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Chemoheterotrophic Growth of the Cyanobacterium Anabaena sp.
Strain PCC 7120 Dependent on a Functional Cytochrome ¢ Oxidase

Ronald Stebegg, Bernhard Wurzinger,* Markus Mikulic, and Georg Schmetterer

Institute of Physical Chemistry, University of Vienna, Vienna, Austria

Anabaena sp. strain PCC 7120 is a filamentous cyanobacterium commonly used as a model organism for studying cyanobacterial
cell differentiation and nitrogen fixation. For many decades, this cyanobacterium was considered an obligate photo-lithoau-
totroph. We now discovered that this strain is also capable of mixotrophic, photo-organoheterotrophic, and chemo-organohet-
erotrophic growth if high concentrations of fructose (at least 50 mM and up to 200 mM) are supplied. Glucose, a substrate used
by some facultatively organoheterotrophic cyanobacteria, is not effective in Anabaena sp. PCC 7120. The gtr gene from Syn-
echocystis sp. PCC 6803 encoding a glucose carrier was introduced into Anabaena sp. PCC 7120. Surprisingly, the new strain
containing the gtr gene did not grow on glucose but was very sensitive to glucose, with a 5 mM concentration being lethal,
whereas the wild-type strain tolerated 200 mM glucose. The Anabaena sp. PCC 7120 strain containing gtr can grow mixotrophi-
cally and photo-organoheterotrophically, but not chemo-organoheterotrophically with fructose. Anabaena sp. PCC 7120 con-
tains five respiratory chains ending in five different respiratory terminal oxidases. One of these enzymes is a mitochondrial-type
cytochrome c oxidase. As in almost all cyanobacteria, this enzyme is encoded by three adjacent genes called coxBAC1. When this
locus was disrupted, the cells lost the capability for chemo-organoheterotrophic growth.

yanobacteria are prokaryotes capable of oxygenic photosynthe-
sis. Therefore, all cyanobacteria can grow photo-litho-auto-
trophically. Some cyanobacteria are facultative photo-organohetero-
trophs, of these a few can grow chemo-organoheterotrophically (21,
22,26). The number of substances that can be used for heterotrophic
growth by cyanobacteria is limited, only glucose, fructose, sucrose,
ribose, a few other sugars, and glycerol are known substrates (22, 31).
The filamentous strain Anabaena (also referred to as Nostoc) sp. strain
PCC 7120 (hereafter referred to as PCC 7120) has been widely used as
amodel organism for studying cyanobacterial cell differentiation and
nitrogen fixation (for a review, see reference 33). It was characterized
as an obligate photo-litho-autotroph (22). Introduction of the
frtRABClocus encoding a putative fructose transporter from the fac-
ultative chemo-organoheterotrophic cyanobacterium Anabaena
variabilis ATCC 29413 into strain PCC 7120 led to a strain capable of
chemo-organoheterotrophic growth with fructose as the substrate
(27). We wanted to test whether the introduction of a glucose carrier
into PCC 7120 would yield a strain that could use glucose for chemo-
organoheterotrophic growth. The glucose carrier chosen was the
well-characterized Gtr enzyme (also called GIcP) (10,23, 35) from the
unicellular cyanobacterium Synechocystis sp. strain PCC 6803. A gene
(Npun_R5323) with 71% identity to the Synechocystis sp. PCC 6803
gtr gene is present in the genomic sequence of the filamentous cyano-
bacterium Nostoc punctiforme ATCC 29133 (5) that was isolated from
asymbiosis with Macrozamia sp. It has been shown that Nostoc strains
isolated from Macrozamia symbioses are capable of chemo-organo-
heterotrophic growth with both glucose and fructose as the substrate
(11). While the PCC 7120 strain that carries the gt gene was found
not to be capable of chemo-organoheterotrophic growth (see below),
these experiments led to the discovery that PCC 7120 wild type can
grow photo-organoheterotrophically and chemo-organohetero-
trophically when unusually high concentrations of fructose are sup-
plied.
Chemo-organoheterotrophic growth in cyanobacteria is criti-
cally dependent on active respiration. All cyanobacteria respire
when subjected to complete darkness (for a review, see reference
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24). Cyanobacterial respiratory chains are intimately linked to the
photosynthetic electron transport chain, even sharing some com-
ponents. The only respiratory electron transport components that
have no direct function in photosynthesis are the respiratory ter-
minal oxidases (RTOs) that catalyze the reduction of dioxygen to
water. The RTOs can therefore be considered the key enzymes of
cyanobacterial respiration. Cyanobacterial RTOs belong to three
protein families: (i) homologs of the heme-copper oxidases, (ii)
homologs of the cytochrome bd-type quinol oxidases, and (iii)
homologs of the plastidic alternative oxidases. The homologs of
the heme-copper oxidases can be further divided into three differ-
ent subcategories: (i-a) mitochondrial-type genuine cytochrome ¢
oxidases, (i-b) so-called ARTOs (alternate respiratory terminal
oxidases) that have characteristic sequence deviations from mito-
chondrial-type cytochrome c oxidases (see reference 24), and (i-c)
homologs of cytochrome cbbs, cytochrome ¢ oxidases well known
from purple bacteria.

The number and types of RTOs present in cyanobacteria differ
widely from strain to strain, even among closely related strains.
The complete genomic sequence of PCC 7120 (13) has revealed
that this strain contains five different RTOs: one mitochondrial-
type cytochrome ¢ oxidase (Cox), two ARTOs, one cytochrome
bd-type quinol oxidase (Qox), and one plastidic-type alternative
oxidase (Ptox). The specific function of these five RTOs has only
been partially elucidated. The two ARTOs have been shown to
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play an important role in the cell differentiation process of normal
vegetative cells to heterocysts that are specialized for nitrogen fix-
ation (28, 29). They probably function as dioxygen scavengers so
that microaerobic conditions can be maintained in the interior of
the heterocyst. This is essential because nitrogenase, the enzyme
reducing dinitrogen to ammonia, is one of the most dioxygen-
sensitive enzymes known. The Qox in Anabaena sp. strain PCC
7120 was shown to be upregulated under micro-oxic conditions
(16). In two other cyanobacteria capable of chemo-organohetero-
trophic growth, Synechocystis sp. strain PCC 6803 (17) and
Anabaena variabilis ATCC 29413 (25) that contain 3 and 10 RTOs,
respectively, it was demonstrated that the inactivation of the single
gene locus encoding a mitochondrial-type cytochrome ¢ oxidase
was sufficient to generate strains incapable of chemo-organohet-
erotrophic growth. Therefore, we constructed a mutant of PCC
7120 lacking the coxA1 gene to check whether also in this strain the
mitochondrial-type Cox is essential for chemo-organohetero-
trophic growth.

MATERIALS AND METHODS

Growth conditions. Anabaena (Nostoc) sp. strain PCC 7120 was obtained
from the Pasteur Culture Collection in Paris, France. All cultures were
grown in 50-ml batches in 100-ml Erlenmeyer flasks on a gyratory shaker
at 100 rpm at 32°C. All cultures used medium BG11 (22) as the basis.
Phototrophic cultures were illuminated with fluorescent white light (10
RE m™? s7'). For photo-organoheterotrophic growth experiments, 10
puM DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea] was added.
Chemo-organoheterotrophic cultures were wrapped completely in alu-
minum foil and incubated in a dark room. When appropriate, neomycin
was added at a concentration of 30 pg/ml, and sucrose was added at 5%
(wt/vol). All growth experiments were performed at least three times. The
figures show typical results. Both the absorbance at 730 nm and the chlo-
rophyll content of the cultures (according to the method of Mackinney
[14]) were determined. The results obtained by both methods were essen-
tially consistent (for examples, see Fig. 3A and B and Fig. 4A and B). For
cultures on agar, Difco Bacto agar was purified by the method of Braun
and Wood (6).

Cytochrome c¢ oxidase activity and ['*Clfructose uptake. Mem-
branes from PCC 7120 and PCC 7120C (see below) were isolated, and the
protein concentrations of the resultant suspensions were determined as
described earlier (25). In vitro cytochrome c oxidase activity was measured
according to the method of Pils et al. (19). Uniformly labeled "*C-p-
fructose was purchased from Hartmann Analytic (Braunschweig, Ger-
many). Fructose uptake into Anabaena cells was measured by filtering an
aliquot of the cell suspension (in BG11, optical density at 730 nm [OD;]
of 2.0) through Whatman nitrocellulose filters (pore diameter, 0.45 pm)
that were immersed in a dioxane-based scintillation liquid and counted in
a Perkin-Elmer Tri-Carb 2800 TR liquid scintillation counter.

Respiration measurements. Cultures intended for dioxygen uptake
measurements in the dark with a Clark-type electrode (17) were inocu-
lated at an OD,5, of <0.1 and grown to an OD,5, of 4 to 5 under photo-
litho-autotrophic conditions. Cells were harvested and resuspended in
BG11 medium with 10 mM HEPES buffer (pH 8.8) added.

Construction of plasmids and mutants. Plasmid pBWUV6 (see Fig.
S1in the supplemental material) carrying the gtr gene (23) (also known as
glcP [35]) from Synechocystis sp. PCC 6803 was constructed starting from
pRL25 (30) that contains the complete plasmid pDU1 from Nostoc sp.
PCC 7524 (20), a kanamycin/neomycin resistance cassette, and the bom
site necessary for coconjugative mobilization with conjugative plasmid
RP4 (9). Plasmid pDUI has been shown to replicate autonomously in
PCC 7120 (32). pRL25 linearized with BamHI and the 2,055-bp BamHI
fragment containing the Synechocystis gtr gene from pGT12 (35) were
ligated and the resultant plasmid, in which the open reading frame (ORF)
of the gtr gene was antiparallel to the ORF of the kanamycin/neomycin
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resistance gene, was called pBWUV6. pBWUV6 was conjugated into PCC
7120 from Escherichia coli (32) with selection for neomycin resistance.
The resulting strain was called PCC 7120G. The presence of the gtr gene in
the cells was verified by two PCRs using primers at the gtr gene locus. The
primer pairs used were gtr-5_1 (5'-ATGAATCCCTCCTCTTCTCC-3’)
and gtr-3 (5'-GTCACCAAAGCAATTATCCCAGC-3') for a predicted
product of 1,124 bp and gtr-5_2 (5'-GGGCGGATTAAAACGATG-3")
and gtr-3 for a predicted product of 881 bp with total DNA from PCC
7120 wild type or total DNA from PCC 7120G as templates (see Fig. S2 in
the supplemental material).

The construction of plasmid pRStUV3 is graphically shown in Fig. S3
in the supplemental material. DNA from PCC 7120 strains was prepared
according to the method of Cai and Wolk (7). With PCC 7120 wild-type
DNA as the template, we amplified by PCR a region containing the com-
plete coxAI gene and parts of the coxBI and coxCI genes using the primers
7120coxB (5'-CGTCTAGAGCTGAACTTTGCGGCCCCTACCACGGC
GC-3") and 7120coxC (5'-CCTCTAGAGAAGGCCAGATATGCTCCGA
ACAAACC-3"). This product was cut with Xbal (at the sites underlined in
the primer sequences) and ligated to the large fragment (containing the
pBR322 origin of replication, the kanamycin/neomycin resistance cas-
sette, and the sacB gene) resulting from a complete digest of pRL278 (4)
with Xbal. The plasmid, in which the ORF of the coxAI gene was antipa-
rallel to that of the sacB gene, was called pPBWUV1. The cat gene (encoding
chloramphenicol resistance) was amplified by PCR from plasmid pBR328
using the primers Cm5 (5'-CCATCGATCGTTGATCGGCACGTAAGA-
3’) and Cm3 (5'-GGAGACCGGTTTTTATCAGGCTCTGGGAGG-3").
The resulting product was cut with Pvul (underlined in primer Cm5) and
Agel (underlined in primer Cm3) and ligated to pPBWUV1 cut with AsiSI
and SgrAl The resulting plasmid, called pBWUV2, was cut with Eagl and
BamHI, treated with mung bean nuclease, and religated to yield
pBWUV3. Plasmid pRL6 (32) was then used as the template to amplify by
PCR the npt gene with the primers Kmcassette2 (5'-GCTTGCGATCGA
ACCTTTCATAGAAGGCG-3') and Kmcassette3 (5'-GCATAGTACTG
GGCTATCTGGACAAGG-3"). The resulting product was then cut with
Pvul (underlined in primer Kmcassette2) and Scal (underlined in primer
Kmcassette3) and ligated to pBWUV3 cut with the same enzymes. The
final plasmid was called pRStUV3. This plasmid was transferred from E.
coli into PCC 7120 using conjugative plasmid RP4 and helper plasmid
pRL528 as described previously (8). The first selection was on neomycin,
and positive selection for double recombination was achieved by selecting
for sucrose-resistant cells that had lost the sacB gene (7). Segregation of the
mutated chromosomes to homozygosity was verified in a two-step proce-
dure: cells that were resistant to both neomycin and sucrose were grown in
liquid culture, total DNA was isolated, and the absence of wild-type chro-
mosomes was checked by PCR (data not shown). From a culture that
appeared homozygous in this test, single colonies were grown on an agar
plate without selective agents. Material from one of the colonies obtained
was incubated in a liquid culture containing no selective agent, i.e., pure
BG11 medium. When this culture had grown to stationary growth phase,
DNA preparation and PCR were repeated, and the absence of wild-type
chromosomes was confirmed (see Fig. $4 in the supplemental material).

RESULTS

Heterotrophic capacities of Anabaena sp. PCC7120. Attempting
to generate an Anabaena sp. PCC 7120 mutant potentially capable
of heterotrophic growth on glucose, strain PCC 7120G carrying
the glucose transporter from Synechocystis sp. PCC 6803 was con-
structed (see Materials and Methods) and then checked for its
heterotrophic capacities using the wild-type PCC 7120 strain as a
control. Mixotrophic conditions were attained by adding glucose
or fructose to medium BG11 (22) that allows photo-litho-au-
totrophic growth. Figure 1A shows that PCC 7120G is not able to
grow on glucose. Instead, the strain is highly sensitive to this sugar.
In contrast, PCC 7120 wild type tolerates up to 200 mM glucose
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FIG 1 Mixotrophic growth of PCC 7120G (A and B) and PCC 7120 wild type
(Cand D). (A) BG11 plus glucose: ¢, 0 mM; [, 5 mM; A, 10 mM; X, 10 mM
glucose plus 50 mM fructose. (B) BG11 plus fructose: ¢, 0 mM; A, 20 mM; X,
50 mM; M, 100 mM; [, 200 mM. (C) BG11 plus glucose: [J, 0 mM; A, 10 mM;
A, 50 mM; W, 200 mM. (D) BG11 plus fructose: [, 0 mM; A, 10 mM; <, 20
mM; A, 50 mM; X, 100 mM; l, 200 mM.

(Fig. 1C) and even shows a slight growth enhancement compared
to photo-litho-autotrophic conditions, as has been observed ear-
lier (34). Since the Gtr protein transports not only glucose but also
fructose (10), mixotrophy was also tested with fructose. Both PCC
7120G (Fig. 1B) and PCC 7120 (Fig. 1D) show a clear mixotrophic
growth (faster than photo-litho-autotrophic growth) on fructose
with one significant difference at the highest fructose concentra-
tion tested (200 mM). PCC 7120 grew quickly for about 2 weeks,
whereas PCC 7120G died immediately. Adding fructose together
with glucose to PCC 7120G cultures did not alleviate the toxic
effect of glucose (Fig. 1A).

When photosystem II is blocked with DCMU, cyanobacteria
lose the capacity for photo-litho-autotrophic growth and become
obligate organoheterotrophs (22). Based on the results obtained
with mixotrophic growth, both PCC 7120 and PCC 7120G were
tested for photo-organoheterotrophic growth with fructose as the
substrate. Both strains clearly are capable of photo-organohetero-
trophic growth with fructose concentrations of 50 or 100 mM
(Fig. 2). A dramatic difference was observed, however, with 200
mM fructose plus DCMU. Whereas the PCC 7120 wild-type strain
(Fig. 2B) attained growth rates as high as under photo-litho-au-
totrophic conditions, the PCC 7120G strain died immediately,
just as with DCMU without fructose (Fig. 2A).

The discovery of photo-organoheterotrophic growth in strains
PCC 7120 and PCC 7120G prompted us to check for the capacity
for chemo-organoheterotrophic dark growth in both strains. The
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FIG 2 Photo-organoheterotrophic growth of PCC 7120 strains. (A) PCC 7120G:
A, 0mM fructose plus 10 uM DCMU; B, 50 mM fructose plus 10 uM DCMU; [,
100 mM fructose plus 10 uM DCMU (a growth experiment with 200 mM fructose
plus 10 pM DCMU was also performed, but the cells died quickly, exactly as in
the experiment with 0 mM fructose plus 10 uM DCMU); A, 0 mM fructose
plus 0 uM DCMU (photo-litho-autotrophy). (B) PCC 7120 wild type: A, 0
mM fructose plus 10 wuM DCMU; B, 50 mM fructose plus 10 pM DCMU;
0, 100 mM fructose plus 10 M DCMU; X, 200 mM fructose plus 10 uM
DCMU; A, 0 mM fructose plus 0 pM DCMU (photo-litho-autotrophy).

results for PCC 7120G are shown in Fig. 3C. No sustained growth
was observed for any fructose concentration. In contrast, PCC
7120 grew chemo-organoheterotrophically with fructose concen-
trations higher than 50 mM (Fig. 3A and B). As in all growth
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FIG 3 Cultivation of PCC 7120 strains in darkness. (A and B) PCC 7120 wild
type. (A) Measurement of OD.5,. (B) Measurement of chlorophyll content.
Symbols: A, 0 mM fructose; [J, 10 mM fructose; A, 50 mM fructose; l, 100
mM fructose; @, 200 mM fructose. (C) PCC 7120G. Symbols: [J, 0 mM fruc-
tose; A, 10 mM fructose; X, 50 mM fructose; 2\, 100 mM fructose; l, 200 mM
fructose; @ (dashed line), 200 mM sorbitol. (D) PCC 7120C. Symbols: [J, 0
mM fructose; B, 50 mM fructose; A, 100 mM fructose; X, 200 mM fructose.
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FIG 4 Chemo-organoheterotrophic growth of PCC 7120 wild type in per-
manent darkness. The four cultures were inoculated at the same time and
opened for measurement of OD,5, (A) and chlorophyll content (B) for the
first time after 1 week ([J), 2 weeks (X), 3 weeks (A), or 4 weeks (A [heavy
line]).

experiments, we verified whether the cultures were still axenic at
all growth stages by microscopic inspection but, in addition, the
chlorophyll content was measured, as shown in Fig. 3B. In order to
take samples from the chemo-organoheterotrophic cultures for
measurement of the OD5, and chlorophyll content, the cultures
had to be transferred to a sterile hood. This necessarily exposed the
cultures for a few minutes to room light. In Synechocystis sp. PCC
6803, an unusual growth mode has been described, light-activated
heterotrophic growth (LAHG) (1). This strain is capable of
chemo-organoheterotrophic growth, but only, if 5 to 15 min of
light are supplied per 24 h. We therefore conceived an experiment
to determine whether the results shown in Fig. 3A and B are due to
genuine dark growth or LAHG. Four cultures of PCC 7120 in
BG11 plus 100 mM fructose were inoculated at time zero with
equal amounts of cells from the same clonal liquid culture, com-
pletely wrapped independently in aluminum foil, and incubated
in the dark growth room. They were opened for the first time after
1, 2, 3, and 4 weeks, respectively, and the OD,5, and chlorophyll
content were determined. The results are presented in Fig. 4.
Clearly, within the statistical variation observed in all organohet-
erotrophic growth experiments, the growth rate was independent
of the number of times the culture had been exposed to light.
Therefore, Anabaena sp. strain PCC 7120 wild type is capable of
genuine chemo-organoheterotrophic dark growth.

A striking result obtained with PCC 7120G was that 200 mM
fructose was deleterious under all growth modes tested (mixotro-
phy, photo-organoheterotrophy, and chemo-organoheterotro-
phy). This led us to check whether PCC 7120G might be sensitive
to high osmotic stress. We therefore incubated this strain under
chemo-organoheterotrophic conditions with 200 mM sorbitol
(Fig. 3C). Not only was this condition not deleterious to the strain,
it was actually beneficial, because it prevented the death of the
culture that occurred both without fructose and with different
concentrations of fructose.

The capacity for heterotrophic growth in strain PCC 7120
implies the existence of a fructose uptake system. In the total
genomic sequence of PCC 7120, 16 genes (all0261, all1027,
all1823, all1916, all4824, all5282, alr0738, alr0789, alr2532,
alr2722, alr3705, alr4277, alr4781, alr5362, alr5367, and
alr5368) are currently annotated as components of putative
sugar transporters (Cyanobase [http://genome.kazusa.or.jp
/cyanobase/Anabaena/genes]). To our knowledge, until now
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FIG 5 Uptake of ['*Clfructose by PCC 7120 is dependent on the external
fructose concentration. Symbols: X, 2 mM; A, 10 mM; A, 50 mM; [, 100 mM;
M, 200 mM.

no experimental data on fructose transport in PCC 7120 ex-
isted. Therefore, we performed uptake experiments of '*C-
labeled p-fructose into PCC 7120 (Fig. 5). In agreement with
the growth experiments, the amount taken up by PCC 7120
cells was greater the higher the external fructose concentra-
tion was.

PCC 7120 mutant lacking mitochondrial-type cytochrome ¢
oxidase. Three genes called coxBACI encode subunits I, I, and I1I,
respectively, of the mitochondrial-type cytochrome ¢ oxidase of
PCC 7120. Their positions on the PCC 7120 chromosome are
alr0950, alr0951, and alr0952 (13). A mutant lacking the central
part of the coxAI gene was constructed by conjugative transfer of
plasmid pRStUV3 (see Fig. S3 in the supplemental material) from
E. coli strain Topl0 to strain PCC 7120. Selection for the first
recombination event (integration of pRStUV3 into the chromo-
some) was performed with neomycin, and selection for the second
recombination (loss of the sacB gene on the vector part of the
plasmid) was performed with sucrose. The resultant strain was
checked for homozygosity by PCR (see Fig. S4 in the supplemental
material) and called PCC 7120C. Membranes were isolated from
PCC 7120 and PCC 7120C and the in vitro cytochrome ¢ oxidase
activity was determined by dual-wavelength spectroscopy (Ass, —
Asyo) with prereduced horse heart cytochrome ¢ as the electron
donor. The results are presented in Fig. 6. The horse heart cyto-
chrome c oxidation rate in the wild-type membranes (Fig. 6A) was
calculated to be 6.23 nmol of cytochrome ¢ per min per mg of
protein and inhibited completely by the addition of KCN to a
final concentration of 1.3 mM. In contrast, the membranes
from PCC 7120C showed no detectable cytochrome ¢ oxidase
activity (Fig. 6B).

An interesting phenotype was observed when respiratory di-
oxygen uptake in the dark was compared in PCC 7120 wild type
and PCC 7120C (Table 1). Within the statistical variance the res-
piration rates of both strains were identical. This implies that the
absence of the mitochondrial-type cytochrome ¢ oxidase does not
measurably block electron transport ending in O, as the terminal
acceptor and can be compensated for by one or more of the other
RTOs. When 50 mM fructose was added to cells respiring in the
dark, both PCC 7120 wild type and PCC 7120C showed no signif-
icant change in respiration rate. Also, both strains were essentially
completely inhibitable by KCN (Table 1). A small effect was ob-
served in the relative inhibition by HQNO (2-heptyl-4-hydroxy
quinoline-N-oxide) of the respiratory dioxygen uptake. This sub-
stance is a specific inhibitor of the quinol oxidase of the cyto-
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FIG 6 Oxidation of prereduced horse heart cytochrome ¢ by membranes from
PCC 7120 wild-type (A) and PCC 7120C (B) strains. The concentration of the
cytochrome ¢ solution was 18.7 wM. The cytochrome c solution added to the
membranes was 66% pre-reduced. The membrane suspensions contained 2.5
mg of protein per ml (PCC 7120 wild type) and 2.1 mg of protein per ml (PCC
7120C).

chrome bd type in Synechocystis sp. strain PCC 6803 (18). Assum-
ing that this is also the case in PCC 7120, the higher relative
inhibition of respiration in the PCC 7120C mutant compared to
that in PCC 7120 wild type means that the contribution of this
quinol oxidase to the total respiratory dioxygen uptake is higher in
PCC 7120C than in the wild type. However, PCC 7120C shows a
very significant growth phenotype, it is unable to grow chemo-
organoheterotrophically in the dark (Fig. 3D), independent of the
fructose concentration used (up to 200 mM).

In cyanobacteria, mitochondrial-type cytochrome ¢ oxidase
has essentially two functions. (i) In photo-litho-autotrophic con-
ditions, this RTO can remove electrons from the photosynthetic
electron transport chain between photosystem II and photosys-
tem I, thus regulating electron flow between the two photosys-
tems. (ii) In chemo-organoheterotrophic conditions mitochon-
drial type cytochrome ¢ oxidase serves as the terminal electron
acceptor of the most important respiratory chain and is therefore
essential for this growth mode. Neither function is necessary for
photo-organoheterotrophic growth. Therefore, we expected and
found that photo-organoheterotrophic growth of PCC 7120C in
the presence of 10 uM DCMU and 100 mM fructose was possible
(data not shown).
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DISCUSSION

The main finding of this study is the discovery that Anabaena sp.
strain PCC 7120 is not an obligate photo-litho-autotroph, as was
believed for decades, but is capable of mixotrophic (Fig. 1C and
D), photo-organoheterotrophic (Fig. 2B), and chemo-organohet-
erotrophic (Fig. 3A and B) growth. Since this strain is widely used
for the study of cyanobacterial cell differentiation and nitrogen
fixation, we expect our discovery to be quite useful for new exper-
iments. Heterotrophic growth is dependent on unusually high
external concentrations of fructose (>50 mM), which is probably
the reason why it has not been observed earlier. Such high con-
centrations are probably necessary, because the uptake of the
sugar into the cells is slow. Indeed, the uptake rate of fructose rises
with the concentration (up to 200 mM, the highest concentration
used, Fig. 5). Chemo-organoheterotrophic growth is true dark
growth (Fig. 4) and not the light-activated heterotrophic growth
(LAHG) described in Synechocystis sp. strain PCC 6803 (1).

In an earlier work, Ungerer et al. (27) introduced the fructose
uptake system of Anabaena variabilis ATCC 29413 into strain
PCC 7120. This modified strain was capable of chemo-organohet-
erotrophic growth with 10 mM fructose. Higher concentrations of
fructose (50 mM) were deleterious. A somewhat similar result was
obtained when we introduced the glucose/fructose carrier Gtr
(GIcP) from Synechocystis sp. strain PCC 6803 into strain PCC
7120. Although the resulting strain PCC 7120G was not capable of
chemo-organoheterotrophic growth (Fig. 3C), it grew well photo-
organoheterotrophically with fructose concentrations of up to
100 mM, but higher concentrations (200 mM) were toxic (Fig.
2A). Incubation of PCC 7120G in 100 mM fructose plus 10 M
DCMU yielded a growth rate that even surpassed that of photo-
litho-autotrophic growth. Therefore, fructose is potentially bene-
ficial for this strain. It is therefore surprising that PCC 7120G is
unable to grow chemo-organoheterotrophically with any concen-
tration of fructose (Fig. 3C), although PCC 7120G has an ~3-fold
rate of fructose uptake (at 50 mM) compared to PCC 7120 wild
type (data not shown). The glucose transporters from Synechocys-
tis strains are sugar/proton cotransporters (3). A possible reason
for the inability of PCC 7120G to grow chemo-organohetero-
trophically may therefore be that the necessary proton gradient
across the cytoplasmic membrane cannot be established under the
limited energy regime in darkness. This explanation is corrobo-
rated by the repeatedly observed dark growth of PCC 7120G at the
beginning of the dark incubation (see Fig. 3C), followed by death
later on. In the first few days of darkness the cells might be able to
utilize internal carbon reserves (glycogen) accumulated under
prior photo-litho-autotrophic growth, until they become depen-
dent on the exogenous substrate. A possible contribution to cell

TABLE 1 Respiratory O, uptake in strains PCC 7120 and PCC 7120C*

Mean %
inhibition
Mean % Inhibition  with 80 pM
respiratory with 0.67 HQNO = SD
Strain rate’ = SD (1) mM KCN (n)
PCC 7120 (wild type) 16.7 + 5.8 (35) 98.5 26.0 + 7.1 (5)
PCC 7120C (Cox mutant) 16.6 = 4.3 (21) 98.3 39.4 £ 8.0 (7)

“n, number of independent experiments. HQNO,2-heptyl-4-hydroxy quinoline-N-
oxide.
b The respiratory rate is expressed as pmol of O,/h/mg of chlorophyll.
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death of toxic metabolites generated from fructose in PCC 7120G
can also not be excluded. Thus, in PCC 7120 chemo-organohet-
erotrophic growth occurs only in the absence of the Gtr carrier
(Fig. 3A, B, and C). This was surprising, because in Synechocystis
sp. PCC 6803 the Gtr carrier has the opposite effect: only its pres-
ence allows chemo-organoheterotrophic growth (on glucose),
while in the absence of the Gtr carrier PCC 6803 is an obligate
photo-litho-autotroph (10).

Especially striking is the extreme sensitivity of PCC 7120G to
glucose. Whereas wild-type PCC 7120 tolerates 200 mM glucose
(Fig. 1C), strain PCC 7120G dies in 5 mM glucose (Fig. 1A). Sugar
toxicity in cyanobacteria has been reported in several earlier pub-
lications, but the exact reason for this is not yet known. As in PCC
7120, cloning of the Synechocystis sp. PCC 6803 gtr (glcP) gene in
the obligate photo-litho-autotrophic cyanobacterium Synechoc-
occus sp. PCC 7942 led to a strain highly sensitive to glucose (36).
Fructose is toxic not only for Synechocystis sp. PCC 6803 (10) but
also for the related strain Synechocystis sp. PCC 6714 (2). Both
strains can grow chemo-organoheterotrophically on glucose
but strain PCC 6803 only with the LAHG regime (see above),
while strain PCC 6714 is capable of true dark growth. In attempts
to understand the reason for sugar toxicity in Synechocystis sp.
PCC 6803 it was found that the presence of both light and glucose
can induce oxidative stress (15) and the histidine kinase hik31
plays an important regulatory role in sensitivity toward glucose
(12). The extremely different behavior of fructose and glucose in
several cyanobacterial strains (e.g., in Anabaena sp. PCC 7120G
and Synechocystis sp. PCC 6803), however, has found no final
explanation thus far.

The phenotypes observed in PCC 7120G versus PCC 7120 wild
type imply that the gtr locus is expressed in PCC 7120 using its
Synechocystis promoter. This is remarkable, because the promoter
sequence of this gene has not yet been identified and nothing is
known about its exact location. Even the lack of a Shine-Dalgarno
sequence in this gene (23) is apparently no obstacle for gfr func-
tion in PCC 7120.

Strain PCC 7120C lacking the major subunit I of mitochondri-
al-type cytochrome c oxidase is unable to grow chemo-organohet-
erotrophically (Fig. 3D), although all other four RTOs (see Intro-
duction) are still present. This means that the respiratory chains
ending in the other four RTOs are not able to support dark
growth. Therefore, possibly in all cyanobacteria capable of
chemo-organoheterotrophy, the respiratory chain ending in Cox
is essential for this process. Interestingly, the three cyanobacteria,
in which this has now been verified (besides PCC 7120 in
Anabaena variabilis ATCC 29413 and Synechocystis sp. PCC 6803),
have a completely different set of respiratory terminal oxidases:
Anabaena variabilis ATCC 29413 has one Cox, four ARTOs, four
Qoxes, and one Ptox, while Synechocystis sp. PCC 6803 has one
Cox, one ARTO, and one Qox. Apparently, only the respiratory
chain ending in Cox, which contains three chemiosmotically ac-
tive components [NAD(P)H dehydrogenase, cytochrome bgf
complex, and Cox], is energetically proficient to allow chemo-
organoheterotrophy in cyanobacteria.
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