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Fig. 2 Raman tweezers monitoring of intracellular and
extracellular concentrations of ethanol in individual yeast cells
during fermentation in YM media after supplementation of
10% (W/V) glucoset™!
2.2 ABEERXERNHBH SN

T Hb S W 5 R A A R L R L TR BT R
Tt (18 BN 200 AEL R 7 2 B i LA X 22 A 5 0 i S it
B[] (0 S B W KL HG  AS [] 0 2 2  FH r 2 1
BEXEAS W] 9 i T (35 5% ) B B il AL 6 4% — Jit 40 Jf ifE 47
G3AT s N Z 05 1 £ BE i s T aok R 501 4 A L
Yot 0y A2 Ak Bl A BE AT LA SR 0 A I 1) S A i A, ST
AR % W 2ok A A (] i B ¢ ] — i B 400 ) 119 22 5
PR BT RS R RS R R AR

YroeF- B monfai (B i . Hoh i e i 3 B 4 A
FR—RESEEREAR R RS E B iR =Y
FRRAE 6 15 5 50 B — A AN Y635 15 B S — A5
PR A 45 6 A2 T a2 0 ) 20 it e Ak 7 2B BIDIR A
T AT 5 e PR R A B 5 ke 2 S SR
2.2.1 k=R

A ) 240 B AR L RRR R AR Y
Wi, BT R ) A R A L B TR 1 SRR R 0, 2
L 55 WF 5T 9 158 R % 42
2.2.1.1 HRHEE

B BT HR (PHB) & —Fi Ly iR &
A AR PHB & B BIF 5T 32 B2 02 3 1 3 0 40 i /K O
TE R W LR Z, ik & B sk 5500, 0 2
fihr & E A7 RE A I DL K o b A B R
DT S B e B /N LY R BB T AT C
necator H16 [k PHB R 2 , 3 IR 55 I 9 % R
FEARMACE SIS . Tao 255 (50560 45 5 /RGBT
395 0 B2 IO R B PN AR R A AR Y T R
W1, PHB 78 & B 5 AS A B0 IF 46 7= A=, 78 X3 2000 1)
TR 2 RUXE MR 3 PHB & U R IF
FEEFRHFHEZ (B 3.

T T T T T T T T T T T

8_
—m—i—a—a—-a—n
: 6 "
§ 4f 6h A
2F 4 sk
O_._.- ) 1 1 1 1 1
Bz |
BEZs
Ms <[
HHHE PHB (1732 cm ')

- 1 1 1 1
ﬁggé R 7% H JitProtein (1 650 cm ')
iad E [ =T

g2
Mgt
B E
1 1 1 1 1 1 1 1 1 1
oz [ DNA(1574cm ')
SRR
SEs
ia:z_g - v
1 1 1 1 1 1 1 1 1 1 1
Wz f RNA(782cm ")
BEEsL
SRR
HEETE
= L1 1 1 1 1 1 1 1 1

0 6 12 18 24 30 36 42 48 54 60
i} ] Time (h)

K 3 C.necator H16 LMY A K il £k B ) RNA (782
cm ') DNA (1 574 em '), & H i (1 650 cm '), PHB
(1732 cm ') 554y o 4 RRAIE 48 58 58 I R % 0 R 1) 2B Ak 3h 28

Fig. 3 Growth curve of C. necator H16 strain and char-
acteristic peak intensity change of intracellular RNA (782
em ') ,DNAC(1 574 ¢cm '), protein (1 650 ecm '), and PHB

(1732 em™") with the fermentation process

LA 240 A ) R AR L 2 A AT R



AR FERZR,2020 £,36 &, 5 3 #1 Journal of Guangxi Academy of Sciences,2020,Vol.36 No.3

FEXE ETHEETHABRIRRARIT - NAERE

RNA Jj& PHB & nltad 72 1R i b 55 8 36 BR 09 4= 9 K 4%
To TEBCE MR BT 40 M A% 9% ) 5 I i) 4 4 7 A
15 7 5 B A A A R % i D, HLL6 40 i 3 2 g
TR UG T4 M PHB i A 20K T A B B U5 58 4
AT 4 A K5, AR &R T . PHB P & &
R M AR K T BRI, TR Y
RNA F & (1 5 9 Q8 3 1 52 w9 PHB ™ ¥ 1
A,

RIFEBRA A T 1 PHB & BE 43 BT B . 78 125
AIREE T 40 RNA & 5 (782 em ' 1§) A 1 5T
(1656 cm ' M) — H A TR E KT, B E R
HRMEIEMAXEXR, HEARTE 656 cm ' 1) 5
PHB % & (1 732 em ' I6) 5 fUFH 5C5C &, L TG BR
H & m ) RNA A ] 58 hnss 2 (5 A 6 i 1 H)
55 PHB M6 B, 76 @ ik & IR R W DL KB
JOE A B2 B 5 S50 R 1 AR A 4 DN — SR IR 1 I e
i) PHB A iz
2.2.1.2 ¥ NE

WAEP T DL A & Rl 2, b A W ok TR G 2
T8 N RRE—REEMRROE, LA B2
N REAEM N E SRR E, 258
BNERFIL G E Y, A 24 35 DU 4
L, 7E 1 157,1 524 em ' BHE A — AN SR 58 7
ARG . Tao 451 SR FH AT S Bt X 5 21 4 R 1o £F
A 8 N R EAT SCI s T & B, 2R 8 N R
BT I AR B8 2 S kA T 8 O 1 I 0 R 0k B B D
0 200 Jf AR K 32 B0 SR BRI B 5 R, 280 8 b Rk
W 2% TR 0k 38 114 78 A 1 A8 Ak L E 15 37 B 55 — B B3
FE R SR B S B B D . 7 T W AR BB AR
X LT RE A B2 B N R HEAT oM . 5 A U A R
Xt B N R A R, kB IE ELL R AN A K
AN N 2 A R A 20 TR AN TR 40 ) 2 R R+ T
BN AR, T5E AR 88 F ik
REERE IR R O & Ik T ek REERE A PR i 5 R
(2 AF . DN E IR S0 07 FH 2 B8 X 5 21 4% f 1 £
B M BE NS N AT AT P AN TR kA
Fb B i EE DA B B B b %ok [58 4 4% 0 i 5 34k i R 2K ) 4
NG AE 1 I S L 5 SR 3R B I A e L L L B L AR
B B L 1 T 8 [0 20 A4 760 1 B 40 L P4 il g 7 1t 3535 40
B miZEEA S N A R B R
2.2.1.3 fgWitR

B2 T A S 2 3 AT TR 5 1 B A5 42 L T s DR i
% B BRI A7 1T DL SR A= 4 45 il 1) g 25 Can s s i

M= H M TAG M EH LIRS HHWEKKE, Wu
ST R P B R T X 7 S A A B B R AT B
4 L TC AT T ) FE A S B 43 AT 00 R P9 4 B
PR AN U R R 2 7 TR Sy Bl 4 A R e R I R X
PR W, Wang 2557 SR 2L AY B AR 78 41 i
KT B A T e e il o AR A B G T AR 2 1 A
it 3t B o A T 1 X LA R B R L BB 20 i K S Y
TAG SRR ME R B ENAHLLR, 0
Y TAG R B F AR 182 Bk ad 40 i 455 3% 2015, A g
08 3 AT R KR FR A
2.2.1.4 FHAEREER

Py 3t 418 2455 43 A B G (0 3 7 BK B 40 i P
7] 1R A 9 2 R 6T kL O 4 0| Wik v JEE R B 7 ] G
R B RS . LR A R B 20 K P 1 S A A
593 B | A ) 4 S e AT ) A A R R B RS
B FE ARG IR b AR R K 2 B ) 5 R A
Xt 50 K rp I [ 2 3k B i A 4% B T A5 A B AR
AN AR S R R RN, 1523 em ! AR
IF U 5, 3 S AF R Py 48 70 BR BT 9 3 A AR L R AE
22— 37°C I}, I J3E Xof 7] 4 BR R 3R A 0 5 R R
Tk pH S R TR A R B A T — R
U P €0 2—5. 0 g/ L), 7 4 mT 70 2 A8 1 b 2 0k
R 7 R A 2 I B B R ) T ) RO e b A )
EERBE R A .

IRAFSE AR P B BE A A B AN i KT T
b A3 AT Bk A 0 A0 A R 7 0 1 B T DM T A
TR S U B P ) e T B A L AT DL TR e AR e AR
JiEL PN 32 AR K o T I AR Bl A
2.2.2 FWMEGLE

21 AR 1T T R R 8 R A TR Y TR B B
RE-EHRKE . CFEFRRBEHNEAN —FFE.
A AR G Rk H A FE R AT AR A K B A H
EELEWm AP 2 E SRS A H B MR
I L A3 a7 B ok W L e e R L NN R
AR E L UK AR B A R IR L N A BT A I K T i
T TP REB B9 n] BEME . Xie 2807 f% e 78 K i AT 1 i B
R TR R AN [) 1) 32 3K R G0 b W B 5 £ B A KD
FIWRIK & IAA KN FF 18 B HE AR e B A DGR
WA (14 5 5 5 B it 5 i TR ST i) F0 8 o T 4 58, 5 968 e vl
PKOFIER D 0 M 25 SR A . Chan 2517 W 00 46 4
/D 5% JEE IO 20 FHE R 1 E R B TP i 2Rk R IR R
R R IR BB A AL 2 /NN LA T48 1 /it
KA EE I IN 470 %, 055 3 /NI M4 2 /N i 3



TR FE ML http://gxkx. ijournal. cn/gxkxyxb/ch

2302, KW 3 h W H BT iy RIBTFR-F 2

A A R A R B U (FDHD 5 41 4K (A
K AT B A b () 235 7K - FDH B4R AR 1 004,
1355,1 455 f11 667 cm ' i IPTG 5 5 i [A] () 4E
TG iR WA 508 R A 1S 0 (B BT B Bk ) FDH 3k
B £ 5 SDS-PAGE H1 3k 43 45 - — 2,

JE UK ST 3B K K 1 T % 3K B 78 13 Vicia fa-
ba L. 14-3-3b A @R A5 A0 W0 R 85 F1 0 45 1 2
S LKA T[] IR BE R PR AR 3 AR B A P R R GA UK
VLB R RN 16°C TiE TR 14-3-3b A 8 H R
IE W 58 B B 5 T 28°C NS, M AL WA R B Y
R 0 58 R DAL R, 9 TR ST S A S [ i R
T IR R AR R S A R IR K R B 28°C HE AR AR
PFF 520 B S i 3R TR O DUTE A R R R 3
16°C 26T LA PR o 3 BAE IR T Rk W)
BT RE I 8 T S, A R T 40 MR AR R T i M
B,

AR SRR B B S X SRS A1 R R R
FIR A Y R A SE I TC AR E i WD EAT R
TR
2.2.3 LM TBEAEE

I 36 R B T B A R R AE 8 (S R B Y
Ak, AT A Rk A AT R AR L SR AE ) R AR AL, DA
JHL P R R B2 SR L B A AR Y K i S
SR AR
2.2.3.1 AFEEEESET 3500

S ST AT W T R AR A K R
GG 3% P T B A2 K I AL A TR 2 g o L R 1
RNA 7E55 6 /)N 35 3] fe KR 5 25 150 RIS 28 9 B )\
556 /NI IR OGP G 0, 2E SS9 /NA Ik 3 A KA L i
Jo R NREGEG N CBENZES 9 /Ne IR B,
TESE 9—12 /NI 1] o A

2% [ R4 BT 500 LR TERE R BYE R KB 2
it T ok R v i 4 P 0 T T AR Ak 5 R B T B
2 Ay A I R BB K T A 5 2 A R A i 1 2E FRDIR S RN
JHL P 20 55 - B A < B v B 1) T v L TR RR AR M R AR AR
J RN 2 o B 10T R 2 R 3 i L TSR il
F2 s A6 R RS T L 5 0 I B A0 A R P R R K 1 IR
WY,

pHE & B O e R M EZ N+, 5
AT PG A B R R G pH (B £ B
KB RRIAT b, 2R BoR BG4 pH (N
3.0 AT . N IR SR 2 (1 R I i 2 A5 5 ok

FWILEAR pH (H P52 T 8 20 % 9 9 e Ak i oY it
Wy s 3 B o0 A B L pHL (B G B RF 40 i 2R BUIR S
5 A 46 T & BRI AR B B s 1 440 F1 1 600 cm ' i —
B 3 4y PC1LPC2 il PC3 434 19 T B4R 1F
W, B pH %04 AT BE S e B 4 AR 1 AR 25 5T AR
UL e TR i/ B R A i I a7 ]
A

B AR AT b S )RR X R 2 B A B R R
Wi K FL AT R0 4 FHLM . 2R DL T o R 40 i
NGB & B B I 7 B G i RNA L JE H & it i
EE T EHAIE TR, H RNA $7 S0 i 5 KT 258
FERWAE AR 1. 9—2. 1 (AT K
L2—1 AR s THLAW T RS XY BT Al DNA 1) & &
A VLVEE . A HLRE 26 5 RE R Y L A HE
P RNA PR K i A i AR 3 5 AR 2 Bk B
AH G B PR ) PR B ik R e 3k, 1A HF 2 T R

X AT b B R BT X R £ e AR
B, S8 R oy W R 782, 1 301, 1 602,
1657 cm ' W TR AR W 0T 1 G B R) R AR B L F TR
S A T 1] T T 2 T PR RE A I 9B PR B R AR
JEL PN 20 53 B, S 7 R E . NIRRT T 5 A
—E W B AFAE I 1 302—1 306 cm ' Al
1443 em ' AEUE F IR 28 W A = 0, U B B R
S0 6 D RS 2 1 B

FE 35 R T v AN R L TR PR A SR T 2 Y TR
PR RNA Py 5041 A8 8 & I 15 30t s o 5 1l T 48
15 2 9 o U2 A 2 TR it B B A T R R
A R T RE 2 T 1Y T v R R R O R
BEAT OG5 AR OGRS K, AT RE 2 I B TR B N ) 3
BT B (S REER .
2.2.3.2 HHABSHEZL

L2 B8 T B T LA W 000 e P ) I 1) A AR AR A L
A DA A R e A R 0 B T A R R AR A

R 40 0 00 A W LA A IS W 1 2 I A
AN ET R AE R BRI, A 1 662 cm T I
(RIEE AR | RN &M 5 1 652 cm ' 1
(RIEEAFRBER T M o« B MR EZ ]
(Lisso /T1gs) /DT 1,7 h G RTF 1,9—18 h FEAYGEHF
T [6] — K, 1 J5 5 B T A, U B K T 0 300
B G LA P o B2 T B R B 0F
fromErEan & A R LR Bl o £ EEA S
ZEELTOL I 5 M1 T A E DS 0 R R T S Yt B T
UG . 1A LAEE BB Sy IR A [R] & 18 B B



AR FERZR,2020 £,36 &, 5 3 #1 Journal of Guangxi Academy of Sciences,2020,Vol.36 No.3

FEXE ETHEETHABRIRRARIT - NAERE

O340 R ERE | R REER L R IR S N £l
A BT AN L o B R L IS — 0 A T 7
FEA Y A7 T DA H: A 5 kg R ) At DU S DL o MR
B ST B R B AR Y A T fiE
PR W ) SRR T o B 40 i Sy 35 1 L P4 41 2
it P45 1) 72 Ak T oA 72 2R B RS
2.2.4 K EEEAZ P dm Rowh O Rk

BT Ak BRLAS 200 IR B 43 BT R L AR R A A i 1Y
HEHURAS DL R AN E 22 5

FEHRIE 2 e v, ML DY 281 5T RS 28 9 ot (g
fEWE 1 301,1 440,1 654 cm ') 78 & BEHT . B 09 20
I 22 S /0N L T 2 B O 300 (32,44 h) X PR W) Y
RN M R 2 S B GG K R T L TR R
FERT I, 782 cm ' 5 1 094 em ! B(E B W0 BiE
BB A KB G WS AR B R H e
200 L [R] 14 53 A H2 30 TE AR 43 A 5 WS ) T CREAE 15 1 480
em D TE R BER AT PO A AR A B IR 25 RN
TR T 7 2 T 14 J 0000 S0 348 o, 400 ] 25 5 K L 2
e A4k B i/ 1 0 B 22 B, 1 AR 0 A M
R

£ PHB kB, B 481t 43 b7 o Kk 8% i 1
0 M N PHB % 6 22 5 8K, & B b 0 AE X 3
A) LR 22 SN B R R I M I 24 S BT AR
AT SR A AT AR A B AR DT 1) L PR 0 22 5] K T
TR A — 20, JF BB & BE R HF AT 25 B OOk
[l N

3 EFHEMEE

3.1 ®WRrE=

D¢ X P W I A AR R AT IR 2
FALAFAE [R)AE (9 0] 0, 4 ) TR v W & A B &
PG I 2 AR 5l K Tk, Cormack
L S BRUGE FHE 35 7R -1 7 (LG) 1 Holey 5 i #40%
N IRV R L DA I L W D e S TW G RSO 150 S
Ah AR AT DU A K I O6 (e 1 064 nm) R i
R PRSI B A Bk T Bk 2¢O i
Wi A S S B kA AT 2 T B SR B 2Ok
TR AR A AR R 20 R R L B A B T
K B S5 7 7T RE 23 5% 1) 48 B f 3%
3.2 Hx#ms

WO A I R]AF AR 7] — A~ 48 B W] B8 23 X6 44 i 7~ A=
i3 R R BOC T R LB R B B, OB O
FEALFE A2 B (B an &k . DNA 5455 . 4i i At

T G B RO 15343 458 493 0 R B 5 001 ) G L 4
MZERIA G, T P02 A T 0 4 AL T o, B
W/ T G ERAB A L X 20 L 5 R 2 R S A 2 B A
Singh 21 fii H fig & 40 A% A9 K I KO 2T Ah Ok
(1 064 nm) H T {7 2K 240 fft . 1y FH J 35 < 9 380 (532
nm Z¢#H 785 nm) L 4N ME A H = (5 5 B E R H TR
— AT AR 5 WK 20 R B Y B A
Ty 00 E A7 R 0 B FH A AR 2y 22, DAY A0 B % 4 7
40 1 105 5
3.3 oWmHER

BN SRR I 53 BT R0 BT R 0 2 K sf i) )
M Y S B AS I BRI ASOR L B 2 R T
JEEENY BUE 2O B S R N nT LR AR TR Y
¥ Y e NP 2 B G i il o R 211t G O E [
S AR 2R Ay, B R AN B AR AR BB R T
SRS 4 s Casabella %5 R T A 8 4 Hr o4
2 L ) L B T R e S BB A G RS AR A B
KA M Pilat BB EE T S MR ERAELS S,
KT A B4 B FIAE TG T8 450 T 43358 19 AR 0 440 1Y
Tk BRXESCE R G T Z 4, Zhang VY £
TR BT Al R R T — Bl TR 4 AL
B RAE Z SO0 ROR 5 FLRL O 1 i
P 23 NECR L A B H T IR R A
RGP 3 1 S EgE . B, Zhang %97 I8 KR
T — b R 4 RN AE B R ) 43 S BV 4 A AN R
B R ZH P R SR R AT O i A B A K [
A WD Z2 A 20 e ) A ik R AR B Tz A
3.4 5S518%E

AR 25— R B m TR
Lo 3RS T RIS 5 BAE 5 59K AR R R B Ik
P55 A o Nl DRI 0] R, 3R THT 1 58 7 2 HUH (SERS) |
PR 7 = 1% (RRS) A T I 7 48 5 B $ 2 % 3%
(CARS) V) K52 b = )6 3% (SRS) AH 4k & e, B 4 &
SE R LB ., Huai 259 ¥ 5 SERS
EE N H TR R AP A . Ramser -7 0%
J B 5 PR 2 25 A I T ) BE I 41 20 i A i 21 2
FI A3 AT » DA B I TR 3% 58 i 28 SR BT (X S B R
AR D L B & B o3 BT
3.5 BIEAESEHE

PLEEFRACET R EA.ZEAERY
JoT 46 W2 LA R PR AR B R AR E B &
T G ey L G R A A S B B SR T = O 43 A 10 M
AET TR A B A R R IR T LA AR



TR FE ML http://gxkx. ijournal. cn/gxkxyxb/ch

(R 53 SRR AT, AR B 431 7 SR AT R A AR R 3R
o SRR AR S A5 B BCECE B AT DL
LY A A T A R R OB TS R AR AR B L T A
A M A RS W B A R o A
(PCA) FIAF S8 73 it o T 25 05 o — Tl 5 1 5000 4 A0 4
A, ik PCA JF0th =2 PC Bk AT 5 A OC Rk 1
() AF S 5 DA AT DL AR N AS ] 2 % i B A 2 0 240 L i
P 2 5 A R A 0 B e
A R E BB T L S TR AR HZ
TG 43 HE 2R 3 B AT 5 i v i B A 1Y) O B A
B EHIRIEWEE Euglena gracilis WEBE K& B & BL
PR FEDE B N R R BRI A R . ok, BB =
IR 5 B UR T 4R BT 2 2 ” (Ramanome) HE A& (58 4§
FE RS TR — > 4 R R U Y S Al i b Ok R R S L O
DL DY A L TCAUh R e A S A X, ik T 8 A BOR 2
BYA 1 A= o g a1 Sl i N = = I I I L=
T IR RS 4 R E 4 k0
3.6 5EHMEARANES

AT T IR 3R AT LA Y $ir = B el A TS
f WA T 7 2 [ s B A R AR o 2 i, E— S 1 A i
ik SR R A A B A ST A S 0 SR TR B S e
MRE . Wang %0, Xu S0 B8O 3l 5
[ R AR ic (SIP) 45 & (LR 8 AL T A
Gy F SRR S A L 38 i AR A P HE S ) 5 2R
R LR AN, Lo & BRSBTS A
TR RER ARG G o 52 IR A W B0 240 L 7K ST A PR o
YE

PR F 2GR EIRY YRR
BB R FEAEY K+ 05 B, a0 2R 5 520 g
J¥ IR SRR 3 BT B A 2 A T AR S L T TR G
A4 R P A R 2 B, DU AT R AT iR 0 T S B T
BL .

WAL, B AT A A 5T 0 B AT 58 4 T A8 e S5 1k o
A= )P B I 52 L EL T A 5 I A 26 E A 2 K
FNLBRA e P R BETERE . X2 R R UL, 7R
XT84 BT ) PR R R B B A0 I AR B T R 4
A BRSSO R T R R AR G Y 2 O RS

4 RE

A e T AN AR S AR 2 R B R i 25
BRI EE A L (E 20 i 18] 47 75 W] A9 52 kL i i o
20N AT TS A T A R A S R AT R T e T R

Iwasaki

BRI A o DT 20 240 i TR] f) S Jo 4 L B v O T P E
PES BT R A TS OBE AL S B AL AT TR
PR TGIFARC o 1T LA 00 P 40 i A 5 e 2R BIOIR A 3R
Tk folc A 400 240 i 1) A BRI RE L 3 w] LAAT O — A TR R
A T A v R X A/ 1) 50 40 LR BT At D L
ARAFEEA S PR R SETHE B IF e LA i K LT
RSN 1o . AS SCHE BT 8 B T M D £
Tl IR IR W SR R A e A R EE A B AR
I S AU B IO P R, 75 A 2 B S M e 1
T Wy S AR BE 0 L K DA B A 200 i K P B S A
P R TR RE . Pl T A M AR R L L P S 2 R
VAR AT & AR RATAEAT T 555 3 I R AN 5 A O
53403 A5 1) L 437 2 R AN B 5 4 | o R TG 45 el s 0
R AR 2 A M A . R ANk, © A A
FEAT I3 't 1% B 240 D A RE R A W Rk I R T
B P A fE O R BB S R R ORT  r B
T A E I A BT BE L R A Bl A )
UIRIREW &L N (5 E I L =R TEN - T T ol SR i
SFor M A ROk D AT ] i 5 B 4 T 9 45 B, o Bk
Ve e E 11 W B A R G S B A B e X
AR R GERINAL

Sk

[1] KOUTSOUMANIS K P, ASPRIDOU Z. Individual cell
heterogeneity in predictive food microbiology: Challen-
ges in predicting a "noisy" world [J]. International
Journal of Food Microbiology,2017,240:3-10.

[2] SHAPIRO H M. Microbial analysis at the single-cell
level: Tasks and techniques [ J]. Journal of Microbiologi-
cal Methods,2000,42(1):3-16.

[3] BREHM-STECHER B F,JOHNSON E A. Single-cell
microbiology: Tools, technologies , and applications [ ] ].
Microbiology and Molecular Biology Reviews, 2004,
68(3):538-559.

[4] DHAR N,MCKINNEY ] D. Microbial phenotypic het-
erogeneity and antibiotic tolerance [ J]. Current Opinion
in Microbiology,2007.,10(1) :30-38.

[5] LIDSTROM M E,KONOPKA M C. The role of physio-
logical heterogeneity in microbial population behavior
[J]. Nature Chemical Biology,2010,6(10):705-712.

[6] MAGDANOVA L A,GOLYASNAYA N V. Heteroge-
neity as an adaptive trait of microbial populations []J].
Microbiology.2013,82(1) :1-10.

[7] DELVIGNE F, GOFFIN P. Microbial heterogeneity af-

fects bioprocess robustness:Dynamic single-cell analysis



(8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

I"ARZERFIR,2020 £,36 &, 5% 3 # Journal of Guangxi Academy of Sciences,2020,Vol.36 No.3

FEXE ETHEETHABRIRRARIT - NAERE

contributes to understanding of microbial populations
[J]. Biotechnology Journal,2014,9(1) :61-72.
HEINS A L, WEUSTER-BOTZ D. Population heteroge-
neity in microbial bioprocesses: Origin, analysis, mecha-
nisms,and future perspectives [ J]. Bioprocess and Bio-
systems Engineering,2018,41(7) :889-916.
ANSELMETTTI D. Single cell analysis: Technologies and
applications [ M ]. Hanover, Germany: Wiley-VCH Ver-
lag GmbH &. Co. KGaA,2009:284.
JONES S. Single-cell microbiology [J]. Nature Biotech-
nology,2016,34(11):1077.
VASDEKIS A E,STEPHANOPOULOS G. Review of
methods to probe single cell metabolism and bioener-
getics [J]. Metabolic Engineering,2015,27:115-135.
ISHIT S, TAGO K,SENOO K. Single-cell analysis and
isolation for microbiology and biotechnology: Methods
and applications [J]. Applied Microbiology and Bio-
technology,2010,86(5) :1281-1292.
W7 B PR A TR TS0, BB R T B RUE W 2 b5
BCE 7L A4, 2017,57(6) :920-931
SR G S Db, A5 o A0 ' 1% AE BUE B AR T
B LT . B 92 4% 5 2020,60(6) : 1051-1062
RUBAKHIN S S,LANNI E J,SWEEDLER ] V. Pro-
gress toward single cell metabolomics [J]. Current O-
pinion in Biotechnology,2013,24(1):95-104.
CHAO T C,ROS A. Microfluidic single-cell analysis of
intracellular compounds [J]. Journal of the Royal Soci-
ety Interface,2008,5(Suppl 2) :S139-S150.
GAO D,JIN F,ZHOU M,et al. Recent advances in
single cell manipulation and biochemical analysis on
microfluidics [J]. The Analyst,2019,144(3) :766-781.
WORONOFF G,NGHE P,BAUDRY J,et al. Meta-
bolic cost of rapid adaptation of single yeast cells [J].
Proceedings of the National Academy of Sciences of the
United States of America, 2020, 117 (20): 10660 -
10666.
FRITZSCH F S,DUSNY C,FRICK O,et al. Single-cell
analysis in biotechnology, systems biology, and bioca-
talysis [J]. Annual Review of Chemical and Biomolecu-
lar Engineering,2012,3:129-155.
ZENOBI R. Single-cell metabolomics: Analytical and
biological perspectives [J]. Science,2013,342(6163):
1243259.
HODZIC E. Single-cell analysis: Advances and future
perspectives []]. Bosnian Journal of Basic Medical Sci-
ences,2016,16(4) :313-314.
CORDERO E,LATKA I,MATTHAUS C,et al. In-vi-

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

vo Raman spectroscopy: From basics to applications
[J]. Journal of Biomedical Optics, 2018, 23 (7):
071210.

JONES R R, HOOPER D C,ZHANG L W,et al. Ra-
man techniques: Fundamentals and frontiers [ ] J.
Nanoscale Research Letters,2019,14(1):231.

HUSER T.CHAN J. Raman spectroscopy for physio-
logical investigations of tissues and cells [ J]. Advanced
Drug Delivery Reviews,2015,89:57-70.

SMITH R, WRIGHT K L,ASHTON L. Raman spec-
troscopy: An evolving technique for live cell studies
[J7]. The Analyst,2016,141(12) :3590-3600.
BUCKLEY K,RYDER A G. Applications of Raman
spectroscopy in biopharmaceutical manufacturing: A
short review [ J]. Applied Spectroscopy,2017,71(6);
1085-1116.

WIERCIGROCH E,SZAFRANIEC E,CZAMARA K,
et al. Raman and infrared spectroscopy of carbohy-
drates: A review [J]. Spectrochimica Acta Part A: Mo-
lecular and Biomolecular Spectroscopy,2017,185:317-
335.

EMBER K J I, HOEVE M A, MCAUGHTRIE S L,et
al. Raman spectroscopy and regenerative medicine: A
review [J]. NP] Regenerative Medicine,2017,2:12.
PICARD A,DANIEL I, MONTAGNAC G et al. In si-
tu monitoring by quantitative Raman spectroscopy of
alcoholic fermentation by Saccharomyces cerevisiae un-
der high pressure [J]. Extremophiles: Life under Ex-
treme Conditions,2007,11(3) :445-452.

SHIH C J,SMITH E A. Determination of glucose and
ethanol after enzymatic hydrolysis and fermentation of
biomass using Raman spectroscopy [ J]. Analytica
Chimica Acta,2009,653(2):200-206.

AVILA T C,POPPIR J,LUNARDI I,et al. Raman
spectroscopy and chemometrics for on-line control of
glucose fermentation by Saccharomyces cerevisiae [J].
Biotechnology Progress,2012,28(6):1598-1604.
UYSAL R S.SOYKUT E A,BOYACI I H,et al. Mo-
nitoring multiple components in vinegar fermentation
using Raman spectroscopy [J]. Food Chemistry,2013,
141(4) :4333-4343.

GRAY S R.PERETTI S W,LAMB H H. Real-time
monitoring of high-gravity corn mash fermentation u-
sing in situ Raman spectroscopy [J]. Biotechnology and
Bioengineering,2013,110(6) :1654-1662.

IVERSEN J A,BERG R W, AHRING B K. Quantita-

tive monitoring of yeast fermentation using Raman



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

TR FE ML http://gxkx. ijournal. cn/gxkxyxb/ch

spectroscopy [J]. Analytical and Bioanalytical Chemis-
try,2014,406(20) :4911-4919.

LEGNER R,WIRTZ A,KOZA T,et al. Application of
green analytical chemistry to a green chemistry
process: Magnetic resonance and Raman spectroscopic
process monitoring of continuous ethanolic fermenta-
tion [ J]. Biotechnology and Bioengineering, 2019,
116(11):2874-2883.

JIANG H,XU W D,DING Y H,et al. Quantitative a-
nalysis of yeast fermentation process using Raman
spectroscopy : Comparison of CARS and VCPA for var-
iable selection [J]. Spectrochimica Acta Part A:Molec-
ular and Biomolecular Spectroscopy, 2020, 228.
117781.

CHAN ] W. Recent advances in laser tweezers Raman
spectroscopy (LTRS) for label-free analysis of single
cells [J]. Journal of Biophotonics,2013,6(1):36-48.
PUPPELS G J,DE MUL F F,OTTO C,et al. Studying
single living cells and chromosomes by confocal Raman
microspectroscopy [J]. Nature, 1990, 347 (6290) : 301~
303.

PENG L,WANG G,LIAO W,et al. Intracellular etha-
nol accumulation in yeast cells during aerobic fermenta-
tion: A Raman spectroscopic exploration [ J]. Letters in
Applied Microbiology,2010,51(6) :632-638.

TAO Z H,WANG G W,XU X D,et al. Monitoring and
rapid quantification of total carotenoids in Rhodotorula
glutinis cells using laser tweezers Raman spectroscopy
[J]. FEMS Microbiology Letters,2011,314(1) ;42-48.
MIAO Z B,ZHANG P F,ZHANG Y,et al. Single-cell
analysis reveals the effects of glutaraldehyde and form-
aldehyde on individual Nosema bombycis spores [J].
The Analyst,2019,144(9):3136-3143.

ZHANG Y,MIAO Z B,HUANG X H,et al. Laser
tweezers Raman spectroscopy (LTRS) to detect effects
of chlorine dioxide on individual Nosema bombycis
spores [ J]. Applied Spectroscopy, 2019, 73 (7):774-
780.

REDDING B,SCHWAB M,PAN Y L. Raman spec-
troscopy of optically trapped single biological micro -
particles [J]. Sensors,2015,15(8) :19021-19046.

XIE C A,DINNO M A,LI Y Q. Near-infrared Raman
spectroscopy of single optically trapped biological cells
[J]. Optics Letters,2002,27(4) :249-251.

XIE C A, GOODMAN C,DINNO M, et al. Real-time

Raman spectroscopy of optically trapped living cells

and organelles [ J]. Optics Express, 2004, 12 (25);

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

6208-6214.

NAVAS-MORENO M,CHAN ] W. Laser tweezers
Raman microspectroscopy of single cells and biological
particles [ J]. Methods in Molecular Biology, 2018,
1745:219-257.

KONG L B,ZHANG P F.WANG G W,et al. Charac-
terization of bacterial spore germination using phase-
contrast and fluorescence microscopy,Raman spectros-
copy and optical tweezers [ J]. Nature Protocols,2011,
6(5):625-639.

SNOOK R D,HARVEY T J,CORREIA FARIA E,et
al. Raman tweezers and their application to the study of
singly trapped eukaryotic cells [ J]. Integrative Biology:
Quantitative Biosciences from Nano to Macro, 2009,
1(1):43-52.

SINGH G P,CREELY C M, VOLPE G, et al. Real-
time detection of hyperosmotic stress response in opti-
cally trapped single yeast cells using Raman mi-
crospectroscopy [ JJ]. Analytical Chemistry, 2005,
77(8):2564-2568.

LI Y.WANG G W,YAO H L,et al. Dual-trap Raman
tweezers for probing dynamics and heterogeneity of in-
teracting microbial cells [J]. Journal of Biomedical Op-
tics»2010,15(6) : 067008.

LEE S Y. Bacterial polyhydroxyalkanoates [J]. Bio-
technology and Bioengineering,1996,49(1) ;1-14.
EGGERS J,STEINBUCHEL A. Poly(3-hydroxybu-
tyrate) degradation in Ralstonia eutropha H16 is me-
diated stereoselectively to (S)-3-hydroxybutyryl coen-
zyme A (CoA) via crotonyl-CoA [J]. Journal of Bacte-
riology»2013.195(14) :3213-3223.

BATCHA A F,PRASAD D M,KHAN M R,et al. Bio-
synthesis of poly(3-hydroxybutyrate) (PHB) by Cu-
priavidus necator H16 from jatropha oil as carbon
source [ J]. Bioprocess and Biosystems Engineering,
2014,37(5):943-951.

JARUTE G, KAINZ A, SCHROLL G, et al. On-line
determination of the intracellular poly (beta-hydroxy-
butyric acid) content in transformed Escherichia coli
and glucose during PHB production using stopped-flow
attenuated total reflection FT-1IR spectrometry [J].
Analytical Chemistry,2004,76(21):6353-6358.
KHANNA S,SRIVASTAVA A K. On-line character-
ization of physiological state in poly (beta-hydroxybu-
tyrate) production by Wautersia eutropha [J]. Applied
Biochemistry and Biotechnology, 2009, 157 (2) . 237 -
243.



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

I"ARZERFIR,2020 £,36 &, 5% 3 # Journal of Guangxi Academy of Sciences,2020,Vol.36 No.3

FEXE ETHEETHABRIRRARIT - NAERE

GELDER ] D, WILLEMSE-ERIX D, SCHOLTES M
J,et al. Monitoring poly (3-hydroxybutyrate) produc-
tion in Cupriavidus necator DSM 428 (H16) with Ra-
man spectroscopy [ J]. Analytical Chemistry, 2008,
80(6):2155-2160.

HERMELINK A, STAMMLER M, NAUMANN D.
Observation of content and heterogeneity of poly-beta-
hydroxybutyric acid (PHB) in Legionella bozemanii
by vibrational spectroscopy [J]. The Analyst, 2011,
136(6):1129-1133.

BB A, o5 0B, AR AL R R R R S W AR
PHB & U 9 520 M 2 63k 2w [T ], P O
2015,42(3):0315003.

TAO Z H,PENG L X,ZHANG P, et al. Probing the
Kinetic Anabolism of Poly-Beta- Hydroxybutyrate in
Cupriavidus necator H16 using single - cell Raman
spectroscopy [J]. Sensors,2016,16(8) :1257.

TR Bk de, B, . AR SZ W PHB & B
PG AT ], JeA a4, 2016, 36 (4) :0417001.
TAO Z H.ZHANG P F,QIN Z J.et al. Poly(3-
hydroxybutyrate) anabolism in Cupriavidus necator
cultivated at various carbon-to-nitrogen ratios: Insights
from single-cell Raman spectroscopy [J]. Journal of Bi-
omedical Optics,2016,21(9):97005.

TRV B kA, N 7N A B2 B T A AL EE BRSO
FWE bR e 55610 #r . 2011,31(4) 1 1001-
1005.

FILINEIE XA L A BB SO I A A 40k R
Btk py oF 2 & &[], 6% 2 50k % 4 6, 2012,
32(9):2433-2437.

EEINEMR L X E S BOLR TR Ok R AL
LR S IR R A F LT ] b o 4k, 2013,
25(2) :152-157.

INEIR B R B BOB T R 2 Bk R 4
MR A4 fa e B: AR BUM AR F 2SS M3 [J ) Mo s
JeHL TR R ,2013,50(3) :174-179.

WU H, VOLPONI J V,OLIVER A E,et al. In vivo
lipidomics using single-cell Raman spectroscopy [J].
Proceedings of the National Academy of Sciences of the
United States of America,2011,108(9):3809-3814.
WANG T T,J1Y T,WANG Y,et al. Quantitative dy-
namics of triacylglycerol accumulation in microalgae
populations at single-cell resolution revealed by Raman
microspectroscopy [ ] J. Biotechnology for Biofuels,
2014,7(1):58.

Wey ol £, 0 2200 ARG , 45 B T R A0 i hr & S B R
AR 4 IR B R AW A BT L L 4 B i eE 2016,

[69]

L70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

44(3) :456-461.

By il 4 0T 0, DTG5 L 5. R TG BT S Ot S OF S R IR
PR 20k A A BR T B R AR A RS2 e [T . BOt SOt
ML T2 R, 201754 (12) 1 477-482.

XIE C Y,NGUYEN N,ZHU Y,et al. Detection of the
recombinant proteins in single transgenic microbial cell
using laser tweezers and Raman spectroscopy [ J]. Ana-
lytical Chemistry.2007,79(24):9269-9275.

CHAN J W, WINHOLD H,CORZETT M H.,et al.
Monitoring dynamic protein expression in living E. coli
bacterial cells by laser tweezers Raman spectroscopy
[J]. Cytometry Part A:The Journal of the Internation-
al Society for Analytical Cytology, 2007,71(7):468-
474,

PG IR A B A OGS 2 Ot s A I
2R A A A B AR 3k Y R B S LT . A ke, 2012,
40(12):1845-1851.

JAVK B R A L A OB T R 8 0 R AR D A
KIGHF R R F 14-3-3b Al IEHE A S 0K E A
(1. 504742, 2013,41(12) : 1789-1794.

BRI B 20K S A KA I Rk I R
PRI, TR % g 2 0 2 O % S A A LT . P O
2014,41(12) :251-259.

L ERESC B A OGBS O i 43 T R I O
TR I AL 5 AR T, A 24 38 4 . 2009, 36 (8)
1137-1142.

ZEHIB R BB S RIS B T I ERL A Ly
S RAEL) ], e 241 . 2012,32(3) :0317001.
BB K XD, A R R WG pH A I 2 B K ¥
if BB O6 I 4 A [T, = 0Ok, 2013, 40 (2)
0215001.

TR A SR AR B8 RS A T HL AR A
it S PR R BLEI LT ], 20 B fk =%, 2014, 42(10) - 1471~
1477.

W AL ERAE . LA by 2 6 i B
IBE X b O B R WA R R m ). 67 A=k, 2016,
45(2):0217002.

KT, 42 Bk Rk, AL T R i 2 O % A 1 B
LR W A BT FE )], o E AL . 2010(6) :48-52.
GOLDRICK S, LOVETT D, MONTAGUE G, et al.
Influence of incident wavelength and detector material
selection on fluorescence in the application of Raman
spectroscopy to a fungal fermentation process []]. Bio-
engineering, 2018, 5 (4): 79. DOI: 10. 3390/bioengi-
neering5040079.

CORMACK I G, MAZILU M, DHOLAKIA K,et al.

Fluorescence suppression within Raman spectroscopy



[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

(92]

[93]

TR FE ML http://gxkx. ijournal. cn/gxkxyxb/ch

using annular beam excitation [ J]. Applied Physics
Letters, 2007, 91 (2): 023903. DOI. 10. 1063/1.
2756311.

GALLIMORE P J,DAVIDSON N M,KALBERER
M.et al. 1064 nm dispersive Raman microspectroscopy
and optical trapping of pharmaceutical aerosols [ J].
Analytical chemistry,2018,90(15) :8838-8844.

i E L AL R SOE S T BRSO SO0 R
J7 W BB FILT ). % 241, 2013, 33(2) : 0230002-1-
023002-9.

LIU R, TAYLOR D S,MATTHEWS D L,et al. Paral-
lel analysis of individual biological cells using multifo-
cal laser tweezers Raman spectroscopy [ J]. Applied
Spectroscopy»2010,64(11):1308-1310.

ZHANG P F,KONG L B,SETLOW P,et al. Multiple-
trap laser tweezers Raman spectroscopy for simultane-
ous monitoring of the biological dynamics of multiple
individual cells [J]. Optics Letters,2010,35(20) :3321-
3323.

O R WOV SFL O AR - R SO0 B A 20 4N
JE O 3 A 1 AR L. 20 B A % 2007, 35 (10D : 1410~
1414.

B, RN, PR S B O B It = A i A 1 A
Ko A 3t v i 3 43 B b i LRI L 4 Ak A2 . 2010,
38(11):1578-1582.

CASABELLA S,SCULLY P,GODDARD N,et al. Au-
tomated analysis of single cells using laser tweezers
Raman spectroscopy [J]. The Analyst,2016,141(2);
689-696.

PILAT 7,JEZEK J,KANKA J,et al. Raman tweezers
in microfluidic systems for analysis and sorting of liv-
ing cells [C]J. San Francisco: Proceedings of the Ima-
ging, Manipulation, and Analysis of Biomolecules,
Cells,and Tissues X[ .International Society for Optics
and Photonics,2014:89471M. 1-89471M. 9.

ZHANG P F,WANG G W,ZHANG X J.et al. Single-
acquisition 2-D multifocal Raman spectroscopy using
compressive sensing [ J]. Analytical Chemistry, 2020,
92(1):1326-1332.

ZHANG P F,WANG G W, HUANG S S. Parallel mi-
cro-Raman spectroscopy of multiple cells in a single ac-
quisition using hierarchical sparsity [J]. The Analyst,
2020,145(18):6032-6037.

HUAI Q Y,GAO C L.MIAO ] L,et al. Fast detection
of saxitoxin using laser tweezers surface enhanced Ra-
man spectroscopy [ J]. Analytical Methods, 2013,
5(23) :6870-6873.

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

RAMSER K, LOGG K, GOKSOR M, et al. Resonance
Raman spectroscopy of optically trapped functional e-
rythrocytes [ J]. Journal of Biomedical Optics, 2004,
9(3):593-601.
RAMSER K, WENSELEERS W, DEWILDE S, et al.
The combination of resonance Raman spectroscopy,
optical tweezers and microfluidic systems applied to
the study of various heme-containing single cells [J].
Spectroscopy,2008,22(4) :287-295.
RAMSER K, WENSELEERS W, DEWILDE S, et al.
Micro - resonance Raman study of optically trapped
Escherichia coli cells overexpressing human neuroglo-
bin [J]. Journal of Biomedical Optics, 2007, 12 (4);
044009,
DE GELDER J,DE GUSSEM K, VANDENABEELE
P,et al. Methods for extracting biochemical informa-
tion from bacterial Raman spectra: Focus on a group of
structurally similar biomolecules— fatty acids [J]. An-
alytica Chimica Acta,2007,603(2):167-175.
IWASAKI K, KANEKO A, TANAKA Y,et al. Visual-
izing wax ester fermentation in single Euglena gracilis
cells by Raman microspectroscopy and multivariate
curve resolution analysis [ ]J]. Biotechnology for Biofu-
els,2019,12(1) :128.
HE Y H,ZHANG P, HUANG S, et al. Label-free,
simultaneous quantification of starch, protein and tria-
cylglycerol in single microalgal cells [ J]. Biotechnology
for Biofuels,2017,10(1) :275.
TENG L,WANG X, WANG X J,et al. Label-free,
rapid and quantitative phenotyping of stress response
in E. coli via ramanome []]. Scientific Reports,2016,
6:34359.
HE Y H,WANG X X, MA B,et al. Ramanome tech-
nology platform for label-free screening and sorting of
microbial cell factories at single-cell resolution [J].
Biotechnology Advances,2019,37(6):107388.
WANG Y,SONG Y Z,TAO Y F,et al. Reverse and
multiple stable isotope probing to study bacterial me-
tabolism and interactions at the single cell level [J].
Analytical Chemistry,2016,88(19):9443-9450.
XU J B,ZHU D,IBRAHIM A D,et al. Raman deute-
rium isotope probing reveals microbial metabolism at
the single-cell level [J]. Analytical Chemistry, 2017,
89(24):13305-13312.
LU W,CHEN X, WANG L,et al. Combination of an
artificial intelligence approach and laser tweezers Ra-

man spectroscopy for microbial identification [J]. An-



I"ARZERFIR,2020 £,36 &, 5% 3 # Journal of Guangxi Academy of Sciences,2020,Vol.36 No.3

FEXE ETHEETHABRIRRARIT - NAERE

alytical Chemistry,2020,92(9) :6288-6296. tems: Experimental measurements and modeling []J].
[105] GONZLEZ-CABALEIRO R,MITCHELL A M, Frontiers in Microbiology.2017,8:1813.
SMITH W, et al. Heterogeneity in pure microbial sys-

Single-cell Analysis of Microbial Fermentation Based on Raman
Tweezers ;: Application and Prospect

WANG Guiwen, HUANG Shushi, TAO Zhanhua

(Guangxi Academy of Sciences,Nanning,Guangxi,530007,China)

Abstract ; Microbial fermentation is a complex processing,and the heterogeneity between cells has a significant
impact on the performance of microbial fermentation. Understanding the heterogeneity of microbial cells
through single-cell analysis is beneficial to the optimization of the fermentation environment, thereby reduc-
ing the heterogeneity between cells and improving the performance of fermentation. Raman tweezers,a tech-
nique that integrates Raman micro-spectroscopy and optical micromanipulation,is a real-time, non-destruc-
tive,label-free, fast and sensitive single-cell analysis method. This article focuses on reviewing the application
of Raman tweezers in the fermentation process of polyester,carotenoids,fatty acids,bio-ethanol and recombi-
nant proteins,and analyzes the deficiencies in the application. After conquering its own shortcomings and in-
tegrating new analytical techniques and data processing methods, Raman tweezers is expected to be a more
powerful method to reveal the cell heterogeneity and to recognize the complex biological processes.

Key words: microbial fermentation, Raman spectroscopy,Raman tweezers,heterogeneity,single-cell analysis
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