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ABSTRACT

ABSTRACT

The origin and early evolution of eukaryotic multicellular red algae (Rhodophytes)
are amongst the most profound and mysterious questions in paleobiology and
evolutionary biology. Currently, the widely accepted theory on the origin of the
photosynthetic plastids of eukaryotic algae is endosymbiotic hypothesis, and it is also
believed that the multicellularity of red algae arose independently in the Earth’s history.
All these proposed hypotheses need to be tested rigorously by geological record.
However, for a long time, the early fossil records of eukaryotic multicellular algae are
scarce. Moreover, the preservation quality of these early fossil algae is generally low.
Molecular clock estimates and biomarker evidence for origin and early evolution of
multicellular red algae remain big uncertainty, leading a dilemma of theoretical testing.
In this context, as a pre-Cambrian exceptional window with high fidelity, the Weng’an
biota from South China plays a crucial role in reconstructing the early evolutionary
process of red algae since so abundant materials interpreted as total group Rhodophyta
have been reported previously.

This study focuses on the multicellular red algae from the Weng'an biota, mainly
investigating on the materials from thin sections of black facies and also some three-
dimensionally preserved specimens from grey facies as complementary. An array of
techniques including scanning electron microscopy (SEM), thin section digital
scanning microscopy (tsDSM), confocal laser scanning microscopy (CLSM),
synchrotron X-ray tomographic microscopy (sXRTM), confocal laser Raman micro-
spectroscopy (CLRMS), have been used to characterize the morphological structures
and in-situ mineral components of multicellular red algal fossils from different
dimensions and scales (from two dimension to three dimension and from millimeter to
submicron). We sort out the operating and working principles as well as the advantages
of each technology in analysing phosphatized microfossils, and then developed a
comprehensive experimental protocol based on the data we obtained.

With the help of these techniques and based on the new observation of abundant
materials, we found that the tetrads and octads observed in multicellular thalli are
unlikely tetraspoes or octospores produced by a inferred free-living tetrasphorophyte
phase of early stem group of corallinaleans, but are more likely to be precursors of

berry-like “cell island” structures, which has been widely interpreted as carposporangia.
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ABSTRACT

We herein interpreted the tetrads and octads as the early developmental stages of “cell
islands” and reconstructed the growth process of the "cell island" structures that they
start by cell division from monad to dyad, tetrad and then octad cell packets, then
gradually growing bigger by increasing the number of cells but not the volume of each
cell. The large number of individually preserved cell islands discovered indicates that
these structures may be released into environments as a whole for thalli reproduction,
rather than producing carpospores. We also found for the first time a submillimeter scale
but complete multicellular thallum with a rod-like shape and a disc-like holdfast. In the
light of three-dimensional reconstruction aided by sXRTM, we has observed three cell
layers with obvious cell differentiation as well as possible programed cell death process
known as apoptosis, and more importantly, tetraspores embedded within the cortex
layer near the surface. All the evidence combined as a suite suggests that this algal

individual might be of sporophyte phase of a benthic rhodophyte.

Key Words: Weng’an Biota, Ediacaran, Doushantuo Formation, multicellular

Rhodophytes (red algae)
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Geological setting of Weng’an area and paleogeographic relationship of ancient plates
(Paleogeographic relationship of ancient plates modified according to Chen, 2004)

TB: HEAKK, YB: HTFHRIR, NCB: HiLiRiR.
TB: Tarim Block, YB: Yangtze Block, NCB: North China Block.

RRMX Rl R REELTEA BT Bk & B e A MKSHE BUFILEHE K
LA, BEEAN4sm, TRTIHABZE, ARABKRG RN ARG TFHIRE
BRI, ZXHEABELRAREETRITALR, B FTHLES5A: F
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HZABR. TR, PA=AR. LB R, FHRBERasER (B 2-1-2-
A) [20,51,52]
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o
TITY
bty (77 7]
S : dika (. . - EE K M 1w
D1 (5552 VK var._4BNEPR 3 ¥ e
TITT i : ]
FTTY
5 — E = A nze B smnzs
. e LAkl pAY &1 L th p g ]
o T by s
b, yand o o

=5
>

4 Twibig B wss o~ g
B 2-1-2 FEZ2Hh X e L et 2 3 TR A R P e X 48t R 749 I ) P

(&8 Yinetal,, 2015 X Zhou et al., 2017)
Stratigraphic column of Doushantuo formation at Weng’an area and brief map of geological -

setting of the Weng’an area
(cited from Yin et al., 2015 and Zhou et al., 2017, with slight modification)
A RLeAZHEERE, X9 Dl RRELEEAE—BRTAREER, D2ARE-RT
By R, DIRRE=ZRTAZER, DA RRBNUR LI BB OBRA, DB AERE
M E RKABAZABREN, DS REBEBRFTRBEHAZER. B. REHMXKX
BRERE, BRABEGHA, FENEMNEREHESHAERL.

A. Stratigraphic column of Doushantuo formation at Weng’an area. D1 is the Lower Dolomite Unit,
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52 B MR E R RIER

D2 is the Lower Phosphorite Unit, D3 is the Middle Dolomite Unit, D4A is the black phosphorite
facies of Upper Phosphorite Unit, D4B is the grey phosphorous dolomite facies of Upper
Phosphorite Unit, D5 is the Upper Phosphorite Unit. B. A brief map of geological setting of the
Weng’an area shows latitude and longitude, main faults and stratigraphic distribution.

BELTEEE S T Ao BB IE U RS SR A TR, RER ARG
B, hHRENERE, BREEA 20m. FTAZERALTERTHI R, %
BEEEY XM 12m B 15m A%, HEREBRERIEXNEERBEE, LEAN
ELfi L 45 I BEER 20 R A R N B JE B e R R e Bz s . E=R
ARELATHREN—EATSE RATHZER ZBEHTENREOT
H, KA FHL AT, HERRERREERA RN, FoRERE &I E R
ﬁﬁ%ﬁ TR & — XA R, S FHIRETRE, ass

ZMIER AL, Bimz LEBNE LB B, RBREREREYEY
EEF&E{MFEﬁﬂ%ﬁ%%ﬁﬂﬂ%%THTU%Eﬂﬁﬁ%é%ﬂaﬁ
ﬁfﬁéﬂfﬁ%ﬂ%ﬁﬁATWM@ﬁﬁm“]ﬁ?E%%%%éﬁﬁ@ﬁﬁ
REAUN 2-2.5m B BOBIRER, RAEHREFE THFR~Y, €5R
o E BB X FR 34/ 3R L UOVR B oy o B A A BR3S  BRAE 1 AR LW
ANREEESHERM, REEMUAE 3m FARKAEERER A= RBE
ENEHAETE, REENGVRHRETH~Y. ZEBAHRETREBENX
RS R B IR B AR SR £ MR R IR 7 B R AR S5 4 12021, 2325,
29.34.37.41.5660 X EMAC ABRESE T LT R b, AT RELBEHRTI
I, BEY 4m, AHNKTRBRESASEERE. L ARERAE ESERNT
FCHEERATZSE

2.2 HRIKIE

AW RAA TERBE TR RE R R LA LB B KA,
VI EERIE T LB B BOBRE, M =40 a ke T LB BKH
BERBIE. IELARE T ER b m RS A AT

B 2-2-1 REZHKEELTEA BB B P HRIERE B 4. Al
Bl f1 C1 AR BT REBAHRS. LHIBRKAGHRAOZENEREH
ik IR HERER Az S FArd, M A2, B2, C2 MM RH) & EBBAE R
BOSBEBME (A AMAFPEEMERE. KERAZHABRE (B A C)
TAIPE TR P e 3R ATY AT LAY Wb AL L TR O Tt T /N R 5275 308 T RE PR 338 T B 2
RBAITHRABE, REBHE KR, lA C2, JRLEHEA RSN

12



52 B HURERAAESRIR

RIETESRRESIIERS, HEX/NAEEFIME A EBORE R ERENRET . BB
Ve hEEfE, WTLURB =4k A . B 322 BEMBET —kERERNHAE,
EEBICAHTNIA —RMRAE AT R E T REN T R0HT A PRk s
Fo

FEHBFERAE, BRIENEEBRENTELEHBTNER U-Pb €5,
FEERMXWEREVBITERAEITER S F9%. BB Ex, Bl
BELXEYBERNAES 6.0945Mal't],
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2-2-1 BEMXBELTEA LB BREBICERIK S B R B =AMt E
Polished rocks of black phosphorite and grey phosphorous dolomite of Upper Phosphorite
Member from Weng’an Doushantuo Formation
Al REMXBEILVEA FBT RBABIE: A2. AR—HIeERWEK. Bl. ELHEK
BELvEA LB BURABHAASE: B2 NE—RIAEFBHBK. Cl. ELMBXFELTE

A LB BRERABRFTNRAGHRASZE: C2. AR—RIMEERIEEK.

14
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Al. Polished rock of black phosphorite of Upper Phosphorite Member from Weng’an Doushantuo
Formation, A2. A close-up view of A1; B1. Polished rock of grey phosphorous dolomite of Upper
Phosphorite Member from Weng’an Doushantuo Formation, B2. A close-up view of B1; Cl1.
Polished rock of grey zebra phosphorous dolomite of Upper Phosphorite Member from Weng’an

Doushantuo Formation, C2. A close-up view of C1.

AT P 0o -

B 222 REMEHRERNIBIERRE
({# A Zeiss Axio Scan Z1 #ATHEIHEL)
Transmission optical imaging of thin section of black phosphorite facies
(Use Zeiss Axio Scan Z1 for photo splicing)
BRI KRN BEBRERE A HA ESAERERHEESKELLNEASG,
FHEEATT LT EHREHNNE S, TUUAAN ARG AT TELE R
RRAR X35
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BIM WMRAE

BRSO R SRR R A AR A TR R, B RIEERSERH
R, BHEREASFRLEE T EMFRERRAMSE . BEEREKE AR
B RBATHE RRIRBRN , D2 ENFHERBABEREARBRA UIRBELTFH
HRBER

AHARALHARAFERBERAEARE, G VAU ANERER I
Wh, NREESBINBEMNMEFBUEES T, SERA BN
BEREN, EEREVEESFMNRIWAEHALERIHER. EERRE
i 3-1 FiR.

DN EBRRH R 1|
A

MR Afie T EAH EF SRR = BXB% - B
CET TR { » Fe
E” 4
- — : ‘
# % B -
[ ¥ l l 3
: : [ o I
. . =) SRR S RN

WERR BFBRA AR BEARES RS

A 3-1 BRAERNNEMSHES ERMRESERBRALRNER
Experimental workflow of multi-techniques of microstructure and spectroscopic analysis for
microfossils
LRI AFREL, HEN =T RUAREAET . BMEHFETE, =415t
AR AT RO NRESEE . BRETERE T, ETRSEIDLER=4 X 5t
LK DHETERR: SAMANERENERATFREEIGES AN HPEEE
REHMBAEOLHREZHRGHR. BRGEZEFH, —EFYTHEAXREBN R EM

BGHATEE T

The experimental flow is divided into two main lines, one for three-dimensional fossils and the other
for thin sections of rocks. In terms of microstructures, the research methods of three-dimensional
fossils including sampling pickling, Scanning Electron Microscope analysis, and microscopic
tomography based on synchrotron X-ray tomographic microscopy. The methods of microstructural
study of thin sections including pre-fabrication (cutting slices), thin section digital scanning
microscopy and confocal laser scanning microscopy. In terms of micro-spectroscopy, both of them
can be analyzed by confocal laser Raman micro-spectrometer.
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5 3 & BIRAIE

=SSR E, BiSRE 2R, S ERAA AR RE
W RMEEN, HATYIP#E: B CT Rk THEEEZRBRMANB=4(E
B. BEBRENEA T AT UGS TR Y EMBREABOLIE RERMBHITH
PESE . BATRR LTI, AT AR 49 R - Al st R AR MO T 8 061 AT U
B, THRABRUZERD REE, #—PERANA T TRNEYAERENR-

A B2 BARER T 6 WA & KA REOR, BRIFEPRA I, 92
T o B2 e o R o AR SO A SRR R S5 P D M R R 2

3.1 $tEAHERNES EFE BRGNS BB FRATAWEAR

BERHX LR B R EREEE R E A BN LS, BRRRIE IR B RURAS
f#; BERARE T EENREEYHER, BE 2 RASIEL A E R 7%
FTH AN,

VR HIE, BRBE AR ER A FERD, BRI HENA B L&
AT B L A A e . VIEOS R R A R BKIRHAT A D T RN A B B
NNAIZBHRKME R EITE, SRS LMKIES, Bk EmAR &N
FIEHERMAESARBAFTERER LMBF. VEBHRE A/, HECHET
MR EMBEFE S ERIB A B, BBV EL . SHBEMLE, SRS
FHIARSKITEERAERE. HTIANRMERTI A —REE N 50 Bk
A, TR R ERE, BRNAMSE TURENEF A2 KE. Bt REFE
HASKEmMBRKEFRIRERE FMAEYHER.

Wl T U A FE RS F BRI, BREHIEG I &E KA B AR S A
ERBEESHEER, B 2 B T XN IR B L abr A7
BB EE SRR, BT ARNE . ARIBOMEE R, LSRG KBS
MEEFE, fTHEN X IRKNEIR, W03 5 EPE 20 B 17 ks
W4t RRFRARI S BTH A BN . SCREBE TAESE SR, &
BEME M5 A VI BERAR, N FEFRR KERIR A2 AT X TR L E .

BIERHFOTERUX B M, AR EARIR S, B RER BB,
5 E Bk LK BRI N BT U 8 R B SRR B AR BLZ A « 4 B Sh 873K
AEBEARIEREMN ZEFRUHER, e HE A3 BMERAMRAEREMUT
PHEHAR, E—EWENRBIRIEE TP, #TESNTBRBUR AR, 158
AMEFHAMEE . FitFERBR Y A E BT BRERAN T .

PAAS S 4 I /1) Zeiss Axio Scan Z1 A, —IRTT L EEARAER ) 100 5KER
KBRS0 5k BEIERS, o FRC& A 8 PRB AR A, BRIUK
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AEMEH (LB 3-1-D. XAERE, NBHEANBR, BREFI. T—FF
EFHRABEESH, WFEHBRE. 2N, REBOEE. HHGE G
FEEE. RETHE TR, KRB IIFLESFHBEKEOLS. 2XERY R
TR, BARFER). HBXERAD. BFE. Bk, HigE. 40iH
£ REERE, RAFGTERUEANRRIFEFME TR —EBEENE G
B R FTE_ERIRE R 5, UL T LR B SR 5 1) LB SR, Bl z-stack
R, REBELRROVA. TREBRIER, 7TURFRRERFFEER
(profile), FfFFZBMREI AT F—H#ER P AT E KT EsIHE
FELEB RS . FTRRBIRIESRAE Zen 2.3 Slidescan F ] LAgwiE, FEWME 3-1-
2 Fim. ATBAIMAKBIR. RS, #ESE, ERAREH CZI XA FRH
TIFF. JPEG. PNG &% AKEAK.
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B 3-1-1 £BBFRAERURRERARRR

Automatic digital slide scanning system and slide holder
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3-1-2 Zen 2.3 Slidescan 3|fEHK AN ERE
Picture of Zen 2.3 Slidescan software

3-1-3 5 3-1-4 REHFH ) B Zeiss Axio Scan Z1 FTHEHH A
PRI BIRR . B 3-1-3 A BABIEVITR, ZLATENFRERRRE H
M ASRARREME. B 3-1-4 NAKEABERE O = RBRERmERMT A,
NI E RN, BELAR, HEERR A EHAREABILE DA
REEEE. WML EABERRERIA RHESREN.
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L

B 3-1-3 #ERMXBELTEA L3 BR AR ¥ SNEHHEE
Full field mosaic of thin section from black phosphorite of Upper Phosphorite Member from

Weng’an Doushantuo Formation
A BhaahENIESRAAHREARLE, SRLETEREHRASRS. B. RBK
K, BREPH—BUE. BAKENE TAKEHTERR.
Potential fossils are noted in red squares and numbered successively. B. Magnification of the green
area showing some potential fossils.
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B 3-1-4 MESBBXBELES LG BKE SRR A AN SREFHHERE

Full field mosaic of thin section from grey phosphorous dolomite of Upper Phosphorite

Member from Weng’an Doushantuo Formation

A. 2UEFPEE. B.A PAEHENREBK.

A. whole view of the thin section. B. Magnification of the red square in A.

FL, EAHBFRAABBRNAEMBUA T UETHNEERACHE
BRIEMIS. WT 24 /NBY BBIELEIT, REIFIRUARR: TUEREBEHFER
P, NTEHIRAMLARKME. Sitoth. BERREEHLY; XHBE
BB KmE, BlmmEEHEY R ZREMRK, TUERNHHZRETEHARX
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i, BEMERRIE R R XM G R ImE N BIR . fRETEER, F.

3.2 BRALTE. AP ERUE

KA A BB R A H = RS 1N RSB, H i A s pis i
BERRMATREEE U= RFREARB RS, =g E AR
LAFE BhBRA TR BV AW R AR R BPIRAS, SEAMEDI A B WL 45 BaE R
Wz, WNEBENAEGHEEENE L.

FRANERRT, Sok REBIIN S AHIER S L ERERR/MIER, BT 2
BRH . BCEREN 5%-10%MBEERIE BT S ARESGE TR . RIERERS
BEHHET ARG =ENERBMERE, —ENEIREEHITHRRLHE, RE
ZRE R EREFEE, KX 1200 H, 600 B 300 BEM G2 HAET
BRI HRE, BATTRE S E A KB R A BRI SRR g . BRAE SRR Z b
SRR MNIEES, SEREARE SR ENREA X, AERBIEN, REEE
818, WM R, —BE 12 BT — IR

HER S B IR RTE KPR PR B AT . BIRIE R S RAAr 5317 2
B, LRM SR PEERS, KR RSP M EI AR ML IASET, fHH
HERENAEERK (BESRE), BEAANENLEBLEHRK.

PRREE AR Pk H BB T HM RS MERBMA, B EAAEERETR
ERINFRETERA TR RH T RRS, EE T EHRTE LR,
AR TRERLSOHE. SERIREd, oG — B R ERHaHT — %8
s, IEF—MARS, ARHRMNEE - MA.

3.3 RIFEHFT R

ENATALRES, AT EHFRIRBREMEER, FMUEERAGI AN
SMBTEARFIE, A K RS FRER ERMIC ) SR R0amBITE
T ABIEREICAE S I I EAD R 1318 i T B SR AE ST B
T RIAAR, EX AR 1 B B A T B4 0 A1 3% 1] B R 1T 15 LA R BE FE S
WM. N T RIFZBIMA, HARSHERELNERTEM.

AT RHIEABENASNEER, AL AEAR T =48 BRI X
R HBATEEY R, RS MREEHTEECERE, BERTENR &
7 BT BB RSB A . HRMIONER AW ERRRYE, FlanfE ZEk
FEJ7E, BT BN IEPFLEDRME REABANRREMAN =450
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ELE, AREGREBREAN: H—FH, MEHRARRMFEREY, FEAEFEH
Fl— LA BIRF R, FACSEEIR, TEFHITHR. WA =S THRRIRE
AREEH BRI A AT A PR A 35 BT A AR LR, 78 REUX L5 S/ R Bt
RS e a AL, UGk EaEmiptan. BRATRREHRZER X L1
SR B AT IREN 2 A MR, FREFEEEH/INE ITH _4HRE
%, BERAMXRGHITZ4EMNEE. IMBBRIRBARENER,
R AT BAXT — 265 38 BB 5 e VR T o F R AR A AR TR S S /34T BB

RIERBERARE, ARG LT AR, 0k 3-3-1 firk. FX#H
B B A AR T RS IR B A AL BT Z BB R (phase contrast-based

synchrotron X-ray micro-tomography )
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3.3.1 EIEEHREEN

[ 558 5F (synchrotron radiation) & —FF RGBS, B ERRTILTHERN
IZ 5 T BUE B FEREA R R S I R IR, RN E IR &S B Mhda it R e —
ERIBIMERPMBEL. ZHEREAE 1945 EHAIBEMEHF FIRERES, N
T B T A1 B A 3R S Ja BRI H .

BB ETY6UE (Synchrotron radiation facility ), BIF=AFIPIESFNIMEEE,
A —ANA DU I IR A R H FIZ 3 R VIS J7 1Al 7= AR AT AR S B B
B Re T AL T 7R AR B B BB R P DURIE SR R R B R R, I HAE S Y £ 77 1)
AT LUK ST S B sR Y, BEFERIIR B MR LLAM BT X S 4k

RN AREASENIE (FRE). @FEEE OFm). gL
FEiE . RIEFMRARmIRNE. BKrPBfZH . SR, @EtE. Bt
MR, BEARFRNHAENFR, EARMNMBKEEEEAS]. m
STl AR AU, B AR L RS FB R T e IR X SR EREUH R,
HAT=4 TR, BN PES X G A4 BRI E RAE F R (Propagation phase
contrast-based synchrotron radiation X-ray micro-tomography, PPC-SX-uCT). X4
2RI QAN H T AR Z4EIR I R ETTE. R R8T =R,
A HE R LU B WK K .

A AN+ ERE-REDESCRFREH UK, APRTRELZEA
ek B, BatC&RERFEVN. ERBRZEIFFERREBBRPIKER, ML
BAEEE, HAENES. IRASEFEENEEERERNNE 3-3-2 fix. L
BRERH, KEHXAE -RFAEF IR FE PR 6IE (Beijing Synchrotron
Radiation Facility, BSRF), 35 —REHA M T EIERIE R EPES EELEE

(National Synchrotron Radiation Laboratory, NSRL), 3 =R LR D4E 5T 3%
E (Shanghai Synchrotron Radiation Facility, SSRF), fjIE/ER K FilitF 2025
FERRRNBITHI S REF GBS YR (High Energy Photon Source, HEPS) 4%
AR E S — & H R FESEHA IR St A #1770 E K EPES A
rA.(>(National Synchrotron Radiation Research Center, NSRRC) H] 5 Y65 ( Taiwan
Light Source, TLS) &/ FIUR (Taiwan Photon Source, TPS) ¥ &3 =X [F &
mTE.
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EI3E BIRGE

3.3.2 BuUMEREREESEHRER

FIALAT B AR (phase-contrast imaging) & 20 tH42 90 R LR R BRI —
FFHBRAR RN 4 X FRETE-FME, X HROIRESE B SRT
S, Hit, BRPOARFAF-ENEEZERSHE S EREMRERE. X
FAEM I RB A IE K TR, FTUURBFERATREFHEESMAER, NTRE
HRABARSHPRESSTHER.

331 BRT —EE=RASEFRENELHEREE . BEREADESH
RETEHELMER. HRE., EEFNLREEELHIER. K, BHL
DRSS BT A ER N ETFR, ENEEFERTNE, REE2IRE
MR ERHIEFRPINERET: EFRPMEREELS RS TEIL &ML
TR FRSEME, HEBERAMFRE, RN LRARE . & R# — P EE,
BRE, BFREMAIRTFHESRP, EXARE, FEIEMBEANGREBER
FBEKNERFEER, ERELHFAEEERERXET HER.

3-3-1 B=RFAPEMERGHTRE
Diagram of the third-generation synchrotron facility
1 iR RELRINE SR 2 FTs BEF s F [R]85 I 88 OURRIE5RER);: 3 B KRR AMEEFEE;
4 R Asiys. REGKAARETHR; #EFN, KOHTRARMER, HEBIERFR
B FREELXNEEZS), MARTRARME, TUELEHBETFREERE: WERET
RIZFH IR [ B‘Jﬁ@%%ﬁi‘iﬁﬁftﬂ i} Hi%EEHﬁ ﬁﬁ%%%i&

1. Linac; 2. Booster; 3. Storage ring; 4. Experimental stations. The wathet blue line represents the
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electron beam; in the storage ring, the green squares represent the particle accelerator and the
electrons are accelerated by electric fields in the straight sections between green squares. The red
rectangles are bending magnets that bend the beam. The yellow lines represent the synchrotron
radiation emitted by the electrons which towards to the experimental stations.

M 3-3-2 BR TIRAGHESE (Wiggler) 5% 2% (Undulator) HIRERE.
BAGHERRERFRERBNRABE —ENERT, BEHHIERRTRK
FEE. MEREAT, BFEREST4AAMES), BH THESEAKERR
BATYUE . 3 38 M RE T 37 28 & 19 B 7 SR7E L 7] DA IE 5% B R RO B RT3
THX AR, HESNEEEEEX. MBRAMA. R0 BABRES, MG E
) ——#H 2 1641,

* AIU .2 &S

CEZ 1B

B 3-32 HERSRGREHFER
General structure of Wiggler and Undulator
B A AHBRENAEE. BB EGBENSER. HOBARRETR, EMSTRE
RYG W .
(A Z%WMit: https://en wikipedia,org/wiki/Wiggler (synchrotron), B £3#it: htips://en.wikipedia org/wiki/Undulator,
e T8
A. The structure of Wiggler. B. The structure of Undulator. The yellow curves represent the electron
beams and they oscillate and deflect.

RIS RN e r REME 3-3-3 iR, BFREMBHIMENRS
BBl WD G RS EN O, 23S ERANKNELERE, REBIM
Theds & LI B RRed b B A f KRR U s B2 WAREITE R G S
L, BERREAREGERSE L, BRERNER.
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& 3-3-3 AP ENRAtHSEE
Schematic diagram of synchrotron radiation detection optical path
L JR¥EHIR: 2. ZRERGML 3. B 4. FPHEH: 5. RERRE: 6 Wik 7. R
HHE: 8. BEH: 9. BEMEEE: 10.CMOS (HAIERBREMMY:-T4) HEk.
1. Bending magnets; 2. Multi-layer monochromator; 3. Sample; 4. Synchrotron radiation beam; 5.
Rotation sample stage; 6. Scintillator; 7. Mirror; 8. Lens; 9. Image sensor; 10. CMOS
(Complementary Metal-Oxide-Semiconductor) camera.

3.3.3 RRI&SEH

LA R — MU RP RS X TR W E B AR = E BB =4 1k
ERNLA, BETRMFEIDES HIE (European Synchrotron Radiation Facility,
ESRF) W% 5 RMWBERBLL (ID19) R, RESHWTF: X H&H
79 17.6keV, FEf¥EA 0—180° , BAFKILABRILETEIS 4 0. 2s, B 1800
i, KA 8min, FRAMRNBFZEMERAN 12mm, HAFH 26 THR

(BANAEBRER/D R (0. 7Tum)

CT WS H=gTii b, OFEEESE. ERRFEUVIE. =4E3
%, A% VG studio Max2.1 M. \

HER W, ZiA B =ANERRAEEARE ST, WA HSHRESEY,
EIHEMPR, PEISREFBINET S ELF, AREHASIURR. FARS
BHEARRIT 2L AEREGERRNBRRE, AT NG R RN T LR
BAREE, TRUAARER.
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M 3-3-4 RREVBENRAXAR B SRS DRETERR

Synchrotron radiation X-ray micro-tomography of phosphatized fossil alga in Weng'an biota
ANGAZHEREEIAE. B ANRAREHERMR, TUEREZRSEHER. CH
ZHEAUAERHF—NEUT BRI . 7TLERE LA RHAREES.

A. Three-dimensional surface rendering view of the specimen. B. Transparency view of the alga
fossil for showing the spatial compartment. C one of the virtual slices of the specimen, showing the
internal cellular structure of the alga fossil.

3.4 MAHRERFAE

BOEIL T &£ B MBI AR (Confocal Laser Scanning Microscopy, CLSM)— i A
BOBERBUR IR, B AR B 4L R IE B A 4R DUR B e 4 R A%t
EEEE BRI RAR AR . BT RBAMLARREE KRN, ZHEARTE YR
REFRFEEMNH . BEFETERAE, HEERGEERKETS0AZEEE
BB E, BUAFFE SRR, RERNSRBBOLRHN T BRI ™
A5 FTEE, BT DM B0 L R AR BB AR R B @ e 2 BB R R
ERETHEMERINEMER.

BOtHREEHBREAN—MRE L RREHITREN TR, ERREDE.
HFE B MRRZERBEREE N SURM A 88057, BEL4Y
OB HARBIREEE, FEEFZETHEMERANR—AAH,
R (LA AR Ly, BEGARAEY TR FEETOLE A RcE
SEREEM . BOLRH T LB R RV — R AEIRRENT Y. §
PUREF=AERNEHMM N EERERA I ERE T2 BENE %
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FEIE HRAE

KR, R EMLERRENTREREER. FHILaIURER S &R
LI 2 A OGRS, A BRI AL AR IA S, "] DAMEBUC B
TrEgE R, MInTFER (kerogen) IXKMHMAERFIBHR, AHOLR
HFIHARTG. HETC Mo MEMOCHEM T ol A BGRR7O6. RIAT
VIR B RV, MXEEETIRESTEA. BKA. BV UHYR+&E
R TBAFIFOCRGBERT> ), WA ZEARNH T i, — BN F
HtEHA =R (1) (LABEREE B RIOCHIT BRI PLR,
RETEBOE SCIRIEUR T B R %G (20 a FTEMHE A B A B & 4 R 2 4 43 e
ERCEMBR T BRFOE, W= ERBRHE: 3) ARSI Et
FHMAR, I EHIB> ST ER SR BRI, IR AR RS 2 )
.

BRIk TRZEVHIHATERPE=ZELARFRLA L, BRERE
BERE EAE P REGS TIENEY2E L, T B RABEE P rea A
AT ERER, HE M RF IR LLEK A (8 = FBiRE A S5 F S ik
—% . B ERBOCERER MG HTT ORNR B aBdva @ PR aER
— AR REEEEMFERRFH LB

B REEMBBIE A E BB AR TR —, BERTT EMUE IR
. BRZITERA — R ARS, BERAREARGIEN — NIRRT R,
T AE A 20 B — FE R A R Y 2978 9 B AR BR %, BOREREZ AR AEIS,
BT RN AT R X A A mth 5.

3.4.1 BLHERERMBRGRARNEKFERINGE

Bttt BEE /B (Confocal Laser Scanning Microscope, CLSM) 3 B i %¢
FEME. AEENET., JeUR. LBEFEE. BELOE TSNS HMN, 8
WA ZMLE: MRTEHIOLE. &80T ROCOEEMBOOMIE. AR
FIRERAE MR P THAAE . VBN, S5 A R 7] A E S GG T RE R
WEES, FRIFGFENBRMNEBXG, TUKAESYOIR, T &RE Rt
STHRST R A, SRBURFARRMNEBX, B REEHMENERENERTHH KK
FF=E R GEIATRE, &H, WATSHRX AT IR, S SR 2T T3
FIE, BRAHRXIR, 412 E0CER RIS S ET B NI 3
TLIERUEE . THEBEEN. ESBREFRER, EABGLAETES, AERE
BEAT A SRR BR AL

B RERG R R R MBIE RN E R X R AR SRR A
RSB, SHEENTLEMEFRARNSERITHL, EREEFNEA
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B3 E BIAINE

P, EERARENERIFERFR, BT A B RVOLEERE, BRE1HE
OL T & R & H R AT TR M R A 7= R 5, 8 s (k0T R L s D
SAEM, RIER T IA B RFOCNERE, B8 T2 hIEReRAmRe b afE
e 7R KT T JCik W 82 31 46 44 T LA M b S5 31

N RBRERBIE, SHRET B S SSr WA SRR EEAR
[, XA S SRR X IR AH B 5 BB ETIR . SOk R T, Bt
BEVESERAE, F T BUR A=A 2 T RE A 208k Sl IR S 40 1 32 AN TR KO ok
A FREA B2 = AL (PR T4, T AR . FAEEME, BOtnEE
s, AHE T RERT S R o AT, AT LUK TSR0, (18— A
B R RGBS MBS DA SE TR M b L2 2, KRR 7 g5tk BB TE
A BIAR, BOCHRIRTT A NEARBEE . SEBOLES . BABOLRE. LB
JEERAN B B FROLSE S, A5 B R B REOLEE ETR, TR ES K,
HA BRI RERG AN KE 405 nm (GESEEOEE). 457 nm. 477
nm. 488 nm. 514 nm (FE-FEOGES). 543 nm. 561 nm. 633 nm CZAHAE)
&, FIRIESEPRTRERE.

ERNTEE T, RENFERMRFRERE (B 3-4-1-B). BotMEOLE+
S, MRS E B AR MBI, BOR R E R BRI
JefE SEEMES R RERN YT, BT -RAAHE. AFREEN—$
BRI AR T BB B REA K R (S5 HEL T — MRS R AT A
KRG, FRERIFEEFPHMEELA BT ZL, HArE (AmE
P AT EIR T & FHEEL) MA@ (B 3-4-1-A). XFp R 7P LR
BRI IER 2 2V (optical sectioning) . it #HFLIX — K k62 M3 1
WIEZ fa, FTHRLRIREEFH. HTEESERKTR, BFEMAREGE
g, BR PR AEE LR T B BB E IR L B M.

H AT R B0t R BB & TR BAEE, X—H TR AT RGHER
DOAE 5N RER U AIOGAE 58 R A BL(E 5, ad nss v ppas e AR Bk
RETRERY HLREZURKESRE, FRREERIEAKET, UE
TS S 5 4b 2

gi BRI, WOBIL R A BABOR R E A BRI R T AT FLADE A B )
AT, SREAEREEAANRE, ERHERENECEGBaZE
TR TIRIFBOR E BTN, (HFLE B M T I B A 2k, SEINTE i O A T A A%
J6 A E M ST IR BIR (R 58 BUBCK, TRAMEARER R B R 5L 88 S8
B A R LA R s
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o TR
bl S RS

3-4-1 BOLHRABHRB RGBT EE
Diagram of the light path of confocal laser scanning microscopy system

A REAHREEHAGELHATHEEELLNFER, Y I qRRETE, 4
BESNRIPEERNBERTOL, BEANGESRELETEMRIL, MREHEEERREEN
Fit. B. RREAKLRERBALG TENERBER, BotHRBiE B KECELE (&
B, BRUAKMBRR () BRMNBEIRE. © Rl © #il: @
ANE: @ YE: © YA ©® BOLE.

A. Only fluorescent photos (red) from focal plane are received by the detector, any photos above or
below (yellow and green) the focal plane are largely blocked out by pinhole. B. Laser beam (green)
scans across the slices and emits fluorescent light (red) from focal plane, which can go through the
pinhole and finally reach the detector. O Detector; @ Pinhole; & Spectroscope; @ Objective
lens; & Slices; ® Laser.

3.4.2 HAHl&E

A REEMRBRAREEZHATRPRATZ, REFTUROERAS
B, Bl &ITEB AR EHEWEI, EHETEURNERZ A
b LERASHSBEEENA. X TARERTI S, AEFHNEE E LA
M=440, EREE SRS NZRIESENER, RIEEEHLREHM
RIASCER, DL 30-50 pm NEM), ZEEHTHESGEMANELE, AF
TREWAGHEZN T RGN EFNRR N4 hEMER B
SEEERMRE, BOtNREUFEREREFUREL, RITUERLER
R BTOEHE U FER BT A BB MEZU FTUGES A dEPRES
BIRARE M, PRANTREELEMN —HRYE. B, EHRREERE
WRIEFTREAR A BN F LR FIRE . B AL TR, RS LEEIRE
Wi E, k. REEESE, WARAEREEERERITE, BIERER, U
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WME . HABRENERR SRR A, IR, DA MF RIS, oL #
X 24 F U B2 1 S 1] A B BUBCEL A T TEE T L, T s . 8T
EIF B SRR R, R DA IT BRI ER, RE ELFRIR
G IEM LA RMIZSM mRRARN, SER AT HAELAREEH D
BRI DR R AR BRI T BANUAREEE MR AR
HILRERGH LB, EREFEERAMLRBBRRH - EB%,

3.4.3 pf&RsEf

B LB BOE R REE BRI B AR Zeiss CLSM 710 &, Bk
JEUR A Y 488 nm AT XY LU 5T A B3 6 % B AU Nikon HSS50L #385% .
K, RAAKBBURCIRAGEERLT, RE2LIERE, EEBMRALETR
BAH =00, @it R e G EREBR mERES., 6. 4OK8
G BURGENRCY = T

3431 WARREBRSHE

N T RR L AR P 55, i BB 00 3 B RS N BR B 2 (RSB ) B
AR FHUARGREESH TR HRE . KRBT EEaPHRRENBEKXA &
PRI, TER Rt B T EIEME B R4 (AT AR BB & R 3E
gD, RIEME, BRKASEEHEBREE (Hin488nm) BURK FreE@zin
K, RN NEE RS TR AR T, (oA F BRI EUE R 1L,
BB EERI, EMHMMBAEAR T ARRAEE TS, EmREF AL
AEMEEE. MWK, EAASEE ZEAESEWNSHEE, BRERaRE
Finr . i 3-4-2 Fion, A BRRKRSELZEME (A MBOLHRER
W& (A2) XA MrEHTRENESR: A2, WESEAEMNAREH, H
M ZERKIRRAKEW Oining) FEHTL; Al PRAAFESRENAATOE
A2 5T, WEIBIRIRAK NG, BE—RANKY, TEEHREERN
BT RRMIBRIFA FTLME AR RSB EAR B F K E AT L E S M
M. B 3-4-2-B RARIIR - MEERENA, 5B 3-4-2-A HHIFRAL
tl, FoANA SEERE RS ER, MURTLUEK R B EE S5A 2 [rd R,
17 B AT LA E2 B b A A SRR A2 S M R S R R R S 3 (B 3-4-2-B1 FFHE
PGB XD . ZERIREAF AR MM RAR G W BEER LR+ 55,
JLVEARRKN, TERRR I HIEA X R LIS 75 HF H A E. g
RIREHI & A A S R BB I, MEBCE R RERME T A—BEEEN
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REFRAHE (B 3-4-2-B2), 2 TFNA—BEREXNREIHRF, H#HMNHKE
HIBEIR A AT 451 o

B 3-4-2 M2 AV B M B9 M AL TR R T eI
An unknown microfossil from the Weng’an biota and a large acanthomorphic acritarch
from the Weng’an biota.
A BREMBHAHUBRBENMBILE, Al ATER%EHEEFT N TRE: A2. AR—
BB EBCHREEMETRE. B. KETHSERERREBCCHREEHR T ARBOREE
EKMBIR, Bl. NiZWAELM: B2 A Bl FUREFHRBBK.
A. An unknown microfossil from the Weng’an biota, Al. Imaged by transmitted light under
ordinary optical microscope; A2. The same fossil imaged by confocal laser scanning microscope.
B. A large acanthomorphic acritarch imaged by confocal laser scanning microscope at different
magnifications, B1. the entire appearance; B2. A close-up view of the framed area in B1.

3.4.3.2 L RAERLEHIRL &

UILEBABR AR RN, EEOLR T B RTOER, ASENE
WA . HULA R EE E RO S AR, EEOLTILFARYE, EAIEF
NHERER, WARRREFNE, ABTILA NMESHEHTRE.

A 3-4-3-A J9—4H B PR 2 40 45 4 60 BE AR A B R o B SRR R
HPE Al AT EAZEMBETHRENER, B A2 EHEREEME THER
KR, PIEX AR ZPIRERN A SR A2 HENiEN, MR
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BRI RIRRE N B 3-4-3B NIRRT A —HAZ9MER (Tarlsm
TEE PBETHRAE, HHE Bl NE@ERT L% BME TER, & B2 AF—
MEAEBLHERERME THEWER, B B3, B4, BS HREARTAE
WA T IO SR E R R R R AR I, 5 B Rk Brdg =4 X 3,
ET@R B MRERE (B 3-4-3-B1) REITHAE (K 3-4-3-B3, B4, B5) M4
HEBIAE. TERBOCHRERMARGREIE S (B 3-4-3-B2), K7
FARMHBI 5 1 BARTE R, FROARA, WIMRRINAS A TE S, BT iR
T R A BRR H i b R e B, WS S5O0 B N A ke
AR TR

FA R S BERR A, F A B VR B AL (RAEE RS, 2
WA NBEER SRR 2 KB . TR E > BREMIER, AT EHL
AERITHBRMME. EREER. E 3-4-4-A PR RN ZHRAR PEI 4
20 M BE SR 4 B ER SR LR T, ROBE T35, EIEMISHABMIRER, B
[ X R B A  RF MRS R H B E R AKX B4 E L AR
H, THEER: TRk, 2EARK, IOEERAS: HMNARRTHRR
X EMA, XERER\ZMELEREMBH L. B 3-4-4-B )\ A
Wz AV, HP R B S BIK, RHES T HEE, Bk
EHE A, BB RER S, RAE SRR, FRMBIALER
s ip
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3-43 ZMBRRBER (REXERMBRR. AETICEMRRBIBOLIMBRR)
REDHRRAALT RPN

The comparisons of imaging qualities of conventional microscopy, epifluorescence

microscopy and CLSM
A A—BHMBERNPREHRE, Al AEECZEMBERB: A2. FEOLHEREER
SRR BOAMTHER I FEREMA, Bl ALEAEEMERR: B2. NEOLHLRER
MBRRA; B3-BS AR — AN NERAALTCEMBERE. KE. LOURH TRIRE (b



3 E BN

AR, kAR ARE T B LB ER X L.

A. a multicellular algae with network multicellular structure, Al. imaged by ordinary optical
microscopy; A2. imaged by confocal laser scanning microscopy. B. a possible Paratetraphycus, B1.
imaged by ordinary optical microscope; B2. imaged by confocal laser scanning microscope. B3-5
are images captured by epifluorescence microscope. The blue, green and red light omitted by
fluorescent mercury-vapour lamp, respectively. Red arrows indicate the contrasts among pictures.

B

B 3-4-4 B 40 A 5L O 2 41 B BES PR 51 52 )\ S0 TS M0 RE B I BOE SE IR AR AR AR
CLSM image of Multicellular algae with cell differentiation and networkstructure and 8-cell
stage animal embryo.

A. AZHMBEEPRGH, RARKKIIUREESZER, ABIAHEERAM. B. AN

ARSI RIER, MBREIEIAR, AERARBRDREEH .
A. a multicellular alga with obvious cell differentiation. B. an eight-cell stage animal embryo with
bright intercellular space and dark granules inside.

3433 R=ZHSHRER

ARBOLHREEMBAR T ET 2 BRMR T DM =S AER TR, W
MEBEBESE T A P AMERMERA —eBE (30-50 um) HIIRLE =4
gH. ZgNFERYREBLRESENSE GEFIBEK), RHETFEE
SRBERER, FEL TR EEREARETFEHNS BASBNERART —€
BERH=%4 0BG (B8R, BHr—<cBEENRAMEL. TRBME
MNENEEREAERES, RETAREFE LENBLAREEHEN, A
RETFHENRER S, XMFRIES T BMKITIREE A — AR LR T
BIABERERR =TI, SEREGEZEREN Z HBMIIRAFTE
FXH. FERBARETEH EMAFEHEREMIIBK _ERRK L, LHE
FtrAd Z BERERT, ERUASHKERR, hin— " REALAEY Z
#EMHRAEGUA—NFEOE, TE—I R,
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TEAZARBERMRGHENRETE LRELKR (B 3-4-5-A—H) &
HBM (& 3-4-5-D ELERE 8 KB T R LAHMBIES, &R T AFH
ST H EAEHNRL. BMEMREMFRANENRERREZREN. =%
SAERINGEIE T URIEARFISIERE K, AR e, DIE%E MERE=
LA WEMWAE BN AN RERER.

] 3-4-5 ZEIMIBAFPREH RO IRMARR
CLSM images of multicellular algae with network-like cellular structure.

A-H. AR—ZHMERRREHES LT ERESRER, TREH EMBER, H
PR ERARBERIMZHAERFETEH LARRAENBI/ERES 1. | AZKS
[ L LR BN,

A-H. continuous images of the same multicellular algae in different focal planes and the subtle
differences of its structure can be observed. The differences of the brightness in different images
indicate the intensity of fluorescence at different focal planes. 1. three-dimensional reconstruction

of the specimen based on the successive images of multiple focal planes.
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35 RRIRAIESIT

F &85t (Raman scattering) RIFHBH IS FHAOF FHHOBFRS TR
PR, PEARRHERTRHRR. BE— M0 FRELERES, ZEA
EHRIRAE, X5 ZSFREEER, HSIRBFRI. EFTFAESKITIER
THESHERAESZE, HXHMBEANRKEZEE, WK EUN 5 8O
(Rayleigh scattering) E{#A{EEST (elastic scattering); WIR KA THHELE, &K
2R S BT ERAE B MEBUT (inelastic scattering), LA, HET PR/ TG
R BRI FCTERTEU (Stokes scattering), HiSERFRAILTITL, TR
FERT NEHOURR NI RIRARTIEFEE ST (Anti-Stokes scattering), ELRHR
AR R L. BRIz 4, & RH 8 ik BT K& EYIR N REEN (F 3-
5-1). BB FAXEEKBHALR, TUREBI S FEHPER, BFAN
2 M DRI R B R o

—E T
mﬁ esesgospeesces hv, hv,
coprepesesesane Sopensvesh ‘
299%
hv, hivgv) ‘ Fac@
hv, hv, hv, hivy +v)
P - BT RS

ba s
ETERORER
o8t

3-5-1 AN FHERMRRIICRATRN . FOLARB TR~ RE
Diagram of electron level of Rayleigh scattering, Stokes and Anti- Stokes scattering,
fluorescent

PEREFRANR—FER. RN TEERTETHTHRNER, EH
FHE. B SEHER. REN. ELFRadEs, SRR ERNEER
FAN B IEAEAr, ISR, LREMEERES. BESHIXMNER
mnz 3-5-1.

FEE B8 LIS LG TR SR, FEXN SR EVIE TH: 8%,
FEHAMRBIRAREAMHER; KK FUERRTAFIL, WRAHE
HiE, FBEHRTEAEOWR, BHREESERNEE BT RER YL TN,
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53 B BT

AR R B BOE S RBUROCIREK: &5, BAE. & S=EHERER, 4F
H77 NARARRE (B 3-5-2). STREMBITEST T # 0T AR B ERAT I E S iR 18
AE R

& 3-5-1 [BKIBREESR

Raman spectral imaging information

WEEER HwrfER
W fir EHR G0 MR TBS 0% i
VA B IL RiA). iR
i
FEE GEh R
VG UEE 5% FEE WP B B 5 P 731

ENERE - THZE TERESENURAFXLS, DREAEI PR,
PR WRIIE . RN TTiE. AEREEE SRR A%, U ESHHFE
BEREEREESREXET, URBREMR, FRMERZREIIFLEL.

Ek ] /A%
11 % i \\\V/// THE

C &Emms - X8 ) — Zz@Eg;E )
EEEEEREEn | (RN <{£:EZZ§%;
Careine | oyl | St
it o g0 ok ok || [ )

352 EREAE

Raman spectrum test procedure

REBHIBIERELIE —ERNALE (IMIMBRRATR. HE%) &, T
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2252 B AT A SCERER ZE R B 0 M R IR B S AR RIS I EEFE (10 RRUFF, WAk
39 https://rruff. info/fluorapatite/display=default), 15FIFKMEHIHRFL L

LRREEET 7.

3-5-3 MREVRS S HRMAHREA B RETHE

Fossil figures and the confocal Raman spectroscopy of a multicellular algae thalli from

‘Weng’an Biota
A. BEEUEE. B.A PAAHIERRTECR. HPirka R EHSfER O XN
NERANKXYE,. C. f8ATikEE.
A. The whole view of the multicellular algae fossil. B. magnification of the red square area in
figure A. The center of the red circle is the Raman test area. C. confocal Raman spectroscopy.

CABERR S L RE R B ACR BE R ARG, Bat AT A, BAPES
BEIKA Cas (PO F™, WAERAREAHEIE, RUBEEFNEERIE™. &
TXBREPIE TG, SRR, EHARRBRNBOL FMETR
BT RZ LR A A 3-5-3 Fraw, W T —RELEVIRET I 2 A BRI
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A, EREBETUREHEEFHEE, &L%EE B F— TR ath. M
50 fZ H4%, 532nm #0%, 10%T7E (10mW), BIOEHE 10s, Bk 2 k, 3t
EFLERZ 100um, K18 C FEE. AP ERT 961.87cm™! MIBEK A REEVE, BLK
1345.79 cm' A1 1604.23 e FIBREFACIE (7 1345.79 em™ A D &, REKEFF
44, B C-H@BEIR=A;: 160423 cm' NG iE, RRABHEFEN, B
C=C B gaiRshr=4).
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Fa4E WOEDMFE

F4E KREDF

L2, RAHKY T —ERENEHATRBOR, W HEBERR 15 (R 57 1R
P BT B S 22 B B R A 0 BRI . SR L B3R RS IR,
AT AR KRR A A U2, 07T B9 J SR B FU iR B e il 0 as i Al 27
UEHE . EAETHEANRUAERTRAINTE FE-REBEERITIACHR
FERA IR R RBELEABENE AR P AR AIER.

41 MERLZMTENALER

B IR A — BEA FW . R TR EMRESEA NS, BT T
SeATER R BRI — R, FILE BB IHE & Bk R e B i H . B
AR R AR, Wb ERERET 2R ILETE, B—KE
HTEZEFNEAES —RRREEEMEE, —HEBRNT M EEE, TR
ZREVREZTAEFNRS. HEARBREHREAREHEY (AEKEE. &, &
EREAEREY MR 25, XML —kEu. 4, BRT
Jea WS S R R 2 OB & R0, 2017 4, Sanchez-Baracaldo %5 A X} 49 25
EEERNSPREHRN 35 AERERTEARLK 119 MBEEMLEEZED
1 26 NMEFEHAT ST, WARLEBERE B X R R LUB#IE] 21 124507,
AR MR A AR IR ELE 19 ZERMM S I, MiERa e
3B # B 10-16 124877,

ATFEHBBEERAETIANREDERILRE. 2 FRAFEIBELSE, mEHER
S HAR SE ML AR A IR . (B2, E LR Rd, BAAGHEN HHE—
AW AE R D7 LR HASCEE IR R B AT AL ATl T H AT ST
REFEERMEERRIHFEMSE, FNREERBIMLFTREFINEKR, EERN
WIT—HIFRMAER (W2, 2012 & Yoon et al., 2006 H4HH KD, HkxtF
S THERBARAKEN., IR, ERIEERES, (LA EIR X5 G R 2F 8
HEE & R4 B K. 7f Sinchez-Baracaldo etal., 2017 ¥, X T O EKAGFER
RIE S HIIEEUZ Butterfield et al., 1990 FF &KL 10 ZEE R S5IL
441 3 (Bangiophyte) A LAY EL LA TS, PLRIES ) 6 (LFE IR EE T
RIS B LR AIERE A (I Xiao et al., 2004128, [F i,
MHERANBHEFESN WRZBKESEHAS THERUFEENEE. X
FaRZAEYE D O TN S MM ERA T SEE T, BRATEET — 29t
Mitit
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$4E LREYF

VIR EY T E, MHXRFEE WX RN R HRREEAMEER. W 2017 £
Brocks & AN RYE B AWK BERZM 4 F A 105K, KIE 7.2-6.35 {ZERTHEF
BRI A T RME %, HIEL 6.59-6.45 12901, ST LREEfE
& VERE N SRR O AR SR A R RS (ARG 7R g
HhRREAS, XUBAERAEEED 6.59-6.45 LERIFEL B

R EER G FACATEYE, REMSPERFAME, HEES At
PR A A R A A 8 A A R T S (Y B R ) 5B SIGIE, DR i R R A TR B L
PRSI B Rl xR e i AR H X R A EE R . AT, £
PR EITIIE R A A FT AR I R R W A W R S5 MR E R AR T A K S e 1]
A, ERE AR R A B R

b, EPtABRAENEHRESHEKNE, SHE_ERAKREEIEH
NEFEL AL AIERK L. RBRERLMERLELACEAIE, HATER
FHHREERILS TEARNITGAREMIES 15.6 {LERTEERBRFERL
BALA, HER BRI TRAEEN S MMM, x—af R & R i%
FKUERAEHEF N, FSLRRAEE LR F BB B, (B85 SRR RS
A R B Z 4l 22 25 4T R B iE T AP IR A ER, Rk B A5 MR E
EEEA L, B8Rz 0T BMH € 1 GiEsE:; REES KL 6 {LER
5.5 AR HAY BB AT HRE T KREZEERLA, BRE
PABR B FEAR (R AF U331, BARIRTT T RIF B EBIE, MR N TFEARRME
SEM, BRRIBFERRESELAFHEE. ARSFEWEDRENIS. HE
—IRAE, SHMAYEE. BRI AR RO T E YN R B Rk
et s O, o MRS EN M- T4 fEE ), WmRFM AR EETRENAE
A MMM AL EEA R TSCETT R Rtk 4, BRI
MEGFBEEALERKTE, WARERENE, HEMERERSHHEE,

XU EERRAEHREREAERTS, STEH. EHEWENhEAE
YR B R BN FE AR R, CRAF 2 FAE AR Sb W o i WA AR
MM FEER, MANMEEMZERENS 2AEREN. MEPITER AL
KPR NAM ELEMPNER A ES 10 ZEMEILRER S PR
Bangiomorphal'> '1f1£4) 16 {ZERTHIENE X ZL B A, Bangiomorpha I
SRR, R AEMERE R B SIMALERME BT, ER1%
WENEVRTERRE, R =4 SR, HbE B M5O ELB TR
RATEL NAEE LMHEME —RTMN S, RS5O EXLEAR&EHAe,
FHE LU ENF LG — DRI MHEFMENERXIESZ 16 {ZEMBHANE
AENNA, O =%RTH Rafatazmia chitrakootensis F1Y]] F o 0 22 3 i) 22 4
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M5 ¥ Ramathallus lobatus . TEAML A FIHESI K11 Rafatazmia chitrakootensis H
RILT PRSI BETEBREH, MR AR A%, A2 8] (] B
ARRErLREH, TTRARLETNLYILIES: 7E Ramathallus lobatus R IR
THEREMF PRI “BUREW” s, Wohg, Xah i
RGN SHEEARMNU s #-FH X, B Rafatazmia chitrakootensis
Ramathallus lobatus #\J92 7T BEH) i B M E B L0 (crown-group rhodophytes
(red algae)). {HR7EEDEEHLX K INAI4L A A 56HR1E H #1{UF Bengtson et al., 2017
—RXE, HALARIKM Rafatazmia chitrakootensis 132 T2 4] 5 1) 40 0 . 51 HE
AKX, BEEZ UMM LILEIEYE; T Ramathallus lobatus F1 VY 53 1A
FHRIFRES K, SHPBENRHSER, HiZEaRFETURES M fF 454
PR R ZEYF PN RERE, CHMLEEFEERNLEH, mams L
EMPINASEEA RS (FEETPHEAVH).

g EArgn, B WA R MR T8 R AR R IEE L, UR
MERMMEEHFETRE L, VB H R RL Hh (6 0 58U M T 18 LAR AR /Y
RERBREFMLA, MRECHRIOEAMRESHA SN, LB LE
THE L ERIFEN R IR R E BB ER AR E O, MR R R I
HEREZ .

42 HZHEMRFUAIRIFERRRZEMH P EIRF KB

4.2.1 LESEYEFEKIE

BXBIRACABAT RG], BRE T BIAEY 0 KR T IR 513K,
FERCELRE b, A0 LEIX BE bR R O A Y2 5 g A0 ) TR AE AL A S o 2 15 E ER A AT
R, RERIFE—REMENE PRI RIFRIFFE. F TR RXNBIA
W5 AR R T IR BER R R A A ol O B AR S5, A SR
ZEMBH ORRNBERMA, B IERA .

4211 MKEXRSHRER

ERE-REFN, UHERa (FEAXENGORNEDE, B IRZALE
WIS ZEAM L, K NTEKP AT, DECAREE, M RARRLE 2 405 ity
TR, KB BUEOL T AWIZ A, AR RYRIE, Houtrkg ™ &
R, R FEXREZ, SR FEMELZI (polyphyletic), HHTH-EL
FEFE R E A E Lo
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FEFZBRELRTARERENITE, UFE (2012) A, EREXTER
FE4L# 1] (Rhodophyta) « £%#(7] (Chlorophyta). #£i#%[] (Euglenophyta). &[]
( Dinophyta). T4 |7 ( Apicomplexa). B2 (] (Cryptophyta). = H#¥&|]
(Heterokontophyta) F13#ki#1] (Prymnesiophyta) %, HA1F7E L MM LEH
IERAREOE. SE. BE=KELL.

BARED XS TEEIIRBORS FERIEEEOAE. |WEFE TN 1
SRURRRE. MREE. ESM AR, #E South A1 Whittick (2009). ZF (2012)
1 Sahoo % (2015) ML 2, EH AR ZHML I = KEH — BB LU THHE:

(D O FTEOREWRE o, WRE 4, BLEK, HER, WEFE
a MBS MK, EEYRNAEES . Hl AR, R HWmmREs: raik
EXNEM AR, AREFERALER. RK. SHEKE: THE4HR.

(2) : FEBREMNERa, HEED, o, BMy#HT MR, HEER,
TRERNEEER: BEYRER: TRIESNEHZERE, ARETER
SR, (BE4E R0 T REOR RAEFIH 5 R,

(D BE: FTEBZREMEEa, MERK cl. c2, B-HA® MK, EERE;
B N 28 (Laminarin) FIHEZEE (Mannitol); M4 EH XUZ 2R 14
PO IR, G PR B F) P BRI SR SR A R A R, AN S AR R M IR 422 H
RIEAGEE: MREEENZRERN, S LBEAREMKRENE F 2R GER.
HEZE. BAEES): imBARTRES. FRAEBHRES.

TRET R RIBERIAERTNIRAESE, UASOERLEAF, D455
REY T IHEANTERN EEZRBEWOT:

(1) FBha K. ARFANELE. BER.

(2) fEREIRR: ABER.

(3) JHRUAHFAE: HEMBER L ML EREENER (nihmE),
SALES: MEREENEHRBHEIR CERTIMER) .

(4) AFEARFIE: AMMTHEE; ZAMK (Rratf:. RI/BrE a1
it RERTF. BATF/USRT, F).

XA EREAER T 48, ATREn] AR A iR A e — e fEH. B2 1),
ARAEDZ P& RAERN TS A FRERNEHEITEE. N TEE
EYBERERT S, BTHAERERAZ, FEAEMEYILEE SREET L
EARTE, FMRE— AR NBMATEENEDLEERE (BFEEK
KBV . FFRNEER. BEDRS RKIRZLAK TN LEANEE, B
FERRERSENE BN HET - EEE LXK 0.
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4212 BPRAKALEHRIRE

WAESE, THERPLABERPAREAEBR AR EDEERAAR
ARFELSRKE B RHEER, X AT ENRREDZPHIERNF. &
RETHEM T RARE. B2 EWa b 2T 5 8B i L0 B A 1 4 b
KR F ERIRBIFHRMESEM . Bal, IACKRRMXRTRZEDEHBRRLA
RISCER, NBEBEMHENKEEES:

() RERENEESEHEAEREER . MR RN L EEEEEEHRA
FE. B TRAESH. WORTASEH. 4IRS (cellisland, t YR
cell clump, cell group), BRAINARNFAFH+FRAREN. LRABER
Mtz —REAZHHEAR (B 4-2-1), XEFFAES BT LB TR .

(2) FeBRAME L. AR, WERAR, KE-HE k. mAFER. F
ITHEFIRIAIBE “WER” 451, ZEMBNHRIERAR,; MARIEE—BS
HEARESERA—BH) CEFRE/D) 4, HAAREREE-HMEI L.

HE T BET®

Al 4-2-1 AR HANEBE

(&E;: 2012)
Brief diagram of three phase generation of Rhodophytes (red algae)
(modified from 3, 2012)
A/ R BT U ARENEA N WE T AR, FEEEEF& R4
K GREMITA 2N BETEKKETNR), UERRTFREMRONSAFEEA (W5
RTEBRRHHNAIAET, SMORBEVMIAN BEFRE) . RERARNLIERREKRE
BRABREAE.
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Generally the three-phase generation of Rhodophytes can be divided into three components: the
gametophytic generation, which contains 2N genetic material; the parasitic carposporophyte
generation, which live on female gametophyte with also 2N genetic material, developing from the
zygote; and the tetrasporophyte growing from carposporophyte which can release haploid
tetraspores. The growth and development patterns of specific red algae groups could be slightly
different.

422 EREYBRIFCRENZEEXRKLA

Hal, €AY ORBMOTRMAERSE T 7B 11 M, BEgn
THRRF

CL IR B 4 3 B35 18 : Wengania Gremiphyca- Thallophycoides- Thallophyca .
Paramecia. %, Wengania X F5-™FH, 754 Wengania globosa ! Wengania
exquisita. Gremiphyca ¥ R —F Gremiphyca corymbiata. Thallophycoides T 5
R —*# Thallophycoides phloeatus . Thallophyca N8 WFt, N Thallophyca ramosa
# Thallophyca corrugata. Paramecia T —# Paramecia incognata.

EIRE A LR A FS: Paratetraphycus J& 1Y Paratetraphycus gigantseus
Sarcinophycus /& Sarcinophycus radiatus & Sarcinophycus papilloformis.

UL AT A HOE A 1 B A S RE . SRR A LB R R T RE ISR G Y
K. REWILHAFENE 4-2,

MERE TR 3 WHE 4 35, KETUARESENAEHELCEE, 77
BN BEP AR T & 2EWE DY) R =4 LR R FE PR CENAIE
# o
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43 BEREYBRERERPIARSNERIRULABEMR

43.1 {LGHA

HOBREEFEFESRRZHAURATENIRR. EFRHNR, BihoX
AR AR, 2T AT U AR A RN, flin, 48RE%
AR, R TFAMARNBTEEEHE, MR TENEEREAETE, A%
PR, MR TARRAERESEARK, RRESZHEERER T, LR
TEANSHRMT. RETFAMGE, BEEKRESKBRMLAE, Birml
SHRTE, TiZKROUSET RN EEER A EREETNSHRT, X —dE
WAR L A AR . VO TR s A KL T4, NOFIRHT— R Tk
A LB WL E) 2 AH AR ) BV AT SO 1 4-2-1D.

AP ARBENCAETE RIS FARRERD. ANABRERK,
411 o 11 Dl e — B s 1) HEZ RO/ B AR B B R o IX e S5 MY AR O A L B 45 4
S A AR T AP AEBRESRBEI L, AR ERSMIERER 2T
6, EY)RAPEEREZR A, \NNMRESENRER, SHEERNET,
REANNERNRFHEAERE. aBaRy. ‘o877, “Nofr”. “%
ST HN, X BRI R B AR E R R AR .

BTV A WETRIEEERE B — . LB R =S RANINR, FHFFHE
B2 BB EHEAF ABEAN EREYRP R BABRE Y F#ITET A
B, U@ KRBT A SENER RS WURIANEHEN. FE, ATERT
B A, RAWE BRER T XSGR L, FE6RE LE—EEA
REMNEZNEREER. XRE R WNEEEEEH R 53R —FERFE,
U0 K R 434k IR 5 F A 4 A 1 52 TRl HE B RROIR ) “BR 7 454 (cell fountain,
& 4-3-5). @A IXEEAANE, L, BRITRIT —RIIRERIFHARE
EHRERR.

W 4-3-1 fim, B R—HK4 1400pum (1.4mm) HIBERERIEARE R, E
IR AR R T RANFZR T, BRI K. FEZEERRT, FR
HHMBRSEHRRKE 4. 0. 2000BHE. B ARTLABTEARNE
BBOK, BT — NS R AR RN . 405 4N R AR 5
B RN K, AR FMRENRSERSHS), FHEEmME, BESHAR
KB E AR, EREKR. C-EBRTER—EEBERA R XA R L
SMESEEN . C PUAT LIRS AMERNN AN EFHFINAS, AE
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43-1 SHYPRMEHERHI LS HRBIE
Fossil of a differentiated multicellular algae containing cellular aggregate structures

A —KFEBHBHR. B. —MIRSEH. A PABESIEK. KEFLErRAE—HE
NEKEBBMIFRER. C A PREMERIHK. D.A PHREERIHK. E.ADER
EEMEK. AEFHLER _IESSARES BN, 15745 WS17-15-006-27.
A. A large fragment of alga thaili. B. A "cell island" structure. An enlarged view of the red square
in Fig. A. The green arrows indicate a circle of elongated, deformed, smaller surrounding cells. C.
An enlarged view of the green square in Fig. A. D. A magnification view of the yellow square in
Fig. A. E. An enlarged view of the blue square in Fig. A. The red arrows in figure C-E indicate the
structures from bicellular to poly cellular. Specimen number WS17-15-006-27.
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B 4-3-2 F—A 4HH 5 S A R A B
Different developmental stages of “cell islands” structure in one alga thalli
A —KFBEAERR. B5EARBI. AEFERTRAR NIREIHARESE. CD.
A RZENEAHTIERTEA, dRSEH. 745 WS17-15-013-16.
A. A large fragment of alga thalli. B and E. Magnification of the red and yellow squares in figure A
showing the tetrad or poly cellular structure. C-D. cell island structures, showing the magnifying
green and blue square in A. Specimen number WS17-15-013-16.
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. W

4-3-3 F—HA PR SEHHAREKH B
Different developmental stages of “cell islands” structure in one alga thalli

A BARUARR. B.A PAGTERTERK, BAEERMES, — MR-,
A kiR KIS ARSI, LAFLBRBNARS. CAFEEY
EREEA, ErRBARRRBARKERIM. 5455 WS17-15-012-10,
A. Fragment of alga thalli. B. An enlarged view of the red square in Fig. A. The green arrows note
the big cell island and its surrounded elongated supportive cells and the red arrow shows the smaller
cell island. C. The directional arrangement of cells from magnifying the blue square in Fig. A.
Specimen number WS17-15-012-10.

FE2+F4M. D M E FHEERMREFNTER+FERER 4K
HRAE, BE T ABNMRASHEN, D PR RESNMAREEHFIK
LS.

MK EE, B KSR /NA 100pm, BREECWEE: C-E $4RME IS4
FERANMUBEE T ERNARHE L DTN BERR S ML R M55
i, SRR KA B AR/ MEIE , I R AR MM X L B R — 5. Rtk Z 4F,
ALER E AP KBS MR, M8 C 5 D iXEEMN o1 F 54
. HE—IRHME, C-E BHIXREMIS 55 L35 Ktk AWK AU S
BAEE/DOARCOSEKIEL, LR D RF T HHHE LT LA E LN
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[
40 pw ":-u..‘...

e

% #
i i
20 pm :{ﬁ hy S

4-3-4 YR BHIAREKHBILA
Fossils of different developmental stages of “cell islands” structure

A — KA BAEESR. B-E F—EERAARAEKNEROMARS 4H. KRDHNA T

af. 6. Ba, HEERSRBBK. B D-EdAatfikismRE B KB

MIHGA. #RES WS17-15-006-35.

A. A large fragment of alga thalli. B-E. Different developmental stages of “cell islands” structure

in a same fossil thalli. Enlarged views of the red, green, blue and yellow squares in Fig. A,

respectively. White arrows in Fig. D-E indicate the elongated cells around the cell islands which

are smaller than cells inside the islands. Specimen number WS17-15-006-35.
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20 pm

10 pm

= . - : o e
4-3-5 Ro-CHMER “MR” SN
Undifferentiated cells and "cell fountain" structure
Rl — A MR RIKIRRI T ek L mRe . A RS, KA —, EHEE
‘. B 4MSLEREF, B “BiR” 4 (cell fountain). J4LA WS17-15-006-35
(B 4-2-2-A) HRFBECK.

Different regions of the same fossil that exhibit both differentiated and undifferentiated features. A.
undifferentiated cells with uniform size and no obvious orientation. B. Cell differentiation is
arranged in a directional manner, presenting a "fountain” structure. Both two pictures are from the
local amplification of fossil WS17-15-006-35 (Fig. 4-3-2-A).

LRGN

RUXHENZ T ARESHSARSEHREN BRHBRIFEREX—K
MEEABRTR HI. wE 4-3-2-A, HR—RBEKNZEEESL. B-E HLHE
Athas, 6. BE. HANFEANBREK. £+ C. D 2B HRA,
SMEHR — BN E IR RSE, TREN R —EIRR 4-3-1 B B —REARTA
HRMMB R . 4-3-2-B 0] W — &b A0 9 A+ 7 B9 VY A 440 B 2L R Fry 4
R Ek, Btz &£ B 5 E v LFSHARARNMEN TFEAMZHARS
AN B EZ A . IR BSE R RMARE R aRRR.

BRTHRANHARDEMNARE FEESEILFARI, BITECEENEH
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RN ZEMRR. EE 4-3-3 fl 4-3-4 o, BATRWER—EEERERF AT
FIR/PMHIMR S S . 0 4-3-3-B, F—NEEE)THTERDAFRAES
B, (B B #AE E g — B BRI A M, LR AL B & R am i/ — LR AR 43
R IEM L. 4-3-4 B9 B-E RR T RAAE A IX— KR B AR A KA —
P BOULFRERMARS . BRESKDA—Z5, HREWEHEL, FREN
BUNOAMNE R ESE. &N R AR S (LR R K — L,

4.3.2 ¥ig

UEAT, MR LEEMITE Zhang, 1989 RN E A EFMEEINGE, GRNE
Zhang & Yuan, 1996. Xiaoetal., 1998, Zhangetal., 1998, Rill>k%, 2002 & Xiao
etal., 2004 HiFE—SRBEATTRMEHE TR, MXTHRESSESERNIR, £
RUIREE, 2002 FHOARZN G N\ T, SERMETEA XK. Xiaoetal., 2004
A, XA R RIEME, FONINEFEEREM ‘KRR, WAl RERE
RS REE, BRESFEEHKR, IRT T T RAFEXF 2 0 RS A
RS KRTREN, 3 HChkts h a4k, )\ Sk anE R RN N\ S fAFIEILEE
—EHEE FIFEIEMEERE, BRIEFFENL.

i, sl A RSP R T RLEMBPFELE A IR FERE T8N
H SR B LA, FEAFEY R AR T A GRS AT, R B,
FH SR LT LA = A AR A B EE W R B T r 1

(BIFRIBER T, JINBENZSET). B2, BEI=FHH, BT HER
FHRMEMTFAARTRER —EAN, RRPVHAEHFNRELR—EAE, 3TA]
XoF T R IR AR R BEAT A0 B R

B, AT, BATE KK E3E T AN AT e 2 7l 2 BT F 7
PR EIESE B IRAE R — it i, BERATAARTABTA IR R TFHARNRE
LA F R AR S . SRR MRS TR B TIR, ERoEHRY, R
ARERM T L, ATREHIURA AT AR & . (B2, Rf-ramig
ST ARERE MR F A S AT AR RIEARN, HAHNER—EWE L.
MR AT AT IR KI5 N\ E TR A, WEE 7 AER—4
ik EHIEEN . FIbX BTG, &Ny, No. 201, AETHRT
HERRM T, RSEEEARZRK.

4, XD\ MMM —F 2 8] LR AR ZVR? 405 SR I
R ? A SR — R IR 2 AR R R A e, a7 T RGMELE, SMEH
—E B KRN E RS, SHAMBATEMES ERESR. B
Fg KA — b EdE S AR, (B AR B ER THR R — N EE
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R, ZAREARZ M NTEF KSR HXENR. ZRBEROZOTE
THREER —REEF AT RIS EAFN RS, A7 DA RN
MR RIMAE KK E P ina B IUUEAR EEEA TR IR NNESS — A
MRS, FARARTUHR - NMELHNEREFH, FAZIASEETEERF
KM MRES EFANNAEA—RAMESEMAREK LTS,

EAHRSS, AMSAMREEERMEA, BRI APHFEEKR
NERBEEERIER, W 4-3-2-E PR 5 E BRIt E 4-3-3 F B 5 C
R/INELR EE o U6 B 0 L 32 G5 A R AE R 22 A4 B A T S AR A B ER B 1 — AN T
THEEEERIE S MARLE, BN S MMEA/NETEN, Bl EEkE
AREERE —ERENN. S AR KATE 5-10um Z 7], 1E 4-
3-1 #| 4-3-4 th, AREAKKEYH M S A SRAN K /NI EX — X (8] W E 3,
WA KRB EARAMBEESR, BRNVEFAREDTN, REATHELM
# 77 ik BEAN M S S5 R HT AR K

AL GAPENER, BRATRE Xiao & AT 2004 F4R-H 19, TIRE4IM L &
SGRMSKEMR BN R, N2 M. N\ HRESMEEEKREHIT R AR
Byo HLanfER 4-3-2, 4-3-3\ 4-3-4 BHER T E—REABEF AR EENAR
ERPrBARSEE. —SREH =, s N\AABRHRMAKEE, REILATH
WARTTRER “HIF” 450, FEHBIRZ A “HMBFIA” (precursors of cell
island). XL S AT A BERATFR, FEAOR, HEHEFHEEEPEARTL
SHMECARRE TR, ¥ AE SRR RITEERDPRTLLE R, Mot i A REXRE
HIZRM S 1, iR — NS A KR — NS BB M S, BARERN
ERAREN, Bz EEERAEMAZ S, Bk, XFAKER, BITAHA
H— Pl R R XL E T A BRI A ] R REUR P AT AT R E
BHAEKTZR (R TREFMIEC AR REYHTEN A CERENERERLE=
WEZEMH D LRI BENATHEIAR). H AR, XSSk
R HR I L RS S (A R BN R IR E R 5 3, FERN 4%
W, Z20R4BEEE, BEZHKX, B E—BR/IMBENas &5
KRS . B oFTRER, LA =4 T MRS, ERIRE
0 5 A, (ELFE AR 18 o 40 40 L5 T A A A K A RS i et FR R R T 4R
REBRFHERT, B RAR T -0 rEKREENS. TRE AW
i, XNMEEREAGEEEFERTCERNRIA.

RjG, RTREZOMBPESE. BRSEHENARIILEHNER, BRK
R A RARNENA T RIS K “HF” 4508, JFEERREHARR
RHNARRYNAEE A REAERZE N, HEBRITA AR R E LS EBEHERME
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FX—#R%. AT, BAREZHAMMEET TR, Bl— ERE, &%
SIETBABRBE T N T A S, HIEREHEEP IR E R TR
o

X — iR H R K 2 — & 1E Cunningham et al., 2016 1, EHRET— B =47
wH, RS SR FEZER AR E (B 4-3-6), B E —NMBEEAEAZ N T,
BRIKI —KE 2 AR FE K, FEIRERR T HEMSNE— BB/ R A SIS

(B 4-3-7), ZRAPIERPE N RER B £ BS E AR R,

A LEMITE I AL AP A o] DR LU 2 B REF R, X —RU i R
K2 R TR A (3 26 b 8 A 4R 5 A0l ) B ORE TP 4 i AT A AR TR 45 44
N Sherwood et al., 2000 i/ ABit Hildenbrandia angolensis FIFTCHEAEFER . dn
B 4-3-8, NIZLTEMLHERLHMARBEREE S (BT 1), BBtk
MR EEMEE (B 2) MEFFGEEKYARE (B 3). XEEHY
EEA EREFER, BEBEEREHERAME (EH 4-10).

HXAN B ESBRIMCA A — )T, R EERRXNEAERA HH
AR —BEE/NIAE. KK, BONEXRT R PHREN HFRRIEMTHRSK
AN AMERILR (BRXERIBMRFRARS SR, LT3, bl 4-
3-8 1 3 BB K RMER . BEXNFX—A, FEFERETEIANAR RN
BAEARLSF T IXRA MM 2R .

BATANRNEZXAN S, LA GFEARSIU A LR SO ENE LR
Hildenbrandia angolensis 1B 8%} %, {8 H B A %5 77 :A0] LU S5 40 & 4514
b BRIV N, XEFEZ5/MU5/\53 KZHMMESE. HRSTE
AR 400 S 2, IR AL Fr B W S AR AR IE B R B T BF AL 3R, TORE
HUBREEMZHRELRNTEHZS. ENSMETAESHMERL (LE. &K
. BE) BHraemil, BENAREARBR TGN SHRESR, BHTH
A 5E 77 AT LA S A R O AR FE B 43 X B, RATTAIXAS B —Fhadt AT R e A5
I K4 R) 2R

B, MEARIIENEREMRASBARR, BARIMA MM S L
FIRIHRFAE RO EY) i P REIR B AL T AR CRAFAIESE . T FE L HWRASEHRE] T .
X—REMRFRZ ZHERNET FPERERR T R MR FRIHR S (E
4-3-9),

B2, RYIKEFEANE 2002 FEETNARMRFRIXELE T RMAEKE,
WA SR % Thallophyca corrugata. BT RINHIFRE RAFE 5 (M 40 M)
) — BB /N, BATE NI B R REESS, TR0 M & 45 1 72 B A 4
FIRE . BMK/NEE, R0 5 SR AF BN R S5 — & R e LAx
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b, HEBRKHIZERE.

Gl M TXRENSEHARDEHM 5 U \rHRESELEHEK,
ERWANREHILENSHBEER, RIVARBTRENSARERNTEH, L
ROMEFEA T URERE D BB R T & WBEIEM—XK. ARSKEL
TR 40 A % T S AR A RN AR 7 A« 2RI S /N BIKIB I 48 A 7 3R
KA, BETHAPZSHREREABEARAR, FRAESNTERNET
SERJEERAK, RAVER, EMKERET, ARSEHNERSR S FEFHLS
LB R 28], BT BEFFTE R ML R SR T & . X AR T RS
BRI E R MR, MRS RN LR REMHIEER. BESY
6.09 IL5FHT, MOZHMIAMEKE. R, RIOIAHRETHRELE. KRBIBHE
CRERBMMAH, HNEERMFGHT (LB MBS HEBRERR
BiR1E) RERABENTRENE, ELEEIBEENRE . XRASKENSH
AGBEERR, RNEMATINAREMOCKENSHRFHEREESL. X
REZHUATER/RANE PR

™
¢
4-3-6 BEEVFHTRIFHNE
Reported fossil from Weng’ah biota
(46FE3RH Cunningham et al., 2016 FiB5A X5331, A XBRFNERBBRT=6EYH
i Y
(Fossil cited from Cunningham et al., 2016, X5331. In this thesis the data have been re-
processed)
A.X5331 LRSI, B, BIER, B/ ERIER I PR 8 R A E 240
H. C. wE#E, FTLELTE—/ M RE (5B B EarmmE).
A. Overall appearance of Fossil X5331. B. Transparent rendering view. The colored balls in the
figure indicate the separately segmented parts of cell groups. C. virtual slice of the fossil. A cell
group can be seen in the middle (corresponding to the blue cell group in Figure B).
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A 4-3-7 #7Z X5331 g RE R
(5| B Cunningham et al., 2016)
Magnification of the cell groups in Fossil
(Cited from Cunningham et al., 2016)
kR AR raRESY, BABEARFE—BERHFSRMNAR. WHIR:
(A) 110uym (B) 35um (C) 75pm.

The arrows in the figure show the cell group structures in the fossil, and there are basically a circle
of cells arranged around the group. Scale bar: (A) 110 um, (B) 35 pm,(C) 75 pm.

4-3-8 34 Hildenbrandia angolensis ToHE M
(551 & Sherwood et al., 2000)
Figure 4-3-8 Asexual reproductive structure of living Hildenbrandia angolensis
(Figures cited from Sherwood et al., 2000)
| PHEETELEEESH. 2. SRR REARAE. 3. BN EEARE %
H. 4-10. FEAMRARBILE
1. The structure of asexual reproduction was observed under scanning electron microscope. 2.
Released reproductive cell group. 3. The released reproductive cell group began to grow. 4-10.
Release process of the asexual reproductive cell group.

61



F4E WREMZ

62



B4E WREWE

et RSl T
5

4-3-9 T RBMN BB ORTF AN AE M B 5 1)
Possible isolated cell islands

B g kAR INE— R KR E RSN AR, FASMA AF KRR
WS17-15-048-12, WS17-15-046-29, WS17-15-044-20, WS17-15-014-17, WS17-15-007-38,
WS17-15-007-15.

The red arrows in the figures indicate a circle of elongated, oriented supportive cells. Specimen
numbers from A-F respectively are W§17-15-048-12, WS17-15-046-29, WS17-15-044-20, WS17-
15-014-17, WS17-15-007-38, WS17-15-007-15.

HEFITHE, 400 58 X ARE B A LR R ORI i X B 4T
A 4-3-5-A Fras, ZBA 4-3-4-A FECRSCA R KUK, S48 At
REFKMRS R, WEBEREEA™E, ARESHEHENER. X0
4-3-9 i) B 5D, AR, REXLELUMARSENNDSAARREES, B
RERZ AR E/ESEHARE. X5ITARINNAIRE S B 5 1AM
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B, RERLPRERAERE BT RE HHIER, BZNR2HTHE
BB EBAAR, Bk, TREREEMENRES K. ZARATUNK S
A] BE R B -8 AL ERAE FE A A - R A L B 4R it — %

44 BEREVBEHPHLAIMHWZHLALRILA

BE R, WEMEMIER IR0 =4 a2 MRS R A R RRER A
FR \—NEER PR REBLAETIFBZRUANRETRARERTER
Z MH R RIFAFENIN— N RUAR

ER—NEBEHHFRE D, EENESEILTERBERGE TEREREDH
P IR AR ARIRE . AT, A, giRkEdmg
WAREZ S MR BENLAJLTEHRE T B 6 375661 [T aRDEN
ZH TR RN AELA". V) BRREF TRENSHER, BRI
FROEER, URER=Z4IRMER, I TFHAERENEEDETHHES
R =HGEMHECUHEN; P—HH, BREEHS LENAEE CT EAR Uk Z
RA#EE=%#EN, ST RIOSHIHIT L, BRIAEFEERD . Y5
WERHR—, KANBRHEERTEMERFEE. B, ELA=4 100 R FEH
R, HHEAANRTUGESEBAYF PRIHAER =40 aREER.

ERIXF, BNEEFTEXxTFEZ2EYEY —RAFMRT LN ARS S
& “VU5/\4aT" dmEEAFHIER R E 4% 2R A LR
REMZMBELNT AR E. Fit, €£LEVREP TN T MR
FERFLLEIEE SRR 1 AFRE ISR . I 7r 780 RAEYFR EY) (CEERE, Brocks et
al., 2017). WG iEHE (Butterfield et al., 1990, 2000 X% Bengtson et al.,
2017) PEAVHEN, BB EIR LRSI E AT LR AR,
I, RTREGLFAEELZHHEAR, EEMATREBENZKRG VA5,
BIMIFELE & =4I R IR

4.4.1 KRR

AT IR IR AL BN e 3 X R A SR BEAT IR AR L i - PRAESE 2P IR,
B T HESM S BAAR A, R AT T ARVB L, REKHE
WRAER S HERAS RN S EHRERARNEHE=4ERE, KB 7T -Mx
BEERACH. a5 TUEWHE 4-4-1 Frr.
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AFBEET, LABGERR, BE MR ARLN DM — N REIcR AR
imERRNR O . A BEROAEENMTTNNE, B7R T WRAEENEY S
27 A

B AR F R, RINTIEMERALLERGEH, TREIE R
At — S ERRSEN ZETRRGRARRT=4ER. K442 ARTHEN=
HLMEZE. HERZAA —RmA—MERXIK, HBERKEH -2 -,
RELTEREEL A 320um: FERMN—5E A —IinbEHoE M, ERETHE; B
A — M B4 160pm, KA — MR (CARBATE, EXLMGTHM
IR BB O A, TR ERANRE LISEFE.

1 B R A R B T RN R I A A EARRRARSE X, T
RBAIx ) RS =T RBIB AT 2 EI L E, KW N FE=M R4S
WA, WRBEZEMREES, ATUREHE 4-4-3-A PR =1 4)Z: SHZ
MHE CREXED. FEaRE (HEaXE). ARTEER (EEEXED.

Hep, SAEMRZBUMENSSNEER B MRS ARBENINE, BE
A AR AH R ENaE, EEATRERXNRELL 100um EFIEE
EHHM LR NAE 10pm. EZHMBAERDIR, LI ERKXERH HEZE
W EARK, RAPEUR, THEHEBEESR (B4-4-3-D. AEFEEN
36 R 2 20 D 45 4 RO B R TGS S K, (LA B K X FH g R s 1) | S BTAR K B
FELCEAMRSEN, PESFETENRINE;: TEBENKEEESA LER
EWRXEH B, FHdEARK, RERERRLSF. BB M C BnTiH
hHXMLAENRAEHEE BN\ TENTE SR EE, W RRET R LR
KM=ZHRrE 5A8-T——XN.

FRMREEMENZRAEFREER. SNEHIE N ik B ¥ B 40 R
A, BRI AR, TRTAMMERA. MEADEXNES), &
HRERITYA MR SRR 45 T IR AR AR T » 123K 40 M T 5 R A 400 . ] B 4
M2 B BRI, BOLFE. B D E. LA EHRENRBBOR, HhE
B D. E FA]LUE Wiz d O A g, Hpsguiee, £=4%
BEHEP T LAE WA R — B BE R RE, TR RN N ARARES
&, HEERE, DMHESNZHMLERISNRE,

HiE 4R E A 2RO, VRS KRR FTE R AR, FATHEES. B
F SR T e 402 0 R EECR B, WS IR -T1T oA, 3
HILE R R,

WZ e 2 Bk B BAMEH, NEAE — B SRR XS, B
BAESRRE AR, BRI KR E KU LG MEaS RS (1
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4-4-3-G, WiEE 2). BRA|WMKEME. EEE, SHESKSRIZAMEE R H
HESEHEZR. B G. H A ATER ERARRAXEA THEEREHK
HE R

4-4-4 7] 4-4-3 1 D 5 EMfl, B TEZHNARNSESEEHE. B4
REAMEWARIENARES, BERERE. 4-4-5 NFE 4-4-3 F G —H#,
R T HiE40pZE EIRE T R|NAREH. 446 5443 F5H—
¥ AR T IO AR SRR G54 e ) T B 4 e R R FE
BT U B 544

B 4-4-1 =M AR AT EaRE

Scanning electron microscopy (SEM) figure of three-dimensional rod-like red algae fossil
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A FHBET=4#ixERO4BECARR. TRRXESF -IMBXR, BA—mFERTE
E#RLEH. B.A BALEGESMNRBIBECC T RAARE EMNAT, FHLMIMN
S /NETRE .

A. SEM figure of three-dimensional rod-like red algae fossil with an inflated end and a disc-like
holdfast structure. B. A local magnification of the red square, showing the pits and dots on the rough

fossil surface.

4-4-2 =Er R a LA

Three-dimensional reconstruction of rod-like red algae fossils by phase contrast-based

#

AR = SRR

synchrotron X-ray micro-tomography

A-B. FREGH (BFE—B/NTE WAER. LaBEERR, EHFBXR, PREL
I FEERH,, BmAFRAEREH. C-D. BREEREREERGEE. E WAEKR
RE. F. WATFBRBAIRE. G. WHEREE. HE E-G LA BARIHETE, &7
BB AT R A T S 23 A ‘
A-B. Different directions of the fossil (180° rotation). C-D. The holdfast on the bottom side and
the close-up of it. E. The surface on the inflated top side. F. The surface of the middle area of the
fossil. G. The surface on the bottom of the fossil. Figure E-G show that the cratered surface of the
fossil is full of pits and dots.
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EREZEVHNTERSH, FZHSHREHHIART KB TR, £
R ATEEERE Z R, MRS AR YR R R % > M i 2
WA EAHZBRAREES M, BEESMXAEN SR ERRERRE
VIR 2 DR . RIRRI =4I R 408, AT =4 E 25T LUERLY)
Fo WRTFRT DONALE I E S5 MR 4 = 4EX AT AL .

B 4-4-3 Z@TARRIRAA AREHRDENBEY K
Virtual slices of the internal structure of the rod-like red algae fossil

A BESBEN=A"HARESHBENE. B-C. BFAELHEE—ET/\+ENYIE. D. B C
IR BTEMERK, ERINEHRBRENIN>ATHEH. E SNZHERERE S
mrFhg (FTREAEDYIHERRE 1-A FER, HRE 1-B HHRE 1-A BIBKK
AEFHH 4-4-3-E). F. PEAKRE, BRAKKGERHS]. G B CHArHATEMCER
K, BRI PRHIERVEMR, RE T B HARBETHAER, RSMZE
WES—EHhAGEE, RAEVERERNR. H B CrEaECERK, Bxp
HTHEERRERE, BEREEMARSEN. | BXRRIINZHREE. ). REEER
MEEPIE . AT RANERBEREILS A, BHEZRERAMTIHE F 2R EE R

A. Perspective of the distribution of three cell layers after data segmentation. B-C. Two sections that
are 180 degrees perpendicular to each other. D. The red square shown in figure C is enlarged to
show the structure of the tetra-spores on the surface of the outer cell layer. E. The structure of the
tetra-spores on the surface of the outer cell layer (the obtained virtual section is shown in Appendix
figurel-A, Appendix figurel-B is figure 4-4-3-E and is a magnification of Appendix figurel-A). F.
The middle cell layer, showing the parallel arranged cells. G. The yellow square shown in figure C
is enlarged to show the cell distribution at the top of the central axis. The top of the central axis is
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conical, and some non-apoptotic cells are retained, which gradually transition outward to the
intermediate cell layer of the outer layer, without obvious isolation boundaries. H. Magnification of
the blue square shown in figure C shows that the lower part of the central axis is completely
secondary filled without retaining any cellular structure. I. Expansion of the outermost cell section.
J. Section near the bottom holdfast. The outer cell layer is not distributed at the bottom, but the cells

in the intermediate cell layer still run through the bottom holdfast.

4-4-4 AL RNAREB NS RF&

Tetra-spores on the surface of the red algae fossil
B B AE A ZEHFEARTEK, & DFAECHNRETEARBEA. KON
SNUSRTEH. ZEBRINANAREEHRARE, FECEIEERMIRER, T m
HaBR 5 ) B A I i a2 1] TR BR B B BE K, TOANRBRZEL R 2T iy — /N e A . 38410 437
FHRMADMMERE EXAR 5-8um, HPH N MERERLA 2-3um.
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Figure B shows the partial magnification of the yellow square in the figure A, and figure D-f show
the partial magnification of the yellow square in the figure C. The yellow arrows note the tetra-
spores on the surface of the rod-like red algae fossil. The tetra-spore structure consists of four cells
closely forming a cell group with only a very narrow gap among them, while the distance between
the whole cell group and other surrounding cells is significantly larger than the gap inside group.
The four-cell group form independently. The size of the entire tetra-spore is approximately 5-8 pm
in width, with each cell approximately 2-3 um in diameter.

B 4-4-5 Z@r AR BT R IR TR R S8R R T

Longitudinal section and partial magnification of the top of the central axis in the rod-like

red algae fossil
LETEARTPREEM KX BRANERERR. PHEBERZAR, THNLFEE2RE
MMREHREE, (BN KR MHEL KR X AR A 5 B & A # 0 R AR A S 1«
The red square shows the remains of cells of the axial in the expanded region. As a whole, the axial
is devoid of cells, and there is almost no obvious cellular structure in the lower part of it, but there
is some residual cellular structure near and inside the expanded area of the rod-like fossil.
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B 4-4-6 JLALIIRALA SR MR 2 I HFI R BT R A A 4

The parallel arranged cells in the intermediate layer of the fossil and the phosphatized filled

middle column
B A-B 1 E-F #5188 T ZER =4 LR L BEALA AP 1] B2 5E ) HE B4R IE B2 Fexod 184 fR) 38
K. B C-DfE G-H WA ERTEBRLIRE. NRKSEBFROTEE BB
FHERILREBK.
Figure A-B and E-F show separately the features and their partial magnification of the parallel
arranged middle cell layer in this rod-like red algae fossil. Figure C-D and G-H show separately the
features and their partial magnification of the phosphatized filled axis and remains of the cells.
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30um

50um

4-4-7 ZETARRAALE A R K R 2R BT A

Virtual slices of the different directions of the rod-like red algae fossil
ERRR AN E BT BRIE], W LERERMEE 25 RIEENE —F. FfR
EFHMEFE. A-C. A—KFEEFFHHR LHEE, RAMBONNE TAREEF
BEBRmEMNE. R4 A (IREZ SRS, TRE-MEERE: B CEBETR
HEN=BMKRE, BRETKPHET FREMAERAL 5 REHE. D. BISIm, =
MAMIRGT M. E. AVIE, RERTHMARS .
Virtual cutting at different angles and positions allows the resulting cross section to show the
existence of only one, two or three types of cells, respectively. A-C. Cross sections of the same
horizontal plane at different depth. The cutting depths correspond to the position of the blue panel
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in the schematic diagram of the left corner. In figure A, the fossil has not been cut to the middle
column, showing the cross section a single cell type; figure B and C shows three distinct layers of
cells and the central column of the fossil in which apoptosis occurs is bigger in the end side (figure
C) than the upper side (figure B). D. A random oblique section, with three kinds of cells
distributed around. E. A vertical section, only two cell distributions are shown.

4-4-8 AR IRERTAT A RERTIE
The successive virtual sections of the rod-like fossil in the direction parallel to the long axis

ERAZHIEI=R (A). BF (B) MRE—F4 (O WEE. BRA—-IMFEM
MRk, BRUERT AR R, WHiZLA THE I 2 IR 4 M
REFRE R, AHMEREEVERNESEH RARARSER T REMRE.

The virtual sections above contain three kinds (A), two kinds (B) and single kind (C) of different
cells. Although it is a whole fossil with a variety of cell differentiation, if it is preserved and found
in the form of rock sections, the fossil may only show the characteristics of some cell types, which
leads to mis-interpretation in understanding the morphological structures and cell composition of
the original organism.

Nk 4-4-7 i, RZACAEREMYIA . B4 A By C 25 8100 W KR
KIRA T#ATEET AREMV A BENER, & A BWTUELERmIEEL
TEAE, AR RERMAREHETE. B ENENAFE, aTLERE
RO EAMRIXRN R =B RSENA RSB, B RERZ AL
¥, mASNEER—EEPORGHMGRANE, S5 R B % BGE B R 40 HE
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4-4-8 RN T ALAMCAIEE KT B AT IESEYIE . W UE REAR DI
R BELAFEMHRRERER, 5 4-4-7 TUESUE.

442 g

EEREMBHNATRER M NN ERAESEARFHET R RIREA
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74



%48 LREMFE

death, apoptosis) IR .
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B 4-4-9 ZHET MR MR
Three-dimensional reconstruction of the rod-like red algae fossil
JFEARR TR At AAAME, BBk B 23RN E SRR NRE, KRN RE
RN 2 14T .
The fossil alga is a rod-like sporophytic generation individual, which is anchored in the warm
shallow sea by the disclike holdfast, and release tetraspores on the surface for reproduction during
the breeding period.

ZRIR T REHBENEREDH P EBLRIEREZS EXNELEVRT
BERTE T YA KRB RIS MR BRI A T E KA R R R B 2 AR 7 SE
R At —LEHER BE . AR, AREREOUER =ZFART L, 25 RE,
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