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ABSTRACT Biological nitrogen fixation is an energy-intensive process that contributes
significantly toward supporting life on this planet. Among nitrogen-fixing organisms,
cyanobacteria remain unrivaled in their ability to fuel the energetically expensive nitro-
genase reaction with photosynthetically harnessed solar energy. In heterocystous cyano-
bacteria, light-driven, photosystem I (PSI)-mediated ATP synthesis plays a key role in
propelling the nitrogenase reaction. Efficient light transfer to the photosystems relies on
phycobilisomes (PBS), the major antenna protein complexes. PBS undergo degradation
as a natural response to nitrogen starvation. Upon nitrogen availability, these proteins
are resynthesized back to normal levels in vegetative cells, but their occurrence and
function in heterocysts remain inconclusive. Anabaena 33047 is a heterocystous cyano-
bacterium that thrives under high light, harbors larger amounts of PBS in its hetero-
cysts, and fixes nitrogen at higher rates compared to other heterocystous cyanobacteria.
To assess the relationship between PBS in heterocysts and nitrogenase function, we
engineered a strain that retains large amounts of the antenna proteins in its hetero-
cysts. Intriguingly, under high light intensities, the engineered strain exhibited unusually
high rates of nitrogenase activity compared to the wild type. Spectroscopic analysis
revealed altered PSI kinetics in the mutant with increased cyclic electron flow around
PSI, a route that contributes to ATP generation and nitrogenase activity in heterocysts.
Retaining higher levels of PBS in heterocysts appears to be an effective strategy to
enhance nitrogenase function in cyanobacteria that are equipped with the machinery
to operate under high light intensities.

IMPORTANCE The function of phycobilisomes, the large antenna protein complexes in
heterocysts has long been debated. This study provides direct evidence of the involve-
ment of these proteins in supporting nitrogenase activity in Anabaena 33047, a hetero-
cystous cyanobacterium that has an affinity for high light intensities. This strain was pre-
viously known to be recalcitrant to genetic manipulation and, hence, despite its many
appealing traits, remained largely unexplored. We developed a genetic modification sys-
tem for this strain and generated a DnblA mutant that exhibited resistance to phycobili-
some degradation upon nitrogen starvation. Physiological characterization of the strain
indicated that PBS degradation is not essential for acclimation to nitrogen deficiency
and retention of PBS is advantageous for nitrogenase function.

KEYWORDS Cyanobacterium, cyclic electron flow, heterocyst, nitrogenase,
photosystem I, phycobilisome

Nitrogen fixation is a crucial process by which molecular nitrogen is rendered acces-
sible to all life forms. The process is energy-intensive, making fixed nitrogen a

sparse commodity in many natural habitats and cultivated lands. Of the nitrogen-fixing
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organisms, photosynthetic prokaryotes with the inherent ability to couple the energy-
demanding nitrogenase reaction with energy-generating photosynthesis have a dis-
tinct advantage. Cyanobacteria constitute a group of oxygenic photosynthetic pro-
karyotes, some members of which have the dual ability to fix carbon and nitrogen.
Nitrogenase, the enzyme catalyzing microbial nitrogen fixation is prone to destruc-
tion by oxygen, and, as such, diazotrophic cyanobacterial species have evolved to
separate the incompatible processes of photosynthesis and nitrogen fixation tempo-
rally or spatially.

Some filamentous cyanobacteria segregate nitrogen fixation in specialized cells
called heterocysts. Heterocysts lack functional photosystem II (PSII) and oxygenic pho-
tosynthesis but have a fully functional photosystem I (PSI) that is involved in generat-
ing ATP by cyclic photophosphorylation (1). Studies have indicated that the main
source of ATP for nitrogen fixation in heterocysts is the light reactions in the thylakoids
and that the required ATP can be provided entirely by light-driven cyclic photophos-
phorylation (2–4). Compared to adjoining vegetative cells, heterocysts have a signifi-
cantly higher abundance of PSI protein subunits (5, 6) as well as subunits of the Cyt-b6f
complex involved in cyclic electron transport (3, 7). In addition, the number of photo-
synthetic units (ratio of chlorophyll a/P700) per heterocyst is 50% higher than vegeta-
tive cells (2, 7–8). All these pieces of evidence point to a distinct role for light and PSI
in heterocyst function.

Light harvest in cyanobacteria is achieved by large protein complexes called phyco-
bilisomes (PBS) that transfer energy to PSI and PSII reaction centers (9). PBS undergo
degradation as an adaptive strategy to various environmental stress conditions like
high light and nitrogen deficiency (10, 11). Although the mechanism of PBS degrada-
tion is yet to be fully elucidated, it has been established that NblA, a small protein con-
sisting of 60 amino acids is a key player in the process (12). The effect of nblA deletion
has been extensively investigated in nondiazotrophic model strains of cyanobacteria in
which PBS degradation is an essential adaptive mechanism to survive high light and
nitrogen stress (13–15). In contrast, PBS degradation is less likely to have a role in accli-
mation to these stress factors in high light-tolerant, diazotrophic cyanobacteria and
the effect of nblA deletion in these strains has yet to be investigated.

Anabaena sp. ATCC 33047 is a fast-growing filamentous cyanobacterium that has
garnered interest for its ability to thrive under very high light intensities and fix carbon
and nitrogen at high rates (16). This strain was shown to harbor significant amounts of
PBS in its heterocysts, implying expensive resynthesis of these antenna protein com-
plexes after the initial nitrogen acclimation phase. However, the function of these pro-
teins in mature heterocysts and their relation to nitrogen fixation was not obvious (17).
Earlier studies implicating a role for PBS in nitrogen fixation, specifically in energy
transfer to PSI (7, 18, 19), led us to develop a genome engineering strategy for this pre-
viously recalcitrant strain and generate a DnblA mutant that would enable us to inves-
tigate the effect of heterocyst antenna modification on nitrogenase function. The
DnblA mutant retained high amounts of PBS in its heterocysts and exhibited 2 to 3-
fold higher nitrogenase activity compared to the wild-type (WT). Spectroscopic analysis
of the mutant indicated higher cyclic electron flow, possibly resulting from higher
energy transfer to PSI, facilitated by excess PBS in heterocysts. This in turn leads to
higher ATP generation and enhanced nitrogenase activity. Our study suggests that
augmenting light capture by heterocysts of high light-tolerant cyanobacteria can be
an effective strategy to enhance nitrogen fixation.

RESULTS
Anabaena 33047 thrives under very high light intensities. Anabaena 33047 exhib-

ited rapid growth both in the presence and absence of added nitrogen sources and an
increase in growth rate was observed with increasing light intensity (Fig. 1A and B).
When grown at 42°C in media supplemented with nitrogen sources and 1% CO2, the
highest growth rate (doubling time of 3.1860.16 h) was observed under 1500 to
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2000 mmol photons m22s21 of light (Fig. 1A). At higher light intensities (up to
3000 mmol photons m22s21), although no increase in growth rate was observed,
higher biomass accumulation could be achieved. When grown under light intensities
of 3000mmol photons m22s21, high amounts of exopolysaccharide (EPS) were secreted
into the medium, which led to excessive clumping of filaments (data not shown).
When grown under light intensities of 2000 mmol photons m22s21 in nitrogen-deplete
medium, a doubling time of 3.860.43 h was observed (Fig. 1B). These growth rates are
considerably higher than the commonly studied model filamentous strain Anabaena
7120, which, under 400 mmol photons m22s21 at 28°C, exhibited a doubling time of
8.560.32 h under N2-sufficient and 12.260.86 h under N2-deficient conditions (Fig. S2).
Under light intensities .1500 mmol photons m22s21, this strain exhibited growth inhi-
bition (data not shown). In contrast, the growth of Anabaena 33047 was greatly inhib-
ited under light intensities,500mmol photons m22s21.

Light microscopic analysis of filaments grown under nitrogen-fixing conditions
revealed higher frequency (14%) of heterocysts in Anabaena 33047 compared to
Anabaena 7120 (10%) (Fig. S1A) and about 50% higher specific activity of the nitroge-
nase enzyme when the cells were grown under conditions optimal (see Methods and
Materials) for Anabaena 7120 (Fig. S1B).

Engineering Anabaena 33047 for genetic amenability. As anticipated, the Anabaena
33047 strain procured from the University of Texas at Austin (UTEX) culture collection
proved to be intractable to all targeted genetic modification attempts. Studies have docu-
mented the successful transformation of filamentous cyanobacteria by modification of
the host restriction-modification (RM) system (20). None of the existing conjugal, helper,
or suicide cargo plasmids (21) yielded success with the conjugation of Anabaena 33047.
We mined the genome sequence of this strain to ascertain its RM system and subse-
quently modify it to our advantage. We identified several methylase or methyltransferase
genes that appeared to be associated with a type II restriction system (adjacent genes
encode restriction enzymes). These genes, together with their upstream regions, were
cloned into a helper plasmid (based on helper plasmid pRL623) in various combinations
and tested for conjugation efficiency. Various conjugation experiments revealed that a
helper plasmid with five genes (see Methods and Materials) in tandem, driven by a lac
promoter, was the most effective at conjugating Anabaena 33047 (Fig. S3A). Using the
newly synthesized plasmid, we performed targeted gene deletions and successfully gen-
erated a DnblA mutant of this strain. Surprisingly, unlike other filamentous cyanobacterial
strains where single homologous recombination is known to be prevalent in the first few
generations, almost all colonies tested for the gene deletions in Anabaena 33047 were
double recombinants in their first generation (Fig. S3B). The complete segregation of the
mutant was verified by PCR analysis (Fig. S3C).

The DnblA mutant retained large amounts of PBSs in heterocysts. Fluorescence
microscopic analysis revealed that, under nitrogen-deficient growth conditions, PBSs
returned to their normal levels in the vegetative cells of the WT within 24h of onset of
nitrogen starvation. However, the PBS content of the heterocysts remained signifi-
cantly lower. In contrast, the DnblA strain exhibited high amounts of PBS both in the

FIG 1 Anabaena 33047 thrives under high light. Representative growth curves of WT cells under
different light intensities (blue, 500; green, 1000; yellow, 1500; red, 2000 mmol m22 s21). Cells were
grown at 42°C in a medium with (A) or without (B) added nitrogen sources. Cultures were supplemented
with 1% CO2.
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vegetative cells, and the heterocysts as the filaments acclimatized to nitrogen defi-
ciency and both cell types appeared brightly fluorescent (Fig. 2A to D). We quantitated
the PBS content in the mutant and WT heterocysts with the help of a fluorescence ki-
netic microscope (FKM) (Fig. 2E and F). Steady-state fluorescence depicting the number
of phycobiliproteins in the heterocysts was about 8-fold higher in the DnblA mutant
compared to that in the WT (Fig. 2G). In contrast, the PBS levels in the vegetative cells
of a nitrogen-fixing filament were not significantly different between the WT and the
mutant strains (data not shown).

To evaluate the effect of averting PBS degradation on the physiology of the fast-grow-
ing, high light-tolerant cyanobacterium, we compared the growth rate of the WT and the
DnblA mutant under different light intensities. Differences in growth rate were observed
between the mutant and the WT under low light intensities. When grown under
250 mmol photons m22s21, the mutant exhibited ;50% higher growth rate compared to
the WT (Fig. S4). The difference in growth rate narrowed with increasing light intensities
and, at 500 mmol photons m22s21, the mutant grew ;12% faster than the WT (Fig. S4).
The mutant and the WT exhibited comparable growth rates up to 1500 mmol photons
m22s21. Under higher light intensities ($2000mmol photons m22s21), the mutant initially
grew at a slightly reduced rate compared to the WT, although the final biomass accumu-
lation was similar in both the strains (Fig. S4). The higher growth rate under low light cor-
related with increased quantum yield and enhanced oxygen evolution rates in the mu-
tant (data not shown), which indicated higher photosynthetic activity. In contrast,
photosynthetic activity under high light was slightly reduced.

FIG 2 Microscopic analysis showing large amounts of PBS in heterocysts of the DnblA mutant of
Anabaena 33047. (A to D) Brightfield and fluorescence microscopic images of WT (A and B) and
DnblA (C and D) mutant of Anabaena 33047 grown in media lacking fixed nitrogen sources. A large
amount of PBS was retained in the DnblA heterocysts compared to the WT (arrows). (E to G) FKM
analysis of WT and DnblA heterocysts. (E and F) The bright signal was observed in heterocysts of the
DnblA mutant compared to the WT (arrows). (G) Average steady-state fluorescence obtained from WT
and DnblA mutant after excitation of phycobilisomes in heterocysts.
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The DnblA mutant exhibits unusually high rates of nitrogenase activity. To
assess the effect of PBS retention on heterocyst function in the high light-tolerant
Anabaena 33047, we compared nitrogenase activity in the WT and DnblA strains. When
grown under 250 mmol photons m22s21 light, no significant difference in nitrogenase
activity was observed between the mutant and the WT (Fig. 3). However, when grown
under 2000 mmol photons m22s21, the mutant exhibited 2 to 3-fold higher specific
rates of nitrogenase activity compared to the WT (Fig. 3). If grown for more than 36 h
under high light in nitrogen deplete medium, both the mutant and the WT filaments
clumped into a ball due to excess EPS secretion, and both strains exhibited greatly
reduced rates of nitrogenase activity. When incubated in the dark, the rates of nitroge-
nase activity were drastically reduced for both the mutant and the WT grown under
low or high light intensities (data not shown), indicating that the activity is light-de-
pendent. When treated with DBMIB (2,5-dibromo-3-methyl-6-isopropyl benzoquinone),
a quinone analog that inhibits the cytochrome b6f complex and, thus, disables cyclic
electron flow (22), nitrogen fixation rates were drastically reduced both in the mutant
and the WT. On the other hand, incubation with DCMU (3-[3,4-dichlorophenyl]-1,1-
dimethylurea), which blocks PSII and linear electron transport alone, did not have an
inhibitory effect on nitrogenase activity in the WT or the mutant (Fig. S5).

P700 oxidation kinetics suggest higher cyclic electron flow in the mutant. To
investigate the basis of the enhanced nitrogenase activity in the DnblA mutant grown
under high light and to assess if the mutant exhibited any difference in PSI function,
we probed the oxidation/reduction kinetics of PSI reaction centers in both the mutant
and the WT using a Joliot type JTS-10 spectrophotometer (23, 24). We exposed dark-
adapted WT and DnblA cells grown under high light to a 5 s pulse of actinic light and
measured the oxidation of P700. This was followed by the measurement of the reduc-
tion kinetics in the dark. These measurements were carried out in the absence and
presence of the inhibitor DCMU (Fig. S6A and Fig. 4), which blocks PSII and linear elec-
tron flow in the vegetative cells, thus allowing only cyclic electron flow (CEF) around
PSI in the vegetative cells and heterocysts. We also assessed samples treated with
DCMU and DBMIB, inhibiting both linear and cyclic electron flows.

When linear electron flow was blocked with DCMU, the P700 oxidation kinetics
between the WT and the mutant filaments grown under nitrogen-fixing conditions
were strikingly different with greater oxidation of P700 achieved in the DnblA mutant
compared to the WT (Fig. 4A). In contrast, when treated with DCMU and DBMIB, the ox-
idation of P700 between the two strains was similar (Fig. 4B). This indicated that the
difference observed with DCMU treatment could be a result of an enhanced flow of
electrons to PSI in the mutant via the cyclic pathway, which is obstructed by DBMIB
treatment and is not a true reflection of the amount of P700 in the cells. To enable
comparison between the mutant and the WT, we normalized the kinetics of P7001 re-

FIG 3 Nitrogenase activity in the WT and DnblA strains of Anabaena 33047 grown in nitrogen
deplete medium under low (250 mmol photons m22s21) or high (2000 mmol photons m22s21) light
intensities. Representative data are shown as the average of three biological replicates, and error bars
show the standard deviation from the average.
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reduction in the dark (Fig. 4C) to the maximal oxidation observed (24). The DnblA mu-
tant exhibited faster re-reduction kinetics in the presence of DCMU compared to the
WT (Fig. 4C). In contrast, the re-reduction kinetics appeared to be similar in the two
strains when treated with DCMU and DBMIB (Fig. S6B). Based on the assumption that
CEF is the main contributor to P7001 re-reduction, we calculated the percentage con-
tribution of cyclic versus linear electron transport to P7001 re-reduction in the WT and
mutant filaments (Fig. 4D) (24, 25). When cells grown under high light were treated
with DCMU, the mutant showed greater reliance on CEF for P700 oxidation compared
to the WT. Under these conditions, the cyclic process accounted for ;24% electron
flow to P7001 in the mutant (Fig. 4D). To assess the contribution of vegetative cells to
the observed difference in P700 oxidation between the mutant and the WT, we meas-
ured P700 oxidation in filaments grown under nitrogen sufficient conditions (filaments
without any heterocysts). No significant difference in P700 oxidation was observed
between the vegetative cells of the WT and the mutant treated with DCMU (Fig. S6C).

DISCUSSION

Anabaena 33047 is unique among heterocystous cyanobacteria in its ability to thrive
under high light intensities. The strain also fixed nitrogen at higher rates (Fig. S1B) and
harbored a larger amount of PBS in its heterocysts compared to other heterocystous cya-
nobacteria (17). This study was initiated to investigate the role of and relationship
between high light and PBS content in the heterocysts of Anabaena 33047. To this end,
we successfully engineered a strategy to modify the genome of this previously recalci-
trant strain and generated a nblA deletion mutant, which retained large amounts of PBS
in its heterocysts and enabled us to assess the function of these antenna pigment pro-
teins in nitrogen fixation.

Our current understanding of the effects of averting PBS degradation in cyanobac-
teria by deleting nblA relies largely on studies in nondiazotrophic strains (12, 13, 26–
28). The only diazotrophic strain where a DnblAmutant has been characterized so far is
Anabaena 7120 and under the conditions tested, the deletion did not have any impact
on growth or nitrogen fixation (29). This indicated that degradation of PBS is not an

FIG 4 P700 redox kinetics for WT and DnblA mutant of Anabaena 33047 grown under high light
(2000 mmol photons m22s21). Dark-adapted cells were exposed to a pulse of actinic light for 5 s
(white bar above [A]). This was followed by dark incubation (black bar above [A]). During this time
course, measuring flashes of 705 nm light probed the redox state of the P700 reaction center of PSI.
(A) P700 redox kinetics in DCMU treated (10 mM) WT and DnblA cells. (B) P700 redox kinetics in WT
and DnblA cells treated with DCMU (10 mM) and DBMIB (1 mM). (C) Details of the re-reduction
kinetics of P7001 in the dark (normalized to total oxidizable P700) for the experiment in panel A. Each
trace is an average of 3 independent experiments. (D) The halftimes (milliseconds) for re-reduction of
P7001 in the dark.
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essential adaptive strategy for heterocystous strains to transition from a nitrogen-
deplete to a nitrogen-fixing condition.

Various studies revealed the functional association between PBS and PSI in hetero-
cysts. A study in Anabaena variabilis demonstrated a role for PBS in the efficient trans-
fer of light energy to PSI and photooxidation of P-700, the reaction center of PSI (30). A
similar study in Anabaena 7120 reported the isolation of a PBS-PSI super complex, the
spectral analysis of which revealed efficient energy transfer from PBS to PSI (19). A pre-
viously unknown linker component cpcL was shown to be involved in establishing the
connection between PBS and PSI. Interestingly, this linker is found in many heterocys-
tous cyanobacteria, including Anabaena 33047, but not in unicellular cyanobacteria
that fix nitrogen at night. The study found that the levels of this linker were 4-fold
higher in heterocysts compared to vegetative cells and proposed a role for the PBS-
cpcL-PSI complex in harvesting light energy and facilitating PSI-driven nitrogen fixa-
tion. These findings were also supported by a more recent study that showed the
transfer of energy from cpcL-PBS to PSI in a mutant of Anabaena 7120 (4). In addition,
a role for these phycobiliproteins in supporting light-driven nitrogenase activity in het-
erocysts was also demonstrated (30).

In heterocystous cyanobacteria, cyclic electron flow around PSI plays a crucial role
in driving nitrogenase activity (31–33). Cyclic electron flow relies on the transfer of
reducing equivalents from PSI to the plastoquinone pool via the NDH-1 complex. The
reduced plastoquinone pool is reoxidized by the cytochrome b6/f (Cyt-b6/f) complex,
which transfers electrons back to PSI via plastocyanin, thereby completing the cycle.
This cyclic flow of electrons is coupled to the generation of a proton gradient across
the thylakoid membrane, which drives ATP synthesis (Fig. 5). CEF around PSI is light-
dependent and it has been demonstrated that CEF can vary with light intensity with
increased irradiance leading to higher rates of CEF (34, 35).

The DnblA mutant exhibited higher PBS content in its heterocysts and higher nitro-
genase activity. Spectroscopic studies demonstrated higher CEF in the mutant com-
pared to the WT (Fig. 2 to 4). Our FKM analysis did not reveal any significant difference
in pigment content between the vegetative cells of the mutant and the WT (after PBS
is resynthesized in the WT) and no significant difference was observed in P700 oxida-
tion between the vegetative cells of the mutant and the WT grown under nitrogen suf-
ficient conditions. These observations suggest that the enhanced CEF detected in the
mutant is likely a reflection of the altered photochemistry in its heterocysts brought
about by higher levels of PBS, which, in turn, contributes to enhanced nitrogenase ac-
tivity. In addition, averting PBS degradation can eliminate the need for the expensive
resynthesis of these large antenna complexes, a phenomenon that likely takes place in

FIG 5 Schematics depicting the differences in the heterocysts of the WT and DnblA strains that contribute to enhanced
nitrogenase activity. A higher abundance of phycobilisomes in the mutant heterocyst and their association with PSI
centers leads to higher ATP generation mediated by cyclic electron flow. The ATP feeds into the nitrogenase enzyme
complex leading to higher rates of nitrogen fixation in the DnblA mutant.
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the wild-type Anabaena 33047 heterocysts that harbor larger amounts of PBS com-
pared to other cyanobacteria. Averting antenna degradation in the DnblA mutant pos-
sibly allows utilization of the cellular resources for the energy-intensive nitrogen fixa-
tion process instead. Retention of PBS in the vegetative cells of the mutant during
acclimation to nitrogen limitation did not seem to have any significant adverse effect
on growth or metabolism. A small inhibitory effect on growth was observed for a few
hours after inoculation into nitrogen depleted medium, which could be a result of a
slight reduction in photosynthesis observed under these conditions, but the final bio-
mass accumulation was similar to the WT. Interestingly, the higher nitrogenase activity
in the mutant did not contribute to faster growth under high light, suggesting that other
cellular resources could be limiting or that the high rates of N2-fixation achieved by the
WT are optimal to support the fast growth of this strain. The excess N2 in the DnblA strain
is probably channelized into storage reserves. When grown for an extended period
(.30h) excess EPS secretion led to clumping of the filaments into a tight ball thereby lim-
iting light availability to the cells resulting in greatly reduced nitrogenase activity indicat-
ing that access to high light is crucial for augmenting nitrogenase function. In contrast,
when grown under low light, the presence of PBS turned out to be advantageous for effi-
cient light-harvesting in the mutant and this was reflected in faster growth compared to
the WT (Fig. S4). However, the low light growth conditions could not elicit an increase in
nitrogenase activity. This again suggests that the high rates of nitrogenase activity in the
WT Anabaena 33047 are optimal to support growth under all conditions, but light can be
a limiting factor. The mutant thus holds the potential to channelize the excess pool of
nitrogen fixed under high light toward nitrogen-rich products of interest.

Our study demonstrates a link between PBS content and nitrogenase activity in heter-
ocysts. Increased light absorption by PBS leads to enhanced cyclic phosphorylation, which
is the driving force for nitrogen fixation. Thus, in a high light-tolerant strain like Anabaena
33047 modifying the heterocyst antenna by disabling degradation of PBS during nitrogen
acclimation appears to be an effective strategy for enhancing nitrogen fixation rates.

MATERIALS ANDMETHODS
Cyanobacterial strains and growth conditions. The Anabaena sp. ATCC 33047 strain was procured

from the UTEX culture collection of algae at the University of Texas at Austin (www.utex.org). The strain
was isolated from the Texas gulf coast more than 5 decades ago. It was then designated Anabaena CA (36,
37) For conjugation experiments, cells were grown in BG11 medium with added nitrate, in shake flasks
(;150 rpm), under 150 mmol photons m22s21 of white light in ambient air at 38°C. For physiological stud-
ies, cells were grown in ASP2 liquid medium with or without added nitrate at desired light intensities. The
Anabaena sp. ATCC 7120 strain was also acquired from the UTEX culture collection and cells were grown
in BG11 medium at 50 mmol photons m22s21 of white light in ambient air at 28°C with or without added
nitrate.

Genetic modification and construction of strains. The DnblA strain was generated by replacing
the nblA gene with a kanamycin resistance cassette using homologous recombination. The deletion con-
struct was conjugated into Anabaena 33047 using a modified helper plasmid (pSL3348), containing five
methylase or methyltransferase genes from the genome of Anabaena 33047 (table S1). Details of vector
construction and conjugation protocol are provided as supplementary information.

Growth analysis. For growth measurements, Anabaena 33047 cultures were maintained in ASP2
medium with shaking at ;150 rpm under 250 mmol photons m22s21 of white light in ambient air at
38°C. Anabaena 7120 cultures were maintained in BG11 medium with shaking at ;150rpm under
50 mmol photons m22s21 of white light in ambient air at 28°C. Culture aliquots were then diluted to an
OD730 of 0.05 in a Multi-Cultivator MC 1000-OD device (Photon Systems Instruments, Drasov, Czech
Republic), and growth under continuous light-emitting diode (LED) light of different intensities in ambi-
ent air supplemented with 1% CO2 were measured at 730 nm.

Fluorescence microscopy. Cells from 24 to 48h liquid culture were imaged using a Nikon Eclipse
80i microscope equipped with a Photometrics Cool Snap ES CCD camera (Roper Scientific). Illumination
was provided by a metal halide light source (X-Cite). PBS fluorescence was detected using a 560/40 nm
excitation filter, a 595 nm dichroic beam splitter, and a 630/60 nm emission filter.

Measuring PBS in heterocysts. Steady-state fluorescence kinetics of WT and DnblA heterocysts of
Anabaena 33047 were measured by the fluorescence kinetic microscope (Photon Systems Instruments,
Drasov, Czech Republic, www.psi.cz). PBS was excited with green LED light (LZ1-00G100, 530 nm peak).
A steady-state PBS fluorescence was separated from exciting light by a dichroic mirror with 562 nm
edge wavelength (Semrock 562 nm edge BrightLine) and collected using an emission filter with trans-
mission band 663.5 to 666.5 nm (Semrock 660/13 nm BrightLine). Signals were measured from individual
heterocysts and vegetative cells using the 40� objective (Zeiss Plan-Apochromat 40�/1.4 oil). The
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average signal from a minimum of 10 cells was used to obtain the representative PBS signal from the
mutant and the WT. The FluorCam7 software developed by Photon Systems Instruments was used to
operate the FKM and analyze the data.

Nitrogen fixation assay. Nitrogenase activity was measured using the acetylene reduction assay, as
described in reference (38), and expressed in terms of the ethylene produced per mg of chlorophyll.
Cultures were grown in ASP2 medium lacking fixed nitrogen in multicultivator tubes under 250 and
2000 mmol photons m22s21 at 42°C in air supplemented with 3% CO2. Cells were transferred to airtight
100 mL glass vials and incubated in a 5% acetylene atmosphere under light at 450 mmol photons
m22s21 38°C for 3 h. Gas samples were withdrawn from the vials, and ethylene production was meas-
ured using an Agilent 6890N gas chromatograph equipped with a Poropak N column and a flame ioniza-
tion detector with argon as the carrier gas (38).

PSI measurements. P700 concentration in whole cells was determined using a JTS-10 pump-probe
spectrometer (BioLogic, France). Cultures grown to mid-exponential-phase were normalized to 5 mg/mL
chlorophyll and incubated at 38°C under the light before measurements. For analysis of P700 kinetics,
samples were treated with the required inhibitors (10 mM DCMU, 1 mM DBMIB) and dark-adapted for
3 min before subjecting them to an actinic light pulse. The redox state of P700 was monitored by
absorption at 705 nm during the 5 min saturating pulse and for 10 s of recovery afterward.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, DOCX file, 0.01 MB.
FIG S1, PDF file, 0.5 MB.
FIG S2, PDF file, 0.1 MB.
FIG S3, PDF file, 0.2 MB.
FIG S4, PDF file, 0.1 MB.
FIG S5, PDF file, 0.05 MB.
FIG S6, PDF file, 0.2 MB.
TABLE S1, DOCX file, 0.01 MB.

ACKNOWLEDGMENTS
This study was supported by funding from the U.S. Department of Energy, Office of

Science, Office of Biological and Environmental Research, Genomic Science Program
under Award Number DE-SC0019386 and Gordon and Betty Moore Foundation
(GBMF5760) to HBP. ZY’s visit to Washington University was also supported by the
National Natural Science Foundation of China (31400215).

REFERENCES
1. Kumar K, Mella-Herrera RA, Golden JW. 2010. Cyanobacterial hetero-

cysts. Cold Spring Harb Perspect Biol 2:a000315. https://doi.org/10
.1101/cshperspect.a000315.

2. Haselkorn R. 1978. Heterocysts. Annu Rev Plant Physiol 29:319–344.
https://doi.org/10.1146/annurev.pp.29.060178.001535.

3. Magnuson A. 2019. Heterocyst thylakoid bioenergetics. Life (Basel) 9:13.
https://doi.org/10.3390/life9010013.

4. Zheng L, Li Y, Li X, Zhong Q, Li N, Zhang K, Zhang Y, Chu H, Ma C, Li G,
Zhao J, Gao N. 2019. Structural and functional insights into the tetrameric
photosystem I from heterocyst-forming cyanobacteria. Nat Plants 5:
1087–1097. https://doi.org/10.1038/s41477-019-0525-6.

5. Ow SY, Noirel J, Cardona T, Taton A, Lindblad P, Stensjo K, Wright PC.
2009. Quantitative overview of N2 fixation in Nostoc punctiforme ATCC
29133 through cellular enrichments and iTRAQ shotgun proteomics. J
Proteome Res 8:187–198. https://doi.org/10.1021/pr800285v.

6. Ow SY, Cardona T, Taton A, Magnuson A, Lindblad P, Stensjo K, Wright
PC. 2008. Quantitative shotgun proteomics of enriched heterocysts from
Nostoc sp. PCC 7120 using 8-plex isobaric peptide tags. J Proteome Res 7:
1615–1628. https://doi.org/10.1021/pr700604v.

7. Cardona T, Magnuson A. 2010. Excitation energy transfer to Photosystem I
in filaments and heterocysts of Nostoc punctiforme. Biochim Biophys Acta
1797:425–433. https://doi.org/10.1016/j.bbabio.2009.12.014.

8. Alberte RS, Tel-Or E, Packer L, Thornber JP. 1980. Functional organisa-
tion of the photo-synthetic apparatus in heterocysts of nitrogen-fixing
cyanobacteria. Nature 284:481–483. https://doi.org/10.1038/284481a0.

9. Bogorad L. 1975. Phycobiliproteins and complementary chromatic adapta-
tion. Annu Rev Plant Physiol 26:369–401. https://doi.org/10.1146/annurev
.pp.26.060175.002101.

10. Richaud C, Zabulon G, Joder A, Thomas J-C. 2001. Nitrogen or sulfur starva-
tion differentially affects phycobilisome degradation and expression of the
nblA gene in Synechocystis strain PCC 6803. J Bacteriol 183:2989–2994.
https://doi.org/10.1128/JB.183.10.2989-2994.2001.

11. Grossman ARSR, Bhaya D, Dolganov N. 1998. Phycobilisome degradation
and responses of cyanobacteria to nutrient limitation and high light. In G G.
(ed), Photosynthesis: mechanisms and effects. https://doi.org/10.1007/978
-94-011-3953-3_669. Springer, Dordrecht.

12. Collier JL, Grossman AR. 1994. A small polypeptide triggers complete deg-
radation of light-harvesting phycobiliproteins in nutrient-deprived cyano-
bacteria. EMBO J 13:1039–1047. https://doi.org/10.1002/j.1460-2075.1994
.tb06352.x.

13. Grossman AR, Schaefer MR, Chiang GG, Collier JL. 1993. The phycobili-
some, a light-harvesting complex responsive to environmental condi-
tions. Microbiol Rev 57:725–749. https://doi.org/10.1128/mr.57.3.725
-749.1993.

14. Grossman AR, Bhaya D, He Q. 2001. Tracking the light environment by
cyanobacteria and the dynamic nature of light harvesting. J Biol Chem
276:11449–11452. https://doi.org/10.1074/jbc.R100003200.

15. Schwarz R, Forchhammer K. 2005. Acclimation of unicellular cyanobacte-
ria to macronutrient deficiency: emergence of a complex network of cel-
lular responses. Microbiology (Reading) 151:2503–2514. https://doi.org/
10.1099/mic.0.27883-0.

16. Moreno J, Vargas MÁ, Rodrı x, Guez H, Rivas J, Guerrero MG. 2003. Out-
door cultivation of a nitrogen-fixing marine cyanobacterium, Anabaena
sp. ATCC 33047. Biomol Eng 20:191–197. https://doi.org/10.1016/S1389
-0344(03)00051-0.

®

November/December 2021 Volume 12 Issue 6 e03408-21 mbio.asm.org 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

1 
D

ec
em

be
r 

20
21

 b
y 

12
8.

25
2.

76
.2

2.

https://doi.org/10.1101/cshperspect.a000315
https://doi.org/10.1101/cshperspect.a000315
https://doi.org/10.1146/annurev.pp.29.060178.001535
https://doi.org/10.3390/life9010013
https://doi.org/10.1038/s41477-019-0525-6
https://doi.org/10.1021/pr800285v
https://doi.org/10.1021/pr700604v
https://doi.org/10.1016/j.bbabio.2009.12.014
https://doi.org/10.1038/284481a0
https://doi.org/10.1146/annurev.pp.26.060175.002101
https://doi.org/10.1146/annurev.pp.26.060175.002101
https://doi.org/10.1128/JB.183.10.2989-2994.2001
https://doi.org/10.1007/978-94-011-3953-3_669
https://doi.org/10.1007/978-94-011-3953-3_669
https://doi.org/10.1002/j.1460-2075.1994.tb06352.x
https://doi.org/10.1002/j.1460-2075.1994.tb06352.x
https://doi.org/10.1128/mr.57.3.725-749.1993
https://doi.org/10.1128/mr.57.3.725-749.1993
https://doi.org/10.1074/jbc.R100003200
https://doi.org/10.1099/mic.0.27883-0
https://doi.org/10.1099/mic.0.27883-0
https://doi.org/10.1016/S1389-0344(03)00051-0
https://doi.org/10.1016/S1389-0344(03)00051-0
https://mbio.asm.org


17. Kumar A, Tabita FR, Van Baalen C. 1982. Isolation and characterization of
heterocysts from Anabaena sp. strain CA. Arch Microbiol 133:103–109.
https://doi.org/10.1007/BF00413520.

18. Misra HS, Mahajan SK. 2000. Excitation energy transfer from phycobili-
somes to photosystems: a phenomenon associated with the temporal
separation of photosynthesis and nitrogen fixation in a cyanobacterium,
Plectonema boryanum. Biochim Biophys Acta 1459:139–147. https://doi
.org/10.1016/S0005-2728(00)00123-7.

19. Watanabe M, Semchonok DA, Webber-Birungi MT, Ehira S, Kondo K,
Narikawa R, Ohmori M, Boekema EJ, Ikeuchi M. 2014. Attachment of phy-
cobilisomes in an antenna-photosystem I supercomplex of cyanobacteria.
Proc Natl Acad Sci U S A 111:2512–2517. https://doi.org/10.1073/pnas
.1320599111.

20. Elhai J, Vepritskiy A, Muro-Pastor AM, Flores E, Wolk CP. 1997. Reduction
of conjugal transfer efficiency by three restriction activities of Anabaena
sp. strain PCC 7120. J Bacteriol 179:1998–2005. https://doi.org/10.1128/jb
.179.6.1998-2005.1997.

21. Elhai J, Wolk CP. 1988. Conjugal transfer of DNA to cyanobacteria. Methods
Enzymol 167:747–754. https://doi.org/10.1016/0076-6879(88)67086-8.

22. Trebst A. 2007. Inhibitors in the functional dissection of the photosyn-
thetic electron transport system. Photosynth Res 92:217–224. https://doi
.org/10.1007/s11120-007-9213-x.

23. Joliot P, Joliot A. 2005. Quantification of cyclic and linear flows in plants.
Proc Natl Acad Sci U S A 102:4913–4918. https://doi.org/10.1073/pnas
.0501268102.

24. Berla BM, Saha R, Maranas CD, Pakrasi HB. 2015. Cyanobacterial alkanes
modulate photosynthetic cyclic electron flow to assist growth under cold
stress. Sci Rep 5:14894. https://doi.org/10.1038/srep14894.

25. Marathe A, Kallas T. 2012. Cyclic electron transfer pathways in Syncecho-
coccus sp. PCC 7002 cyanobacteria during photosynthesis at high light
intensity Master of Science - Biology thesis, The University of Wisconsin
Oshkosh.

26. Dines M, Sendersky E, David L, Schwarz R, Adir N. 2008. Structural, func-
tional, and mutational analysis of the NblA protein provides insight into
possible modes of interaction with the phycobilisome. J Biol Chem 283:
30330–30340. https://doi.org/10.1074/jbc.M804241200.

27. Ungerer J, Pakrasi HB. 2016. Cpf1 is a versatile tool for CRISPR genome
editing across diverse species of cyanobacteria. Sci Rep 6:39681. https://
doi.org/10.1038/srep39681.

28. Yu J, Liberton M, Cliften PF, Head RD, Jacobs JM, Smith RD, Koppenaal
DW, Brand JJ, Pakrasi HB. 2015. Synechococcus elongatus UTEX 2973, a
fast growing cyanobacterial chassis for biosynthesis using light and CO2.
Sci Rep 5:8132. https://doi.org/10.1038/srep08132.

29. Baier K, Lehmann H, Stephan DP, Lockau W. 2004. NblA is essential for
phycobilisome degradation in Anabaena sp. strain PCC 7120 but not for
development of functional heterocysts. Microbiology (Reading) 150:
2739–2749. https://doi.org/10.1099/mic.0.27153-0.

30. Peterson RB, Dolan E, Calvert HE, Ke B. 1981. Energy transfer from phyco-
biliproteins to photosystem I in vegetative cells and heterocysts of Ana-
baena variabilis. Biochim Biophys Acta 634:237–248. https://doi.org/10
.1016/0005-2728(81)90142-0.

31. Almon H, Böhme H. 1982. Photophosphorylation in isolated heterocysts
from the blue-green alga Nostoc muscorum. Biochim Biophys Acta (BBA) -
Bioenergetics 679:279–286. https://doi.org/10.1016/0005-2728(82)90298-5.

32. Janaki S, Wolk CP. 1982. Synthesis of nitrogenase by isolated heterocysts.
Biochim Biophys Acta (BBA) - Gene Structure and Expression 696:
187–192. https://doi.org/10.1016/0167-4781(82)90027-6.

33. Tel-Or E, Stewart WD. 1976. Photosynthetic electron transport, ATP syn-
thesis and nitrogenase activity in isolated heterocysts of Anabaena cylin-
drica. Biochim Biophys Acta 423:189–195. https://doi.org/10.1016/0005
-2728(76)90177-8.

34. Miyake C, Horiguchi S, Makino A, Shinzaki Y, Yamamoto H, Tomizawa K-i.
2005. Effects of light intensity on cyclic electron flow around PSI and its rela-
tionship to non-photochemical quenching of Chl fluorescence in tobacco
leaves. Plant Cell Physiol 46:1819–1830. https://doi.org/10.1093/pcp/pci197.

35. Huang W, Yang Y-J, Hu H, Zhang S-B. 2015. Different roles of cyclic elec-
tron flow around photosystem I under sub-saturating and saturating light
intensities in tobacco leaves. Front Plant Sci 6:923. https://doi.org/10
.3389/fpls.2015.00923.

36. Stacey G, Van Baalen C, Tabita FR. 1977. Isolation and characterization of
a marine Anabaena sp. capable of rapid growth on molecular nitrogen.
Arch Microbiol 114:197–201. https://doi.org/10.1007/BF00446862.

37. Pfeffer S, Brown RM. 2016. Complete genome sequence of the cyanobac-
terium Anabaena sp. Genome Announc 4:e00809-16. https://doi.org/10
.1128/genomeA.00809-16.

38. Bandyopadhyay A, Stockel J, Min H, Sherman LA, Pakrasi HB. 2010. High
rates of photobiological H2 production by a cyanobacterium under aerobic
conditions. Nat Commun 1:139. https://doi.org/10.1038/ncomms1139.

Bandyopadhyay et al. ®

November/December 2021 Volume 12 Issue 6 e03408-21 mbio.asm.org 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

1 
D

ec
em

be
r 

20
21

 b
y 

12
8.

25
2.

76
.2

2.

https://doi.org/10.1007/BF00413520
https://doi.org/10.1016/S0005-2728(00)00123-7
https://doi.org/10.1016/S0005-2728(00)00123-7
https://doi.org/10.1073/pnas.1320599111
https://doi.org/10.1073/pnas.1320599111
https://doi.org/10.1128/jb.179.6.1998-2005.1997
https://doi.org/10.1128/jb.179.6.1998-2005.1997
https://doi.org/10.1016/0076-6879(88)67086-8
https://doi.org/10.1007/s11120-007-9213-x
https://doi.org/10.1007/s11120-007-9213-x
https://doi.org/10.1073/pnas.0501268102
https://doi.org/10.1073/pnas.0501268102
https://doi.org/10.1038/srep14894
https://doi.org/10.1074/jbc.M804241200
https://doi.org/10.1038/srep39681
https://doi.org/10.1038/srep39681
https://doi.org/10.1038/srep08132
https://doi.org/10.1099/mic.0.27153-0
https://doi.org/10.1016/0005-2728(81)90142-0
https://doi.org/10.1016/0005-2728(81)90142-0
https://doi.org/10.1016/0005-2728(82)90298-5
https://doi.org/10.1016/0167-4781(82)90027-6
https://doi.org/10.1016/0005-2728(76)90177-8
https://doi.org/10.1016/0005-2728(76)90177-8
https://doi.org/10.1093/pcp/pci197
https://doi.org/10.3389/fpls.2015.00923
https://doi.org/10.3389/fpls.2015.00923
https://doi.org/10.1007/BF00446862
https://doi.org/10.1128/genomeA.00809-16
https://doi.org/10.1128/genomeA.00809-16
https://doi.org/10.1038/ncomms1139
https://mbio.asm.org

	RESULTS
	Anabaena 33047 thrives under very high light intensities.
	Engineering Anabaena 33047 for genetic amenability.
	The ΔnblA mutant retained large amounts of PBSs in heterocysts.
	The ΔnblA mutant exhibits unusually high rates of nitrogenase activity.
	P700 oxidation kinetics suggest higher cyclic electron flow in the mutant.

	DISCUSSION
	MATERIALS AND METHODS
	Cyanobacterial strains and growth conditions.
	Genetic modification and construction of strains.
	Growth analysis.
	Fluorescence microscopy.
	Measuring PBS in heterocysts.
	Nitrogen fixation assay.
	PSI measurements.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

