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a  b  s  t  r  a  c  t

ADP-glucose  pyrophosphorylase  (AGPase)  regulates  starch  biosynthesis  in  higher  plants  and  microal-
gae.  This  study  measured  the effect  of the bacterium  Azospirillum  brasilense  on  AGPase  activity in the
freshwater  microalga  Chlorella  vulgaris  and  formation  of starch.  This  was  done  by  immobilizing  both
microorganisms  in alginate  beads,  either  replete  with  or deprived  of nitrogen  or  phosphorus  and  all
under  heterotrophic  conditions,  using  d-glucose  or  Na-acetate  as  the  carbon  source.  AGPase  activity
during  the  first  72  h  of incubation  was  higher  in C.  vulgaris  when  immobilized  with  A.  brasilense.  This
happened  simultaneously  with  higher  starch  accumulation  and  higher  carbon  uptake  by  the microalgae.
Either  carbon  source  had  similar  effects  on enzyme  activity  and  starch  accumulation.  Starvation  either by
N or  P had  the  same  pattern  on  AGPase  activity  and  starch  accumulation.  Under  replete  conditions,  the
eywords:
GPase
zospirillum
hlorella
eterotrophy

population  of  C.  vulgaris  immobilized  alone  was  higher  than  when  immobilized  together,  but  under  star-
vation  conditions  A.  brasilense  induced  a larger  population  of  C.  vulgaris.  In summary,  adding  A. brasilense
enhanced  AGPase  activity,  starch  formation,  and  mitigation  of stress  in  C.  vulgaris.

©  2014  Published  by  Elsevier  B.V.
icroalgae growth-promoting bacteria

. Introduction

The green unicellular microalgae Chlorella vulgaris can grow and
ccumulate starch heterotrophically (Choix et al., 2012b; Griffiths,
965). Starch formation by microalgae has significant importance

n several biotechnological applications, the most current are bio-
uels (Lebeau and Robert, 2006; Markou et al., 2012). For growth
nd formation of metabolites under heterotrophic conditions, C.
ulgaris requires sources of energy and carbon. The most common
arbon sources are glucose or sodium acetate (Perez-Garcia et al.,
011); although in some microalgae, including C. vulgaris, other

arbon sources support accumulation of starch (Markou et al.,
012). Starch accumulation, under heterotrophic conditions, is

∗ Corresponding author at: Environmental Microbiology Group, Northwestern
enter for Biological Research (CIBNOR), Av. Instituto Politécnico Nacional 195, Col.
laya Palo de Santa Rita Sur, La Paz, B.C.S. 23096, Mexico.
el.: +52 612 123 8484x3419/3420.

E-mail addresses: luzb@cals.arizona.edu, legonzal04@cibnor.mx
L.E. de-Bashan).

ttp://dx.doi.org/10.1016/j.jbiotec.2014.02.014
168-1656/© 2014 Published by Elsevier B.V.
primarily used in microalgae as a strategy for intracellular storage
of carbon and energy to support cell growth (Markou et al., 2012).

In higher plants and microalgae, biosynthesis of starch involves
three steps: glucose activation, chain elongation, and chain
branching (Ballicora et al., 2004). The most important step in
the biosynthesis is the activation of glucose, converting it into
nucleoside-diphosphate-glucose (ADPGlc), which functions as a
glucosyl donor for the elongation chain of starch. The formation
of ADPGlc is catalyzed by the enzyme ADP glucose pyrophosphory-
lase (AGPase; E.C.2.7.7.27), which catalyze the synthesis of ATP and
glucose-1-phosphate in ADPGlc. In biosynthesis of starch, forma-
tion of ADPGlc is a limiting step; ADPGlc directly affects formation
of starch. If ADPGlc does not formed, starch will not accumulate.
AGPase is subjected to high regulation.

The main factor that enhances accumulation of lipids and carbo-
hydrates in Chlorella spp. under autotrophic conditions is nitrogen
starvation (Bumbak et al., 2011; Markou et al., 2012; Přibyl et al.,
2012; Tang et al., 2011; Xiong et al., 2010), which is species-

dependent. Phosphorus starvation has the same effect in other
microalgae (Khozin-Goldberg and Cohen, 2006). To increase starch
content in microalgae, studies focused on enhancing AGPase activ-
ity (Slattery et al., 2000; Smith, 2008; Radakovits et al., 2010;

dx.doi.org/10.1016/j.jbiotec.2014.02.014
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiotec.2014.02.014&domain=pdf
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ismani-Yazdi et al., 2011) and cultivating microalgae under con-
itions of nitrogen and phosphorus starvation (Brányiková et al.,
011; Dragone et al., 2011).

The bacterium Azospirillum brasilense is a microalgae growth-
romoting bacterium (MGPB; de-Bashan et al., 2004) because,
nder autotrophic conditions, it can increase growth of cells, the
ize of some microalgae populations (de-Bashan and Bashan, 2008;
onzalez and Bashan, 2000), and the amount of photosynthetic
igments, lipids, and fatty acids (de-Bashan et al., 2002). Currently
nd practically, co-immobilizing A. brasilense and C. vulgaris in algi-
ate beads is a new technology for tertiary wastewater treatment
ecause Chlorella spp. efficiently remove nitrogen from wastewater
de-Bashan et al., 2002, 2004; Covarrubias et al., 2012; Cruz et al.,
013; Hernandez et al., 2006), where the leftover debris can be
sed to improve infertile soils and plant growth (Lopez et al., 2013;
rejo et al., 2012). In the wastewater treatment role, A. brasilense
nhanced the activity of two enzymes, glutamate dehydrogenase
nd glutamine synthetase, involved in nitrogen metabolism of
hlorella spp. (de-Bashan et al., 2008b). This microalgae-bacteria
elationship has potential biotechnological significance as food
or humans and animals, feed for aquaculture, and produc-
ion of pigments. Notably, Chlorella spp., co-immobilized with A.
rasilense,  can also increase total carbohydrates, mainly starch,
nder autotrophic and heterotrophic conditions (Choix et al.,
012a, b), useful for ethanol production for biofuels.

Considering these enhanced activities, our hypothesis was that,
imilar to higher enzymatic activity in nitrogen metabolism, A.
rasilense would induce C. vulgaris to increase enzymatic activ-
ty that is involved in biosynthesis of starch, such as AGPase.
he main objective of this study was to measure the effect of A.
rasilense on AGPase activity when C. vulgaris is co-immobilized
ith A. brasilense in alginate beads. This was done under nitro-

en and phosphorus starvation under heterotrophic conditions,
hen either d-glucose or sodium acetate were added as sources

f carbon. Our main strategy for experimenting with two  carbon
ources and two starvation regimes were to determine whether
he response of the microalga to the bacteria is centralized mainly
n C. vulgaris–Azospirillum spp. interaction or is substrate related.

. Materials and methods

.1. Microorganisms and initial growth conditions

The unicellular microalga Chlorella vulgaris Beijerinck (UTEX
714, University of Texas, Austin, TX) and the bacterium Azospiril-

um brasilense Cd (DSM 1843, Leibniz-Institut DMSZ, Braunschweig,
ermany) were used. To produce inoculum of the microalgae,
0 mL  of axenic culture from C. vulgaris was inoculated into 90 mL
terile mineral medium (C30), composed of (in g L−1): KNO3 (25),
gSO4·7H2O (10), KH2PO4 (4), K2HPO4 (1), FeSO4·7H2O (1) and

in �g L−1): H3BO3 (2.86), MnCl2·4H2O (1.81), ZnSO4·7H2O (0.11),
uSO4·5H2O (0.09), NaMoO4 (0.021), incubated at 27 ± 2 ◦C, and
haken at 140 rpm under light intensity 60 �mol  photon m−2 s−1

or 7 d (Gonzalez et al., 1997). The bacterium grew in BTB-2
edium (Bashan et al., 2011), composed of (in g L−1): NaCl (1.2),
gSO4·7H2O (0.25), K2HPO4 (0.13), CaCl2 (0.22), K2SO4 (0.17),
H4Cl (1), Na2SO4 (2.4), NaHCO3 (0.5), Na2CO3 (0.09), FeIIIEDTA

0.07), tryptone (5), glycerol (8 mL), and yeast extract (5). The
ulture was adjusted to pH 7 with 1 M KOH and incubated at
2 ± 2 ◦C and shaken at 120 rpm for 16 h.
.2. Immobilization of microorganisms

Microorganisms were immobilized, using the procedure
escribed in de-Bashan et al., 2004. Briefly, 20 mL  of axenic
nology 177 (2014) 22–34 23

cultures (C. vulgaris and A. brasilense)  were mixed separately
with 2% alginate solution. Beads (3–4 mm diameter) were formed
using automated equipment (de-Bashan and Bashan, 2010). For
co-immobilization of the two  microorganisms in the same bead,
after washing the cultures, each of them was re-suspended in
10 mL  0.85% saline solution and then mixed in the alginate before
forming the beads. Because immobilization normally reduces the
number of A. brasilense in the beads, to increase the numbers of A.
brasilense to its original level, a second 24 h incubation of the beads
was necessary in OAB medium composed of (in g L−1): KOH (4.80),
malic acid (5.00), NaCl (1.20), MgSO4·7H2O (0.25), K2HPO4 (0.13),
CaCl2 (0.22), K2SO4 (0.17), Na2SO4 (2.40), NaHCO3 (0.50), Na2CO3
(0.09), FeIIIEDTA (0.07), NH4Cl (1) and (in �g L−1): H3BO3 (0.2),
MnCl2·4H2O (0.2), ZnCl2 (0.15), CuCl2·2H2O (0.2), NaMoO4·2H2O
(20) (Bashan et al., 1993). Under starvation conditions, nitrogen
or phosphorus was  removed from OAB medium, depending on the
type of starvation performed later in each experiment.

2.3. Experimental culture conditions

After secondary incubation, the beads were washed three times
with sterile saline solution (0.85% NaCl). For experiments, 12 g
beads with microorganisms, either immobilized separately or co-
immobilized, were inoculated in 150 mL  synthetic growth medium
(SGM) containing (in mg  L−1): NaCl (7), CaCl2 (4), MgSO4·7H2O
(2), K2HPO4 (217), KH2PO4 (8.5), Na2HPO4 (33.4), NH4Cl; (191)
(de-Bashan et al., 2011) with sufficient nitrogen or phosphorus.
Starvation conditions were created by removing nitrogen or phos-
phorus from the SGM.

SGM was  supplemented with 10 g L−1 d-glucose or sodium
acetate (G5767, S2889, Sigma, St. Louis, MO)  as carbon sources.
Both carbon sources were sterilized by filtration through a 0.2 �m
a syringe filter (Acrodisc, Pall Corp., Port Washington, NY). C. vul-
garis and A. brasilense can grow and use these substances under
heterotrophic conditions (Chen and Chen, 2006; Perez-Garcia et al.,
2011). All experiments were performed under heterotrophic condi-
tions in complete darkness, shaken at 140 rpm at 27 ± 2 ◦C for 72 h.

2.4. Counting C. vulgaris in beads

In each experiment, the microbial populations of three beads
from each flask (replicate) of 250 mL  were counted. Each bead was
dissolved by immersion in 1 mL  4% NaHCO3 solution for 30 min
at ambient temperature of 25 ± 4 ◦C. C. vulgaris cells were counted
under a light microscope, using a Neubauer hemocytometer con-
nected to an image analyzer (Image ProPlus 4.5, Media Cybernetics,
Silver Spring, MD). Growth rate of C. vulgaris (�) was  defined as:
� = (ln Nt1 − ln Nt0)/(t1 − t0), where Nt1 is the number of cells at
sampling time and Nt0 is the number of cells at the beginning of
the experiment, t1 is sampling time and t0 the beginning of the
experiment (Oh-Hama and Miyachi, 1992).

2.5. Analytical methods

Samples of one gram (per replicate and per treatment, n = 9) of
alginate beads from each treatment were taken at intervals of 24 h,
washed in distilled water, dried at 80 ◦C for 12 h, and ground with
a mortar and pestle, which yielded 10 mg  samples.

Starch was  quantified by the method described by Brányiková
et al., (2011), which is a modification of the method of McCready
et al., (1950). It is based on total hydrolysis of starch by 30% per-
chloric acid and quantified by colorimetric means of the liberated

glucose.

Uptake of d-glucose or sodium acetate from SGM by microor-
ganisms was  analyzed using the Megazyme d-glucose (glucose
oxidase/peroxidase) assay kit (K-GLUC, gopod format, Megazyme
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nternational, Bray, Ireland), and a kit to measure acetic acid
K-ACETAF 12/07, acetyl-coA synthetase format; Megazyme Inter-
ational). These tests were performed to the manufacturer’s

nstruction.
To determine enzymatic activity of ADP-glucose pyrophospho-

ylase (AGPase), six grams of alginate beads from each treatment
ere taken at intervals of 24 h. The beads were dissolved in 30 mL

% NaHCO3 solution and centrifuged at 2000 g for 6 min. The super-
atant was discarded and the pellet was washed three times with
terile saline solution (0.85% NaCl). Enzymatic activity of AGPase
as measured by the method of Li et al., (2011). AGPase activ-

ty was present in buffer containing (in mM):  HEPES at pH 7.4
100), ADP-glucose (1.2), sodium pyrophosphate (3), MgCl2 (5),
ithiothreitol (4; D0632, Sigma), in a final volume of 500 �L. The
eaction mixture was incubated at room temperature (26 ± 2 ◦C)
or 20 min. The reaction was stopped by heating in boiling water
or 2 min. Then, 600 �L distilled water was added, and the mixture
as centrifuged at 13,000 g for 10 min. The supernatant (1000 �L)
as mixed with 0.3 mg  NADP+. The activity was recorded as the

ncrease in A340 after adding 2 �L of each of the two enzymes: phos-
hoglucomutase (0.8 U) and glucose-6-phosphate dehydrogenase
1 U). The enzymatic activity of AGPase is expressed as U mg−1 pro-
ein, where one unit is 1 nmol of ADP mg−1 protein min−1. Proteins
n the mixture were determined by the Bradford’s assay (Bradford,
976).

.6. Localization of AGPase gene in Azospirillum spp.

Several full genome sequences of Azospirillum spp. are avail-
ble: Azospirillum lipoferum 4B, A. sp. B510 (Kaneko et al., 2010),
. brasilense Sp245 (Wisniewsky-Dyé et al., 2011) and A. brasilense
BG497 (Wisniewsky-Dyé et al., 2012). The presence of the glgC
ene, which encodes the enzyme AGPase in bacteria, has been
dentified in these strains by the whole genome random shotgun

ethod (Southern, 1975).

.7. Experimental design and statistical analysis

The setup of all experiments was in batch cultures. Each exper-
ment was performed using three separate flasks per treatment.
ach 250 mL  Erlenmeyer flask, containing 150 mL  suspension,
erved as a replicate. Each experiment was identically repeated two
imes. Three samples were taken from each flask for each analysis.
ach setup contained four treatments: (1) beads without microor-
anisms, (2) beads containing C. vulgaris, (3) beads containing A.
rasilense (all serving as controls), and (4) beads containing the two
icroorganisms (C. vulgaris and A. brasilense)  (n = 12). The data from

ach treatment from the two repetitions (n = 24) were combined for
nalysis, first by one-way ANOVA and then by LSD post hoc anal-
sis. Significance was set at P < 0.05, using Statistica 6.0 software
StatSoft, Tulsa, OK).

The following variables were analyzed: Volumetric productiv-
ty (Yp) = P1 − P0, where P1 and P0 are grams of product as cells
r biomass in 100 mL  between initial and final sampling. Affinity
f the microalgal cells in a specific time interval was  calculated
s: affinity = St/Nt, where St are grams of product formed in 24 h
nd Nt is the number of microalgae cells at this time (Rahn,
930). Starch yield (quantity of starch produced per g of carbon
ource uptake of culture during 24 h) was calculated as: Starch
ield (Qs) = [(P1 − P0)/(S1 − S0)]/V, where P1 is the quantity of starch
fter 24 h, P0 is the quantity at the beginning of this time inter-

al, S1 is the substrate concentration (d-glucose or sodium acetate)
fter 24 h, and S0 is the substrate at the beginning of this time
nterval. V is the volume of the medium (100 mL)  (Choix et al.,
012b).
hnology 177 (2014) 22–34

3. Results

3.1. Enzymatic activity of AGPase of C. vulgaris co-immobilized
with A. brasilense when using d-glucose as the carbon source

All assays were conducted and results are presented, first for
the entire culture and then calculated per individual cell, based on
the actual number of cells that grew in each treatment and in each
culture.

Growing in media replete with nitrogen, A. brasilense showed
constant AGPase activity, with highest activity of 8.81 ± 3.44 U
at 48 h. Activity declined at 96 h (Fig. 1a; capital letter analy-
sis). C. vulgaris alone or co-immobilized with A. brasilense highest
AGPase activity was  at 48 h, 11.23 ± 2.69 U (immobilized alone)
and 18.76 ± 3.04 U (co-immobilized with A. brasilense).  Activity
decreased until 96 h in both treatments (Fig. 1a; capital letter anal-
ysis). Significant differences between the activity of AGPase in C.
vulgaris alone and with A. brasilense were not found at all incuba-
tion times (Fig. 1a; lower case analysis). Specific activity of AGPase
in C. vulgaris immobilized with A. brasilense was significantly higher
than when C. vulgaris was  immobilized alone at all durations of
incubation (Fig. 1a; lower case analysis).

Growing A. brasilense under nitrogen starvation, AGPase activ-
ity was  6.09 ± 2.06 U at 24 h, remaining constant at this level at all
sampling times (Fig. 1b; capital letter analysis). C. vulgaris immo-
bilized alone had the highest AGPase activity at 48 h and 72 h
(10.23 ± 2.05 U), declining afterwards (Fig. 1b; capital letter anal-
ysis). There were no significant difference in AGPase activity of C.
vulgaris immobilized alone and A. brasilense immobilized alone at
24, 48, and 96 h, but a significant difference at 72 h (Fig. 1b; lower
case analysis). AGPase activity of C. vulgaris co-immobilized with A.
brasilense, did not change significantly at any sampling time, which
was 17.17 ± 3.58 U at 48 h (Fig. 1b; capital letter analysis). This was
significantly greater than the two  controls that were immobilized
alone during almost all sampling times (Fig. 1b; lower case analy-
sis).

When AGPase activity per cell was  measured in A. brasilense
growing with nitrogen replete (4.3 ± 1.95 × 10−6 U cell−1) or nitro-
gen starvation (6.14 ± 1.42 × 10−6 U cell−1), activity was very low
and constant during the first 96 h of incubation (Fig. 1c, d;
capital letter analysis). With sufficient nitrogen, C. vulgaris immo-
bilized alone or with A. brasilense had the highest AGPase activity
per cell at 24 h, 3.43 ± 1.59 × 10−3 U cell−1 (immobilized alone)
and 8.95 ± 1.41 × 10−3 U cell−1 (co-immobilized with A. brasilense).
At later sampling times, activity declined (Fig. 1c; capital let-
ter analysis). This activity was  significantly higher in C. vulgaris
co-immobilized with A. brasilense than either microorganism
immobilized alone at most sampling times (Fig. 1c; lower case
analysis). Under nitrogen starvation, AGPase activity in C. vul-
garis (immobilized alone) was  constant during the first 72 h
(2.82 ± 1.3 × 10−4 U cell−1) and then decreased (Fig. 1d; capital let-
ter analysis). C. vulgaris co-immobilized with A. brasilense had
maximum AGPase activity at 24 h (1.14 ± 1.08 × 10−3 U cell−1) and
later declined (Fig. 1d; capital letter analysis). Only at 24 h was there
a significant difference between C. vulgaris immobilized alone or
co-immobilized with A. brasilense (Fig. 1d; lower case analysis).

With phosphorus replete for growth, AGPase activity in A.
brasilense was 4.93 ± 1.54 U at 24 h and remained constant until
72 h, declined afterward (Fig. 2a; capital letter analysis). A similar
pattern occurred in the AGPase activity of C. vulgaris (6.87 ± 1.6 U)
when immobilized alone or co-immobilized with A. brasilense
(9.7 ± 1.3 U). In all treatments, this enzymatic activity peaked at

24 h, remained unchanged until 72 h, and then declined at 96 h
(Fig. 2a; capital letter analysis). There were no significant differ-
ences between activities for C. vulgaris or A. brasilense (Fig. 2a;
lower case analysis). AGPase activity in C. vulgaris co-immobilized
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Fig. 1. Activity of AGPase with time in Chlorella vulgaris, Azospirillum brasilense immobilized alone and in C. vulgaris co-immobilized with A. brasilense in alginate beads
under  nitrogen starvation and nitrogen replete, using d-glucose or sodium acetate as carbon sources. Specific activity of AGPase (a, b, e, f), activity of AGPase measured per
single  cell (c, d, g, h). Values on curves denoted by different capital letters differ significantly where values at each time interval denoted by different lowercase letters differ
significantly, both using one-way ANOVA and LSD ad-hoc analysis at P < 0.05.
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Fig. 2. Activity of AGPase with time in Chlorella. vulgaris, Azospirillum brasilense immobilized alone and in C. vulgaris co-immobilized with A. brasilense in alginate beads under
phosphorus starvation and phosphorus replete, using d-glucose or sodium acetate as carbon sources. Specific activity of AGPase (a, b, e, f), activity of AGPase measured per
single  cell (c, d, g, h). Values on curves denoted by different capital letters differ significantly where values at each time interval denoted by different lowercase letters differ
significantly, both using one-way ANOVA and LSD ad-hoc analysis at P < 0.05.
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ith A. brasilense was higher than when either microorganism was
mmobilized alone, there were no statistically significant differ-
nces between activity levels at any sampling time (Fig. 2a; lower
ase analysis).

Under phosphorus starvation, AGPase activity in A. brasilense
as the same for the first 96 h (5.12 ± 1.53 U) (Fig. 2b; capital letter

nalysis). In C. vulgaris, when immobilized alone, AGPase activ-
ty (7.25 ± 1.69 U) was the same at all sampling times (Fig. 2b;
apital letter analysis). This activity in C. vulgaris, immobilized
lone, was higher than in A. brasilense,  immobilized alone, but
as not significantly different at most sampling times (Fig. 2b;

ower case analysis). In C. vulgaris co-immobilized with A. brasilense,
GPase activity remained around 10.21 ± 1.57 U until 72 h and then
eclined (Fig. 2b; capital letter analysis). Regardless of higher activ-

ty, there was not significant difference in the activity of AGPase in
icroorganisms immobilized together or separately (Fig. 2b; lower

ase analysis).
A different pattern was detected when AGPase activity was

alculated per cell. Activity of AGPase in A. brasilense with
hosphorus (1.31 ± 1.23 × 10−6 U cell−1) or without phosphorus
1.52 ± 1.11 × 10−6 U cell−1) remained constant and very low at all
ncubation times (Fig. 2c; d capital letter analysis). With phospho-
us, separately or co-immobilized, C. vulgaris had its highest AGPase
ctivity at 24 h and declined thereafter (Fig. 2c; capital letter analy-
is) in both treatments where AGPase activity was  4.74 ± 1.1 × 10−4

immobilized) and 6.69 ± 2.22 × 10−4 U cell−1 (co-immobilized).
ignificant differences between immobilized and co-immobilized
. vulgaris were found at 48 and 72 h of incubation (Fig. 2c;

ower case analysis). A similar pattern occurred under phospho-
us starvation. Highest activity of AGPase occurred at 24 h in
mmobilized and co-immobilized C. vulgaris. Activity decreased
hereafter (Fig. 2d; capital letter analysis). At 24 h, AGPase
ctivity per cell was 4.39 ± 1.02 × 10−4 (immobilized alone) and
.28 ± 2.42 × 10−4 U cell−1 (when co-immobilized). Significant dif-
erences occurred at several time intervals (Fig. 2d; lower case
nalysis). No effect was recorded in beads without microorganisms
data not shown).

.2. Starch accumulation, using glucose as the carbon source

When nitrogen or phosphorus were supplied, immobilized
nd co-immobilized C. vulgaris showed the same pattern of
tarch accumulation, mostly significantly higher in co-immobilized
han in immobilized treatments (Fig. 3a; b lower case analy-
is). With nitrogen, starch content in C. vulgaris immobilized
lone was 51.97 ± 6.31 mg  g−1; when co-immobilized with A.
rasilense, starch content was 64.43 ± 3.10 mg g−1, which peaked
fter 48 h (Fig. 3a; capital letter analysis). With phosphorus,
tarch accumulation peaked at 48 h when immobilized alone
51.09 ± 3.12 mg  g−1) and, when co-immobilized with A. brasilense,
eached 60.03 ± 3.71 mg  g−1 (Fig. 3b; capital letter analysis).

Under starvation of nitrogen or phosphorus, C. vulgaris,
lone or co-immobilized with A. brasilense,  reached peak starch
ontent after 72 h (Fig. 3c, d; capital letter analysis). Under
itrogen starvation, C. vulgaris, immobilized alone, starch con-
ent peaked at 65.14 ± 2.88 mg  g−1; when co-immobilized, starch
ontent peaked at 79.16 ± 3.22 mg  g−1. Under phosphorus starva-
ion, starch content was 55.34 ± 4.49 mg  g−1 (immobilized alone)
nd 66.25 ± 4.76 mg  g−1 (co-immobilized). Significant differences
ccurred at 48 h and 72 h between immobilized alone and co-
mmobilized C. vulgaris (Fig. 3d; lower case analysis). Under all
onditions, starch content (Qs) and volumetric productivity (Yp)

ere highest at 48 h, although there were no significant differences

etween immobilized and co-immobilized C. vulgaris, except when
itrogen was present; then Yp was higher for co-immobilized C.
ulgaris (Table 1). Qs and Yp decreased after 48 h (data not shown).
nology 177 (2014) 22–34 27

No effect was  recorded in beads without microorganisms (data not
shown).

3.3. Uptake of d-glucose

When nitrogen or phosphorus was supplied, whether immo-
bilized alone and co-immobilized, C. vulgaris consumed significant
amounts of glucose at 48 h (Fig. 4a for N and Fig. 4b for P; capital let-
ter analysis). At this time, the same level of consumed glucose was
reached in both treatments (Fig. 4a, b; lower case analysis). After
48 h, glucose uptake remained constant in immobilized C. vulgaris,
up to 96 h; while significantly more uptake of glucose occurred
when co-immobilized with A. brasilense (Fig. 4a, b; capital letter
analysis and lower case analysis, separately). A very similar pattern
occurred under starvation of either nitrogen or phosphorus (Fig. 4c,
d; capital letter analysis and lower case analysis, separately). Inde-
pendent of the experimental condition, affinity for glucose was
highest at 48 h, with significant differences between C. vulgaris
immobilized alone or co-immobilized with A. brasilense (Table 1).
Afterwards, affinity declined in both treatments (data not shown).
No effect was  recorded in beads without microorganisms (data not
shown).

3.4. Growth of C. vulgaris

Grown with nitrogen or phosphorus, cell density of C. vul-
garis immobilized alone was significantly higher than cell density
when co-immobilized (Fig. 5a, b; lower case analysis). With
nitrogen, population peaked at 96 h in immobilized C. vul-
garis (5.37 ± 0.22 Log cell density−1) and when co-immobilized
(5.10 ± 0.10 Log cell density−1) (Fig. 5a; capital letter analysis).
At this time, the growth rate was  0.87 ± 0.26 d−1 when immo-
bilized along and 0.66 ± 0.06 d−1 when co-immobilized. With
phosphorus, the population peaked at 96 h. The highest cell den-
sity was  5.30 ± 0.13 Log cell density−1 (immobilized alone) and
5.20 ± 0.12 Log cell density−1 (co-immobilized) (Fig. 5b, capital let-
ter analysis), reaching a growth rate of 0.88 ± 0.15 d−1 (immobilized
alone) and 0.81 ± 0.11 d−1 (co-immobilized).

An opposite pattern was  found under nitrogen or phos-
phorus starvation. Under nitrogen starvation, peak cell density
was reached at 96 h, when C. vulgaris was immobilized alone
or co-immobilized (Fig. 5c; capital letter analysis). How-
ever, C. vulgaris cell density was  significantly higher when
co-immobilized (4.98 ± 0.16 Log cell density−1) than when immo-
bilized alone (4.66 ± 0.26 Log cell density−1) (Fig. 5c; lower case
analysis); reaching growth rates of 0.25 ± 0.18 d−1 (immobilized
alone) and 0.67 ± 0.14 d−1 (co-immobilized). Under phosphorus
starvation, cell density was 5.01 ± 0.21 Log cell density−1 (immo-
bilized alone) and 5.22 ± 0.13 Log cell density−1 (co-immobilized)
(Fig. 5d; capital letter analysis). Under this condition, growth rates
were 0.63 ± 0.20 d−1 (immobilized alone) and 0.85 ± 0.09 d−1 (co-
immobilized).

3.5. Enzymatic activity of AGPase of co-immobilized C. vulgaris
with A. brasilense, using sodium acetate as the carbon source

Using sodium acetate as the carbon source and cultivating all
combinations of C. vulgaris and A. brasilense described above, a sim-
ilar patterns and levels of AGPase activity and starch accumulation
as occurred with glucose as the carbon source (compare results
when ammonium was  available or absent): Fig. 1a vs. e, b vs. f, c vs.
g, and d vs. h and when phosphate was  available or absent: Fig. 2a

vs. e, b vs. f, c vs. g, and d vs. h. The specific activity of AGPase and
AGPase activity per cell were significantly higher when C. vulgaris
was immobilized with A. brasilense than when either microorgan-
ism was immobilized alone. This happened whether nitrogen was
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Fig. 3. Starch accumulation, with time, in Chlorella vulgaris immobilized alone and in C. vulgaris co-immobilized with Azospirillum brasilense in alginate beads under nitrogen
(a,  e) and phosphorus replete (b, f), or nitrogen (c, g) and phosphorus starvation (d, h), using d-glucose or sodium acetate as carbon sources. Values on curves denoted by
different capital letters differ significantly where values at each time interval denoted by different lowercase letters differ significantly, both using one-way ANOVA and LSD
ad-hoc  analysis at P < 0.05.
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Table  1
General analysis of starch in Chlorella vulgaris co-immobilized with Azospirillum brasilense in alginate beads growing in nutrient replete or starvation and under heterotrophic
conditions, using glucose as the carbon source.

Time Affinity (mg  day−1) Volumetric productivity (Yp)
(mg  100 mL−1 day−1)

Starch yield (Qs) (mg  100 mL−1 day−1)

Co-immobilized Immobilized alone Co-immobilized Immobilized alone Co-immobilized Immobilized alone

24–48 h −N 0.87 ± 0.05a 0.73 ± 0.05a 36.81 ± 3.34a 28.34 ± 3.70a 19.16 ± 1.74a 19.52 ± 2.54a
+N  0.25 ± 0.01a 0.13 ± 0.01b 30.37 ± 4.28a 19.92 ± 5.77b 16.12 ± 2.27a 12.34 ± 3.57a
−P  0.72 ± 0.04a 0.37 ± 0.02b 29.82 ± 5.35a 21.70 ± 5.80a 13.58 ± 2.43a 12.92 ± 3.45a

 ± 4.3
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+P  0.48 ± 0.04a 0.23 ± 0.01b 26.95

ifferent lower case letters for each pair of values separately indicate significant d
ith  Azospirillum brasilense analyzed by Student’s t-test P < 0.05. (±) Represents SE.

vailable or absent (Fig. 1e, f, g, h) or whether phosphorus was
vailable or absent (Fig. 2e, f, g. h).

Similar to using glucose as the carbon source, all treatment com-
inations using sodium acetate followed a similar patterns when
itrogen or phosphorus was available or absent regarding starch
ontent (Fig. 3a, b, c, d [glucose] vs. Fig. 3e, f, g, h [sodium acetate]),
ptake of substrate (Fig. 4a, b, c, d [glucose] vs. Fig. 4e, f, g, h [sodium
cetate]), and cell density (Fig. 5a, b, c, d [glucose] vs. Fig. 5e, f, g, h
sodium acetate]). At most time intervals for all parameters, content
f starch for C. vulgaris, when co-immobilized with A. brasilense,
ere significantly higher than when C. vulgaris was  co-immobilized

lone (Fig. 3; lower case analyses, Table 2).

. Discussion

ADP-glucose pyrophosphorylase (AGPase) is the regulatory
nzyme of starch biosynthesis in microalgae and higher plants
Ballicora et al., 2004). For example, starch content is directly cor-
elated to AGPase activity in potato tubers (Slattery et al., 2000), in
heat endosperm and the microalgae Chlamydomonas reinhardtii

Ballicora et al., 2004). Earlier studies show that co-immobilization
n alginate beads of A. brasilense with Chlorella spp. induced sig-
ificant benefits for the microalgae (de-Bashan and Bashan, 2008;
onzalez and Bashan, 2000). Recently, Choix et al., 2012a, b demon-
trated that A. brasilense enhanced accumulation of starch in C.
ulgaris under autotrophic and heterotrophic conditions. In this
tudy, our hypothesis was that the increase in starch content in
hlorella spp. induced by A. brasilense is linked to increased AGPase
ctivity in the microalgae; AGPase is a key enzyme in starch for-
ation. Consequently, we evaluated AGPase activity in C. vulgaris

o-immobilized with A. brasilense and cultivated when nitrogen
nd phosphorus were freely available or under starvation of these
lements under heterotrophic conditions. Nutrient starvation is
ell documented to enhance accumulation of storage compounds

n various microalgae, including Chlorella spp. (Khozin-Goldberg
nd Cohen, 2006; Přibyl et al., 2012; Tang et al., 2011; Xiong et al.,
010).

This study has shown that, under heterotrophic conditions and
itrogen or phosphorus starvation, C. vulgaris co-immobilized with
. brasilense exhibits higher enzymatic specific activity of AGPase
han when cultivated alone. This held true when enzymatic activity
as calculated as common enzymatic units or activity per sin-

le cell. Enhancement can be attributed to activity of A. brasilense
n the microalgae because it usually alters the metabolism of
hlorella spp., possibly by phytohormone production (de-Bashan
t al., 2008a). Most species of Azospirillum produce various auxins,
ytokinins, gibberellins, or combinations of these (Bashan and de-
ashan, 2010), where the main effects on metabolism of Chlorella
pp. by A. brasilense,  demonstrated thus far, is probably hormonal,

ainly from indole-3-acetic acid (IAA) (de-Bashan et al., 2008a).

here are at least two plausible explanations how this may  hap-
en. Neither has been investigated so far for Chlorella vulgaris or
ther microalgae. (1) IAA directly affects or regulates the activity
2a 21.93 ± 4.49a 13.42 ± 2.15a 12.39 ± 2.54a

nces between Chlorella vulgaris immobilized alone and C. vulgaris co-immobilized

of AGPase. This was  earlier demonstrated in rice (Fu et al., 2013).
Application of IAA induced accumulation of starch in sorghum
grains (Bhatia and Singh, 2002). (2) IAA increases absorption of glu-
cose that may  later translate, via AGPase, into higher starch content
by the following mechanism. Chlorella cells possess an inducible,
active hexose/H+ symport system. These symporters are respon-
sible for uptake of glucose from the medium under heterotrophic
conditions (Tanner, 2000). If IAA affects any of the symporters, in
a yet to discover way, this may  cause greater absorption of glu-
cose, so that each cell is loaded with more energy and carbon.
Synthesis of reserve polysaccharide in bacteria and plants is maxi-
mal  when cellular carbon and energy are in excess (Ballicora et al.,
2004). Thus, this state of carbon/energy excess enhances AGPase
activity that leads to accumulation of starch. Parts of this hypothet-
ical scenario were demonstrated in this study: higher consumption
of glucose, higher AGPase activity, and greater accumulation of
starch.

In bacteria, the gene codifying for AGPase is glgC. We  iden-
tified this gene in publically-available, full sequences of several
A. brasilense strains (Kaneko et al., 2010; Wisniewsky-Dyé et al.,
2011, 2012). Yet, in this bacterium, this enzyme regulates glyco-
gen biosynthesis (Caiola et al., 2004; Lerner et al., 2009). Glycogen
in Azospirillum spp. improves survival under stress. The glgC gene
is upregulated under hyperosmotic and desiccating conditions
in Sinorhizobium meliloti and Yersinia pestis, high temperature in
Salmonella typhimurium and Saccharomyces cerevisiae,  and nutrient
starvation in Escherichia coli (Lerner et al., 2009).

Under heterotrophic conditions, glucose assimilated by C. vul-
garis and C. sorokiniana is rapidly incorporated as starch, while
sodium acetate induces far lower levels of starch accumulation
(Choix et al., 2012b). Yet, using either carbon source, starch content
was consistently higher in C. vulgaris immobilized with A. brasilense.
This may  theoretically happen, but has not yet been demonstrated,
because IAA produced by A. brasilense induces a massive cascade of
significant metabolic changes in the microalgae, including effects
on carbohydrate metabolism, probably regardless of the specific
carbon source used (Bashan and de-Bashan, 2010; Choix et al.,
2012a,b; Tsavkelova et al., 2006). The resulting higher content of
starch coincides with higher AGPase activity in C. vulgaris that is
co-immobilized with A. brasilense whether nitrogen or phospho-
rus is amply available or unavailable. Commonly, greater AGPase
activity and starch was  found in potato tubers (Slattery et al.,
2000), but rarely in freshwater microalgae. Recently, Li et al., (2011)
demonstrated that the maximum level of starch in the terrestrial
microalga Pseudochlorococcum sp. (Chlorophyceae) coincides with
the increase in AGPase activity.

Under all of our experimental conditions, uptake of the carbon
source and affinity to d-glucose or sodium acetate were always rel-
atively higher in C. vulgaris co-immobilized with A. brasilense.  The

highest uptake of the carbon source usually occurred after 48 h.
This could be attributed to the treatment procedure, where the
cultures were first subjected to nitrogen or phosphorus starvation
for 24 h prior to culturing with either carbon source. Vonshak and
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ig. 4. Glucose uptake, with time, in Chlorella vulgaris immobilized alone and in C. v
nd  phosphorus replete (b, f), or nitrogen (c, g) and phosphorus starvation (d, h), us
apital letters differ significantly where values at each time interval denoted by dif
nalysis at P < 0.05.
orzillo, (2004) postulated that under nutrient starvation, microal-
ae require biochemical and metabolic adjustments to balance the
bsorption of energy (as ATP) and the production of reducing power
as NADPH) for cell maintenance. High and rapid nutrient uptake
 co-immobilized with Azospirillum brasilense in alginate beads under nitrogen (a, e)
glucose or sodium acetate as carbon sources. Values on curves denoted by different

 lowercase letters differ significantly, both using one-way ANOVA and LSD ad-hoc
under starvation by Scenedesmus bicellularis was  reported (Kaya
and Picard, 1995). In our study, the high affinity for a carbon source
after 48 h of incubation coincides with peak starch yield and volu-
metric productivity. This demonstrates that higher consumption
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apital  letters differ significantly where values at each time interval denoted by dif
nalysis at P < 0.05.
f the carbon source and AGPase activity can be related to the
igher starch accumulation in C. vulgaris co-immobilized with A.
rasilense.  Similarly Choix et al., (2012b) demonstrated that under
eterotrophic conditions A. brasilense promoted the conversion
 lowercase letters differ significantly, both using one-way ANOVA and LSD ad-hoc
of glucose or sodium acetate in C. vulgaris and C. sorokiniana to
starch.

The highest AGPase activity was measured after 24 h in C. vul-
garis co-immobilized with A. brasilense. This allowed sufficient
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Table 2
General analysis of starch in Chlorella vulgaris co-immobilized with Azospirillum brasilense in alginate beads growing in nutrient replete or starvation and under heterotrophic
conditions, using sodium acetate as the carbon source. Different lower case letters, for each pair of values separately, indicate significant differences between Chlorella vulgaris
immobilized alone and C. vulgaris co-immobilized with Azospirillum brasilense analyzed by Student’s t-test P < 0.05. (±) Represents SE.

Time Affinity (mg  day−1) Volumetric productivity (Yp)
(mg  100 mL−1 day−1)

Starch yield (Qs) (mg  100 mL−1 day−1)

Co-immobilized Immobilized alone Co-immobilized Immobilized alone Co-immobilized Immobilized alone

24–48 h −N 2.40 ± 0.45a 1.36 ± 0.42b 14.53 ± 4.39a 7.43 ± 4.02a 7.25 ± 2.19a 5.54 ± 3.00a
+N  0.48 ± 0.04a 0.23 ± 0.01b 16.55 ± 4.07a 11.01 ± 4.30a 8.81 ± 2.38a 10.29 ± 4.02a

 ± 5.3
 ± 4.0
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−P  0.54 ± 0.13a 0.41 ± 0.18a 14.83
+P  0.30 ± 0.06a 0.16 ± 0.04b 13.59

nteraction time for Azospirillum to stimulate higher activity of the
nzyme in C. vulgaris, and accumulation of starch in the cultures
ithin the first 72 h of incubation under all of our experimental

onditions. This suggests that, under nutrient starvation of nitrogen
r phosphorus, microalgae rapidly change their metabolism from
ynthesis of proteins for growth to synthesis of starch for survival
Dragone et al., 2011; Ho et al., 2012; Markou et al., 2012). The
tarch accumulated in the cells provides energy for later growth
hen conditions for growth are resumed (Markou et al., 2012).

iaut et al., (2011) found that, under nutrient starvation, Chlamy-
omonas reinhardtii uses starch as the main energy storage material
nd lipids are used under conditions of prolonged stress. This
ame pattern was recently found in C. vulgaris (Ho et al., 2013).
onetheless, in our study, when C. vulgaris was supported by amply
vailable nutrients, starch content was similar to what occurred
nder starvation conditions. This may  happen because, once nutri-
nts are available to C. vulgaris, the previously starved population
annot recover to their normal cell density.

Heterotrophic growth of Chlorella spp. under unlimited and
ninterrupted nutrient supply generally generates high growth
ates and high cell densities (Perez-Garcia et al., 2011). However,
e found that C. vulgaris immobilized alone or co-immobilized with
. brasilense,  when nutrients were available or absent, cell den-
ity was relatively low. MacIntyre and Cullen, (2005) stated that
hen nutrients are absent, metabolism of microalgae cultivated

lone decreased and growth ceased because nutrients are essen-
ial to generate DNA, RNA, ATP, and proteins. When one of these
utrients is removed, reduced, or completely absent, low growth
ates and consequently low biomass followed (Ballin et al., 1988;
umbak et al., 2011; Markou et al., 2012; Zachleder et al., 1988). The
xpected recovery of cell density when the nutrient supply was
esumed did not happen. This could have happened because the
hase of secondary growth of C. vulgaris was done under nitrogen or
hosphorus starvation. As discussed above, starvation generates an
nbalanced growth that may  cause the microalgae to die. Further-
ore, the physiological response of different species of microalgae

o starvation differs and varies from minutes to days (Vonshak
nd Torzillo, 2004). Hernandez et al., (2006) demonstrate that C.
ulgaris, growing under nutrient starvation could not recover its
nitial cell density even when the nutrient supply was  resumed.
n our study, in cultures of C. vulgaris immobilized alone or co-
mmobilized with A. brasilense,  it is plausible that cell density could
ot recover. The decreased metabolism and the low cell population

nduced by starvation could explain the similarity of starch accu-
ulation in C. vulgaris under a resupply of nutrients after a short

eriod (24 h) of starvation.
Contrary to the above, we found that, under conditions of nitro-

en or phosphorus starvation, A. brasilense promoted a relatively
igher cell density of C. vulgaris, compared to when the microalgae

as immobilized alone. This could happen because A. brasilense is

nown to reduce many environmental stressors in plants (Bashan
t al., 2004; Bashan and de-Bashan, 2010), as well as in Chlorella
pp. (de-Bashan et al., 2005; de-Bashan and Bashan, 2008), by
2a 4.53 ± 5.27a 8.15 ± 2.92a 2.90 ± 3.37a
9a 4.56 ± 4.78a 7.38 ± 2.22a 2.95 ± 3.09a

numerous small-scale mechanisms, none of which have been stud-
ied in microalgae. Yet, when C. vulgaris was  growing with nitrogen
or phosphorus replete, it reached higher populations when
immobilized alone than when co-immobilized with A. brasilense.

Our main strategy of evaluating two  carbon sources and two
regimes of nutrient starvation were to assess whether the response
of the microalgae to the bacteria is a general response to the inti-
mate presence of the prokaryote or is a response to a compound
or to environmental conditions. The very similar response of the
microalgae in the presence of the bacteria, with either carbon
source or either nutrient starvation (nitrogen or phosphorus), indi-
cates that the main cause for the observed effect on the AGPase
activity and accumulation of starch is the association of the bacteria
with the microalgae.

5. Conclusions

These results, taken together with earlier studies on starch accu-
mulation (Choix et al., 2012a,b) show that:

• A. brasilense has the ability to increase the enzymatic activity of
AGPase in C. vulgaris under heterotrophic conditions, yielding a
higher quantity of starch in this microalgae–bacteria interaction.

• When grown under replete or starvation conditions of either
nitrogen or phosphorus and using either d-glucose or sodium
acetate as a carbon source, C. vulgaris had the same positive pat-
tern of responses to A. brasilense.

• Under condition of starvation of nitrogen or phosphorus, A.
brasilense reduces nutrient stress for C. vulgaris and increases its
cell density.
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M.,  2011. Microalgae–novel highly efficient starch producers. Biotechnol. Bio-
eng. 108, 766–776.

umbak, F., Cook, S., Zachleder, V., Hauser, S., Kovar, K., 2011. Best practices in het-
erotrophic high-cell-density microalgal processes: achievements, potential and
possible limitations. Appl. Microbiol. Biot. 91, 31–46.

aiola, M.G., Canini, A., Botta, A.L., Del Gallo, M.,  2004. Localization of Azospirillum
brasilense Cd in inoculated tomato (Lycopersicon esculentum Mill.) roots. Ann.
Microbiol. 54, 365–380.

hen, G.-Q., Chen, F., 2006. Growing phototrophic cells without light. Biotechnol.
Lett. 28, 607–616.

hoix, F.J., de-Bashan, L.E., Bashan, Y., 2012a. Enhanced accumulation of starch and
total carbohydrates in alginate-immobilized Chlorella spp. induced by Azospiril-
lum brasilense:  I. Autotrophic conditions. Enzyme Microb. Technol. 51, 294–299.

hoix, F.J., de-Bashan, L.E., Bashan, Y., 2012b. Enhanced accumulation of starch and
total carbohydrates in alginate-immobilized Chlorella spp. induced by Azospir-
illum brasilense:  II. Heterotrophic conditions. Enzyme Microb. Technol. 51,
300–309.

ovarrubias, S.A., de-Bashan, L.E., Moreno, M.,  Bashan, Y., 2012. Alginate beads pro-
vide a beneficial physical barrier against native microorganisms in wastewater
treated with immobilized bacteria and microalgae. Appl. Microbiol. Biotechnol.
93,  2669–2680.

ruz, I., Bashan, Y., Hernández-Carmona, G., de-Bashan, L.E., 2013. Biological deterio-
ration of alginate beads containing immobilized microalgae and bacteria during
tertiary wastewater treatment. Appl. Microbiol. Biotechnol. 97, 9847–9858.

e-Bashan, L.E., Antoun, H., Bashan, Y., 2005. Cultivation factors and population size
control the uptake of nitrogen by the microalgae Chlorella vulgaris when inter-
acting with the microalgae growth-promoting bacterium Azospirillum brasilense.
FEMS Microbiol. Ecol. 54, 197–203.

e-Bashan, L.E., Antoun, H., Bashan, Y., 2008a. Involvement of indole-3-acetic-acid
produced by the growth-promoting bacterium Azospirillum spp. in promoting
growth of Chlorella vulgaris. J. Phycol. 44, 938–947.

e-Bashan, L.E., Bashan, Y., Moreno, M.,  Lebsky, V.K., Bustillo, J.J., 2002. Increased
pigment and lipid content, lipid variety, and cell and population size of the
microalgae Chlorella spp. when co-immobilized in alginate beads with the
microalgae-growth-promoting bacterium Azospirillum brasilense.  Can. J. Micro-
biol. 48, 514–521.

e-Bashan, L.E., Hernandez, J.-P., Morey, T., Bashan, Y., 2004. Microalgae growth-
promoting bacteria as “helpers” for microalgae: a novel approach for removing
ammonium and phosphorus from municipal wastewater. Water Res. 38,
466–474.

e-Bashan, L.E., Magallon, P., Antoun, H., Bashan, Y., 2008b. Role of glutamate dehy-
drogenase and glutamine synthetase in Chlorella vulgaris during assimilation of
ammonium when jointly immobilized with the microalgae-growth-promoting
bacterium Azospirillum brasilense.  J. Phycol. 44, 1188–1196.

e-Bashan, L.E., Bashan, Y., 2008. Joint immobilization of plant growth-promoting
bacteria and green microalgae in alginate beads as an experimental model
for  studying plant-bacterium interactions. Appl. Environ. Microbiol. 74,
6797–6802.

e-Bashan, L.E., Schmid, M.,  Rothballer, M.,  Hartmann, A., Bashan, Y., 2011. Cell–cell
interaction in the eukaryote-prokaryote model of the microalgae Chlorella vul-
garis and the bacterium Azospirillum brasilense immobilized in polymer beads.
J.  Phycol. 47, 1350–1359.

e-Bashan, L.E., Bashan, Y., 2010. Immobilized microalgae for removing pollutants:
review of practical aspects. Bioresour. Technol. 101, 1611–1627.

ragone, G., Fernandes, B.D., Abreu, A.P., Vicente, A.A., Teixeira, J.A., 2011. Nutrient
limitation as a strategy for increasing starch accumulation in microalgae. Appl.
Energy 88, 3331–3335.

u, J., Xu, Y.-J., Chen, L., Yuan, L.-M., Wang, Z.-Q., Yang, J.-C., 2013. Changes in enzyme
activities involved in starch synthesis and hormone concentrations in superior
and inferior spikelets and their association with grain filling of super rice. Ric.
Sci.  20, 120–128.

onzalez, L.E., Bashan, Y., 2000. Increased growth of the microalga Chlorella vulgaris
when coimmobilized and cocultured in alginate beads with the plant-growth-
promoting bacterium Azospirillum brasilense.  Appl. Environ. Microbiol. 66,

1527–1531.
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