
Chapter 16
Better Living Through Cyanothece – Unicellular
Diazotrophic Cyanobacteria with Highly
Versatile Metabolic Systems

Louis A. Sherman, Hongtao Min, Jörg Toepel, and Himadri B. Pakrasi

Abstract Cyanothece sp. ATCC 51142 is a unicellular, diazotrophic cyanobac-
terium with a versatile metabolism and very pronounced diurnal rhythms. Since
nitrogen fixation is exquisitely sensitive to oxygen, Cyanotheceutilizes temporal
regulation to accommodate these incompatible processes in a single cell. When
grown under 12 h light–dark (LD) periods, it performs photosynthesis during the
day and N2 fixation and respiration at night. Genome sequences of Cyanothece sp.
ATCC 51142 and that of five other Cyanothece species have been completed and
have produced some surprises. Analysis at both the transcriptomic and the pro-
teomic levels in Cyanothece sp. ATCC 51142 has demonstrated the relationship
of the metabolic synchrony with gene expression and has given us insights into
diurnal and circadian regulation throughout a daily cycle. We are particularly inter-
ested in the regulation of metabolic processes, such as H2 evolution, and the way
in which these organisms respond to environmental cues, such as light, the lack of
combined nitrogen, and changing O2 levels. Cyanothece strains produce copious
amounts of H2 under different types of physiological conditions. Nitrogenase pro-
duces far more H2 than the hydrogenase, in part because the nitrogenase levels are
extremely high under N2-fixing conditions. With Cyanothece 51142 cultures grown
in NO3-free media, either photoautotrophically or mixotrophically with glycerol,
we have obtained H2 production rates over 150 μmol/mg Chl/h.

16.1 Introduction

Unicellular, diazotrophic cyanobacteria are interesting and versatile organisms.
They perform oxygenic photosynthesis, but they can also fix atmospheric N2.
Nitrogenase, the enzyme that is responsible for this N2 fixation into ammonia is
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normally rapidly and irreversibly inactivated upon exposure to molecular oxygen.
Thus, one interesting question about such organisms is how they regulate nitroge-
nase activity in the presence of poisonous oxygen. In addition, what other properties
do they have that might make them valuable for other kinds of experimentation? We
have been interested in studying these organisms and in understanding how they
regulate various metabolic properties. Most recently, we have also been interested
in the ability of these organisms to use light energy to generate alternative biofuels
such as H2.

We have primarily studied the unicellular diazotrophic cyanobacterium
Cyanothece sp. ATCC 51142, hereafter Cyanothece 51142 (Reddy et al. 1993;
Schneegurt et al. 1994), which performs photosynthesis during the light and fixes
nitrogen during the dark (Schneegurt et al. 1997a, b, 1998). Our early studies with
Cyanothece 51142 showed a strong correlation between activity and transcript level
for a subset of genes related to photosynthesis (Meunier et al. 1998) and N2 fix-
ation (Colón-López et al. 1997) during 12 h light–dark (LD) cycles. In addition,
differential gene expression was reported for the main photosynthetic genes and the
nitrogenase genes in the light and dark, respectively (Colón-López et al. 1997, 1999;
Colón-López and Sherman 1998). During a diurnal period, Cyanothece 51142 cells
actively accumulate and degrade different storage inclusion bodies for the products
of photosynthesis and N2 fixation. This ability to utilize metabolic compartmental-
ization and energy storage makes Cyanothece an ideal system for bioenergy research
and for studies on how a unicellular organism balances multiple, often incompati-
ble, processes in the same cell. The genome sequences will help provide a significant
basis for future insights into this metabolic “balancing act”.

Recently, whole genome microarray experiments were carried out to determine
the diurnal gene expression under LD conditions (12 h L/12 h D) (Stöckel et al.
2008) and under continuous light (LL) (Toepel et al. 2008). Both groups found
∼30% of the ∼5000 genes on the microarray exhibited diurnal oscillations under
12 h LD conditions and Toepel et al. (2008) demonstrated that ∼10% of the genes
demonstrated circadian behavior during growth in free-running (LL) conditions.
Toepel et al. (2008) also demonstrated that nitrogenase transcript abundance and
nitrogenase activity were correlated in Cyanothece 51142 under LL and that N2 fix-
ation followed a ∼24 h rhythm under these conditions, albeit with reduced rates.
Such results indicate a LD-independent expression pattern for nitrogenase genes,
consistent with the circadian behavior for nitrogenase-related genes suggested by
Sherman et al. (1998).

Photosynthetic activity depends on incident light, although genes encoding pho-
tosynthetic proteins can display a diurnal or a circadian-dependent expression
pattern (Stöckel et al. 2008; Michael et al. 2008; Toepel et al. 2009). In Cyanothece
51142, maximum photosynthetic rates in a LD cycle occurred after 6–8 h light incu-
bation and photosynthetic capacity decreased strongly during the N2 fixation period
(Meunier et al. 1998; Toepel et al. 2008). Toepel et al. (2008) showed that photo-
synthetic rates were lower during LL growth and demonstrated no circadian-related
pattern for photosynthesis genes. In the case of growth under continuous light, the
glycogen content stayed at high levels and did not decrease until the cells were
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again placed in darkness (Toepel et al. 2008). Furthermore, these results indicated
that nitrogenase transcription and activity was metabolically or energetically regu-
lated via glycogen breakdown and suggested that photosynthesis is light activated,
but probably regulated by the internal carbohydrate level.

The work with Cyanothece 51142 has provided some answers as to the regula-
tion of the disparate metabolic processes, but also has led to some surprises. These
include the discovery of a small linear chromosome that coexists along with the
larger, circular chromosome. In order to better understand the genomic basis of the
genus Cyanothece, an additional six Cyanothece strains have been sequenced by
the Department of Energy Joint Genome Initiative. We have begun to compare and
contrast the different genomes and have found a Cyanothece gene core within this
genus using five of the strains so far sequenced. Interestingly, Cyanothece 7425
demonstrates significant differences in many genomic properties. We will discuss
some of the important attributes of gene regulation that we have determined in
Cyanothece 51142 as well as discuss key features in regard to H2 production in these
strains.

16.2 Results

16.2.1 Genome Sequencing of Cyanothece 51142

The genome of Cyanothece 51142 was sequenced at the Washington University
Genome Sequencing Center (St. Louis, MO), and the finished assembly was
independently confirmed using an optical restriction map generated by OpGen,
Inc. (Welsh et al. 2008). The 5.5 Mb Cyanothece 51142 genome consists of a
4.93 Mb circular chromosome, four plasmids ranging in size from 10 to 40 kb,
and notably a 430 kb linear chromosome. The finding of a linear element in the
Cyanothece genome was unanticipated, but was confirmed by two independent
genome assembly approaches (Welsh et al. 2008). This also represented the first
report of a linear element in the genome of a photosynthetic bacterium, although
linear genomic elements have been identified in other bacterial genera, such as
Borrelia (Ferdows and Barbour 1989), Streptomyces (Kinashi et al. 1992), and
Agrobacterium (Allardet-Servent et al. 1993).

The gene content of the linear chromosome was examined to investigate its
possible origin and importance to the organism. Several genes are found on both
the circular and the linear chromosomes, including a coxABC operon and a clus-
ter containing genes related to glycolysis and fermentation (ppk, pyk, pgi, eno,
ackA, glgP). This cluster on the linear chromosome contains the only gene that
encodes an L-lactate dehydrogenase, required for the terminal step in lactate
fermentation, and suggests that the linear chromosome may play a role in fermen-
tation. Additional genes unique to the linear chromosome are ones encoding the
integrase–recombinase protein XerC, an xseA/xseB operon, and a hicA/hicB operon.
Most of the remaining genes on the linear chromosome are either hypothetical,
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unknown, or of uncertain function. The mechanisms of maintenance and replication
of the linear chromosome remain unknown, and sequence analysis did not indi-
cate the presence of any feature, such as inverted repeats or stem–loop structures,
known to be related to these functions in previously characterized genera (Volff and
Altenbuchner 2000).

The predicted proteome of Cyanothece consists of 5269 open reading
frames: 34% of known function, 29% of uncertain function, and 37% of
unknown/hypothetical (Welsh et al. 2008). The annotation of genes of unknown
function was greatly aided by data from the high-throughput proteomic analysis.
Proteomic data were used, in conjunction with early draft genomic sequence data, to
build an accurate mass and time (AMT) library (Lipton et al. 2002) for use in quan-
titative proteomic experiments. The combined analysis of proteome and genome
data is an important approach that resulted in the inclusion or reclassification of
510 genes and lent an additional level of validation to the genome annotation. The
importance of the proteomic data to metabolic objectives will be discussed in later
sections.

16.2.2 Nitrogenase Genes

In Cyanothece, most of the genes involved in nitrogen fixation are located in a
single contiguous cluster containing 28 genes separated by no more than 3 kb,
with conserved synteny to those found in most other sequenced nitrogen-fixing
cyanobacteria (Fig. 16.1). The cluster is more distantly conserved in Trichodesmium
erythraeum sp. IMS 101, where 20 genes are present in a single large cluster. In
the heterocyst-forming Anabaena and Nostoc strains, one or more inserts ranging
in size from 9 to 24 kb break the cluster into several smaller clusters, with sev-
eral genes duplicated or missing between clusters. The conserved synteny of the
genes within the nif clusters of the Cyanothece and Anabaena families, together
with the proteome-wide phylogenetic tree, supports a single acquisition event of
the nif cluster in a common ancestor. The Synechococcus sp. JA-2-3B′a(2-13) and
Synechococcus sp. JA-3-3Ab strains contain a single contiguous cluster of 20 genes,
but the order and orientation of the genes are extensively reorganized relative to that
seen in the other strains. Cyanothece 51142 contains the largest contiguous cluster
of nitrogen fixation-related genes yet observed in cyanobacteria. If nitrogen fixation

�

Fig. 16.1 Clusters of N2 fixation-related genes. Shown are genes with conserved synteny between
Cyanothece 51142 and other nitrogen-fixing cyanobacteria. Black arrows represent genes assigned
to functional categories and white arrows correspond to hypothetical genes and genes of unknown
function. A possible inversion event in Synechococcussp. JA-3–3Ab is highlighted in brackets.
GenBank accession numbers for the sequences used are as follows: Cyanothecesp. ATCC 51142,
CP000806; spheroid body of Rhopalodia gibba, AY728387; Crocosphaera watsoniiWH 8501,
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JA-3–3Ab, CP000239. Reproduced from PNAS 2008, vol 105:15094 with permission of the
publisher
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was acquired in a single ancient event, this single contiguous cluster may resemble
that seen in the original ancestor. The smaller cluster present in the thermophilic
Synechococcus strains either underwent significant gene loss and rearrangement
from a single common ancestor common to all diazotrophic cyanobacteria or was
acquired in a separate event by lateral gene transfer from a non-cyanobacterial
organism. In either case, based on the phylogenetic evidence, nitrogen fixation
was apparently present early in the evolutionary history of cyanobacteria and was
subsequently lost in the non-diazotrophic β-cyanobacterial strains.

16.2.3 Metabolic Compartmentalization

Intracellular compartmentalization provides a strategy for Cyanothece cells to
tightly regulate storage of metabolic products. The Cyanothece genome data
confirmed the details of the pathways of storage granule accumulation and degrada-
tion by elucidation of the genes involved, provided insights into interconnections
between different pathways, and highlighted the central role of nitrogen fixa-
tion in these organisms (Welsh et al. 2008). Certain filamentous nitrogen-fixing
cyanobacterial strains separate photosynthesis and nitrogen fixation spatially by
the differentiation of a subset of cells into heterocysts, which fix nitrogen and do
not perform oxygenic photosynthesis (Haselkorn 1978; Wolk 1996). However, non-
heterocyst-forming unicellular nitrogen-fixing cyanobacteria, such as Cyanothece,
must separate these processes temporally by performing photosynthesis during the
day and fixing nitrogen during the night (Sherman et al. 1998). Nitrogen fixation is
an energy-intensive process requiring the use of 16 ATP molecules per molecule of
N2 converted to ammonia (Dean, Bolin and Zheng 1993). A respiratory burst at the
beginning of the dark period provides some of the energy required for nitrogen fixa-
tion and serves to further deplete cellular O2 which would otherwise inhibit nitrogen
fixation. Photosynthetic capacity is also at a minimum during this time (Sherman
et al. 1998), which further protects nitrogenase from oxygen damage. Fixed nitro-
gen is stored in cyanophycin granules, which are fully depleted during the next light
period. Carbohydrates produced from photosynthesis are stored during the day in
glycogen granules, which are rapidly consumed early in the dark period as a sub-
strate for respiration (Sherman et al. 1998). Interestingly, two distinctly different
glycogen debranching enzymes are present in the Cyanothece genome, one that is
found only in the β-cyanobacterial clade (glgP) and another (glgX) that is found
mainly in the α-cyanobacteria. The presence of these two enzymes suggests that
granule accumulation and degradation is important and carefully regulated. The cir-
cadian cycle in Cyanothece 51142 cells, once entrained, persists in continuous light
(Colón-López and Sherman 1998) or continuous darkness (Schneegurt et al. 2000).
The temporal regulation of metabolic processes is crucial to Cyanothece 51142, as
each is involved in a different, but interrelated, aspect of cellular metabolism.

The Cyanothece genome contains all of the genes required for fermentation,
including the production of ethanol and hydrogen, both of which require a low or
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anoxic environment. Cyanothece 51142 creates such an intracellular environment
during the early dark period in order to fix nitrogen. Stal and Moezelaar (1997)
have proposed that 6-phosphogluconate dehydrogenase, present in the pentose phos-
phate pathway of Cyanothece, is primarily involved in fermentation in cyanobacteria
and that its presence indicates fermentative capability. Therefore, Cyanothece has
the ability to ferment glucose to ethanol and to produce hydrogen, and may carry
out these processes early in the dark period in order to generate additional ATP
molecules for nitrogen fixation. However, this same intracellular environment is
generated in LL conditions (Toepel et al. 2008) and this may provide additional
opportunities for N2fixation and H2 evolution.

16.2.4 Genomic Sequencing of Six Additional Cyanothece Strains

An additional six Cyanothece strains were sequenced by the Department of Energy
Joint Genome Initiative as a first step toward understanding the nature of the
Cyanothece genus (Table 16.1). The strains were isolated in different environments
around the world and the size and shape of the organisms, as well as other important
properties, can be seen in Table 16.1. All strains are capable of nitrogen fixation
as well as mixotrophic growth on different carbon sources. The genome size of the
strains varies from 4.6 to 6.4 Mb and none of these strains appear to have a linear
chromosome.

The phylogenetic analysis of a broad grouping of cyanobacteria, including all
of the sequenced Cyanothece strains, is shown in Fig. 16.2. It is evident that all

Table 16.1 Genomic information of six species of the genus Cyanothece sequenced by the
Department of Energy Joint Genome Initiative. Reproduced from Welsh et al. (2008) by permission
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of the Cyanothece strains, except for Cyanothece sp. PCC 7425, cluster closely
together along with Crocosphaera watsonii WH8501. Cyanothece sp. PCC 7425
branches somewhat differently and is closer to Acaryochloris marina MBIC11017.
Interestingly, this broad cluster includes a few non-nitrogen-fixing strains, such as
Synechocystis sp. PCC 6803, which has many genes that show sequence similarity to
those in Cyanothece sp. ATCC 51142. Such data again raise the question of whether
or not Synechocystis once had nitrogen fixation genes that were subsequently lost or
if Cyanothece acquired the genes at some later date. All of the Cyanothece strains
so far sequenced have large clusters of nitrogenase genes, although not as complete
as those in Cyanothece 51142. Once again, Cyanothece 7425 is the most divergent
with the nitrogenase genes split into two medium-sized clusters. In addition, all
the strains have clusters of the bidirectional hydrogenase genes (hox) (Fig. 16.3).
Cyanothece 51142 has the most compact operon, whereas Cyanothece 7425 has the
largest number of hypothetical genes within a larger cluster.

Fig. 16.3 Chromosomal organization of hox operons in seven strains of cyanobacteria, including
Synechocystis sp. PCC 6803 and six Cyanothece strains. In all cases, the hox cluster encodes all of
the proteins needed to produce a functional bidirectional hydrogenase

16.2.5 Genomics and Hydrogen Production

One objective for sequencing these genomes was to determine their capabilities for
biofuels production. We were specifically interested in analyzing hydrogen pro-
duction and to determine if all strains contain the genes for the three types of
hydrogenases found in diazotrophic cyanobacteria: nitrogenase, uptake hydroge-
nase, and bidirectional hydrogenase. It has been demonstrated in Anabaena that
mutants that lack the uptake hydrogenase evolve more hydrogen than the wild type
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Table 16.2 Presence or absence of the three genes capable of hydrogen production in select
cyanobacterial strains

Cyanobacterial strain Nitrogenase
Bidirectional
hydrogenase

Uptake
hydrogenase

Cyanothece sp. ATCC 51142 + + +
Cyanothece sp. PCC 7425 + + –
Cyanothece sp. PCC 7822 + + +
Cyanothece sp. PCC 7424 + + +
Cyanothece sp. PCC 8801 + + +
Cyanothece sp. PCC 8802 + + +
Anabaena variabilis ATCC 29413 + + +
Anabaena sp. PCC 7120 + + +
Nostoc punctiforme PCC 73102 + – +
Synechocystis sp. PCC 6803 – + –
Trichodesmium erythraeum

IMS101
+ – +

(Dutta et al. 2005). Thus, we carefully analyzed the genomic sequences to determine
if any of the strains were lacking an uptake hydrogenase system. In fact, all strains
except Cyanothece 7425 had the uptake hydrogenase (Table 16.2). From this data,
we were hopeful that Cyanothece 7425 might be a particularly important strain
for hydrogen production. Of course, Synechocystis 6803 lacks an uptake hydro-
genase, but it also lacks nitrogenase and produces relatively low levels of H2 from
the bidirectional hydrogenase. Thus, the presence or absence of the uptake hydro-
genase is only one factor in determining the ultimate levels of hydrogen that can be
produced.

16.2.6 Transcription and Translation of Hydrogen Production
Genes

Another objective has been to understand transcription and transcriptional regu-
lation of genes in Cyanothece 51142 under a variety of different environmental
conditions. We are particularly interested in transcriptional regulation of N2-fixing
cells when grown under a variety of different light regimes. The most complete
work to date has been on Cyanothece 51142, first using Northern blots for indi-
vidual genes, and then using microarrays for full genome transcriptional analyses
(Colón-López and Sherman 1998; Stöckel et al. 2008; Toepel et al. 2008, 2009). We
have demonstrated that gene transcription is highly synchronized during 12 h LD
conditions and that the large nitrogenase cluster is coordinately transcribed only in
the early part of the dark period. As we varied the light regime to include LL and
6 h LD periods, we were able to discriminate between circadian and diurnal regula-
tion of various genes (Toepel et al. 2009). The nitrogenase and uptake hydrogenase
genes are regulated in a circadian fashion and occur only in the dark under 12 or
6 h LD conditions. However, once the cultures have been adapted to LD growth and
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then transferred to LL, they are capable of transcribing the nitrogenase genes at a
high level (Toepel et al. 2009). On the other hand, the bidirectional hydrogenase
typically follows a more diurnal pattern and is transcribed only in the dark when
grown under 6 h LD periods.

In addition, there are substantial differences in transcript level between the nitro-
genase and uptake hydrogenase on the one hand and the bidirectional hydrogenase
on the other hand (Toepel et al. 2008, 2009). Nitrogenase and the uptake hydroge-
nase genes are usually transcribed in a similar fashion and to very high transcript
levels. On the other hand, the bidirectional hydrogenase is always transcribed at
quite modest levels in all conditions so far tested and with a peak transcript level
that is typically only 1% that of the nitrogenase. On the protein level, we had
previously shown that nitrogenase is very prominent during the first few hours
of nitrogen fixation in the dark and this was verified by careful proteomic anal-
ysis over the 24 h period when grown under 12 h LD cycles. Once again, we
could show that peak levels of nitrogenase were far greater than peak levels of
the Hox proteins. These are critical factors as we consider overall productivity of
hydrogen.

The transcriptomic data for Cyanothece 51142 have been published (Stöckel
et al. 2008; Toepel et al. 2008, 2009), but the proteomic data are available only now
for thorough analysis. The accurate mass and time (AMT) approach has identified
3,616 proteins with high confidence. This includes 70% coverage of gene products
from the circular chromosome, but only 48% from the linear chromosome. This is
consistent with our transcriptomics results that have indicated little or no expression
for many of the genes on the linear chromosome under the conditions so far tested.

This information has been valuable for the overall annotation of the genome, as
well as in conjunction with the transcriptomics results to determine if specific pro-
teins are present or not under different growth conditions. Since one of our main
objectives is to determine if Cyanothece strains are capable of H2 production, we
were particularly interested in protein levels of the three enzymes capable of produc-
ing hydrogen: nitrogenase, the uptake hydrogenase, and bidirectional hydrogenase
(Table 16.2). The proteomic data are only from cells grown under 12 h LD condi-
tions, but along with previous Western blots can provide a substantial amount of
information as to protein levels under different LD regimes. Under nitrogen-fixing
conditions, the nitrogenase proteins were the most cyclic proteins in the cell and
showed peaks and valleys very similar to that of the gene transcription data – the Nif
proteins were present only in the dark. Nonetheless, cells do grow under nitrogen-
fixing conditions in LL, and we have shown that the nitrogenase genes are strongly
induced in a circadian fashion when grown under LL conditions (Toepel et al. 2008).
Additionally, we obtained reasonably high rates of nitrogenase activity in continu-
ous light and we have demonstrated high Nif levels in LL by using Western blots
with Nif antibodies (Colon-Lopez et al. 1998). On the other hand, we have shown
that the hupLS genes are strongly up-regulated in the dark, but are expressed at
much lower levels in continuous light (Toepel et al. 2008). Proteomic analysis of
the HupL protein indicates that it is resent in high levels in the dark, but only at
extremely low levels in the light (Fig. 16.4). This is consistent with our expression
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Fig. 16.4 Analysis of protein levels and transcript levels for the HupL proteins, representative of
the uptake hydrogenase, and the Flv2 and Flv4 proteins

data which indicated that hupLS genes were up-regulated in a circadian fashion in
the dark, coincident with the nitrogenase genes (Toepel et al. 2009). Based on these
results, it would appear that the HupLS proteins are present, if at all, at very low lev-
els during continuous light. This was the first suggestion that incubating cells under
continuous light conditions might be beneficial for hydrogen production. Finally, the
hox genes were expressed at very low levels in the dark under 12 h LD conditions.
When grown under 6 h LD conditions, the hox genes were expressed at peaks in the
dark but without a substantial trough in the intervening 6 h light period (Toepel et al.
2009). Consistent with the low transcript levels, very low levels of the Hox proteins
were identified by proteomics either in the light or in the dark. We are left with
the major conclusion that the nitrogenase enzyme is the only hydrogen-producing
enzyme present in reasonable quantities during LL growth.

Another type of protein that might be important in permitting hydrogen pro-
duction is the flavoprotein. Helman et al. (2003) have shown that flavoproteins are
essential for photoreduction of O2 in cyanobacteria via the Mehler reaction. We had
determined that an operon containing two flavoproteins was induced under low-O2
conditions in Synechocystis 6803 as well as in Cyanothece 51142 (Summerfield,
Toepel and Sherman 2008); the data are summarized in Table 16.3. The flv2 and
flv4 genes are inducible under low-oxygen conditions and we have checked levels
of transcript and protein under different light conditions. As shown in Fig. 16.4, the
transcript and protein levels of flv2 and flv4 were significantly higher in the light than
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Table 16.3 Induction of flavoprpteins flv2 and flv4 under low O2 conditions

Synechocystis
genes

Low O2
induction

Cyanothece
genes

Low O2
induction

t = 1, 2, 6 t = 1, 2, 6
flv1 sll1521 1 1 1 cce-2580 1 1 1
flv3 sll0550 1 1 1 cce-3635 1 2 1

Flv2 sll0217 3 3 3 cce-3835 6 4 2
Flv4 sll0219 2 2 2 cce-3833 4 3 2

in the dark, whereas the other two flavoproteins showed little change in expression
under these conditions (data not shown). We suggest that these flavoproteins are uti-
lized in the Mehler reaction to reduce oxygen under the appropriate conditions (see
Helman et al. 2003). These flavoproteins are in an operon that includes a hypothet-
ical membrane protein with four membrane-spanning regions. Although Flv2 and
Flv4 appear to lack ideal NADP+binding sites, the two proteins are likely tethered
to the membrane by this membrane protein in such a way as to provide the appro-
priate activity. This system may help keep the intracellular concentration of oxygen
low, thus permitting nitrogenase activity even in the presence of continuous light.
These data represented a background as we began our detailed hydrogen production
experiments.

16.2.7 Hydrogen Production in Cyanothece Strains

We have begun a detailed process of determining hydrogen production in the
Cyanothece strains under a variety of conditions. Although the most complete work
has so far been performed for Cyanothece 51142, we have measured hydrogen pro-
duction under both nitrogen-sufficient and nitrogen-fixing conditions in all of the
strains. Importantly, the analysis above led us to incubate N2-fixing cells in LL under
argon to provide a very low-O2environment. All of the strains produced approxi-
mately 2–5 μmol H2/mg Chl/h when grown under nitrogen-sufficient conditions.
We obtained hydrogen production when cells were incubated in the light or dark,
but there was an enhancement caused by light incubation. On the other hand, we
get significantly more hydrogen produced when cultures are grown under nitrogen-
fixing conditions. Strains Cyanothece 7424, 7425, 8801, and 8802 all produced
∼30–40 μmol H2/mg Chl/h, whereas Cyanothece 7822 and 51142 could produce
significantly more. We have not performed as many experiments with Cyanothece
7822, but we have consistently obtained extremely high rates (over 150 μmol H2/mg
Chl/h) of hydrogen production with Cyanothece 51142 when grown either in the
presence or absence of glycerol as a carbon source. The best results are obtained
when cells are grown for 3 days under LL and then incubated under argon in LL.
A critical feature appears to be the need to protect nitrogenase from oxygen inac-
tivation, and incubation in argon provides that environment. From these results, it
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is evident that nitrogenase can produce far more hydrogen than the bidirectional
hydrogenase, even when the hupLS genes are present. Of course, our previous
results suggest that very little HupLS was present under LL incubation. Surprisingly,
Cyanothece 7425 produced hydrogen at levels no higher than that of many of the
other strains that contain an uptake hydrogenase. Thus, the presence or absence of
HupLS may not be the most critical factor for H2 production in all diazotrophic
cyanobacteria.

16.3 Discussion

Strains of the cyanobacterial genus Cyanothece have become among the best studied
of all cyanobacteria. We now have genome sequences for six strains and a detailed
proteome for Cyanothece 51142. In addition, proteomes for the other sequenced
strains are being developed as a way of initiating a process of providing proteomes
for many bacterial genomes (D. Koppenaal, personal communication). Proteomics
and transcriptomics have provided a great deal of high-throughput data that can
be used to analyze metabolic processes in Cyanothece. In the current study, we
have determined the best conditions under which to measure hydrogen production
by Cyanothece 51142. At the current time, we have obtained the highest levels
of hydrogen in Cyanothece 51142 when incubated under argon under LL condi-
tions. This was somewhat surprising, but we believe that it has helped to identify
the major metabolic issues concerned with hydrogen production in this strain. It is
obvious that nitrogenase is the enzyme that produces the hydrogen and we have
also demonstrated that this enzyme is produced continuously under these condi-
tions even though cells do not grow (data not shown). The key energetic features
for hydrogen production include plentiful energy (provided by photosynthesis and
respiration), reducing power, and protection of the nitrogenase from oxygen (pro-
vided by argon and the Mehler reaction mediated by the flavoproteins). We also
know from previous results that PS I is highly expressed at the same time as the
nitrogenase (Colon-Lopez and Sherman 1998). It is highly likely that PS I is being
used both in a cyclic fashion for ATP production and along with the flavoproteins in
the Mehler reaction.

Overall, the amount of hydrogen produced by these Cyanothece species is quite
significant based on previous results with cyanobacteria (Dutta et al. 2005). The
high-throughput data have provided background information to help us try various
physiological conditions for growth and hydrogen production and such experiments
are continuing. These rates have so far been with wild-type strains without any
genetic or molecular manipulations as the development of such resources are still in
progress. Nonetheless, the initial results are promising and demonstrate the benefit
of studying novel photosynthetic microbes as a source of alternative energy sources.

Acknowledgments We would like to thank the many people who have been involved with
this work, including those at the Washington University Genome Center and the W. R. Wiley
Environmental Molecular Science Laboratory (EMSL) for work on proteomics, especially Jon M.
Jacobs and Richard D. Smith. Special thanks goes to Eric Welsh of the Pakrasi Lab for all his



16 Better Living Through Cyanothece 289

efforts on the annotation of the Cyanothece 51142 genome. We would like to thank the following
members of the Pakrasi Lab for figures: Michelle Liberton (Fig. 16.1), Eric Welsh (Fig. 16.2), and
Anindita Banerjee (Fig. 16.3).

This work was supported by the Danforth Foundation at Washington University, a Department
of Energy grant on hydrogen production, and by the Joint Genome Initiative. This work is also
part of a Membrane Biology Scientific Grand Challenge project at the W. R. Wiley Environmental
Molecular Science Laboratory, a national scientific user facility sponsored by the U.S. Department
of Energy’s Office of Biological and Environmental Research program (Pacific Northwest National
Laboratory).

References

Allardet-Servent A, Michaux-Charachon S, Jumas-Bilak E et al (1993) Presence of one linear
and one circular chromosome in the Agrobacterium tumefaciens C58 genome. J Bacteriol
142:7869–7874

Colón-López MS, Sherman DM, Sherman LA (1997) Transcriptional and translational regu-
lation of nitrogenase in light-dark- and continuous-light-grown cultures of the unicellular
cyanobacterium Cyanothece sp. strain ATCC 51142. J Bacteriol 179:4319–4327

Colón-López MS, Sherman LA (1998) Transcriptional and translational regulation of photo-
system I and II genes in light-dark- and continuous-light-grown cultures of the unicellular
cyanobacterium Cyanothece sp. strain ATCC 51142. J Bacteriol 180:519–526

Colón-López MS, Tang H, Tucker DL et al (1999) Analysis of the nifHDK operon and struc-
ture of the NifH protein from the unicellular, diazotrophic cyanobacterium, Cyanothece strain
sp. ATCC 51142. Biochim Biophys Acta 1473:363–375

Dean DR, Bolin JT, Zheng L (1993) Nitrogenase metalloclusters: structures, organization, and
synthesis. J Bacteriol 175:6737–6744

Dutta D, De D, Chaudhuri S et al (2005) Hydrogen production by cyanobacteria. Microb Cell Fact
4:36

Ferdows MS, Barbour AG (1989) Megabase-sized linear DNA in the bacterium Borrelia burgdor-
feri, the Lyme disease agent. Proc Natl Acad Sci U S A 86:5969–5973

Haselkorn R (1978) Heterocysts. Annu Rev Plant Physiol 29:319–344
Helman Y, Tchernov D, Reinhold L et al (2003) Genes encoding A-type flavoproteins are essential

for photoreduction of O2 in cyanobacteria. Curr Biol 13:230–235
Kinashi H, Shimaji-Murayama M, Hanafusa T (1992) Integration of SCP1, a giant linear plasmid,

into the Streptomyces coelicolor chromosome. Gene 115:35–41
Lipton MS, Pasa-Tolic L, Anderson GA et al (2002) Global analysis of the Deinococcus

radiodurans proteome by using accurate mass tags. Proc Natl Acad Sci USA 99:11049–11054
Meunier PC, Colón-López MS and Sherman LA (1998) Photosystem II cyclic heterogeneity and

photoactivation in the diazotrophic, unicellular cyanobacterium Cyanothece species ATCC
51142. Plant Physiol 116:1551–1562

Michael TP, Mockler TC, Breton G et al (2008) Network discovery pipeline elucidates conserved
time-of-day-specific cis-regulatory modules. PLoS Genet 4:e14

Reddy KJ, Haskell JB, Sherman DM et al (1993) Unicellular, aerobic nitrogen-fixing cyanobacteria
of the genus Cyanothece. J Bacteriol 175:1284–1292

Schneegurt MA, Sherman DM, Nayar S et al (1994) Oscillating behavior of carbohydrate granule
formation and dinitrogen fixation in the cyanobacterium Cyanothece sp. strain ATCC 51142.
J Bacteriol 176:1586–1597

Schneegurt MA, Sherman DM, Sherman LA (1997a) Composition of the carbohydrate granules of
the cyanobacterium, Cyanothece sp. strain ATCC 51142. Arch Microbiol 167:89–98

Schneegurt MA, Sherman DM, Sherman LA (1997b) Growth, physiology, and ultrastructure
of a diazotrophic cyanobacterium, Cyanothece sp. strain ATCC 51142, in mixotrophic and
chemoheterotrophic cultures. J Phycol 33:632–642



290 L.A. Sherman et al.

Schneegurt MA, Tucker DL, Ondr JK et al (2000) Metabolic rhythms of a diazotrophic cyanobac-
terium, Cyanothece sp. strain ATCC 51142, heterotrophically grown in continuous dark.
J Phycol 36:107–117

Sherman LA, Meunier P, Colón-López MS (1998) Diurnal rhythms in metabolism: a day in the life
of a unicellular diazotrophic cyanobacterium. Photosynth Res 58:25–42

Stal LJ, Moezelaar R (1997) Fermentation in cyanobacteria. FEMS Microbiol Rev 21:179–211
Stöckel J, Welsh EA, Liberton M et al (2008) Global transcriptomic analysis of Cyanothece 51142

reveals robust diurnal oscillation of central metabolic processes. Proc Natl Acad Sci USA
105:6156–6161

Summerfield TC, Toepel J, Sherman LA (2008) Low-oxygen induction of normally cryptic psbA
genes in cyanobacteria. Biochemistry 47:12939–12941

Toepel J, McDermott JE, Summerfield TC et al (2009) Transcriptional analysis of the unicellular
diazotrophic cyanobacterium Cyanothece sp. ATCC 51142 grown under short day/night cycles.
J Phycol 45:610–620

Toepel J, Welsh E, Summerfield TC et al (2008) Differential transcriptional analysis of the
cyanobacterium Cyanothece sp. strain ATCC 51142 during light-dark and continuous-light
growth. J Bacteriol 190:3904–3913

Volff JN, Altenbuchner J (2000) A new beginning with new ends: linearisation of circular
chromosomes during bacterial evolution. FEMS Microbiol Lett 186:143–150

Welsh EA, Liberton M, Stöckel L et al (2008) The genome Cyanothece 51142, a unicellular dia-
zotrophic cyanobacterium important in the marine nitrogen cycle. Proc Natl Acad Sci U S A
105:15094–15099

Wolk CP (1996) Heterocyst formation. Annu Rev Genet 30:59–78


	16 Better Living Through Cyanothece Unicellular Diazotrophic Cyanobacteria with Highly Versatile Metabolic Systems
	16.1 Introduction
	16.2 Results
	16.2.1 Genome Sequencing of Cyanothece 51142
	16.2.2 Nitrogenase Genes
	16.2.3 Metabolic Compartmentalization
	16.2.4 Genomic Sequencing of Six Additional Cyanothece Strains
	16.2.5 Genomics and Hydrogen Production
	16.2.6 Transcription and Translation of Hydrogen Production Genes
	16.2.7 Hydrogen Production in Cyanothece Strains

	16.3 Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




