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Metabolic flux analysis of the two astaxanthin-producing
microorganisms Haematococcus pluvialis and Phaffia
rhodozyma in the pure and mixed cultures
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The two major astaxanthin-producing microorganisms Phaffia rhodozyma and Haematococcus plu-
vialis exhibited elevated astaxanthin yields under the mixed culture regime, and the changes in flux
distribution were investigated by means of metabolic flux analysis (MFA). In the mixed culture of
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the two strains, the carbon flux towards astaxanthin formation in P. rhodozyma increased by 20%,
which may be due to the enriched oxygen evolved through the photosynthesis of H. pluvialis. On
the other hand, the uptake of pyruvate and CO, excreted by P. rhodozyma also facilitated astaxan-
thin synthesis in H. pluvialis, which reduced 33% of the carbon flux exported from Calvin cycle to
the catabolic pathway, and in turn raised the carbon flux to glyceraldehyde-3-phosphate by 25%.
As aresult, the carbon flux diverted to astaxanthin synthesis increased 2.8-fold in comparison with

that in the pure culture.
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1 Introduction

The high value-added ketocarotenoid astaxanthin is
gaining increasing attention in recent years owing to its
powerful antioxidant activity and potential applications
in the pharmaceutical, nutritional, food and feed as well
as aquaculture industries [1]. Among the astaxanthin-
producing microorganisms found in nature, Haematococ-
cus pluvialis and Phaffia rhodozyma are the two principal
strains currently utilized for natural astaxanthin produc-
tion (2, 3]. H. pluvialis is a unicellular green alga, which
synthesizes and accumulates astaxanthin under stress
conditions, such as nitrogen and phosphate limitations as
well as salt stress and high light intensities [4-8]. P
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rhodozyma is a red yeast, which produces astaxanthin
growing on various organic substrates. Although exten-
sive investigations have been carried out on both species
aiming to improve the astaxanthin yields, the production
levels, however, are still not high enough to commercially
compete with the synthetic version [9]. In our previous
works, increased biomass and astaxanthin yields were
obtained by mix-cultivation of the two strains H. pluvialis
and P rhodozyma [10]. The underlying astaxanthin-syn-
thesis-promoting mechanism was quite complicated and
not well characterized. Therefore, a better understanding
of the variations in astaxanthin-related metabolic activi-
ties within the two species under mixed culture regime is
necessary and strongly desired.

During the last decade, a new trend in mathematical
modeling has emerged by focusing on the so-called meta-
bolic flux analysis (MFA), where intracellular fluxes are
computed from the measured extracellular metabolites by
using the stoichiometry of a metabolic network supposed
to govern the system [11, 12]. Consequently, metabolic
flux analysis has gained popularity as a technique to un-
derstand microbial processes, with the ultimate aim of
improving productivity [13]. Nonetheless, despite the cru-
cial importance of metabolic flux analysis as a helpful tool
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in designing metabolic engineering strategies, there is no
reported work on the application of these tools for micro-
bial isoprenoid production [14]. Thus, the aim of this study
is to elucidate the changes in flux distribution by com-
paring the metabolic fluxes of H. pluvialis and P. rhodozy-
ma in the pure and mixed cultures.

2 Materials and methods
2.1 Microorganisms and media

H. pluvialis and P rhodozyma (AS2-1557) were obtained
from Institute of Hydrobiology and Institute of Microbiol-
ogy of Chinese Academy of Science, respectively. H. plu-
vialis was maintained at 4°C in a liquid BBM medium con-
taining NaNO,, 250 mg/L; MgSO,-7H,0, 75 mg/L; NaCl,
25 mg/L; K,HPO,, 75 mg/L; KH,PO,, 175 mg/L; CaCl,
2H,0, 25 mg/L; ZnSO,-7H,0, 8.82 mg/L; MnCl,-4H,0,
1.44 mg/L; MoO,, 0.71 mg/L; CuSO,-5H,0, 1.57 mg/L;
Co(NO,),-6H,0, 049 mg/L; FeSO,7H,0, 4.98 mg/L;
H,BO,, 11.4mg/L; KOH, 31 mg/L; and EDTANa,, 50 mg/L.
P, rhodozyma was maintained at 4°C on a slant of yeast
malt agar (YM agar, Difco) containing (per liter) 10 g of glu-
cose, 5.0 g of Bacto peptone, 3.0 g of malt extract, 3.0 g of
yeast extract, and 20 g of agar. Pure culture of H. pluvialis
was conducted on BBM while for mixed culture and pure
culture of P rhodozyma, a modified BBM medium (sup-
plemented with 5 g/L glucose) was applied.

2.2 Cultivation conditions

The seed culture of H. pluvialis was prepared by transfer-
ring 5 mL of the alga liquid culture into a 500-mL flask con-
taining 100 mL BBM medium. While, the seed culture of P
rhodozyma was prepared by inoculating the yeast from the
fresh slant into a 500-mL flask containing 100 mL YM
medium (glucose, 10 g/L; malt, 3 g/L; peptone, b g/L; yeast
extract, 3 g/L). Both cultures were shaken at 110 rpm in an
orbital shaker (with top cool white fluorescent lamps) at
23.8°C under the light intensity of 30 pmol photons/m? s
for 48 h. Pre-cultures of H. pluvialis were conducted by
transferring 10 mL seed cultures into 250-mL flasks con-
taining 50 mL culture media. The flasks were incubated
under 60 pmol photons/m? s constant light intensity at
23.8°C and 130 rpm in a rotary shaker for 120 h.

The batch cultures were conducted in a modified 5-L
fermentor (BIOSTAT®B) containing 2 L media (initial
pH 7.0), light was provided by eight cool white fluorescent
lamps surrounded the fermentor with a incident intensity
of 280 pmol photons/m? s. Airflow, agitation speed and
temperature were maintain at 0.25 L/min, 150 rpm and
23.8°C, respectively. Inoculation of pure cultures of H. plu-
vialis and P rhodozyma was carried out by transferring
200 mL and 50 mL pre-culture and seed cultures into the
reactor, respectively, while for the mixed culture, both the
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H. pluvialis (200 mL) and the P. rhodozyma (50 mL) were
inoculated.

2.3 Analyzing methods

Cells of H. pluvialis and P rhodozyma in the samples of the
mixed culture were separated by sucrose density gradi-
ent centrifugation as described in [15]. CO, and O, con-
centration in the off gas were determined using a gas an-
alyzers (CO, analyzer, Telatre, USA and O, analyzer, Rae
Systems, USA). Procedures for biomass estimation, as-
taxanthin quantification and residual sugar determina-
tion were conducted in the same way as detailed in our
previous work [10].

For identification of the organic acid excreted by P
rhodozyma 5 mL sample from the flask was centrifuged at
5000 rpm for 10 min. The supernatant was used for iden-
tification of the acids by HPLC (Hewlett Packard series
1100, USA), using a Variable Wavelength Detector over an
organic acids column (EclipsexDB-C8, 4.6 x 150 mm). The
mobile phase consisted of 0.006 M H,SO,, and the flow
rate was kept at 0.6 mL/min. Peaks coming off the column
were detected at 210 nm.

2.4 Metabolic network constructions and flux estimations

2.4.1 General comments

Genome-scale metabolic models for P rhodozyma and H.
pluvialis are unavailable because both strains have not
been sequenced up to now. Alternatively, the metabolic
networks of the two strains were constructed based on
the relevant investigations on yeast, green algae and/or
higher plants.

2.4.2  Metabolic network of P. rhodozyma

In the present study, the organic acids excreted by P
rhodozyma were identified as pyruvate by HPLC analysis.
The primary metabolic network including Embden-Mey-
erhof-Pamas pathway (EMP pathway), pentose phos-
phate pathway (PP pathway) and TCA cycle (tricarboxylic
acid cycle) was constructed based on the previous inves-
tigation [16] (Fig. 1; the subsequent bioreactions are sum-
marized in Appendix A). As to the astaxanthin-related
secondary metabolism, it has been demonstrated that
yeast and fungi only take the acetate/mevalonate (MAV)
pathway, using acetyl-CoA as the original precursor to
form the common “brick” of isopentenyl diphosphate (IPP)
and astaxanthin [17, 18]. Furthermore, several steps in-
volved in the reaction from acetate to astaxanthin are not
well-characterized up to date [19]. Therefore, in the pres-
ent study, the whole linear sequence of reactions from
acetyl-CoA to astaxanthin are briefly considered as two
steps for simplicity and easy calculation, which are the
formation of IPP from acetyl-CoA and in turn the reaction
from IPP to astaxanthin, provided that no other IPP-
derived compounds were formed.
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Figure 1. The metabolic network of P. rhodozyma in the pure and mixed
cultures. Abbreviations: AcCoA, acetyl-coenzyme A; a-KG, a-ketoglutarate;
E4P, erythrose-4-phosphate; F6P, fructose-6-phosphate; FUM, fumarate;
G3P, 3-phosphoglycerate; G6P, glucose-6-phosphate; GAP, glyceralde-
hyde-3-phosphate; Glu, glucose; IPP, isopentenyl diphosphate; ISOCIT,
isocitrate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PYR, pyruvate;
R5P, ribose-5-phosphate; Ru5P, ribulose-5-phosphate; S7P, sedoheptu-
lose-7-phosphate; SUCCOA, succinyl-coenzyme A; X5P, xylulose-5-phos-
phate.

2.4.3  Metabolic networks of H. pluvialis

To find out if pyruvate produced by P rhodozyma could be
assimilated by H. pluvialis, we cultivated H. pluvialis in
pure, mixed (adding glucose 3.0 g/L) and pyruvate-added
(adding 0.6 g/L pyruvate) cultures, respectively. The ex-
periment was conducted in the same way as described in
the pre-culture (Section 2.2), except that (i) the light in-
tensity was adjusted to 160 umol photons/m? s, and (ii) the
mixed culture was inoculated with both H. pluvialis and P
rhodozyma. The results are shown in Table 1. It can be
seen that biomass and astaxanthin yields obtained in
mixed culture were the highest, followed by those of pyru-
vate-added and pure cultures. These results strongly sug-
gest that pyruvate generated by P rhodozyma could be
assimilated by H. pluvialis for both cell growth and astax-
anthin formation.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Biomass and astaxanthin content of H. pluvialis growing in pure,
mixed and pyruvate-added cultures?

Pure Mixed  Pyruvate-added
Cultures
culture  culture culture

Initial biomass (g/L) 0.31 0.31 0.31
Final biomass (g/L) 0.52 0.92 0.86
Initial astaxanthin (mg/g)  0.00 0.00 0.00
Final astaxanthin (mg/g) 1.12 2.88 2.59
Initial pyruvate (g/L) 0.00 0.00 0.60
Final pyruvate (g/L) 0.00 0.03 0.02

a) The cultivation period is 5 days.

The primary metabolic network of H. pluvialis was
built according to the relevant investigations on algae and
higher plants [20-25], where, the parallel EMP and PP
pathways operating in the chloroplast and cytoplasm
were integrated (Fig. 2). The reactions within the network
are listed in Appendix B. Additionally it should be noted
that H. pluvialis possess only quite limited capability to
utilize glucose compared with the red yeast [10]. Thus,
the only organic substrate assimilated by H. pluvialis in
the mixed culture was pyruvate excreted by P rhodozy-
ma. The assimilated pyruvate was divided into two parts:
one part was used preferably for IPP synthesis, as it is the
original precursor of IPP while the other was directed to
acetyl-CoA along EMP pathway and then entered TCA
cycle to generate reducing power and produce amino
acids for mass build-up.

With respect to the secondary metabolism, astaxan-
thin formation in H. pluvialis differs from P rhodozyma in
that it takes MEP (2-C-methyl-D-erythritol 4-phosphate)
pathway for the synthesis of IPP, via incorporation of the
two initiating compounds glyceraldehyde 3-phosphate
(GAP) and pyruvate [26]. Moreover, just like the case in P
rhodozyma, the biosyntheses of astaxanthin from GAP
and pyruvate are briefly considered as a two-step reac-
tion.

2.4.4  Metabolic flux estimations

For the metabolic flux analysis of H. pluvialis, the biomass
compositions including protein, carbohydrates, crude fat
as well as amino acids and fatty acids were obtained from
The Technical Report of Haematococcus pluvialis algal
meal (Mera Pharmaceuticals 1999. AstaFactor® Technical
Report: Typical composition of Nutraxan™ Asta dried
Haematococcus pluvialis algal meal), while DNA and
RNA contents were taken the same as Chlorella pyrenoi-
dosa [27]. As for P rhodozyma, the detailed biomass com-
positions reported by Johnson's research group [28] were
applied.

It was assumed that P rhodozyma produced same
amounts of pyruvate and CO, under pure and mixed cul-
ture regimes. Subsequently, the specific evolution rates of
pyruvate and CO, of P rhodozyma growing in the mixed
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culture were calculated according to their productions in
the pure culture. The reduced pyruvate and CO, in the
mixed culture compared to the pure culture of P rhodozy-
ma were considered being assimilated by H. pluvialis, as
both cultures were conducted under the same conditions.

Prior to flux analysis, the data were analyzed for the
presence of measurement errors using elemental
balances [29]. It was shown that the elemental balances
for C (input/output 1.03) and N (input/output 1.01) could
be closed. Flux calculations were carried out according
to the mass balancing method using the software of
MATLAB. A series of stoichiometric equations (Appendix
A and B) combined with the metabolite measurements
were applied to estimate the intracellular fluxes based on
the equation S x v = 0, where S is a stoichiometric matrix
and v is the specific reaction rate.

3 Results and discussion
3.1 Cultivation of P. rhodozyma and H. pluvialis under
different culture regimes

Pure and mixed cultures of P rhodozyma and H. pluvialis
were all carried out in a batch mode as detailed in the Sec-
tion 2.2. The time profiles of biomass and astaxanthin as
well as the glucose, pyruvate, CO, evolution and uptake
rates in the pure and mixed culture are presented in

1286 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figs. 3-9, and the experimental results are summarized in
Table 2.

As shown in Figs. 3-6, astaxanthin yields of H. pluvi-
alis and P rhodozyma in the mixed culture were both
higher than those in the pure cultures were. Furthermore,
the biosynthesis of astaxanthin in H. pluvialis proceeded
continually after the cell growth ceased, indicating that
astaxanthin formation is non-growth-associated, at least
during the later phase. By contrast, astaxanthin synthesis
in P rhodozyma appeared to be dependent on cell growth.
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Figure 3. Time course of the biomass and astaxanthin of P. rhodozyma in
the pure culture. All the results presented are the mean value of three
replicates. Vertical bars represent SD (n = 3).
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the mixed culture. All the results presented are the mean value of three
replicates. Vertical bars represent SD (n = 3).
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Table 2. The test results of P. rhodozyma and H. pluvialis in the pure and mixed cultures®

Parameters H. pluvialis P. rhodozyma

Pure culture Mixed culture Pure culture Mixed culture
Specific growth rate p 0.026 0.039 0.068 0.066
Specific CO, uptake rate mmol/g (dew) /h 1.56 1.99
Specific pyruvate uptake rate mmol/g (dcw)/h 0.326
Specific astaxanthin formation rate mmol/g (dew)/h 0.0092 0.026 2.62-107 3.11-107
Specific glucose consumption rate mmol/g (dcw) /h 0.962 1.08
Specific CO, evolution rate mmol/g (dcw) /h 1.46 1.51
Specific pyruvate formation rate mmol/g (dcw) /h 0.501 0.516
Specific O, uptake rate mmol/g (dew)/h ~ eeeee 0 eees 1.52 1.68
Biomass (g/L) 0.96 1.32 2.26 2.05
Ysx (g/g) .- --- 0.45 0.402

a) The uptake of CO,, O, and pyruvate by H. pluvialis was calculated by comparison of their concentrations in the pure culture of P. rhodozyma and the mixed culture.

The specific rates represent the values at 22 h.

b) Dry cell weight.

3.2 Metabolic flux analysis of P. rhodozyma

As shown in Fig. 10, the carbon flux towards astaxanthin
synthesis increased by 20% in the mixed culture com-
pared to that of the pure culture. This may be due to the
elevated oxygen consumption rate (Table 2), because
astaxanthin formation requires oxygen and higher oxy-
gen consumption stimulates astaxanthin synthesis [30,
311

Pyruvate is a key branch-point between EMP pathway
and TCA cycle located at the major junction of assimila-
tory and dissimilatory reactions. As shown in Fig. 10,
most of the carbon influx from glucose catabolism (69% in
the pure culture and 72% in the mixed culture) converged
on the pyruvate node. However 37% (pure culture) and
35% (mixed culture) of these fluxes drained off the EMP
pathway and then excreted into the medium. These re-
sults suggest that the relatively higher flux towards pyru-
vate node and lower percent of pyruvate secretion in the
mixed culture were responsible for the elevated astaxan-
thin production, as it modulates the flux to acetyl-CoA
(the originating precursor for astaxanthin formation)
downstream.

The split ratios between PP and EMP pathways at the
G-6-P node were around 1:1, in both pure and mixed cul-
tures, with 48 and 51% of the carbon influx being direct-
ed to PP pathway, respectively. These results are lower
than in the previous report [16], which showed that about
66% of the glucose was consumed via the PP pathway.
One reason for this may be the different strain and differ-
ent culture conditions used in the experiments. The oth-
er is that the former calculation did not take the pyruvate
secretion into account, where CO, was considered as the
sole excreted product.

The relatively high PP flux exhibited in the mixed cul-
ture may be indicative of the increasing energy require-
ment for astaxanthin synthesis, because astaxanthin for-
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mation in the microorganisms is a highly energy-depend-
ent bioprocess [32], and the PP pathway is commonly
known to supply reducing power for the biosynthetic
processes at the expense of carbon loss in the form of CO,,.
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Figure 10. The flux distributions of P. rhodozyma in the pure and mixed
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per hour, representing the flux distribution at 22 h. The left and right-hand
numerals are the fluxes in the pure and mixed cultures, respectively.
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This relationship could explain, at least in part, why low-
er biomass but higher astaxanthin were obtained in the
mixed culture. It appears likely that in P rhodozyma, the
enzymes surrounding glucose-6-phosphate (G6P) node
are sufficiently flexible to permit optimal allocation of car-
bon fluxes between glycolysis and the PP cycle to gener-
ate more reducing power for astaxanthin synthesis in re-
sponse to environmental perturbations.

Additionally, considering the high flux of pyruvate
leakage, we are led to conclusion that a remarkable malic
enzyme activity may be performed in P rhodozyma for
maintaining the cytosolic pyruvate level, similarly as in
the case of oleaginous yeast, e.g. Saccharomyces cere-
visiae.

3.3 Metabolic flux analysis of H. pluvialis

3.3.1 Flux distribution

As shown in Fig. 11, the flux distribution among different
pathways within the entire metabolic network varied sig-
nificantly in H. pluvialis under both pure and mixed cul-
ture regimes. The carbon flux in Calvin cycle was much

www.biotechnology-journal.com

higher than that in the catabolic network. Furthermore, in
the catabolic network, most of the carbon flux flowed
along the EMP pathway with only minor flux being di-
rected to the PP pathway and TCA cycle. These results in-
dicate that (i) Calvin cycle played a principal role in con-
trolling the entire flux distribution and, (ii) the EMP path-
way was the major route for carbon catabolism, while PP
pathway and TCA cycle in H. pluvialis were likely to op-
erate in flexible manner for intermediate supply.

3.3.2  Carbon flux towards astaxanthin

Carbon flux towards astaxanthin synthesis in the mixed
culture increased up to threefold compared to that in the
pure culture. The reason for this is, of course, the in-
creased supply of the two originating compounds, pyru-
vate and GAP, as the key factor for high-yield of astaxan-
thin production in microorganisms is the sufficient sup-
ply of precursors [33].

3.3.3  Pyruvate node
In the pure culture of H. pluvialis, pyruvate was a gly-
colytic intermediate and originated indirectly from the
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Figure 11. The specific flux distributions of H. pluvialis in the pure and mixed cultures. The fluxes are expressed as mmol/g DCW per hour, representing the
flux distribution at 22 h. The left and right-hand numerals are the fluxes in the pure and mixed cultures, respectively.
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GAP exported from the Calvin cycle. Thus, the carbon flux
towards pyruvate was dependent, absolutely, on the
amount of GAP imported, and only 85% of the imported
flux was funneled into the pyruvate node. Since both
pyruvate and GAP are utilized in equal amounts in the for-
mation of astaxanthin, apparently, pyruvate in the pure
culture was not in equilibrium with GAP and became the
limiting factor governing astaxanthin synthesis. By con-
trast, the small supply of pyruvate was overcome in the
mixed culture, where the carbon flux to pyruvate in-
creased by twofold due to the uptake of extracellular pyru-
vate produced by P rhodozyma.

3.3.4 GAP node in Calvin cycle

The flux towards GAP node located at the Calvin cycle in
the mixed culture increased 25% in comparison with that
of the pure culture. The reason for this comes from two as-
pects. First, the uptake of pyruvate in the mixed culture
reduced the carbon flux channeled from Calvin cycle for
maintaining the operation of PP pathway and TCA cycle.
Consequently, GAP exported from Calvin cycle into the
catabolic network declined by 33%. Secondly, increased
influx at the RubP node in the Calvin cycle via enhanced
incorporation of ambient CO, promoted the level of 3-
phosphoglycerate. Subsequently, carbon flux towards
GAP increased by 27% compared to that of the pure cul-
ture.

From the results discussed above, it is reasonable to
conclude that GAP node located at Calvin cycle and pyru-
vate node in EMP pathway are the key branch points, be-
cause they control the carbon flux towards astaxanthin
synthesis.

4 Concluding remarks

The results of the metabolic flux analysis in the present
study show that the carbon flux towards astaxanthin for-
mation in P rhodozyma increased 20% under the mixed
culture regime, which may be due to the enriched oxygen
evolved by H. pluvialis and the increased oxygen con-
sumption rate. In H. pluvialis, the main carbon flux was di-
rected along Calvin cycle. GAP and pyruvate nodes locat-
ed at Calvin cycle and EMP pathways, respectively, play
crucial roles in controlling carbon flux to astaxanthin for-
mation. The carbon flux towards astaxanthin synthesis
increased 2.8-fold due to the increased supply of the orig-
inating precursor and the optimal balance between GAP
and pyruvate.
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Appendix A. Biochemical reactions in P. rhodozyma

Abbreviations: AcCoA, acetyl-coenzyme A; a-KG,
a-ketoglutarate; E4P, erythrose-4-phosphate; F6P,
fructose-6-phosphate; FUM, fumarate; G3P, 3-phos-
phoglycerate; G6P, glucose-6-phosphate; GAP, glyc-
eraldehyde-3-phosphate; Glu, glucose; IPP, isopen-
tenyl diphosphate; ISOCIT, isocitrate; OAA, oxaloac-
etate; PEP, phosphoenolpyruvate; PYR, pyruvate;
RbP, ribose-b-phosphate; RubP, ribulose-b5-phos-
phate; S7P, sedoheptulose-7-phosphate; SUCCo0A,
succinyl-coenzyme A; X5P, xylulose-b-phosphate

Glucose uptake

1. Glucose (extracellular) +ATP — G6P (cytoplasm)
+ADP

PP-pathway (cytoplasm)

2. G6P+ 2NADP+ H,O — RubP + CO,+2NADPH+2H
RubP — R5P

RubP — Xb&P

R5P + XbP — S7P + GAP

S7P + GAP — F6P + E4P

7. XBP + E4P — G6P + GAP

CRRCINEc

EMP-pathway (cytoplasm)

8. G6P — F6P
9. F6P+ ATP — 2GAP+ADP+H
10. GAP+ NAD+ ADP+ Pi — G3P+NADH+ATP+H
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G3P — PEP+H,0
PEP+ ADP — PYR+ATP

TCA-cycle (mitochondrion)

13.
14.
16.
16.
17.

18.

PYR+CoA+NAD — AcCoA + CO,+NADH+H
OAA + AcCoA+H,0 — ISOCIT + CoA + H
ISOCIT+ NAD — aKG+CO,+NADH

0oKG + CoA+ NAD — SUCCoA+ CO,+NADH +H
SUCCoA+FAD+ADP+Pi —
FUM+CoA+FADH,+ATP

FUM+NAD+H,0 — OAA+NADH+H

Secretion of pyruvate

19.

PYR (cytoplasm) — PYR (extracellular)

Anaplerotic reaction (cytoplasm)

20.

PYR + CO, —= OAA

Astaxanthin formation(cytoplasm)

21 3 AcCoA — IPP+C
22. 8 IPP+NADH+FADH, — Astaxanthin+ NAD+FAD

23.

Intracellular metabolites used for biosyn-
thesis of macromolecules (biomass)

Biomass 0.510 G6P + 0.376 F6P + 0.399 R5P +
0.421E4P + 0.238 GAP + 1.53 PEP+3.62 PYR +3.96
ACA + 1.13 OAA+0.886 a-KG
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Appendix B. Biochemical reactions in H. pluvialis

Light reaction (chloroplast)

1. 2H,0+2NADP+2ADP +2Pi+0.125APF —
O,+2NADPH+2H+2.6 ATP

Calvin cycle (chloroplast)

2. RuDP+CO,+ H,0 — 2G3P

3. G3P +ATP+NADPH+H — GAP+ ADP + NADP
+Pi

. 2GAP+ H,O — F6P+Pi

F6P — G6P

G6P+GAP — XbP+E4P

E4P+GAP+H,0 — S7P+Pi

. S7P+GAP — R65P+X5P

. RBP — RubP

. X6P — RubP

. RubP+ATP — RuDP + ADP +Pi

- O © oo oA

=

Transport of GAP from chloroplast to cytoplasm

12. GAP — GAP

Transport of pyruvate from cytoplasm to chloroplast
13. PYR — PYR

Drain of GAP for astaxanthin synthesis (chloroplast)
GAP — GAP

Astaxanthin formation (chloroplast)

14. GAP+PYR — IPP+C
15. 8 IPP+NADH+FADH, — Astaxanthin+ NAD+
FAD

EMP and PP pathways (cytoplasm and chloroplast)

16. 2GAP + H,O — F6P+Pi
17. F6PG6P
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18. G6P+ H,O+ 2NADP — RubP+ CO,+ 2NADPH+
2H

19. RubP — R&P

20. RubP — XbP

21. RbP + X5P — S7P + GAP

22. S7P + GAP — F6P + E4P

23. F6P + GAP — X5P + E4P

24. GAP+ NAD+ ADP+ Pi — G3P+ NADH+H +ATP

25. G3P — PEP + H,0

26. PEP+ ADP — PYR+ ATP

TCA cycle (mitochondrion)

27. PYR+ NAD+ CoA — AcCoA + CO,+ NADH+ H

28. OAA + AcCoA+ H,0 — ISOCIT+ CoA+ H

29. ISOCIT+ NAD — a-KG + CO,+ NADH

30. a-KG + CoA+ NAD — SUCCoA+ NADH+ CO,+ H

31. SUCCoA+ ADP+ Pi+ FAD — FUM + CoA+
FADH,+ ATP

32. FUM + H,O+NAD — OAA+ NADH+ H

Anaplerotic reaction (cytoplasm)
33. PEP + CO,+ ADP — OAA+ ATP

Uptake of extracellular pyruvate (only occurred in the
mixed culture)

34. PYR (extracellular) — PYR (cytoplasm)

35. Intracellular metabolites used for biosyn-
thesis of macromolecules (biomass)

Biomass 0.460 G6P + 0.362 F6P + 0.399 R5P + 0.406
E4P + 0.238 GAP + 1.53 PEP + 2.64 PYR +4.64 ACA +
1.23 OAA+1.04 o-KG



