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N. spumigena is a dominant cyanobacterial species found in the Baltic Sea. It forms extensive
bloom in late summer in the areas of the Baltic Sea with high phosphorus concentrations and
moderate salinity. Both environmental and manmade factors are involved in bloom formation.
This review also elucidates the physiological and molecular aspects of nitrogen fixation,
heterocyst formation and nodularin production in N. spumigena.
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1.

Introduction

Nodularia spumigena is a filamentous and
heterocystous cyanobacterium commonly found in
brackish water systems, capable of forming
cyanobacterial toxic blooms in the Baltic Sea. N.
spumigena belongs to oxygenic photoautotrophic
prokaryotes having thick-walled akinetes. The toxic
summer blooms are mainly dominated by
filamentous,
heterocystous
cyanobacteria,
N.
spumigena, Aphanizomenon sp. and Anabaena sp.
The cyanobacterial summer blooms in the Baltic Sea
contribute significantly to the nutrient input,
aggravating the effects of eutrophication, and blooms
dominated by N. spumigena are particularly
problematic due to their toxicity.
Harmful algal blooms form an increasing
problem in many aquatic environments, both
freshwater and marine. They develop in response to
increasing eutrophication of aquatic systems but also
because of shifts in the equilibrium of ecosystems
(Kononen, 2001). Blooms are defined as mass
occurrences of microalgae. They are usually
undesirable and are often a nuisance both to the
environment and to man. While several bloom
forming algae are toxic, non-toxic algal blooms may
also exert a negative influence on the environment.

Decaying algal blooms may deplete the water of O2,
initiating the death of fish and other animals and
causing bad smells and low quality water. In addition,
in marine environments, O2 depletion will lead to the
formation of extremely toxic sulfide (Welsh et al.,
2001). In addition, beaches become filthy because of
the deposition of surface accumulations of algal
blooms, decreasing the recreational and economic
value of these waters and their shorelines. The
formation of massive water blooms has a further
detrimental impact on the biodiversity of the
environment where they occur, since blooms are
composed of a single, or no more than a few, species
(Lucas et al., 2003). However, despite these problems,
it should not be forgotten that microalgae form a
normal component of aquatic ecosystems and, as
primary producers; they form the basis of the food
web of these ecosystems (Welsh et al., 2001). In order
to understand the development of cyanobacterial
blooms it is essential to know their physiological and
molecular features and genetic diversity across the
Baltic Sea along with the factors that determine this
diversity. We also necessitate precise knowledge of
its physiological and molecular responses behind
bloom formation.
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fixation can be grouped into physical, biological and
biogeochemical factors. Light is a very important
controlling factor, because it provides energy for
primary production as well as N2 fixation. It is
estimated that nitrogen-fixing cyanobacteria are
responsible for approximately 50 % of the annual
nitrogen input in the Baltic Sea (Stal et al., 2003).
Response of N. spumigena to nitrogen and
ammonium supplementation, with a focus on N2fixation behaviour, has been analysed (Vintila and ElShehawy, 2007). Vintila and El-Shehawy, (2007)
reported that expression of nifH (encoding the
dinitrogenase reductase component of the nitrogenase
enzyme) was suppressed and the levels of NifH
protein decreased dramatically in response to
treatment with ammonium. It is generally known that
ammonium and nitrate repress N2 fixation, with the
latter being less effective and strain-dependent
(Guerrero & Lara, 1987). It has been reported that
Cyanobacteria like Nodularia can utilize different
sources of nitrogen, such as ammonia, nitrate and
nitrogen gas. The preferred source of nitrogen is
ammonium ion because it is readily incorporated into
the carbon skeleton through the glutamine synthetaseglutamate synthase (GS-GOGAT) cycle (Flores &
Herrero, 2005).

Factors affecting bloom formation

The Baltic Sea is the largest brackish water
ecosystem in the world. Reasons of the Baltic Sea
eutrophication and its consequences have been
extensively studied and are now well documented
(Lucas et al., 2003; Savchuk, 2005). It is known that
increased eutrophication and cyanobacterial blooms
are due to discharges of human sewage, industrial
wastes and riverine input (Bonsdorff et al., 2002).
Eutrophication arises when excessive amounts of
nutrients, mainly nitrogen (N) and phosphorus (P),
build up in aquatic ecosystems and cause accelerated
growth of algae and plants, often resulting in
undesirable effects. It is now well documented that
diazotrophic cyanobacterial blooms develop only in
areas where the N:P ratio is well below the Redfield
ratio of 16 (Lucas et al., 2003). Not only the ratio of
N:P but also the adequate concentration is an
important factor for bloom formation. Local variation
of phosphate concentration is believed to cause patchy
development of cyanobacterial blooms (Lucas et al.
2003). Phosphorus is required for the synthesis of
many cellular components such as ATP and nucleic
acids and also for regulation of protein activities. In
addition, N2-fixing cyanobacteria have an elevated
requirement for iron. Iron works as a component of
nitrogenase itself and of ferredoxin, which acts as an
electron donor to nitrogenase. The supply of iron may
vary, due to local inputs or hydrodynamic conditions,
giving rise to patchy development of blooms.
Furthermore, it has been reported that high sulphate
concentrations rather than high salinity are factors that
limit the formation of diazotrophic blooms (Lucas et
al., 2003). Although water temperature has often been
mentioned as an important factor for the development
of diazotrophic cyanobacterial blooms, its effect is
indirect by establishing conditions that provide
sufficient light for productive growth. Even in
summer, the daily irradiance may be insufficient to
allow net photosynthesis of the cyanobacterial
community (Stal and Walsby, 2000).
3.
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Heterocyst differentiation

The heterocyst is a terminally differentiated cell
that protects the nitrogenase complex under oxic
conditions by thick cell envelope and increased rate of
respiration, providing a microaerobic environment
(Haselkorn, 2007). N. spumigena fixes atmospheric
nitrogen (N2) in heterocysts. The formation and
maintenance of a pattern of heterocysts along the
filaments of heterocystous cyanobacteria are complex
processes, not yet fully understood, which involve
many genes in a developmental programme (Wolk,
2000). The heterocyst possesses an active
photosystem
I
and,
through
anoxygenic
photosynthesis, can provide the energy for
nitrogenase. Filaments of N. spumigena contain on
average 5% heterocysts; A. flos-aquae only1% (Lucas
et al., 2003). The heterocysts have a frequency of
approx. 5-10 %, depending on the species, along the
filaments. They provide the vegetative cells with
fixed-nitrogen and receive carbohydrates, possibly
through
narrow
cellular
junctions
(microplasmodesmata) located at the polar regions of
the cells.
Reduction of atmospheric nitrogen is performed
by the nitrogenase complex yielding ammonium as an
end product. The reductants used by nitrogenase are
generated from metabolism of a sugar, provided by
vegetative cells, via the oxidative pentose pathway in
heterocysts yielding 2-OG, which is transported to
vegetative cells. ATP is produced by cyclic
phosphorylation, using photosystem I, and the
respiratory electron transport chain. The ammonium
produced by nitrogenase is incorporated into
glutamine by glutamine synthethase (GS) and is

Nitrogen fixation

Nitrogen fixation is a physiological process in
cyanobacteria by which nitrogen (N2) in the
atmosphere is converted into ammonia (NH3).
Cyanobacteria are able to utilize a variety of inorganic
and organic sources of combined nitrogen.
Nitrogenase is the enzyme responsible for nitrogen
fixation, and nifH, the gene encoding the
dinitrogenase reductase subunit of nitrogenase, is
often used as a marker for nitrogen-fixation activity
(El-Shehawy et al., 2003; Short & Zehr, 2007).
Owing to the high-energy requirements of N2fixation, fixation in heterocystous cyanobacteria is
often coupled with photosynthesis and, therefore, with
light (Gallon et al., 2002). In contrast, the oxygen
sensitivity of the nitrogenase will drive an uncoupling
with photosynthetic activity. Factors controlling N2
6
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rapidly trransported to the vegetativve cells wheree it is
used toggether with 2-OG
2
to yielld two glutaamate
(Figure 1).
1 The reacttion is catalyysed by glutaamate
synthase (GOGAT). These
T
sequenntial reactionss are
commonlly known as
a the GS-G
GOGAT pathhway
(Flores & Herrero, 20005; Thiel, 20004). The signaalling
pathway of this responnse is not fullly understoodd, but
the cells seem to sense the carbonn/nitrogen ballance
and the redox
there
r
status of
o the cells. Nevertheless,
N
have beenn reports of heterocyst
h
diffferentiation duuring
nitrogen supplementati
s
ion (Thiel, 2004).

Fig. 1.

oregulated annd has a positive effect on ntcA
auto
transscription (Herrrero et al., 20001).
5.

N. spumiggena producces the heepatotoxin
nodu
ularin, a cycclic pentapepptide. Seven naturallyoccu
urring isoform
ms of nodularinn have been reported
r
to
date. The toxin haas been reporrted to have detrimental
d
effeccts on numeroous organismss within the ecosystem,
e
inclu
uding inverteebrates and fi
fish, but may
y have no
effecct on other organisms
o
(Kaarjalainen et al.,
a 2007).
The consumption of water containing toxic N.
spum
migena bloom
ms has led to the death off domestic
and native animaals by massiive liver haem
morrhage.
Nod
dularin may also act as a carcinogen
n via the
initiation and prom
motion of liveer cell division
n (Ohta et
al., 1994). Nodullarin productioon by N. spu
umigena is
influ
uenced by irradiance, temperature, salinity,
conccentration of inorganic phhosphorous an
nd growth
phasse (Ohta et all., 1994). Thoough the environmental
facto
ors are imporrtant for the tooxicity of any
y given N.
spum
migena popullation, the m
main concern for water
man
nagers will be the pootentially veery rapid
accu
umulations orr dispersions of cyanobaccteria that
may
y change cell densities off Nodularia by
b several
ordeers of magnituude within a shhort time.
The nodularrin biosyntheesis gene clu
uster, ndaclustter, has beenn sequenced aand characteriised in N.
spum
migena NSOR
R10 (Moffitt & Neilan, 2004
4). The 48
kb region of the genome
g
consissts of nine OR
RFs (ndaA
to ndaI)
n
transcribbed from a bbidirectional regulatory
r
prom
moter region and includes NRPS modu
ules, PKS
mod
dules and taailoring enzym
mes (Figure 2). The
prop
posed pathwaay for noduularin biosyn
nthesis is
simiilar to that for microcyystin. More recently,
elucidation of the
t
nda clusster has pro
ovided an
oppo
ortunity to monitor
m
transccriptional regu
ulation of
the biosynthetic
b
p
pathway
(Jonaasson et al., 20
008).

Overview of primary nittrogen assimillation
O
p
pathways
in cyyanobacteria (A
Adapted from Flores
F
& Herrero, 20005)

Onee of the key genes involvved in heteroocyst
differentiiation is ntcA,
n
whichh encodes the
transcripttion factor NtcA,
N
belongiing to the cyclic
c
AMP reeceptor familly (CRP-fam
mily) of bacterial
regulators (Vega-Palass et al., 1992)) and its activity is
required for the develoopment and function
f
of mature
m
heterocyssts. NTcA inddirectly activaates the expression
of hetR, which encoddes a serine-tyype protease with
DNA-binnding activity and is expreessed early duuring
heterocysst differentiattion (Ehira & Ohmori, 20006).
HetR is another
a
cruciaal gene whichh is involved with
the diffeerentiation proocess. The hetR
h
is posittively

Fig. 2.

Toxin produ
uction

SStructure of heppatotoxin gene clusters in N. spumigena
s
stra
ain NSOR10, shhowing genes enncoding ABC-trransporters
(black), tailorinng enzymes (greey), non-ribosomal peptide syn
nthetases (dotteed), polyketide ssynthases (whitte)

Thee effects of am
mmonia, nitroggen and phospphate
starvationn were analysed on the exppression of thee nda
genes. Joonasson et al. (2008) repoorted that thee nda
cluster appears to be constittutive, phospphate
starvationn resulted inn an approxximately twoo-fold
increase
in
exppression,
w
while
amm
monia
supplemeentation decreeased the exppression two--fold.
Despite the
t changes in
i the expresssion, intracelllular
and extraacellular noddularin concenntration remaained
stable (Joonasson et al., 2008).

These resultts are in harm
mony with Reepka et al.
01), who dem
monstrated thaat in chemostaat cultures
(200
of Nodularia strain GR
R8b, the phosphate
conccentration didd not have a statistically significant
s
effecct on the noddularin produuction rate. Analysis of
the transcriptiona
t
al pattern of thhese genes is critical in
elucidating the faactors regulatting toxin bio
osynthesis,
the upstream siggnaling pathw
ways that tarrget toxin
mechanism(s) by which
syntthesis, and thee molecular m
toxin
n production is
i controlled.
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Conclusions

Summer bloom is a problem in the entire Baltic Sea
area, but the effects and consequences vary among
sub-basins. Positive measurements and potential
recovery require action both on basinwide and
regional scales. Given the strong links between
eutrophication abatement and protection of marine
biodiversity, the improving eutrophication status will
also result in significant improvements in habitat
quality and conservation status in many parts of the
Baltic Sea.
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