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Abstract Laser tweezers Raman spectroscopy technology is used to explore the accumulation of biodegradable
plastic poly-p —hydroxybutyric acid (PHB) in Cupriavidus necator H16 at single-cell level. With ammonium
sulfate (2 g/L) as nitrogen source, the fermentation of PHB is performed with 0%, 0.5%, 1.0%, 2.0% or 3.0% of fructose
(mass fraction) and Raman spectra of single cell are acquired at different time of incubation respectively. Major
results are as follows. 1) The fermentation performs ideal PHB product yield at 20 g/L of fructose. 2) At different
fructose levels, C. necator H16 cells take almost the same steps to synthesize bio—macromolecule in the initial and
early stages of fermentation, while higher fructose level extends the log phase of growth. 3) The dynamics of Raman

intensity from peaks 782, 1574, 1656 and 1732 cm ', which derive from RNA, DNA, proteins and PHB respectively,
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reveals that the cells show stronger Raman intensity of nucleic acid for longer time under higher level of fructose,

and this may be of important factor affecting the accumulation of PHB. 4) The average intensity of single cell at peak

1

1732 cm™ shows linear relationship with yield of PHB and can quantitatively follow the PHB production. This
observation uncovers the kinetics of major bio—macromolecule of C. necator H16 during the PHB accumulation
at different fructose levels, provides novel spectral information for the PHB fermentation. This work shows the
potential of laser tweezers Raman spectroscopy for the quick screening of high—yield PHB strains.
Key words spectroscopy; Raman spectrum; single—cell analysis; poly —  — hydroxybutyric acid
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VIR A PE A AR R L A R A o TR TR B R . 2 R B I SR TR 7 R 2
Al B i M ELAT T I A R R s AL T A B S A, S SR B R TR (PHB) 2 W S RN N FH AR T2 1
—Fh 2 RAK", PHBAE o 40 i o9 [5) A6 A B 000 9™ 0, 2 A= 0 38 380 AS 3 3 855 I 76 e N SR ARG L) — Fi g
A 0T, T LAAE hy ML P9 G % R RE i 1 A A 0 S A AR . 2R B SR TR (Cupriavidus necator) H16 J2&
— Bk A PHB (00 B TE A, BE A SL0E &4 PHB, AT 5K 40 M T 35 19 80%~90%" ", H B % 1% B4 bk (1 14
fie \PHB & L& 2 LA I DNA T3 51 G801 1 2 IR A B A58,

P2 S S — P A F IR 2l 6T AR B 5T 1 K I 20 AR TR S8 R 0 A R R BLAT SR PR TS 4 A 1
T AR R B, LA A g R 2 AU B H 28 2 AR R AR A T R L AR e 4T A O R A 2R
W PHB & 1% 3o B0 (EL A SR U8, X804 904 1 PHB (4 BIF 5% 3 02 3 oF & 1% 5o e v 22 U4 v 11 22 90k 1Ak
pH (B S0 FIVRR 5 45 K 8 2 10, 45 30 19 2 22 L A 15 8L o T I P 4 200 6 A 5 A 2 40 e 08 28 8 A= Ak A 4k
DA K A A A A ] 11 22 5 55 5 T M B R A B B U, AR AE O T R T D TH O T — SRR,
A SCHERARTE TR A AR SO0 X H16 TR Bk SR PHB A7 52 AR I sl o B PHB B 0 S T PER,
L A AT DA B 240 it AT B R 43 BT A% R B 1 0 & PHB & U AR B A .

£ C. necator H16 B FE A5 it PHB 119 32 B2 v, — 38 43 B U H M P S AR 9 o A0 8 10 05 1) & 0, — 843 1
Bl 2 0 %) I W AR i 45, FE A AR K — B 40 T A i PHB . B SR 0 U 5 A8 T4 B P 40 Jokt 17 ofE — 356 J5 {1
Xof s 2B 0 1) A AR b RN S A I R R X L DR R AT L 2o B PHB Y A B il 2 1T 5 W PHB (4 A
Ao DRI, A SCOMN BA 40 B 4 SO £ J3E S 80 A 40 4 1 PHB AT HR 2%, I FH G 1S B0 R Wa I A 43 BT LA 2 o/ L 15 R %
SRR R E R 0% ,0.5% . 1.0% .2.0% 5%, 3.0% (Jit i 53 50 C. necator H16 TR A% B9 4G5 A1 7™ 9 & W1 Ol
B TE AL PHB & I 25 8 OGS 2% 15 50 200 g K P800 28 IR R o

2 MBS
2.1 XIEMH

F Rk Cupriavidus necator (JEZ Ralstonia eutropha ,Alcaligenes eutrophus) H16 Hk.

RHA G IR WEREA) 10 o/L, S A IR 10 o/L, 2F AT 5 /L, NaCl 5 /L, 3505 20 ¢/L,pH{E N 7.0,

Tl 7 1% % i B RERY 10 o/L, B F1 10 o/L, - A B 5 ¢/, NaCl 5 g/L, pHH 3 7.0,

K BE R 9% £ . Na,HPO, - 12 H,0 9.0 g/L., KH,PO, 1.5 g/L., MgSO, - 7H,0 0.2 g/L, CaCl, - 2H,0 0.002 g/L,
NaHCO; 0.5 g/L, ¥7 & & % 4% 0.005 g/L, (NH.),S0, 2.0 /L, 8 JC R W 1 mL. pH{H N 7.0,115 CK
20 min o PG SRV BE (R 42 53550 53 il o 0% .0.5% . 1.0% .2.0% .3.0% o

M JC K : CoCl, - 6H,0 0.2 g/, ZnSO, - 7H,0 0.1 g/L., MnCl,-4H,0 30 mg/L, NaMoO. - 2H,0 30 mg/L, NiCl,+
6H,0 20 mg/L, CuS0.-5H,0 10 mg/L,FeSO.-7H,0 20 mg/L, H;B0; 0.3 /L. A F 5 1 g 20 #r 4l i 57
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2.2 XWHE
2.2.1 BTk

MR b BRECR TR S, 2 A A SO mL B85 3R 3K 19 150 mLH#EJEIE P, 76 30 °C 200 r/min 2514 F 5% 36 h
YERR . DA SR 5542 3 5 A 80 mL & 3% 52 5L 1Y 250 mL H#EIE L , 7 30 °C.200 r/min 55 1 T 3%
. MFERIE ,7E%5 0.3.6.9.12.15.18.24 30,36 .42 .48 .54 .60 .66 .72 .84 .96 h 43 B HURE , 45 U HUKE 2 mL,
Horb 1.2 mL T 40 04 F B A= PHBLO0.15 mL T AR 94, 0.5 mL YRS Hr 2063 .

2.2.2 oMk

o7 FH B ok 0 A 0 A R K K TRV TE B KRR R 10 £% , ] Beckman DU800 48 4h— 1T LG43 6ok
JE 1 5 600 nm Ab A6 5 1 (Asoo)

JH Ve B TR 9% fige 30 T 2 PHB L Bk« 28 T M2 10 200 MR 5 P in AV B R 1 mL, 7F 80 C~90 CHY/K /KA 1 h,
T YRS I A2 208 nm AL YOG BEH . 3,5 A B /K 4 R (DNS) b €8 120 0 2 T VSR W 3 1 208 Y
T (B ¥ o 0.1~1.0 mg/mL) 89 & BE 1.0 mL & T 15 mL 2] B % b, in A DNS IR 5 2.0 mL, ¥ 7K 2 ¥
2min B HE KA 2] 15 mL Z0FE 4D, 76 540 nm P K R 6% B . FH e W 85 Lb 689k 91 525 SCik(23]
e B A R i
223 T A%LEKRE

SEUS ZR G0 A SCHR 2418 A 250, *EF{ZIK%‘(%%%(TEC3OO, Sacher Lasertechnik Group, £ [E) %& i & b
780 nm 3R Ry 500 mW Y 2200, 28k a8 U R S e ACENE R AR ) B RUEE (TE2000U, JE R, H A,
H1 100 % 15 1 55 (VA=1.30) 3R £ Ji5 75 4 55 1) F5 ot B30 T2 1l B ' oY 346 88 07 B, FH 17 A 4 i, [ b i 8ok
IS TR WA AR A0 ML i 2 B . P85S W BIEE iR 4 — 1 100 wm 1Y BT LA — A~ 38 U8 % 4% L i
J B R AR HE A LS785 i A (Acton, 35 BN i ABe4E o Sk AL BN A 2] — & X2 (=70 C) I F faf 4 & 28 1F
CCD(PIXIS 400BR , & M AL #5 A 7], K H) b o REM 3 HEEN 6 em™, LA RIR LM /NER(HAE 2.0 pum) ]
TRFEKIE,

St U 4E W A I UFE DG TR K B R 3000 4%, W B 200 WL BT FH A 9 4 B 8 00 R A R Ao 55 3%
B 1005 T2 W B - 20 H A 20 I, O 55 B AL AR SRS A0 MK B AR MR A 2 AR B S wm A2 AT
WO FE P B R 45 mW {55 RIS ]2 60 s, o5 B A 40 04 B 2 O35 , i g 88 B 00 02 710 A 7 5 00 40 i
M7 2O, T 4 A B I DUAE [R) 2% PR WO O S b 06k, B FE IO 30~45 A 41 Y Hr 2O, 3 S
PrEotis . ERGIE MR T % 0 24 CHY PR T #E17 .

2.2.4 IR K

DT RO S HEAT 5 S0 ER A N i 2 AR BN S, () =[S, () = S, () VR W) [FE Y Su(v) J9 4 il 1 52
BRICTE | Sy (0) M1 15 5 G, Suu0) I T 5206, R(0) M 5256 28 0 10w 107 111 28 15 R FH vb 2 2 %o 50808 00 47 - 1
Fo M JLARVL IR 9 45 Savitzky—Golay 45 B W 1 | B Ji IR M40 G 45 6 B 40 10 SR AR AR 0 1y e T AR . 309 &3¢ 1
52 I TE AT Origin 8.1 P i#EFT .

3 RS0
3.1 PHBA M A BN H I

RREDERE N 1T o R G 3R 3R v OB UR I, H16 40 S 5E Bl 1 80 SR A 20 B R R 4 R 5 1 2k
Koo A8 5B BG BE 35 3 b, SR U R T A0 A K % 3 A SRR i A K S A s 1] K e A 7 A B E 0.5% |
1.0% .2.0% F1 3.0% S 4 v B (01 12 53 550) T HB W5 B0 200028 9 (12 (15 FL 1S h 22 A7, T %k 5026 4 B 4 8 9 BsF (1] 43
B 11,14 28 F131 h A2 A7 o B AR B R I VR 40 i 1 25 AR 4 A8 fb i R AR — B (Bl e 45 ).

0 AR R R AR B T B 3R A R SR A THRE B A . AR 1(e) TR | 7E 0.5% . 1.0% F1 2.0% FEWE VR B (i
HOBOT S 7E 20 R 58 B9 I 6] 43 50 46 24 .36 F142 h 22 47 A 7E 3.0% SR Wi v J (B /2 50 F L, & B2 96 h )5
WA 2 1% 5% B o B IR & A% R FH AL 2 B R A0 52 0, o B 2] 6 AR V80 R FH 0T 5 el 1(d) T/, 7 0.5% A1 1.0%
TR B (BR80T, BRR £ 19 R R 20 1 249 49 499 F1 82% 5 11T 2.0% F1 3.0% S M v & (5 £ 43 K0) F o 2 e ik
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BOT, A& B G I 2] PHB A ]2 501 2 9 12 12 A 12 h A2 A7, 9F AR & 00 3 8 21 5 K (B A9 s 18] 9 Fl
P& 9 ~24h 12~ 30 h 18~48 h Fll 18~96 h. A vk BE AR, 5 2 PHB & pUAC P , 5 R5 22 i [B] 4 7 s A%
S v B R B, PHB 9 2 5 i i s 1K 7 i 5 I, 2.0% 2 H A HARL (1 R Mk R (5 43 50, TR L B 45 B
4 4 B AR o AR PHB 9 R 8 6 1, DA I 488 e A 7 o, LR BRI AN o 3.09% F W ¥k B (3 4 43 $50 76
48 h & 1% J5 1B PHB 7 i 5 2.09% S0 vk B (5 4t 43 B0 BT LA HH ], B8R )5 2238 A PHB & B, (H R 188 )5 14
M AS , B ER 5 A AR B 1 R 2 .

AR SR ¢ 1) R VR A W AR A T R O A A T B S T 2 o/ L R B AR
T, L 2.0% HME v B (5T H 43 K00 I K I AN e U 5 2) 200 M A R 10 X RO S e VR R B 2 IE A OG5 3) PHB &
G 14) 2 R R4 L A T e B AR ) 5 4) BRIV SR A B A e U5, H16 440 B S22 3 43 Bk 5T T4 1 PHB
T AN 2 48 T A %) e 8 4 38 FH 1 400 A 4, T LR A 200 PR A= 8 o B0 3k T B A B, B HLL6 Ji 3 PHB
M)A B ZRE R EREFIEZ
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Fig.1 Kinetic profiles of PHB fermentation by C. necator H16 at different fructose levels of 0%, 0.5%, 1.0%, 2.0% and 3.0% (mass

fraction). (a) Growth curves (4¢n); (b) PHB concentration; (¢) normalized fructose concentration; (d) concentration of ammonium sulfate
3.2 PHB & BRI shSH 8 ik o
3.2.1 AR AR IR T 64 o ds F k3%

2 7R M 1.0% SR BE (0 40 K00 AN TR) 2 B2 o BE AT 18 h 48 h i S [a] SR B B> H16 41 I Y 724
P 2OETE R I B i, 3 ZAE T 400~1750 em ™ ST P, Hidr 782 1574 1 1656 em™ 43 512K H RNA 4 G |
U Bd 5E \DNA I G A B 55 FIE e £k 5 4 1 3K 1A, J2 A% 152 RN B 11 5T () SRR R 061275 835,901 . 1058 il 1104 cm™' /2 PHB
1) C—O—C IEA R IR B , 1354 em™ F 1456 em™ 1§ 2K H PHB Y CHL/CH, 3 P 119 5% BR Bz A i 20 F1 AR T 3k
B2k H PHB H C= 0 H1 1Y 1732 em™ 280 57 17 HL & 3% 0 RRAE I | 7T LU R 52 20 1 PHB 1 & 1227,

WE 2a) 7S, 76 1.0% F 88 e B (20 50 R, 6 h B B9 40 i 7 22 6 3% 15 5 B 5k 55 1400 4 R %) 40 Ji D 3
Bifi Ji5 326 T 3 5, 7E 30 h B 3k 2 e ik, (LR i 2R 9 & I TP 2 ek 55 5 A0 1] 2(b) T, 18 h B 0.5% . 1.0% 1 2.0% 3
B (T80 T 41 & R AL R/ & PHB, i 3.0% S B B (5 443500 AU 28 20 55 55 19 PHB (5 5
WA 2(c) 7 , 48 h 20 s PHB {5 5 50 J2 5 M vk J32 52 TE AR OC 70 B A S b am I 00 25 00 1, B & 72 12
H16 B PRt BE AR A K M P9 JLF- A6 5 PHB ;I P9 A 90 K 3 —F AR A0 0 1 56 3 DDA Iz, 7 2.0% . 3.0% 2
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P2 BN 3R SO L (a) 1.0% W T R R & BRI ] (b) R 6] S BE R 18 N (c) R [ Mk B2 R 48 bt
Fig.2 Averaged Raman spectra of a single H16 cell. (a) Different incubation time with 10 g/L of fructose; incubation time of
(b) 18 h and (c) 48 h at different fructose concentrations

3.2.2 BRI JE AT AR A G ARG 0 %R

3 AN BBE R 2T PHB 5 Wi £ b A% 2 F0 8 1 5 (%) R IR 06 782 .1574 1656 cm ™' [ I SR AL B 245,
SR T A TR A AR AR

W 3(a) T s, 7625 (6 R4 v L 3% A K 2] PHB AY 57245 5 5 T 7E 0.5% . 1.0% . 2.0% F1 3.0% S 4 e
BE (00 B0 R A 2] PHB {F 5 B9 I R] 43 B 02 9 12 12 F1 12 h 2245, PHB {5 5 P T v A9 i 1) 51 il 43 3
9~18 h.12~24 h,18~48 h il 18~54 h; 7 3.0% i ik BE (B it 43 50 T , PHB & WL A AR K, 7E 54 hJ5 i 7 4%
SLOENG MG o I AE FRN 43 00 BE T A I B A B DR 4 — 3

KT8 W I A R A6 BR 0 A= W K oy 7, ZE S [A) 9 B R v B, X 19 782 em ' ik WA AR b AL A AN ]
AL 3(b) T 7, 75 TC AR HE 5 0.5% FM vk B2 (BT 5 3 80 8,V B5 5 58 2 A8 28 D W13 0 /N s B 5 20 Tt e
FE 24 h A2 A7 38 B AH B TS A T 08055 O — ELAEHF 7E LU P) IR 58 B A = 1 KO s 7E 1L0% SR W BE (i 70 B0 T
782 em ™ WA S 0 B DA R ) A S W A O L 7E 18~24 h A B , 7 42 h A A7 11 A2 B 5 3T W) 4R 5 R Y UK
1M 2.0% (3.0% b e BE (BT 1 3 B0 T L S5 00 0 4R R AR AR T 000 46 58 BE A AR 5 1.0%~3.0% F 0 W 2 (5T it 43
BOF 782 em™ (315 5 500, 28 15 40 0 107K 7 O HL 4k B530 K A9 I E] (0~42 h), AR SR AR B, 782 em ™ [
FIME SRS AE R R 0 K T B R A A ) ] (12~30 h).o

WA 3(c) 7, E DNA B G A B9 1574 em™ i85 06, 76 7 [ 14 8¢ 5 v B T, JHL T 4y 06 2 068 1 8 1y R 7
18 h 2 A7 s AE R T rh ), P 200 2 {5 5 0 B A8 AL AL A3 T 782 em ™ 1 04 SE AR AR 7], (H 76 & % i 1% sh B K

I8 H A BT 1656 em™ 3506, 75 0.5 % FMH U BE (5T 5L 43 80 A B 5 10 %o B S 6 vy, P 345 5 5 B2 B
T 18~24 h A3 TS5 B HE N Ab | FEAS AR5 AE 500 b R A Y 0 R B 5 AE 1.0%~3.0% R B BE (T 4 50 T L OF
P05 5 38 BEAE 6 h AT 13055 A0 AR S 32 Wi 8 0, 78 18 h 22 A7 3k B fie KAE, I B35 PHB A K & BT 4R 3 7 s
559,78 36 h 5 FEAR B 00 86 38 5 LU 5 55 B 7 2.0% . 3.0% F W FE (i 0 B0 F L 7F 48 h 22 45 FRAR AL 41 i
5% FE 1) 30%~40% o

RS BN ) ANE R BRI YR E Z 5, H 16 20 A R 4 5 N B F 5 8 A BRI R AE 6~30 h B
R VAT e VR 8 Al R R B ARAIG L HL L6 200 A 0 AR (%) R T B 05 T S 2 3 DA 559 3% T 4G R R S PO 1Y 3 R
SURH M2 S m BRI E 52) 5 SRR BEPR BT T (1 R 410 AS [R5, H16 41 i (% 28 (I & 2 78 PHB & [
b A S AN K R R AR B SR S5 A T LT AN S 5 T 2.0% (3.0 S Mk B (J5 1t 43 550 1) 240 i A= K e K T8
A e B S AT R A B B 5 3) v 11 RO Mk 2 A K A i AR K A IS )T PHB 45 & B 38 i 4 (H R 4
PP RNA CDNA FER ST DRl A 5 4) Bk 5 MR BE B 52 G (R PHB ™= &, o 5% Wi 527> 200 Ji 19 PHB 5 & .
RSV RNA JZ PHB & st B rf AR B o0 16 BRI A= W) K o0 T s R 80 = I SR VR B2 T RNA & i s B
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I3 A [7) SR B 200 A T 7 228 5 0 P £ S R B 88 Mk . (a) 1732 em™'; (b) 782 em™; () 1574 em™; (d) 1656 cm™
Fig.3 Kinetics of averaged Raman peak intensity of a single H16 cell at different fructose concentrations. (a) 1732 cm™;
(b) 782 ¢m™'; (¢) 1574 ¢cm™"; (d) 1656 cm™
TEERI K, FER W T PHB A &, /b T 8 (1 54 il .
3.3 BN MMM PHBR EFESBESZTENXA
K4S AE AT A SRR B R, BN HIG A Y 1732 em ' i 1047 15 550 5 5 % B8 P PHB B RO A 56
PRSI o ST AT R i TR s R AT A DGV 23 BT, B 2Rk AR DG 22 80 (r) R0 RPAEL 4390 2 0.9765 F110.9529 0 X A [] SRk v
FEN BB 43 5 2E AT A DGR 43 BT, X I 4 K Rk AR DG R ()M RAME AN ER 1 s . B3R 1 AT DL A S 5 v
P, JES 90 e B v, B0 M Y PHB AR AE 65 B 5 PHB & I8 7= i A9 AR G MR = . IR IE L 38 0 1732 em ™[5 55
BE AT LASE & ek A v PHB 9 77 5, 76 20 i 43 26 B o o 3 s I IR ik B AT 3 3% . R &5 R iE B
T Ao L2 T 2 ' 1 UL 21 i PHB 52 B Gk R A E R v A 0 2] 1 R — B (1A 1(b) RN 3(a)], Ay 3 Ak H 4 Y
{FARES G Pi 2 L% 43 ¥ 5 7= PHB BRI R $2 4 T 52 564K 9 .
F U ARF B E T A 1732 em™ 506475 500 B 15 PHB % [ 2 5 (9 4 ¢ R 8%
Table 1 Correlation coefficient between Raman intensity of peak 1732 em™' of a single H16 cell and total PHB yield at

different fructose concentrations

Fructose concentration (mass fraction) /% Pearson’s r R
0.5 0.8644 0.7278
1.0 0.9080 0.8109
2.0 0.9582 09118
3.0 0.9858 0.9696
4 3

e T et i R R R PHB 23 i A A o i T ¢ R SO Al DRI SRR, ik D R AR S AT 8 A ) e R A ) A
6%, P 0 e v 2 0 T A Gy A R A 0 ) FE 5 7 A 0 o /R D, S B PHB B 7 4 A PHB G JEE ) 119 5% 1
R RS, IR 3 AT LA B e Y5 v B O 5 0 BN A PHIB e 1 32 B R B ik IR MR B 9B 8 KRS, PHB (1Y
TR TR, K S SOk (28 1 — B BEAR RO A N P9 R R A TR AR W) R T i S A A e
T BT, O AT A SRR T — B I, A T 4 SR 28 0 AN e 2 R R LA OGRS AR A
R E AL S G RRAE A 23 AT e B, B R U 5 AR W) R O3 1 B LR R T L B TR A A X 2 W) A
AR LR AN AT BB, OF ELA /NS T I S W) B A I, 2 20 P I Y 6 T ) B, 3 i 5 R PHB
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Fig.4 Correlation between Raman intensity of peak 1732 cm™ of a single H16 cell and total PHB
yield at different fructose concentrations
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