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Abstract: As an essential tool in life science research the performance of optical microscopy has been remarkably im—
proved over the past 400 years. The emergence of confocal laser scanning microscopy ( CLSM) has made it possible to ob—
serve the high—resolution three-dimensional microscopic structures of organisms. The combination of CLSM and fluorescent
probe technology has achieved the qualitative leap from the qualitative analysis to the quantitative in-situ structural mor—
phological and compositional characterization of biological samples. Here we have introduced the current states of develop—
ment principles and applications of confocal laser scanning microscope and fluorescent probe technology especially intro—
duced the applications in the field of geobiology. We then have proposed several directions for improving performances of
the CLSM and the combination of CLSM with multiple microscopies to further facilitate their applications in life sciences
and to finally advance the development of geobiology.

Key words: confocal laser scanning microscopy; fluorescent probe; geomicrobiology; paleobiology

( Fernandez-Sudrez and Ting

2008) .
£2020-140 2020-08-20 2020-09-07
: B ( XDB40020300 XDB41000000) ; (2018YFC1802601) ;
(2017-020) ; (41877400) ; ( SKLEG2018911) ;

(M2017-01)
(1980-) : . E-mail: haolikai@ mail.gyig.ac.cn.



1142

( Alberts et al. 2002) .

(Hao et al. 2016) .

( Caplan et al. 2011)
( Paddock and Eliceiri 2014)
( Waggoner et al. 2013)
( Gould et al. 2008)

( Cavaliere et
al. 2016)
( Kaestner 2013)
( Fernandez-Sudrez and Ting 2008; Baker 2011) .

( Daly et al.
2012)
( Fricker et al. 2006; Gitai 2009) .
( Okumoto et
al. 2012)
( Ono et al. 2001; Meijering and Cappellen
2007)
( Stephens and Allan
2003) .
( Wessel et al.
2013)

( Stich et al. 2010)

( Vukojevic et al. 2008)
( Pepperkok and
Ellenberg 2006) .
( Castellano-Mufioz et al.

Goswami  2009)

2012) . ( De and
( Delpiano et al. 2012)

N ( Pawley
2006)
( Turillazzi et al. 2008) ,

( FoldesPapp et al. 2003) .

( Chang and Ritt—
mann 1986) .
( Dohnalkova et al.
2011; Zeitvogel et al. 2017) .
( Caldwell et al.

1992) ( Solé et al. 2009) .
( Chen et al. 2006) .
EPS ( Kawaguchi and Decho 2002)
( Spear et al. 1999) (Liet
al. 2004) . ( Tashyreva et al. 2013)

o

( Chansawang et al. 2016) . ( Lawrence et
al. 2016b) ( Valle et al. 2015)
1
1.1
400
Marvin Minsky 1957
20 80 N N
( CLSM)

(1) (Croft 2006; Hawkes and Spence
2007; Paddock and Eliceiri 2014) .
CLSM

( Staudt et al. 2004) .

CLSM ( Bridier and Briandet 2014,
Neu and Lawrence 2014a 2015) ,



2020 39( 6) 1143

B e

RESOLFT- ; PALM~- ; FPALM~- ;
STORM- o Rasheed  (2018)
1 (a) (h)

Fig.1 Major milestones and important achievements in the development of microscope ( a) and fluorescent probe ( b)

1.2 ) ( 2b) ( Laurent
et al. 1994; Paddock 2000) ,

~N

( 2a) ( Paddock and Eliceiri 2014) .

( PMT) ( Dey et al. 2006) 30% ~40%
o ( Fernandez-Sudrez and Ting 2008) .

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved. (]I]Itléjl\:/f/“ ww.cnki.net

o



1144

(a) ()

: -
s ETIECH S P o
- i H AL }ﬁ

-

\ Hor 5 7L

=

s

i T i

i ;s ey
Lin eieem—y —— s

(a) http: //moocl.chaoxing.com/course /89445934 . html? edit =false&knowledgeld = 89446054 &module2;

('b) http: //www.hengqiao.net/fwshow.aspx? Newsld =30
2 (a) (b) ()
Fig.2 The components ( a) and basic principles ( b) of the laser scanning confocal microscope systemand

the commonly used laser scanning confocal microscope systems ( c)

N ; N N 3D
( 2b) ( Pawley 2006) . o
N N 1.3.1 3D
N 3D ( Carlsson
. . et al. 1985) .
o ( An—
1.3 derson et al. 1999) ,

\3D N



2020 39( 6)

1145
50 wm 512x512 ( 3a) (Pawley 2006) .
0.1 pm . 3D 3D

( Rabut and Ellenberg 2004) . ( Li et

al. 2016) . ( Wu et al.

o 2003) .3D ( Yu etal. 2011b) .
0.2 pmo 3D 3D ( Downie et al. 2014) .
o 3D

( Maruo et al. 2014)
3D

h b

1% % ths
(2D) (3D)

B gy BE ()

5 [ 4k e

(c) o
WK

LR e 2 ‘LL e

ol

MBI A He s

e 33 48 2 1 | L
I £ 4 O K 4 \
i I h i
\
o B

RfE & #

e i g

J@iEl imiE2 JEIE3 4
feidds AR R bk

(b) Garini (2006);(c) Hiraoka (2002)
3 3D . (a)

(d)

Fig.3 3D imaging principle pixel and voxel concept of laser scanning confocal microscope ( a)

(b) (¢)

spectral imaging principle ( b)

components ofthe spectral maging systern (L&) 111and hasic prineiple of Gthe \multizehanriel dmaging system/(\d)



1146

( Kamburoglu et al. 2008) .
1.3.2

( 3b) ( Tearney et al. 1998) .

( >
N N 1. 2,
PMT) ( 3c) ( Hiraoka et al. 2002) .

( Haraguchi et al. 2002; Zimmermann 2005)

( Boudoux et

al.  2005; Sinclair et al. 2006, Megias et al.

2009) 3D ( Liu et al.
2002) ( Hiraoka et
al. 2002; Zimmermann et al. 2003) ,
1.3.3
( Zhang et al. 2013b) .
( Studer et al.
2012) o 20 90

1992)

( Nudelman and Ouimette

( Haaland et al. 2009) .

3D

( Cowan et al.

2000) ( Nancharaiah et al.
2003) -
( Ogawa et al. 2005) EPS
( Chen et al. 2007a) o
( Scriven et al.
2008) 5 ( Malide et
al. 2014) L .6

( Chen et al. 2006)

( Wouterlood 2014)
( Yuan et al. 2015) ,

( Lichtman and Conchello 2005)

~ S

N ( Brown
2007) ( Zimmermann et al.
2014) ( 3d)o

( Adams

et al. 2003) ,

( Prow et al. 2004) ,
1.4
: ( Zeiss ) .
( Leica ) . ( Nikon )
( Olympus ) 2¢) o
Leica TCS SP8 X
LSM 800  LSM 880 Olympus FV3000
Nikon AZ-C2+  CSU-Series o

TCS SPE Zeiss
FV1200

GPU o

AOBS
30% N



2020 39( 6)

( Johnsson and Johnsson 2007)
( Lavis et
al. 2006; Liu et al. 2013a)
( Lavis and Raines 2008) .

~ ~

( Marks and Nolan 2006) .
2.1
20
( Que et al. 2008; Quang and
Kim 2010; Ueno and Nagano 2011) .

( Resch-Genger et al. 2008; Xiong et al.

2014) .
( Kang et al. 2011;
Vendrell et al. 2012; Yuan et al. 2013b) ;
( Kang et al.

2011; Lee et al. 2011) ,
( Schiferling 2012) .

pH-
( Stich et
al. 2009; Schiferling 2012) .
( Tratnyek et al. 2001) . ( White et
al. 2012) (1),
( Valm et al. 2016) .
N ( Grimm et al. 2013)

( Nguyen and Francis 2003; Wysocki et al.
2011)

( Zhang et al. 2002; Kikuchi 2010)
2.2
2.2.1
( Vendrell et al. 2012)
( Stennett et al. 2014)

( Wu et al. 2012) .
( Qian et al. 2010)
( Sauer 2003) .

( Thivierge et al. 2011) . ( Lou
et al. 2015) ( 4a),
2.2.2
(1) i 20

( Czarnik 1998; Carter et al. 2014)

1147

2008)
2010) .

( Domaille et al.

( Xu et al.

20

(1) ( Kikuchi et al. 2004; Terai and Nagano
2008; Beija et al. 2009; Tomat and Lippard 2010;
2011a; Kim et al. 2012; Sun et al.
2013; Carter et al. 2014) .

( Fahrni 2013) .

( Kim and Cho 2011) .,

( Guo et al. 2014) o

(2) : N N

Zhang et al.
2012; Yang et al.

( Zhou et al. 2011; Dutta et al. 2012) ,

( Gongalves 2009; Lang and Chin 2013)

( Shaner et
al. 2005; Drepper et al. 2007; Lagendijk et al.
2010) .

( Trevors 2003) ( 2) ,
(3) pH: pH 20 80
pH ( Slavik 1983) 20
90
pH ( Hunter and Beveridge 2005) .
Pco, ( Schutting et al. 2014)
( Urano et al. 2009) , CO,
( Bester et al.
( Boens et al. 2012) .
( Chen et al. 2011) .
( Ge and Chen 2008) pH
( 3)- pH
2002)
pH
( Han and Burgess
2014b; Yin et al. 2015) ,
pH

2010) .

( Kermis et al.

2010; Li et al.



1148

(a) (b) 488nm 561nm 633nm
" A . . 458nm Sl 594nm
‘. » 9
n{“ g A "\»_'"a, 'a/. > W e ,‘\,n».‘ l l
L?"”J‘*./& \j>>:]_/ ' 100 [ Y Y
S - B vy
b N ~% sof
' FHWiB7 ot W Py 4E 5Ot X
s 60F
”, R, Ry ) Ry ®
.’/‘ ‘ /\/0 3 .u\.: 'I"“ . _\,o R .J " ;R 40 ¢
j,\cg;r oo I’ > Ij R
O™ ﬁ/{’ - I k5
. T e w 7Ok 5 28
N o o 0 L " 1 L 1 1 >
874 B A K 8 FEHT K 450 500 550 600 650 700
Kt K /mm
(c) Beam (d)
405 438 s61 635
100 ’.r‘ X 7 100 4
ool ' . 490
1t 480 ¥ 450~470
80} |' : 470 0.01nm
e B 28
S 01 : oo & X8 500 490-510
®T0F ] | - 1k £ 1000nmferre
=l - ' o 150 3 - HRSA
T ! L % 10nm ~ 530~550
i ! I 440 = 42
so I 430 § Imm — 560~590
! | vl s 8
sl « §I! ! 1% Im 4=
] ' ' J10 e 610~660
soltadd 130 AV MK Ao
350 400 450 500 550 600 650 700
% K/nm
(a)(c) Hao (2013);(d) Hao (2016)
4 (a) Leica SP8 (b) Leica SPE
(c) (d)

Fig.4 The design and working principle of fluorescent molecular probe (a) performance of spectral separation of

Leica SP8 spectrometer ( b)  performance of spectral separation and fourdabel optimization of Leica SPE spectrometer ( c)

and design of multidabel experimental scheme ( d)

( Lacivita et al. 2012) . ( Lodeiro et al. 2010)
pH. ( Obare et al. 2010) . ( Xu et
( MoBhammer et al. 2016; Zou et al. 2017) , al. 2011a) o

(4) 1 (5)

S

( Clifford et al. 2007)

( Tanaka et al. 2001; Gomes et N N N
al. 2005 2006; Baleizao et al. 2008) , ( Cullander 1999)

( Liu et al. 2010; Xu et al. 2013) . ( Hughes et al. 2014)

( Wang et al. 2012; Yuan et al.

( Jensen

2013a) ( Kumar et al. 2013) . 2012; Icha et al. 2017) .
3
( Wang et
al. 2013) ( Parker et al. 3.1

2008')11(‘}&{}17?{1’(1] 'EL%rlrl S)Agac]i ?mc Journal Electronic Publishing House. All rights reserved. @lp A \\(\5 .cnki.net

( Brockmann et al. 2010) . N N ;



2020 39( 6)

1

Table 1 Some metal fluorescent probes
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E_ /nm E, /nm SDR/pM
530 584 14x107° 0.1~5 EtOH Chatterjee  ( 2009)
Ag* 520 580 52 nM 0.1~10 H,0 Shi  (2010)
463 538 4 nM 0~1 EtOH Liu  (2014a)
[¢]
e}
\f"-
2 I\H
@ s = 566 590 0.19 uM 0~8 DMSO-H,0 Sahana  (2016)
[\
L
Al Oi. H 520 587 0.14 pM 0~100 MeOH-DMSO Gupta  (2015)
/\N = O <™
L
=N
» o3
N~ O 560 582 0. 196 uM 5~16 EtOH-H,0 Bao (2015b)
N J
558 579 100x107° 0.5~4 EtOH-H,0 Jou  (2009)
Au 500 580 0.6x107° 1~100 CH;CN-HEPES  Karakug ( 2013)
470 506 .
10 65 nM 0~0.3 CH;CN-HEPES  Emrullahoglu  ( 2013)
525 585
520 591 0.001 5 uM 0.01~0.3 H,0 Zheng  ( 2009)
crt 556 580 0.378 uM 0~300 — Bao (2015a)
520 580 1x107° 0~10 MeOH-H,0 Li  (2014a)
480 554 0.002 uM 0~0. 005 CH,CN Huang (2011)
Cu2+
510 580 10x10™°  4.5~160x10° CH;CN-HEPES  Yu (2008)
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1
E /nm E, /nm SDR/uM
Cu? 540 575 21 nM 0.5~3 EtOHP Yang  (2011b)
540 575 0.2 pM — HEPES Hirayama  ( 2013)
Fe? 380 470~ 582 60 nM 0~20 THF Kumar  (2011)
Q
“ 510 571 — 2~24 PBS Hou (2013)
: :
® O,\)Vj_ 1~18
T f1-0"~CH, 561 583 0.11 pM EtOH Dong  (2010)
eSO Ta, 18~100
\I
~ O "
Fe’* 558 580 5 uM 5~20 MeOH She  (2012)
= 0O
CH,
o O
%N 570 593 4 oM 0 5~50 E1OH Zhang  (2011b)
CH,
EtN (6] NEt.
oo ‘
20 520 586 — 0~50 HEPES Chen (2013)
N O N
J RNs W
S
_NENH Ma
Hg?* 565 590 1.7 nM 0.1~1 DMF-HEPES Liu  (2013b)
550 590 0.2x107° 0~10 H,0 Zhang  (2013a)
561 579 0.45 pM 0~100 EtOH,0 Mahapatra ~ ( 2015)
Pd> 525 569 21 nM 0~60 EtOH-,0 Chen (2016)
N_N,-J 530 580 0.185 uM 0~1x10"°  EOHH,0 Li  (2010)
o
Sn?t 520 582 0.9 uM 1~16 EIOH-HEPES  Cheng (2015)
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1
E /nm E, /nm SDR/uM
e
/N‘%ﬁjﬁv’\m\q 563 582 7.1 uM 0~400 EtOH-H,0 Mahapatra  ( 2014)
- N OOCH,CH,
2t
Sn A ‘O =
I 540 581 0.03 pM 0~50 PBS Yan, 2017
Q~ et = u g (2017)
LNH S
\
N N
o 535 578 29 nM 0~50 HEPES Ozdemir( 2016)
5
Zn* 530 581 — 0.2~50 EtOH-H,0 Xu (2011b)
N7
oM
g‘%&? 550 595 — 0~1.8 mm  PIPES Du  Lippard( 2010)
AN o
cd** 563 582 — 1~20 HEPES Xu (2012)
Co2* 500 582 4.3 nM 1~10 THFH,0 Biswal  (2016)
Ph* 510 575 — — CH,CN Kwon  (2005)
Pi?* 500 562 0.1 uM 0.1~5 DMSO Kim (2010)
V4 530 583 0.1 pM 0.1~10 MeOH-HEPES Huo (2010)
- EtOH ; H,O ; DMSO ; MeOH ; CH;CN ; HEPES  4-(2- ) —1- ; THF
. PBS . DMF . PIPES -1 4- L 8 E, : SDR
/ N AY
~ / ~ pH
N . E) ( Hao et al. 2013) ,
. ( 4b) .

( Hao et al. 2013) ,
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2 N N
Table 2 Biological macromolecule nucleic acid protein lipid and polysaccharide residue fluorescent dyes and markers

Ly /nm SDR /nm E /nm E, /nm
SYTO ® 40 blue 405 415~475 419 445
SYTO® 9 green 488 496 ~ 560 483 503
SYTO ® 84 orange 561 570~ 620 567 582
SYTO® 62 red 635 640~700 649 680
SYTOX ® Blue 405 415~485 444 480
SYTOX ® Green 488 496 ~ 560 504 523
SYTOX ® Orange 561 570~620 547 570
SYTOX ® Red 635 640~700 640 658
DAPI — — 358 461 —
SYPRO ® Orange 488 496 ~560 470 570
SYPRO ® Red 561 570~ 620 550 630
SYPRO ® Tangerine 488 570~620 490 640
NanoOrange 488 496 ~ 560 470 570
DiO"; DiOC18( 3) 484 501 —
‘Dil"; DilC18( 3) 549 565 —
DiD” oil; DilC18( 5) 644 665 —
DiR"; DiIC18( 7) 750 780

LectinAlexa Fluor (

Concanavalin A Alexa Fluor ® 488 488 496 ~ 560 495 519 o= o=
Concanavalin A Alexa Fluor ® 633 635 640~700 632 647 a- o=
Wheat Germ Agglutinin  Alexa Fluor ® 488 488 496~ 560 495 519 N- N-
Wheat Germ Agglutinin  Alexa Fluor ® 555 561 570~ 620 555 565 N- N-
Wheat Germ Agglutinin  Alexa Fluor ® 633 635 640~ 700 632 647 N- N-
Wheat Germ Agglutinin  Alexa Fluor ® 680 679 702 N- N-
Lectin PNA From Arachis hypogaea ( pea— 488 496 ~ 560 495 519 B-
nut) Alexa Fluor ® 488
Lectin PNA From Arachis hypogaea ( pea— 561 570~ 620 579 603 B-
nut) Alexa Fluor ® 568
Lectin PNA From Arachis hypogaea ( pea— 635 640~ 700 650 668 B-
nut) Alexa Fluor ® 647
Lectin SBA From Glycine max ( soybean) 488 496~ 560 495 519 a— BN-
Alexa Fluor ® 488
Lectin SBA From Glycine max ( soybean) 561 570~630 590 617 a— BN-
Alexa Fluor ® 594
Lectin SBA From Glycine max ( soybean) 635 640~ 700 650 668 a— BN-
Alexa Fluor ® 647
Lectin HPA From Helix pomatia ( edible 488 496~ 560 495 519 aN-
snail)  Alexa Fluor ® 488
Lectin HPA From Helix pomatia ( edible 635 640~ 700 650 668 aN-
snail)  Alexa Fluor ® 647
Lectin PHA-L From Phaseolus vulgaris ( red 488 496 ~ 560 495 519 aN-
kidney bean) Alexa Fluor ® 488
Lectin GS-I From Griffonia simplicifolia 488 496 ~ 560 495 519 a- B- N- D-
Alexa Fluor ® 488
Lectin GS-II From Griffonia simplicifolia 635 640~700 650 668 a— B- N- D-

Alexa Fluer ®, 647
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2
Ly /nm SDR/nm E, /nm £, /nm
Isolectin GS4B4 From Griffonia 488 496 ~ 560 495 519 D-
simplicifolia Alexa Fluor ® 488 B aD-
terminal a-D-galactosyl residues
Isolectin GS-B4 From Griffonia 561 570~ 620 579 603 D-
simplicifolia Alexa Fluor ® 568 B aD-
terminal a-D-galactosyl
Isolectin GS-B4 From Griffonia 635 640~700 650 668 D-
simplicifolia Alexa Fluor ® 647 B aD-
terminal a-D-galactosyl
‘Ly : SDR VEL VE o * https: //www. thermofisher. com/ch/zh/
home /references / molecular-probes-the-handbook. html
3 pH
Table 3 Some fluorescent pH probes
E, /nm E, /nm SDR
" &
475 540 — — Hille (2008)
440 500 3~5 HEPES Nedergaard ~ ( 1990)
488 525 6.25~7.25 PBS Sun  (2006)
HO 0 OH
450 550 7~10 — Unciti-Broceta  (2009)
_ — 7~8 — Ferrari  (2013)
510 560 1~4 — Liu  (2014b)
520 556 1~3.5 MeOH: HC1 Ma (2015)
500 550 4~6 DMF Zhang  (2011c)
510 560 1~4 THF /Tris-HCl1 Liu  (2014b)
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3
E, /nm E, /nm SDR
0 HNA 3N
Ny 520 555 1~4 MeOH: HCI; MeOH; BRB~ Ma  (2015)
B ™~
O ~SH
Ao,
563 584 4~5.3 — Lv  (2013a)
AN ".-“\\_
A L,
565 600 5~6.5 PBS Xue (2014)
ZN o N
- “
525 585 4.5~5 EtOH Zhang  (2009)
i T
N Mo s 561 585 4.2~5.2 EtOH-BRB Zhao (2014)
N
D [
0 %TH )
N 565 603 4.7~5.7 EtOH Lv  (2013b)
0
H
9] Br
NNGH 560 577 1.75~4.0 EtOH-BRB Yang  (2016)
0 N
A L
SCH,
N'<C_O,OH 559 585 3.5~9.7 EtOH: H,0 Yu (2016)
) N
A L
‘HEPES 4+ 2- ) - - PBS : MeOH : DMF : THF : BRB -
. EtOH ; H,0 ;7 V. VB : SDR
2000) .
( Posth et al. 2010) , N
( Hunter and Bever—
idge 2008) .
o ( 3) o
(2) pH
o 10~800 nM( Posth et al. 2010)
pH+ pH
. pH . - -

( Sauvé et al.
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Czarnik
o (1998) D 7
(4)
o ( 4 4c)
N N 2017
o 16 .38
] ~ ~
(5) . . . .
( Hao et al. 2013
( Tsien and Poenie 1986) , 2016) .
3.2
( Wuertz et al. 2000) .
( Brismar and Ulfhake 1997; Herbert et al.
o 1999: Jaiswal et al. 2003; Hoffman 2005;
: Marras 2006; Pluth et al. 2011) .
; ( Lukinavicius et al. 2016)
; / ( Suzuki
et al. 1998)
( Hao et al. 2013) . ( Neher and Neher 2004) ;
4
Table 4 Basic principle of experimental design
Ly /nm SDR /nm E, /nm E /nm
SYTO® 9 Green 488 496 ~560 485 498
Rhodamine B based metal probe 561 570~ 620 560 580
WGA Conjugates  Alexa Fluor ® 633 635 640~700 632 647 N- N-
SYTO ® 40 Blue 405 415~475 420 441
Rhodamine 6G based metal probe 488 496 ~ 560 500 545
Rhodamine B based metal probe 561 570~620 560 580
WGA Conjugates  Alexa Fluor ® 633 635 640~700 632 647 N- N-
SYTO ® 40 Blue 405 415~475 420 441
Rhodamine 6G based metal probe 488 496 ~ 560 500 545
Rhodamine B based metal probe 561 570~620 560 580
Fluorescent probes for Fe( 1) 2 561 640~700 569 635
iy | SR E] B Hao- - ( 2013,12016)
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( Carlsson et

al. 1994)
/ ( Johnson 2006; Yuan
et al. 2015) , 3D
( 4 4d) ( Fili and Toseland
2014; Liu et al. 2017) ,

(1)

~

( Thompson 2005;
Simpson 2013) . -

(2) ( NN )
10~800 nM

6G
4d) .

( Suzuki et al.
1998; Stephanopoulos and Francis 2011; Hori and
Kikuchi 2013; Schneider and Hackenberger 2017) ,

2 o
Syto9  Syto40
Syto
(4  4d) (Chen et al. 2007a) .

( Chen et al. 2007a; Yu et al. 2011a;
Schlafer and Meyer 2017) . -
Alexa 2 o
Alexa
(4 4d),
(5)
( Nosyk et al. 2008) .
/
4 5.
4
4.1 -
( Warren and Haack 2001)
( Dohnalkova et al. 2011)
( Chang and
Rittmann 1986)
( Zhang et al. 2019a
2019h) . .
( Hao et al. 2013 2016;

2015a 2015b) .

Swanner et al.

( McRae et al. 2009)
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Fig.5 Workflow for the multi-marker laser scanning confocal microscope analysis
( Petrat et al. 2000) 20
( Ackerman et al. 2017) o ( Schramm et al. 2000; Haagensen
(Hu et al. 2005) . ( Hu et al. 2015) . ( Yeung et al. 2005) .
et al. 2007) . ( Julien et al. 2014) . ( Zhang and Bishop 2001; Flemming et al.
( Lawrence et al. 2019) 2016) . ( Dong et
al. 2009; Dong 2010) .
(7)) (Gilbert et al. 2005) . - -

( McLean et ( Huang 2004; Huang et al. 2005
al. 2008; Hao et al. 2013 2016; Swanner et al. 2008) . ( Neu and Lawrence
2015a 2015b) 2014c) . pH ( 8) ( Hunter and Beveridge

( Johnson et al. 2005; Hidalgo et al. 2009; Hegler et al. 2010;

2018) ( 6) . Gashti et al. 2016) Peo,( Schutting et al.  2014)
( Wuertz et al. 2000; Ueshima et al. ( Tolker— Nielsen

2008; Shumi et al. 2009) . and Molin 2000) EPS N N
4.2 . . ( Neu and
Lawrence 2014a 2014Db)
. ( Zippel and Neu
2011; Neu and Lawrence 2014c; Lawrence et al.
( Zhang et al. 2019a 2019b) , 2016a)
(.Chen et al.  2006) ( Lawrence et al. = 2004 2012)
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( Que et al. 2008; Quang and Kim 2010) ;( cl) N ( Swanner
et al. 2017);(c2) Fe( 1) - ( Wu et al. 2014)
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(al) (a2)

(al) - ( Lawrence et al. 2019) ; ( a2) ( Flemming et al. 2016) ; ( bl)
B o - - - ( Chen et al. 2007a) ; ( b2) o - B-
( Chen et al. 2007b) ; ( b3) - - - A ( Neu and Lawrence 2014a 2014b) ; ( cl)
( Neu and Lawrence 2014a 2014b) ; ( c2) i (e3)

( Zippel and Neu 2011; Lawrence et al. 2016a)
7
Fig.7  Microstructures and biochemical compositions of microbial biofilms revealed by laser scanning

confocal microscope analysis
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(a) C-SNARF+4 - ( ) ( ) pH pH ( Hunter and Beveridge
2005) ; ( b) SNARF+4 pH . pH=6.6 pH=6.6 pH=6.5 ( Hegler et al.
2010) ; (¢) pH ( Hidalgo et al. 2009)

8 pH

Fig.8 pH values of micro-environments in microbial biofilm revealed by laser scanning confocal microscope analysis

EPS N ( Lawrence et al. 2005) ( Lin et al.
( Yang et al. 2011a) 2016) ( Greenberg
( Milferstedt et al. 2007) ( Milferstedt et and Ebel 2010) . ( Nix and Feist-Burkhardt
al. 2009) ( Larimer et al. 2016) 2003) ( Clark and Daly 2010)
(7 o pH ( Rudd et al. 2005)
4.3 o

5

( Scott  1989)
( Lepot 2011; Foster et al. 2019) .

( Schopf et al. 2006; o
Wacey 2009) ( Lepot 2011) (
( Belcher et al. 2013) . S )
( Chi et al. 2006; Kus 2015) ( Pan
et al. 2019) , o

( Oehler and Cady 2014)

( Bonneville et al. 2020) ( Perkovic et al. 2014)
( Hackley et X ( Roudeau et
al. 2020) ( Hackley and Kus 2015) al. 2014) .
( Al-Nawas et al. 2001) . X
( Gérard et al. 2013) , ( Naber et al. 2006) .

( Pasteris et al. 2001)

( Schopf and Kudryavisev 2009 2012) o
( Schopf et al. 2010a) ( Kanemaru et al. 2009)
( Tewari 2011) ( ( Agronskaia et al. 2008) .

( Shah et al. 2017) ( Matruglio et al. 2014)
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2010b) ; ( a2) ( Schopf et al. 2017) ; ( a3)

( Schopf et al. 2016) ; ( bl) ( Schopf 2012) ; ( b2) 3D ( Schopf 2011) ; ( b3) ( Schopf and Garcia
2019) ; (cl) ( Martin and Martin 2018) ; ( ¢2) ( Shiraishi et al. 2008) ; ( d1)
( Shiraishi et al. 2008) ; ( d2) ( Xie et al. 2015); (d3) ( Bonneville et al.
2020) ; (el) ( Lepot 2011) ; ( €2) ( Schopf and Kudryavtsev 2009) ; ( €3)
( Schopf and Kudryavisev 2012) ; ( e4) ( Tewari 2011) ; (e5) ( Chi et al. 2006)

9

Fig.9 Structural and spectral characteristics of paleontological microfossils revealed by laser scanning confocal microscope analysis

2014; Schmid et al. 2014)
( Hunter 2009)

( Obst and Schmid
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