions look very clear.



Black text: Reviewers’ comments.

Blue text: Authors’ responses (Bold: highlights of edits made to manuscript, where all 

edits are marked red in both main text and supplementary text). 

Reviewer #1 (Remarks to the Author) 

The authors have done an excellent job of addressing my comments, and vastly improving 

their manuscript. I congratulate them on a nice piece of work. 

I have one outstanding comment that could be worth tweaking a sentence or two to address, 

though I do not think this comment has a significant impact on the manuscript, which I 

strongly recommend for publication in any case. 

The remaining comment relates to the very detailed response regarding multistability of the 

reaction networks. The authors suggest (in the section "ODE parameter sampling and 

numerical bifurcation analysis") that when sigma_B=0 (or sigma_A=0), there is a single 

unique stable equilibrium. Is this always the case? Is there a simple mathematical reason 

why we shouldn't expect the base parameters to admit more than one stable equilibria? 

Apologies if this is obvious, but it could be worth (briefly) justifying why there should only be 

a monostable equilibrium in this case. In SI section B.3 there is a discussion of using an 

equilibrium near a Hopf threshold to prevent multistability, but again one has to a priori start 

with a system that only has a monostable equilibrium I think to ensure this. It also does not 

preclude other "far away" bifurcations from generating stable equilibria (e.g. saddle-node 

bifurcations which do not involve the original stable equilibrium). 

I appreciate that the high-throughput analysis really focuses on the local picture, studying 

only bifurcations of equilibria, but there are many systems where other stable equilibria exist 

and can spoil the potential for pattern formation in complicated ways depending on subtle 

details of the nonlinearities and parameters (e.g. see comment 6 in my first set of comments, 

and the cited work there). The direct numerical simulations of the PDE are a good validation 

that the parameters found do not exhibit these pathologies, but it could help to show that 

there are no far-away stable equilibria in general (though this may not be possible away 

from sigma=0). Despite the verbosity, this is really a minor comment! 

Author response: We thank the Reviewer again for the insightful review. Our revised 

manuscript benefited significantly from the constructive suggestions.  

Regarding the current comment, we have now added justifications of a monostable system 

at DR o 1 (or DQ o 1 for single subunit system without B) for each of the reaction network 

subject to numerical continuation (i.e. 18 reaction networks without triangles shown in Figure 

2b). Overall, the monostability of these systems can be mathematically proved with change 

of variable and considering subsystems amenable for analytical approaches. Here we 

describe the main idea of the proofs. Among these 18 networks, 17 involve binding of 

subunit B to another subunit (only AAAA-2 does not have B). We consider a new variable 

;JNPKM 9 6 <U*R
Wd
F , where <U*R  represents the concentration of each B-containing complex 

(including its free form) and ?R is the number of B-containing complexes, for each system. 

The dynamics of ;JNPKM is governed by =;JNPKM o DR n 6 >U*R<U*R
Wd
F , which is an open system 

with a single ‘source’ and multiple ‘sinks’. Because the degradation rate constants (>U*R) are 

positive for B in each complex (i.e. B always has ‘sinks’) and the concentrations are 

nonnegative, the condition DR o 1 will make all B-bound species and free B relaxed to zero 

at steady state (i.e. the only equilibrium point). Therefore, the only possibility for multistability 

must arise from species not bound by B. For AAAB-2 network, the subsystem without B has 

a trimerization network of A (i.e. the AAA-1 network), which was proven to be monostable 

with arbitrary positive rate constants using the Routh-Hurwitz criterion (the uniqueness of 

positive steady state can also be ensured by the chemical reaction network theory). For the 

same reason, AAAB-1, AAAB-3, AABB-1, AABB-3, AABC-1 and AABC-2 involve only 

dimerization of A in the absence of B, and this subnetwork (AA-1) was stable with arbitrary 

positive rate constants. ABCD-1 involves dimerization of C and D in the absence of B, and 

this subnetwork was also stable (equivalent to AB-1) with the proof using the Routh-Hurwitz 

criterion. For all the above 8 networks still containing di- or tri-merization and all other 9 

networks free of dimerization without B at DR o 1 , each of the isolated subsystems 



containing only free subunits can only have a single steady state because they have the 

form =C,=B o @ n AC, which is monostable. For AAAA-2, the system has only sinks but no 

source when DQ o 1 as it has the form =:JNPKM,=B o n 6 >U*Q<U*Q
Wc
F  (by changing of variables), 

which is monostable and each species must equal zero at the equilibrium point. 

We have now added this justification paragraph to B.3 of Supplementary Information, and 

we mentioned it briefly in Methods, where we have also cited the suggested reference on 

the disruption of pattern formation by far-away equilibria.

Reviewer #1 (Remarks on code availability): 

The authors have done an excellent job making their methods clearer, and their high-

throughput pipeline accessible. Very well done! 

Reviewer #2 (Remarks to the Author): 

The authors have addressed all my comments. 

Reviewer #2 (Remarks on code availability): 

I did not install and run the code. But the instructions look very clear. 

We thank both Reviewers for their positive evaluations of our manuscript in the second round of 

revision. 


