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Abstract
The effect of three different nutritional conditions during the initial 12 h of interaction between the microalgae Chlorella
sorokiniana UTEX 2714 and the plant growth–promoting bacterium Azospirillum brasilense Cd on formation of synthetic
mutualism was assessed by changes in population growth, production of signal molecules tryptophan and indole-3-acetic acid,
starch accumulation, and patterns of cell aggregation. When the interaction was supported by a nutrient-rich medium, production
of both signal molecules was detected, but not when this interaction began with nitrogen-free (N-free) or carbon-free (C-free)
media. Overall, populations of bacteria and microalgae were larger when co-immobilized. However, the highest starch produc-
tion was measured in C. sorokiniana immobilized alone and growing continuously in a C-free mineral medium. In this interac-
tion, the initial nutritional condition influenced the time at which the highest accumulation of starch occurred in Chlorella, where
the N-free medium induced faster starch production and the richer medium delayed its accumulation. Formation of aggregates
made of microalgae and bacteria occurred in all nutritional conditions, with maximum at 83 h in mineral medium, and coincided
with declining starch content. This study demonstrates that synthetic mutualism between C. sorokiniana and A. brasilense can be
modulated by the initial nutritional condition, mainly by the presence or absence of nitrogen and carbon in the medium in which
they are interacting.
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Introduction

Associations between microalgae and bacteria in natural
settings display a wide possible spectrum of interac-
tions, ranging from mutualism, commensalism, and
competition to parasitism [1, 2]. Many of these interac-
tions involve the exchange of specific molecules pro-
duced by one species subsequently metabolized by the
other, creating complex metabolic networks between
species [3].

To increase the mechanistic understanding of complex bi-
ological interactions between species, synthetic ecology pro-
poses the construction of controlled, simpler artificial interac-
tions, whose experimental conditions can be modified to per-
turb or promote the interaction [4, 5]. This approach holds
promise for fundamental ecological understanding and for de-
veloping biotechnological applications [6] based on exploring
of simple, pre-determined variables influencing such artificial
interactions [7].
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Very few studies have successfully established artificial
interactions between two or multiple organisms by using mod-
el microorganisms and providing the most favorable environ-
mental conditions [4, 8–10]. A true synthetic mutualism was
artificially created between the fresh water microalgae
Chlorella sorokiniana and the microalgae/plant growth–
promoting bacterium (MGPB/PGPB) Azospirillum brasilense
when both were co-immobilized in alginate beads to enforce
and facilitate association between the non-motile microalga
and the highly motile bacterium [11–14]. Both microorgan-
isms have completely different life histories, water streams vs.
plant rhizosphere, and, in nature, they do not share the same
habitat. During the interaction of Chlorella spp. and A.
brasilense under carbon-free culture media (oligotrophic me-
dium under autotrophic conditions), enhancement of popula-
tion growth and significant changes in physiological, morpho-
logical, and biochemical pathways occurred in the microalgae
[15–20]. Since, by definition, mutualism is a two-way inter-
action, recent studies have provided solid evidence of active
exchange of metabolites between cells, such as thiamine, tryp-
tophan and the phytohormone indole-3-acetic acid (IAA) [21],
and the mutual transfer of carbon (C) and nitrogen (N) mole-
cules between single cells [4]. This synthetic interaction has
been used for various biotechnolgical processes such as waste-
water treatment [22, 23] and to improve the proccess of biogas
purification by several microalgae [24].

Usually, the construction of mutualistic interactions be-
tween microalgae and bacteria implies the initial assemblage
of the eukaryotic and prokaryotic populations in a favorable
environment. However, little is known regarding the effect of
nutritional changes on the nature and development of these
interacions at early phases, which could affect their potential
behavior in several biotechnological proccess. The interaction
between Chlorella and Azospirillum immobilized in alginate
beads has been studied always in the early phase of immobi-
lization in a rich nutrient medium, which allows the recovery
of Azospirillum cells after the immobilization proccess [25].
This raises the question of whether the constructed synthetic
assemblage of Chlorella-Azospirillum may respond different-
ly under different nutritional conditions during early phases of
their interaction. Consequently, our hypothesis for the current
study was that this synthetic mutualistic interaction can be
altered by changes in the initial nutritional conditions, causing
changes over time in the behavior of the interaction. To test
this hypothesis, we analyze the effect of three different initial
nutritional conditions on the functions of synthetic interac-
tions between C. sorokiniana and A. brasilense co-
immobilized in alginate beads. This was done by measuring
the following: (a) growth of populations ofC. sorokiniana and
A. brasilense; (b) production of two known signal molecules
of this mutualism, tryptophan and IAA, by both microorgan-
isms during their interaction; and (c) accumulation of starch in
C. sorokiniana. An analysis of the patterns of attachment

between the two partners by a specific fluorescent detection
method was also performed.

Materials and Methods

Microorganisms and Preparation of Initial Inoculum

The unicellular microalga C. sorokiniana (UTEX 2714,
University of Texas, Austin, TX, USA) (formerly designated
as C. vulgaris) [26] and the MGPB/PGPB A. brasilense Cd
(DSM 1843, Leibniz-Institute DMSZ, Braunschweig,
Germany) were used. To produce initial inoculum of the
microalgae, 10 mL of axenic culture from C. sorokiniana
was inoculated into 90 mL of sterile mineral medium (C30)
(Table S1), incubated at 27 ± 2 °C, and stirred at 140 rpm
under a light intensity of 60 μmol photon·m−2·s−1 for 7 days
[27]. The bacterium was cultured in Bashan, Trejo, de-
Bashan-2 (BTB-2) medium [28] (Table S1), incubated at 32
± 2 °C, and stirred constantly at 120 rpm for 16 h. Initial
concentration for C. sorokiniana and A. brasilense was in
average 0.6 × 106 cell·mL−1 and 1.8 × 106 cell·mL−1,
respectively.

Immobilization in Alginate of Microorganisms

Microorganisms were immobilized using the procedure de-
scribed by de-Bashan et al. [23]. Briefly, 20 mL of axenic
planktonic cultures of either C. sorokiniana or A. brasilense
were mixed with 3000 cP 2% alginate solution (154,723, MP
Biomedicals, Solon, OH). Beads (3 mm in diameter) were
formed using automated bead formation equipment
(CIBNOR, La Paz, Mexico) under a constant pressure to en-
sure homogenous size [29]. To create a synthetic interaction,
co-immobilization of the two species in the same bead was
performed. After washing the cultures in sterile saline solution
(0.85%NaCl), each culture was re-suspended in 10mL 0.85%
saline solution and then mixed with the alginate solution be-
fore forming the beads. After immobilization, and curing for
30 min, the beads were rinsed three times with sterile saline
solution.

Experimental Culture Conditions

Experimental culture conditions were divided into two stages:
(1) initial phase of interaction (the first 12 h) and (2) later
phase of interaction (from 12 to 83 h of culturing). The exper-
imental plan is presented in Fig. 1. Specifically, changes oc-
curring during the initial phase of the interaction were ana-
lyzed under three different growthmedia where the later phase
was performed under the same nutritional conditions.
Experiments were set as follows: 20 g of beads per replicate
containing microorganisms, either immobilized alone or co-
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immobilized, were inoculated into 150 mL of three different
culture media: (1) nutrient broth (N7519 Sigma-Aldrich, St.
Louis MO, diluted to10%, v/v); (2) N-free Okon, Albrecht,
Burris (OAB) medium composed of the following (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), and FeIII
EDTA (0.07) and (in μg·L−1): H3BO3 (0.2), MnCl2·4H2O
(0.2), ZnCl2 (0.15), CuCl2·2H2O (0.2), NaMoO4·2H2O (20)
[30]; and (3) synthetic growth medium (SGM) containing the
following (in mg·L−1): NaCl (7), CaCl2 (4),MgSO4·7H2O (2),
K2HPO4 (217), KH2PO4 (8.5), Na2HPO4 (33.4), and NH4Cl
(191) [28]. Cultures were incubated under autotrophic condi-
tions at a light intensity of 60 μmol·photon·m−2·s−1 and orbital
shaking at 140 rpm at 27 ± 2 °C.

After the initial phase (12 h), for all treatments, the beads
were washed three times with sterile saline solution and trans-
ferred to SGMmedium to evaluate effects that were occurring
during the later phase of interactions. Conditions of incubation
at this phase were identical to the autotrophic conditions listed
above.

Counting Microorganisms in Beads

Samples of single alginate bead were taken from each nutri-
tional cultivation condition and experimental replicate. Each
alginate bead was dissolved by immersion for 30 min at 28 ±
2 °C in 1 mL of 1X citrate buffer at pH 8.0 containing the
following (in mM): sodium citrate (110), ethylenediaminetet-
raacetic acid (EDTA) anhydrous (60), and sodium chloride
(NaCl) (300) under orbital agitation at 200 rpm for 10 min at
25 ± 2 °C. A. brasilense cells were first stained with fluores-
cein diacetate (F7378, Sigma-Aldrich), as described by
Chrzanowski et al. [31] and then directly counted under a
fluorescent microscope (Olympus BX41, Tokyo, Japan). C.

sorokiniana cells were counted under the light microscope,
using a Neubauer hemocytometer (Daigger, Vernon Hills,
IL, USA). Both counting systems were connected to an image
analyzer (Image ProPlus 4.5, Media Cybernetics, Silver
Spring, MD, USA).

Analytical Methods

Determination of IAA and Tryptophan

Samples of 1 mL culture media from each treatment (n = 27
per experiment and repeated twice) were taken at each sam-
pling time (0, 12, 36, and 83 h of culturing). These were
filtered through a 0.22-μm membrane (GSWP02500, EMD
Millipore, MA, USA) and analyzed by high-performance liq-
uid chromatography (HPLC). Analyses of tryptophan and
IAA were performed based on Zakharova et al. [32].
Chromatograms were analyzed and recorded with HPCHEM
integrating software (G2170BA; Hewlett-Packard,
Wilmington, DE, USA).

Specifically, the HPLC system (Agilent 1200; Agilent
Technologies, CA, USA) was equipped with a reverse phase
column (TSKgel ODS-120A, 5 μm particle size, 150 ×
46 mm; Supelco, Bellefonte, PA, USA) and was run
isocratically (all analyses used the same ratio of solvents),
using the ratio of methanol:water:acetic acid (36:64:1 v/v) as
the mobile phase. Injection volume was 100 μL, and flow rate
was 0.5 mL·min−1. The wave length for detection was
290 nm. The standards were L-tryptophan (PHR1176,
Sigma-Aldrich) and IAA (I5148, Sigma-Aldrich).

Determination of Starch

Samples of 10 g of fresh weight of beads (n = 27 per experi-
ment and repeated twice) from each treatment were taken after

Experimental design

A. brasilense Cd - Control
C. sorokiniana UTEX 2714 - Control
A. brasilense + C. sorokiniana - co-immobilization treatment

Nutritional conditions:

Diluted rich medium (NB)

N-free medium (OAB)

C-free mineral medium (SGM)

SGM

SGM

SGM

Termination of
each experiment

0 12 36 83

Sampling time (h)
Initial

interaction Advanced interaction

Fig. 1 Flow diagram explaining
the experimental design of this
study
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0, 12, 36, and 83 h of incubation, washed in distilled water,
dried at 80 °C for 24 h, and ground with a mortar and pestle.
Ten milligrams of the pulverized sample were re-suspended in
300 μL of deionized water and stored at − 20 °C for 24 h.
Then, samples were sonicated at 4 °C for four cycles of 1 min
each at 20–60 kHz using a Bioruptor Pico sonication system
(Diagenode, Denville, NJ, USA). Starch was quantified by the
phenol-sulfuric method [33] adapted tomicroplates, following
the method described by Choix et al. [18] using glucose as the
standard.

Visualization of Bacteria and Microalgae by Fluorescent In
Situ Hybridization

To analyze the patterns of cell aggregation during the interac-
tion ofC. sorokiniana and A. brasilense, the fluorescent in situ
hybridization (FISH) procedure as described by de-Bashan
et al. [13] with the following modifications was performed.
First, the cells or clusters of cells were released from the algi-
nate matrix of the beads by dissolving 10 beads in 1 mL of
citrate buffer as previously stated. Next, the alginate-cells sus-
pension was centrifuged at 11,000×g for 2 min, the superna-
tant containing the dissolve alginate was discarded, and the
pellet was washed twice in a phosphate-potassium buffer
(PKB) 15% v/v containing 200 mM potassium phosphate
buffer (in g·L−1: K2HPO4·3H2O, 45.6 and KH2PO4, 27.2)
and 130 mM KCl at pH 7.4, and finally fixed in 4% parafor-
maldehyde (P6148, Sigma-Aldrich) for 1 h at 4 °C. After
fixation, the cells were washed twice in PKB and stored in a
mixture of PKB: 96% ethanol (1:1 v/v) at − 20 °C until hy-
bridization. Previous to hybridization, 5 μL of each sample
was placed on a gelatin-coated (0.1% w/v, 0.01% w/v chromi-
um potassium sulfate) microscope slide, air-dried, and
dehydrated by successive 50, 80, and 96% ethanol rinses for
3 min each.

Hybridization methods followed the protocol described by
de-Bashan et al. [4]. For in situ hybridization of A. brasilense,
four probes were used: EUB-338-I (5′-GCT GCC TCC CGT
AGG AGT-3′, [34]), EUB-338-II (5′-GCA GCC ACC CGT
AGGTGT-3′), and III (5′GCTGCCACCCGTAGGTGT-3′,
[35]), which targeted all eubacteria and were fluorescently
labeled with FAM dye, and the specific probe Abras 1420
[36], which targeted A. brasilense and was labeled with Cy3
dye (T4 Oligo, Guanajuato, Mexico). Hybridization was per-
formed at 46 °C for 2 h, and equimolar amounts of each probe
were adjusted to a final concentration of 3 ng·μL−1 in hybrid-
ization buffer at 46% of stringency. The slides containing the
samples were washed with pre-warmed washing buffer for
10 min at 48 °C. A final rinsing was done by immersing the
slide in ice-cold ddH2O for 2 s and then air-dried and stored in
the dark at 4 °C for visualization the following day. Samples
were temporarily mounted in AF1 antifadent (Citifluor;
Electron Microscopy Sciences, Hatfield, PA, USA) and

visualized with an epifluorescent microscope (Olympus
BX41; Olympus, Tokyo, Japan) by using the following filters
(Olympus America, Medville, NY, USA): FITC to detect
FAM (492/518 nm, excitation/emission) and Cy3 to detect
the Cy3 fluorophore (550/570 nm, excitation/emission).
Images were acquired with a digital camera (Evolution FV
Cooled Color; Media Cybernetics) and then processed with
Image Analyzed ProPlus 4.5 software (Media Cybernetics).
Individual images acquired with each of the two filters were
overlapped showing A. brasilenseCd ranging from light green
to yellow tones.

Experimental Design and Statistical Analysis

Each experiment was independently repeated twice. The setup
of each experiment was of batch cultures. Each setup
contained three treatments: beads containing C. sorokiniana,
beads containing A. brasilense, and beads containing the two
co-immobilized microorganisms (C. sorokiniana + A.
brasilense) (n = 9). Each treatment evaluation of nutritional
condition was performed in triplicate, where one 250-mL
Erlenmeyer flask containing 100 mL of medium served as a
replicate. The following variables were analyzed: growth of
microorganisms, tryptophan, IAA, and starch production.
Statistical analyses were performed first by one-way analysis
of variation (ANOVA) and then by least significant difference
(LSD) post hoc analysis. Significance was set at P < 0.05,
using Statistica 8.0 software (Tibco Statistica, Palo Alto,
CA, USA).

Results

General patterns of growth and production of metabolites (de-
scribed below) led to the differentiation of the two phases of
interaction between C. sorokiniana and A. brasilense tested:
(1) initial phase, occurring during the first 12 h, and (2) later
phase, extending through 83 h of incubation.

Growth and Metabolite Production Using Rich
Medium (Diluted Nutrient Broth) During the Initial
Growth Phase

In the first 12 h of interaction in diluted nutrient broth, A.
brasilense multiplied when grown alone (Fig. 2b), but C.
sorokiniana did not (Fig. 2a). An initial concentration of
30.76 ± 0.25 μg·mL−1 of tryptophan was detected by HPLC
in the diluted nutrient broth, and this concentration changed
significantly during the first 12 h. At this time, C. sorokiniana
immobilized alone produced a high amount of tryptophan
(83.34 ± 7.16 μg·mL−1) (Fig. 2c), whereas consumption of
tryptophan was observed in the treatments of A. brasilense
immobilized alone and when co-immobilized (Fig. 2c). A.

Palacios O. A. et al.



brasilense immobilized alone and co-immobilized with the
microalga produced IAA (5.95 ± 2.22 μg·mL−1 and 2.04 ±
0.55 μg·mL−1, respectively), while no detectable amounts of
IAAwere detected in cultures of C. sorokiniana immobilized
alone (Fig. 2d). In this early interaction, the starch content in
C. sorokiniana immobilized alone and co-immobilized in-
creased, with significantly higher values for co-immobilized
C. sorokiniana (32.51 ± 1.61 mg·g DW) than for C.
sorokiniana immobilized alone (16.55 ± 0.55 mg·g DW)
(Fig. 2e).

During the later phase of the interaction (12–83 h) per-
formed in mineral medium (SGM), the population of C.
sorokiniana significantly increased, mainly when interacting
with A. brasilense Cd (Fig. 2a). The A. brasilense population
at this phase was statistically similar with or without the pres-
ence of C. sorokiniana (Fig. 2b).

During the later phase of the interaction in SGM, and re-
gardless of the treatment, tryptophan was not detected in the
medium (Fig. 2c). Nevertheless, in this phase, similar amounts
of IAA were detected when A. brasilense was immobilized

Incubation time (h)

0 12 36 83

C
el

l d
en

si
ty

   
m

L-1  (x
 1

0
6
)

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

aA aA

aB

aC

bB bC

N
o.

 c
el

ls
 x

 1
06    

m
L-1

2

4

6

8

10

12

C. sorokiniana alone
A. brasilense alone
Co-immobilized

a b

aA

aB

aB
aB

aA

aB

aC

aBC

Incubation time (h)

NB SGM NB SGM

0 12 36 83

g 
  m

L-1
IA

A
 (

)

d

aA aA aA

bB bA

NB SGM

0

2

4

6

8

10

cB

bA

aA

.

.

S
ta

rc
h 

(m
g 

  g
 D

W
)

20

30

40

50

e

aA

aB aB

bB

aC
bC

SGM

bD

NB

10

.

0

20

40

60

80

100

c

aA

aB

aC aC

bB

bB

NB SGM

g 
  m

L-1
Tr

yp
to

ph
an

(
 )

.

.

Initial diluted rich medium

.

NB - Nutrient broth (10% w/v)
C-free SGM - Mineral medium

Fig. 2 Growth ofmicroorganisms
(a, b), tryptophan and indole-3-
acetic acid (IAA) production (c,
d, respectively) and starch content
(e) during the interaction between
C. sorokiniana and A. brasilense
using for early phase diluted
nutrient broth and synthetic
growth medium (SGM) for later
phase. Values along curves
denoted by different capital letters
differ significantly, using one-
way analysis of variation
(ANOVA) and least significant
difference (LSD) post hoc
analysis at P < 0.05. Points at
each time interval denoted by
different lower case letters differ
significantly at P < 0.05 by
Student’s t test. Data shown is the
mean ± SE, n = 3

Early Changes in Nutritional Conditions Affect Formation of Synthetic Mutualism Between...



alone and co-immobilized (0.97 ± 0.05 μg·mL−1 and 1.18 ±
0.07 μg·mL−1, respectively) (Fig. 2d). Starch content during
this later stage was consistently higher in co-immobilized C.
sorokiniana than that in C. sorokiniana immobilized alone
(Fig. 2e). C. sorokiniana co-immobilized showed a decreased
concentration of starch at 36 h of incubation followed by a
sharp increase at 83 h of incubation, while, in C. sorokiniana
immobilized alone, the starch concentration was stable and
slowly increased with time (Fig. 2e).

Growth and Metabolite Production Using N-Free OAB
Medium During the Initial Growth Phase

During the early 12 h interaction in N-free OAB media, only C.
sorokiniana co-immobilized showed significant growth
(Fig. 3a), whereas both A. brasilense immobilized alone and
co-immobilized grewwell (Fig. 3b).Themost significant finding
was that no tryptophan or IAA was detected in the medium in
any treatment at this period (Fig. 3c, d). Starch accumulation at
this stage was similar inC. sorokiniana immobilized alone (8.97
± 1.19 mg·g DW) and co-immobilized with A. brasilense (9.25
± 0.68 mg·g DW) (Fig. 3e).

During the later phase, populations of microalgae and bac-
teria significantly increased only in the co-immobilized treat-
ments (Fig. 3a, b). C. sorokiniana immobilized alone showed
a slight peak at 36 h of incubation and later declined constant-
ly up to the 83 h of incubation (Fig. 3a). A. brasilense
immobilized alone showed no significant growth until 36 h
of incubation, but then continued growing significantly at 83 h
(Fig. 3b). Starch accumulation in C. sorokiniana immobilized
alone showed a small constant increase and reached its max-
imum at 83 h (14.38 ± 0.50 mg·g DW). However, when C.
sorokiniana was co-immobilized, far higher concentration of
starch was measured with the highest being at 36 h (63.88 ±
1.95 mg·g DW) and then declining toward 83 h of incubation
(40.37 ± 2.11 mg·d DW) (Fig. 3e).

Growth and Metabolite Production Using C-Free SGM
Medium During the Initial Growth Phase

During the initial growth phase, the population of C.
sorokiniana was similar when immobilized alone or co-
immobilized with A. brasilense (Fig. 4a). On the other hand,
during this early phase of interaction, A. brasilense did not
grow alone, but grew when co-immobilized with C.
sorokiniana (Fig. 4b). No tryptophan or IAAwas detected in
any treatment at this time (Fig. 4c, d). Starch content showed
higher amounts at 12 h, with the highest concentration in C.
sorokiniana immobilized alone (131.41 ± 4.04 mg·g DW)
compared to C. sorokiniana co-immobilized (51.14 ±
2.59 mg·g DW) (Fig. 4e).

Later, the populations of co-immobilized microalgae and
bacteria constantly increased with time (Fig. 4a, b). When C.

sorokiniana was immobilized alone, the population increased
only up to the first 36 h, and then their cell density remained
constant (Fig. 4a). A. brasilense immobilized alone grew sig-
nificantly slower during the entire period even though its pop-
ulation increased after 83 h (Fig. 4b).

At later phase of this interaction, no tryptophan was detect-
ed in the co-immobilized treatment; however, a single peak of
tryptophan production (0.83 ± 0.72 μg·mL−1) was observed at
36 h in C. sorokiniana immobilized alone (Fig. 4c). IAAwas
not detected in any treatment at this phase (Fig. 4d). Starch
concentration during the later phase in C. sorokiniana co-
immobilized showed a constant concentration of starch
(48.22 ± 1.61 mg·g DW) until 36 h of incubation, and then it
declined (26.26 ± 1.07 mg·gDW; Fig. 4e). When C.
sorokiniana was immobilized alone, a marked decrease of
starch occurred at 36 h of incubation (16.35 ± 0.71 mg·g
DW) and then was followed by a slight increase at 83 h
(22.51 ± 1.51 mg·g DW; Fig. 4e).

Dynamics of Aggregation Between Cells of C.
sorokiniana and A. brasilense During Different Initial
Nutritional Conditions

The distribution of cells immediately after immobilization rep-
resented the starting point to analyze changes in cell aggrega-
tion of microalgae and bacteria through time (Figs. 5, 6, and
7a, e, i). During the immobilization process, bacteria or
microalgae are randomly scattered in the alginate matrix,
sometimes as small groups. Similarly, in the treatment of co-
immobilization, solitary cells of microalgae or bacteria are
common, but a few bacterial cells occasionally arrange them-
selves near microalgae (Figs. 5a, 6a, and 7a).

Patterns of Cell Aggregation with an Initial Growth in Rich
Nutrient Medium and Continuation with SGM

During the first 12 h of incubation, physical interaction between
C. sorokiniana and A. brasilense was already taking place.
Microalgae cells remained single (without multiplication), but
all were joined by at least one bacterium (Fig. 5b). During the
latter phase in the SGMmineral medium, the increasing popula-
tions of bacteria and microalgae clustered together showing big-
ger clusters at 36 h of incubation and maintaining attachment
until 83 h of incubation (Fig. 5c, d). In the treatments of A.
brasilense or C. sorokiniana immobilized alone, cells clustered
to larger aggregates at the time of multiplication.

Patterns of Cell Aggregation with an Initial Growth in N-Free
Medium and Continuation with SGM

The initial phase of interaction (12 h) showed a remarkable at-
tachment between C. sorokiniana and A. brasilense. Numerous
and well-shaped bacteria associated to all microalgae (either
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growing solitarily or in small clusters) (Fig. 6b). In later phase,
the interaction showed gradually less physical interaction, in spite
of the abundant populations of bacterial and microalgae (Fig. 6c,
d). Initial and later phases of growth inA. brasilense immobilized
alone showed abundant and prominent cells until 83 h of incu-
bation, whereas C. sorokiniana showed faint auto-fluorescent
cells and abundant decay after the initial growth phase in OAB
medium (Fig. 6j–l).

Patterns of Cell Aggregation in Continual Growth in SGM

No difference in the attachment was observed from time 0 to 36 h
of incubation between C. sorokiniana and A. brasilense when
growing in SGM for the entire experiment (Fig. 7a–c). However,
a dramatic change in attachment and formation of aggregates was
observed at 83 h of incubation. Massive clusters of microalgae and
bacteria were formed, almost obstructing the visualization of
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individual bacterial cells (Fig. 7d). Immobilization of C.
sorokiniana or A. brasilense alone (Fig. 7f–h) showed well-
shaped cells with strong auto-fluorescence of the microalgae
(Fig. 7j–l).

Discussion

Mutualism refers to any interspecific interaction whose
benefits usually exceed the costs for both partners [37].

These interactions involve three different patterns, includ-
ing nutrient exchange, signal transduction, and gene trans-
fer [38], which employ abiotic and biotic factors [39].
Microbial activity can rapidly change the local environ-
ment; consequently, the interaction can be transformed
from positive (symbiosis) to negative (parasitism) [5].
We hypothesized that changes in the initial nutritional
environment can affect the metabolism of each partner
and their attachment to each other, which are parameters
that define the mutualistic synthetic interaction between

0 12 36 83
Incubation time (h)

1.5

2.0

2.5

3.0

3.5

N
o.

ce
lls

x
10

6
m

L-1

aA

bB

bB

aB

aA
aA

aB

SGM

b

0 12 36 83

Incubation time (h)

0

0.2

0.4

0.6

0.8

1.0

1.2

Tr
yp

to
ph

an
(µ

g
m

L
)

-1

aA aA

aB

aA

SGM

c

0.7

0.8

0.9

1.0

1.1

1.2

1.3

C
el

ld
en

si
ty

m
L-1

(x
10

6
)

aA aAB
aB aB

aB

aC

bD

SGM

a

.

.

S
ta

rc
h

(m
g

g
D

W
)

20

40

60

80

100

120

140

aA

aB
aC

bB

bA
aB

SGM

e

10

aB

.

.

-0.2

0

0.2

0.4

0.6

0.8

IA
A

(µ
g

m
L

)
-1

aA aAaA aA

d

.

C. sorokiniana alone
A. brasilense alone
Co-immobilized

C-free SGM - Mineral medium

Continuos C-free mineral medium

.

Fig. 4 Growth ofmicroorganisms
(a, b), tryptophan and indole-3-
acetic acid (IAA) production (c,
d, respectively) and starch content
(e) during the interaction between
C. sorokiniana and A. brasilense
using for early and later phases
synthetic growth medium (SGM).
Values along curves denoted by
different capital letters differ
significantly, using one-way
analysis of variation (ANOVA)
and least significant difference
(LSD) post hoc analysis at
P < 0.05. Points at each time
interval denoted by different
lower case letters differ
significantly at P < 0.05 by
Student’s t test. Data shown is the
mean ± SE, n = 3

Palacios O. A. et al.



the microalgae C. sorokiniana and the bacterium A.
brasilense.

In nature, abiotic factors, such as the presence, absence, or
depletion of nutrients, can affect the mutual behavior of an
interaction between two organisms in two ways: (1) switching
the relationship from negative to positive [40], which was
observed in the interaction between Clostridium
phytofermentans and the yeast Saccharomyces cerevisiae,
which starts as competition and evolves to symbiosis by a
fine-tuning in the concentration of oxygen [41], or (2)

delaying or promoting the establishment of interaction as the
result of changes over time in the production of extracellular
and intracellular metabolites [5], as was the prime goal of our
study.

The main purpose of this study was to establish if the initial
nutritional conditions in which the microorganisms are cul-
tured determine the outcome of the mutualistic interaction
and, therefore, predict such an outcome. In this study, we
monitored, over time, the production of IAA and tryptophan
(a precursor of IAA), signal molecules of this synthetic
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mutualism [21], and the production of starch, a significant
metabolite of this interaction, in the microalgae [18]. Both
signal molecules were detected exclusively in the positive
control, consisting of rich medium (diluted nutrient broth),
since the early phase of interaction (12 h) with this treatment.
This suggests the possible extrusion of IAA and consumption
of tryptophan by A. brasilense, the later presumably produced
byC. sorokiniana, which is known to produce such molecules
[42]. The excretion of signal molecules by both partners dur-
ing the initial interaction may yield a chemotaxis effect, which
is a known occurrence between these microorganisms [13,
15], resulting in very close proximity between the two partners
[13]. This may explain the massive attachment between both
organisms, observed at later phases of the interaction, and why
the highest population of C. sorokiniana occurs when it is co-
immobilized with A. brasilense. In contrast, under initial lim-
iting nutrient conditions (N-free and C-free medium; OAB or
SGM medium), tryptophan and IAA were not detected, al-
though growth promotion occurred in both microalgae and
bacteria. This can be explained based on our previous studies:
the internal motility of this bacterium toward the microalga
within the alginate bead [13, 15] reduces the distance between
both microorganisms to ~ 1 μm [13], and, consequently, in-
duces an effective exchange of tryptophan and IAA [42].
Under such close proximity, no surplus tryptophan or IAA
are produced, apart from exact quantities needed to sustain
the interaction under these conditions [21, 42]. The fastest
and most significant attachment between the two partners oc-
curred at 12 h when the initial growth medium was N-free
media (OAB), a medium that is not limiting for any
diazotrophic Azospirillum spp. [43]. However, the attachment

under this condition was not sustained and disappeared over
time. The attachment process of Azospirillum to plant roots,
the origin of this bacterial species, or to microalgae, has two
phases, the first an absorption phase, which is fast and weak
and governed by bacterial proteins [44, 45]. The second phase
is stronger and irreversible, and it takes several hours and is
mediated by extracellular polysaccharides and mucigel-like
substances [13, 46]. It is plausible that the limited N condi-
tions could have prevented the second phase of the attachment
process from occurring in A. brasilense, eventually failing to
complete the entire process, whereas the C-free synthetic
growth medium exhibited gradual clustering of bacteria and
microalgae with massive aggregation at 83 h and constant
growth promotion in both populations, thus supporting the
mutualistic effect.

Manipulation of the culture medium has been shown to
affect the growth of single microalgal species or when
microalgae are interacting with other microorganisms. For
example, in large-scale cultures of the microalga
Botryococcus braunii under replete nutrient conditions,
exopolysaccharides (EPS) production increased massively
with the age of cultures, allowing the formation of biofilms
in the mature phase of algae growth [47]. In contrast, deficient
N in the culture media of the same microalga stimulates an
early EPS production and, thus, facilitates early formation of
mature biofilms [48]. Growth promotion of higher plants by
A. brasilense, the bacterial partner of our mutualism, often
occurs under poor nutrients conditions [49]. In this study,
when the initial stage of interaction was supported by an N-
free medium (N-free OAB), growth was only significant in C.
sorokiniana interacting with A. brasilense, exhibiting the
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fastest clustering of microalgae and bacteria. This indicates
that their positive interaction was reinforced by the deficient
nitrogen condition. This appears to be the prevailing condition
until the later phase of the interaction. Because nitrogen de-
pletion affects both carbon and nitrogen pathways in
microalgae, the presence of nitrogen in culture media has been
a critical factor for the growth of the microalgae Chlorella
zofingiensis and Chlamydomonas reinhardtii [50, 51].

Cooperation betweenmicroorganisms can support the growth
of one partner in a nutrient-depleted environment by the produc-
tion of metabolites by its complementary partner [52]. In our
study, SGM is a C-free oligotrophic medium. Initially, the low
amount of ammonium supports the growth of C. sorokiniana,
and, later, over time, C. sorokiniana transfers carbon molecules
to A. brasilense, whether the two partners are attached or not
[13]. In a non-experimental computational microbial system,
the theoretical interaction between two microorganisms
(Desulfovibrio vulgaris and Methanococcus maripaludis) could
be forced from a no interaction state to commensalism by deple-
tion of metabolites (acetate and formate) required by M.
maripaludis and produced by D. vulgaris [53]. A similar effect,
when the absence of an element enhances an interaction, seems
to occur in our experiments with C or N deficient media, perhaps
generating a bidirectional codependency where the survival and
growth of one microorganism depend on the production of me-
tabolites by its partner.

Maximum starch production by C. sorokiniana was also af-
fected by the different nutritional conditions during the early
phase of interaction. When a rich medium was used in the early
phase, the highest peak of starch production was delayed to 83 h,
preceded by the N-free OABmedium at 36 h and by the shortest
which was the SGM medium after only 12 h. Similarly, the
accumulation of starch in C. zofingiensis was enhanced when
the N concentration of the culture medium decreased as a first
response of the microalga to N stress [50]. In our experiments,
the highest starch production was observed when the microalga
was immobilized alone and grown in a C-free medium (SGM).
When the interaction developed under conditions of N-free me-
dium or nutrient-rich medium, starch accumulation was always
higher in Chlorella co-immobilized with A. brasilense than
immobilized alone. This indicates that this interaction always
tends to produce a syntrophic activity—the production of a set
of chemical outcomes which are different fromwhat could occur
when each microbe is cultured separately [54]. This could be
explained by the effect of IAA produced by A. brasilense, which
inhibits the activity ofα-amylase and, at same time, enhances the
activity ofAGPase, therefore inducing starch accumulation in the
microalgae [21, 55].

Fluctuation in starch concentration in C. sorokiniana can
serve as an indicator for the type of metabolism prevailing at
certain time of the interaction. Under nitrogen deprivation, car-
bohydrate metabolism is favored, and, consequently, the accu-
mulation of starch, its main metabolite in this interaction, is

observed. However, if these conditions continue, the metabolism
of the microalgae switches to lipid synthesis [19]. A similar
pattern was observed in our study when C. sorokiniana was
growing alone in an oligotrophic medium (SGM), where the
highest production of starch occurred as early as 12 h. This result
can be explained in two ways: (1) the difference between the N
concentration from themedium commonly used formaintenance
of the culture (C30 = 5 g·L−1 of KNO3) compared to the lower N
medium used as experimental condition in this study (SGM=
190mg·L−1 of NHCl4) creating a N stress condition for the initial
period favoring starch accumulation. It was previously shown
that low levels of N, but not N depletion, in the culture medium
enhances carbohydrate accumulation in Chlorella pyrenoidosa
and Scenedesmus obliquus [56]; and (2) the type of N source
in eachmedium, nitrate in C30 and ammonium in SGM, affected
the production. A change in the type of nitrogen source has been
shown to affect starch accumulation, since microalgae uptake of
nitrate requires first reduction to nitrite and further conversion to
ammonium. Therefore, high energy demand is required, and this
results in low carbohydrate content [57]. However, when
microalgae are transferred to a medium with ammonium as N
source, the energy demand is lower, allowing for accumulation
of high energy compounds such as starch.

In conclusion, the interaction between C. sorokiniana and A.
brasilense exhibited a mutualistic effect represented by growth
promotion, exchange of signal molecules at various concentra-
tions, starch production with variations over time, and the devel-
opment of physical interaction (aggregation) and its duration.
These results suggest a potential broad plasticity of a mutualistic
interaction of two partners and that the outcome of the mutualis-
tic interaction can be predicted by the initial nutrition of the
interaction. This consortium has the potential to be exploited
for biotechnological applications aiming for production of spe-
cific metabolites at the early phases of the interactions.
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