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INTRODUCTION

Cyanobacteria can produce several kinds of sec-
ondary metabolites, including the hepatotoxic
microcystins (Carmichael 1992), anabaenopeptins
(Harada et al. 1995), microviridins (Ishitsuka et al.
1990) and cyanopeptolins (Martin et al. 1993),
among others (for a full review see Welker & von
Döhren 2006, Agha & Quesada 2014). Most of these
compounds are synthesized by non-ribosomal
 peptide synthetase (NRPS) and polyketide synthase
(PKS) systems, which is one of the reasons for their

great congeneric variability (Welker & von Döhren
2006). The function of these compounds is not yet
well understood, although some roles have been
suggested in grazing protection (von Elert at al.
2004, Agrawal et al. 2005, Czarnecki et al. 2006),
allelopathic effects (Smith & Doan 1999, Schatz et
al. 2005), quorum sensing (Kaebernick et al. 2001),
internal metabolism (Lyck 2004), and protection
from oxidizing conditions (Zilliges et al. 2011).
Microcystins are the most studied of these peptides
due to their known toxicity to humans (Welker &
von Döhren 2006).

© Inter-Research 2015 · www.int-res.com*Corresponding author: agiani@icb.ufmg.br

Changes in oligopeptide production by toxic
cyanobacterial strains under iron deficiency

D. A. Pereira1, J. S. M. Pimentel1, D. F. Bird 2, A. Giani1,*

1Departamento de Botânica, Instituto de Ciências Biológicas, Universidade Federal de Minas Gerais, PO Box 486, 
31270-010 Belo Horizonte, MG, Brazil

2Département des sciences biologiques, Université du Québec à Montréal, PO Box 8888, Stn. Centre-Ville, Montréal, 
QC H3C 3P8, Canada
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nisms are not well understood. Iron availability has previously been suggested as a potential factor
controlling production of microcystin, the best studied of these peptides, although results were not
always consistent. Here, we examined how production of several peptides by 3 cyanobacterial
strains changed in response to iron starvation or limitation. Experiments were run with 2 strains of
Radiocystis fernandoii (28 and 86) and one of Planktothrix agardhii (27). The peptide spectra were
 analyzed and the gene expression of 2 peptides was assessed. Under iron starvation (no iron) all
microcystin variants and one cyanopeptolin were significantly reduced in R. fernandoii 28 and
P. agardhii 27. Only one compound, anabaenopeptin in P. agardhii 27, increased significantly. The
strain R. fernandoii 86 did not show any significant modification in response to iron deprivation.
Under moderate limitation, most peptides also decreased, although less abruptly. Conversely,
changes in gene expression showed that genes coding for microcystin and aeruginosin were dif-
ferentially expressed and were significantly higher under iron deprivation. This is consistent with
previous findings that suggested that microcystin is produced to overcome stress. The lack of
microcystin production despite the increased gene transcription is discussed in light of  previous
findings. This result might be due to either modifications of the cell metabolic state as a result of
shortage of some important enzymes under iron deprivation or to microcystin loss as a result of its
binding to proteins or other potential sink sources in the cell.
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The importance of external factors in regulating
the production of these metabolites is still not clear. A
better understanding of these external effects may
help to clarify their ecological and physiological
functions. Several studies have been carried out on
the controlling effects of light, temperature and the
nutrients such as nitrogen and phosphorus (Oh et al.
2000, Wiedner et al. 2003, Repka et al. 2004, Tonk et
al. 2005, 2009, Rohrlack & Utkilen 2007). However,
the results have not been consistent. Further, most
published studies have focused on a single group of
peptides (microcystins), and not on the total peptide
array produced by a specific strain of cyanobacteria.
The effect of iron on microcystin production has also
been tested and the conclusions have also been
 contradictory (Utkilen & Gjolme 1995, Lyck et al.
1996, Sevilla et al. 2008, Alexova et al. 2011), since
both increases and decreases of microcystin were
registered in strains submitted to iron limitation. In
previous studies, it was observed that Fur (ferric
uptake regulator), a transcription regulator of several
genes involved with iron metabolism and oxidative
stress, binds to in vitro promoter regions of the mcy
operon (Martin-Luna et al. 2006), also suggesting a
connection between iron and microcystin.

Iron is one of the most abundant elements on earth,
but it is not always available in its soluble form in
 aerobic environments at neutral pH, and this is a
common source of stress in many environments
(Lewin 1984). In marine ecosystems, iron deficiency
is responsible for low phytoplankton productivity
and abundance in high nutrient and low chlorophyll
regions (Boyd et al. 2004). In freshwater, iron can
limit phytoplankton production in some specific situ-
ations (Vrede & Travink 2006). Iron is an essential
element for cyanobacteria; it plays a major role in
photosynthesis, respiration and also in the synthesis
of important molecules such as chlorophyll a and
some components of the electron transport systems,
and it is also a cofactor for some enzymes, including
nitrate reductase and nitrite reductase (Geider &
Laroche 1994). Iron depletion usually leads to physi-
ological changes in cyanobacteria in an attempt to
protect photosystems I and II and reduce the amount
of reactive oxygen species (ROS) formed in the cell
(Lax et al. 2007). As iron can catalyze the formation of
reactive oxygen species through the Fenton reaction
(Halliwell & Gutteridge 1984), the presence of iron in
the cell must be well regulated (Cornelis et al. 2011).
Cyanobacteria have a higher requirement for iron
than do eukaryotic algae (Brand 1991, Molot et al.
2010), which means that these organisms should be
extra sensitive to iron deprivation. There is ample

evidence that iron is especially important to
cyanobacterial success (Wilhelm 1995). Several inter-
esting studies have recently been published focusing
on the importance of iron in the metabolism of
cyanobacteria, but most studies were carried out on
Synechocystis or Prochlorococcus, mainly because of
their abundance and importance in the marine envi-
ronment, the large dataset available, their simpler
genome and the extreme iron deficiency of the high
seas (Singh et al. 2003, Castielli et al. 2009, Thomp-
son et al. 2011, Hernández-Prieto et al. 2012). Little is
still known, however, about iron deficiency and its
effects on cyanobacterial species belonging to the
nano and microplankton, which are an important
fraction of the community in freshwater systems and
have the ability to produce powerful toxins.

In this work, the influence of iron deprivation on
the cellular concentration of several peptides
(anabaenopeptins, aeruginosins, cyanopeptolins and
microcystins) was tested on 3 toxic cyanobacterial
strains: a strain of Planktothrix agardhii and 2 strains
of Radiocystis fernandoii. The aim of this study was to
compare the effect of iron starvation on the oligopep-
tides produced by 2 genera of toxic cyanobacteria not
investigated in previous physiological studies. In a
second step, we tested iron limitation in one of these
strains and measured the expression of genes related
to 2 peptides. The data obtained will provide further
insight into the global regulation of these com-
pounds. We also show that the link between micro-
cystin concentration and iron limitation is not
straightforward.

MATERIALS AND METHODS

Strains

Strain 27 of Planktothrix agardhii (Anagnostidis et
al. 1985) was isolated from Lac Vert, located in the
Saguenay region of the province of Quebec, Canada
(48° 22’ N, 71° 34’ W). This species can form blooms in
eutrophic temperate lakes and is associated with
toxin production. Two strains of Radiocystis fernan-
doii (Komárek & Komárková-Legenerová 1993) were
isolated from reservoirs in the state of Minas Gerais,
Brazil. R. fernandoii 28 was isolated from an oligo-
mesotrophic reservoir (Furnas Reservoir, 20° 40’ S,
46° 19’ W), and strain 86 of this species from a
eutrophic to hypereutrophic reservoir (Pampulha
Lake, 19° 55’ S, 43° 56’ W). Radiocystis is also
described as a microcystin producer (Pereira et al.
2012) and is commonly found in Brazil. Colonies are
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morphologically very similar to Microcystis except
for their characteristic radially oriented cell disposi-
tion and their crosswise cell division in only one
plane.

Experiments

Each experiment was performed in batch cultures
of 250 ml, in triplicate, and samples were always
taken in the exponential growth phase (with duration
between 4 and 7 d). Replicates received the same
inoculum. For each strain and experimental setup,
there were 2 different treatments. In the first set of
experiments (iron starvation) the 2 treatments were
an iron-replete control with complete WC medium
(Guillard & Lorenzen 1972) and an iron-free condi-
tion, where no iron was added to the medium. In the
second set of experiments (iron limitation) 3 repli-
cates were grown on iron-complete medium (10 µM
Fe) and 3 at an iron-limited concentration (0.1 µM
Fe). This iron limitation experiment was done only
with the strain Radiocystis 28. To assure iron-starved
and iron-limiting conditions, cultures were grown in
a medium without iron and with less iron, respec-
tively, during 5 d prior to the beginning of each
experiment. Growth conditions were 12h:12h
light:dark photoperiod at 20°C and light intensity of
60 µmol m−2 s−1 photosynthetically active radiation
(PAR). On the first and last day of the experiment
10ml were collected from each culture for iron analy-
sis. Samples of 2 ml were taken every second day to
follow growth. Growth rates were calculated from
optical density (OD) values of the culture density was
measured photometrically at 750 nm. The same sam-
ples were also preserved with a Lugol iodine solution
and a minimum of 400 cells were counted on a Fuchs-
Rosenthal haemocytometer. On the last experimental
day, subsamples were taken for measurements of
chlorophyll concentration, done by spectrophoto -
metric reading after 90% hot ethanol extraction
(Nusch 1980). The rest of the culture was freeze-
dried for further biochemical analyses.

To confirm the results obtained, all experiments
with strain Radiocystis 28 were run twice; thus, for
this strain the number of replicates was 6.

Iron analyses

Total dissolved iron concentration, from samples
taken at the beginning and at the end of each
 experiment, was measured by atomic absorption at

248.3 nm using an atomic absorption spectrometer
(906AA) equipped with a graphite furnace (GF3000)
with a PAL autosampler (all manufactured by GBC
Scientific Equipment). The detection limit of the
method was 5 µg l−1.

Peptide analyses

The dry material was carefully weighed and ex-
tracted 3 times using methanol 75% (v/v) by sonica-
tion on ice followed by centrifugation, and the final
extract was applied to solid phase extraction (SPE)
cartridges (Waters, Sep-Pak C18 3cc Vac, 500 mg per
cartridge) for purification by reverse phase chro-
matography and were eluted in 75% methanol, as de-
scribed by Lawton & Edwards (2001). The purified ex-
tracts were dried and then diluted in a known  volume
of 100% methanol to be analyzed by HPLC (Agilent
Technologies 1200 series) coupled with a mass spec-
trometer (Agilent Technologies, 6210 Triple Quad
MS) and a Zorbax eclipse C18 column (4.6 × 50mm
i.d., 1.8 µM Octadecylsilane [ODS]). The mobile
phase A was water with 0.1% (v/v) formic acid and
phase B was methanol with 0.1% (v/v) formic acid.
The chromatographic analysis was done in a linear
gradient starting at 50% of B and reaching 100% of B
in 12 min at a flow rate of 0.4 ml min−1. The mass spec-
trometry was done using the electrospray ionization
(ESI) ion mode of the equipment with positive
polarity; the scan was done in the multiple reaction
monitoring (MRM) mode. The gas temperature was
300°C, vaporizer temperature was 200°C, gas flow
was 5 l min−1, nebulizer pressure was 4.22 kg cm–2

(60 psi), capillary voltage was 3000 V and charging
voltage was 2000 V. The quantification was done us-
ing the peak area divided by the dry weight of the
 culture, which gave a relative measurement of each
peptide concentration. Dry weight was used to stan-
dardize the measurements; this method was previ-
ously tested against cell numbers and cellular bio -
volume as in Pereira et al. (2012), showing good
cor relations. The peptides were identified using their
fragmentation pattern, compared with those described
in the lit erature (Erhard et al. 1999, Welker et al.
2006). The voltage used during fragmentation varied
from 45 to 70 V depending on the peptide (Table 1).

Gene expression

From each aliquot of culture samples, 20 µl were
harvested on glass membrane filters (GF/F) and
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frozen (−80°C) until analysis. Total RNA was
extracted using Trizol reagent (Invitrogen) according
to the manufacturer’s recommendations. DNA traces
were removed with 1 U µg−1 of DNase (Promega) at
37°C for 30 min. About 500 ng of RNA were used for
reverse transcription analysis (RT-PCR). The cDNA
was generated using a High Capacity Kit (Applied
Biosystems), with RT random primers. Then, the RT
reaction was tested for contaminating gDNA by run-
ning a control containing all reaction components
except for the reverse transcriptase. Concentrations
and PCR cycling conditions were chosen according
to the manufacturer’s recommendations.

Real time PCR (qPCR) was performed using a
StepOneTM System (Applied Biosystems) with 1 µl
cDNA sample, 0.3 µl of each primer (10 pmol µl−1),
5 µl Power SYBR Green I (Applied Biosystems) and
sterile milli-Q water for an end volume of 10 µl. The
reactions were done in duplicate or triplicate and
specification for PCR cycles followed the manufac-
turer’s guidelines. Primers were designed with help
of Primer-BLAST tools (NCBI) to amplify 199 bp
products of aerA (aeruginosin gene), and 103 bp
products of mcyD (microcystin synthetase D gene).
For aeruginosin, the primer sequences were aerA-F
5’-ACT GGC AAC GGT GGG GTA TT-3’ and aerA-R
5’-ACC CAG AAC GGA AGC TGA ACG-3’. Primers
for mcyD have been previously used as described in
Pimentel & Giani (2014). The primer described in
Sevilla et al. (2008) for 16S RNA polymerase was
used as a housekeeping gene. The induction of mcyD
and aerA mRNA expression in iron-deficient/starved
cells was calculated relative to the expression in iron-
replete cells (fold change in transcription) using

the threshold cycle (Ct) value of the
log-linear portion of the amplification
curve after normalization with endo -
genous reference gene 16S rRNA. The
value of the relative expression ratio of
the target gene was calculated and
was normalized with regard to the
value at the beginning of the experi-
ment, when the ratio was 1 (Pfaffl
2001).

The analysis of the fluorescent melt-
ing curve was performed to determine
the amplification melting temperature
of the single PCR products from the
samples, by gradually increasing the
temperature from 70 to 95°C at 0.1°C
s−1. Fluorescence intensity data were
collected continuously and were con-
verted to melting peaks using the

LightCycler software (StepOneTM Software, version
2.0). The real-time PCR efficiency (E) was calculated
for each primer and was found to be close to 100%.

Statistical analysis

The t-test was used to compare the means of the 2
treatments (non-limiting and limiting conditions).
The analyses were performed with JMP 7 software.
For gene expression, statistical analysis was per-
formed by general linear model (GLM model) using
R software (R Core Team 2014) to verify differences
between treatments (contrast analysis) and the sig-
nificance level of the difference. Significant differ-
ence was accepted when p < 0.05.

RESULTS

Eleven peptides were identified in the 3 strains
used in this study (Table 1). Peaks belonging to
unidentified compounds were also observed in all
strains, but their amount was too low to permit an
accurate quantification and identification. This
means that unknown compounds were present but
constituted a very low percentage of the total
oligopeptides.

In iron-limiting experiments free iron was absent in
the growth medium from the beginning of the exper-
iment. In the control, in contrast, free iron was still
available at the end of the experimental period, with
as much as 96% of iron remaining in both Radiocystis
experiments but only 4% for Planktothrix.
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M+H (Da)           Name           Fragmentation Characteristic ions Strain
                                                        voltage                   - M+H

1045.6         Microcystin-YR              70                         135           PL27, R28
995.6           Microcystin-LR              65                         135                PL27
981.6      [ASP3]Microcystin-LR         70                         135                PL27
1029.6         Microcystin-FR              65                         135                 R28
1038.6         Microcystin-RR              65                         135             R28, R86
1068.6         Microcystin-WR             65                         135                 R28
837.5         Anabaenopeptin B           45                   70, 84, 201          PL27
981.6         Cyanopeptolin 981           65                         150                 R86
1015.5     Cyanopeptolin 1015          65                         150                 R86
1072.0     Cyanopeptolin 1072          65                         150                 R28
653.0           Aeruginosin 102             45                         140                 R28

Table 1. Diagnostic characteristics of oligopeptides produced by 3 cyano -
bacterial strains. Masses (M+H) are base peaks given in Daltons. PL27:
 Planktothrix agardhii Strain 27; R28 and R86: Radiocystis fernandoii

Strains 28 and 86
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Except for growth rates of Radiocystis 86, all mea-
sured values were significantly different between
control and treatment in the iron-starvation experi-
ment, showing a significant decrease in growth
under iron starvation (Table 2).

Chlorophyll concentration (Table 2) also showed
a significant reduction in all 3 strains under iron
 starvation. A 25 to 30% reduction was observed for
the 2 Radiocystis strains and a 50% reduction in
Planktothrix.

For Radiocystis 28, the amounts of microcystins
(Mc-RR, Mc-YR, Mc-FR, Mc-WR) and cyanopep-
tolins (Cy-1072) measured in the iron-starvation
treatment were significantly lower compared with
the control treatment; only aeruginosin (Aer-102)
showed no  significant change (Fig. 1). Similar
results were observed for the strain Planktothrix 27,
where again there was a quite evident and signifi-
cant decrease in the amount of microcystins pro-
duced (Mc-LR, dMc-LR, Mc-YR) under the iron-
starved condition. However, in this same condition,
anabaenopeptin B was significantly higher than
under sufficient iron (Fig. 2). Interestingly, no sig -
nificant differences were observed between starva-
tion and non- limiting conditions for microcystin
(Mc-RR) and 2 cyanopeptolins (Cy-981 and Cy-
1015) produced by Radiocystis 86 (Fig. 3). This
strain also showed lower diversity and concentration
of peptides.

Under iron-limited conditions, a significant reduc-
tion in microcystin (Mc-RR, Mc-YR, Mc-FR, Mc-WR)
was also observed for strain Radiocystis28 (Fig. 4),
although the reduction was less than observed under
starvation. An analysis of microcystin content per
cell, done by ELISA (Fig. 5), was used to confirm this
decline under iron limitation. The decrease in micro-
cystin in the iron-limited treatment was not signifi-
cant after 2 d of the experiment, but it was highly sig-
nificant after 6 d (Fig. 5).

In contrast to the results on cellular microcystin,
which showed a significant decline in all treatments
that underwent iron deprivation, there was a signifi-
cant increase in the expression of the genes coding
for microcystin (mcyD) and aeruginosin (aerA). Both
treatments (starvation and limitation) were signifi-
cantly different from the control (Fig. 6) and pre-
sented higher expression values. With stronger iron
decrease (no-iron treatment), changes in transcrip-
tion were even greater than with reduced iron
(0.1 µmol Fe).

DISCUSSION

Although they represent a large
fraction of carbon investment in the
cell, the role and importance of the
non-ribosomal oligopeptides in cyano -
bacterial fitness is still largely un -
known. Our examination of the pep-
tide profile in the 3 strains growing
under severe iron limitation (no iron)
has shown a strong reduction in micro-
cystin concentration in strain 28 of the
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Strain Growth rate Chlorophyll conc.
(μ d−1) (µg mg dry weight−1)

Fe No Fe Fe No Fe

Radiocystis fernandoii 28 0.24 (0.00) 0.11 (0.00)* 0.73 (0.01) 0.18 (0.01)*
R. fernandoii 86 0.15 (0.01) 0.13 (0.02) 0.50 (0.04) 0.15 (0.02)*
Planktothrix agardhii 27 0.22 (0.00) 0.17 (0.01)* 3.02 (0.04) 1.55 (0.04)*

Table 2. Mean (SD) growth rates and chlorophyll concentrations for 3
cyanobacterial strains in iron (Fe) and iron free (no Fe) growth conditions. 

*p ≤ 0.01
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Fig. 1. Oligopeptides concentrations in Radiocystis fernan-
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Aer: Aeruginosin. Error bars indicate standard errors. 
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toxic species Radiocystis and in the strain Plank-
tothrix 27. Cyanopeptolin, also a non-ribosomal
cyclic peptide, reacted in the same pattern as micro-
cystins (Figs. 1 & 2). Under the same conditions, how-
ever, the peptide anabaenopeptin increased in con-
centration by almost 50%. The strong reduction in

microcystin together with an increase in the other
peptide, anabaenopeptin, is quite a new and intrigu-
ing result.

To date, most studies have focused only on micro-
cystin, and not on the entire non-ribosomal peptide
array of cyanobacteria, of which the microcystins
represent only one component. The evaluation of the
responses of all the major oligopeptides produced by
the studied strains to changing environmental condi-
tions provides additional information that should be
taken into consideration. For example, in Plank-
tothrix we saw 2 types of cyanobacterial secondary
metabolites reacting in opposite ways to iron starva-
tion: microcystins decreased, while anabaenopeptin
B increased, both significantly. Likewise, microcystin
and cyanopeptolin concentrations in Radiocystis 28
decreased when limited by iron, while the concentra-
tion of aeruginosin 102 was apparently unaffected. It
is possible that the increased concentration of
anabaenopeptin B in a scenario with no iron could be
the result of a compensatory mechanism; such a pat-
tern has been seen, for example, in different variants
of microcystins in experiments with varying light
intensities (Tonk et al. 2005, Pereira et al. 2012). The
similar responses of microcystins and cyanopeptolins
coupled with the opposite response of anabeno -
peptins might be understood as an indication that not
all non-ribosomal peptides are coordinated, as previ-
ously suggested by Alexova et al. (2011) and that
these compounds may have complementary or inter-
changeable functions (Schatz et al. 2007). It is known
that populations of cyanobacteria are composed of
producing and non-producing strains for each pep-
tide group (Welker et al. 2004) and the ability to pro-
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duce a specific family of peptides may be an advan-
tage under a specific stress situation, even if the
entire mechanism it is still unclear (Kaebernick et al.
2001).

Additionally, it was also interesting to observe that
iron depletion seems to have had no effect on the
strain Radiocystis 86, since no significant difference
was observed between control and treatment growth
rates (Table 2), while strains Radiocystis 28 and
Planktothrix 27 showed a significant reduction in
their growth rate when growing under iron free
 conditions. It is possible that the lack of limitation
observed in Strain 86 was related to iron storage
mechanisms, as reported by Keren et al. (2004), who
studied the importance of bacterioferritin in iron
 storage and growth of a Synechocystis strain. This
also shows that individual strains may have different
iron tolerances or requirements relative to others and
that the response to iron stress may be strain specific.
Hesse & Kohl (2000) suggested that the species-
 specific responses of Microcystis to varying environ-
mental conditions were controlled by genotypically
defined physiological and morphological differences
between the strains. Thompson et al. (2011), in an
interesting study on the transcriptome of 2 Prochloro -
coccus strains submitted to changing iron levels,
observed that one strain was able to sustain growth
at an iron concentration that was 10 times lower, and
suggested that this reflected physiological and
genomic differentiation among strains of Prochloro-
coccus. Most of the differentially expressed genes
were in the flexible and labile regions of the genome,
indicating adaptations to the variable iron conditions
in marine environments by this genus. The capacity
of Radiocystis 86, isolated from a hypereutrophic
urban lake, to thrive in the absence of measurable
dissolved iron is a fitness advantage that remains to
be elucidated. However this result  supports the idea
of the existence of species-specific iron tolerance and
constraint.

Previous studies have reported contradictory
responses of microcystin to iron-limited conditions.
Utkilen & Gjolme (1995), for example, found that a
decrease in iron concentration resulted in a reduction
of microcystin content in Microcystis aeruginosa.
This result was similar to those of Li et al. (2009), who
found that growth of M. novacekii UAM 250 and the
content of intracellular microcystin were maximal at
the highest iron concentration. Both findings are con-
sistent with our experiments. On the other hand,
Lyck et al. (1996) observed increased toxicity under
iron starvation in a strain of M. aeruginosa, and Se -
villa et al. (2008) showed that iron deficiency in -

creased both the amount of microcystin-LR and the
transcription of mcyD, one of the genes in the micro-
cystin operon.

Similarly, it is not clear whether microcystin pro-
duction is part of a strategy to overcome iron limita-
tion. Alexova et al. (2011) observed the ability of the
wild-type non-toxic strain PCC 7005 to survive iron
stress, reflected in similar growth rates for toxic (PCC
7806) and non-toxic (PC7005) strains, with no clear
benefit of microcystin presence. Fujii et al. (2011)
were also unable to detect different uptake rates
among microcystin producing and non-producing
strains. In our study, Radiocystis 86, which produced
lower amounts of microcystin and a lesser variety of
peptides, was able to grow better in iron-starved
 conditions than was the more toxic strain 28 of this
species, suggesting that the former strain was
 capable of coping efficiently with iron limitation.
Hypotheses to explain growth of some strains at very
low iron levels include a more efficient iron transport
system, a  better protection against iron stress, a
lower iron requirement (Thompson et al. 2011), and
the ability to concentrate iron in the periplasmic
space (Morrissey & Bowler 2012), among others.
Decrease in chlorophyll concentration and chlorosis,
however, were observed in all 3 strains in response to
iron deprivation. This result was expected, since iron
is essential for chlorophyll synthesis and for the
 photosynthetic apparatus (Keren et al. 2004, Lax et
al. 2007), and demonstrated that they were growing
under iron stress.

The same pattern of decrease in microcystin under
iron deprivation was also found in our experiments
when cultures were submitted to low iron availability
(1% of the original concentration) confirming the
trends observed in the previous experiment. How-
ever, the expression of mcyD and aerA, genes related
to the production of microcystin and aeruginosin,
respectively, was significantly enhanced under both
iron limitation and iron starvation. Zilliges et al.
(2011) described similar findings, with a decline in
cellular microcystin after enhanced transcription of
mcy genes. They found that microcystin was not
detected because it was binding to specific target
proteins when growing under iron limitation, and
was thus not detectable in the cell. Iron starvation
induces a modification of the metabolic state, as a
result of the downregulation of certain genes, while
others are transcriptionally active under iron defi-
ciency (Singh et al. 2003). For example, Singh et al.
(2003) found that in low iron concentrations, the
genes for ATP synthetase and the phycobilisome
were downregulated, and they observed changes in
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the expression of genes involved in chlorophyll bio -
synthesis, PSI and PSII assembly, and energy metab-
olism, as well as in a large number of transport genes.
Studying iron deprivation on Synechocystis, Hernán-
dez-Prieto et al. (2012) identified genes involved in
the iron stress response and observed that many
were genes important for carbon assimilation, sug-
gesting a link between the carbon and iron regula-
tory networks. Thus, in our experiments, under the
stress conditions created by lack of iron, the first
response of the cell was to produce more microcystin,
as seen by the increase in transcription. However,
since iron is an essential constituent of many proteins
(Castielli, et al. 2009, Hernández-Prieto et al. 2012),
either its limitation prevented the production of the
microcystin molecule or, as suggested by Zilliges et
al. (2011), microcystins were binding to proteins and
not detectable in the assay.

The relationship between environmental factors,
cyanobacterial secondary metabolites and their func-
tions has a unique complexity and further experi-
mental and field work is still needed to fully under-
stand the mechanisms behind the ecology and
physiology of these peptides. The diversity of
response of different peptide groups hints at their
potential adaptive roles. There is growing evidence
that the best studied group, the microcystins, play an
important role in cell homeostasis in response to
oxidative stress (Zilliges et al. 2011, Neilan et al.
2013, Pimentel & Giani, 2014). If the same is true for
other oligopeptides, then the profile diversity among
strains and species may point to individual ecotype
abilities that may allow growth under different
 conditions of environmental stress.
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