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ABSTRACT

The present study evaluated the effects of the culturing media and the levels of nitrogen and phosphorus
on the growth, biomass productivity and lipid production of four species of Microcystis (M. novacekii,
M. aeruginosa, M panniformis and M. protocystis). The lipid extract was obtained by refluxing with
dichloromethane (Soxhlet). The biomass and biomass productivity yields were maximized with ASM-
1 medium treatment enriched with nitrogen and/or phosphorus (0.25-0.65 g/L and 25-50.7 mg/L d”,
respectively). The lipid extract yields from M. panniformis and M. novacekii were inversely correlated
with the concentration of nitrogen and directly correlated with the concentration of phosphorus (35.8
% and 31.7 %). The lipid extract yield from M. aeruginosa was inversely correlated with the nutrient
concentration (23.3 %). M. protocystis exhibited a higher lipid content in the control medium (41.5 %)
than in the nitrogen-enriched media. The recorded results show that a nutrient-poor culture medium
favours cell growth and stimulates lipid accumulation, which directly affects the cost of cultivation by
reducing nutrient consumption. All studied species may serve as biomass sources for biodiesel production,
although M. protocystis exhibited the highest lipid production. Further studies are necessary to determine
the composition of the recorded lipid extract.

Key words: Biodiesel, culture media, lipid extraction, Microcystis, Nitrogen and phosphorus deprivation
and Stress.

INTRODUCTION

The decrease of worldwide oil reserves combined
with the increase in the emission of greenhouse gases
due to the use of fossil fuels has become a major
impetus for the search for more environmentally

friendly resources in order to meet the world’s
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energetic needs in a sustainable manner (Silva et
al. 2014). To this end, biofuels originating from
plant biomass are an appealing option, although the
energy used for fertilization, plantation, irrigation,
and harvesting (Vasudevan and Briggs 2008)
decreases the attractiveness of their production
from social, economic, and environmental points

of view.
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Cyanobacteria are photosynthesizing, ancient
and thriving microorganisms (gram-negative)
(Gademann and Portmann 2008, Mukherjee et
al. 2013). These organisms produce a vast array
of metabolites, such as proteins, carbohydrates,
carotenoids, vitamins and lipids, which can be
used as food sources for humans and animals,
in pharmaceutical and cosmetic products and to
produce energy (Parmar et al. 2011, Kaiwan-arporn
et al. 2012, Borowitzka and Moheimani 2013,
George et al. 2014, Zeng et al. 2015).

Cyanobacteria are promising for the production
of biofuels mainly due to their high reproduction
rates, high photosynthetic capacity and low
nutritional requirements. Furthermore, these
organisms do not compete for fertile and arable
lands, and the plasticity of their metabolism allows
lipid biosynthesis to be guided under controlled
conditions. Lastly, several cyanobacteria strains
can be easily genetically manipulated (Xin et al.
2010, Sharma et al. 2011, Sarsekeyeva et al. 2015).

To serve as an alternative for biofuel
production, cyanobacteria must exhibit high
biomass productivity and high lipid yields (Pulz
and Gross 2004, Silva et al. 2014). However,
distinct factors, such as light intensity, temperature,
pH and nutrient availability, can affect their growth,
biomass productivity rates and lipid content
(Mandal and Mallick 2009, Mata et al. 2010,
Ahmad etal. 2011, Da Ros et al. 2012, George et al.
2014). Specifically, the concentrations of nitrogen
and phosphorus within the culturing system are
considered determinants of biomass growth and
lipid accumulation (Xin et al. 2010, Markou et al.
2014).

Previous studies (e.g., Xin et al. 2010, Markou
et al. 2012, Pancha et al. 2014) suggest that stress
due to nutrient limitation can increase lipid content.
The Redfield ratio proposed by Atkinson and Smith
(1983) indicated that cyanobacteria cultivated
with an N:P >30:1 exhibit limited growth due
to insufficient phosphorus levels, whereas an
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N:P <10:1 indicates nitrogen deficiency, which
promotes growth. Thus, low N:P proportions were
found to promote growth, which implies that the
culture medium needs to be optimized to maximize
product yields based on the developmental capacity
of these microorganisms (George et al. 2014).

Several studies have indicated that nitrogen
and phosphorus limitation increases the
accumulation of lipids in microalgae (e.g., Li et al.
2008, Xin et al. 2010, Lin and Lin 2011, Da Ros et
al. 2012, Markou and Nerantzis 2013, Mayers et
al. 2014). However, several of these studies only
focused on the growth and accumulation of lipids
by microalgae, although cyanobacteria also alter
their growth rate and cellular composition when
cultivated under sub- or supra-optimal nutrient
conditions to address difficulties imposed by new
environmental conditions (Makareviciene et al.
2013).

The present study aimed to i) evaluate the
growth of four species of cyanobacteria maintained
in three distinct nutritional culture media in order
to select the best medium for maximizing biomass
production and ii) investigate the effects of the
nitrogen and phosphorus concentrations on the
growth and accumulation of lipids for biodiesel
production.

MATERIALS AND METHODS

CYANOBACTERIA

The following species were used in the present
study: Microcystis panniformis J. Komarek, J.
Komarkova-Legnerova, C.L. Sant’Anna, M.T.P.
Azevedo, & P.A.C. Senna, (2002), Microcystis
aeruginosa (Kiitzing) Kiitzing (1846), Microcystis
novacekii (Komarek) Compére (1974) and
Microcystis protocystis Crow (1923). The
cyanobacteria were cultured at the Laboratory of
Limnology, Ecotoxicology and Aquatic Ecology
- LIMNEA at the Federal University of Minas
Gerais. These species were collected, identified and
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isolated from natural lakes of the Rio Doce State
Park in the southeast of Brazil.

CULTURE CONDITIONS

The cyanobacteria were cultivated in the following
liquid media: Artificial Seawater Medium modified
(ASM-1) (Gorham et al. 1964), Blue-Green 11
(BG-11) (Allen and Stanier 1968, Rippka et al.
1979) and Bold’s Basal Medium (BBM) (Bold
1949, Bischoff and Bold 1963). The chemical
compositions of the media are shown in Figure 1.
The experiments were conducted in triplicate in
Erlenmeyer flasks containing 700 ml of culture
medium and 10% (v/v) of inoculum. The flasks
were kept under constant light (40 W fluorescent
lights/ 32 umol.m™.s") at a temperature of 20 °C +
2 and bubbling with filtered air (3.5 L min™) for 13
days. These conditions were determined based on
preliminary tests.

CULTURE CONDITIONS UNDER DISTINCT
NITROGEN AND PHOSPHORUS CONCENTRATIONS

The total nitrogen (N) and phosphorus (P)
concentrations of ASM-1 medium were modified
(Table I) according to Da Ros et al. (2012).
The experiments were conducted for 13 days in
Erlenmeyer flasks containing 150 ml of ASM-
1 modified medium and 10% (v/v) of inoculum.
The treatments were conducted under the same
conditions described above. All experiments were
conducted in triplicate and repeated 3 times.

GROWTH CURVES

The growth of each species was determined via
optical density measurements (UV 1700 PhamaSpec
SHIMADZU), namely the OD
OD,,, (M. aeruginosa), OD
OD,,, (M. protocystis). The biomass concentration
was determined based on individual calibration

(M. panniformis),

655
(M. novacekii), and

curves of optical density as a function of dry weight
for each culture and used to calculate dry weight

Composition ASM-1 BG-11 BBM
(mg/L) (mg/L)  (mg/L)
Total Nitrogen 28 247.4 41.2
Total Phosphorus 23 4.2 13
N:P Ratio 12:1 59:1 3:1
NaCl - e 25
NaNO, 170 1500 250
CaCl,.2H,0 29 36 25
MgCl,.6H,0 41 - -
MgSO,.7H,0 49 75 75
HSO, e e e
K HPO, 8.7 30.6 75
KHPO, e 175
Na,HPO,.12H,0 178 -
Na,Mg EDTA -
NaCoO, - 20 -
CuSO,.5H,O - 0.08 0.08
Co(NO,)2.6HO - e 0.05
CoCl,.6H,0 0.0095 050 -
CuCl,.2H,0 0.00065 - e
MnCl,.4H,0 0.70 1.81 1.81
NaMoO,2HO - 0.02 0.39
ZnSO,.7H,0 0.35 0.22 0.22
CitricAcid 6
Monohydrate
CH FeNO, - 6 -
H,BO, 1.24 2.86 10.91
FeCl,.6H,0 054 -
FeSO,7HO -~ e 4.98
EDTA Na, 372 - 10
KOH - 6.20

Figure 1 - Composition of the culture media ASM-1, BG-11
and BBM.

TABLE I
Changes in nitrogen and phosphorus concentrations of
the ASM-1 culture medium.

Total Total
Treatment  Nitrogen Phosphorus  N:P Ratio
(mg/L) (mg/L)
1* 28 2.3 12:1
2 42 35 12:1
3 14 35 4:1
4 42 1.2 35:1
5 14 1.2 11:1

*Quantity according to ASM-1 standard culture medium.
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from optical density. The average dry weight of
the samples was used to generate growth curves.
Samples were collected at 48-hour intervals, and
the maximum biomass production and biomass
productivity were determined based on the growth
curves. Specifically, the biomass productivity (Px)
was determined using Equation 1:

Px = AX/At (1)

HARVESTING AND BIOMASS DRYNESS

Cyanobacteria were harvested via centrifugation
at 8000 x g and 4 °C for 10 min. The recovered
biomass was dried in a convection oven at 50 °C
for 24 h. The dry biomass was determined based on
the gravimetric difference.

LIPID FRACTION EXTRACTION

The Soxhlet method with dichloromethane reflux
was used to extract lipids because it was shown
to be more efficient in preliminary tests. After 4
h. of extraction, the crude organic extract was
removed and concentrated under a vacuum in a
rotary evaporator (Marconi model TE-120) at
temperatures up to 40 °C. The samples were then
transferred to a convection oven and dried at 40
°C until reaching a constant weight. The lipid yield
was calculated by dividing the lipid extract weight
(g) by the dry biomass (g) and multiplying the
result by 100.

STATISTICAL ANALYSIS

The results are expressed as the mean £ SD
(Standard Deviation). The effect of the culture
medium on the biomass was tested with an
analysis of variance (ANOVA, factor = culture
media, days = repeated measurements) over all
collected days. The effect of the culture media and
distinct nitrogen and phosphorus treatments on the
biomass concentration, biomass productivity and
lipid content was tested with a one-way ANOVA.
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The normality of the data was analysed using
the Shapiro-Wilk test, whereas homoscedasticity
was assessed using Levene’s test. To assess the
significance of differences (p<0.05), the mean were
compared with a post hoc analysis (Tukey’s LSD)
using STATISTICA software, version 10.

RESULTS

The cyanobacteria growth curves recorded for
the three culture media are shown in Figure 2.
Significant effects on the biomass concentrations
of all studied species were observed (P=0.000).
Specifically, the following maximum biomass
levels were obtained using ASM-1 medium: M.
protocystis (0.887 g/L), M. panniformis (0.626
g/L), M. aeruginosa (0.504 g/L) and M. novacekii
(0.484 g/L).

The mean biomass productivity values are
shown in Figure 3. Significant effects of the tested
media were recorded for all evaluated species (P =
0.000). The biomass productivity rate was higher for
strains that were cultivated in the ASM-1 medium
than those in all other media tested. The highest
productivity was obtained for M. protocystis (77.8
+ 4.8 mg/ L d"), followed by M. panniformis (56 +
2.9 mg/L d"), M. aeruginosa (46.4 +2.2 mg/L d")
and M. novacekii (41.5 + 3.4 mg/L d").

Based on the above results, the ASM-1
medium was selected to evaluate the effect of the
N and P concentrations on the maximum biomass
concentration, productivity, and lipid accumulation
by cyanobacteria.

The effects of the N and P concentrations on
the biomass production are presented in Figure 4.
Specifically, the N and P concentrations did not
significantly affect the biomass production by M.
aeruginosa and M. protocystis but did significantly
affect the biomass production by M. panniformis
(P=0.000) and M. novacekii (P=0.001). Among
the studied species, M. protocystis produced the
most biomass in all tested treatments (0.52 to 0.61
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Figure 2 - Growth curves and standard deviations for
cyanobacteria species in distinct culture media for 13 days: (*)
ASM-1, (¢) BG-11 and (A) BBM.
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Figure 3 - Mean biomass productivity and standard deviations
(mg/L d") of cyanobacteria species cultivated in distinct
culture media for 13 days. *Significant differences among the
culture media are indicated by different letters (ANOVA One-
Way with post hoc Tukey’s LSD, p<0.05).
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Figure 4 - Maximum biomass and standard deviations (g/L)
for the cyanobacteria species cultivated at distinct nitrogen
and phosphorous concentrations for 13 days. Significant
differences between treatments are represented by different
letters (ANOVA One-Way with post hoc Tukey’s LSD,
p<0.05).

g/L), whereas the other species produced more
biomass in treatment which included increased N
and P concentrations. Specifically, the maximum
amounts of biomass produced were 0.36 = 1.8 g/L
for M. novacekii, 0.34 £ 0.9 g/L for M. panniformis
and 0.25 £ 2.7 g/L for M. aeruginosa.

The effects of the N and P concentrations on
the biomass productivity rates and lipid yields
of distinct species are shown in Figure 5. The
treatments significantly affected the productivity
rates of all tested species (P= 0.000), except for
M. aeruginosa. The biomass productivity of M.
protocystis (50.7 = 1.3 mg/L d') was maximized
in the treatment which was only enriched with
nitrogen. The productivity of M. panniformis was
maximized in the control (33.4 = 1.0 mg/L d™),
whereas those of M. novacekii and M. aeruginosa
were maximized in the treatment which included
higher concentrations of nitrogen and phosphorus
(32.5+0.5 and 24 £+ 0.26 mg/L d', respectively).

The lipid content extracted from cyanobacteria
is shown in Figure 5. The treatments significantly
affected the lipid content of all tested species (P=
0.000), except for M. aeruginosa. M. panniformis
and M. novacekii produced greater amounts of
lipid in response to lower nitrogen and higher
P concentrations (35.8 = 2 and 31.7 = 1.3 %,
respectively), which yielded the maximum lipid
levels, followed by treatment which included lower
N and P concentrations (34.8 £ 1 and 30 = 1 %,
respectively). The nitrogen concentrations were
limited in these two treatments. M. aeruginosa
exhibited higher lipid values when cultivated at
low N and P concentrations. However, as shown
in Figure 5, the lipid fraction obtained from this
species does not depend on the nitrogen and
phosphorus concentrations because the recorded
mean are similar among treatments, ranging from
20.5 £ 1.7 to 23.1 £ 1.1 %. The behaviour of M.
protocystis differed from that of other species.
Treatment which is rich in nitrogen but poor in
phosphorus maximized the lipid fraction (40.5 +
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Figure 5 - Effect of the nitrogen and phosphorous concentrations on the average biomass productivity and
lipid content (%) of cyanobacteria for 13 days; standard deviations are also shown.

0.2 %). In this treatment the N:P ratio is 35:1; thus,
the phosphorus concentration is strongly limited.
Nevertheless, similar lipid fractions (40.4 + 0.6
and 40.1 + 2.2 %, respectively), were recorded for
the control and treatment which included higher
concentrations of nitrogen and phosphorus, which
both feature an N:P ratio of 12:1 whereas lower
values were recorded for treatments which feature
reduced nitrogen levels (11:1 and 4:1, respectively).

DISCUSSION

The culture media significantly affected the
growth of Microcystis species under test
conditions. Moreover, the changes in the nitrogen
and phosphorus contents in the ASM-1 medium
significantly affected the growth, productivity and
lipid yield.

BG-11, BBM and ASM-1 media are widely
used to cultivate cyanobacteria. Their chemical
composition is similar, particularly with respect to
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the nutrients included in the medium, although their
concentrations differ among media. BG-11 and
BBM contain higher levels of sulphates, nitrates
and phosphates than ASM-1. Moreover, their
N:P ratios differ. Specifically, the BBM medium
features an N:P ratio of 3:1, which resulted in clear
reductions in growth that are likely due to the
limited N concentration. This finding corroborates
those of Nascimento and Azevedo (1999), who
cultivated S. aquatilis f. salina at an N:P ratio of
3:1 and recorded a low growth rate and biomass
accumulation. This result is also similar to those
obtained by George et al. (2014), who reported that
the microalgae Ankistrodesmus falcatus exhibited
reduced growth in BBM medium due to the low
nitrogen concentration. The nitrogen concentration
in the BG-11 medium is not limited (59:1) and
consequently did not significantly affect the growth
of microalgae, although this medium was not as
effective as the ASM-1 medium (12:1).
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Although high nutrient concentrations,
particularly of nitrogen and phosphorus, are
accepted to favour the growth of cyanobacteria
(Ernst et al. 2005), some studies recommend that
these microorganisms must be treated individually
and not as an homogeneous group because each
species responds differently to the nutritional
conditions (Marinho and Azevedo 2007, Markou
and Georgakakis 2011, Loza et al. 2014). Our
findings corroborate these previous findings.

Moreover, our findings are also corroborated
by those of Shen and Song (2007), who studied
different phenotypes of Microcystis (colonial and
unicellular). They found that low phosphorous
concentrations maximized the performance of
colonial lineages compared with the unicellular
forms. This effect can be attributed to the presence
of mucilage in the colonial forms, which play an
important role in the sequestration and assimilation
of nutrients. Moreover, Loza et al. (2004) verified
that high nutrient concentrations favoured some of
the four studied cyanobacteria species (filamentous
and colonials), whereas others produced higher
yields in response to low concentrations due to
their ecophysiological characteristics, such as the
presence of heterocysts, which allow nitrogen
fixation — an essential process during periods of
nitrogen deprivation.

Finally, Vézie et al. (2002) verified that strains
of toxic Microcystis performed better than non-
toxic strains when cultivated under high nitrogen
and phosphorus concentrations. In our study, this
relationship with toxicity was not observed. The
non-toxic species M. protocystis and M. novacekii
performed better at higher concentrations of N
and P than the toxic species M. aeruginosa and M.
panniformis.

The results from our first phase show that the
ASM-1 medium, whose composition is simpler than
those of the BG-11 and BBM media, increased the
productivity of the evaluated species. High biomass
productivity rates are fundamental in large-scale

cultivation processes, such as the production of
biofuels, because high biomass densities increase
the yield per volume of harvest while decreasing
the cultivation costs (Griffiths and Harrison 2009).
Thus, a low-cost culture medium associated with
rapid growth is attractive for biotechnological
applications.

The biomass productivity and the lipid content
are among the major parameters affecting the
economic viability of biodiesel production from
oils extracted from microalgae and cyanobacteria
(Li et al. 2008, Dhup and Dhawan 2014). However,
these parameters are not necessarily correlated.
In response to nutrient scarcity, the metabolism
of microalgae and cyanobacteria has been shown
to be directed towards the synthesis of reserve
compounds, such as saturated fatty acids, while
halting cell division and consequently reducing
growth rates (Alonso et al. 2000, Xin et al.
2010). According to Xin et al. (2010), nutritional
limitations may result in lipid accumulation due to
the following changes: a decrease in the thylakoid
membrane content of the cell or the activation of
acyl hydrolase and stimulation of phospholipid
hydrolysis, which can enhance the intracellular
fatty acid content.

In the present study, this relationship was
observed for M. panniformis, M. aeruginosa
and M. novacekii; specifically, the nitrogen and/
or phosphorus concentrations were inversely
correlated with lipid accumulation and directly
correlated with biomass. Similar results were
recorded by Converti et al. (2009) for the
microalgae Nannochloropsis oculata and Chlorella
vulgaris. Specifically, nitrogen reduction doubled
the accumulation of lipids while reducing the
biomasses and productivity of both species. In a
study of Scenedesmus sp., Xin et al. (2010) recorded
high lipid contents in response to N and P limitation,
followed by areduction in the productivity rate. Rios
et al. (2015) studied the microalga Desmodesmus
sp. and recorded an increase in the lipid content

An Acad Bras Cienc (2017) 89 (3 Suppl.)



2028 RAQUEL S. CORDEIRO et al.

followed by a reduction of biomass in response to
nitrogen limitation. However, this relationship was
not observed for M. protocystis, whose productivity
and lipid production were directly correlated with
the nitrogen availability.

The majority of studies of the effects of N and
P limitation on growth and lipid accumulation have
focused on microalgae. However, Da Ros et al.
(2012) examined M. aeruginosa and observed high
productivity values in response to treatment with
high N levels (83 mg/L day'), whereas the highest
lipid content was recorded with standard ASM-
1 medium. In our study, the species responses,
particularly those of M. aeruginosa, were distinct,
but the productivity rates were generally directly
correlated with the N and P concentrations whereas
the lipid concentration was inversely correlated
with the nitrogen level. Moreover, the other
Microcystis species in this study produced more
lipids than those reported by the aforementioned
authors.

Several other authors have also reported
an inverse correlation between the lipid and
nutrient contents for cyanobacteria species, such
as Spirulina sp., which triple their lipid content
in response to low nitrogen availability (Macedo
and Alegre 2001), and for microalgae, such as
Monoraphidium sp. (Dhup and Dhawan 2014),
Chlorella pyrenoidosa (Nigam et al. 2011) and
Neochloris oleoabundans (Li et al. 2008).

Overall, cyanobacteria produce oil yields
ranging from 5 to 37 %. Sharathchandra and
Rajashekhar (2011) evaluated 13 species of
cyanobacteria from distinct aquatic environments
and recorded lipid production rates ranging from
10.5 to 28. 2 %, with the maximum value being
produced by M. aeruginosa (28.2 %), whereas Da
Ros et al. (2013) also reported a lipid yield of 28 %
for this species, Synechococcus sp. and Trichormus
sp. also produced yields of 26.9 and 23.7 %,
respectively.
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The comparison of lipid production by
microalgae and cyanobacteria is limited by the lack
of standardization for lipid extraction procedures,
which results in considerable variations among the
obtained results. For example, Kaiwan-arporn et al.
(2012) used distinct methods to extract lipids from
Synechocystis aquatilis and recorded lipid contents
between 6.5 and 21.3 %. Conversely, Silva et al.
(2014) reported lipid contents of 13-36.8 % for
Synechococcus sp., depending on the method of
extraction, whereas Ashokkumar et al. (2014) used
various solvents to extract oil from M. aeruginosa
and obtained yields between 10.7 and 21.3 %.

In the present study, the lipid production by all
Microcystis species ranged from 14.3 to 40.5 %.
These rates are similar to or exceed the previously
recorded rates for related species, which indicates
that cyanobacteria constitute a new source of raw
material for biofuel production under the tested
conditions.

CONCLUSIONS

The present study elucidated new alternative
sources of fuels by demonstrating that cyanobacteria
species can constitute a low-cost raw material
that produces favourable lipid yields for biofuel
production. The low nutritional requirements of
the tested species constitute an important point to
be considered. Specifically, a culture medium poor
in nutrients was shown to favour cell growth and
stimulate the accumulation of lipids, which directly
impacts the cost of cultivation by reducing nutrient
utilization. Moreover, Microcystis species, which
inhabit almost all types of aquatic ecosystems
and very often dominate impacted environments
worldwide easily adapted to laboratory conditions,
which suggests that these species may be used in
production plants. Among the studied species, M.
protocystis produced the highest level of lipids,
making it the most promising species for utilization
at an industrial scale. New studies are necessary
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to determine the composition of the obtained
lipid extract and to chemically and physically
characterize these lipids for the production of
biofuel.
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