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The nonsulfur purple bacteria that exhibit unusual metabolic versatility can produce hydrogen gas (H2) using the electrons de-
rived from metabolism of organic compounds during photoheterotrophic growth. Here, based on 13C tracer experiments, we
identified the network of glucose metabolism and quantified intracellular carbon fluxes in Rhodobacter sphaeroides KD131
grown under H2-producing conditions. Moreover, we investigated how the intracellular fluxes in R. sphaeroides responded to
knockout mutations in hydrogenase and poly-�-hydroxybutyrate synthase genes, which led to increased H2 yield. The relative
contribution of the Entner-Doudoroff pathway and Calvin-Benson-Bassham cycle to glucose metabolism differed significantly
in hydrogenase-deficient mutants, and this flux change contributed to the increased formation of the redox equivalent NADH.
Disruption of hydrogenase and poly-�-hydroxybutyrate synthase resulted in a significantly increased flux through the phos-
phoenolpyruvate carboxykinase and a reduced flux through the malic enzyme. A remarkable increase in the flux through the
tricarboxylic acid cycle, a major NADH producer, was observed for the mutant strains. The in vivo regulation of the tricarboxy-
lic acid cycle flux in photoheterotrophic R. sphaeroides was discussed based on the measurements of in vitro enzyme activities
and intracellular concentrations of NADH and NAD�. Overall, our results provide quantitative insights into how photohetero-
trophic cells manipulate the metabolic network and redistribute intracellular fluxes to generate more electrons for increased H2

production.

Rhodobacter sphaeroides is a purple nonsulfur bacterium that
exhibits extraordinary metabolic versatility. It can grow pho-

toheterotrophically using a variety of organic compounds, includ-
ing organic acids and sugars, as the carbon source or photoau-
totrophically using carbon dioxide as the sole carbon source (28).
In addition, it can grow chemoheterotrophically and chemoau-
totrophically in the dark. It is one of the most often used models
for photobiological production of hydrogen gas (H2). During
photoheterotrophic growth, H2 can be produced by R. sphaeroides
and other purple nonsulfur bacteria via nitrogenase, an enzyme
that converts dinitrogen to ammonia with H2 as an obligatory
product. In the absence of dinitrogen, nitrogenase produces H2 as
the sole product using the electrons generated from carbon me-
tabolism and the energy from photosynthesis (18, 39). The syn-
thesis and activity of nitrogenase are repressed by the presence of
ammonium (26). Thus, H2 production experiments are usually
carried out in medium containing a poor nitrogen source. The
highest H2 yields and production rates have been achieved by us-
ing glutamate as the nitrogen source (18).

The metabolic versatility of R. sphaeroides is largely owed to its
complicated metabolic network. For example, the Calvin-
Benson-Bassham (CBB) cycle, Embden-Meyerhof-Parnas (EMP)
pathway, Entner-Doudoroff (ED) pathway, pentose phosphate
(PP) pathway, and the tricarboxylic acid (TCA) cycle were all re-
ported to be present in this organism (5, 28). This allows R. spha-
eroides to flexibly select and operate metabolic pathways and re-
actions in response to genetic and environmental perturbations.
However, despite the recent progress on genomics and transcrip-
tomics (29) and stoichiometric modeling (15) of this bacterium,
knowledge of how its various pathways interact and contribute to
intracellular metabolism is limited. Particularly, to manipulate R.

sphaeroides for efficient photobiological H2 production, it is im-
portant to gain insight into how the metabolic network in its en-
tirety is operated to generate the reducing equivalents required for
H2 production.

Based on 13C tracer experiments, metabolic flux analysis
emerged as a key approach to identify the active pathways and to
quantify the intracellular fluxes in a complex metabolic network
(35, 43). In this approach, the 13C labeling patterns in products of
metabolism, which reflect the in vivo activity of metabolic path-
ways and enzymes, are analyzed by nuclear magnetic resonance or
mass spectrometry (MS). Direct interpretation of the detected 13C
patterns using algebraic equations by so-called metabolic flux ra-
tio analysis enables identification of active pathways in a bioreac-
tion network and determination of the ratios of some converging
fluxes (10, 33, 36). This method has demonstrated its value in
providing direct evidence for novel or unexpected metabolic
pathways (11, 19). By combining the 13C data with biomass com-
position and quantitative physiological data, the absolute intracel-
lular fluxes may be estimated by finding the best fit to all the
available data (41). Since the fluxes represent the mathematically
best estimate for the given biochemical reaction network, the va-
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lidity of the network itself may affect the flux result. To avoid this,
the bioreaction network identified by flux ratio analysis may be
used for flux quantification. The calculated fluxes provide a holis-
tic view of cellular metabolism and can be used for quantitative
analysis of redox homeostasis and energy metabolism (6, 16, 32).

In this study, we used 13C-based metabolic flux analysis to
quantitatively investigate the intracellular metabolism in R. spha-
eroides KD131 grown photoheterotrophically in mineral medium
containing glucose and glutamate as the carbon and nitrogen
sources, respectively. The network of active pathways was identi-
fied by metabolic flux ratio analysis based on gas chromatography
(GC)-MS analysis of cellular amino acids, glycerol, and glucose
from [U-13C]glucose and [1-13C]glucose labeling experiments.
The in vivo fluxes through various pathways were then quantified
by 13C-constrained flux analysis. By using this approach, the in-
fluence of knocking out H2-uptake hydrogenase or/and poly-�-
hydroxybutyrate (PHB) synthase on intracellular flux distribution
was investigated. The mutants have been reported to exhibit in-
creased H2 evolution compared to that of the wild type (23). The
flux analysis allowed insights into how photoheterotrophic cells
manipulate the metabolic network to generate more reducing
equivalents for increased H2 production.

MATERIALS AND METHODS
Strains, media, and growth conditions. The strains used in this study
were Rhodobacter sphaeroides wild-type KD131 (KCTC12085) and its
knockout mutants including an PHB synthase knockout mutant (�phbC
strain), an H2-uptake hydrogenase knockout mutant (�hupSL strain),
and a double-knockout mutant (�hupSL �phbC strain) (25).

The strains were precultured aerobically at 30°C on Luria-Bertani me-
dium to the mid-exponential growth phase, washed twice, and diluted to
the same optical density at 660 nm ([OD660] �0.03) using RCVB minimal
medium (38) containing (per liter) 1.0 g of sodium glutamate, 0.1 g of
yeast extract, 5.0 g of NaHCO3, 0.2 g of MgSO4, 0.075g of CaCl2 · 2H2O,
0.012 g of FeSO4 · 7H2O, 0.02 g of Na2EDTA, 1 ml of trace salts solution,
1 ml of vitamin solution, and 20 mM potassium phosphate buffer (pH
7.0). The trace salts solution contained (per 100 ml) 0.21 g of MnSO4 ·
4H2O, 0.28 g of H3BO3, 0.004 g of Cu(NO3)2 · 7H2O, 0.024 g of ZnSO4 ·
7H2O, and 0.075 g of Na2MoO4 · 2H2O. The vitamin solution contained
(per 100 ml) 0.01 g of biotin, 0.5 g of thiamine HCl, and 1.0 g of nicotinic
acid. Filter-sterilized glucose was added to the medium at a final concen-
tration of 5.4 g per liter. For 13C labeling experiments, glucose was added
either entirely in the form of the 1-13C-labeled isotope isomer (99% pure;
Sigma) or in the form of a mixture of 30% (wt/wt) U-13C-labeled glucose
(�99%; Cambridge Isotope Laboratories, Andover, MA) and 70% (wt/
wt) natural glucose. Anaerobic photoheterotrophic cultures were per-
formed at 30°C in 125-ml glass bottles containing 110 ml of the minimal
medium with illumination of 4,000 lx at the surface of bottles. The glass
bottles were sealed with rubber stoppers, and 60-ml syringes were used to
collect the gas samples from the headspace of cultures.

Analytical methods. Cell growth was monitored by measuring the
optical density at 660 nm. Cell dry weight (CDW) was determined from
cell pellets of 100-ml culture aliquots that were centrifuged for 15 min at
4°C and 9,000 � g, washed twice with distilled water, and dried at 85°C
until the weight was constant.

For analysis of extracellular metabolites, culture samples were centri-
fuged for 10 min at 4°C and 15,000 � g to remove the cells. Glucose and
glutamate concentrations were determined with enzymatic test kits (r-
Biopharm, Darmstadt, Germany). Organic acids were detected by high-
pressure liquid chromatography analysis (Agilent model 1100) at a wave-
length of 210 nm, using a Shodex KC-811 column (8 by 300 mm; Shodex
Inc., Tokyo, Japan) and 6 mM HClO4 as the mobile phase at a flow rate of
1.0 ml min�1 at 50°C. For determination of extracellular polysaccharides,

culture samples were centrifuged at 9,000 � g for 10 min, and the pellets
were washed twice with 0.9% (wt/vol) NaCl. The polysaccharide concen-
tration in the pooled supernatants was measured with the phenol-sulfuric
method by using glucose for calibration. The hydrogen and carbon diox-
ide concentrations in the headspace of cultures were measured by GC
(GC7900; Techcomp, Shanghai, China) using an instrument equipped
with a thermal conductivity detector. The bicarbonate concentration was
determined by adding 6 M HCl to convert bicarbonate to carbon dioxide
and measuring carbon dioxide by GC. The specific uptake rate of a sub-
strate (e.g., glucose) and specific secretion rate of a product (e.g., acetate)
were determined during the exponential growth phase as the coefficient of
a linear regression of the change in the substrate or product concentration
versus biomass concentration, divided by the growth rate (36).

The macromolecular composition of biomass was measured using
previously reported methods (4, 17). Total protein content was deter-
mined using the Lowry method, total carbohydrate content was deter-
mined by the phenol-sulfuric method, total RNA was assayed spectropho-
tometrically through alkali degradation and extraction by perchloric acid
(2), DNA was quantified through a colorimetric procedure that involves
the reaction of DNA with diphenylamine in the presence of perchloric
acid, and total lipids were measured using the sulfo-phospho-vanillin
method (21). Bovine serum albumin, glucose, calf thymus DNA, and
thiolein were used as standards for the protein, carbohydrate, DNA, and
lipid measurements, respectively. PHB was extracted by chloroform,
treated with sulfuric acid, and then measured by a gas chromatograph
(Agilent model 7890A) equipped with a capillary column (Alltech EC-
WAX; 30 m by 0.32 mm) and a flame ionization detector (3).

Enzyme assays. In vitro enzyme activities were determined in crude
cell extracts from 10-ml culture aliquots that were centrifuged at 4°C and
9,000 � g for 10 min. The cell pellets were washed twice and resuspended
in 20 mM HEPES buffer (pH 7.0) containing 100 mM NaCl and 2 mM
�-mercaptoethanol. After sonication, cell debris was removed by centrif-
ugation for 15 min at 4°C and 20,000 � g. The supernatant was used for
determination of enzyme activities and protein concentration. Citrate
synthase activity was assayed using a previously published colorimetric
technique based on reaction of coenzyme A (CoA) with 5,5=-dithiobis(2-
nitrobenzoic acid) (DTNB) (30). Briefly, 1 �l of the cell extract was added
to 200 �l of 50 mM Tris buffer (pH 8.0) containing 0.3 mM acetyl-CoA,
0.5 mM oxaloacetate, and 0.25 mM DTNB (Sigma). The formation of
chromophoric thionitrobenzoate was monitored at 412 nm using a Beck-
man DU800 spectrophotometer. Malate dehydrogenase activity was de-
termined by measuring the utilization of NADH (42). Briefly, 1 �l of the
cell extract was added to 200 �l of 50 mM Tris buffer (pH 8.0) con-
taining 0.2 mM NADH and 0.5 mM oxaloacetate. The change in
NADH concentration was monitored spectrophotometrically at 340
nm. 6-Phosphofructokinase activity was measured by monitoring the de-
crease in NADH concentration using triose-3-P isomerase and glycerol-
3-P dehydrogenase as coupling enzymes (1). 6-P-gluconate dehydroge-
nase activity was determined by monitoring the NADPH concentration
spectrophotometrically at 340 nm (7).

Determination of intracellular NADH and NAD� concentrations.
The intracellular NADH and NAD� were extracted and assayed by using
a fluorescent NAD/NADH detection kit (Cell Technology Inc., CA),
which utilizes a nonfluorescent detection reagent that is reduced in the
presence of NADH to produce its fluorescent analog. Briefly, cells were
harvested at late-exponential-growth phase by centrifuging 1.5 to 2 ml of
culture broth at 9,000 � g and 4°C for 10 min. Intracellular NADH and
NAD� were extracted using respective extraction buffers by following the
manufacturer’s instructions. NADH reacted with nonfluorescent detec-
tion reagent to form NAD� and the fluorescent analog that was moni-
tored at 550-nm excitation and 595-nm emission wavelengths by using a
spectrofluorometer (Varioskan Flash; Thermo Scientific Co.). NAD� is
further converted to NADH via an enzyme-coupled reaction. The enzyme
reaction specifically reacts with NAD�/NADH and not with NADP�/
NADPH.
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Sample preparation and GC-MS analysis. Cell aliquots were har-
vested during late exponential growth phase (OD660 of �2.0) by centri-
fuging 3 ml of culture broth at 9,000 � g and 4°C for 10 min. The pellet
was washed with 1 ml of 0.9% (wt/vol) NaCl, resuspended in 0.75 ml of 6
M HCl, and then separated into two fractions. The first fraction (0.5 ml)
was hydrolyzed at 105°C for 24 h in sealed 2-ml glass vials and used for
analysis of amino acids and glycerol, and the second fraction (0.25 ml) was
hydrolyzed at 105°C for only 30 min and used for glucose analysis. The
filtrate of hydrolysate was dried in a vacuum centrifuge at room temper-
ature. Amino acids and glycerol were derivatized at 85°C for 1 h in 120 �l
pyridine (Sigma) and 30 �l of N-methyl-N-[tert-butyldimethylsilyl] trif-
luoroacetamide (Sigma). Glucose was derivatized at 70°C for 3 h in 100 �l
of pyridine and 50 �l of bis(trimethylsilyl)trifluoroacetamide containing
1% (vol/vol) trimethylchlorosilane (Sigma). After filtration, 3 �l of de-
rivatized sample was injected into an Agilent 6890-5973 GC-MS system
with an HP-5MS column (30 m by 0.25 mm by 0.25 �m). GC oven
temperature was programmed from 60°C to180°C at 5°C per min and
from 180°C to 260°C at 10°C per min. The flow rate of carrier gas (helium)
was set at 1 ml min�1. The mass spectrometer was operated in the electron
impact (EI) mode at 70 eV.

Metabolic flux ratio analysis. The GC-MS data were analyzed as de-
scribed previously (33). Briefly, the mass isotopomer distribution vectors
(MDV) of alanine, glycine, valine, proline, serine, threonine, phenylala-
nine, aspartate, glutamate, histidine, tyrosine, glycerol, and glucose were
determined from the respective mass spectra and were corrected for the
natural abundance of all stable isotopes including 13C, 29Si, 30Si, 15N, and
18O. From the MDV of the amino acids, glycerol, and glucose, the MDV
of their respective precursor intermediates, including glucose-6-P,
glyceraldehyde-3-P, 3-P-glycerate, phosphoenolpyruvate (PEP), pyru-
vate, pentose-5-P, oxaloacetate, and �-ketoglutarate, could be easily de-
rived. The intermediate metabolite MDV were then used to calculate the
fractional contributions of different pathways to a target metabolite pool
based on a set of algebraic equations. This calculation was achieved by
developing a computer algorithm using MATLAB, version 6.0 (Math-
works). In order to identify the metabolic network structure of R. spha-
eroides during photoheterotrophic growth on glucose, we developed
equations that are required to assess the activities of the CBB cycle, EMP
pathway, ED pathway, malic enzyme, and pyruvate carboxylase.

(i) PEP formed via the CBB cycle. If the CBB cycle is active, the
C-1–C-2 carbon bonds in PEP are cleaved by the CBB cycle, yielding
equation 1:

PEP12 � fPEP¢CBB · 0.5�GLCIU-CO2 � P5P34� � fPEP¢GLC · GLC2U

� �1 � fPEP¢CBB � fPEP¢GLC� · OAA12 (1)

In equation 1, fPEP¢CBB, fPEP¢GLC, and 1 � fPEP¢CBB � fPEP¢GLC are the
fractions of PEP (or 3-P-glycerate) molecules derived through the CBB
cycle, from glucose through the EMP or ED pathway and from oxaloace-
tate via the PEP carboxykinase, respectively. PEP12 and OAA12 are the
MDV of fragments 1 to 2 of PEP and oxaloacetate (OAA), respectively.
GLC1U and GLC2U are uniformly 13C-labeled 1- and 2-carbon glucose
fragments, respectively (33). GLC1U-CO2 represents the combination of
two metabolites, as described previously (33). Here, the full equilibration
between 3-P-glycerate and PEP pools was assumed because the labeling
patterns of fragments 1 to 2 of serine and phenylalanine are identical in
both [U-13C]glucose and [1-13C]glucose experiments. Although the la-
beling pattern of pentose-5-P fragments 3 to 4 was unknown, analysis of
the mass distribution of pentose-5-P fragments 1 to 5 showed that
pentose-5-P was generated solely from fructose-6-P and glyceraldehyde-
3-P. Therefore, the lower bound (lb) for PEP formed via the CBB cycle was
derived under the assumption that pentose-5-P fragments 3 to 4 origi-
nated from glyceraldehyde-3-P (or 3-P-glycerate) fragments 1 to 2
through the CBB cycle (equation 2), while the upper bound (ub) was
derived by assuming that the C-3–C-4 carbon bonds in pentose-5-P were
not cleaved (equation 3):

�fPEP¢CBB
lb

fPEP¢GLC
� �

PEP12 � OAA12

�0.5 · �GLCIU-CO2 � Ser12� � OAA12

GLC2U � OAA12
�T (2)

�fPEP¢CBB
ub

fPEP¢GLC
� �

PEP12 � OAA12

�0.5 · �GLCIU-CO2 � GLC2U� � OAA12

GLC2U � OAA12
�T (3)

fPEP¢OAA � 1 � fPEP¢CBB � fPEP¢GLC (4)

In equations 2 and 3, the division is a left-hand matrix division. Ser12 is the
MDV of fragments 1 to 2 of serine, and T represents the transposition of
matrices.

(ii) 3-P-glycerate formed via the EMP pathway. The in vivo activity of
the EMP pathway was assessed from the [1-13C]glucose labeling experi-
ment. The EMP pathway yields 50% unlabeled and 50% 3-P-glycerate
(serine) that is 13C labeled at the C-3 position, whereas the ED pathway
yields unlabeled 3-P-glycerate. Thus, equation 5 was obtained:

SFL�Ser13� � fPEP¢CBB · 0.5�SFL�P5P15� � dCO2�
� f3PG¢EMP · 0.5�d1 · p1 � 13C · 5� � �fPEP¢GLC

� f3PG¢EMP� · 13C · 3 � fPEP¢OAA · SFL�OAA24� (5)

In equation 5, 13C is the natural abundance of 13C (i.e., 0.011), dCO2 is the
labeling degree of CO2, d1 is the labeled fraction of [1-13C]glucose (d1 �
1), and p1 is the purity of [1-13C]glucose (p1 � 0.99). P5P15 and OAA24 are
pentose-5-P fragments 1 to 5 and oxaloacetate fragments 2 to 4, respec-
tively. Ser13 is the MDV of fragments 1 to 3 of serine. SFL is the summed
fractional labeling of a fragment as described previously (16). The values
of fPEP¢CBB, fPEP¢GLC, and fPEP¢OAA can be calculated with equations 2
to 4. Thus, the fraction of 3-P-glycerate molecules formed via the EMP
pathway can be quantified by using equation 6:

f3PG¢EMP �
SFL�Ser13� � A � f3PG¢GLC · 13C · 3

0.5 · �d1 · p1 � 13C · 5� � 13C · 3

A � fPEP¢CBB · 0.5�SFL�P5P15� � dCO2� � fPEP¢OAA · SFL�OAA24�
(6)

(iii) Pyruvate formed via the ED pathway. If the ED pathway is active,
excess intact C-1–C-2 fragments may be introduced into the pyruvate
pool via the ED pathway, yielding equation 7:

PYR12 � fPYR¢ED · GLC2U � fPYR¢MAL · MAL12

� �1 � fPYR¢ED � fPYR¢MAL� · PEP12 (7)

In equation 7, fPYR¢ED and fPYR¢MAL are the fractions of pyruvate mol-
ecules derived through the ED pathway and from malate via the malic
enzyme, respectively. MAL12 is the MDV of malate fragments 1 to 2. By
assuming that malate is entirely synthesized from oxaloacetate, the lower
bound for pyruvate formed via the ED pathway, and the upper bound for
pyruvate from malate can be calculated (equation 8):

� fPYR¢ED
lb

fPYR¢MAL
ub � �

PYR12 � PEP12

�GLC2U � PEP12

OAA12 � PEP12
�T (8)

(iv) Oxaloacetate formed from pyruvate. The derivation for the frac-
tion of oxaloacetate formed from PEP in Escherichia coli has been de-
scribed previously (33). Similarly, the fraction of oxaloacetate molecules
originating from pyruvate via the pyruvate carboxylase can be calculated
by using equation 9:

�fOAA¢PYR

fOAA¢PYR · dCO2
� �

OAA14 � AKG25

��PYR13

0 � � AKG25 �0

PYR13
� � �PYR13

0 � �
(9)

In equation 9, the division is a left-hand matrix division. OAA14, AKG25,
and PYR13 are the MDV of oxaloacetate fragments 1 to 4, �-ketoglutarate
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fragments 2 to 5, and pyruvate fragments 1 to 3, respectively. This equa-
tion gives the least squares solutions of fOAA¢PYR and dCO2 (i.e., labeling
degree of CO2).

Bioreaction network and net flux analysis. For quantification of car-
bon fluxes in the central metabolism, a bioreaction network was con-
structed based on the R. sphaeroides KD131 genome sequence (27), as
shown in Fig. 1 (also see Table S1 in the supplemental material). This
network included the reactions of the CBB cycle, EMP and ED pathways,
and TCA cycle, as well as the reactions catalyzed by pyruvate carboxylase,
PEP carboxykinase, and malic enzyme. The oxidative branch of the PP
pathway was excluded due to the absence of the 6-P-gluconate dehydro-
genase. The network of active pathways identified by flux ratio analysis
was used for flux quantification (see Results).

From the bioreaction network, a stoichiometric matrix containing
25 unknown fluxes (Fig. 1, v1 to v25) and 22 metabolite balances was
constructed. Net fluxes were then calculated based on three different

data sets: (i) substrate uptake and product formation rates, (ii) mac-
romolecular biomass composition, and (iii) the calculated flux ratios.
Specifically, the following flux ratios were used: the lower and upper
bounds of PEP derived through the Calvin cycle, PEP originating from
oxaloacetate, the lower bound of pyruvate derived through the ED
pathway, the upper bound of pyruvate originating from malate, and
oxaloacetate originating from pyruvate. The precursor requirements
for biomass formation were derived from the biochemical information
concerning biosynthetic pathways in R. sphaeroides (available at http:
//www.genome.jp/kegg/) and the experimentally determined macro-
molecular composition. The amino acid composition of a protein was
assumed to be the same in R. sphaeroides mutant strains used in this
study and was taken from Zhuang et al. (44). Similarly, the lipid com-
position was taken from Imhoff and Bias-Imhoff (20). The carbon flux
distribution in the bioreaction network was determined by minimiz-
ing the sum of the weighted square residuals of the constraints from

FIG 1 Bioreaction network of R. sphaeroides central carbon metabolism. Metabolites in boxes are extracellular substrates or products. Dashed arrows indicate
reactions or pathways identified to be inactive in this study. Double-headed arrows indicate reactions assumed to be reversible. Gray arrows indicate precursor
withdrawal for the amino acid analyzed by GC-MS. Abbreviations: G6P, glucose-6-P; 6PG, 6-P-gluconate; F6P, fructose-6-P; GAP, glyceraldehyde-3-P; Ru5P,
ribulose-5-P; E4P, erythrose-4-P; S7P, sedoheptulose-7-P; RuBP, ribulose-1,5-bisphosphate; 3PG, 3-P-glycerate; PYR, pyruvate; ACoA, acetyl-CoA; ICT,
isocitrate; AKG, �-ketoglutarate; SUC, succinate; MAL, malate; OAA, oxaloacetate; EPS, extracellular polysaccharide; LAC, lactate; ACE, acetate.
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both metabolite balances and flux ratios as described previously (12).
This calculation was achieved by developing a computer algorithm
using MATLAB, version 6.0.

NADH balancing. NADH formation and consumption from the me-
tabolism were quantified using the intracellular flux values obtained from
13C labeling experiments. NADH formation was determined from the
carbon fluxes through the NAD�-dependent dehydrogenases in central
metabolism. The cofactor specificities of individual redox enzymes in R.
sphaeroides central carbon metabolism have been reported previously
(14). The glucose-6-P dehydrogenase was found to accept NAD� as well
as NADP�, approximately 16% of the total activity under quasi in vivo
conditions. The glyceraldehyde-3-P dehydrogenase and malate dehydro-
genase are entirely NAD� dependent, while the isocitrate dehydrogenase
is specific for NADP�. The pyruvate dehydrogenase (PDH) complex and
�-ketoglutarate dehydrogenase are highly specific for NAD� since both
contain the NAD�-specific dihydrolipoamide dehydrogenase. The malic
enzyme was assumed to be NADP� dependent based on annotation and
prediction from the amino acid sequence. Succinate dehydrogenase de-
livers electrons to ubiquinone, which could generate NADH by reverse
electron flow via complex I. NADH consumption was calculated from the
measured H2 evolution rate and the carbon fluxes through NADH-
oxidizing reactions. The dehydrogenase in the nitrogenase complex was
assumed to be specific for NADH since specificity for NADPH has not
been described so far. Based on analysis of protein sequences, the
3-hydroxybutyryl-CoA dehydrogenase involved in PHB synthesis and the
lactate dehydrogenase were assumed to be specific for the cofactors NA-
DPH and NADH, respectively. NADH formation through the transhy-
drogenase was not considered because R. sphaeroides possesses only the
membrane-bound NADPH-forming transhydrogenase (14).

RESULTS
Growth parameters. To investigate the photoheterotrophic me-
tabolism in H2-producing R. sphaeroides, we grew R. sphaeroides
KD131 anaerobically under continuous illumination. Glucose
and glutamate were supplied as the carbon and nitrogen sources,
respectively, and bicarbonate was added to maintain the pH of the
culture. The physiological parameters were determined for the R.
sphaeroides KD131 wild type, a PHB synthase knockout mutant
(�phbC strain), an H2-uptake hydrogenase knockout mutant
(�hupSL strain), and a double-knockout mutant (�hupSL �phbC
strain) (Table 1).

During photoheterotrophic growth, wild-type R. sphaeroides
converted glucose and glutamate mainly to biomass and CO2 and
formed a small amount of metabolic by-products including ace-
tate, lactate, extracellular polysaccharides (EPS), and PHB (Table
1). H2 was accumulated during the mid-exponential and early

stationary growth phases, and the molar yield of H2 on glucose was
4.28 mol mol�1. Compared to the wild type, the H2 evolution rate
was increased 1.9-, 2.4-, and 2.6-fold for the �phbC, �hupSL, and
double mutant �hupSL �phbC strains, respectively (Table 1). The
three mutant strains exhibited higher uptake rates of glucose and
glutamate and lower biomass yields than the wild type (Fig. 2).
The CO2 evolution rate was also increased for the �phbC and
�hupSL mutants, and the highest rate was observed for the double
mutant. That is, a higher fraction of the substrate (glucose and
glutamate) carbon was released as CO2, and less carbon was incor-
porated into cell material in the mutants than in the wild type. The
PHB contents were similar in the wild-type and �hupSL mutant
strains, while PHB was not detected in the �phbC strain and the
double mutants. In addition, to obtain accurate information on
the specific precursor requirements for subsequent flux analysis,
we determined the relative fractions of the major biomass compo-
nents of R. sphaeroides: protein, lipids, RNA, and DNA (see Table
S2 in the supplemental material).

Identification of network structure. The network structure of
glucose metabolism in photoheterotrophic R. sphaeroides has re-
mained unclear although the ED pathway was reported to be pres-
ent based on 14C-radiolabeled experiments (5). To identify the
network of active pathways, we used 13C-based metabolic flux
ratio analysis that relies on the [U-13C]glucose and [1-13C]glucose
tracer experiments and GC-MS analysis of mass isotopomer pat-
terns in cellular amino acids, glycerol, and glucose (see Table S3 in
the supplemental material). To assess if the isotopic steady state
was achieved, cell aliquots were harvested from 13C-labeled exper-
iments at different time points during the late exponential growth
phase. The determined mass isotopomer distributions of key
amino acids were almost unchanged with the time of harvest,
which is consistent with previous reports that have showed that a
(quasi-)steady state can be reached during the exponential growth
phase in batch culture (10, 36). From the GC-MS data, the labeling
patterns of the precursor metabolites were derived based on bio-
chemical information concerning biosynthetic pathways in R.
sphaeroides (see Table S4 in the supplemental material). The ori-
gins of key metabolites in the central metabolism were then quan-
titatively determined (Table 2), which allowed us to identify the
network of active pathways.

The flux ratio analysis of R. sphaeroides showed that the ED
pathway was active during anaerobic photoheterotrophic growth
on glucose. The summed fractional labeling of pyruvate fragments

TABLE 1 Growth parameters of photoheterotrophic cultures of R. sphaeroides KD131 wild-type, �phbC, �hupSL, and double mutant �hupSL
�phbC strainsa

Strain

Biomass yield
(g of CDW/g
of glucose)

Specific rate (per g of CDW/h)

Carbon
balance (%)c

Glucose
uptake
(�mol)

Glutamate
uptake
(�mol)

EPS
formation
(�mol)

Lactate
secretion
(�mol)

Acetate
secretion
(�mol)

PHB
formation
(�mol)

Net CO2

formation
(mmol)b

Hydrogen
evolution
(mmol)

Wild type 0.95 � 0.01 291 � 10 185 � 20 29 � 1 8 � 1 16 � 1 2 � 1 0.59 � 0.05 1.02 � 0.10 105
�phbC strain 0.91 � 0.03 305 � 15 236 � 17 62 � 2 20 � 1 11 � 1 0 � 0 0.88 � 0.09 1.94 � 0.17 109
�hupSL strain 0.76 � 0.02 368 � 20 273 � 10 65 � 3 7 � 1 9 � 1 18 � 1 1.38 � 0.15 2.47 � 0.21 105
�hupSL �phbC

strain
0.72 � 0.02 386 � 11 285 � 13 59 � 3 15 � 1 8 � 1 0 � 0 1.68 � 0.22 2.60 � 0.23 105

a Cells were grown anaerobically under continuous illumination on the glucose minimal medium supplemented with glutamate and bicarbonate.
b The net CO2 formation rate was calculated based on the measurements of the CO2 concentration in the headspace and the bicarbonate concentration in the medium of the
cultures.
c The biomass elemental composition was taken from reference 4.
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1 to 2 (24%; detected in valine) was much higher than that of PEP
fragments 1 to 2 (3%; detected in phenylalanine and tyrosine) in
the [1-13C]glucose labeling experiment, which directly demon-
strated the use of the ED pathway for glucose catabolism. The
activity of the EMP pathway could not be assessed simply by de-
tecting the 13C label at the C-3 position of pyruvate in the [1-
13C]glucose labeling experiment because the CBB cycle also yields
pyruvate that is 13C labeled at the C-3 position. Based on the 13C
labeling patterns of serine and phenylalanine from both [U-
13C]glucose and [1-13C]glucose labeling experiments, the frac-
tional contributions of alternative pathways to 3-P-glycerate and
PEP pools were quantitatively analyzed, and the EMP pathway
flux was found to be absent (Table 2). Consistently, in vitro en-
zyme activity analysis also confirmed that the R. sphaeroides
KD131 strain lacks the 6-phosphofructokinase activity under an-
aerobic photoheterotrophic conditions. In addition, because the
labeled fraction of glucose-6-P (i.e., 30%) was almost identical to
that of the input glucose and was not diluted by other intermediate
metabolites such as glyceraldehyde-3-P, no activity of fructose-
1,6-bisphosphatase was detected.

The activity of the CBB cycle was revealed by the 13C labeling
pattern of phenylalanine fragments 1 to 2 from the [U-13C]glucose
experiment (see Table S3 in the supplemental material). A signif-
icant fraction of C-1–C-2 carbon bonds in PEP were cleaved due
to the action of the CBB cycle. The flux ratio analysis showed that
more than 64% of PEP molecules originated through the CBB
cycle in the wild-type R. sphaeroides (Table 2). The absence of the
oxidative branch of the PP pathway was verified from the labeling
data of pentose-5-P (detected in histidine) found in the [U-13C]
glucose experiment, which were consistent with the data expected
when pentose-5-P was generated entirely from fructose-6-P and
glyceraldehyde-3-P through the CBB cycle. In agreement with this
result, no activity of 6-P-gluconate dehydrogenase was detected
from in vitro enzyme activity analysis.

The flux ratio analysis of R. sphaeroides showed that a small
fraction of oxaloacetate molecules were derived from pyruvate
via the anaplerotic reaction catalyzed by pyruvate carboxylase
(Table 2). The 13C label of TCA cycle intermediates such as
�-ketoglutarate (detected in glutamate and proline) and oxaloac-
etate (detected in aspartate and threonine) was significantly di-
luted (see Table S4 in the supplemental material) since glutamate
was utilized as the nitrogen source for nitrogenase-mediated hy-
drogen formation. Based on the analysis of labeling patterns of
�-ketoglutarate and oxaloacetate, no activity was found for the

ethylmalonyl-CoA pathway (9) that would result in a marked in-
crease in the 13C label of oxaloacetate fragments 1 to 2. Moreover,
the flux ratio analysis of R. sphaeroides showed the activities of
malic enzyme and PEP carboxykinase that catalyze the gluconeo-
genic conversion of malate to pyruvate and the conversion of
oxaloacetate to PEP, respectively (Table 2).

Comparing the results of flux ratio analysis of the R. spha-
eroides wild-type, �phbC, �hupSL, and double mutant �hupSL
�phbC strains, different flux ratio patterns were found (Table 2).
(i) The fraction of PEP molecules derived through the CBB cycle
was largest in the wild-type strain and smallest in the double mu-
tant, whereas the contribution of the ED pathway to pyruvate
synthesis was increased in the mutants. (ii) The fraction of pyru-
vate molecules originating from malate via malic enzyme was de-
creased in �phbC and �hupSL mutants and smallest in the double
mutant. (iii) A gradual increase in the amount of PEP molecules
arising from oxaloacetate via PEP carboxykinase was observed in
the following order: �phbC strain, �hupSL strain, and the �hupSL
�phbC double mutant.

Metabolic net fluxes. To quantitatively compare in vivo en-
zyme or pathway activities in R. sphaeroides wild-type and mu-
tants, the absolute net fluxes were quantified by combining the
physiological data (Table 1), the biomass composition data (see
Table S2 in the supplemental material), and the flux ratios (Table
2). Based on the results of flux ratio analysis, the reactions cata-
lyzed by 6-phosphofructokinase and 6-P-gluconate dehydroge-
nase, fructose-1,6-bisphosphatase, and the ethylmalonyl-CoA
pathway were omitted from the bioreaction network for net flux
analysis (Fig. 1). The intracellular net fluxes were then determined
as the best fit to the available data sets using a parameter-fitting
approach.

The flux distribution in wild-type R. sphaeroides grown under
anaerobic photoheterotrophic conditions was very different from
that reported previously for the aerobic chemoheterotrophic cul-
ture (13). During anaerobic growth on glucose with light, 51% of
the glucose molecules were routed through the ED pathway, 36%
converted to fructose-6-P that entered the CBB cycle, and the rest
was used for synthesis of biomass and extracellular polysaccha-
rides (Fig. 2). The ED pathway also supplied another key interme-
diate, glyceraldehyde-3-P, for the CBB cycle. The CBB cycle activity
was very high; the flux of CO2 fixation catalyzed by ribulose-1,5-P2

carboxylase was 66% relative to the glucose uptake rate and fixed
24% of the CO2 that was liberated through the TCA cycle and
pyruvate dehydrogenase (PDH). The flux between 3-P-glycerate

TABLE 2 Origins of metabolic intermediates determined by flux ratio analysis of experiments with 100% [1-13C]glucose, 30% [U-13C]glucose, and
70% naturally labeled glucose

Metabolitea

% of total pool in R. sphaeroides strain

Wild type �phbC strain �hupSL strain �hupSL �phbC strain

PEP through CBB cycle (lb) 64 � 3 53 � 3 38 � 4 28 � 4
PEP through CBB cycle (ub) 97 � 3 75 � 4 50 � 6 35 � 5
PEP from glucose (ub) 26 � 2 31 � 2 35 � 2 37 � 2
3PG through EMP pathwayb 0 � 1 0 � 1 0 � 1 0 � 1
PYR through ED pathway (lb) 21 � 4 23 � 1 26 � 1 30 � 1
OAA from PYR 5 � 1 7 � 1 2 � 1 7 � 1
PEP from OAA 10 � 1 15 � 1 18 � 1 27 � 1
PYR from MAL (ub) 32 � 4 16 � 2 13 � 2 5 � 1
a For metabolite abbreviations, see the legend to Fig. 1. lb, lower bound; ub, upper bound.
b Split ratios obtained from experiments with 100% [1-13C]glucose.
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and glyceraldehyde-3-P carried by glyceraldehyde-3-P dehydro-
genase (GAPDH) was operated in the CBB cycle (gluconeogenic)
direction. More than half of the 3-P-glycerate molecules synthe-
sized through the CBB cycle were fed into the glycolytic pathway
and the TCA cycle for complete oxidation, with only slight by-
product formation. The backward fluxes from the TCA cycle to
glycolysis carried by malic enzyme and PEP carboxykinase were
26% and 14%, respectively, relative to the glucose uptake rate.

The PHB synthase knockout mutant, the �phbC strain, exhib-
ited flux distributions similar to those of the wild type, except the
increased flux through the TCA cycle (Fig. 2A). Interestingly,
the inactivation of the H2-uptake hydrogenase extensively altered
the flux distribution (Fig. 2B). The flux through the ED pathway
was increased, and the GAPDH flux favored the glycolytic direc-
tion, while a lower fraction of glucose molecules was channeled
into the CBB cycle in the �hupSL strain and �hupSL �phbC dou-
ble mutant. The TCA cycle flux, particularly the flux through the
malate dehydrogenase, as well as the PDH flux was increased re-
markably in both mutants. An increase in the flux converting PEP
to pyruvate in both mutants could be contributed by higher activ-
ity of pyruvate kinase or the use of a phosphotransferase system

for glucose uptake (37). Moreover, these two mutants, especially
the �hupSL �phbC double mutant, exhibited a significantly
higher flux through the PEP carboxykinase and a lower flux
through the malic enzyme than the wild type.

NADH balancing. From the intracellular carbon fluxes deter-
mined from 13C labeling experiments, the rates of NADH forma-
tion and consumption from carbon metabolism were quantified
(Fig. 3). The NADH consumption for H2 production via the ni-
trogenase complex was calculated using the measured H2 evolu-
tion rate. The NADH balance was achieved within 6% for all four
stains. In wild-type R. sphaeroides, about 90% of the NADH gen-
erated during glucose oxidation was used for H2 production, and
the rest (10%) was oxidized by GAPDH in the CBB cycle (Fig. 3).
In hydrogenase-deficient mutants (�hupSL and �hupSL �phbC
strains), NADH oxidation was accomplished solely by H2 produc-
tion. Therefore, H2 production played a critical role in maintain-
ing redox balance in photoheterotrophically grown R. sphaeroides.
In all four strains studied, the TCA cycle and PDH and were the
major producers of NADH. The increase in the TCA cycle and
PDH fluxes in the three mutants led to the formation of a larger
amount of NADH than in the wild type. Compared to that in the

FIG 2 In vivo carbon flux distribution in H2-producing R. sphaeroides KD131 wild-type (top numbers) and �phbC mutant (bottom numbers) strains (A) and
in the �hupSL �phbC double mutant (top numbers) and �hupSL mutant (bottom numbers) (B). All strains were grown photoheterotrophically on glucose and
glutamate. The flux values are expressed relative to the specific glucose uptake rate of the respective strain. Arrows indicate the direction of the net fluxes
determined, and their widths are scaled to the fluxes in the wild-type strain in panel A and the double mutant in panel B. The 95% confidence intervals were less
than 10% for all the fluxes.
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wild-type strain, the NADH production rate was increased 1.4-,
1.7-, and 2.0-fold in the �phbC, �hupSL, and double mutant
�hupSL �phbC strains, respectively. This increase was contrib-
uted mostly by the higher fluxes through the TCA cycle and PDH
in the mutants, which accounted for 82 to 88% of the increase in
NADH formation. The change in GAPDH flux also made a minor
contribution (12 to 18%) to the increased NADH production.
Thus, the increase in the TCA cycle and PDH fluxes accounted for
most of the electrons needed for the increased H2 production in
the three mutants.

Enzyme activities and intracellular NADH and NAD� con-
centrations. Our flux data showed that compared to the wild-
type, the TCA cycle flux was increased remarkably in the three
mutants, particularly in hydrogenase-deficient mutants (�hupSL
and �hupSL �phbC strains). To investigate the regulatory mech-
anisms involved in this flux change, in vitro activities of malate
dehydrogenase and citrate synthase in the TCA cycle were deter-
mined for all four strains. As shown in Fig. 4, the specific activities

of both enzymes were increased in the three mutants, and the
�hupSL �phbC double mutant exhibited about 1.7-fold higher
activities of malate dehydrogenase and citrate synthase than the
wild type. To investigate the correlations of in vivo TCA cycle
enzyme activities with the pool sizes of intracellular redox equiv-
alents, we determined the intracellular concentrations of NADH
and NAD� (Table 3). In accordance with previous findings (22),
the NAD(H) pool was largely in the reduced form, NADH, under
anaerobic photoheterotrophic conditions. An increase in the sizes
of both NADH and NAD� pools in the three mutants was ob-
served. From these data, the NADH/NAD� concentration ratio
was calculated, which was decreased significantly in the three mu-
tants and lowest in the �hupSL �phbC double mutant (Table 3).
These results suggested that the was more oxidized in the mutants,
which may be related to the increase in the TCA cycle flux.

DISCUSSION

The primary objective of this study was to quantitatively elucidate
how photoheterotrophic R. sphaeroides manipulates the meta-
bolic network and redistributes intracellular fluxes for increased
H2 production. To do this, we identified the network of glucose
metabolism and quantified the carbon fluxes in photohetero-
trophic R. sphaeroides by using 13C-constrained metabolic flux
analysis. The flux results showed that the ED pathway was the
major glucose catabolic pathway, while the complete EMP and PP
pathways were absent. The in vivo activity of the CBB cycle was
very high, which diverts fructose-6-P and glyceraldehyde-3-P to
synthesize ribulose-1,5-diphosphate (ribulose-1,5-P2), then fix
CO2, and finally generate 3-P-glycerate. In combination with the
glycolytic reactions converting 3-P-glycerate to pyruvate, the ex-
tensive activity of the CBB cycle constitutes a catabolic route of
glucose. As shown in Fig. 5, we analyzed the stoichiometries
of three catabolic routes: the ED pathway only, the combination of
the ED pathway and CBB cycle with the net flux through GAPDH
of zero, and the CBB cycle only. The use of the CO2-fixing CBB
cycle for glucose catabolism leads to increased yields of pyruvate
molecules from glucose. Although the CBB cycle dissipates ATP, it
does not seem to be of major consequence since the cyclic photo-
phosphorylation generates a huge amount of ATP (�10 mmol
g�1 h�1), based on our calculation using the reported model of the
electron transport chain of purple nonsulfur bacteria (24, 40).
Another big difference between the three catabolic routes is the
formation of the reducing equivalents NADH and NADPH, partly
because of the different directions of the GAPDH reaction (Fig. 5).
The ED pathway generates one NADH and one NADPH molecule
per molecule of glucose catabolized. The combined use of the ED
pathway and CBB cycle significantly reduces the formation of the
reducing equivalents, especially NADH. If the CBB cycle is the sole

FIG 3 NADH balancing based on metabolic flux distributions. NADH for-
mation was contributed by PDH, the TCA cycle, the ED pathway, and biomass
synthesis. NADH was consumed via H2 production. The GAPDH reaction in
the CBB cycle could contribute to NADH formation or consumption.

FIG 4 In vitro activities of citrate synthase and malate dehydrogenase in crude
cell extracts. Activities with standard deviations are from at least triplicate
experiments.

TABLE 3 Intracellular NADH and NAD� concentrationsa

Strain

NADH
(�mol/g of
CDW)

NAD�

(�mol/g of
CDW)

NADH/
NAD�

ratio

Wild type 2.33 � 0.28 0.31 � 0.03 7.52 � 0.90
�phbC strain 2.53 � 0.23 0.67 � 0.09 3.78 � 0.51
�hupSL strain 3.81 � 0.32 2.22 � 0.19 1.72 � 0.15
�hupSL �phbC

strain
3.82 � 0.44 2.44 � 0.26 1.57 � 0.18

a Concentrations with standard deviations are from at least triplicate experiments.
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catabolic pathway, one NADH molecule is consumed per mol-
ecule of pyruvate synthesized. Our flux results showed that the
contribution of the ED pathway and CBB cycle to glucose ca-
tabolism varied significantly and that the flux through GAPDH
was operated in opposite directions between the wild-type and
hydrogenase-deficient R. sphaeroides strains. This flux change
contributed about 17% to the increased NADH production in
�hupSL and double mutant �hupSL �phbC strains.

The major contributor to the increased NADH production in
the mutants was the higher flux through PDH and the TCA cycle.
We attempted to analyze the regulatory mechanisms involved in
this flux change by measuring the in vitro activities of TCA cycle
enzymes and intracellular concentrations of NADH and NAD�. A
significant decrease in the NADH/NAD� concentration ratio was
observed for the three mutants, especially the �hupSL �phbC
double mutant. It has been reported that the activity of citrate
synthase from Rhodobacter capsulatus was increased under “low
reducing power” conditions (i.e., low NADH/NAD� ratio) (8).
Therefore, our results suggested that the increase in the TCA cycle
flux in the mutants could result from activity-level regulation via
the changes in the NADH/NAD� ratio. These redox cofactors
could also regulate the in vivo activities of CBB cycle enzymes such
as ribulose-5-P kinase (34).

Significant changes in the fluxes converting C4 metabolites of
the TCA cycle to C3 intermediates of glycolysis were found in
response to knockout of PHB synthase or hydrogenase. In the
three mutants, especially the �hupSL �phbC double mutant, the
flux through the malic enzyme catalyzing the conversion of malate
to pyruvate was reduced significantly, whereas the fluxes from
malate to oxaloacetate to PEP to pyruvate, which are catalyzed by
malate dehydrogenase, PEP carboxykinase, and pyruvate kinase,
are increased remarkably. The malate dehydrogenase was re-
ported to be entirely NAD� dependent (14), and the malic en-
zyme was suggested to be NADP� dependent based on annotation
and prediction from the protein sequence. Thus, this flux change
may result in increased formation of NADH rather than NADPH
although the underlying regulatory mechanisms remain unclear.
Considering that NADPH is mainly used for biomass formation,

the biosynthetic requirements of NADPH were reduced for the
mutant strains due to the lower biomass yields. Therefore, by
changing the route of malate-to-pyruvate conversion, more
NADH but less NADPH could be produced in the mutant strains
than in the wild type.

In summary, this study provides quantitative insights into how
the intracellular fluxes in photoheterotrophic cells are redistrib-
uted in response to knockout mutations to generate more elec-
trons for increased H2 production. By using a similar method, a
recent study has analyzed the factors affecting H2 yield in Rhodo-
pseudomonas palustris during photoheterotrophic growth on am-
monia and various carbon sources (31). Both studies provide
quantitative knowledge of how purple nonsulfur bacteria flexibly
select and operate various metabolic pathways in response to ge-
netic or environmental perturbations. This information will be
useful for metabolic engineering of this group of bacteria to im-
prove photobiological production of H2.
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