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Carbon metabolism and energetic utilization of Synechococcus
sp. PCC7942 under mixotrophic condition
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Abstract: To investigate the energy utilization efficiency of Synechococcus sp. PCC7942 under mixotrophic conditions, we
studied its growth characteristics in mixotrophic cultures with glucose and acetic acid respectively and discussed the carbon
metabolism and energy utilization based on metabolic flux analysis. Results showed that both glucose and acetate could better
enhance the growth of Synechococcus sp. PCC7942, and the latter was more effective. The metabolic flux through glycolytic
pathway in mixotrophic cultures was stimulated by glucose whereas depressed by acetate, while the flux through the tricarboxylic
acid cycle increased in both cases. Under mixotrophic conditions, glucose makes more significant impact on the diminishment of
photochemical efficiency of Synechococcus sp. PCC7942. Although the contribution of light energy was smaller, the cell yields
based on total energy in mixotrophic cultures were higher comparing with photoautotrophic culture. The energy conversion
efficiencies based on ATP synthesis in photoautotrophic culture, mixotrophic cultures with glucose and with acetate were
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evaluated to be 6.81%, 7.43% and 8.77%, respectively.
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utilization
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Fig. 1 A schematic view of key pathways of central metabolism

of Synechococcus sp. PCC7942 under photoautotrophic and
mixotrophic conditions.
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Fig. 2 Effect of glucose and acetate concentration on the
growth of Synechococcus sp. PCC 7942 in mixotrophic culture.
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and heterotrophic (Glucose m; Acetate o) conditions

respectively.

T RGBSR IR SRR BB AR, A SCE
ST A7 HUBR VG X 958 40 L £ A3 20 O 5 1 o I T 4 A T
DIER], S556AFRMLL, 76455 I s 4 i iy
oKL & BB ER S (P<0.05), HOLHFRR
20.6% 2 B 22.5% . MAESTRIETR S, BEA0ALY)
FRE G HEMA N, AN 12.9%4& 5
F 13.8% . 3K 13 AT 4 1 L TR 7 35 4 L 1 e /K b
BYWHIER G R R EZEN, MRV HMZ
2 ] LIVE AR IARY) T iS5 A Y A . 7

© PERFERMEDA AT SHESE http://journals. im. ac. cn



2H WS SREREE 7942 IR IR 1R TR A 5 R A ]

1243

IO R S SN e SISV e N i)
W R, FIRFMT, RIS R R,
M2 N BRI K (] 4B). fEoEH
R E R @R, e RS AN FE—J7 il fE
Sl TAE BRI E P SO, 7R SR
SR, EAMAE R BVREEBR 1ok ADBIRSN, B
) A BILBR UL 7™ AR B BE B, DR abe 3 400 i ] o o
AR 240 M D't A € 3 10 55 H R A0S DI R MR, ] )
AE—ERERE P TR B,

A 1 Protein XX Cabohydrate £777] Lipid
0r 1 T T

40

Cellular composition (%)

Yo% %
0 3 55
R ogedel
Y7 oot
st oSt
3 / ]
R KRS
5 bedo 3]
Photoautotrophy Glucose Acetate
B
2 20 N
= =
£ l6r P 5 4
S — | x| —
=7 12 iy S S —9
= Q ~5—%
8 1 1 1 1 1 1

Carotenoids

B 4 BFMRFEEHETREKRE 71992 BEREERS (A)
EBE B) bR

Fig. 4 Main compositions of Synechococcus sp. PCC 7942
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and changes of pigments contents in Synechococcus sp. PCC
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(Glucose o; Acetate 0) conditions respectively (B).

3.2 BIkig 7942 X BFMERFH THRABIR
Vil

PL CO, I HLTHFEHDR K 100, B 5 45t T HR Bk
BE 7942 43 FE A FRRNRFE AT 120 h B A9 fRAL
WA R . BRI 7942 0 A 38 51 T B9ARIHAE
BRI, X BEEIHE 58 A FM LR &
R RBRACII 5 . B S AL S, 78 LI AT

ADP ATP

-
-
A
Biomass 050
NADH 2 ATP
2ADP 2ATP 333
2NADP\ 72NADPH 050,
1107 033
2H,0 —{93,5F—>0,+H FADH, ATP
1058 [0:44]

5 REkig 7992 EABFMBEFRFHETHRERSH
(120 h)
Fig. 5
PCC7942 under photoautotrophic and mixotrophic conditions at
culture time of 120 h. The flux values are normalized by the
flux for CO, uptake, and the upside, middle and undersides
numerals are the flux values calculated from photoautotrophic
culture, mixotrophic culture with glucose and mixotrophic
culture with acetate respectively.

Metabolic flux distribution of Synechococcus sp.
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F 1 BIGE 7942 X BFMIEFH ATP 5 NAD(P)H #Y
FESFA (mmol/(g-h))

Table 1 The generation and utilization of ATP and
NAD(P)H in the photoautotrophic and mixotrophic cultures
of Synechococcus sp. PCC7942 (mmol ATP/ (g-h))

Photoautotrophic Mixotrophic
Glucose  Acetate

ATP production

Photophosphorylation 6.25 3.96 491
Direct ATP 0.43 0.75 0.38
Oxidative phosphorylation 0.51 2.25 2.13
ATP consumption

Calvin cycle 5.86 5.48 5.90
Synthesis of cell mass 0.66 0.80 0.86
Organic carbon uptake - 0.29 0.31
Maintenance 0.67 0.39 0.36
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Fig. 6 Energy absorption of Synechococcus sp. PCC7942 in
different cultures. The photochemical efficiency of photosystem 11
(m) and the percentages of energy contribution were also
showed in the figure.
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The energy utilization of Synechococcus sp.

Mixotrophic
Photoautotrophic
Glucose Acetate
u(h™h 0.021 0.030 0.033
Yxe (10 °g/kJ) 6.850 10.930 13.220
Yare (g/mol) 2.950 4.310 4.420
Ware (%) 6.810 7.430 8.770
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Metabolite for construction of accumulation rate vector
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17
18
19
20
21

AcCoA
AcP
a-KG
ATP
CO,
E4P
F6P
FADH2
FUM
G3P
GoP
GLC
HAC
ISOCIT
NADH

NADPH

0,
OAA
PEP
PGA
PYR
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Acetyl coenzyme A
Acetylphosphate
a-Ketoglutarate

Adenosine 5’-triphosphate
Carbon dioxide
Erythrose-4-phosphate
Fructose-6-phosphate
Flavin adenine dinucleotide, reduced form
Fumarate
Glyceraldehyde-3-phosphate
Glucose-6-phosphate
Glucose

Acetate

Isocitrate

Nicotinamide adenine dinucleotide,
reduced form

Nicotinamide adenine dinucleotide
phosphate, reduced form

Oxygen

Oxaloacetate
Phosphoenolpyruvate
Phosphoglycerate

Pyruvate

22 R5P Ribose-5-phosphate

23 Ru5P Ribulose-5-phosphate

24 RuDP Ribulose-1,5-bisphosphate
25 S7P Sedoheptulose-7-phosphate
26 SUCCoA  Succinyl coenzyme A

27 X5P Xylulose-5-phosphate

M3 II Biochemical reactions for flux estimation

Calvin cycle and Pentose phosphate pathway
(1) H,O+CO,+RuDP = 2PGA

(2) PGA+ATP +NADPH +H = GAP +ADP +NADP +Pi
(3) 2GAP+ H,0 = F6P +Pi

(4) F6P < GoP

(5) G6P+2NADP+H,0 = Ru5P+ CO,+2NADPH
(6) F6P+GAP = XSP+E4P

(7) E4P+GAP+ H,O = S7P+ Pi

(8) S7P+ GAP = R5P +X5P

(9) R5P = RuSP

(10) X5P = Ru5P

(11) RuSP + ATP = RuDP + ADP

Glycolytic pathway and uncomplete tricarboxylic acid cycle

(12) GLC + ATP = G6P+ADP

(13) G6P < FoP

(14) F6P+ATP = 2GAP+ADP

(15) GAP+NAD+Pi+ADP < PGA+ ATP+NADH

(16) PGA < PEP+H,0

(17) PEP + ADP = PYR +ATP

(18) PYR +NAD + COA = ACCoA + NADH +CO,

(19) PEP +CO; +ADP = OAA +ATP

(20) OAA + AcCoA +H,0 < ISOCIT +CoA

(21) ISOCIT + NAD < aKG +NADH +CO,

(22) OAA +NADH +H < FUM + NAD +H,0O

(23) FUM + FADH2 + ATP + CoA < SUCCoA +ADP +Pi
+FAD

Acetate uptake
(24) HAC + ATP = AcP + ADP
(25) AcP + CoA = AcCoA

Amino acid synthesis

(26) GLU + ATP +2NADPH +2H = PRO + ADP + Pi + H,O +
2NADP

(27) GLU + AcCoA +ASP +GLN +CO, + NADPH +5 ATP
+3H,O0 = ARG + CoA + AC +5ADP + FUM + 5Pi +
NADP + 6H

(28) ASP + PYR + 2NADPH + SUCCoA + GLU +ATP +2H =
LYS + SUC + aKG +CO, +2NADP + CoA +ADP + Pi

(29) G3P + GLU +NAD + H,O = SER + oKG +Pi +H +
NADH

(30) SER + THF = GLY + METHF + H,O

(31) SER + AcCoA + SO4 + 4ANADPH +4H +ATP = CYS + AC
+CoA + 4NADP +ADP + 3H,0 + Pi

(32) OAA + GLU = ASP + aKG
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(33) ASP + GLN +2ATP +H,0 = ASN +GLU +2ADP +2Pi

(34) ASP + 2ATP + 2NADPH +H +H,O = THR + 2ADP +2Pi
+2NADP

(35) ASP + 2NADPH + SUCCoA + CYS + METHF + ATP =
MET + CoA +SUC + PYR + NH; + ADP + Pi + THF +
2NADP

(36) THR + PYR +NADPH +GLU +2H = ILE + NH; + NADP
+ H,0 + CO; + aKG

(37) PYR + GLU = ALA + oKG

(38) 2PYR + NADPH +2H +GLU = oKG + VAL + CO;
+NADP +H,0O

(39) 2PYR + NADPH + AcCoA + GLU +NAD +H,0 = LEU +
aKG + CoA +2CO, + NADP + NADH

(40) 2PEP +E4P +NADPH +ATP +GLU +H =PHE +aKG
+CO, +H,0 +ADP +4Pi +NADP

(41) 2PEP +E4P +NADPH +ATP +GLU +NAD = TYR +aKG
+CO, +NADH +ADP +4Pi +NADP

(42) 2PEP +E4P +NADPH +GLN +R5Pcyt +3ATP +SER =
TRP +6Pi +CO, +GAP +GLU +2H +PYR +H,0

(43) R5P +6ATP +GLN +2NAD +ASP +FTHF = HIS +aKG
+FUM +2NADH +6ADP +7Pi +THF

Oxidative phosphorylation (P/O=2)
(44) NADH+0.50,+2ADP+2Pi+2H = H,0 +NAD +2ATP
(45) FADH; +0.50; +ADP +Pi +2H = H,0 +FAD +ATP

Light reactions
(46) 2H,0 + 2NADP +2ADP +2Pi +0.125APF = 2NADPH +
2H +2ATP+0,

Synthesis of biomass

(47) G6P +2ATP = CAR

(48) R5P +1.235ASP +2.185GLN +0.61GLY +1.22FTHF
+0.61CO, +8.68ATP +0.765NAD= RNA +2.185GLU
+0.845FUM +1.22THF +8.68ADP +8.68Pi +0.765SNADH

(49) R5P +1.22ASP +2.06GLN +0.5GLY +1.22FTHF +0.5CO,

+NADPH +0.78NAD +8.22ATP = DNA +0.72FUM
+2.06GLU +1.22THF +8.22ADP +8.22Pi +0.78NADH
+NADP

(50) 0.07888ALA+ 0.05193AGR + 0.02902ASN + 0.09701 ASP
+ 0CYS + 0.07362GLU + 0.02356GLN + 0.0723GLY +
0.01534HIS + 0.05127ILE + 0.08151LEU + 0.0631LYS +
0.01578MET + 0.03812PHE + 0.06573PRO + 0.03155SER
+ 0.07493THR + 0.01249TRP + 0.03812TYR +
0.09202VAL + 4ATP = PROT

(51) GAP +NADH +16AcCoA +26.65NADPH +28H +14ATP
+0, = DG +NAD +26.65NADP +14ADP +14Pi +16CoA
+H20

(52) 8SUCCoA + 8Gly +10AcCoA +9ATP +15NADPH +Mg*
+MYTHF = CHLO +4NH; +14CO, +15NADP +THF
+9ADP
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