2PE2NCEER: EhngRSEAF—IBiE (Grand Unified Theory of Life Origin and Evolution Equation)
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IRIEEIRMEAISHY (rsth.2024.0283.pdf) (F—REEZWEMSIT), UKREEX
BY“Linux BB P BB SR (BER) XXX aERXE, HAERET
EXEE Tz B,

BB F

Fan SREME AR TEI=SF B EUE S+ AR F LA+ REREBEWEORAS
?EUJ%HEW SERERNATH SR BR 15 Z2 1T

FAERRERE

XNERET T fEE Stuart KauffmanFlAndrea Rolitg HHY X F A fp it RAFZ IR
. £aHIEBANTIT, MeERtFRAFERNARENYIENHFINR,

1. EEBHELES (Collectively Autocatalytic Sets)
> VIB\E\?@' SamRNETARENMEEREFNSF (WRHMAIRNA),
— N3 F ML

o JHUKIE: XEisH, RIEMEBERTIFXE—MN S B/ F. DNA. RNA
EAKA R E & AT AT R SRR B L&,

o ZHER: EXTEST, DTFAENMBIEM, BEHMC, CELILREK
A, RER—NNLEFDF, REMREMMERNINSE, XEAEMNE (Metabolism
First) AR,

2. —METER%IAMY (First-Order Phase Transition)


https://gemini.google.com/share/753ddcc3d643
https://support.google.com/gemini?p=shared_gem

BB L HIIERE ERNA, MBKEK—BFRARE,

SHEHRIE: XERRIEL, XEMNRFRUERN“—MIEZ” (first-order phase
transition) SEILHR.

BIESZE: SUFERENEZPNDFMERBFE, RNBREBZH, B
PERESRABE—MER R, NEFHNUFEZEREFNBEHERRS. X2
ETEIEME R TR TP,

3. RERAEME (Kantian Wholes)

BOEBR: BoRNTEEMEFE, BEREIHDMET.

NHERIE: FERBXLESTE XN BERML (Kantian wholes) : B{KZ2H 7 B
PDMEE, LREIIDFER,

TFEX: XEWNESBIEEXNET. KENEGET/ID FHIRERE
K, RS T HRMRNARNERERE, T ERREMER (WN4) .

4. YRFAGHRSFEIF (Constraint Closure)

BB BB SIS AN KA S I N RS,

XHEE&IE: ANEMINBRBEERRRFE O MEREL (NXEREIALIZ
VERYA M) o FENORAT RYGH, IFFEIBRWETLIREM, MXLELIRF
X RS REOREEFRMUTEE ZRILIRF o

Zig: MiFEm LEEREWRENBS . XMIENHIHEHAmK I8
. EfI. AEMITEIEV B EEMK" (Agency) o

5. 85 . ABERNATHFRERNZET (- RNA World Monopoly)

BB I ZHRIRNAH SRR, MRITREEN iR
RYZElT, HS5HRS,

XHEEIE: TEME+F, RNAHRRIEES T EMERAT. (FERENE
FEEAERRE—TMERINTLAE, INARFHESAI R T/ N FHRis
M4, ERABLHRNAEAERE S,



o B XR—MEED. EaiREF—EIFEMNSHEENRNARIREHIFIE,
MR UNER Z B &£/ D FREREF A,

T— TR
MBERBRNBBX MERIERE AR, REREE-NXT ERE
RERALIEHE (motifs) BERBBIE, SR,

grezEE T
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RHESCHE (rstb.2024.0283.pdf) HE_NAR, X—REFERETREILELEL

HEAHE. BMEFREDLURFERFEYPRHAIEE.

Ui h iz O X R N ER S IF A

B HRHEFR

BT SHER =R M ER B R IAIRFN R MBI EMELFING+RIZEYRRRETE
+ I EAEZOATER - RNAE R & i e —1%

FAERAERE

X—TIMIBICRE M 7 B AR FNEYAIEE, RENERRSEB R TZEE
B ERARE, EREREGFETHFETRMFEER PRI,

1. IFEA B ELIEEFR (Five Collectively Autocatalytic Motifs)
o BOBHE: BEMHIERE—MEN, MEFEEEIMISENRFMEIDETT,

o NXHEKHE: SIBTNgheFANAR, EHFENENIMSEN SEEBEL
RIE" o

o MMM : X—ELSEEWNNXRE —RINZHIFigure 1, BR 7 MNEEEIE
A MRB S A FIEENEN, XEBEEFRRNASEFNIREMESTIE
B (M1E531E)



2. RMEIFEMELFIHE] (Reaction Cycles as Catalysts)
o ZULBE: ERERIINERREZE, WERNNBERSSHMET #L
A E.

o MR XEXDTRIMERBENL. B2 IRERLT), M RNE
WS T L o

o BBEF: XHHETTEFNUKESREFF: A+B - 2CFH, EHRT—
NMA - C - E - AWER. SRA. C. EVISATETE, MEEB. D. FARET
#L7, A C. EMNFESBEMMIEN . WolosFA (2020) HIFAFRREA, X
MY ERNBEHRENEZEPIEEFEE -

3. RE&EYERAAREEA (Prokaryotic Universal Metabolic Fossils)
o BDLBE: MAEMERMAREERFIN B EXRENEZRL,

o XHEfKIE: HARKRIA, EAE6700MEREZEY (HENZE) F, LERIRT /)
DFEEEELESE

o HIEXE: XEESHANMLTMEIBEMOFAE, ENRIANZESE
RESEYPCBIER” o

4. HBEHAFZLIZE (Archaea-Bacteria Intersection)
o BOBHE: EWME4EsohzelNERBE, FE—TMROBNREES,

o XHEfKiE: ERETASHPERES|SZANGENAREF LIS FEEBE
L&, ME—NMRANRZE: 85175/ NS FMLI72D R .

o Hi. XIMREFFMZR—TEEBRAE, BRTHENARNHEEELH
BTXMZOES, MEERERKATEEFEEHRRIHED

5. 85 . RNAEIRSHIHE—M (- RNA Template Replication Uniqueness)
o BOBHE: Pk EEFESLMSTRFIRNAGEIR S BB K.
o XHEfKIE: RNAMRBRHNE KRN EEESLEHRNAZFIRIE o



- BERTE: FERE, HEERBENERBEUNFRNERMET ST
RUFEE M HEESTE TR, IFPRERRESR] . X—TIR%OETIE
IR AR S HIRI U NS RESEIIR 25 B %,

T—F1TRIERIY

X—DIER (Figure 1, 2, 3) IEBFE, Fi5lEFigure 2MFigure 3B T &R
BEUNBREN, MREFERTTHE=0 (HRrIEEE X FFigure 2MI3HIEI*
MR I WMBE N HE—TRRE) HITH, BEIRELEE =TT
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RIEXHEAS, BrifE 110, FNNINAIETESE201, MENEHEN B3W. FE
EH8I,

FEINEFEBEI EFNERREDR (Figure 2 M Figure 3) BT A BBEMENIEIE
BT, FRETX—EICHELR RNAT R AIZ OB L.

PO X HFBRER

FURKSE A B 14 SEIE+4i1 8B — ZREIE B IO TE+RNACI Z FHFIC Bk Ak +/ N3 FRTIA L SE (Rt - AL
RIRE HILLIT L

FAERRERE

X—TUREILSRNEGHXREDR, FEMRRKNEFENBFRE, MER
RNAZR A 7 BB

1. hRKEEF B #1LSEIE (Nine-Peptide Empirical Proof)
o BDBH: ZEER ) tEEEREFEEK, FREEE, BELKIEHA,

o XHKIE: IR Figure 3, EF BT Ashkenasy3L3a =193 AY EHOMAKLA AL
AR BELE.



ZEAT: ERNREAERTRENK (W0T1, T2%F), SkAREEXARME
R, XBE—TERKILFNS, IEBATRTRNAZSIN, SERREFMEEHNE
W, SRETELHS

2. i sh — EPEIEBIILIF (Bit String Bipartite Graph Model)

ZOBE: AHENRZFEFHAIE (0FIMAS) RiEND FRN, IEREEE
LEREFT1TE,

MR XJLZ Figure 2, XE@—MEUHIBICIRE, SFHERAAME 0
11100, 01100) , B RVIEET A7,

MDEZEE . LEELKRTRNYERFY), BEaAzERELT I, XME
BAEVBER 7 BYE Ik EXIgEAF ZRK) NEhEd B kM #gAE
HEZnF, BENTESBERAEFN,

3. RNAfCE Sz #F1Fie Bk (RNA Metabolic Support Paradox)

BOEBRE: RNATRERAILNKAR, ERBEERNAEXE, MX MRS
BRI TE TR

XHEHEE: XEfELH, EEARREFINRNAZEZEI RHME M ERRLE
MBRHRERIZERR (U, A C, G

BiBRiR): HREXTET, NRPAEHFRNAER, FBAZFHRNAEHIBIAR A

RS A SEEMEREEABEAN. NRABRRTERRES BIF
BEABEENRN), CUAEREFEHFEARNARHER? XB—MEEK
o

4. IND FHIEMR SR (Small-Molecule Precursor Hypothesis)

ZUEE: RENESTEAZNDFAEN, EREWHRTRNA.
XisfkiE: (FERH—MRERSINRE . WD FEABEVERFHEFR
By,

RURE: XENDFESHERERENL (Co-evolve), HNT EHREIAY
RNAZ‘RNA-REHI R 89#FRAE (Metabolism) &b, XE2—RE&
lal: SN =

5. 85 MIEREFI4E L (- 1solated Template Replication Absolutism)

BB BEREERES (MIDNA/RNANREEH]) 7 BEEELIEM—
BREHEN R =0



o MHYMKIE: FIRNAEFRBIZAIEN (), BPEEESM4HRNAZFIFRIE,

o BHEEE: X—WMEANTHBRW BN FEREFNNIERE. EHERE
— &, MAR— M EEN

HERT: BRM 3/11 0, T—%: FIATBRTBKREEFNRZEYND
FEAEBERUENEE (Figure 4), BBRIAEYPAZERN EERBMLA RIER
IHE, BR4RE?
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RIEXHS (rsth.2024.0283.pdf) NEWEIAAZ, X—IueMt TIREMSTHEIHIIE
#E (Figure 4) , FFRNRW T XEABBZUFETE/LHZFRIBSE 2 #HL Ao
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B HRHEFR
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& -NPEREE 1T RS

FAERAERE

X—TIRZOE T RRASHNENUERHSHEN, BER— IS ERLNRS, B
BEMERRE T RTTH TR BAVE T,

1. Bz AL MERE (Prokaryotic Metabolic Fossil Network Map)
o BROBHE: MREMAENEE —KLENEEE", BITTFHEDNARNASSH)
D FAE M.

o XHEKIE: YN Figure 4 XKEXWEEET T — MERZEYP LI,
FEEREY (WIDNARNARK) BN FEEBEKE .

o EEMYIEE: XM \oFBEEKEHIEN, MEEFREERNR 6700MFRZ
£ PEREAIT o EN2AEEEENR.



2. T EAEHEFEIE%IIE (Archaea-Bacteria Ancestral Intersection)
o BOBE: EWHAKNWRE, dTEMAREZ—EZON BRE"

o XHfKIE: FHIEE (394fHF) MAE (29205 F) WAMEHRE—1E
& 175FND FRL17210 R EL BI3ZE -

o XBRM: XITREFFMZ—THREBRLE . XERESTENARTOHER
BAEBHATXMZOE, BEDEDR, S8EK.

3. RN FEEEFRIEE (Irreducible Subset Transposon-like Inheritance)
o ZLBE: RFHKHNERBEITRAREND T, MEEETEN REIER,

o NHEHIE: ANBEENMEEEEE TSN FTIAKKBEELE
(Irreducible Collectively Autocatalytic Sets, iCAS) o

o HLBIH: XLERTAFEMGER—ELEAR (Replicators) o BIIATUE
SRIEEEF (Transposons) —#¥, EARRBRMCHING Z BF . R0, MMM
IXTHHAY -

4. B AR SRIETTREN A (Spontaneous Reaction Adjacent Possible
Expansion)

o BB MBINEET RRRMNPUFEZEREK,
o XHE#KE: MENBECENESREBARN, FELSRESZINIHDF

(o}

o HERNG: MBXNHEENSD FREECIIENRMN, HERNENS FE
&, EMSWIHERHMAZIEST, NTIEEEST BHNCFE LBV BERTEE
(Adjacent Possible) o

5. 85 . NPREITRIRSI (- NP-Hardness Computational Limit)

o BB BATNEEIC LERT DRAENENGE, BEREiTELEIR
TR R



o JHUKIE: MEHE—EARHINMEZFIRFHFAIENARTAERBBLFE
(iCAS) @— NP-hard (FFHaEMZINTBTEIEME) AR .

o WEFZW: RETEFRFERRE, BINHEETE6700MRZEYFIRG LTS
XAFRFERFITHULDHT o

HERTR: BRM 41101, T—%: FE5IURNB—MESHRITNBUE R AR
WHE (BMSBEICEMIRIENKLRE) , UAX T EEEN BRI Y
G, BERE?
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1. RomiE R #H R R 228 (Microfluidic Mass Spec Flow Reactor)
o BB FAIAEANEATH#HHNNELIRE", RINEEN,.
o NHEfKIE: FERUESSHRIZERZMBEIE RO TABIRK o



#BEZE. Ba8/)\9FERCENHREEINERNRIERSPEIF, WH
HITIRECENERD . 28] EHARSR), HERBRIENITRERSD
XSERR BT — A LUt s B EERRRAR N EE o

2. KEAEHEREHE (Reproduction as Local High Concentration
Fluctuation)

ZUEBE: DFEERVAUERIZEARAZTHN R TINERE,

XHEEE: TERNREMER, BTFREEABREBELRN, FEBERKS
HREZZETFERE .

ARG ERHXE, SREMNSFrIgEaiFAaAR T — MM A/ haFE
HKEENLE . BAit, 2 FEENEEARRVIEEN—MBEEHKE" (local
fluctuation) T BILAY o

3. BEY—MEZ XA (Polymer First-Order Phase Transition Inevitability)

BLER: UHFEHMATIERS, £HRASEKEK—HAMEE H
YRUKIE: E1971ELRMIBICTISN R, MES FRIMERENEN, &
GERE— NGRS, I EAERLEEN —MET B5EH .

£ig: XRWRED FEENBINZRFMNERE THOAEH -

4. FENEIE R AL (Random Graph Giant Component Analogy)

BOEBER: FIBRRET-ER (Erdés-Rényi) FEHEIRICKERLEMNE
o

SRR X—HETHHFERIESHIESRERA A (giant component) B
HIMFEIT -

BEZE. ERVED, HO5TNRRLRET0.56, —MEERT RED TR
MEREESRALI . FIE, HUFERNSSFILEER (R/M) EmME—E
2E, BECNESRIEBHAES -



5. B _EPEHEL TSI (Hyper-bipartite Graph Catalytic Probability
Parameter)

o BB RBIHEMvEAR g EmERNFR G

o SHKIE: BAEGRHRYE HBRAXRSF, AEARRE) . 5IAZ
K Poqr, REREEDFEUESRMNMBIEE .

o HEEN: URFBN NGB IE" (hyper-bipartite graph) B, EIE Pey 3
IS F M, BAMERET .,

6. S DO HAZAKIM (- Catalytic Distribution Shape Dependence)
o OB XNMERIEERE, FRIRFNLELT,

o NHEKE: XMEEFBECENEEEEEN, T HELENITER
2om. BN HmEEEHoH, HRBzRE

o FHEEX. XBRTIRHE. FIEXDBRIBIKN, BT ERTEFER
HIBFER A REM,

HERER: BB, T—%: FERNBEVEABRBLEE NERW
£8E& (Figure 5), FITICUNMEHETSELE (WFontanafY & AL E FMiller-Urey3ELGHY
WMAHR) NXMET, BE4¢RE?

FrR TRATIE, —TIAXIET
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KA, NTRENE, BRERRZOAST (F6IIEH100T, FUITNEEX
BAFEEE) —RIENEEREFR, RIPHRBEEEHDINF, DREIXRER
NEZEERNR.
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X—TIMIEIE M 7SR ER I Eai/RIES, HEE T i EVURIARY
IEHEo

B HRAEFR

REMERINE+BEEZNFLispRARIT+ MR ESN+HRRERIERE - RENSEZ
FEIRES

FAERREIRR
o BEWSEIRIMNE (Polymer Set Topology)
o JIMYMKHE: IFLY Figure 5,

o ZH: BRRT —THRMEE (aflb) HMBLMERSYIERBENL
. RERBERDF, EBARSKRTENIER. XA T BMER B R Y)
BB RN, HEERZRE HIBI LRI,

o BEEXWFLispRIAWIE (Algorithmic Chemistry Lisp Verification)
o H4fKHE: S|FBWalter Fontanafy B E L

o HE: FontanafEitEM AHE H4EI 750,000 LispREFziA. ERA
m, ESAREECETEBELEINT .

o EMBTESHM (Macroscopic Phase Transition Detection)
o LB WMERELEHEET? BRMAITHEE.

o Hit: EEREBAERIZA, RARIAANBSSHENE. RENH (HAH
B, B&A%); BRllzE, ZHESEITE, BES FHENKSRE A
o Xt EinEE RNENES,

o ORISR (Microfluidic Mass Spec Experiment)

o T—¥17Eh: Z5&Eva WollrabZ ABISEEE FIIADNA/RNAZFERA , Fil]
B] LAF) BRRIT A B SR i iR BT E S,

. RS EENBESHMIRE (- Low Copy Number High Diversity State)



. BX:
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EREMRERMIVERIRS. BELEN, RFEDIHERXMIR
EREMED RS B RERINE S SiEE ML

{.'_'L

B FUHRRSYERES
X—TURERTRNRREZE: ATAEMRFERENFE (EFEF) ? Ukft
A TEBIYIERRE Xo

RO X HRHFR
FHEXR B IR ER+RE FHEE R LB+ RERRE XA RA G AT - 2REE M —TadiL

SFAERRTERRE
o FEXRTREMEMIER (Chiral Symmetry Breaking via Autocatalysis)
o BRLBE: AtaZEBABRE2EENE (L), DNAZZEARE (D) ?

o Z4: ETFFrank (1953) BIRIEH . MMR—IEFE (2=2L) HEE
BREEEBRBA, BNMHEFE (Racemic) HIEEY, BBARSK=
BAFTIRNE, EMELEED -

o [FEIFMHIEZFEME (Homochiral Selection Advantage)
o NHEHIE: RISEFURSYEANRYSELTILERESFHERSYERAN

o

o £ KRAILISIE: MRELLRFRSINDED, EEREHEERBME
g KRN ERD, E3£L

o BREEMATEN (Kantian Whole Definition)

o BEFZTE. ME—AREERE, MOOENR (BEF) FE, fEdEdo
fE (#B93) #1E . £ EFHPRIFAXMEERTFHEEREFEN.

o HERAAHNPEMIN (Constraint Closure Thermodynamic Work)
o BlWIER: BOHFELAR (WMAMEBHIAZEESRA) o



o XBEX: ARSI TURASG—IFFEIRE (BIF) WETHR
(K1), MAORXRIRIESIRZEMEEZHNOR, ARFE LT
“WERENBE .

o A5 WY —5THIL (- Hardware Software Distinction)

o RBARS: TARD, SEIRINEGINRYE . ANORAS, ArE
crEHiEE RV, BEVBHNELR. XMXDHEKT -

B\ BREES REDEIR

X—TUEIR T Ean iR M B RIS NA R N E VAR, MR T R E R
£

RO X HRHFR
BREREEEER+RARNATDELE L +1F F R SERI+ IR F DR - BIFTHEERE X

FAERREIRRE
. BREREREFESR (Nested Kantian Wholes Hierarchy)
o BB ESBEE

o B FEREMIR—MBE;, EREY) (B48hE) B2MEE; S48
FMR=MERL ., BRERERFATREENEE, EZFRATIHD -

o MXRNAWHE#L (Peptide-RNA Coevolution)

o HE: RNAWGERMEDF (EHIXE), BRAAILUEBDFWNGE; RidK,
RNAR] LU EAEZEEFE BN 5 ARA o

o #iL: MELREMENE, M7 EaRNREER,
o BHREBAEEN (Piecemeal Polymerase Emergence)
o RUEEZE: BOH (EFINEE) FTERXRALIN,. REFIEREFLEMR
RNAR B BETHMES BN EH|— T 20 MR E KN A, FEXMEENRD #
k. Bz, REBTRTENERASHIEES .



o IALFYREDESIR (Stereochemical Coding Origin)
o OB BEEE (Coding) FERENMAIER, MEEFHFEEMS,

o JHE: L-SERMRATESENNEND-RNARERF . XIER T HRIEX
ZBTERK-RNATDEIZH L B AR IR,

o A5 TEWINEETEX (- Circular Function Definition)

o ZIE. REBANEXERTEYMFRINEETEXKTEFCIERR, 559
BINEERL B LR BRIAFENBTARTFE -

BhI: 8ERE (Agency) BOEELE
X—TURT 7Y R AR S MR E BB S, BNAE S S5IEE YRR,

Bl X FBNEFR
MEERERNIE BB E B EMA D T B EEAH+HRENKIRFIE - WEhZ A

SHERREIRRE
o ZABEAERNIEEIN (Cellular Agency Emergence)
o BB MEAREE, BI1E1T5,

o HEl: BEFORAEG, AEHITARADFMINER, FEIRBRAFER.
BN AENBBEF I NEUBE" ZEMREER

o EXIER4AER (Semantic Information Generation)

o BEFEEN. WTFIEES, REEX BXNTFHMR, BEXHET—EN
BEXBUBBREEFETE .

o SDFBEEFEME (Molecular Autonomous Agent)

o EX: BEBEHE. #TEL-—TRNFMINER. HAHMEEL—NEEN

o EMNZIGFTE (Criticality Edge of Chaos)



o ¥R BEEMZMRTEAIEF5EE NS (RFRT). XEKX
7 AR Sttt SRANREX A SE1TEhRYRE DD o

o S WEhZMHI (- Passive Object Status)

o Mt X—mREYSYK DR, EYFEEYIEERIREDRIE,
e E R,

B BEFEERNS S
&E— (Fief7n) RETREFEENYEFNR . EYMFTERYIEFT
HSo

RO X HRHFR
FFFIMEY IR U HE R WE BT RIEISY K- A=A SR

FAERREIRRE
o JE4IAEYIEEW (Non-Newtonian Biosphere Evolution)
o RER: EYERENEET 4FIE.

o B FMAOFENEFHEEHERBMT—IISCIKERN HEZIE)" (Phase
Space, FAERIREIASHIESR). BREEWHLFR, EYVEIEISHTIHEE
(SNE S 3BEE), NEREISHTRIAETIE o

. {EBM4HE (Propagating Construction)

o TEM: HYEBER—MERENEETE, MAR— I UMVBERDH
SHFHIZIELR (Entailed Deduction) o

o HAZEEIEY # (Evolving Phase Space)

o [BER: BATERMS LA RREYIBFIE RN GTE, EABNE
REME=IE) A S MR EY IR H RIS AT o

o WS: MigHETEZESTE (- Entailed Deduction Law)

o #it: “HHEFRE—NEIE"(The world is not a theorem) o FHF AT M
St A IRRR R
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HEHNETRIZBLInOIERIFERERRN, EFE651EFH 100189 0Z 42,

$6I: EMEENEMES

BOFN: EHEMATESEN=FR VB AR+ B SRS EERSEMERS
HARIZBUBRARE G - R F AT R

ERIFE:

o MRBSBEELFIRM:

« 1238 5|AFontanafy BEIALF KL, AITENA (LispfER) &I
AFERSAERIEEER.

. BEEFMNEFERSHFIENS:

- 24 ERYMESESHIEINETES. Eanthilel, REEDFit
KRZEEMERLD (B ; £ (BELKE) DG, D&MD
FIRERY, BERE, SHMERE

o WREREBERAES:



o B4 RUHMNEARLRSR, BRRIEREEINRIAR, BREU
EREIESSHLE"
o RS RS FATIMRE:

o B XMENFERFERIERGER N FEEEB NS F, R
FEELRMBGIT LN, RUTFEKREARFEEBERE KD Fo

BT EHNYEEXSTFHE

BDFN.  EHYEAREN=FERUNTHR+ REEGI D EF+ARAE RN FE
- BB T AL

BERIFRE:
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We present an integrated and testable theory for the spontaneous emergence
of life up to the prokaryote with template replication and coding.
Collectively autocatalytic small-molecule sets, DNA sets, RNA sets and
peptide sets have been discovered or created. Reliable theory supports the
claim that such systems can emerge as a first-order phase transition. Such
sets constitute Kantian wholes: the whole exists for and by means of the
parts. We propose that the earliest life began with small-molecule collectively
autocatalytic sets as first-order Kantian wholes. These merged with two
other first-order Kantian wholes—peptide and RNA autocatalytic sets—
to form a third-order Kantian whole. The autocatalytic, small-molecule set
coevolved to become the metabolism of the entire system. The peptide
and RNA collectively autocatalytic sets ultimately coevolved to template
replication, coding and the ribosome. The same peptide-RNA coevolution
may have broken chiral symmetry. Collectively autocatalytic sets achieve
constraint closure. Thermodynamic work is the constrained release of energy
into a few degrees of freedom. In constraint-closed systems, a set of
boundary condition constraints on the release of energy, [A,B,C], constrains
that release in a set of non-equilibrium processes, [1,2,3], to construct the
very same set of boundary condition constraints, [A,B,C]. Cells literally
construct specifically themselves. Because constraint-closed systems carry
out thermodynamic work cycles, they constitute molecular autonomous
agents that are able to sense, orient, decide and act in their worlds. These
theories overlap and unite with the RNA world hypothesis.

This article is part of the theme issue ‘Origins of life: the possible and the
actual.

1. Introduction

For the past four decades, the RNA world hypothesis has dominated work on the
origin of life. Our purpose is to explore whether an alternative view, collectively
autocatalytic sets, may now warrant serious research efforts. The two views may
overlap in useful ways.

Robertson & Joyce [1] summarized the three central tenets of the RNA world
hypothesis:

(i) at some time in the evolution of life, genetic continuity was assured by the
replication of RNA;

(ii) Watson—Crick base pairing was the key to replication;

(iii) genetically encoded proteins were not involved as catalysts.

These authors point out that ‘RNA World hypotheses differ about life that
may have preceded the RNA World, about the metabolic complexity of the
RNA World, and about the role of small molecule co-factors, possibly including
peptides, in the chemistry of the RNA World’ [1].

©2025 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution License
http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original author and
source are credited.
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Figure 1. The five collectively autocatalytic motifs. Derived from [17].

Nobel Laureate Walter Gilbert proposed the RNA world hypothesis in 1986 [2]. Work over the years has focused on attempts to
create template-replicating RNA or RNA-like polymers without enzymes [3-5]. Recently, Wachowius and Holliger, using in vitro
evolution, have obtained an RNA sequence able to act as a polymerase and template to replicate several hundred nucleotides [6].

2. Metabolism first: collectively autocatalytic sets

The RNA world states its first tenet: ‘Genetic continuity was assured by the replication of RNA’. It is of major importance that tem-
plate replication is not the only chemical means to ensure continuity. Persistently reproducing collectively autocatalytic chemical
reaction sets affords a different means for chemical reproduction and temporal continuity. Such systems have been proposed for
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five decades, and DNA, RNA, peptide and lipid collectively autocatalytic sets have been produced experimentally [7-16].

(a) Collectively autocatalytic systems without catalysts

We distinguish two senses of ‘collective autocatalysis’. In the first, there are no ‘catalysts’, rather, reaction cycles themselves
constitute the catalysts. In the other sense, there are catalysts in the system, as discussed below.

Consider a hypothetical open chemical reaction network: A+ B —2C, C+ D — 2E, E+4 F — 2A. There is a reaction cycle:
A—-C—E—- A If A Cand E are initially in the reaction system, and B, D and/or F are supplied exogenously, the abundance
of A, C and E will increase autocatalytically. The reaction cycle itself is the catalyst.

Recently, Nghe and collaborators have demonstrated that there are only five specific “collectively autocatalytic motifs’ [17] (see
figure 1). These five motifs differ in their stability in open reaction systems, increasing from 1 to 5.

Increasing grounds exist to think that chemical reaction cycles are abundant in chemistry space [18]. Wolos and colleagues in
2020 studied ‘Synthetic connectivity, emergence, and self-regeneration in the network of prebiotic chemistry’ [18]. They report an
abundance of chemical reaction cycles. These cycles are autocatalytic and hetero-catalytic. If each cycle can act as a catalyst, then
mutually linked cycles can act as collectively autocatalytic sets where the cycles themselves are the catalysts.

(b) Collectively autocatalytic sets with catalysts

Figure 2 shows a simple hypothetical chemical autocatalytic set. Figure 3 shows Ashkenasy’s nine-peptide collectively autocat-
alytic set [15].

As noted, collectively autocatalytic DNA, RNA, peptide and lipid systems have been studied for years [7-16]. Are these
reasonable candidates for life? For the earliest life?

Earliest life. Perhaps the most powerful recent evidence that molecular reproduction can be based on collective autocatalysis is
found in two papers [20,21]. The first [20] demonstrated small-molecule collectively autocatalytic sets with no DNA, RNA, protein
or lipid polymers. These sets, each with several hundred small molecules and metals, were found in archaea and bacteria from be-
fore oxygen was present in the atmosphere. It is deeply interesting that the two small-molecule collectively autocatalytic sets have
an intersection set of 175 small molecules and 172 reactions that is itself collectively autocatalytic. This suggests that the precursor
to archaea and bacteria utilized this intersection autocatalytic set. If so, this precursor small-molecule collectively autocatalytic set
diverged into the sets found in the archaea and in the bacteria. These sets became the basic metabolism of all subsequent life.

A second paper [21] has shown that all 6700 prokaryotes have small-molecule collectively autocatalytic sets. These sets range in
size from a few dozen molecular species and reactions to a few hundred. Presumably, these evolved from the primordial intersec-
tion set between archaea and bacteria over 2 billion years ago. An important caveat is that these sets are identified computationally.
It has not yet been demonstrated that they reproduce in vitro (see figure 4).

It now seems plausible, perhaps highly plausible, that such small-molecule collectively autocatalytic sets were the first form of
“life” in the Universe. Such sets typically form a number of amino acids and at least one nucleotide, ATP. In addition, via ATP and
NAD, they couple the rudiments of the two major energy systems in living cells. Other sources of energy have been hypothesized
as arising from wet—dry cycles [22], or from transmembrane proton and CO, gradients [23].
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Figure 2. A simple collectively autocatalytic set. The model molecules are bit strings acting as substrates and products of reactions. Black solid arrows are drawn from
the dots representing substrates of a reaction to a box representing the reaction. Black solid arrows are drawn from the reaction box to the dots representing the products
of the reactions. The actual direction of flow of the reaction depends upon displacement from equilibrium. Dashed lines from dots representing molecules to the boxes
representing reactions depict which molecules catalyse which reactions. The exogenously supplied food set of monomers and dimers is shown in the grey oval. Derived
from [19].

Figure 3. The nine-peptide collectively autocatalytic set discussed in [15]. The ovals show the molecules, and the arrows show the transitions among the molecules and
the relative rates.

The existence of small-molecule collectively autocatalytic sets in all 6700 prokaryotes poses a serious challenge to the RNA
world hypothesis in which continuity is always maintained by template-replicating molecules. To persist, any such template-
replicating RNA would have had to acquire a connected chemical reaction network metabolism leading from simpler chemicals
to the needed nucleotide building blocks of the RNA molecule itself, including U, A, Cand G.

Here is the challenge: in any such metabolism that evolved to support the RNA template-replicating molecule, there is no
reason to think that the metabolism itself would be collectively autocatalytic. On an RNA world hypothesis where continuity is
assured by template replication (tenet () above) there is no need for the small-molecule metabolism to be collectively autocatalytic.
And to function as a metabolism to support the replicating template, there is no reason for the metabolism itself to be collectively
autocatalytic.

The RNA world hypothesis may not itself explain either the origin of life or what existed prior to an RNA world [1]. It seems
an attractive hypothesis that small-molecule collectively autocatalytic sets were the earliest form of life on this, and perhaps all
life-sustaining planets. This suggests a new union between the RNA world hypothesis and a collectively autocatalytic set view,
where such a small-molecule set coevolves to become the metabolism of a later RNA or an RNA—peptide reproducing system.
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Figure 4. A small-molecule collectively autocatalytic set with no DNA, RNA or peptide polymers in a prokaryote. Similar small-molecule autocatalytic sets are found in
all 6700 prokaryotes. Presumably, the phylogeny among these is part of the evolution of metabolism. Derived from [20].

(c) The evolution of small-molecule autocatalytic sets

The early archaea and bacteria both have small-molecule collectively autocatalytic sets, with 394 and 292 molecules, respectively,
and they share an intersection set of 175 small molecules and 172 reactions that is itself collectively autocatalytic [20]. As noted,
presumably the intersection set evolved to the archaea and bacteria sets.

There are two major pathways for such small-molecule collectively autocatalytic sets to evolve:

(i) Collectively autocatalytic sets are typically comprised of one or more irreducible collectively autocatalytic sets. Such an
irreducible set has the property that if any single reaction is removed from the set, the set is no longer collectively au-
tocatalytic. Irreducible collectively autocatalytic sets, as replicators, can function somewhat as do genes [24]. Such an
irreducible collectively autocatalytic set can transition from one to another larger collectively autocatalytic set, rather
as do transposons today. Sets can evolve. We can study this evolution of metabolism computationally. It is NP-hard to
identify all the irreducible collectively autocatalytic sets in a larger set [19]. However, it is possible to identify many such
irreducible sets among those found in 6700 prokaryotes. Let N irreducible sets have been identified. Then each of the
small-molecule collectively autocatalytic sets in any one of the 6700 prokaryotes has some specific members among the
N. These can be identified. This should reveal patterns in the evolution of metabolism among the prokaryotes.

(ii) The presence of spontaneous reactions with the members of a small-molecule collectively autocatalytic set implies that
spontaneous reactions can create small molecules that are not members of the current small-molecule collectively auto-
catalytic set [25]. If a novel product molecule is created by a spontaneous reaction, and if that product molecule or other
molecules in the extant set can catalyse that spontaneous reaction, then the reaction and product molecule are added to
the now enlarged small-molecule collectively autocatalytic set.
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It may be technically possible to unite microfluidic systems and mass spectrographic instruments to analyse such [ 5 |
metabolic evolution. Here, one injects a microvolume droplet of buffer containing a small-molecule collectively auto-
catalytic set into an oil microfluidic system that cycles the droplet. The droplet can be ‘fed” by injecting further fluid
containing desired input molecules. The droplet can be divided into two droplets that cycle further. One of the two
droplets can be fed into a mass spectrograph system to analyse the small molecules in the droplet. The total system has
become a flow reactor that can select for increased rates of autocatalysis, and it can also ascertain whether the system has
expanded into its chemical adjacent possible. We can study the evolution of metabolisms.

(d) The emergence of reproduction as a local fluctuation

We have considered two forms of collectively autocatalytic sets: those without catalysts, where the cyclic structures in the reaction
networks constitute the catalysts, and collectively autocatalytic sets with true catalysts catalysing the reactions. These two may
function together:

(i) Consider a complex reaction network with many autocatalytic and hetero-catalytic cycles. Because the reactions are
autocatalytic and the systems are open, some of the members of these auto- and hetero-catalytic cycles may rise to
concentrations far above their equilibrium concentrations [18].

(ii) Irreducible small-molecule collectively autocatalytic sets can be comprised of a modest number of molecular species
[20,21]. Given high concentrations of some of the different molecules present among the auto- and hetero-catalytic re-
action cycles in some locales, these might also happen to comprise at least one irreducible small-molecule collectively
autocatalytic set.

(iii) Thus, small-molecule collectively autocatalytic sets might emerge as a local fluctuation. Once formed, such sets may then
be able to evolve by exploring their chemical adjacent possible.
(iv) Molecular reproduction at the level of small molecules could have arisen as a fluctuation.
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(e) The emergence of collectively autocatalytic polymer sets as a first-order phase transition

The possibility that self-reproducing collectively autocatalytic sets can arise as a first-order phase transition has been under investi-
gation since 1971 [7-18,20,21]. Well-grounded theory has shown that in a system with an increasing diversity of molecular species
of increasing molecular complexity, at some point a first-order phase transition is reached at which collectively autocatalytic sets
spontaneously emerge [7-9,19,26]. Such a phase transition would be the emergence of molecular reproduction. The mathematics
underlying this phase transition parallels the first-order phase transition in random graphs as the number of connections between
a fixed set of vertices increases. Giant components connecting a large fraction of the vertices in a giant cluster suddenly emerge
when the ratio of edges to vertices increases beyond 0.5.

With respect to collectively autocatalytic sets, we consider bipartite reaction graphs (see figures 3 and 5). Ovals represent
molecules and boxes represent reactions. For each of the molecules and reactions, arrows run from substrate molecules into a
reaction box. Arrows run from the reaction box to the product molecules. The directions of arrows do not reflect the direction of
thermodynamic flow towards equilibrium.

As the diversity of molecules and atoms per molecule increases, the number of ways to synthesize each of these more complex
molecules increases, thus the ratio of reactions, R, to molecules, M, R/M, increases. The analogue of the Erdés-Rényi random
graph [27] arises by defining a parameter, P,, which determines the probability that any molecule catalyses any reaction. The
theory randomly assigns, with probability P,;, to each molecule and each reaction a ‘catalytic arrow’, running from the molecule
to the reaction it catalyses. The system is now a hyper-bipartite graph.

For a fixed value of P, as the number and complexity of molecules increase, so R/M increases, and a first-order phase tran-
sition arises at which a collectively autocatalytic set emerges [8,9,26]. This first-order phase transition to collectively autocatalytic
sets persists if the distribution of ‘who catalyzes what’ is a power law, uniform or Gaussian [19,26]. The same transition occurs if
candidate catalysts must have sub-sequences that ‘recognize’ candidate substrates [25].

Figure 5 shows an example of such an autocatalytic set, derived from [8].

Parallel artificial life theory supports the same results. Years ago, Walter Fontana created ‘algorithmic chemistry’ [28]. Fontana
maintained 50 000 Lisp expressions in a model ‘vat’ on his computer. Fontana fed novel Lisp expressions into his vat, and ran-
domly removed Lisp expressions from the vat to sustain the total number of Lisp expressions at 50 000. The system models a flow
reactor. Lisp expressions can act on one another to produce new Lisp expressions. By maintaining a constant total number of Lisp
expressions in the vat, the system selects for Lisp expressions that increase in abundance. Fontana found, first, Lisp expressions
that copied themselves and took over the vat. Further, when he disallowed these and re-ran his experiments, Fontana reliably
found the spontaneous emergence of collectively autocatalytic sets of Lisp expressions.

Very recently, Agiiera y Arcas et al. have extended Fontana’s work with eight different base languages. They found the same
spontaneous emergence of collectively autocatalytic sets in seven of the eight [29].

A sensible summary of the theory over the past five decades is that the spontaneous emergence of collectively autocatalytic
sets of polymers, RNA, peptides, lipids, or all three, as a first-order phase transition can be expected [7-16,19,25,26,28,29].

!Gonen Ashkenasy, Wim Hordijk, Stuart Kauffman, Niles Lehman, Sijbren Otto, and Philippe Nghe shared in 2011 a small CERN grant to pursue initial phases of
these ideas.
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Figure 5. A collectively autocatalytic set of linear polymers derived from [9]. Ovals contain polymers of two monomer types, a and b. Allowed reactions, shown as dots,
are cleavage and ligation reactions. A dotted arrow from a molecule oval to a reaction dot indicates that the molecule catalyses that reaction.

3. Experiments

If the above is true, and the abiotic universe generated complex molecular and polymer mixtures as found on the Murchison
meteorite and elsewhere [30], life is expected, but the actual probability of its emergence and abundance in the Universe are yet
to be calculated. More data are needed.

Experiments are needed. These all fundamentally ask: if the diversity and molecular complexity increase for some class of
molecules, or mixture of classes, can we detect a phase transition emergence to collectively autocatalytic sets? Such experiments
are now feasible. Eva Wollrab and Albrecht Ott [31], have run the Miller—Urey experiment for a month and generated thousands
of small molecules as evidenced by mass spectrometry analysis. We now have the capability to generate highly diverse libraries
of DNA, RNA and peptides [32]. It should therefore be possible now to test in detail whether collectively autocatalytic sets can
emerge.

Macroscopic signatures of the emergence of collective autocatalysis would be highly valuable and may exist. Fontana’s early
results with algorithmic chemistry in a ‘flow reactor” hints at one signature [28]. Fontana found that early in the process, the popu-
lation of Lisp expressions was highly diverse but the copy number of each Lisp expression was low. After collectively autocatalytic
sets emerged, the diversity of Lisp expressions dropped sharply and the copy number of each increased. This seems a macroscopic
measure to test on a population of coevolving molecular species in a flow reactor maintained to enforce selection for molecules
that increase in abundance faster than the flow exit rate from the reactor.

Agiiera y Arcas et al. suggested that a higher-order entropic measure of the sequence complexity may be able to detect the
transition to collective autocatalysis [29].

Assembly theory also supplies a means to assess whether a polymer sequence might be a sign of life [33]. Perhaps the same
measure can detect the emergence of polymers in a collectively autocatalytic set and distinguish them from an earlier phase before
collective autocatalysis has emerged in the flow reactor.

Beyond such signatures, detailed analysis will be required to assess which molecules catalyse which reaction in such sets to
directly confirm collective autocatalysis.

If these experiments succeed with any single class of molecules, small molecules, peptides, RNA or with any mixtures of these
classes, we will begin to have good evidence that molecular reproduction can, indeed, have emerged spontaneously in the Uni-
verse. Furthermore, for the first time, we will have the beginnings of quantitative data to assess the conditions for, and hence the
probability of, such events in the Universe.
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4. Breaking chiral symmetry

Chiral asymmetry in the molecules of life is famous. In encoded proteins, all amino acids are levorotatory (L). In polynucleotides
in DNA and RNA, the nucleotides are all dextrorotatory (D). The fundamental question is why and how life’s molecules broke
chiral symmetry. There is no agreed answer ranging from the weak force to beyond [34].

A well-known theory by Frank in 1953 [35] proposes a form of autocatalysis. Given a racemic chemical reaction with D and L
products, if the D products autocatalytically amplify the D version, chiral symmetry will be broken. The same holds if L products
autocatalytically amplify L. Even more strongly, if the autocatalysis of D inhibits any autocatalysis of L, and vice versa, the system
breaks symmetry either to all D or all L.

It is straightforward to generalize this basic idea to collectively autocatalytic sets of chiral polymers such as peptides or RNA.
Assume a single testable postulate: homochiral polymers can function better as substrates, products and/or catalysts in reaction
networks than can racemic polymers.

This postulate should be testable in racemic and homochiral polymers in collectively autocatalytic sets. For example, consider a
homochiral all L peptide autocatalytic set. Substitute a modest fraction of the amino acids with D and test whether, under selection,
the system returns to fully homochiral L.

The postulate above links collectively autocatalytic sets to the older theory from 1953. Each homochiral collectively autocat-
alytic set amplifies itself. In the presence of the other chirality, polymers that are all L and polymers that are all D amino acids
will recombine by transpeptidation. This will yield racemic polymers that should be less efficient at any collective autocatalysis.
Selection should yield the re-emergence of homochiral, or nearly homochiral autocatalytic sets. If confirmed, we would have a
new basis to account for homochirality, with all L among encoded amino acids and all D among genetic polynucleotides. But
the converse implication would be that collectively autocatalytic peptide sets and collectively autocatalytic RNA sets must have
played a substantial role in the evolution of life on Earth. Such results would be consistent with the theory we develop here.

It is of considerable interest that a recent experiment demonstrates precisely the breaking of chiral symmetry and emergence
of chiral molecules, 5-pyrimidyl alkanol, in a simple autocatalytic system [36].

5. Kantian wholes, catalytic closure, constraint closure and spatial closure

(a) Living organisms are open, thermodynamic, self-reproducing chemical reaction networks that are Kantian wholes that
achieve catalytic closure, constraint closure and are spatially bounded, or enclosed, often by an enclosing lipid membrane.

(b) A Kantian whole [37] has the property that the parts exist (in the Universe) for and by means of the whole. You are a
Kantian whole. You exist for and by means of your organs—heart and liver and genes. They exist for and by means of
being parts of you, the whole.

(c) The molecules in living cells form collectively autocatalytic sets. Each molecule has at least one last step in its formation
catalysed by some molecule in the set or in the set of molecules that constitute its exogenous ‘food’ [7-9,19,26,38]. This is
clear in Ashkenasy’s nine-peptide collectively autocatalytic set (see figure 3). This is catalytic closure [7-9,19,26,38]. (In
reality, some reactions are spontaneous.)

(d) Living cells achieve a newly recognized and powerful property: constraint closure.

(i) Thermodynamic work is the constrained release of energy into a few degrees of freedom [39]. A cannon with powder
and a cannonball at its base is an example. The cannon is a boundary condition constraint on the release of energy.
When the power explodes, it blasts the ball down the hollow bore of the cannon. Without a boundary condition
constraint on the release of energy, no thermodynamic work can be done [39].

(ii) Thermodynamic work can construct boundary condition entities that can serve as constraints. For example, thermo-
dynamic work was used to construct the cannon [40].

(iii) In a constraint-closed system [41-43], a set of non-equilibrium processes [1,2,3] and a set of boundary condition con-
straints [A,B,C] coordinate in such a way that the constraints [A,B,C] constrain the release of energy in the processes
[1,2,3], such that the work done constructs the very same set of constraints [A,B,C]. For example, A constrains the re-
lease of energy in process 1 to construct a B. B constrains the release of energy in process 2 to construct a C. C constrains
the release of energy in process 3 to construct an A. The system literally constructs itself by doing thermodynamic work
to construct the boundary conditions that constrain the release of energy to construct the very same boundary condi-
tions. This is entirely new. We construct our automobiles. These have organized constrained releases of energy that
do work. Gas explodes, wheels turn. But automobiles do not construct their own constraints on the release of energy.
Cells do. Living cells construct themselves [42,43]. Owing to constraint closure, living cells construct specifically them-
selves. The familiar distinction between hardware and software vanishes. Constraint closure is an aspect of classical
physics. We have not had the concept before.

(iv) The union of Kantian whole, catalytic and constraint closure constitutes the mysterious elan vital of Bergson [44], here
rendered entirely non-mysterious.

6. The evolution of prokaryotes

Our aim in this section is to sketch a testable pathway from small-molecule, peptide and RNA collectively autocatalytic sets to the
emergence of prokaryotes with template replication and encoded protein synthesis.
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The concept of a Kantian whole has enormous power. Given the definition of a Kantian whole, we derive a non-circular def-
inition of the function of a part in the whole. The function of a part is that subset of its causal consequences that sustains the whole. The
function of your heart is to pump blood, not jiggle water in the pericardial sac.

Natural selection acts directly on the Kantian whole, and only indirectly on its sustaining parts as their functions may improve.
Vertebrates with better hearts have more offspring who inherit the better hearts. There is no direct selection on the heart.

Kantian wholes can form nested Kantian wholes. Consider a prokaryotic cell to be a first-order Kantian whole. A eukaryotic cell
with chloroplasts and mitochondria is a second-order Kantian whole containing the first-order chloroplast and mitochondrion
Kantian wholes. A multi-celled organism is a third-order nested Kantian whole. We, with our gut microbiome, are a fourth-order
nested Kantian whole. It is of interest to ask whether the entire biosphere is comprised of nested Kantian wholes.

Consider then, early life with three different first-order Kantian wholes: (i) small-molecule collectively autocatalytic sets, (ii)
peptide collectively autocatalytic sets, (iii) RNA collectively autocatalytic sets.

Now consider the union of the small-molecule sets and the peptide sets, or of the small-molecule sets and the RNA sets. These
each form second-order Kantian wholes. Selection will act directly on this new, higher-order Kantian whole and indirectly on its
parts. Such selection at the level of the higher-order whole might well select for the coevolution of the autocatalytic small-molecule
set to become the metabolism of the small-molecule—peptide set or the small-molecule-RNA set. An immediate advantage of the
fact that the metabolism itself is already collectively autocatalytic is that the takeover of catalysis of some of the metabolic reactions
by peptides or ribozymes can be piecemeal as the second-order set evolves. Each set helps the other.

A step further might well unite peptide and RNA autocatalytic sets. Autocatalytic RNA sets reproduce subexponentially ow-
ing to the difficulty in strand separation of the double-stranded RNA form [45,46]. But if the RNA Watson—Crick strands can each
form one or more stem-loops, and if peptides can bind these stems, then the peptides help to destabilize the double-stranded
RNA and so help the RNA autocatalytic set to reproduce exponentially. Conversely, if the Watson—Crick strands each have two
stem-loops and two peptides bind the two loops of the Watson—Crick strand, then that strand is acting as a ligase to help form a
peptide bond between the two peptides that are part of the autocatalytic peptide set [45,46]. The peptide and RNA autocatalytic
sets can coevolve. If this can occur, a new third-order Kantian whole emerges with a metabolic, peptide and RNA collectively autocatalytic
system evolving. Selection now acts directly on the third-order Kantian whole, and indirectly on its metabolic, peptide and RNA parts.

The framework just sketched sets the stage for a plausible pathway for the ultimate evolution of template replication and even
coding. Such coevolving third-order nested Kantian wholes may have been evolutionarily stable for some time.

(a) Template replication

Consider our hypothetical protocell, a third-order Kantian whole embracing metabolic, peptide and RNA autocatalytic sets. Sup-
pose that RNA replication arises by the replication of two or more independent RNA collectively autocatalytic sets. To be concrete,
let the polymer lengths of the RNA in each of the two sets be 20 nucleotides. During this replication, the double-stranded form
of each of the 20 nucleotide sequences is present and does not readily melt. Let the two 20-mer, double-stranded RNA sequences
transiently stack 3'-5' end to end. Let the stack fall apart to permit further replication of each of the two independent RNA auto-
catalytic sets. In this setting, consider that some RNA, or some peptide in the protocell, is able to template replicate all 20 of any
one of the four 20-mers. This helps the later replication of the relevant RNA autocatalytic set [46].

The suggestion is that an RNA or peptide polymerase can evolve piecemeal to help the replication of the separate RNA autocat-
alytic sets. This affords a potential pathway to the later emergence of an RNA or protein polymerase. At such a stage, replication
must transition from the reproduction of independent autocatalytic RNA sets to the replication of the entire RNA genome by the
polymerase. Experiments here seem feasible.

(b) Coding

The same framework may afford a plausible pathway to the evolution of coding. Such a theory builds upon the above, plus the
important fact that L amino acids bind their current D anti-codon [47,48]. Thus, just as above, selection for L peptides that help
melt the double-stranded D RNA form can coevolve in the peptide—-RNA collectively autocatalytic set if the double-stranded D
RNA form has one or more stem-loops that the L amino acids or peptides prefer to bind. Conversely, if the D RNA strands have
two stem-loops, each of which binds an L peptide of the collectively autocatalytic peptide set, that RNA acts as a ligase to help
the peptide set. As discussed in detail elsewhere, this coevolution can lead to polypeptide—polynucleotide co-linearity, and from
there to coding [45].

(c) Chiral asymmetry

But more: if L amino acids and peptides do not bind their L RNA anticodons, this hints that the co-evolution of peptide-RNA
autocatalytic sets simultaneously broke the racemic symmetry among amino acids to L, and it also broke the racemic symmetry
among nucleotides to D. Experiments seem feasible.

The same theory suggests that RNA stem-loops played a role in ligating pairs of peptides or an amino acid and a peptide. Such
RNA stem-loop ribozymes may have been the precursors to the ribosome [45]. In parallel, such stem-loop ribozymes could have
played a role in the evolution of the two classes of aminoacyl-transferases that charge transfer RNAs [45].

Our hope is that the body of theory and work outlined above sketches a testable pathway for the emergence and early evolu-
tion of life from small-molecule collectively autocatalytic sets to nested Kantian wholes comprised of small-molecule autocatalytic,
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RNA autocatalytic sets and peptide autocatalytic sets that then evolve to full prokaryotes with template replication, coding, and
translation, as well as ribosome function. Many steps seem testable.

In a paper expanding upon Fontana’s work described above, Szathmary, as early as 1995 [49], discusses in detail the emergence
and coevolution of collectively autocatalytic systems of different levels. Szathmary also foresees these issues as testable. Long ago,
T. Ganti also considered the coevolution of template-replicating RNA, a metabolism and a bounding lipid membrane [50].

The emergence of higher-order nested Kantian wholes where selection acts at the level of the highest-level whole, and the
lower-level wholes are parts of the highest-level whole, describes all cases of the emergence of new units of reproduction, varia-
tion and selection. In their seminal book, The major transitions in evolution [51], John Maynard Smith and E6rs Szathmary emphasize
that these transitions all concern the emergence of higher-level units of reproduction, variation and selection. If our hypothesis is
correct then the evolutionary process of the emergence of ever higher-level units of selection began with the four first-order Kan-
tian wholes: small-molecule collectively autocatalytic sets, peptide collectively autocatalytic sets, RNA collectively autocatalytic
sets and lipid autocatalytic sets.

7. The emergence of agency

Living cells not only construct themselves, but as open thermodynamic systems, they must ‘eat’ to survive. In general, cells can
evolve to ‘eat’ because living cells are nonlinear, dynamical systems with complex dynamical behaviour that enables living cells,
receiving inputs from their environment and acting on that environment, to sense and categorize their worlds, orient to relevant
features of their worlds, evaluate these as ‘good or bad for me” and act based on those evaluations. This is the basis of agency and
meaning. Agency and meaning are immanent in evolving life. The semantic meaning is: ‘I get to exist for a while’. The capacity to
‘act’ is immanent in the fact that living cells achieve constraint closure and do thermodynamic work to construct themselves. The
same capacity enables cells to do thermodynamic work on their environment. A cell’s action is embodied, enacted, embedded,
extended and emotive [40,42,43,52,53].

Cells are molecular autonomous agents, able to reproduce, do one or more thermodynamic work cycles and make one or more
decisions, good or bad for me [52,53]. The capacity to learn from the world, categorize it reliably and act reliably may be maxi-
mized if the cell, as a nonlinear dynamical system, is dynamically critical, poised at the edge of chaos [54,55]. Good evidence now
demonstrates that the genetic networks of many eukaryotic cells are critical [56,57]. Such networks have many distinct dynami-
cal attractors and basins of attraction. Transition among attractors is one means to ‘make a decision’. It will be of interest to test
whether Kantian whole autocatalytic sets can evolve to criticality.

8. The evolving biosphere is beyond the Newtonian paradigm

It is beyond the scope of this article to discuss what may be its most important point: powerful grounds exist to conclude that the
evolution of the biosphere is beyond the Newtonian paradigm and cannot be deduced. We can use no mathematics based on set
theory to do so. The evolving biosphere is a propagating, non-deducible construction, not an entailed deduction [42,43,58]. This
claim, if true, is the pivot around which science must change. The science of Newton and quantum mechanics requires a prestated
phase space for entailing law. The evolving biosphere progressively constructs an evolving phase space that cannot be deduced.
The conditions for entailing law fail.

9. Conclusion

We have tried to present an integrated and testable theory for the spontaneous emergence of life up to the prokaryote with template
replication and coding.

Our theory is based on the successive emergence of small-molecule, RNA and peptide collectively autocatalytic sets. Each is
a Kantian whole. We propose that these unite to form a third-order nested Kantian whole in which the small-molecule set be-
comes the metabolism of the system, while the peptide-RNA sets ultimately evolve to template replication and coding. The same
peptide-RNA coevolution may have broken chiral symmetry.

Reliable theory supports the claim that such systems can emerge as a first-order phase transition in sufficiently diverse chem-
ical reaction networks. Alternatively, small-molecule collectively autocatalytic sets may have emerged as a local fluctuation and
evolved further.

Collectively autocatalytic sets achieve constraint closure. Owing to constraint closure, living cells construct specifically them-
selves. The familiar distinction between hardware and software vanishes. Because constraint-closed systems carry out thermo-
dynamic work cycles, they constitute molecular autonomous agents that are able to sense, orient, decide and act in their worlds.
Agency, behaviour and perhaps mind, evolve. The evolution of the biosphere is a non-deducible propagating construction, not
an entailed deduction. These theories may overlap with the RNA world hypothesis in useful ways.
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