2021-03-31 16:05:20
https://kns.cnki.net/kcms/detail/32.1188.Q.20210331.1550.002.html

nmn
T AR, 60(1): 2021015 (20214E3 1) ‘

Acta Palaeontologica Sinica, 60(1): 2021015 (March, 2021)
NN

DOI: 10.19800/j.cnki.aps.2021015

BREKBEOTE. NESHKK

N
Vo=
KAR

REfiEh 735 5 s, Byt BE dr BB sk R =, PHAL R &, 7622 710069

RE ARRRANRFERLC KBRS G2 7 a0ie . A2 e Ak s 0 B AR S m, TR T ok
A T LB Y R . RO KIBR A BRI EIRRR, RN B JE A 2 R g K, k2
R BT L R PR S R G B OR A H . FEIRAS KR A2 2 R B 0 E AR 7 SE il AR, ARFT SRR AN
A PR SR B i U A AS AL AR R T 20 KR A I S AR I R o 707 0 A M R L A 05 2 i A S e 40 K A Y P AE AT
HMELERAF, (EARLET SR Bk, RO KR, 5HAPTA Lo, Lt ASEN
L. FERAD RBER AR H M EA R IA KRR R ZA . ESTETRIIMERM T, BRI E RS
SR HI A FE ST T, RAERIBIITT R o AE SRR 28I, 20 20 R ST A 0 5 sh DR BT AS IR A AR
KBRS AEARR, EREWN T IR, SUBEYIKY . b5, S T€ELs fe] B T3 48 (8] PRI 7 5 i
e, P T R RS R S A B SITK, G NFE DL, R T YT iSRS
kS AE T REALAERE . H AT SR AR R B IR R AR A7 6 I 1 M R PR, 32 B 3 1) 2K I AL A
ARG AL AT, WA RIBRES RGNS — BRI R AT RGEH T TR, RRIRZA LB
Vi B T R T2 AT RO TE AT, 4875 TR QL0 KM A I SR A A 25 R G R I 50 2

XA ERA BRI KERENS EWTER S RGEL

mICsI A kM, 2021 R RBEEME . BAESRK. WYY, 60(1): 2021015 DOL:
10.19800/j.cnki.aps.2021015

M 5|A  Zhang Xing-liang, 2021. Cambrian Explosion: past, present and future. Acta Palaeontologica Sinica,
60(1): 2021015. DOI: 10.19800/j.cnki.aps.2021015

Cambrian Explosion: past, present, and future
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Abstract The journey to understand the Cambrian explosion started with Creation, was subsequently succeeded by
Darwinism, and became increasingly impacted by the theory of explosive evolution. The Cambrian explosion by nature
is an explosion of animal body plans alongside episodic biomineralization, pulsed change of generic diversity, body
size variation, and increase of ecosystem complexity. It is a polythetic event in natural history and manifested in many
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aspects. No simple, single cause can explain the entire phenomenon. Intrinsic and extrinsic causes were extensively
discussed but they are merely prerequisites for the Cambrian explosion. Without the molecular evolution, there could
be no Cambrian explosion. However, the developmental system alone is insufficient to explain Cambrian explosion.
Time-equivalent environmental changes were often considered as extrinsic causes, but the time coincidence is also in-
sufficient to establish causality. Like any other evolutionary event, it is the ecology that makes the Cambrian explosion
possible though ecological processes failed to cause a burst of new body plans in the subsequent evolutionary radia-
tions. While the Cambrian explosion did take place under circumstances when the world oceans became habitable for
various forms of animals, the developmental Gene Regulatory Networks (GRNs) were sufficiently complex for con-
structing complex forms, and resource supply was less restricted. It seems that opportunities were in every corner!
Early metazoans shared seafloors with vendobionts for the last 20 million years of the Ediacaran, although their eco-
logical relationships are less known. Metazoans followed the path of evolving organs and systems, developing orderly
repetition of body parts, and attempting possibilities, which enable the evolution of morphological, physiological, eco-
logical variations and complexity. While vendobionts kept their less differentiated body designs, tissue-grade organiza-
tion, and probably osmotic physiology. Consequently, Ediacarans died off at the end of their era for unknown reasons.
Thereafter metazoans rapidly diversified and generated numbers of phylum-rank stem or crown lineages with different
fates. The Cambrian explosion ultimately resulted in the critical transition from microbially-dominated ecosystems in
the Precambrian to metazoan-dominated ecosystems in the Phanerozoic. However, the temporospatial pattern of eco-
systems during the Cambrian explosion is poorly understood, largely because our current knowledge is biased in met-
azoan evolution and redox conditions, and thus insufficient to reconstruct an ecosystem that is an integrative entirety of
biotic and abiotic components. Therefore, we proposed a facies-dependent integrative approach as a working hypothe-
sis toward a more comprehensive understanding of ecosystem evolution during the Cambrian explosion.

Key words Cambrian explosion, origin of phyla, GRNs, biomineralization, ecosystem evolution
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FHLER T 50 1% RIS A 5L, 4 7 K 2 $0 AR )
IR e, SUFEE, Sahr1S8KE TR
AR WA RSP 5k, SET L)
MNESWIEBEES REVIIRIE K (Erwin and
Tweedt, 2012; 5kM52. &F4ET, 2014), BE 7 &
A PCRIEFEAS REBAWER . 4311
I TRAE XA R e A 0 2 - A R k1 i
KRR A7 X &Y. Tk
o MR HBERAL AR 2 R AU AL [R] OGVE 1Y
BEEERIHE, BB 8RR U ) R R
Mo fltn, wE (LiFEAN) &ET 2015 4F 8
H 6 HKEILELCE, FFERDKBERNER
(What caused the Cambrian explosion?)-5 & iy i 4]
IR FHEAMME— . FHAKBM 2. B

AWK G/ TRC N SO IAY I D NP Y Ny ST A VAW
H AR B2 XL (W.: “Science’s unsolved mysteries:
life, the multiverse and everything, Science has re-
made the world, but scientists are not finished yet”
in Economist 6th August 2015) . i1 X 41 1 25 K 1R
i, NEREAERT 180 4, BABINEA
Wr st $d v, EAIAR TR EOT R IZ R HE I L
PEo RN T RN FE Al K R 2 i BRI
&, JoBEA BT B R SR B 5T 07 1)

2 FERZ KB ML 2 (1948 47 LLRD)

FE D KR KRVE T 2 11 2RI B MW i
WA TS Z WA 2 BRI B AL
Fo HAE 19 el 30 A8, AEEAI TIX—HR
MR B, S 5T M AR 5 William
Buckland (1784-1856) 7t ft. 1836 4F i ik 9
Bridgewater treatises %41 1E (Geology and miner-
alogy considered with reference to natural theology)
bR B A A AR R )= e SRR I
% (M. Conway Morris, 1998; Levinton, 2001).
William Buckland & etk ie#, (HAhA&NENSE
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Charles Darwin (1809-1882)7t 55— (#fhikd
JE) BB ILECRHBIC R A TR B I A 2 TR
A TE B 22 A A L JE TP TSR B I RONT A )
PR IE BAR ™ E Pk % (Darwin, 1859), J& A Fx
Z N CIE IR SC ) T 2% (Darwin’s - dilemma)”, 1 Ui :
Schopf (2000)A1 Conway Morris (2006). [ith, /K
SCHR R B SR A R, AR R Al
SR AT AR AT IE A HH B — B AL |], B AR Lo
TR0 DL 1R I 1] 38 B K (Darwin, 1859, p. 287). Fi5K2
b, AE (MR HRRIET— 4, RN K AT
A 2 st K L T A 4R A B (Eozoon), X4
W BERA LR A, J5RUE 2B (L
Schopf, 2000). i&/RCTESEHRMT (OIFIEZIE) RRA
2 G IR AE R, SCRHMiR IR TR D /i A
TEAR A I [8] A iy A4 77 52 B EI (Darwin, 1872; [
%5, 2005) . —J7 THITE /R STy A Ath R 398 0V Al R
FERALKIRIK, Jy— J7 THIE IR S BT 3RA5 H i
KA RN . R R T S RN A R S iE,
7 R B M ST I SR A TE A, A A A B R
B A KA, 83 A RAEA 7 (“On this view
the difficulties above discussed are greatly diminished
or even disappear™) (Darwin, 1859, p. 311)”. H AT
W, FEIEIRSCE R, FERA KR K 72 HH T I K Y
ARSI A IR R S . XR A E KT
1R i AR R TR I A KR X — HAR LR, REN
eI, 2 HATVIREE XN ZEARU A, AN
TR KB “AarBK” , JFERSEAEY
AL FHAE (B 40 Runnegar, 1982; dos Reis et al.,
2015).
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SR Z 1R E A AR R B I S, K
WA R . 1948 4, SE[E B4 5K Preston
Cloud (1912-1991)#& Hi KAHIIE UL, N NFERL F
B W17 268 1 VR TT RE B T g R T A B
(eruptive evolution), 277 7 =AM Bt 1262 Pk
HELE E AR, ARG POE Y 8 S S A S
B JE A BRI AE SO TR, PR 38 n, S
&R RE ) ZE GG AR KT, N SR
Bt. [FIRf, Preston Cloud i\ N7EFER L 2 B A Al BE
FFAE IR AR R 2 40 P SN ALY B, (X B ) ] R
R, WA E A2 R) 72 (Cloud, 1948).
Preston Cloud Friji % &k sk :05 George G.
Simpson (1902-1984) #2 i (1) & T =k 1k B 5K
(quantum evolution) JL ¥ 5¢ 4= — 2 (Simpson  1944;
& 1), [, Preston Cloud )48 A& s A6 A5 3 Sz bR
ERHE TR RG] KA TR 5
BRI HARARGE — DN EEE. 2S5 H,
ZERF R F M BRI D R R e B AN
Grifdar, (H2 s R E et f g R
A DA S b S Bl P 1] 26 e s A 2 . H AT
X HE R KR R AR S Preston Cloud $2 H I
YEEA—B, kRS AT & . 209011
AL Z R IR B E B IR R L B R AR
— W [, 77T A2 A R A T AR BT T P R 2 T I B
HEAEAL L FE (S E A, 2018). WKIEShHI1135AE
JZ T R BB, R DR AR R ) AR A T =,
I3 S8 T B E Y U Z 3 TR D Zh AT G
B =AW AR IRAE B BR BB, TR R T
— RSB (Shu, 2008). BRI K
R AR IR A Ry 2] ) FE R a0 T U 1) DY T AR
[P, 5 b Bk Bl AR oy D) S A LG A SEAR T, RS
SRR 40 DN TELEAL T R, ShPHH
A R A RES . B A LA,
E. M. 8 R R SRS T, TR e
SRR IIHEA S TR E S R G, RAETEESMAS
M2 LS E 241k

FRA KB RIFIERA AR, EA NG
A s ME— I —IREN T TR O K, T ok
SETTZRAEYT . BRI Sk
RIROR . AKARZE R B 04k, DA R Bsh # oK
L FE M RA NI H(Zhang and Shu, 2021).



4 ERE|

¥ R 60 %

E 1 &R B (Simpson, 1944, fig. 35), Cloud (1948)#2 t 9 R4 sh Wt & b B 5 2 JL T 5 & —5
Fig. 1 Quantum evolution by Simpson (1944, fig. 35), able to depict the eruptive evolution of Cambrian faunas proposed by Cloud (1948)

AT RGHEWTTIH, SRR AT T
VI T e, T H RNV EAE S RGRAE TRIR
74 1 ()25 1k (M&ngano and Buatois, 2020). il # 4=
Yise, HAESSE. EAKEEY Y. SSMEEES
FRIHEF, Bl Fon 28020 KR A BURFE |
Iy T IARIEAL . R AN A T T A AR AE AN Wt
Ft+ (Erwin and Valentine, 2013; Zhang and Shu,
2021).

3.1 ERLKXRBARENKAILR

TE ANk /R SCHE M R S R, 58 ol 2d R R 2 i
PR EEES WA &4 AR
PLJH) AT 3B R B FE 4 40-36 2 4F 8] (1 46 K & AR
(Tashiro et al., 2017; Lepot, 2020). 4R i zh 4 i
I s 3F AR+ Az, 1R B A 2 A 2 /T HE
Je i R A T A Sh W A A e %, A4 SEAR

Wh . BEARMS T TH, Bt
—Ahad, PR 4 H b R R BARE E E I BE L)
YA, (HENTTESRRE, 8= e RS rER,
DA AR A 5 J€ 2 LR ) Zh P L X b, B33
Ry 4 W B S P A TR M R R R TGV TS A B
JRIE(E 2) &R AT SRR A 1R R
P 40 55 € 2 i I B o A A ) s

Iy T T ATE — 58 72 B b e AR i AL Y
P s, AH 2 RE S BB R AL T SR B A T A
e, FERFE NS85 H 1 TR
AR, 11 H 2 IR 2 5 B, IR ME2 AL TT 4F
() Hb 57 24 O A7 2 3 7E (Briggs and  Summons,
2014). 24~ PN HEH S e A1 26- FF k57§88 Joe 388 8 Ak
WAL BRI EEY, SEFE A
F % 6.60-5.40 {441 JZH (Love et al., 2009;
Zumberge et al., 2018), tbiE4nE LA ER—12
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% 4F (Antcliffe et al., 2014; Sperling et al., 2010). #&
MM, X8R 3Tk 22 b 2 b i 4 AR A R 15
MY B ERK AR &5 U
BV 4 20 ) () R SR Ak, K0 T o R T E A Bk
fi% (Antcliffe, 2013; Botting and Muir, 2018; Botting

and Nettersheim, 2018; Nettersheim et al., 2019;
Bobrovskiy et al., 2020; van Maldegem et al.,

2020). FEE RPN AREEDIMRE ST, YK
PUAE SR R A A AE R AR 6 Dickinsonia
Fr7s - (Bobrovskiy et al., 2018). &S J5t 2 41 1 [
fife 2% S BEBE I P2, IR H IR FL B I g 1A
IRAFEE, 76 A T DASK R e S8 A0 A
®A KIit (Summons and Erwin, 2018). 4k, %
SSGERE R T 27 BRI E R, {EVE 2 Rl
Wy b # A AN [R 2 B (¥ 7 & (Boéehat et al., 2007;
Kodner et al., 2008).

P < fr el e B ARR M A 2 4R 1l R 2
A E, BLEERT FLEE . RIS = AN AE BB
K14k A 414 (Waggoner, 2003; Xiao and Laflamme,
2009; Boag et al., 2016). Ef1AT A2 54 sh 1
M 2E R (Glaessner, 1984), B3 & C 4 K411t
RAE AP (PFlug, 1972, 1974), B ALK —A
PO ) 2 A B A= 4 e SCEE A ) (Seilacher, 1989,
1992), B A& 5 AR 2 A O B Y 540 i A2 )
(Seilacher, 2007). T Y& ] T AR B2 - 7 7Y
VRN R — KAV BARFE G, TR EE T’
X 5 % £ . 41 40 : Dickinsonia % fif Bt K #% /K BF
(Zhang and Reitner, 2006) 2% i %% 514 (Sperling and
Vinther, 2010), Haootia {F il 4H i 25 % (Liu et al.,
2014), Kimberella 1F 4 # 1% 5l % (Fedonkin and
Waggoner, 1997), Yilingia /E ¥ 45 sh#) k3 35 i
%) (Chen et al., 2019) . X £ fff 7 F B & 5 I AE 5h
VAT — RRORFAE I LU R, S B sh W) e 1 ) o s
REOAE(BIGn: BRI k. PR SE) R B R St A
FORAE TR 48R, Bl -RAu ik H AR AL
S A, FEAROHEE WA IR R
IR - TR £h A0 2 21 R ER TR AL A B AR 1A
LT BN RGP LA R R AL, ER 2 DUUE B EAT
Wi e s R JiG (Zhang and Zhang, 2017; Erwin,
2020). ERIRABR WA SN PREA RAE, K25
Z MR ALY 1 2R K B A R 45 1 (Droser et

al., 2017). FRALMLA M A 5B, T4
FEBE IR A IRAE 0 2 1128/ s Ay A 7K 3 7
AR A ANBUOR A B Eh kN
BOARAR B A A UL R R S ) e AR A A (=
B R R IRSE) . 4k 2 B Al A A T
LR N Sz T 128 0 e B 5l 8, Hha s
T2 AWK R AR, REZN
— g, Bl Rl el A e Ok AR AR AR A
(K)4L F FE (Daley et al., 2018), filtn: Heili-Rii 4l
R R AR S 58 Al 50 58 )1 Bl AR BE
I J& T IR #h A R A 1A A PR, HR AR A T
SUENTE BT B B [ % 8 (Bottjer et al., 2020), ik
T ORIB R Z W15 KR S ) B 1 22 5

TR AL A7 e S AT LA BB ) M35 iy 4 i
A 21 7€ Al T 22 1 9 e 2 A 1L A% (Seilacher,
1956; M&ngano and Buatois, 2014, 2016), #J LAl
53 VYA AT B (1) 5 -1 82 Ak A A 5.6
AT Er, FER R A X EL
BIZE I, RPN FR B =R 23 E 2
(2) 8 Mg — 2 (CFH 22 T 490 350 3009 5 R e 2 4 B T 34
AV W B 5 (181 2), WL T AR AR R
7 HEF 7 (bulldozing traces) A4k FL; (3)#k N\ FE i
@EEH, BTIEAZ PR, R TR
AL Z e 4k (4)F€ Al 28 IR AR T IR 4
i, BB E AR V)P A S Eh R BT R A TR
AR, SN AR ESRE K
(M&gano and Buatois, 2020) .

gE BRRiR, oA iRt T TR E RS e 1
() B3 R P28 AT AFAE S RS o il R Rz
() SEAR AL A H O R =Nl -R R B AR Y2 )
AIRES A A R, (H2 B RE kA K
g PEUESEUE A — E s 2 sh . EATHE B
R AR A AT HOE g, R ReREA & TERA
YRS, WRE TE®. SZARRE, 8k
AT S BN SR AL T A 7 B UE R 2R B R 0 R )
=R 5.6 ACERTE Q& AFAE, R
720 W A )38 IO 7 AR B 2 B AR R B () 2) . A
UEHEN, BAH IR ZE ST KB IRTE 5.6 104
AL CAEAFTE, HJ2 4 A KE DL B fif 1) A2 1% 2 L it
Ly IS AL W SRR R Y Gl e a7 R
P Ob T DL, SO 7 AR A T R sy 42 i A S B A 3
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Fig. 2 Bilaterian burrowing traces from the late Ediacaran Shibantan biota (used with permission from Chen Zhe)

FIZEAE T AT %) K4, KA, s
RAERRL TR 73— PRI,

3.2 EXLKXBEHIARREHE
FERARKBERATTZNVITRENEK, 5
FRAZJE R EEE B ENZENEL
W, 2018). ALK R M, FEALSI ]S N AE
Bl R R A ETE, KR O Eh 12K &
R A RE R T REROA S =2, M
JE ST R  R AR R L R TR A S
SRR Rk, PR = s ] KR
RS EEEMYITE. B Ok E O
SN2 UE AR F R 5 (Shu, 2008) . H Rl X 3E
RAOaKBREERINRERE TR Me A s
LT A S, AR TT AR R T R IR LR S 2k
AT R AR, 7R ARG SR W T AR gk —
e (kM. BT, 2014). ORI R
2 G B 1 A B M AR A B R R LT B ALY B B 1

WAL A (Chen et al., 2018), 7£%E G R M
ORI T AT RER G D 3Pt L 4 (Han et al.,
2017; 474 B, 2020). B 5 51k 17 (Topper
et al., 2019, 2020; Zamora et al., 2020) A & -2 5l
Witk A (Maletz, 2019). X 46 & 2R PLIE A £ —
AR .

BeAh € QA R AR KB AT U ReAE: ()AL
KRG T AW, 1 HIiE
PP RE O KA TR a0 R A% AL G Ak
RORRG, FETRHAIE T TN LR &R T
SR EAL. R, W DL S s a] KRR T4 T B
WAEZ IR Z 18P 125 (Gould, 1989). (2)5h#1]
RAE B ACIY BOS R I T RS 70 B s, b
P 7 I A ST 2RI SRR, T1360E
T2 A & R I S AH A 58 4 7% 42 (Erwin, 2007;
Hughes et al., 2013; Deline et al., 2018). (3)ah#)1]
KRR, V2 TR A T 2R Pk
BEK (B G0 AR SRS B sh W), 18R AR A A
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SR A R 2 BRI AR A TR 2 Rk b U
(Li et al., 2007; Maloof et al., 2010; Erwin and
Valentine, 2013; Mangano and Buatois, 2014; Na
and Kiessling, 2015). (4)%& 120 K1 & 4 18] sh ) 4
TR A A - RO K A&, H IR
BRI IR, T T RAFAER RN B
AL I % (Payne et al., 2009; Zhuravlev and

Wood, 2020). (5)3h¥1 1283 AR A I 3- 450 0 B B,

KRBTSR 3 DB B et -RBL R WISEZ K
FME A SE I BDIR AR A0 i, 4125 =
AN 2L PR B Y. JREER S
LRAET M, TR HE W SRS D5
KA 4K (Zhang and Shu, 2021). (6)%E b4 KR K
EFET U N ESFHBAEHEREEES RS
MR S, Ag 7 R B R A T BB K,
Flh (¥ IEAE S R BERRIEE . X — A FHT
SR A Ja B AL, 32 BRI 2 HE At 1
A= 25 [ A I (Erwin and Valentine, 2013).

3.3 ERLKRBANS FEEAEM

g3 1 AL R AR T F BN 8 2 AR AL A
Bl Hk, 27 AR KBRS RAELER
R FERIKF b, 0 20 N Bh e Y 5 B 40 A 1 4>
THUNT . SIWTTRIRE MR AR R B2 T 5
DRI 42 X 4%, B BT BT T8) A ek B A
TR AT HLH 2 AR B 1] S B Y v A 1) O B o
LR PR A, R 4 X % 2 AR WA ) N AE
WELFAE, ARDEFI KA AR A LA,
AT RREA, B KR AT, AR
A A B AR, B TR EAMAOR . BAR, 3R
VL B R 3RAF 3 1) 28 S U5 v 4 B 390 g 42 18] 3
P 4%, E AT DL I BB A R B AR A I O T
M o X I T A S B S AR E B ] 2R 2 18]
IR R, FHARHE A A il s R A R R A L]
I N8) 43 SR RTINS T, 455 - 5 TR U 42 TR 245 1) 35
Aoy 1 FE AL R R 1) 43 - A% R Al

Kl 3 WoRi2 s FAEYE AR T a R
128 22 18] () 5% 25 58 22 1 43 SR A I T) 1R 256 BE 9
25 B (Erwin et al., 2011; dos Reis et al., 2015; Er-
win, 2020; Fernéndez and Gabalddn, 2020). 547 &
RN EEEMEH AR IFRLR(ZE

T AL B AR E), SRR EEAESYR
HEREE, =R E RN TR IR K
Z, B, MM, GO, R
FI 340 it 2 Zh W) F0 et 56 B 4 &% RGBS Ep R SR
B H AT A MoK BB B K S TC s 34
M RGrRALERBRAFE TR, HEEEE L
X FRATTER At € 1 20 K i I SR B ) 1) 531 18 A ik
AN 23 R KRR . W SR FRATHE B P T T 25 1
R R 4 ) 4% 4 FS R Y5 A3 AT WL IR L 3l 47 A 3
()53 SCIE A AE ZE N 25 18, sl AT LUK 30 40 5. 39 J 4k
() 53 - 38 % B TR i DA R ARG

QRN E K E IR 2 %0 5 R E I
R, FEREIMZHRAEED T RKP RO R &
TR 2 A Ak R B 2 A i R B 25 R (Erwin,
2020). (2) 7 A= 340 1 25 IR ) 4 ) 8% 7 J Al ek B2 vp
HA M S B R S, ILAE: S R o4&
A& TR A @I AR, 40 3P
# T W2 HEENA e HE LR, FEs)
I ACH L T 2 W RE A s AL, T Bk
WL TV 285 KAEFERIRE R, i)
AR T IHE =R ESI AL T KA B
(Erwin and Valentine, 2013). (3)3& K & il AR L T
A AR B R A, B 22 0 A e A R e B T 2R 40
O PRI 1 A v B DR S 2 BRI BE IR o
=4z — Ul b, RPN FR 7 A 2w L 23R
2, ERRENERL S =02z —, fEI1E b
i 3K 45 (Fernéndez and Gabalddn, 2020) . (4)3 K1
125 I 8% 1) v A I S ] R P R DR B H BRI, 4
RIS 2 A ) I R, T 2 HH 2 DR A5 R 1 Bl A5
A R R 5 Sh W 1T 2R 1 23 ST A, AN R BR 4 B
BT AT IR BT TTE, i BRI &
AL S B E R, Bl 5 Dsh .
BN LA B S o i s P ) 43 ST AL B R AN R 2R
3 FE 2K ) 45 R (Ferndndez and Gabalddn,
2020). (5)MHELECIME, PRI RRBNPITT 26 1 2 K]
WP S AESE R . 2 IR 4 55 T TH A A & 2% —
I (Erwin, 2020).

55 (10 388 328 A A 2% BH VG R ) i T Bl )
fE 5.6 ACAERTHE CARAE, FER D KA S KA
FEIX AN FEA BB TSR A AN 2 o S fb . R
WA EERACAD S, B FRE Y 2 A 1)
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K3 3R 5 200 & ARk R 4 P 25 11 3 A T AL I #2 (8 Zhang and Shu, 2021)
Fig. 3 Phylogenetic framework of the Holozoa and evolutionary dynamics of Gene Regulatory Networks (after Zhang and Shu, 2021)

BT IRIR T 5.6 (AT, BTN
HFFER A A T3 21— 20 R I s AL 5 R B
AT IEAS BT #7900 %o AR 3h 4 1 2K 1 48 ke R A AR
A g A TR R AL KR R R 3R A8 T R AR
(A6 DR o 8 2 19 000 %o R s 42 e () L S ) T 4 T 8%
FOTE 25 1) 52 AR B X BRS04 171 2 g ke U A L 4
BAGAE R OCHE . R0 R R s A M A
W9 Bl 3 DR 4 4% 1 B A, A R S TR A O 2
WERMY, REFHRME RS, BEE. B
. . R &R (Carroll et al., 2001). A,
AN R B4 11 S 1 3 ST AR T AS 7 R e AR
X e MR R R, FER A RIR R AN B L -
[IAIEr, BT RE R AL 4 (Carroll, 2005). 73 4h,

ERORAE 108 A% 1 R % 3 B B PR 3k BT AT 8 R 8 17D U

B2 RAESEILA IR ISR, DR L % ik 3

YOI SE IR AH 2 mT RE AN R - 2L I A D B AE B 2%,

AU AL RIS AT IR A X 7, 52 B RIR,
BAEI I IRAE . 2. T ALE RS, IRATRERE

TG AT R, @I )Tz 0 R 3 [
(gene co-option) 7E AN [A] [] 28 H1 il 37 7= A (Erwin,
2020).

H AT W, €Al R AR K IE AN 2 R D B R Y
KBBR8 53 ik DA 2 £ B 5L 30 ) s A0 o 2
FEA ), TR R 5 45 T B R R AR R
AR, 5 e 5 R 3% 0 2% (1 7% B AN
I 2K ] 3 [R] 3 (7] 326 i ) 428 IR ) e s 2 Al
KGR Ger= A K ENYT R M) 55 8% FE Al

3.4 EREXRBALFMEBNSIERSIMNE

FE 20 KR R R AR AE BT o6 AR B = kS
R R AR A SR F A 2 S, W TS OK B
(Pannotia) 5 & 5 43 24 . X FL 40 K ki 5% A 1) 39
(Zhang et al., 2014). 4B 4zERAL T RKIGZ I 1A,
BRIRFEIE S E SR, A ESMBEEN
IF) b 5 s AR P A FE I 40 b 2 - (Peters and Gaines,
2012), S frIEBEEL % #4 (Scotese et al., 2021). K
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REEEMN, RS EAEIACK T E KK
10%-40% 2 [f] (Sperling et al., 2015; Zhang and
Cui, 2016). /K & & & 7% %) i (Sperling and
Stockey, 2018), #h & W] Rg B& = T 3L AR K
(Knauth, 1998; Hay et al., 2006). ¥ i S8 A0 L Ji
FAPE R R ANE 5 1, AR [A] BRI H 2 A8
P, GRS B B AL K AA R BE 23 I L LA — LBy
I (Wood and Erwin, 2017; He et al., 2019; Wei et
al., 2021), %A i I ) THURR AT RE A 38 45 [n) AR 7K
X3 KM% (Li et al., 2017).

M A SR, FE Al K R I e v 2 8 H
I A AE BT L AR & AR I 1) () A O 1
IR BT AR AL 22 H Ny g FE AL R AR K ) A AE
K5 K 2 (W.: Zhang et al., 2014) . Jt H & g v AL
R AR E W B, FEVF 2 SCE A AT B
IX ) 217 5L 39 8 Ak 618 (%1 4 Wood and Erwin,
2017; Wei et al., 2021). A&, 1XLE {585 %
PEIEA R IR T 28 U0 R R R I 30, 7E B ARl
R 43 B AR 2 a3 Ak, [N R AR B
I 1E] A 5 5 e A R A E R R R &R R
WIAS I 2 2 M T B A B AR Ak, i HL & AT BAAR
Wb SOE A, O AR A R G TR 7 AR T O
(Erwin and Tweedt, 2012) . 284U (1) A= 4 5 3 53 1) A6
AR FRAE 2 A HF LUK 0 Hb Joi By 5B i A 9 A 5L,
P11 2 1) e s Al A R AR 38 —
W AT, AR T4 — P B IR 3 R R AR A,
VRS . B, ARMT3R 8L R # Tk 530 1]
KAV N K R, TR KB R I B
A5 RS RIB R AT I A BRI R R
(Valentine, 2004). &M1& &, BRI B &M,
ALHE B 2 A A E B 12 K (Nursall, 1959), X
ST BN AR EAL B L B AR, AR R %
fFo BRI AR A /2 DA RE 58 i 28 OB I 31T
1Z B i L (Erwin, 2015).

3.5 ERLEKRBFLTHANESHN

L DR P 2 I 2% 1) T BSORT B JiE ) A 455 2% A 2 9
SRS R R AL ANTT D R AR R A, (EL A3
H& T ABWRERRLRKIB R L2 R E . 58
R RS At A dr AL F A — e T B R
SRR, A AR E R W R AR AR A

(Gould, 1989) . A fa A= i i {4 11 I AR &5 JE ik 3l
AR RS, R KB R BAFI. BER
AETEIIIREIR 2 I, B — RV EIE S RN
(19 1E J A FH SEBLI, AT DARR v AR 78 25 3R AR
(k3. F7HET, 2014). HEIAVF2ASKENE
b, EFEAESTOU . RS U R AT U
EBRG LRSS, o] DU oA B R K%
KB4 (W,: Zhang et al., 2014). % TR v 2
A, Hodth Az 25 2808 AE B AE BT DUOR I AR 77 s A AR
L. FERL DRI B . KA
ZJE MRS AL F A B A PR R 1R, kA
RAGIRNRE K EM . BT W, 4SRN I
E—E e SEIRM 4 2R, R KR K
WNRAEERXFERESERFMZT, E5TRE
(19 1 S A A FH 06 SR 2 A2 i3k € i 20 I8 R B SR B0 )
AR AR TR TR AR S R G R A M R AL

Gl S GDN - R L SUY S S| Pl
20 KR R B B Zh 3 e BT AR, B e Ik
12 LR T2 T8 g vt R B AT AR B, 18 T Bt R
RIS A AR S RS TR tE, fERER
BF IR P P2 A T KRB AR B A AR S 28 AL, Hodp
BAET Z TVEAANME SRR R, (H24
RKZHAT LA NIUARI T AT TRy KR R . R
I, B IdE— ) B A T RE, &2 2 ThRER
TR G R AL . I AR IR, &R
] DL S Bk AL B T 45 AR 2538 I 3 B (Conway
Morris, 2003) . T g A vl 4T B Ak 220 A AT B 3k
RFEATHINL S, BT B B3 O A 55 2 1 AR
ZRBHT LIRS R Ry, RAEDHERE
3 7 A M g SR e AT R IAE, MR T
TEEZRIMENDIZ. BRZEINEE 17
AR B FE B AL BE =4 T, SR
Z 1RO KL M) TR FER D RIR R S5 565 3
LRI 3 B AR DL R 8 2 R 1 AR
th, TAEARRITIE.

3.6 EREXBLRBARMEIIE

FER L KR AR R i A R, VR
ZHEMM T RAEV BRI IR, &FET
WE 2. KAREAFEM. WNTERRISME R 02
A%, ANATCABITR A F, KT R E R HLER.
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BRI ERERMES ARG —, ’H
B — ] LG AIE i1 J& (K] (Erwin and Valentine, 2013).
IO LR TAR MRS b 18t P 58 B IEAS F RN
(1) LA T BRI R ART 2 R AR AE IR AN I T, 86 A 46
R g s D DR B FRATT AR AT DLE I g s 5 S
WA RI L AR . AR AT RE LA 2 T
SN R, AU, ToIR i — AN 2 B AR A
A&, BRAKBRIEARKE MR, HHEEE
T, FRA KRB BER R R A, (AT TEA AR
ik e, Az, AR 1 AR FE Al KR K
ST LE R R A 4% N 48 I B R R A B 2
FERITEAR R B N AE AT SR 25 F R, MR PR BT ) B
JoE P A S R At & o B U AN OK 32 BR () A E I
PFM T RAERSIMITRRER. FEENE
IR FE R A RIE K 2/, AR S A B 2
TR R MG AT, ERERA s
BT VAR AR B R S AR S R 4 (Erwin
and Tweedt, 2012; k255, #F48F, 2014). 7EiR
HRPAKREWNT HE, SIS L5EYE T
AR SR A LR A —E . BT 2R
FERIAER KRR, HATEAHH . fEIRl R4, 3
AR EATRIEA G, HEAmERKEA
2. /E. RENTEA, RS AL
BB LN R, Bl hr B A Wi b i
B YR AT AT R A SUHE AL B, WA R
AIEE A E, IKEERR M2 & A E AT B F=
WP S DY RE, B AR R R T E AT R K
da, (R G, NI Sy SO, FRAE T ORE W)
FIZR BT BER ERE . 75 AR DT S i A it 72
W X RTINS R & AR — 2T RAE
(R I SEZ A TE SRS B fh, #7858 %
FELEBHLLE (BN AT Y. Ak
M), AR A I B, RS B R
WK A O Jes iy~ G IR, B A B i 4 2 5|
DLAE (i 2309, b — e TR R ES R 7
e, HMNKE S B (Z L)

Iy FACA R 5 TR 5 SR Ja AR sh W) T e
JEFZl-R R 40 2 A (Love et al., 2009; Erwin et
al., 2011; dos Reis et al., 2015), 7EIilFE+ 40 F
11(~6.35-5.80 AZ4F) [y 1 2 A AN A B /b £ e AL 5
mra, Bl s e SR (Yin et al., 2015)

15 AUk P A T B B0 47 (1) 382 3128 4K 47 (Pecoits et al.,
2012). G S B s hr 20 FLOA sl B R v 3
BINWHIAEAE, BATH A2 Hi A7 AR 7] e & A 2
R, B R sh i A 4R R . B, 1R
ol R hr L M =, shiEsh e T 1 Rk
RS HNE IR (B 2), (BN ERE AR
Ry —HESF] | IR L F 08 #(5.388-5.29 14.4F)
(Buatois et al., 2014), F A4 78 55 1 i )
AN B) R TR 5T IR AR i 1 AR R AR AE TR Al
2 W(~5.29-5.21 125), HE|FERLH 3 M
(~5.21-5.14 L) A T LA W N £ T AR
& A4 (Magano and Buatois, 2014, 2020). =] i,
EASIMAE — L2 FEREN, BB EE T EE
ERRG . BAMERE-RALLZ AT el &
W, g K rE A, B PR R R 2 R A A
RrW] s e, TE R R o Ay 5k, % b
T RAEHEAIERE .

4 FERLKBRIIARK

N7 SINVE S AW Ny, RPN Sy =E2 )]
T AR AR R A U A AR R, T AR
T ORI HIE ) E RN R KRR
& H AR F U ) BRI, R V2l
AW B S AR AR 2 25 S5 T BT IR R
W, T A BRIV N R R IE R 8% ) L R
(IKX45E . FFET, 2014; KX A5, 2019). AT H
I € G 4 KR R AT A7 T8 W 5 1 Al ] 2
SRR, FEEARIUAE L E =5 (V) TR0
VIR ZRE . A OC R A Tt AL A, (2) TR
[] T 48 71 FE R 20 KR R I SV o 1 SR A O DR 2% 1
(3) i 1) 4 S MR AR A0 B, IR0 T 3L R I s 4k
H o IXECHE TN AR, AR AR IR AR,
HRERERLDKBRFERFEEASRARE TRA
PERIAEAL, W7 AR R %% R AE S RGN
Ak, ARLZ R R BR T h P F A AL IR T 2% 1R
AT

AES R G TE R T — 58 (1B R R0 A R A
HH AR P38 o AR AR 80 o H RO G — Bk . B
SAYZ 8 AV SR A BRI A
29, FHAE— 2 N A P Ak A 6 e 1 Bl A P IR
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. AN HAESRGEEI 7 E R A G
BAEE RSB ISRE . ARSI
HI B (T B 3) Z A TR Js e K ARz /N6 1R ER ) 0
CRBFESRNI B E RSN . HORE T E
FH BT 35 8 S5 o A A ) ol B 0 B 1 o 1) A 7 2 R G
R, MARFEESREANIEFEB . — M
ERES RS, 0T LG/ B W EE A iR (198 2% 2 2R
T, AR R g AR A A R S — AT, AR AR
AMEE N B AR B VR G IR, AR
RGN LR . AR,

HArx €l KK EEREAES R
Gt N IH B (Bh A 1] 2) e Y A A 3 B AR 4k
AT, WA S PSR N G 1) B A SR
FAER RS 1L (Zhang et al., 2021). 113K
e s Y I s N WS EA = R C WS N SE
X AR A ST 22 A 1 R 7 465 1 ) B R M AT 9 i
BAERMBE. M TASRGN HFEEREUE
WKL) BRI A2 7 2 R G i 35 TR 2L 1l S L AR S Tl e 46
FEAR AW K. TR KK G RN, A
SRGENSIMAES KU ZHEEMNEREHNE
IS B T A S RS KF (Erwin
and Valentine, 2013). {H/2&, FEulal K1 & 1 18] i
PEAES RGBS T 5 5 N anfa] AT 328
FHRERRGHER NN FESRG? £
BRG] 1) 22 7P S far 2 3 &8 i 7% 42
H e A RIR R B 2, 2R R s &
Ko FEARANDE o B 5T J5 T, M T O
AL R SR, AR AR R I A PR LA B 5T 5 T 1)
B, IREMSY AN E R, sz A
AERVE N I RGEERTFT(LI et al., 2017; Wei et
al., 2021). FAIEJE 2 AFRIAEAEIR &=, Filan: <
i 26 At WREE . ERFE. E IR RS T I A T
4y 45 BR (Brennan et al., 2004; Peters and Gaines,
2012; Algeo et al., 2015; Hearing et al., 2018;
Wotte et al. 2019; He et al, 2019), X fFH @&~
ZAMM . VBRI 220630 2 4y AR A
AL e F AR, RS RFYE
BENEERI. FRESRKRANYTRER, &
MR AT BBk TR (B an: B & BE. B
BRAE) AR H IR S IE A A KON E &R . BT

Xof R R 20 R R I S A W IR AL A IR AT R 2
LR AR L T/ B T B L A ERE Y, AR
AWTFERABE. B TR RS E R INEESH
(Wang et al., 2018; He et al., 2019; Laaksoa et al.,
2020), fHI AL EE A fr it — PR

WA RGEAR SR TR, 7878 (8
EAEABSME, N A AR Oy T AT RS
M\ R FE R 20 KR R I IR S RGN A
R, 2 SCHE Y DL — 5 A 2 5 o0 O R Al
i TAEBY (K 4). BN o fa e a Mz
BICEE A EYRE, KRBT AR S I — i
WA REPHCR A AT U T HEAN T
I (L) E 2R, SIS A B A
DT A S R IR WA Y (2)
MEES RS, AEE. BERERTE, (3)
BT 7510 2 TR L AR W) B A A7 A B A AL A O £
FEIREE, FROIME = 2R, () TEHZETE RO <
(24, () A ERAL 2 3A . E AT R Ge st
TS RGN, 75T R A (N [A) 44> 4
FERIRIETE LA B o, BEXFR e A0 1) b 2 547 B
K—EWRIT R Lk 5 DMITHBZEREREFE. HIX,
EC AT 7T [F) I ARAS [R5 AR 2 B s s AR RE, 48
7N e — I R B (R Aty g SR Ak ) i e AR 38 RS
2] AR . K, B R A — B AL S AR AR
(A RGBERT R B, EABR R
P 3 7 T 20 KR R I AR S RGN R AR AL . 5
— BRI — TAETT BRI Ok, FERKEM
TAE. FEABRIEE N, FEulad KA W R — A
HHL R B e LTI, TR AR . 534k,
TR KA R IR A, AN [F) AR B 3 = 5 0] it
AR RGBT e 22 ZEATE A T7 S L
A R T e w2 v Ik B U7 T A IR HE: (D) AT 4
T DR IS 2D K (R e BRI RE, X R
BITH e A E — B, Bt R RAEE PR
HEFEE . QAR Z oo, PR EAA Sk
PRI A kG 88 2 (BN sh A A F S8 AL e TR
AR TAE, BRI Bk AN T7 1
e -

R TARRRI (K 4) IR B BB & T i
As 8, TR — MR <SR TAE B . (HE, B
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Fig. 4 Working hypothesis for the ecosystem reconstruction during the Cambrian explosion (after Zhang et al., 2021)

AT RE A RO IR R L, AR R R KR
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