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Sodium gradients in cyanobacteria play an important role in energy storage under photoautotrophic
conditions but have not been well studied during autofermentative metabolism under the dark, anoxic condi-
tions widely used to produce precursors to fuels. Here we demonstrate significant stress-induced acceleration
of autofermentation of photosynthetically generated carbohydrates (glycogen and sugars) to form excreted
organic acids, alcohols, and hydrogen gas by the halophilic, alkalophilic cyanobacterium Arthrospira (Spirulina)
maxima CS-328. When suspended in potassium versus sodium phosphate buffers at the start of autofermen-
tation to remove the sodium ion gradient, photoautotrophically grown cells catabolized more intracellular
carbohydrates while producing 67% higher yields of hydrogen, acetate, and ethanol (and significant amounts
of lactate) as fermentative products. A comparable acceleration of fermentative carbohydrate catabolism
occurred upon dissipating the sodium gradient via addition of the sodium-channel blocker quinidine or the
sodium-ionophore monensin but not upon dissipating the proton gradient with the proton-ionophore dinitro-
phenol (DNP). The data demonstrate that intracellular energy is stored via a sodium gradient during auto-
fermentative metabolism and that, when this gradient is blocked, the blockage is compensated by increased
energy conversion via carbohydrate catabolism.

Aquatic microbial oxygenic phototrophs (AMOPs) such as
green algae, cyanobacteria, and diatoms are being examined as
potential feedstocks for renewable energy production (3, 16,
20). While the proven recoverable biomass energy yield per
unit area from culturable AMOPs exceeds that from most
terrestrial energy crops (16), finding suitable methods for ef-
ficient conversion of this biomass to liquid and/or gaseous fuels
and bioelectricity is a subject of intensive research (9, 20, 29,
44). One strategy for this conversion is autofermentation of
live cells to produce hydrogen gas, ethanol, and/or organic
acids in a recurring “cell factory” mode of photosynthesis and
autofermentation (39).

Some AMOPs have the capacity to produce cellular energy
via autofermentation, which involves the catabolism of photo-
synthetically produced energy storage compounds, such as sol-
uble sugars and glycogen, under dark, anoxic conditions (39).
For this method to become a competitive strategy for fuel
production, current limitations with respect to efficiency and
low rates of autofermentation of biomass to fuels must be
overcome. Strategies to address these issues include boosting

the photosynthetic production of the fermentable carbohy-
drate fraction and its conversion to hydrogen or ethanol, ac-
celerating the rate of autofermentation to make it comparable
to that rate seen with the diurnal solar cycle, and suppressing
essential biopolymer catabolism.

The filamentous, nondiazotrophic cyanobacterium Arthro-
spira maxima CS-328 is a promising organism for sunlight-to-
biofuel conversion. A. maxima thrives under extreme salt and
pH conditions in alkaline (pH 9.5 to 11) soda lakes at high
concentrations (0.4 to 1.4 M) of sodium (bi)carbonate. These
conditions lead to accumulation of high levels of sugars and
glycogen as an osmolyte and an energy reserve, respectively. A.
maxima exhibits a high quantum efficiency of charge separation
induced by photosystem II (PSII), resulting in a complex with
the fastest in vivo water-oxidizing activity of all oxygenic pho-
totrophs examined to date (2). For these and other reasons,
including (i) high biomass productivity (23) and a developed
technology for mass production (5, 46), (ii) toleration of large
changes in osmotic pressure (salt concentration) without lysis
(13), and (iii) production of long (�1-mm) filaments that are
often buoyant and amenable to easy harvesting and medium
exchange, A. maxima represents an attractive starting point to
serve as a cell factory for large-scale hydrogen, ethanol, or
organic acid production.

In its natural environment, Arthrospira sp. filaments grow to
high cell densities, leading to thick mats at the surface of saline
alkaline lakes (23). At night, cells respire oxygen at high rates
to generate energy for osmotic balance, thereby regularly en-
countering microoxic or anoxic conditions. To survive these
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conditions, it has a well-developed fermentative metabolism.
Studies of the yield of autofermentative hydrogen production
by A. maxima reveal it to be among the highest reported, and
this can be influenced by a range of environmental factors to
accelerate the rate to better match the rate seen with the
diurnal cycle (1, 11). For example, by the use of strategies such
as dietary supplementation of nickel to fully load [NiFe]-
hydrogenase (bidirectionally encoded by hox) and a two-stage
growth cycle to stimulate metabolic processes under conditions
of darkness, thus leading to a reduction in the supply of (bi)
carbonate, nitrate removal, and other environmental stresses,
substantial increases in hydrogen rate and yield in those studies
were reported. Arthrospira spp. have been reported to produce
ethanol, acetate, lactate, and formate along with hydrogen gas
as autofermentative end products (4, 12, 13).

Arthrospira spp. have a higher energy demand for homeo-
stasis than freshwater AMOPs, owing to their native ecological
niche in environments of high alkalinity and ionic strength.
They are known to maintain a sodium gradient that is used to
import carbonate via an obligate sodium carbonate symporter
(6, 10). As expected, they also have a membrane-bound sodium
extrusion pump that is dependent on the presence of ATP (6),
allowing adaptation to various salt concentrations. High-level
extracellular salt conditions do not lead to increases in intra-
cellular sodium or potassium ions but are instead osmotically
balanced by an increase in the biosynthesis of low-molecular-
weight sugars (osmolytes) (13, 45, 48). Highlighting the impor-
tance of sodium ions for proper maintenance of homeostasis, it
was previously shown that replacement of sodium with potas-
sium in growth medium caused rapid cell death of Arthrospira
platensis under aerobic conditions via cell lysis and that the cell
death was accelerated by exposure to light (35).

There are many examples of anoxic nonphotosynthetic bac-
teria that can couple energy conversion by substrate-level
phosphorylation generated during autofermentation of sub-
strates to sodium ion gradients generated by electron transport
(see reviews in references 28, 31, and 38). Here we examine
whether the sodium ion gradient, which is known to be in-
volved in cellular functions in A. maxima during photoau-
totrophic growth, can be used to accelerate the rate and yield
of autofermentation under dark, anoxic conditions.

MATERIALS AND METHODS

Cell culturing. Arthrospira (Spirulina) maxima (CS-328) was obtained from the
Tasmanian CSIRO Collection of Living Microalgae and was grown at 30°C in
batch culture in 4-liter Erlenmeyer flasks or 2.8-liter Fernbach flasks containing
1 liter of modified Zarrouk’s medium (6.5 g liter�1 NaHCO3 and 7.0 g liter�1

Na2CO3 Na2CO3 instead of 18.0 g liter�1 NaHCO3, 10 to 30 mM NaNO3, initial
pH 9.8) supplemented with 1 �M NiCl as previously described (11). Cultures
were illuminated by cool white fluorescent lamps with a light flux of 40 �E m�2

s�1 on a 12-h light-dark cycle. Cells were harvested as early as 10 days after
inoculation (cell density, 0.9 g of dry weight [DW]/liter of culture) or remained
in batch culture for up to 20 days (1.5 to 2.3 g DW/liter of culture). For some
experiments, cells were then transferred to fresh growth medium containing no
nitrogen source (30 mM NaNO3 replaced with 30 mM NaCl). Nitrate-free
cultures were then incubated under the same light and temperature conditions
for an additional 2 to 4 weeks, resulting in chlorosis (partial loss of phycobillins
and chlorophyll) and accumulation of higher sugar and glycogen content (1, 4).
Cell densities of nitrogen-starved cultures at harvest were between 1.5 and 2.3 g
DW/liter of culture, as indicated in the figure legends.

Cell autofermentation. A. maxima filaments were harvested from liquid
cultures by vacuum filtration onto porous filter discs (Pall Life Sciences, Ann
Arbor, MI) (5 �m pore size) and resuspended in fermentation buffer (de-

scribed in Results) at cell densities equivalent to those at harvest (0.9 to 2.3 g
of dry weight liter�1). Aliquots (3 ml) of these suspensions were pipetted into
small glass vials (10 ml total volume). Vials were subsequently sealed with
Teflon-coated rubber septa and covered with aluminum foil for darkness. The
headspace in each vial was purged with argon gas to induce microoxic con-
ditions. Residual dissolved oxygen in these samples was rapidly consumed by
respiration, as confirmed in independent samples with a Clark-type electrode
(data not shown). Vials were then incubated at 30°C under these dark, anoxic
conditions for up to 3 days. All biological samples were prepared in triplicate.
For time course experiments, 9 biological replicate samples, 3 of which were
measured at each time point, were prepared in parallel. We note that the
minimal buffer capacity of the fermentation medium was around 50 mM
whereas the total concentration of organic acids produced in the experiments
presented here did not exceed 2 mM, indicating that the pH was likely stable
throughout the fermentative time course.

Fermentation product measurements. Hydrogen in the headspace above the
cultures was measured by withdrawing headspace samples (200 �l) with a
gastight syringe (Hamilton) and injection in a calibrated gas chromatograph
(Gow-Mac) equipped with a 13� molecular sieve column and argon carrier gas.
Following hydrogen measurements, vials were opened and A. maxima cell sus-
pensions were immediately passed through prewashed 0.2-�m-pore-size syringe
filters (Whatman, Florham Park, NJ). The resulting cell-free solutions were
collected into Eppendorf tubes. An aliquot (540 �l) of the solution was pipetted
into a Pyrex nuclear magnetic resonance (NMR) tube (New Era Enterprises,
Inc., Vineland, NJ), to which 60 �l of D2O containing 30 �g/ml TSP [3-(tri-
methylsilyl)propionic-2,2,3,3-d4 acid, sodium salt] (Aldrich) was added, and
tubes were mixed by inversion and vortexing. Water-soluble end products were
measured by 1H-cryoprobe-assisted nuclear magnetic resonance spectroscopy at
500 MHz as described elsewhere (12).

Total carbohydrate determinations. Total sugar amounts were determined
from filament suspensions based on a modified anthrone method that was de-
veloped for whole-cell suspensions of yeast (43) and that has been applied to
studies performed with intact filaments of A. maxima (42). Cell suspensions (100
�l) were added to anthrone reagent (Sigma) solution (900 �l) (0.2 g of anthrone
per 100 ml of 71% sulfuric acid in water), and the solutions were heated at 100°C
for 10 min. The absorbance at 620 nm of the resulting solution was measured in
a spectrophotometer. The absorbance was compared against a calibration curve
prepared with glucose standards (Sigma) that ranged from 10 to 50 �g of glucose
per 100 �l of solution. A calibration curve prepared with bovine glycogen
(Sigma) had the same slope as the one prepared with glucose (data not shown),
and calibration curves prepared with trehalose and sucrose had slopes that were
twice as steep as that of glucose on a molar basis (data not shown). The anthrone
method was used to determine carbohydrate content in cells before and after
autofermentation, and the difference was taken to represent the total amount of
carbohydrate that had been catabolized.

Glycogen determination. Glycogen content of cells during fermentation was
determined by a method similar to that reported by Ernst et al. (17). Briefly,
1 ml of cells was pelleted by centrifugation after 1 to 3 days of fermentation.
To each pellet, 200 �l of 48% aqueous KOH was added. Alkaline suspensions
were subjected to vortexing and then incubated at 100°C for 1 h. Subse-
quently, 600 �l of cold (0°C) absolute ethanol was added and the suspension
was centrifuged at 13,000 � g. The supernatant was discarded, and the pellet
was washed with cold ethanol, dried using air at 70°C, and suspended in 1 ml
of 200 mM sodium acetate buffer (pH 4.75) containing 2.7 U of amylogluco-
sidase and 2.1 U of amylase (Sigma). This solution was incubated at 37°C
overnight, after which glucose concentrations were determined by the use of
a glucose assay kit that relies on glucose-oxidase, peroxidase, and o-dianisi-
dine (Sigma) and light absorption at 520 nm. The level of glycogen recovery
determined by this method with known quantities of bovine glycogen (Sigma)
was greater than 95%.

Genome sequencing. The draft whole-genome shotgun sequencing of the A.
maxima was performed by the Joint Genome Institute (U.S. Department of
Energy, Walnut Creek, CA). Total genomic DNA was prepared from an axenic
culture of A. maxima according to specifications of the Joint Genome Institute.
The draft genome was assembled into 129 contigs greater than 2 kb in size and
was approximately 6.0 Mb in total. The resulting data were subjected to autoan-
notation and were deposited in GenBank and are also available at http://genome
.jgi-psf.org/draft_microbes/artma/artma.info.html.

Nucleotide sequence accession number. The draft genome sequence of A.
maxima strain CS-328 has been deposited in GenBank (accession no.
ABYK00000000).
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RESULTS

A draft sequence of the genome of A. maxima strain CS-328
was recently determined, and an initial annotation of the data
was performed. Given the observed fermentative end products
and the genes present in the genome that presumably encode
enzymes in glycolysis, the oxidative pentose phosphate (OPP)
pathway, and fermentation, a scheme to determine the possible
fates of carbohydrates during autofermentation in A. maxima
was assembled to serve as a theoretical framework for hypoth-
esis testing (Fig. 1). Intracellular carbohydrates were deter-
mined to be dominated by a mixture of osmolytes (glucosyl-

glycerol and trehalose) and glycogen, as has been previously
reported for Arthrospira species (12, 48). Of specific interest in
Fig. 1 are the stoichiometries of fermentative end products
determined via examination of the Embden-Meyerhof-Parnas
pathway (glycolysis) and the OPP pathway, both of which are
active during fermentation in other cyanobacteria (39). During
fermentation, one glucose equivalent can yield two lactate, two
acetate, or two ethanol molecules via glycolysis, whereas one
glucose equivalent yields only one lactate, one acetate, or one
ethanol molecule via the OPP pathway. The more extensive
oxidation occurring via the OPP pathway produces 6 additional

FIG. 1. Catabolism of glucose equivalents derived from previously observed substrates (black ovals) (13), the experimentally observed excreted
products (white ovals), and enzymes encoded in the A. maxima genome (gray italic characters) as well as their NCBI reference sequences (gray
roman characters). All proteins necessary for these reactions are encoded in the A. maxima draft genome. Multistep reactions are abbreviated
(indicated by dotted arrows without enzyme annotation). The OPP pathway abbreviated here was determined based on the idea of full cycling of
fructose-6-phosphate. A more detailed scheme to illustrate the stoichiometry of OPP is provided in Fig. S1 in the supplemental material. Enzyme
abbreviations: LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase; PFL, pyruvate formate lyase; PFOR, pyruvate ferredoxin oxidoreduc-
tase; FNR, ferredoxin-NADP reductase; PNT, pyridine-NADH transhydrogenase; PTA, phosphotransacetylase; ACK, acetate kinase; ADHE,
bifunctional aldehyde alcohol dehydrogenase; H2ase, hydrogenase.
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NADPH equivalents per glucose molecule. Control of the
fluxes through the OPP pathway and glycolysis provides the
basis for redox balancing. A more detailed scheme that illus-
trates the stoichiometry of the OPP pathway is provided in Fig.
S1 in the supplemental material.

To investigate the influence of the sodium gradient on
autofermentation products, filaments from nitrate-free
growth medium were resuspended in 50 mM sodium phos-
phate buffer or 50 mM potassium phosphate buffer and
excreted products were monitored by NMR. The replace-
ment of sodium by potassium led to 67% increases in hy-
drogen, ethanol, and acetate yields (Fig. 2A to C). Lactate,
which was nearly undetectable from filaments suspended in
sodium phosphate buffer, was produced in significant
amounts from filaments in isotonic potassium phosphate
buffer (Fig. 2D). In contrast, formate production from fila-
ments suspended in potassium phosphate buffer was 2- to

4-fold lower than from those in sodium phosphate buffer
(Fig. 2E). No other hydrogen-containing autofermentative
products were excreted in detectable (�50 �M) amounts in
the experiments presented here.

Total intracellular carbohydrate content before and after
fermentation was measured using actively growing cultures in
complete growth media after 10 days of growth (DW � 0.9
g/liter of culture) after they were resuspended in 50 mM buffer
at three different pH values (MES [morpholineethanesulfonic
acid], pH 5.9; potassium phosphate, pH 7.0; Tricine, pH 8.3)
with the addition of either 100 mM sodium chloride or 100 mM
potassium chloride. We studied the effects on young cells
rather than on N-starved cells (see the results presented in Fig.
2) to demonstrate that the apparent sodium gradient effect was
not specific to N-starved cells. Figure 3 shows increased car-
bohydrate catabolism for cells in the absence of sodium ions.
The total volume of carbohydrate degraded after 1 day is about

FIG. 2. Effect of replacement of sodium with potassium on autofermentative product yields of N-starved cells, fermented at pH 7.0. A. maxima
filaments were harvested from a culture adapted for 22 days in nitrate-free growth medium at a cell density of 1.5 g DW/liter of culture. Filaments
were resuspended at this cell density in 50 mM sodium or potassium phosphate buffer and incubated for up to 3 days under dark, anaerobic
conditions.
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one-quarter to one-third greater in the absence of sodium and
is independent of pH levels between 5.9 and 8.3.

As used to produce the results shown in Fig. 3, the anthrone
method measures total intracellular carbohydrate levels in
cells; however, it would be useful to know whether glycogen
catabolism, specifically, is increased when sodium is removed
during fermentation. Figure 4 shows the glycogen content of
N-starved cells from N-depleted growth media that were re-
suspended in 50 mM Tricine (pH 8.3) containing a 100 mM
addition of either sodium or potassium chloride. The con-
sumption rate of glycogen increased approximately 2-fold after
sodium had been replaced with potassium.

Quinidine is a sodium-specific ion-channel blocker that has
often been used in cardiac studies (18) but has been shown
to exhibit efficacy in Arthrospira spp. for sodium-dependent
(bi)carbonate transport (6, 10). The effect of quinidine on
fermentative product yields was tested on N-starved cultures
grown as described for Fig. 2 (e.g., DW � 2.3 g/liter of culture).
Quinidine (100 �M) was delivered to suspensions of A. max-
ima in 50 mM sodium phosphate buffer containing perdeuter-
ated (d6) dimethyl sulfoxide (d6-DMSO) as a carrier solvent
(final d6-DMSO concentration, 1% [vol/vol]). Quinidine addi-
tion to suspensions of A. maxima in 50 mM sodium phosphate
buffer significantly increased the autofermentative yields of
ethanol, acetate, lactate, and formate (Fig. 5). The effect was
similar to that of replacement of sodium with potassium on the
autofermentative yields of ethanol, acetate, and lactate. The
effect of adding only 1% d6-DMSO was insignificant (Fig. 5).

To further test whether the effect of sodium replacement
with potassium is a sodium ion-specific effect, we measured the
yields of excreted products for cells autofermented in the pres-
ence of either dinitrophenol (DNP), a known proton iono-
phore, or the sodium proton-exchanger monensin (33). The
observed products (excreted at or above the detection limit of
�50 �M) from these and all other experiments were hydrogen,
acetate, ethanol, formate, and lactate. Figure 6 gives the ratios
of yields relative to untreated cell results (control with no
additions). Within the error ranges, all fermentation product
yields were equivalent to those of the control for cells treated
with DNP, except for the acetate yield, which showed a 2-fold

increase. In contrast, cells treated with monensin exhibited
large increases in stimulation of carbon fermentation products:
for acetate, 2�; for formate, 4�; and especially for ethanol
(30�) and lactate (55�). The hydrogen yield decreased appre-
ciably (5�), as expected based on the considerable consump-
tion of NADH required for the additional lactate and ethanol
excretion. An approximate 2-fold stimulation of total carbohy-
drate consumption occurred for cells treated with monensin
relative to control levels (see Fig. S2 in the supplemental ma-
terial).

DNP is a poor uncoupler under conditions of alkaline pH
and was therefore not tested in fermentation buffers above pH
7.0. However, we did test the effect of another proton uncou-
pler, 2 �M p-trifluoromethoxycarbonylcyanidephenylhydra-
zone (FCCP), on N-starved cells fermented at pH 8.3. This
treatment led to complete cell lysis (verified by microscopy) in
less than 24 h under dark, anoxic conditions.

DISCUSSION

The results demonstrate that interruption of the sodium ion
gradient across the cell membrane under dark, anoxic condi-
tions for metabolism causes a large increase in rates of catab-
olism with respect to intracellular energy reserves (in the form
of carbohydrate). This conclusion is supported by the results of
all three direct tests we applied: replacement of sodium with
potassium in the buffer, addition of the sodium channel
blocker quinidine, and addition of the sodium ionophore
monensin with sodium present in the fermentation buffer. To
our knowledge, no other studies have investigated the role of
sodium ion gradients in modulating the autofermentative ca-
tabolism of carbohydrates in cyanobacteria under dark, anoxic
conditions. However, many other nonphotosynthetic bacteria,
especially halophilic bacteria, operate in this way (see reviews
in references 28, 31, and 38).

In cyanobacteria, a sodium ion gradient can play a dominant
role in solute transport (for example, influx of bicarbonate
coupled to sodium influx) under photoautotrophic conditions

FIG. 4. Glycogen content of N-starved cells in the presence of
sodium or potassium chloride in fermentation buffer (Tricine; pH 8.3).
Cells were grown in full media and then subjected to nitrogen starva-
tion under the same growth conditions. The cell density was 2.3 g
DW/liter of culture at harvesting, and cells were resuspended in Tri-
cine buffer with the addition of 100 mM sodium or potassium chloride
at this cell density.

FIG. 3. Carbohydrate consumption of N-replete cells in the pres-
ence of 100 mM sodium or potassium chloride in 50 mM fermentation
buffer after 1 day of anaerobic incubation in the dark. Cells were grown
from inoculation for 10 days to a density of 0.9 g DW/liter of culture
and harvested for fermentation studies. The fermentation buffers
used were MES (pH 5.9), potassium phosphate (pH 7.0), and Tri-
cine (pH 8.3).
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and pH regulation through sodium-proton antiporters (6, 8, 34,
41). For A. maxima cells, we hypothesize that the sodium
gradient is oriented across the cytoplasmic membrane, with
high sodium levels in the periplasm of the cell, in analogy to A.
platensis cells, in which the intracellular sodium content has
been shown to remain unchanged when the sodium concentra-
tion in the external medium is increased (45).

Figure 7 presents a scheme designed to help summarize and
explain the observed relationship between fermentative me-
tabolism and ion gradients in A. maxima deduced from our
work. It is also based on information from the literature and
identification of gene homologues that presumably encode key
enzymes involved in sodium and proton ion gradients. How-
ever, as membrane energetics in cyanobacteria has been stud-
ied predominantly, if not exclusively, under aerobic conditions,
we emphasize that this model is provided to generate hypoth-
eses that can be tested in future work.

FIG. 6. Effect of the ionophores dinitrophenol (DNP) and monen-
sin on excreted metabolite yields at pH 7.0. Cells in 50 mM sodium
phosphate buffer were incubated under conditions of dark anoxia in
the presence of 100 �M DNP, 100 �M monensin, or no addition. The
ratios of yields relative to untreated cell results are given.

FIG. 5. Effect of 100 �M quinidine on autofermentative product yields from N-starved cells fermented at pH 7.0. Filaments were harvested
from a culture adapted for 28 days in nitrate-free growth medium (cell density, 1.6 g DW/liter of culture). Quinidine was dissolved in d6-DMSO
(deuterated) and added to A. maxima cells suspended in 50 mM sodium phosphate buffer (� DMSO � quinidine) at this cell density. The effect
of pure DMSO (� DMSO) relative to the results seen with the control (no additions) was also tested. In the suspensions to which DMSO was
added, the DMSO concentration was 1% (vol/vol).
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Several insights and questions arise from the observation
that catabolic flux can increase as a result of removing the
sodium ion gradient. In bacteria in which this coupling has
been examined during respiratory and photosynthetic metab-
olism, this increase is a response that restores the cellular
energy charge (CEC), i.e., the ratio of ATP � 0.5 ADP to
ATP � ADP � AMP, by substrate-level phosphorylation via
glycolysis (Fig. 1). We hypothesize that the ion gradient either
contributes directly to ATP generation through a sodium-pro-
ton-dependent ATP synthase or is utilized in some other way
to power a process (such as solute transport or pH regulation)
that, in the absence of a sodium or proton gradient, requires
ATP. From Fig. 7, it is apparent that sodium and proton
gradients can be exchanged via sodium-proton antiporters in
A. maxima.

Ohmori and Ohmori have suggested that A. platensis has the
ability to couple the influx of sodium across its cytoplasmic
membrane to drive ATP synthesis (30). Those authors showed
that, as a result of suspending filaments in the presence of 0.22
M sodium and 20 mM cyclic AMP (cAMP) at alkaline pH, the
ATP concentration of the cell increased and was accompanied
by a decrease in ADP and AMP. They used the sodium chan-
nel blocker amiloride and the sodium ionophore monensin to

show that this effect was dependent on the sodium gradient.
They also showed that addition of the proton ionophore CCCP
(carbonyl cyanide m-chlorophenylhydrazone) did not decrease
this effect, indicating that energy exchanges between sodium
gradients and ATP but not proton gradients. These results are
in full agreement with our various observations of the fermen-
tative rate, which is highly accelerated by replacement of so-
dium with potassium in fermentation buffers, or by addition of
quinidine or monensin, but not by addition of DNP.

We note that a high-resolution structure (2.1 Å) of the c-ring
of the FoF1-ATP synthase from A. platensis shows a proton-
bound state under conditions in which sodium ions are in a
1,000-fold excess compared to the proton level, suggesting high
specificity for protons over sodium for the FoF1-ATP synthase
(32). Yet Berry et al. proposed that sodium extrusion occurs
via the activity of an ATP-dependent primary sodium pump
during photosynthesis in the same organism (6), and a similar
conclusion was supported by photosynthetic studies performed
with A. maxima (10). Wiangnon et al. characterized isolated
plasma membranes from another alkaliphilic, halotolerant cya-
nobacterium, Aphanothece halophytica, and proposed the pres-
ence of a P-type ATPase that extrudes sodium at the expense
of ATP hydrolysis (49). The gene for this proposed ATPase has

FIG. 7. Proposed mechanisms involving sodium and proton gradients and ATP production and hydrolysis in A. maxima. Each circled X
indicates a site where quinidine is likely to block the influx of sodium. The ionophore monensin collapses sodium gradients across cell membranes
by exchanges with protons. DNP and FCCP are proton ionophores that collapse proton gradients. NCBI reference sequences of putative
membrane proteins (possibly) involved in proton-sodium gradient utilization are given from the draft genome sequence of A. maxima. Sodium
bicarbonate symporters are likely present but probably do not play a role in catabolism of carbohydrates during autofermentation. That protein
representation is therefore shown in gray.
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not been sequenced to date (A. Incharoensakdi, personal com-
munication), but two P-type ATPase homologues are present
in the A. maxima genome (Fig. 7). We propose that a sodium
ion gradient is maintained in equilibrium with the CEC in the
cell, either via the activity of an unknown protein (possibly one
or both of the two P-type ATPase homologues) or via the
activity of a combination of Na�/H� antiporters and a H�-
dependent ATP synthase (such as the FoF1-ATP synthase).

Our data do not prove that the sodium ion gradient is in a
direct exchange with the CEC, although this is the simplest
interpretation and has been shown to be the case in other
bacteria. Instead, it could be used to directly facilitate energy-
dependent processes, such as solute transport or intracellular
pH regulation. Physiological evidence of the presence of a
sodium-bicarbonate symporter that can be blocked by quini-
dine has been previously reported for A. platensis and A. max-
ima (6, 10). In Synechocystis sp. PCC 6803, this enzyme is
encoded by the gene designated sbtA (37). We found no ho-
mologues of this gene in the A. maxima genome. However,
marine cyanobacteria such as Synechococcus sp. PCC 7002 also
have an additional sodium-bicarbonate symport protein that is
encoded by the gene designated bicA (34); two genes homol-
ogous to bicA are present in the A. maxima genome (Fig. 7). It
is not expected that bicarbonate uptake would be important
during dark anaerobiosis in A. maxima, but it is a likely site for
quinidine blockage. Under the conditions presented in the
manuscript, the only energy needs for transport might involve
importing bicarbonate or exporting fermentative end products,
as there are no other components (i.e., no added trace metals
or macronutrients such as nitrate) in the fermentation buffers.
Because bicarbonate would not seem to be needed during dark
anaerobisis (carbon fixation is not needed, although the pos-
sibility of such fixation is not precluded), the most likely ex-
planation in accordance with this hypothesis is that cells use
energy to export fermentative end products to allow catabolism
to continue, using energy from the sodium gradient. In the
absence of a sodium gradient, ATP would be used to export
these products.

Sodium is necessary for maintaining pH homeostasis, pre-
sumably with the assistance of sodium-proton antiporters in A.
platensis (35). In alkaliphilic heterotrophic bacteria, it has been
shown that the removal of sodium is coupled to a loss of
regulation of the intracellular pH and a concomitant shift to
that of the medium (24, 25). Two sodium-proton antiporters
are present in the genome of A. maxima (Fig. 7). They are well
understood in Synechocystis sp. PCC 6803 (8, 21). These anti-
porters couple the influx of a proton with the extrusion of a
sodium ion. We note here, however, that the increase in car-
bohydrate consumption in cells suspended in buffers contain-
ing potassium rather than sodium does not appear to be pH
dependent (Fig. 3). At all pH values between 5.9 and 8.3 that
were tested, cells consumed the same amount of carbohydrate
in 2 days when suspended in buffers in which all sodium has
been replaced with potassium. If the sodium ion gradient were
used solely for pH maintenance, one would expect the differ-
ence in carbohydrate consumption between buffers containing
sodium and buffers containing only potassium to be higher at
pH values further from neutral pH (e.g., a larger increase in
carbohydrate consumption upon replacement of sodium with
potassium at pH 5.9 and/or 8.3 than at pH 7.0). No such trend

was observed, and the collapse of a proton gradient alone at
pH 7.0 with addition of DNP did not result in substantial
increases in lactate and ethanol production at pH 7.0 (Fig. 6).
This result was observed in experiments involving replacement
of quinidine, monensin, or sodium with potassium.

Another insight worth noting is that, because addition of
DNP does not significantly stimulate fermentative product for-
mation (Fig. 6), a sodium ion gradient formed under fermen-
tative conditions at pH 7.0 does not have an electrical compo-
nent. Instead, the sodium ion gradient observed is strictly due
to a sodium concentration gradient across the membrane at
that tested pH level. Otherwise, the addition of an ionophore
that allowed protons, but not sodium ions, to diffuse across the
cell membrane would significantly stimulate fermentative
product formation.

Thus, we return to the conclusion that the sodium gradient
is in equilibrium with the CEC and that, in the absence of the
sodium gradient, carbohydrate catabolism accelerates and
deepens to compensate for a lower CEC. This raises another
interesting question: how is the sodium gradient generated
under anaerobic conditions in the first place? We note that the
replacement of sodium with potassium or the addition of quin-
idine led to increased rates of fermentative product formation
from N-starved cells and that the process continued during the
3-day window measured (Fig. 3 and 4). Hence, the effect is not
transient.

The coupling of decarboxylation reactions with sodium ex-
trusion across cell membranes has been described for many
anoxic nonphotosynthetic bacteria. For example, many species
have been found to maintain a sodium gradient across the cell
membrane by decarboxylating oxalate to form formate and
CO2, decarboxylating malonate to form acetate and CO2, or
decarboxylating malate to form lactate and CO2 (15). Other
possible mechanisms for sodium translocation known in other
microbes could involve Na�-translocating methyltransferases
(known only in archaea to date) (14), Na�-translocating ferre-
doxin-NAD� reductases (so-called Rnf complexes, first discov-
ered in Rhodobacter capsulatus) (36), Na�-translocating
NADH-quinone oxidoreductases (Nrq complexes) (40, 50), or
an Na�-pyrophosphatase (27). However, our search of the A.
maxima draft genome sequence provided no homologues to
any of those genes known to be involved in sodium extrusion.

In contrast, all of the genes that encode a known Mrp com-
plex are, in fact, present in the genome of A. maxima. One of
the genes of this complex, mrpA, was identified as playing a
role in Na� resistance in the cyanobacterium Anabaena sp.
PCC7120 (7). This complex was first identified in Bacillus
halodurans C125 (26). Later, Ito et al. showed that the Mrp
system supports anoxic resistance by expressing it in Esche-
richia coli (22). That result indicates that the Mrp complex
plays a role in extruding sodium under anoxic conditions. The
complex also has subunits similar in primary sequence to
NADH:ubiquinone oxidoreductase (19), suggesting the in-
volvement of pyridine nucleotides and redox poise of ferment-
ing cells in this context. However, it is unclear what the termi-
nal electron acceptor might be under anoxic conditions, if this
were the case. Interestingly, transcription of the genes for this
complex is upregulated not only by high alkalinity in the cya-
nobacterium Synechocystis sp. PCC 6803 (41) but also by inor-
ganic carbon limitation (47). It would be interesting to com-
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pare the characteristics of transcription of genes that encode
the Mrp complex in A. maxima under anoxic conditions with
and without sodium and to contextualize these findings as
more information regarding the function and mechanism of
Mrp complexes becomes available from studies performed
with other organisms.

We measured total fluorescence yield due to NADH plus
NADPH [NAD(P)H] in fermenting whole cells of A. maxima
in both sodium and potassium phosphate buffer at pH 7.0 and
saw clear differences in the total reduced pyridine nucleotide
pools (see Fig. S3 in the supplemental material). While there
was effectively no change in the levels of (reduced) NAD(P)H
pools over 20 h of autofermentation in sodium phosphate
buffer (pH 7.0) relative to that seen at the start of fermen-
tation (at time 0), cells autofermented in potassium phos-
phate buffer showed a continual decline in NAD(P)H pools
to levels below our detection limit. These data allow us to
form the conclusion that the Na� gradient is involved in
maintaining the pyridine nucleotide redox poise such that,
when Na� is replaced by K�, it is compensated by a large
drop in redox poise. The H2 data reveal that, as the fluo-
rescence yield of NADH plus NADPH drops, there is a lag
in flux through H2 until about 9 h have passed, after which
there is a parallel increase in the rate of H2 production.

Based on currently available literature, homology compari-
sons, and measurements of reduced pyridine nucleotide pools
in whole cells, we tentatively identify the Mrp complex as the
Na�-extruding complex possibly responsible for sodium gradi-
ent generation under anoxic conditions. This complex may
possibly function with the assistance of NADH (Fig. 7; see also
Fig. S3 in the supplemental material). This suggestion is made
without direct proof and hence is given for the purpose of
future hypothesis testing.

In any case, it is noted that a significant increase in carbo-
hydrate catabolism can be observed when sodium ion gradients
are inaccessible to cells, thus allowing faster mobilization of
substrates to fermentative products. For biofuel applications,
such a removal of sodium gradients could be used to accelerate
fermentative product formation to better match the diurnal
cycle of the cells. This effect should be independent of and
potentially additive to other manipulations, such as pathway
engineering, to direct fermentative products toward products
of greater desirability.
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