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Abstract Arthrospira platensis has been photoautotrophical-
ly cultivated for the production of high quality biomass. It
contains satisfactory contents of protein, pigments, and fatty
acids. The use of organic compounds as a carbon source has
been studied, aiming to improve the biomass productivity in a
mixotrophic process. In this study, 4. platensis was cultivated
by fed-batch process with the addition of sodium acetate,
evaluating the effect of different concentrations and feeding
time of this organic carbon source by the use of response
surface methodology. Addition of sodium acetate was shown
to be suitable for increasing the maximum cell concentration.
The optimum condition was estimated by the model to be
achieved with 387 mg L™'d™" of sodium acetate for 6.5 days.
Employing this condition, average X,, of 1769+71 mg L'
was achieved. This X,,, value had an increase of almost 39 %
in comparison with the standard cultivation, without acetate
addition (1275 mg L™).

Keywords Arthrospira platensis - Acetate - Fed-batch
process - Microbial biomass - Mixotrophic - Spirulina

M. C. Matsudo - F. A. Moraes - R. P. Bezerra - R. E. Arashiro -

S. Sato + J. C. M. Carvalho (D<)

Department of Biochemical and Pharmaceutical Technology, Faculty
of Pharmaceutical Sciences, University of Sdo Paulo, Av. Prof. Lineu
Prestes 580, Bl. 16, 05508-900 Sao Paulo, SP, Brazil

e-mail: jemdcarv(@usp.br

J. C. M. Carvalho
e-mail: jemdcarvalho@yahoo.com.br

M. C. Matsudo
Institute of Natural Resources, Federal University of Itajuba, Av.
Benedito Pereira dos Santos, 1303, 37500-903 Itajuba, SP, Brazil

R. P. Bezerra

Department of Morphology and Animal Physiology, Universidade
Federal Rural de Pernambuco-UFRPE, Av. Dom Manoel de
Medeiros s/n, 52171-900 Recife, PE, Brazil

Introduction

Photosynthetic microorganisms are potential sources of cur-
rently underexplored chemicals, and even drugs, with poten-
tially high commercial value (Chen and Zhang 1997). Partic-
ularly, Arthrospira platensis is widely studied due to favorable
properties of this biomass such as high digestibility, low
content of nucleic acid, high protein content, and the presence
of essential amino acids and fatty acids (Cohen 1997).
Arthrospira platensis can be autotrophically cultivated in a
medium containing high levels of carbonate and bicarbonate
as carbon sources (Matsudo et al. 2012). These are inexpen-
sive carbon sources that are beneficial for ensuring adequate
pH conditions. However, this cyanobacterium can also be
cultivated under mixotrophic conditions, with the possibility
of obtaining higher biomass productivity (Ogbonna and Ta-
naka 2000). The simultaneous occurrence of photoautotrophic
and heterotrophic metabolism has been observed in several
microalgae such as Chlorella sorokiniana (Qiao et al. 2012),
Micractinium pusillum (Bouarab et al. 2004), Phaeodactylum
tricornutum (Cerén-Garcia et al. 2000), Crypthecodinium
cohnii (de Swaaf et al. 2003), and Chlorella vulgaris
(Menzyanova and Bozhkov 2003), as well as in cyanobacteria
such as Synechococcus (Ihlenfeldt and Gibson 1997) and
Arthrospira platensis (Vonshak et al. 2000; Chen et al. 2006).
Arthrospira platensis is capable of growing heterotrophi-
cally with glucose under aerobic-dark conditions, in which
photosynthetic activity and oxidative assimilation of glucose
can independently operate mixotrophically under light condi-
tions (Marquez et al. 1993). Mixotrophic culture possesses
many advantages, including increased productivity of the
biomass, ability to work at high cell concentrations, and ease
of maintaining optimal growth conditions (Chen et al. 1996).
In a mixotrophic cultivation of Spirulina platensis with
glucose, Zhang et al. (1999) observed that biomass production
may be inhibited by high concentrations of organic carbon
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substrate. Chen et al. (2006), adding sodium acetate in the
cultivation of Spirulina platensis, also verified that there was a
limiting concentration of this organic carbon source for
avoiding growth inhibition (4 g L™', which is the upper limit
of concentration).

It is important to note that the addition of an organic carbon
source has usually been performed by batch process. In this
sense, taking into account the possibility of growth inhibition
by the organic carbon source, the amount of this substrate
added for a satisfactory cultivation might be further optimized
if its addition is performed throughout the cultivation time.
The fed-batch process could be an important strategy for
managing the addition of organic carbon sources, such as
sodium acetate, when aiming to increase 4. platensis biomass
production (Carvalho et al. 2013).

The aim of this paper is to evaluate the effect of feeding
sodium acetate in the cultivation of Arthrospira platensis,
adopting different concentrations of this organic carbon and
feeding times. This kind of feeding regime is commonly
applied for the use of glucose in heterotrophic or mixotrophic
cultivation of photosynthetic microorganisms, but not for
adding sodium acetate. Moreover, RSM (Response Surface
Methodology) was applied not only for verifying the possi-
bility of optimization, but also to evaluate the effect and
relationship of these two independent variables (amount of
sodium acetate added per day and feeding time).

Response Surface Methodology has been successfully ap-
plied to evaluate the simultaneous use of urea and potassium
nitrate for cultivating Arthrospira platensis (Vieira et al.
2012), or to assess the influence of feeding time (ammonium
chloride) and light intensity to cultivate the same cyanobacte-
rium (Bezerra et al. 2008).

Material and methods
Cultivation conditions

Arthrospira platensis UTEX 1926, obtained from the Culture
Collection of the University of Texas (Austin, TX, USA), was
maintained and cultivated in Schlésser culture medium
(Schldsser 1982), containing the following nutrients (g L™):
NaHCOs;, 13.61; Na,COs, 4.03; NaCl, 1.00; K,SO,, 1.00;
NaNO3, 250, KzHPO4, 050, MgSO47H20, 020, CaC12
2H,0, 0.04. All nutrients were dissolved in distilled water
containing (per liter): 6 mL of metal solution (750 mg
Na,EDTA, 97 mg FeCly-6H,0, 41 mg MnCl,-4H,0, 5.0 mg
ZnCl,, 2 mg CoCl,-6H,0, 4.0 mg Na,MoO42H,0) and
1 mL of micronutrient solution (50.0 mg Na,EDTA, 618 mg
H3BO3, 19.6 mg CuSO45H,0, 44.0 mg ZnSOy4 7H,0,
20.0 mg CoCl,6H,0, 12.6 mg MnCl,4H,0, 12.6 mg
Na2M004'2H20).
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In the experimental runs, however, sodium acetate (in the
form of concentrated solution) was added with concentrations
in accordance with Table 1. Standard cultivations, without
sodium acetate addition, were carried out for data
comparison.tgroup

Cultivations were carried out in a rotary shaker at 120 rpm,
29 °C (Sanchez-Luna et al. 2007), light intensity of 72 pmol
photons m 2 s' (Sanchez-Luna et al. 2004; Sanchez-Luna
et al. 2007; Matsudo et al. 2009), and initial pH of 9.5
(Sanchez-Luna et al. 2007), in 500-mL Erlenmeyer flasks
containing 200 mL of Schlésser culture medium. Initial cell
concentration was approximately 50 mg L', expressed as dry
weight (Carvalho et al. 2004). Cultivations were ended when
stabilization of cell concentration was observed.

Analytical techniques

Cell concentration (X) was periodically determined by com-
paring the optical density of the culture at 560 nm with
previously prepared calibration curves (optical density versus
dry weight biomass concentration) (Leduy and Therien 1977).
pH was determined by a potentiometer (Mettler Toledo,
Barueri-SP, Brazil).

At the end of each cultivation, total carbonate was deter-
mined in accordance with Pierce and Haenisch (1948). In this
method, the samples are alkalinized with sodium hydroxide in
order to convert all the bicarbonate into carbonate. The disso-
ciated carbonate is titrated with hydrochloric acid by two
steps: 1) neutralization with phenolphthalein as indicator; 2)
carbonic acid production with methyl orange as indicator.
Since the first step of the titration (phenolphthalein endpoint)
will neutralize not only the excess of hydroxide added, but
also 50 % of carbonate in the sample, the total carbonate
concentration (g Na,CO; L") is calculated from the volume
of HClI used in the second step of titration multiplied by two.

Continuous light intensity, expressed in pmol photons
m ? 5!, was measured by a light intensity meter (Li-Cor,
Lincoln, NE, USA).

The specific growth rate (1) was calculated by the method
of LeDuy and Zajic (1973). This method is a geometric
approach considering that three neighboring data points rest
on a circumference, and the tangent in the middle data point
corresponds to the instantaneous growth rate. This instanta-
neous growth rate divided by the cell concentration corre-
sponding to the same point results in the specific growth rate.

Experimental design and results analysis

Experimental runs were done in accordance with an experi-
mental design called “star-planning” (Box et al. 1978), with
two factors in five levels of independent variables. This meth-
od was performed to evaluate the influence of two indepen-
dent variables, daily addition of sodium acetate and feeding



Ann Microbiol (2015) 65:1721-1728 1723
Table 1 Statistical design and
experimental data from RUN Codified values Experimental values
A. platensis cultivation with the ‘
addition of sodium acetate X x50 Daily addition Feeding X, ¢ Maximum Final Total
of sodium time (mg L™ Specific Carbonate
acetate (days) Growth Rate (g Lfl)
(mg L' day ) (day ™)
1 -1 -1 100 4 1532 1.01 7.01
2 +1 -1 500 4 1695 0.94 8.39
3 -1 +1 100 8 1507 1.01 7.30
4 +1 +1 500 8 1732 0.93 8.43
5 0 -1414 300 32 1426 0.94 7.05
6 -1414 0 17.2 6 1426 0.99 6.71
7 0 +1.414 300 8.8 1735 1.04 8.32
8 +1.414 0 582.8 6 1709 0.98 7.87
9 0 0 300 6 1774 0.98 7.88
# X, codified values of daily 10 0 0 300 6 1845 098 317
addition of sodium acetate ’ ’
amount; 11 0 0 300 6 1830 0.97 9.05
® x,, codified values of feeding Confirmation runs
time; 12 0.43 0.26 387 6.5 1762 1.04 7.01
¢ Xm, maximum cell 13 0.43 0.26 387 6.5 1844 1.01 8.15
concentration; 14 0.43 0.26 387 6.5 1702 0.96 7.68
Std? standard cultivation, without Std ¢ _ _ 0 0 1275 1.01 521

sodium acetate addition.

time, on the selected response variable: maximum cell con-
centration (X,,,). The central point was threefold repeated for
checking the reproducibility of the results.

The general equation:

¥i = ai + X bijxi+Y cijxit + X dijiexxy (1)

was proposed to estimate the selected response variable (y;),
specifically y; =X, as a result of varying the codified values
(x; and x,) of the independent variables, daily addition of
sodium acetate and feeding time. In the equation, i and j
represent the dependent and the independent variables, respec-
tively, j” indicates their interactions; a; is the intercept, by; are
the linear coefficients, cjare the quadratic coefficients, and dyj;»
are the interaction coefficients. Significance levels <0.10 were
considered for the regression analysis (Bezerra et al. 2008)
with the statistical package S-PLUS 2000, and for the analyses
of variance (ANOVA), an error of 5 % at most (p < 0.05).

Results and discussion
Cell growth

Table 1 shows the results of X,,, and total carbonate concen-
tration at the end of each cultivation.

It is evident that the standard cultivation, without any
organic carbon addition, had the weakest performance, with
X, value of 1275 mg L™" (Table 1). Among the runs within
the experimental design, the lowest values for X,,, were ob-
tained in runs 5 (x;=0; x,=—1.414) and 6 (x;=—1.414; x,=0)
with a value of 1426 mg L™" for both. The low addition of
sodium acetate (run 6) and the short feeding time (run 5) are
the most probable reason for the limited cell growth. These
results are in accordance with those obtained by (Chen et al.
1996), which showed that at low acetate concentrations (1 g
L"), values of specific growth rate and cell concentration
were only slightly higher than those of the control. Rym
et al. (2010), evaluating mixotrophic growth of A. platensis
with glucose, also achieved maximum biomass concentration
2.3 times superior than that obtained in photoautrotrophic
condition.

Runs 1 and 3 were performed with a daily addition of
sodium acetate of 100 mg L™ but with different feeding times
(4 and 8 days, respectively) and obtained Xm values very
similar to each other, 1532 and 1507 mg L', respectively.
These data suggest that when adding 100 mg L™, feeding
times longer than that employed in these runs (1 and 3) might
not further increase biomass concentration. In the same way,
inrun 7 (x;=0, x,=1.414), the same value of daily addition of
sodium acetate as the central point (300 mg L") was main-
tained, but for a longer feeding time, and the X,,, obtained was
very similar (1735 mg L, indicating that also for this
sodium acetate addition, extending the feeding time does not
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increase the biomass concentration. These results show that
there is a limit to the addition of acetate as a carbon source to
increase the X,,.

In the same way, increasing the daily addition of sodium
acetate to 500 mg L™ day ™' (run 2, for 4 days, and run 4 for
8 days) or 582.8 mg L' day ™' (run 8, for 6 days), did not
increase the maximum cell concentration, which also indicat-
ed that the daily addition of sodium acetate adopted for the
central point was probably near the optimum value.

It is possible to observe in Fig. 1 that besides standard
cultivation, runs 1, 3, 5, and 6 had the biomass concentration
stabilized earlier than the central point cultivations and, con-
sequently, had lower values of maximum cell concentration.
The increase in pH values is one factor that can explain this
phenomenon, since high pH conditions may be harmful for
inorganic carbon uptake by the microorganism (Azov 1982).
In fact, Fig. 2 shows that pH values above 11.0 were obtained
for these runs, in contrast to central point cultivations, in
which it took one or more additional days to reach these pH
values.

It is possible to infer that addition of sodium acetate de-
layed the pH increase, thereby maintaining the pH at the
optimum value for a longer time. Also indicated in Table 1
is the standard run, without sodium acetate addition; this
showed a final total carbonate concentration lower than the
cultivations with the addition of this organic carbon source.
The addition of organic carbon source might allow the pres-
ervation of bicarbonate ions in the culture medium, which
could justify the maintenance of pH values for a longer time.

The increase in the pH of the medium may be explained by
the consumption of bicarbonate, which is the preferable form
for assimilation by the microorganism (Miller and Colman
1980). Therefore, the ideal pH value is one that assures the
displacement of the bicarbonate-carbonate equilibrium to
form bicarbonate. This information supports the importance

of acetate in delaying the pH increase, because above pH 11
carbonate is the predominant form and bicarbonate is almost
absent.

Qiao et al. (2012) observed that Chlorella sorokiniana
exhibited a lag phase when adapting for the uptake of acetate
added in the cultivation. Nevertheless, it is possible to observe
in Fig. | that there was not an adaptation period when
Arthrospira platensis was provided acetate.

Specific growth rate

Table 1 shows the values of maximum specific growth rate
(Mmax) for each run. These values are very similar (ranging
from 0.93 to 1.04 day ') and were always obtained in the
beginning of the cultivation (day 1). These iy, values were
higher than that obtained in photoautotrophic cultures
(Matsudo et al. 2009) most probably as a result of the syner-
gistic effect of photosynthesis and acetate consumption. In
addition, these L, Values are also higher than those obtained
by Chen et al. (1996), using acetate (0.52 day ') and glucose
(0.62 day ') as carbon source in Spirulina platensis
mixotrophic growth, likely due to the lower light intensity (4
klux=48 pmol photons m % s ' ) used by these authors.
According to Chojnacka and Noworyta (2004), specific
growth rate of Spirulina platensis in the mixotrophic growth
increases with increasing light, and the light intensity of
72 umol photons m 2 s ', employed in the present study,
may have propitiated a higher value of ..

Figure 3 shows the p values throughout the cultivation
time for some runs. On the 7th day, it is possible to observe
that for runs 5, 6, and standard (without sodium acetate
addition) p values are equal to or almost 0 (zero), whereas
central point cultivations (runs 9, 10, and 11) still show pn
values near 0.1 day '. It may explain the difference in the
maximum cell concentration for different runs; i.e., runs in

Fig. 1 Biomass concentration

(X) versus time forruns 1, 3, 5, 6, 1800
central point (9 — 11), and stan- 1600
dard cultivation (see Table 1)
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g 1000
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Fig. 2 pH versus time for runs 1, 13
3,5, 6, central point (9-11), and
standard cultivation (see Table 1) 125
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which p values decreased to 0 (zero) faster had lower X,
values. In fact, mixotrophic cultures require less light for
growth (Vonshak et al. 2000) and, therefore, organic car-
bon source might be crucial for maintaining cell growth in
the final stage of the cultivation, when shadowing effect
takes place.

Analysis of multivariable regression

The analysis of multivariate regression with the obtained data
presented in Table 1 was performed in order to verify the
influence of the daily addition of sodium acetate and feeding
time. In this sense, the general equation (Eq. 1) was employed
to estimate the selected variables as a response to the varia-
tions of codified variables x; (daily addition of sodium ace-
tate, mg L' day ') and x, (feeding time, days).

Time (days)

For improving the regression fit for X, the coefficient of
X1/X, interaction was neglected in the adjustment of the math-
ematical model, resulting in:

X = 1816.32 4+ 98.54 x; + 56.12 x,—113.80 x;2—107.30 x,>
(Adjusted R* = 0.79;p = 0.007)

(2)

This adjusted model resulted in a R* (adjusted determina-
tion coefficient) of 0.79; i.e., it explained 79 % of the vari-
ability in the maximum cell concentration. This value may be
considered satisfactory for the purpose of this study, being
equivalent to values found in other studies in the field of
bioprocess (Cruz-Martinez et al. In press; Fratelli et al. 2005;
Bezerra et al. 2008; Vieira et al. 2012). Additionally, p value
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Fig. 3 Specific growth rate
versus time for runs 5, 6, central 1
point (9-11), and standard
cultivation (see Table 1) .
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Fig. 4 Response surface of
maximum cell concentration (X,
mg L") as function of the
codified values of daily addition
of sodium acetate (x;) and feeding
time (X7)

X, (mg L)
1600 1800

1400

1200

of 0.007 generated by the analysis of variance indicates that
the regression is statistically significant.

It is possible to observe that X,,, was a quadratic function of
both the daily addition of sodium acetate and the feeding time,
and the independent variables influenced X,,, separately. The
negative values of quadratic coefficients point out that the
values of x; and x, responsible for the highest value of X,
are included inside the area given by the response surface
methodology analysis (Fig. 4) and are very close to those
considered as the central point of the experimental design.

By Eq. 2, it is possible to calculate the optimal conditions
for maximizing Xy, : x;=0.43 (real value=387 mg L™'d™")
and x,=0.26 (real value=6.5 days). Confirmation runs (12 —
14, Table 1) were performed under the conditions estimated to
optimize X,,,. In these runs, it was possible to obtain an X,
mean value of 1769+71 mg L', which is only 4.1 % lower
than the value estimated by the mathematical model for X,
(1845 mg L™"). This information confirms the suitability of
multivariate regression aiming to optimize the experimental

X1 ’ 10 15

conditions for the maximization of biomass production, which
can also be observed in Fig. 5. This figure shows the linear
relationship between estimated and the experimental values of
X, at the end of each run.

Rym etal. (2010) satisfactorily developed a model showing
a relationship between biomass concentration and organic
carbon source (glucose), although they couldn’t achieve the
optimization of the mixotrophic cultivation.

These results in the present study indicate that 4. platensis
could successfully use acetate as a carbon source and cell
concentration increased almost 39 % in comparison with the
standard cultivation, without acetate addition.

Experimental results are in agreement with those reported
by Chen et al. (1996), who observed that the intermittent
addition of 2.0 g L™ acetate in mixotrophic culture of Spiru-
lina platensis resulted in higher biomass concentration
(1.81 g L™"). These values were similar to those obtained in
runs 9, 10, and 11 of the present study (central point in the
experimental design) which resulted in X, values of

Fig. 5 Linear relationship 1900
between estimated and ¢
experimental values of maximum . ‘
cell concentration (X,,) v 1800 - °
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1774 mg L', 1845 mg L™, and 1830 mg L', respectively
(average X,,=1816+37 mg L"). These values are relatively
higher than most of the other runs.

Other organic carbon sources for A. platensis mixotrophic
culture have been studied. Coca et al. (2014) analyzed the
growth of S. platensis in cultures supplemented with beet
vinasse. (2 g L™ of vinasse) and obtained high biomass
concentration of 3.3 g L™'. Although the use of vinasse has
provided high cell concentration, the cell productivity (122+
5 mg L 'day ') was lower than that obtained in the present
study, with acetate (Table 1; 252+10 mg L™ 'day ).

In the confirmation runs, X,,, was obtained on the 7th day of
cultivation, resulting in a cell productivity mean value of 252
+10 mg L 'day ', Considering that this cultivation was car-
ried out in Erlenmeyer flasks, this is a very promising result if
compared with cultivations in 5 L mini-tanks (Bezerra et al.
2008; Matsudo et al. 2009), in which the best results of cell
productivity were 126 mg L 'day ' (Bezerra et al. 2008), and
241 mg L 'day ' (Matsudo et al. 2009), by photoautotrophic
cultivation.

Conclusion

The influence of daily addition of sodium acetate and feeding
time on the mixotrophic cultivation of Arthrospira platensis
was evaluated. The addition of organic substrate, providing
both carbon and energy for the microorganism's metabolism,
resulted in a higher biomass concentration in comparison with
standard cultivation, which was performed without sodium
acetate addition. The process was optimized using surface
response methodology and the optimum condition for X,
was shown to be 387 mg L 'day ™' of sodium acetate for
6.5 days. Under this condition, X,, of 1769 mg.L™' was
achieved, a value only 4.1 % lower than that estimated by
the mathematical model (1845 m g L ™).
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