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Abstract
The mutualistic interactions of microalgae with other microorganisms can be altered by different culture conditions or envi-
ronment factors. The mutualistic interaction of the bacterium Azospirillum brasilense co-cultured in suspension with the 
microalgae Chlorella sp. and Scenedesmus sp. under heterotrophy was evaluated in this study. The results demonstrated that 
the production of indole-3-acetic acid (IAA) and tryptophan (Trp) by the bacterium and microalgae, respectively, allowed 
maintain their affinity and mutualistic association under a heterotrophic regime. However, the glucose uptake of the con-
sortium depends on the culture system, immobilized, or in suspension. Co-cultured in suspension with the bacterium, the 
biomass production of Chlorella sp. (0.8 ± 0.1 g L−1) and Scenedesmus sp. (0.9 ± 0.1 g L−1) and cell compound accumula-
tion—mostly carbohydrates and proteins—were higher than when each microalga was cultured alone. Overall, these results 
demonstrated that, co-cultured in suspension, A. brasilense can be a suitable partner to Chlorella sp. and Scenedesmus sp., 
highlighting that the compatibility and mutualistic interaction of this consortium does not change under different culture 
systems and growth conditions. Also, this study expands the biotechnological potential of this consortium microalgal-
Azospirillum as well as its incidence in different bioprocesses supported by microalgae.
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Introduction

Microbial consortia—either natural or artificial—are con-
sidered a meaningful strategy in industrial activities, since 
metabolism complementation enhances the efficiency of 
different bioprocesses, such as bioremediation, biorefinery, 
and bioenergy (Yong et al. 2021). Particularly, microalgae 
improve their physiological performance by synergically 
interacting with other microorganisms such as bacteria, 
yeast, or another microalga (Rosero-Chasoy et al. 2021). 
However, they can establish distinct kinds of interactions, 
such as parasitism, commensalism, competition, and mutu-
alism (Ramanan et al. 2016; Zhang et al. 2020). Mutualistic 
interactions are exploited in biotechnological applications 
to carry out complex tasks (Rosero-Chasoy et al. 2021). 
These mutualistic associations are supported by the affinity 
between the microorganisms involved through the exchange 
of metabolites, such as amino acids, vitamins, sugars, and 
hormones (Ramanan et al. 2016; Zhang et al. 2020). None-
theless, environmental factors or culture conditions (pH, 
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light intensity, temperature, nutrient availability, and growth 
regime) can alter the affinity of consortium and modify the 
type interaction stablished (Zhang et al. 2020). For instance, 
the mutualistic interaction between the microalgae Chlo-
rella vulgaris and the bacterium Pseudomonas sp. changed 
to competition when the growth conditions were switched 
from photoautotrophic to photoheterotrophic (Guo and Tong 
2013). Accordingly, it is crucial to determine the capacity of 
a consortium to maintain its mutualistic association under 
the different conditions of each biotechnological application 
(Zhang et al. 2020; Yong et al. 2021).

In this regard, the microalgae genera Chlorella, 
Scenedesmus, Chlamydomonas, and the cyanobacterium 
Synechococuus have established a mutualistic associa-
tion co-immobilized in alginate beads with the bacte-
rium Azospirillum—the most representative microalgae 
growth promoting bacteria (MGPB)—under different 
bioprocesses, such as wastewater bioremediation (Ruiz-
Güereca and Sanchez-Saavedra 2016) and CO2 fixa-
tion from biogas Barbosa-Nuñez et al., 2022a, b). This 
mutualistic relationship is mainly sustained by metabo-
lite exchange, meaning the microalga exudates Trp and 
vitamin thiamine, which are involved in IAA biosynthe-
sis by Azospirillum brasilense. Subsequently, this phy-
tohormone (IAA) is consumed by microalga, altering its 
metabolism (Palacios et al. 2016b) such as enhancing 
its nutrient uptake, high-valuable metabolite accumula-
tion, and cell density (de-Bashan et al. 2016; Choix et al. 
2018; Ramos-Ibarra et al. 2019). This microalga-Azos-
pirillum consortium has mainly been evaluated when both 
microorganisms are forced to interact co-immobilized in 
alginate beads to ensure its physical contact (González-
González and de-Bashan 2021). Nevertheless, the mutual-
istic interaction of this consortium co-cultured in suspen-
sion (without forcing them to interact) has been poorly 
evaluated.

On the other hand, a heterotrophic growth regime is 
considered an important culture strategy for enhancing 
the physiological performance of microalga (Perez-Gar-
cia et al. 2011; Carone et al. 2019). Under heterotrophy, 
microalgae assimilate simple organic compounds, such as 
glucose, acetate, or glycerol, as carbon and energy sources. 
Since the energy density of organic compounds (e.g. glu-
cose, ΔH = 2801  kJ  mol−1) is higher than that of CO2 
(ΔH = 395 kJ mol−1) some microalgae such as Chlorella and 
Scenedesmus record higher biomass and valuable compound 
production than respect to their autotrophic growth (Nir-
malakhandan et al. 2019). However, the biochemical compo-
sition and biomass production vary depending on the micro-
alga strain and carbon source used (Patel et al. 2020). Earlier, 
Palacios et al. (2016a) demonstrated that co-immobilized in 
alginate beads, A. brasilense enhanced the starch production 
of Chlorella sorokiniana cultured under heterotrophy using 

D-glucose as a carbon source. Notwithstanding that the use 
of alginate beads during microalga–bacteria interactions is 
proposed to facilitate the recovery of microalgal biomass 
after wastewater bioremediation (Covarrubias et al. 2012), 
suspended microalgae cultures show different physicochemi-
cal properties regarding immobilized microalgae cultures 
owing to the different growing environments (Zhuang et al. 
2020). Thus, the mutualistic interaction of A. brasilense on 
microalgae co-cultured in suspension under a heterotrophic 
regime should be evaluated to determine its robustness and 
to expand the biotechnological potential of this consortium.

Considering the above, our work hypothesis was that A. 
brasilense could maintain its mutualistic interaction with 
microalgae independently of the culture system (immobi-
lized or in suspension) under a heterotrophic regime. Thus, 
our aims were to evaluate the effect of A. brasilense co-
cultured in suspension and co-immobilized in alginate beads 
on physiological performance—glucose uptake, biomass 
production, and high-valuable metabolite production—of 
two microalgae, Chlorella sp. and Scenedesmus sp. Moreo-
ver, the signal molecule production, IAA and Trp, by the 
bacterium and both microalgae under heterotrophy was also 
evaluated.

Materials and methods

Microorganisms and culture conditions

The green microalgae Chlorella sp. and Scenedesmus sp. iso-
lated from Lago de Chapala (Jalisco, Mexico; 20º 15′ 27" N, 
103º 02′ 33" W) according to the methodology described by 
Smith et al. (1996) and the bacterium Azospirillum brasilense 
Cd (ATCC 29,710) were used in this study. Both microalgae 
were maintained in medium C30 + M (Choix et al. 2017) at 
28 ± 2 °C, 200 µmol photons m−2 s−1, and stirred at 140 rpm 
for eight days. The bacterium A. brasilense was maintained 
in medium BTB-2 (de-Bashan et al. 2011); pH was adjusted 
to 7 with 1 M KOH, incubated at 30 ± 2 °C and stirred at 
140 rpm for 24 h.

Microalga–bacteria association in suspension 
and co‑immobilized

To associate microorganisms under suspension cul-
ture, 10  mL of A. brasilense with a concentration of 
1 × 109 CFU mL−1 were added to 100 mL of each micro-
alga culture (Chlorella sp. and Scenedesmus sp.) with 
a cell density of 1.5 × 106 cells mL−1 (0.35 g L−1). To 
induce co-immobilization conditions, microorganisms 
were immobilized using the procedure established by 
de-Bashan et al. (2004). Briefly, the same volume and 
concentration aforementioned for each microalga culture 
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was centrifuged at 6800 × g for 5 min, and the pellet was 
washed thrice with 20 mL of 0.85% sterile saline solu-
tion. To immobilize the microorganisms, each pellet was 
resuspended in 20 mL of saline solution and mixed indi-
vidually with 80 mL of 2% alginate solution (#180,947, 
Sigma, U.S.A.). To co-immobilize the microorganisms 
(one microalga and A. brasilense) in the same bead, 
each pellet was resuspended in 10 mL of saline solution 
and then mixed in the alginate solution. The solution 
was dripped from a sterile syringe into 3% CaCl2 solu-
tion using a peristaltic pump. Since the immobilization 
process reduces the population of A. brasilense in the 
beads, a second incubation in dilute nutrient broth 10% 
v/v (#70,122, Sigma, U.S.A.) incubated at 28 ± 2  °C, 
200 μmol photons m−2 s −1, and stirred at 120 rpm for 
24 h was carried out.

Experimental growth conditions

Under co-immobilization, 10 g beads with immobilized or 
co-immobilized microorganisms were inoculated in 100 mL 
of C30 + M medium employing a flask of 250 mL. In sus-
pension, each microorganism alone and both microalga-bac-
terium cultures were also maintained in a 250 mL flask with 
a working volume of 110 mL of C30 + M culture medium. 
In both conditions, 5 g L−1 of D-glucose was added to each 
culture, incubated in complete darkness at 28 °C, and stirred 
at 140 rpm for six days.

Counting microorganisms

Microalgal cell density was determined each two days by cell 
count with a Neubauer hemocytometer. In co-immobilized 
culture, three beads per treatment were taken and dissolved 
in one mL of 2% NaHCO3 solution at room temperature; 
whist under suspension samples of one mL were directly 
taken of culture. Growth rate (µ) was calculated during the 
exponential growth phase by the formula:

where N is the number of cells at initial (t0) and final (t1) 
sampling time. Biomass production (X; g L–1) was measured 
by dry weight at the beginning and end of experimental time 
(6 days); 20 mL of suspension culture were centrifuged at 
6800 × g for 10 min; or 10 g of beads were dissolved and 
centrifuged as aforementioned. Then the pellet was washed 
thrice with 20 mL of distilled water and dried at 80 °C for 
24 h. Biomass productivity (P; g L−1 day−1); was calculated 
according to Eq. 2:

(1)� =
(

ln N
1
− ln N

0

)

∕(t
1
− t

0
)

(2)P =
(

Xf − Xi

)

∕(tf − ti)

where X is biomass concentration at the beginning (ti) and 
end (tf) of experimental time. The bacterium A. brasilense 
was counted after serial dilution by the plate count method 
on Congo Red solid medium (Puente et al. 2020).

Microalgal biomass characterization

At the end of experimental time, the biochemical characteri-
zation of dry microalgal biomass (carbohydrates, proteins, 
and lipids) was carried out by Fourier transform infrared 
spectroscopy (FTIR). Cultured in suspension, 50 mL of each 
microalga culture alone or associated with the bacterium was 
centrifuged at 6800 × g for 10 min; or 5 g of alginate beads of 
each microalga immobilized alone or co-immobilized with 
A. brasilese were washed twice with distilled water and dried 
at 80 °C for 12 h. FTIR spectra from dry biomass were col-
lected using FTIR spectrometer CARY 630 (Agilent, U.S.A.) 
equipped with an attenuated total reflection (ATR) accessory; 
20 scans per sample were carried out with an spectrum range 
from 4000 to 650 cm−1 at a spectral resolution of four cm−1. 
FTIR spectra were recorded in transmittance units (a.u) ver-
sus wavenumber (cm−1), and data were assessed with Res-
olution-pro software (Agilent). Subsequently, quantitative 
determination of carbohydrates, lipid and protein content 
was carried out by the phenol–sulfuric (Dubois et al. 1956) 
and Lowry (Lowry et al. 1951) methods, respectively. Lipids 
were extracted by the procedure established by Bligh and 
Dyer (1959) and quantified by gravimetry. Proteins, lipids and 
carbohydrate productivity (mg L−1 day−1) were determined 
according to Guldhe et al. (2017).

where, biomass productivity is in mg L−1 day−1 and protein, 
lipid and carbohydrate content in percentage per dry biomass 
weight.

Quantification of tryptophan and indole‑3‑acetic 
acid

Samples of one mL of culture medium from each treatment 
were taken each two days and filtered through a 0.22 µm 
membrane (#GSWP01300; Millipore, USA) and analyzed 
by HPLC (Waters Alliance e2695, USA) according to 
Palacios et al. (2016b). The HPLC-system was equipped 
with a reversed phase column TSKgelTM ODS-120A, 

(3)Protein productivity = Biomass productivity ∗
Protein content

100

(4)
Carbohydrate productivity = Biomass productivity ∗

Carbohydrate content

100

(5)

Lipid productivity = Biomass productivity ∗
Lipid content

100
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5 µm particle size, 150 × 46 mm (Supelco, USA) and was 
run isocratically using methanol:water:acetic acid (36:64:1 
v/v) as the mobile phase. The injection volume was 100 
µL and the flow rate 0.5 mL min. The wavelength used 
for detection was 290 nm. The standards were trypto-
phan (#T0254, Sigma) and indole-3-acetic acid (#I3750, 
Sigma).

Determination of glucose uptake by microalgae

At the end of the experimental time, 30 mL of culture 
medium of each treatment were centrifuged at 6800 × g and 
filtered through a 0.22-µm membrane filter (GSWP02500 
EMD Millipore). The filtered samples were concentrated 
at 60 °C for 24 h, and subsequently, the total carbohydrates 
were quantified by spectrometry using the phenol–sulfuric 
method adapted for microplates using D-glucose as a stand-
ard (Choix et al. 2012). The percentage of glucose uptake 
by microalgae was determined with respect to 5 g L−1 of 
D-glucose added to each microalga culture.

Identification of residual glucose in culture medium 
by nuclear magnetic resonance (NMR)

At the end of the experimental time, 30 mL of culture 
medium of each treatment were centrifugated at 6800 × g. 
Then, 0.540 μL of supernatant (cell free) were filtered using 
an NMR tube adding 60 µL of a solution containing 10 mM 
TMSP-d4 (3-(trimethylsilyl) propionic-2,2,3,3-d4 acid 
sodium salt, Sigma-Aldrich) as an internal reference and 
20 mM NaN3 (Sigma-Aldrich) in D2O. Similarly, 30 mL of 
sterile culture medium was used as a control. Then, each 
sample was analyzed using the WATERSUP program with 
the pulse sequence noesygppr1d using 16 scans and D1 = 10. 
All spectra were processed using the MestReNova 12.0 
program.

Visualization by scanning electron microscopy (SEM)

At the end of experimentation time (six days), 20 mL of each 
culture in suspension were centrifuged at 6800 × g for 5 min; 
the pellet was washed twice with distilled water and then 
lyophilized. In immobilized cultures, 5 g of spheres were 
washed twice with distilled water, lyophilized, and subse-
quently pulverized in a mortar and pestle. The samples were 
visualized in a high resolution (1 nm for high vacuum) scan-
ning electron microscope: TESCAN-MIRA 3 LMU (Czech 
Republic). Each sample was exposed to gold for 30 s with 
a power of 10 kV and then analyzed with a working plan of 
15 mm and magnifications of 5.000–20.000X.

Experimental designs and statistical analyses

To evaluate the effect of A. brasilense on microalgae cul-
tured in suspension, the setup of experiments was a separate 
culture of Chlorella sp., Scenedesmus sp., and the bacterium 
A. brasilense (controls), as well as microalga–bacteria asso-
ciations Chlorella sp.–A. brasilense and Scenedesmus sp.–A. 
brasilense (treatments). To compare the positive effect in 
microalgae co-immobilized in alginate beads with the bac-
terium, beads with microalgae (Chlorella sp., Scenedesmus 
sp.) and the bacterium (A. brasilense) immobilized alone 
and beads with each microalga co-immobilized with the 
bacterium, Chlorella sp.–A. brasilenese and Scenedesmus 
sp.–A. brasilense were also used as controls. Each experi-
ment was carried out in triplicate and repeated three times 
(n = 9). The data from each treatment from the two repeti-
tions were combined for analysis. For data of growth, the 
homoscedasticity of the data was tested and then analyzed 
first by one-way ANOVA and then by least significant dif-
ference (LSD) post-hoc analysis, with significance set at 
P < 0.05. Data on glucose uptake were analyzed by a T-stu-
dent test for independent samples, with a significance set 
at P < 0.05. The statistical analyses were performed using 
Statistica 6.0 software (StatSoft, USA).

Results

Physical interaction of the Azospirillum–microalga 
consortium

At the end of experimental time the bacterium A. brasilense 
showed physical attachment in the phycosphere of Chlo-
rella sp. and Scenedesmus sp. growing under a heterotrophic 
regime, either co-immobilized in alginate beads or co-cul-
tured in suspension (Fig. 1).

Tryptophan production by microalgae

Immobilized alone in alginate beads Chlorella sp. and 
Scenedesmus sp. produced Trp during all experimental 
times, attaining the highest production at six days, 29.1 ± 5.3 
and 25.7 ± 4.6 µg mL−1, respectively; although there were 
no significant differences with respect to four days (Fig. 2a, 
capital letters analysis). Meanwhile, the production of this 
metabolite when each microalga was co-immobilized with 
A. brasilense was not detected at any interval time, showing 
significant differences compared to cultured alone (Fig. 2a, 
lowercase letters analysis).

Cultured in suspension, the highest production 
of Trp was 43.4 ± 5.9  µg  mL−1 (Chlorella sp.) and 
34.0 ± 2.2 µg mL−1 (Scenedesmus sp.) at 6 days (Fig. 2b, 
capital letters analysis). Whilst 12.8 ± 6.4 µg mL−1 and 
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11.7 ± 2.2 µg mL−1, respectively, were quantified at six 
days when each microalga was co-cultured with the bac-
terium; in both microalgae, the Trp production showed 
significant differences when cultured alone than co-cul-
tured with the bacterium in each interval time (Fig. 2b, 
lowercase letters analysis).

Indole‑3‑acetic acid production by A. brasilense

The highest IAA production by A. brasilense immobilized 
alone was 17.4 ± 6.4 µg mL−1 at 6 days (Fig. 2c, capital letters 
analysis). While cultured in suspension, the highest production 
was 31.6 ± 3.2 µg mL−1 at four days and decreased at six days, 
but there were no significant differences between the intervals 
(Fig. 2d, capital letters analysis). In contrast, this compound 
was not detected at any interval when this bacterium interacted 
with each microalga, either co-immobilized in alginate beads 
or co-cultured in suspension. Thus, the IAA production by this 
bacterium showed significant differences when it was cultured 
alone or associated with each microalga in both culture systems 
(Fig. 2c and d, lowercase letters analysis).

 Likewise, the cell density (Log CFU mL−1) of A. bra-
silense in both culture systems was significantly similar 
when it was grown alone or associated with each microalga 
(Table 1).

Cell density and biomass production by microalgae

At the end of experimental time (six days), the cell density of 
Chlorella sp. (2.1 × 106 ± 0.2 cells mL−1) and Scenedesmus 
sp. (3.0 × 106 ± 0.3 cells mL−1) interacting co-immobilized 
in alginate beads with the bacterium was significantly higher 
than when immobilized alone (Fig. 3a, lowercase analysis). 
A similar pattern was found when each microalga was co-
cultured in suspension with A. brasilense. The population 
reached 3.2 × 106 ± 0.2 (Chlorella sp.) and 3.4 × 106 ± 0.2 
cells mL−1 (Scenedesmus sp.), respectively, showing sig-
nificant differences compared to when were growing alone 
(Fig. 3a, b lowercase analysis).

Likewise, the biomass production of each microalga 
associated with the bacterium, either co-immobilized or in 
suspension, was higher than that cultured alone. Interact-
ing co-immobilized with A. brasilense, Chlorella sp., and 

Fig. 1   Photograph by scan-
ning electron microscope of 
consortium Chlorella sp.-A. 
brasilense and Scenedesmus 
sp.-A. brasilense co-cultured in 
suspension (a, b) and co-immo-
bilized in alginate beads (c, d) 
after six days of culture under 
heterotrophic regime

a b

c d
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5 µm

5 µm 5 µm

5 µm

Chlorella sp. 

A. brasilense

Scenedesmus sp. 

A. brasilense

Scenedesmus sp. 
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Fig. 2   Tryptophan production of microalgae (a, b) and indole-3-ace-
tic acid production of A. brasilense (c, d) under heterotrophy. Points 
at each time interval denoted by different lowercase letters differ sig-
nificantly when each microalga was growing alone or associated with 
the bacterium (n = 9). Values denoted by different capital letters dif-

fer significantly in the different time intervals in the same treatment 
(microalga alone or associated with the bacterium) (n = 9). Statistical 
analyses were performed using Analysis of Variance (ANOVA) and 
Least Significant Difference (LSD) post hoc analysis at P < 0.05. Bars 
represent standard error
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Scenedesmus sp. recorded 0.7 ± 0.1 and 0.6 ± 0.1 g L−1, 
respectively, although only the former showed a significant 
difference (Fig. 3c, lowercase analysis). Meanwhile, co-cul-
tured in suspension with the bacterium, the biomass produc-
tion of Chlorella sp. was 0.8 ± 0.1 g L−1, whilst Scenedesmus 
sp. attained 0.9 ± 0.1 g L−1 being significantly higher than 
when cultured alone (Fig. 3d, lowercase analysis).

Similarly, the highest growth rates and biomass productiv-
ity were also recorded when each microalga interacted with 
the bacterium rather than growing alone, either co-cultured 
in suspension or co-immobilized in alginate beads (Table 2).

Qualitative and quantitative microalgae biomass 
characterization

At the end of experimental time (six days), the qualitative Chlo-
rella sp. biomass characterization by FTIR showed that the pro-
tein and carbohydrate content was similar when this microalga 
was immobilized alone or co-immobilized with A. brasilense 
since the high of peaks shown at 1645 and 1530 cm−1 belonged 
to vibrations of C = O and N–H bonds of amide II and I, respec-
tively, associated to proteins (Pistorius et al. 2009), as well as 
at 1020 cm−1 attributed to vibration of C–O–C bond related 
with carbohydrates (Suart 2004) were similar in both treat-
ments (Fig. 4a). However, Scenedesmus sp. co-immobilized 
with the bacterium only showed an increase in the high peaks 
of carbohydrates (Fig. 4c). In contrast, when both microalgae 
were associated with the bacterium co-cultured suspension, the 
high peaks of the two cell components were clearly higher than 
when they were cultured alone (Fig. 4b, d). Nonetheless, it is 
worth noting that under our experimental conditions, peaks cor-
responding to lipids were not detected.

Similarly, the quantitative characterization of Chlorella 
sp. and Scenedesmus sp. co-immobilized with the bacte-
rium recorded 17.0 ± 2.9% and 24.6 ± 3.4% carbohydrates, 
respectively (Fig. 5a). While co-cultured in suspension with 

A. brasilense, Chlorella sp. reached a carbohydrate content 
of 25.6 ± 2.6%, and Scenedesmus sp. attained 30.1 ± 3.1% 
(Fig. 5b). In both culture systems, the accumulation of this 
compound was significantly higher when both microalgae 
interacted with the bacterium than when they grew alone 
(Fig. 5a, b lowercase analysis).

Similarly, the protein content of Chlorella sp. and 
Scenedesmus sp. co-immobilized with A. brasilense reached 
23.5 ± 4.2 and 27.4 ± 1.7%, respectively, showing significant 
differences when growing alone. Meanwhile, co-cultured in 
suspension, the protein content reached by Chlorella sp. 
(30.6 ± 2.9%) and Scenedesmus sp. (33.4 ± 2.1%) also showed 
significant differences when associated with the bacterium 
compared to growing alone (Fig. 5c, d lowercase analysis).

On the other hand, in both culture systems, carbohydrate, 
and protein productivities were also significantly higher 
when each microalga interacted with the bacterium than 
when growing alone (Table 3).

Glucose uptake by microalgae

Immobilized in alginate beads, Chlorella sp. cultured alone 
recorded a glucose uptake of 14.05 ± 3.52%, while co-immo-
bilized with the bacterium attained 30.91 ± 6.24% (Fig. 6a).

Meanwhile, Scenedesmus sp. only recorded glucose 
uptake when co-immobilized with A. brasilense, consuming 
14.52 ± 2.80% and showing significant differences compared 
to when immobilized alone (Fig. 6a). Similarly cultured in 
suspension, the glucose uptake of Chlorella sp. growing 
alone (28.77 ± 2.98%) was significantly similar when co-
cultured with A. brasilense (24.15 ± 1.60%). In contrast, the 
glucose uptake by Scenedesmus sp. growing alone in suspen-
sion was 43.46 ± 1.04%, which was statistically higher than 
when it was co-cultured with the bacterium, 12.41 ± 1.27% 
(Fig. 6b). In both culture systems, A. brasilense growing 
alone did not consume glucose (Table S1).

NMR analyses of residual culture medium

To confirm that carbohydrates analyzed spectrophotometri-
cally correspond to residual glucose, the culture medium 
analysis (cell free) of each microalga either alone or asso-
ciated with the bacterium was analyzed by NMR for each 
treatment (Fig. 7). At the end of the experimental time (six 
days), independent of the culture system (immobilized or sus-
pension), the spectra of the residual culture media showed the 
absence of the characteristic signals for the D-glucose ano-
meric hydrogens, which were observed in the glucose stand-
ard at 5.24 ppm (d, J = 3.8 Hz) for Hα and 4.65 (d, J = 7.8 Hz) 
for Hβ (Fig. 7a). Nevertheless, interestingly, in residual cul-
ture media of each microalga interacting with the bacterium 
either immobilized or suspension, the presence of metabolites 
signals different from glucose were observed (Fig. 7c, e–g).

Table 1   Cell density of A. brasilense growing alone or co-immobi-
lized in alginate beads or co-cultured in suspension with Scenedes-
mus sp. or Chlorella sp

Values denoted by different lowercase letters differ significantly when 
A. brasilense was growing alone or associated with each microalga 
co-immobilized in alginate beads or co-cultured in suspension. Sta-
tistical analyses were performed using ANOVA and LSD post hoc 
analysis at P < 0.05. ± represents standard error (n = 9)

Condition Bacterium-microalga Log FCU mL−1

Immobilized A. brasilense 5.90a
A. brasilense—Chlorella 5.45a
A. brasilense—Scenedesmus 4.50a

Suspension A. brasilense 6.72a
A. brasilense—Chlorella 5.15a
A. brasilense—Scenedesmus 4.86a
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Fig. 3   Cell density (a, b), and biomass production (c, d) of Chlo-
rella sp., and Scenedesmus sp. co-immobilized or co-cultured in 
suspension with Azospirillum brasilense under heterotrophy. Col-
umns denoted by different lowercase letters differ significantly when 

each microalga was growing alone or associated with the bacterium 
(n = 9). Statistical analyses were performed using ANOVA and LSD 
post hoc analysis at P < 0.05. Bars represent standard error
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Table 2   Growth rate and biomass productivity of Chlorella sp. and Scenedesmus sp. interacting co-immobilized or co-cultured in suspension 
with A. brasilenese 

Values denoted by different lowercase letters differ significantly when each microalga was growing alone or associated with A. brasilense co-
immobilized in alginate beads or co-cultured in suspension. Statistical analyses were performed using ANOVA and LSD post hoc analysis at 
P < 0.05. ± represents standard error (n = 9)

Microalga Growth rate
(µ; day−1)

Biomass productivity
(P; g L−1 day−1)

pH

Immobilized Suspension Immobilized Suspension Immobilized Suspension

Chlorella sp. 0.07 ± 0.02a 0.16 ± 0.02a 0.07 ± 0.04a 0.09 ± 0.04a 7.11 ± 0.15a 7.85 ± 0.27a
Chlorella sp.—Az 0.13 ± 0.01b 0.19 ± 0.02a 0.10 ± 0.02a 0.11 ± 0.04a 7.46 ± 0.32a 8.04 ± 0.11a
Scenedesmus sp. 0.13 ± 0.02a 0.15 ± 0.02a 0.06 ± 0.02a 0.05 ± 0.02a 7.34 ± 0.21a 7.92 ± 0.24a
Scenedesmus sp. – Az 0.18 ± 0.02b 0.20 ± 0.02b 0.15 ± 0.02b 0.09 ± 0.02b 7.60 ± 0.18a 8.30 ± 0.29a
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growing alone or associated with the bacterium (n = 9). Statistical 
analyses were performed using ANOVA and LSD post hoc analysis at 
P < 0.05. Bars represent standard error
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Discussion

Considering that mutualistic interactions of microalgae 
with other microorganisms can be altered by different cul-
ture conditions (Zhang et al. 2020). The mutualistic effect 
of A. brasilense on the physiological performance of Chlo-
rella sp. and Scenedesmus sp. co-cultured in suspension 

under a heterotrophic regime was assessed in this study. 
Thus, the aims were to evaluate the signal molecules (Trp 
and IAA), biomass production, and metabolite accumu-
lation of Chlorella sp. and Scenedesmus sp. interacting 
co-cultured in suspension and co-immobilized in alginate 
beads with the bacterium A. brasilense under a hetero-
trophic regime.

Table 3   Carbohydrate and 
protein productivities of 
Chlorella sp. and Scenedesmus 
sp. interacting co-immobilized 
or co-cultured in suspension 
with A. brasilenese 

Values denoted by different lowercase letters differ significantly when each microalga was growing alone 
or associated with A. brasilense co-immobilized in alginate beads or co-cultured in suspension. Statistical 
analyses were performed using ANOVA and LSD post hoc analysis at P < 0.05. ± represents standard error 
(n = 9)

Microalga Carbohydrate productivity
(mg L−1 day−1)

Protein productivity
(mg L−1 day−1)

Immobilized Suspension Immobilized Suspension

Chlorella sp. 1.13 ± 0.21a 1.84 ± 0.31a 1.37 ± 0.15a 2.14 ± 0.27a
Chlorella sp.—Az 1.67 ± 0.13b 2.87 ± 0.16b 2.30 ± 0.32b 3.43 ± 0.09b
Scenedesmus sp. 1.30 ± 0.17a 1.24 ± 0.42a 1.23 ± 0.11a 1.30 ± 0.24a
Scenedesmus sp. – Az 1.45 ± 0.12a 2.53 ± 0.28b 1.44 ± 0.08b 2.82 ± 0.29b

Fig. 6   Glucose uptake of Chlorella sp., and Scenedesmus sp. co-immobilized or co-cultured in suspension with Azospirillum brasilense. 
Columns denoted by an asterisk differ significantly when each microalga was growing alone or associated with the bacterium (n = 9). Statistical 
analyses were performed using ANOVA and LSD post hoc analysis at P < 0.05. Bars represent standard error
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Our results demonstrated that under the heterotrophic 
regime, A. brasilense maintained its mutualistic association 
co-cultured in suspension with Chlorella sp. and Scenedesmus 
sp., enhancing its biomass production and cell highly valuable 
compound accumulation. This happens due to the ability of 
A. brasilense and both microalgae to produce IAA and Trp, 
respectively, inducing their chemical and physical affinity in 
both culture systems, since these signal molecules activate the 
bacterial chemotaxis to associate with microalgae (Variem and 
Kizhakkedath 2021). According to Ramanan et al. (2016), the 
attached mechanism of Azospirillum to the microalgal phyco-
sphere is like plant roots in that it is a microenvironment rich 
of compounds excreted by microalga, such as organic carbon, 
macro and micronutrients. Although in this work only the Trp 
exuded by Chlorella sp. and Scenedesmus sp. was quantified, 
this metabolite is a precursor of IAA biosynthesis by A. brasi-
lense, stimulating the chemical affinity with this bacterium. In 
this regard, Ganusova et al. (2021) demonstrated that A. brasi-
lense uses two distinct chemotaxis pathways, Che1 and Che4, 

and four different response regulators (CheY1, CheY4, CheY6, 
and CheY7) to control the swimming pattern during chemot-
axis. Thus, co-cultured in suspension, this bacterium can freely 
swim toward each microalga, since the physical attachment of 
Azospirillum with its partner is fundamental to establish its 
synergic relationship (Wheatley and Poole 2018). Conversely, 
co-immobilized inside alginate beads, this bacterium can also 
exude organic acids and dissolve alginate, allowing associa-
tion with microalgae (de-Bashan et al. 2011). To date, several 
studies have demonstrated that the production and exchange of 
IAA and Trp support the beneficial effect of A. brasilense on 
the physiological performance of different microalgae genera 
(Pagnussat et al. 2020; Peng et al. 2020; 2021a; b). For instance, 
Palacios et al. (2016a) demonstrated that under heterotrophy, 
the exchange of Trp and IAA by C. sorokiniana and A. brasi-
lense co-immobilized in alginate beads alters the metabolism 
of this microalga. In another study, de-Bashan et al. (2016) 
demonstrated carbon and nitrogen exchange during the mutu-
alistic association of C. sorokiniana and A. brasilense when 

Fig. 7.   1H NMR (400  MHz, D2O) spectra of a) C30 culture media 
with 5 g L−1 of glucose; b) Chlorella sp. immobilized; c) Interaction 
Chlorella sp. – Azospirillum brasilense Co-immobilized; d) Chlorella 
sp. in suspension; e) Interaction Chlorella sp. – Azospirillum brasi-

lense in suspensión; f) Scenedesmus sp. immobilized; g) Interac-
tion Scenedesmus sp. – Azospirillum brasilense Co-immobilized; h) 
Scenedesmus sp. suspension; i) Interaction Scenedesmus sp. – Azos-
pirillum brasilense in suspension
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co-immobilized in alginate beads. The above could explain the 
lack of quantification of IAA and Trp in any interval when this 
consortium was maintained in a close association within the 
alginate beads, since these compounds were assimilated at the 
moment they were produced. While co-cultured in suspension, 
both metabolites could have dispersed in the culture medium, 
making them detectable. Because of the Trp production of 
Chlorella and Scenedesmus as well as the IAA production by A. 
brasilense recorded in this study were similar to previous works 
(de-Bashan et al. 2008; Masciarelli et al. 2013; Choix et al. 
2018; Kargapolova et al. 2020; Barbosa-Nuñez et al. 2022a, 
b; Pham et al. 2022). These results indicate that Trp and IAA 
production by microalgae and A. brasilense under heterotrophy 
allow for maintaining its chemical and physical association co-
cultured in suspension, boosting the physiological performance 
of Chlorella sp. and Scenedesmus sp.

Under a heterotrophic regime, the carbon metabolism 
of microalgae is first supported by their transport or dif-
fusion systems of organic carbon through the plasmatic 
membrane, and thereafter assimilate it through the meta-
bolic pathways of aerobic respiration for energy generation, 
biomass, and cell compound biosynthesis (Perez-Garcia 
et al. 2011). In particular, the microalgae genera Chlorella 
and Scenedesmus possess a symport hexose transport in its 
cellular membrane to assimilate glucose (Morales-Sánchez 
et al. 2015), and the IAA production by A. brasilense can 
enhance the activity of hexose transport systems and 
increase the glucose assimilation of Chlorella (Palacios 
et al. 2016a). Interestingly, this study showed that both 
microalgae showed different patterns of glucose uptake in 
function to the culture system used. Immobilized in algi-
nate beads, glucose uptake was higher in both microal-
gae interacting with A. brasilense than in cultures alone. 
Conversely, cells cultured in suspension showed a higher 
glucose uptake when growing alone than when associated 
with the bacterium. Nonetheless, at the end of experimen-
tal time, the glucose analysis by NMR demonstrated that 
in both culture systems, there was no evidence of glucose 
signals in the culture medium, suggesting that the two 
microalgae, either alone or associated with the bacterium, 
completely assimilated glucose. This analysis also revealed 
the presence of other compounds different from glucose in 
the culture medium, which could overestimate the glucose 
uptake determined by the spectrophotometric method used 
in this study. These results indicate that, under heterotro-
phy, this consortium could have stimulated the exudation 
of photosynthates or other compounds by microalgae or 
bacterium, although the identification of these compounds 
will be deeply studied later. These exudes could be a mech-
anism of consortium microalga–A. brasilense to maintain 
its compatibility under our experimental conditions since 
cell–cell interactions depend on signaling molecules diffus-
ing and reaching cells to promote stability and robustness 

to fluctuations in environments (Ren and Murray 2019). 
Recently, Palacios et  al. (2022) demonstrated through 
RMN the ability of two strains of C. sorokiniana to exudate 
different metabolites during their association with A. brasi-
lense. In another study, Shibl et al. (2020) found a change 
in transcriptional and metabolic reprogramming related 
to secondary metabolite production by the phytoplankton 
Asterionellopsis glacialis when interacting with the natural 
microbial community. However, in this study, the interval 
time of glucose depleted by each microalga, either alone or 
interacting with the bacterium, was not determined. This 
glucose depletion can be attributed to each microalga sup-
porting the higher growth rates and biomass production 
attained by both microalgae in the two culture systems, 
since A. brasilense does not consume glucose (Goebel and 
Krieg 1984). Nonetheless, this bacterium cultured alone 
could use its reserve of poly-3-hydroxybutyrate (PHB) to 
maintain its viability during our experimental time (six 
days) as this compound allows A. brasilense survive long 
periods under nutrient stress (Okon and Itzigsohn 1992); 
whilst co-cultured it might have used exuded compounds 
by microalgae to grow and survive under heterotrophy. 
Nevertheless, these hypotheses need further investigation. 
These findings confirm that co-cultured in suspension A. 
brasilense can be a suitable partner to Chlorella sp. and 
Scenedesmus sp., highlighting the compatibility and stabil-
ity of this consortium under a heterotrophic regime.

According to Ren and Murray (2019) a robust cell–cell 
interaction ensures the functionality of the consortium. In this 
regard, in this study, each microalga in both culture systems 
attained higher cell compound accumulation, mostly proteins 
and carbohydrates, when they were associated with A. brasi-
lense. Although the biochemical composition is dependent on 
culture conditions and the microalgal strain (Bhattacharya and 
Goswami 2020), several studies demonstrate the direct effect of 
IAA improving physiological performance and increasing cell 
compound accumulation in different microalga genera (Stirk and 
van Staden 2020; González-González and de-Bashan 2021). In 
complete darkness, carbohydrate biosynthesis from glucose 
assimilation by microalgae is energetically more economical 
than lipid biosynthesis (Li et al. 2011). Moreover, the protein 
content indicates high metabolic activity (Li et al. 2020) explain-
ing higher carbohydrate and protein productivities reached by 
both microalgae interacting with A. brasilense. Nevertheless, 
the FTIR spectra of both microalgae, either immobilized alone 
or co-immobilized with the bacterium, showed similar cell 
compound accumulation owing to alginate beads composed of 
sugars as mannuronic and guluronic interfering and inducing 
similar qualitative microalgal biochemical characterization. This 
latter can be supported by the distinct spectra in both microal-
gae cultured in suspension, as well as the low peaks of both 
metabolites in A. brasilense in both culture systems (Fig. S1). 
The above findings suggest that the use of microbial consortia 
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co-immobilized in different matrices or co-cultured in suspen-
sion depends on the specific objective of each biotechnological 
application. Besides, these results corroborate the robustness of 
mutualistic interaction of the consortium A. brasilense-micro-
alga co-cultured in suspension under a heterotrophic regime, 
which could be proposed to enhance biomass and cell com-
pound production by Chlorella sp. and Scenedesmus sp. in dif-
ferent culture conditions and bioprocess based in microalgae.

Conclusion

Overall, this study demonstrates that under heterotrophy, A. 
brasilene co-cultured in suspension maintains its mutualistic 
interaction with Chlorella sp. and Scenedesmus sp. because of 
signal molecule production, such as IAA and Trp. These results 
highlight the compatibility of the synergic association of this 
consortium in different culture systems and growth conditions. 
Finally, this study expands the biotechnological potential of this 
consortium microalgal-Azospirillum, as well as its incidence in 
different bioprocesses supported by microalgae.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10811-​022-​02891-z.

Acknowledgements  Francisco J. Choix acknowledges Consejo 
Nacional de Ciencia y Tecnología (CONACyT,

Mexico) for the support under the Program-Project 90 Cátedras 
CONACyT and Martín Flores Martínez and Sergio Oliva León for 
scanning electron microscopy (SEM) service of CUCEI-UdG. 
JCEH are thankful to the Consejo Nacional de Ciencia y Tecnologìa 
(CONACYT,Mexico) for a grant to purchase the NMR instrument 
(INFR-2014-01-226114).

Author contribution  FJC and OAP designed the research; JRTV, 
CACG and JCEH supervised the research; JRTV and CACG performed 
the research and statistical analysis; FJC, OAP, MCP and JCEH ana-
lyzed and interpreted the data; FJC, OAP, MCP and JCEH wrote the 
paper. All the authors read and approved the final manuscript.

Funding  This study was funded by CONACyT- Frontiers of Science 
2019 Project 15769.

Data availability  All data generated or analyzed during this study are 
included in this published article and its supplementary information 
file.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

References

Barbosa-Nuñez JA, Palacios OA, de-Bashan LE, Snell-Castro R, 
Corona-González RI, Choix FJ (2022a) Active indole-3-acetic 
acid biosynthesis by the bacterium Azospirillum brasilense 

cultured under a biogas atmosphere enables its beneficial asso-
ciation with microalgae. J Appl Microbiol 132:3650–3663

Barbosa-Nuñez JA, Palacios OA, Mondragón-Cortez P, Ocampo-
Alvarez H, Becerril-Espinosa A, Nevárez-Moorillón GV, Choix 
FJ (2022b) Chemical and physical affinity of microalga–Azos-
pirillum consortium co-cultured in suspension during CO2 
fixation from biogas. Bioenergy Res. https://​doi.​org/​10.​1007/​
s12155-​022-​10411-7

Bhattacharya M, Goswami S (2020) Microalgae – A green multi-
product biorefinery for future industrial prospects. Biocatal Agric 
Biotechnol 25:101580

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and 
purification. Can J Biochem 37:911–917

Carone M, Corato A, Dauvrin T, Le Thanh T, Durante L, Joris B, 
Franck F, Remacle C (2019) Heterotrophic growth of microalgae. 
In: Hallmann A, Rampelotto PH (eds) Grand Challenges in Algae 
Biotechnology. Springer, Cham, pp 71–109

Choix FJ, de-Bashan LE, Bashan Y (2012) Enhanced accumulation of 
starch and total carbohydrates in alginate-immobilized Chlorella 
spp. induced by Azospirillum brasilense: I. Autotrophic condi-
tions. Enzyme Microb Technol 51:294–299

Choix FJ, Polster E, Corona-González RI, Snell-Castro R, Méndez-
Acosta HO (2017) Nutrient composition of culture media induces 
different patterns of CO2 fixation from biogas and biomass pro-
duction by the microalga Scenedesmus obliquus U169. Bioprocess 
Biosyst Eng 40:1733–1742

Choix FJ, López-Cisneros CG, Méndez-Acosta HO (2018) Azospiril-
lum brasilense increases CO2 fixation on microalgae Scened-
esmus obliquus, Chlorella vulgaris, and Chlamydomonas 
reinhardtii cultured on high CO2 concentrations. Microb Ecol 
76:430–442

Covarrubias SA, de-Bashan LE, Moreno M, Bashan Y (2012) Alginate 
beads provide a beneficial physical barrier against native micro-
organisms in wastewater treated with immobilized bacteria and 
microalgae. Appl Microbiol Biotechnol 93:2669–2680

de-Bashan LE, Hernandez JP, Morey T, Bashan Y (2004) Microalgae 
growth promoting bacteria as “helpers” for microalgae: A novel 
approach for removing ammonium and phosphorus from munici-
pal wastewater. Water Res 38:466–474

de-Bashan LE, Antoun H, Bashan Y (2008) Involvement of indole-
3-acetic acid produced by the growth-promoting bacterium Azos-
pirillum spp. in promoting growth of Chlorella vulgaris. J Phycol 
44:938–947

de-Bashan LE, Schmid M, Rothballer M, Hartmann A, Bashan Y 
(2011) Cell-cell interaction in the eukaryote-prokaryote model of 
the microalgae Chlorella vulgaris and the bacterium Azospirillum 
brasilense immobilized in polymer beads. J Phycol 47:1350–1359

de-Bashan LE, Mayali X, Bebout BM, Weber PK, Detweiler AM, Her-
nandez JP, Bashan Y (2016) Establishment of stable synthetic 
mutualism without co-evolution between microalgae and bacteria 
demonstrated by mutual transfer of metabolites (NanoSIMS iso-
topic imaging) and persistent physical association (Fluorescent 
in situ hybridization). Algal Res 15:179–186

Dubois M, Gilles KA, Hamilton JK, Rebers PT, Smith F (1956) Colori-
metric method for determination of sugars and related substances. 
Anal Chem 28:350–356

Ganusova EE, Vo LT, Mukherjee T, Alexandre G (2021) Multiple 
CheY proteins control surface-associated lifestyles of Azospiril-
lum brasilense. Front Microbiol 12:900

Goebel EM, Krieg NR (1984) Fructose catabolism in Azospirillum 
brasilense and Azospirillum lipoferum. J Bacteriol 159:86–92

González-González LM, de-Bashan LE (2021) Toward the enhance-
ment of microalgal metabolite production through microalgae–
bacteria consortia. Biology 10:282

Guldhe A, Ansari FA, Singh P, Bux F (2017) Heterotrophic cultiva-
tion of microalgae using aquaculture wastewater: a biorefinery 

70 Journal of Applied Phycology (2023) 35:57–71

https://doi.org/10.1007/s10811-022-02891-z
https://doi.org/10.1007/s12155-022-10411-7
https://doi.org/10.1007/s12155-022-10411-7


1 3

concept for biomass production and nutrient remediation. Ecol 
Eng 99:47–53

Guo Z, Tong YW (2013) The interactions between Chlorella vulgaris 
and algal symbiotic bacteria under photoautotrophic and photo-
heterotrophic conditions. J Appl Phycol 26:1483–1492

Kargapolova KY, Burygin GL, Tkachenko OV, Evseeva NV, Pukhal-
skiy YV, Belimov AA (2020) Effectiveness of inoculation of 
in vitro-grown potato microplants with rhizosphere bacteria of the 
genus Azospirillum. Plant Cell Tissue Organ Cult 141:351–359

Li Y, Han D, Sommerfeld M, Hu Q (2011) Photosynthetic carbon 
partitioning and lipid production in the oleaginous microalga 
Pseudochlorococcum sp. (Chlorophyceae) under nitrogen-limited 
conditions. Bioresour Technol 102:123–129

Li T, Yang F, Xu J, Wu H, Mo J, Dai L, Xiang W (2020) Evaluating dif-
ferences in growth, photosynthetic efficiency, and transcriptome 
of Asterarcys sp. SCS-1881 under autotrophic, mixotrophic, and 
heterotrophic culturing conditions. Algal Res 45:101753

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein meas-
urement with the folin phenol reagent. J Biol Chem 193:265–275

Masciarelli O, Urbani L, Reinoso H, Luna V (2013) Alternative mecha-
nism for the evaluation of indole-3-acetic acid (IAA) production 
by Azospirillum brasilense strains and its effects on the germina-
tion and growth of maize seedlings. J Microbiol 51:590–597

Morales-Sánchez D, Martinez-Rodriguez OA, Kyndt J, Martinez A 
(2015) Heterotrophic growth of microalgae: metabolic aspects. 
World J Microbiol Biotechnol 31:1–9

Nirmalakhandan N, Selvaratnam T, Henkanatte-Gedera SM, Tchinda 
D, Abeysiriwardana-Arachchige ISA, Delanka-Pedige HMK, 
Lammers PJ (2019) Algal wastewater treatment: Photoautotrophic 
vs. mixotrophic processes. Algal Res 41:101569

Okon Y, Itzigsohn R (1992) Poly-β-hydroxybutyrate metabolism in 
Azospirillum brasilense and the ecological role of PHB in the 
rhizosphere. FEMS Microbiol Rev 9:131–139

Pagnussat LA, Maroniche G, Curatti L, Creus C (2020) Auxin-dependent 
alleviation of oxidative stress and growth promotion of Scenedes-
mus obliquus C1S by Azospirillum brasilense. Algal Res 47:101839

Palacios OA, Choix FJ, Bashan Y, de-Bashan LE (2016) Influence of 
tryptophan and indole-3-acetic acid on starch accumulation in the 
synthetic mutualistic Chlorella sorokiniana-Azospirillum brasilense 
system under heterotrophic conditions. Res Microbiol 167:367–379

Palacios OA, Gomez-Anduro G, Bashan Y, de-Bashan LE, (2016) 
Tryptophan, thiamine and indole-3-acetic acid exchange between 
Chlorella sorokiniana and the plant growth-promoting bacterium 
Azospirillum brasilense. FEMS Microbiol Ecol 92:fiw077

Palacios OA, López BR, de-Bashan LE (2022) Microalga Growth-Promot-
ing Bacteria (MGPB): A formal term proposed for beneficial bacteria 
involved in microalgal–bacterial interactions. Algal Res 61:102585

Patel AK, Choi YY, Sim SJ (2020) Emerging prospects of mixotrophic 
microalgae : Way forward to sustainable bioprocess for environ-
mental remediation and cost-effective biofuels. Bioresour Technol 
300:122741

Peng H, de-Bashan LE, Bashan Y, Higgins BT (2020) Indole-3-acetic 
acid from Azosprillum brasilense promotes growth in green algae 
at the expense of energy storage products. Algal Res 47:101845

Peng H, de-Bashan LE, Higgins BT (2021) Comparison of algae 
growth and symbiotic mechanisms in the presence of plant growth 
promoting bacteria and non-plant growth promoting bacteria. 
Algal Res 53:102156

Peng H, de-Bashan LE, Higgins BT (2021) Azospirillum brasilense 
reduces oxidative stress in the green microalgae Chlorella soro-
kiniana under different stressors. J Biotechnol 325:179–185

Perez-Garcia O, Escalante FME, de-Bashan LE, Bashan Y (2011) 
Heterotrophic cultures of microalgae: Metabolism and potential 
products. Water Res 45:11–36

Pham TM, Bui XD, Le TVK, Le TM, Nguyen ML, Trinh DM, 
Phuong NTD, Khoo KS, Chew KW, Show PL (2022) Isolation 

of indole-3-acetic acid-producing Azospirillum brasilense from 
Vietnamese wet rice: co-immobilization of isolate and microalgae 
as a sustainable biorefinery. J Biotechnol 349:12–20

Pistorius AMA, DeGrip WJ, Egorova-Zachernyuk TA (2009) Moni-
toring of biomass composition from microbiological sources by 
means of FT-IR spectroscopy. Biotechnol Bioeng 103:123–129

Puente ML, Maroniche GA, Panepucci M, Sabio y Garcia J, 
García JE, Criado MV, Molina R, Cassán F (2021) Localiza-
tion and survival of Azospirillum brasilense Az39 in soybean 
leaves. Lett Appl Microbiol 72:626–633

Ramanan R, Kim BH, Cho DH, Oh HM, Kim HS (2016) Algae-bac-
teria interactions: Evolution, ecology and emerging applications. 
Biotechnol Adv 34:14–29

Ramos-Ibarra JR, Rubio-Ramírez TE, Mondragón-Cortez P, Torres-
Velázquez JR, Choix FJ (2019) Azospirillum brasilense-microalga 
interaction increases growth and accumulation of cell compounds 
in Chlorella vulgaris and Tetradesmus obliquus cultured under 
nitrogen stress. J Appl Phycol 31:3465–3477

Ren X, Murray RM (2019) Cooperation enhances robustness of coex-
istence in spatially structured consortia. In: 2019 18th European 
Control Conference, ECC, pp 2651–2656

Rosero-Chasoy G, Rodríguez-Jasso RM, Aguilar CN, Buitrón G, 
Chairez I, Ruiz HA (2021) Microbial co-culturing strategies 
for the production high value compounds, a reliable framework 
towards sustainable biorefinery implementation – an overview. 
Bioresour Technol 321:124458

Ruiz-Güereca DA, Sánchez-Saavedra MP (2016) Growth and phos-
phorus removal by Synechococcus elongatus co-immobilized 
in alginate beads with Azospirillum brasilense. J Appl Phycol 
28:1501–1507

Shibl AA, Isaac A, Ochsenkuhn MA, Cárdenas A, Fei C, Behringer 
G, Arnoux M, Drou N, Santos MP, Gunsalus KC, Voolstra CR, 
Amin SA (2020) Diatom modulation of select bacteria through 
use of two unique secondary metabolites. Proc Nat Acad Sci 
117:27445–27455

Smith DL, Johnson KB, Darmstadt TU (1996) A guide to marine 
coastal plankton and marine invertebrate larvae. Kendall/ Hunt 
Publishing Company, Iowa

Stirk WA, Van Staden J (2020) Potential of phytohormones as a strat-
egy to improve microalgae productivity for biotechnological 
applications. Biotechnol Adv 44:107612

Stuart BH (2004) Infrared spectroscopy: fundamentals and applica-
tions. Wiley, Canada

Variem SS, Kizhakkedath VK (2021) Phycosphere associated bac-
teria; a prospective source of bioactive compounds. Biologia 
76:1095–1098

Wheatley RM, Poole PS (2018) Mechanisms of bacterial attachment 
to roots. FEMS Microbiol Rev 42:448–461

Yong JJJY, Chew KW, Khoo KS, Show PL, Chang JS (2021) Prospects 
and development of algal-bacterial biotechnology in environmen-
tal management and protection. Biotechnol Adv 47:107684

Zhang B, Li W, Guo Y, Zhang Z, Shi W, Cui F, Tay JH (2020) Microal-
gal-bacterial consortia: From interspecies interactions to biotech-
nological applications. Renew Sustain Energy Rev 118:109563

Zhuang LL, Li M, Hao Ngo H (2020) Non-suspended microalgae culti-
vation for wastewater refinery and biomass production. Bioresour 
Technol 308:123320

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

71Journal of Applied Phycology (2023) 35:57–71


	Growth and metabolism enhancement in microalgae co-cultured in suspension with the bacterium Azospirillum brasilense under heterotrophic conditions
	Abstract
	Introduction
	Materials and methods
	Microorganisms and culture conditions
	Microalga–bacteria association in suspension and co-immobilized
	Experimental growth conditions
	Counting microorganisms
	Microalgal biomass characterization
	Quantification of tryptophan and indole-3-acetic acid
	Determination of glucose uptake by microalgae
	Identification of residual glucose in culture medium by nuclear magnetic resonance (NMR)
	Visualization by scanning electron microscopy (SEM)
	Experimental designs and statistical analyses

	Results
	Physical interaction of the Azospirillum–microalga consortium
	Tryptophan production by microalgae
	Indole-3-acetic acid production by A. brasilense
	Cell density and biomass production by microalgae
	Qualitative and quantitative microalgae biomass characterization
	Glucose uptake by microalgae
	NMR analyses of residual culture medium

	Discussion
	Conclusion
	Acknowledgements 
	References


