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A B S T R A C T

The effects of riboflavin and its degradation compound, lumichrome, produced by Azospirillum brasilense on the
growth and production of carbohydrates, lipids, and pigments in Chlorella sorokiniana were analyzed. A. brasi-
lense is able to produce and release riboflavin from the first 24 h of incubation in Synthetic Growth Medium
(SGM). Synchronic peaks of lumichrome and riboflavin suggest that the former originates from the photo-
degradation of the latter. The constant growth of bacterial population indicated that riboflavin and lumichrome
are cell density-independent. In this study, riboflavin showed a higher effect on the population growth of
Chlorella than did lumichrome. The effects of synthetic riboflavin and lumichrome on microalgae were depen-
dent on the concentration of these compounds in the culture media. Lower concentrations of riboflavin
(1 ng mL−1 or 10 ng mL−1) enhanced the growth of C. sorokiniana, while the highest amount of riboflavin
(100 ng mL−1) showed no effect. Synthetic riboflavin and lumichrome significantly increased the production of
carbohydrates compared to the basal medium. Lumichrome showed the highest production of carbohydrates at
48 h while riboflavin at 96 h. Pigments were significantly more affected by the presence of lumichrome than by
riboflavin. Enhanced growth and production of carbohydrates and pigments in C. sorokiniana grown in exudates
of A. brasilense, suggests a synergistic effect of the riboflavin and lumichrome produced and exuded by this
bacterium.

1. Introduction

Azospirillum is one of the best-characterized genera of plant growth-
promoting bacteria (PGPB), originating from rhizospheric soil and
capable of establishing synthetic mutualism with green microalgae
[1,2]. As a consortium, microalgae and bacteria perform complex tasks
and endure environmental conditions that they could not sustain in
monoculture [3]. Azospirillum brasilense and Chlorella sorokiniana par-
ticipate in a successful, prokaryotic‒eukaryotic synthetic mutualism,
where the former is a rhizosphere-dwelling, free-living soil bacterium,
and the latter is a fresh-water microalga [4]. Whether under auto-
trophic or heterotrophic conditions, this consortium, encapsulated in
alginate beads, shows considerable increases in both microbial popu-
lations and metabolic changes. For instance, microalgae evidence

increased nitrogen assimilation and increased production of carbohy-
drates, starch, fatty acids, and pigments [5–9]. During this artificial
interaction the persistent association between algae and bacteria allows
mutual transfer of metabolites [1].

Although vitamins have a recognized role in plant-microbe inter-
actions by inducing bacterial colonization in root systems, much less is
known about their role in microalgae-bacteria interactions. Vitamins
are stimulatory compounds, which are required in trace amounts but
have an important role as enzyme cofactors in numerous, vital cellular
functions [10]. The participation of vitamins and other growth factors
in mutualistic plant-microbes and microalgae-bacteria interactions de-
pends primarily on the ability of each partner to synthesize those fac-
tors. Frequently, the prokaryotic partner provides the required vitamins
to the eukaryotic partner [11]. Since vitamins are energetically
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expensive, it is possible that their exudation is triggered specifically
only during mutualistic events [12,13] and to compensate environ-
mental stressors such as pH, nutritional conditions, temperature, and
light intensity [14].

Riboflavin (vitamin B2) is a cofactor in antioxidation and perox-
idation that has been recognized as an elicitor of systemic resistance in
alfalfa [10]. Lumichrome, produced by light degradation of riboflavin,
is also suggested as a plant growth promoter compound that increases
root respiration, dry matter, starch accumulation and stem elongation
in legumes, sorghum and maize [15–18]. Riboflavin and lumichrome
found in rhizobial exudates are reported as novel signal molecules that
stimulate plant growth [19]. Although little is known about the effect of
these compounds in microalgae, recently, Heo et al. [20] demonstrated
the positive effect of synthetic riboflavin on the growth of Chlorella
vulgaris.

The ability of A. brasilense to produce and release riboflavin to the
culture medium has been described previously [21,22]; however, lu-
michrome has not received significant attention. It is possible that the
stimulation of growth produced by riboflavin could also be associated
with the presence of lumichrome, yet this phenomenon has not been
assessed during the interaction of A. brasilense with microalgae. Con-
sequently, our hypothesis for the current study was that riboflavin and
lumichrome positively affect the metabolism of Chlorella sorokiniana
and that both compounds occurring in the exudates of Azospirillum
brasilense exhibit a combined effect in the microalgae that can be de-
scribed as another mechanism for A. brasilense promoting the growth of
C. sorokiniana. To test this hypothesis, we evaluated the effects of
synthetic riboflavin and lumichrome, the exudates of A. brasilense
containing riboflavin as well as lumichrome, and the co-culture of
Chlorella-Azospirillum on the growth and metabolism of the microalgae.
This was accomplished by first measuring the amount of riboflavin and
lumichrome in exudates of A. brasilense. We then analyzed the effects of
riboflavin and lumichrome—synthetic or naturally released by A. bra-
silense—on the growth and production of carbohydrates, lipids, and
pigments in C. sorokiniana.

2. Materials and methods

2.1. Microorganisms and preparation of initial inoculum

The unicellular microalga Chlorella sorokiniana (UTEX 2714,
University of Texas, Austin, TX) (formerly designated as C. vulgaris) [3]
and the microalgae (plant) growth-promoting bacterium Azospirillum
brasilense Cd (DSM 1843, Leibniz-Institute DMSZ, Braunschweig, Ger-
many) were used. To produce initial inoculum of the microalgae, 10 mL
of axenic culture from C. sorokiniana were inoculated into 90 mL of
sterile mineral medium (C30), 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
[23]. The bacterium was cultured in BTB-2 medium [24] and incubated
at 32 ± 2 °C with constant stirring at 120 rpm for 16 h.

2.2. Experimental design and culture conditions

Synthetic Growth Medium (SGM)—containing (in mg L−1) NaCl
(7), CaCl2 (4), MgSO4·7H2O (2), K2HPO4 (217), KH2PO4 (8.5), Na2HPO4

(33.4), NH4Cl (191) [25]—was used as basal medium for microalgae
and bacteria. The experimental design had four treatments consisting of
the following culture conditions: 1) C. sorokiniana growing in SGM
supplemented with three different concentrations of synthetic ribo-
flavin (R4500, Sigma Aldrich) (1, 10 and 100 ng mL−1, where
10 ng mL−1 is the average concentration produced by A. brasilense in
SGM, according to preliminary results of this study; 2) C. sorokiniana
growing in SGM supplemented with three different concentrations of
synthetic lumichrome (103217, Sigma Aldrich) (1, 10 and
100 ng mL−1); 3) C. sorokiniana growing in exudates produced by A.
brasilense; and 4) C. sorokiniana growing in SGM without riboflavin or

lumichrome, as a control. Incubation conditions consisted of stirring at
140 rpm at 27 °C ± 2 °C, with a light intensity of 60 μmol pho-
ton⋅m–2 s–1 for the 96 h duration of the experiment. To obtain the
exudates, A. brasilense Cd was cultured in SGM and incubated at
33 ± 2 °C at 120 rpm for 48 h, with a continuous light intensity of
60 μmol photon⋅m–2 s–1. The culture was centrifuged at 6000 × g for
5 min and then filtered through a 0.22 μm membrane (GSWP02500,
EMD Millipore, Bollerica, MA).

Each experiment was independently repeated twice. The experi-
ments were set up using the batch culture technique. Each individual
experiment had five replicates, which were 250 mL Erlenmeyer flasks
containing 100 mL of SGM. The following variables were determined at
intervals of 24 h: growth of microorganisms; production of carbohy-
drates, lipids, and pigments by C. sorokiniana; and riboflavin and lu-
michrome production by A. brasilense.

2.3. Counting of microorganisms

In each experiment, three samples from each flask and from each
treatment were counted during each sampling period (n = 81). C.
sorokiniana cells were counted under a light microscope, using a
Neubauer hemocytometer (bright line counting chamber, Hausser
Scientific, Horsham, PA) connected to an image analyzer (Image
ProPlus 6.3, Media Cybernetics, Silver Spring, MD). Growth rate (μ) of
C. sorokiniana was calculated according to Borowitzka and Borowitzka,
[26] were: μ = (ln Nt1- ln Nt0)/(t1 – t0), where Nt1 is the number of
cells at sampling time and Nt0 is the number of cells at the beginning of
the experiment, t1 is sampling time and t0 the beginning of the ex-
periment. Counting of A. brasilense Cd was obtained as colony forming
units (CFU) by the plate count method on nutrient agar medium
(M7519, Sigma Aldrich).

2.4. Determination of riboflavin and lumichrome production by A.
brasilense

Samples of 1 mL culture media from cultures of A. brasilense
growing in SGM for three days (n = 10 samples) were taken every 24 h.
Samples were centrifuged at 6000 g for 5 min, and, then, the super-
natant was filtered through a 0.22 μm membrane (GSWP02500, EMD
Millipore, Bollerica, MA). The filtrate containing bacterial exudate was
analyzed for riboflavin and lumichrome by high-performance liquid
chromatography (HPLC) following the procedures of Sanchez-Machado
et al. [27]. The HPLC system (Algilent 1200; Algilent Technologies) was
equipped with a reverse phase column (LiChrosorb-RP18; 10 μm par-
ticle size, 250 × 4 mm; Merck, Germany) and was run isocratically (i.e.,
all analyses utilized the same concentration of solvents) using 0.1 M
phosphate buffer (pH 7):acetonitrile (72:28 v/v) serving as mobile
phase. The injection volume was 100 μL, and the flow rate was
0.65 mL·min−1 during 10 min. The settings of the fluorescence detector
were 370 nm for excitation and 520 nm for emission. Standard curve
was performed from serial dilution of riboflavin (R4500, Sigma Aldrich)
and lumichrome (103217, Sigma Aldrich). Chromatograms were re-
corded and analyzed with HPCHEM integrating software (G2170BA;
Hewlett-Packard, Wilmington, DE).

2.5. Production of carbohydrates, lipids, and pigments by C. sorokiniana

Samples of 15 mL (per replicate and per treatment, n = 45) of cell
suspension from each treatment were taken at intervals of 24 h, washed
in saline solution (0.85% NaCl), oven-dried at 80 °C for 12 h, and
ground with a mortar and pestle, which yielded ∼60 mg of dried bio-
mass per sample. For total carbohydrate determination, 20 mg of dried
biomass per sample were re-suspended in 5 mL 1 M H2SO4 and soni-
cated at 4 °C for four cycles of 1 min each at 20–60 kHz using a
Bioruptor Pico sonication system (Diagenode, Denville, NJ). Then,
carbohydrates were extracted by acid hydrolysis of the sonicated
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mixture for 60 min at 100 °C. Total carbohydrates were quantified by
the phenol-sulfuric method adapted to microplate, using glucose as the
standard [6].

For lipid determination, samples were oven-dried at 60 °C over-
night, and then 20 mg were re-suspended in 2 mL of distilled water and
sonicated at 4 °C for four cycles of 1 min each at 20–60 kHz using a
Bioruptor Pico sonication system (Diagenode, Denville, NJ). Lipids
were extracted by adding 4 mL methanol/chloroform (2:1, v/v) fol-
lowed by incubation at 4 °C for 24 h. The samples were centrifuged
(5000 g, 20 min, 4 °C), and the chloroform phase was transferred to a
clean tube and then evaporated at 30 °C. Quantification of lipids was
performed by the potassium dichromate color change reaction, fol-
lowing Pande et al., [28], and used a standard curve with tripalmitin
(T5888, Sigma Aldrich).

Quantification of pigments in C. sorokiniana was performed with
samples of 5 mL of cell suspension of each replicate by treatment
(n = 45). Samples were centrifuged at 6000 g for 5 min, and the pig-
ments were extracted from the pellet with 100% methanol overnight at
−2 °C. The pigment profiles were determined by HPLC, according to
Vidussi et al. [29]. Briefly, the extract was filtered through a 0.22 μm
membrane (GSWP02500, EMD Millipore, MA). 200 microliters of
sample were transferred to a glass vial (HPLC) and then mixed with
100 μl of 1 N ammonium acetate (372331, Sigma Aldrich). Twenty
microliters of the final mixture were injected into the HPLC system
(Agilent 1200; Agilent Technologies, CA) equipped with a BDS Hypersil
BDS C8 column (5 μm of particle size, 100 × 45 mm). The mobile
phase conjugated two solutions: solution A (methanol:1 N ammonium
acetate,70:30 v/v) and solution B (methanol). Detection was performed
at 440 and 667 nm. Peak identification considered two criteria: a) re-
tention time of the pigment standards and b) spectrum of light ab-
sorption (350–750 nm) obtained with the diode array detector. The
standards of pigments were obtained from DHI Laboratory (Cat.No. Chl
a-PPS−CHLA; Chl b-PPS−CHLB; β-carotene-PPS-BCAR; Lutein-PPS-
LUTE; Violaxanthin-PPS-VIOL; Zeaxanthin-PPSZEAX, Water & En-
vironment, Denmark).

2.6. Statistical analysis

Multivariate analysis by Principal Component Analysis (PCA) in-
tended to find the global effects of the different concentrations of
synthetic riboflavin and lumichrome on the nine variables measured in
C. sorokiniana at 0, 24, 48, 72 and 96 h of incubation. Data from two
independent experiments (n = 175) were standardized and subjected
to PCA with Multivariate Statistical Package (MVSP) version 3.22
(Kovach Computing Services, Anglesey, Wales). Further analysis in-
volved first one-way ANOVA and then Tukey post-hoc analysis. These
comparisons considered only one concentration of riboflavin and lu-
michrome—in this case, the level of riboflavin similar to that found in
exudates of A. brasilense. Significance was set at P < 0.01, using
Minitab 18 software (State College, Pennsylvania).

3. Results

3.1. Riboflavin and lumichrome in exudates of A. brasilense

A. brasilense was able to exudate riboflavin and lumichrome from
the first 24 h of growth in the minimum nutrient conditions provided by
the SGM. Riboflavin and lumichrome fluctuated synchronically along
the 72 h of experiment duration, with peaks at 24 and 72 h. At all
sampling times, lumichrome showed levels at least twofold greater than
those of riboflavin (Fig. 1a). While production of riboflavin and lumi-
chrome fluctuated, the bacterial population showed constant growth
through the 72 h of the duration of the experiment (Fig. 1b).

3.2. Overall effect of synthetic riboflavin and lumichrome on C. sorokiniana
2714

Principal component analysis showed that the main effect of treat-
ments can be explained with two axes or principal components (PC),
which accumulated 83.3% of the total variability of data (Fig. 1c).
Samples clustered differentially by treatment with lumichrome or ri-
boflavin, regardless of the concentration assayed (1, 10, and

Fig. 1. Production of riboflavin and lumichrome (a) and growth of A. brasilense
(b) in Synthetic Growth Medium (SGM), and Principal Component Analysis (c)
of different concentrations (illustrated by different symbols) of synthetic ribo-
flavin (black), lumichrome (gray), and the SGM (clear), on nine variables
measured in C. sorokiniana at 0, 24, 48, 72 and 96 h of incubation. Variables:
growth, production of carbohydrates, lipids and six pigments (chlorophyll a, b,
carotenoids, violaxanthin, lutein, and zeaxanthin). Curves in subfigure (a and
b), denoted by lower case letter differ significantly by one-way. ANOVA and
then by Tukey’s post-hoc analysis at P < 0.01, n = 10. Comparison between
treatments at each sampling time, denoted by different capital letters, differs
significantly by Student’s t-test at P < 0.01, n=10. Whiskers represent S.E.
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100 ng mL−1). In the main axis of variability, namely PC1, variation
was attributed to differences in the abundance of pigments—in order of
importance: lutein, violaxanthin, zeaxanthin chlorophyll b, a, and car-
otenoids (loading values: −0.405, −0.399, −0.398, −0.392, −0.391,
and −0.378, respectively). These pigments showed higher values in
samples resulting from treatment with lumichrome compared to sam-
ples with riboflavin. In the second axis of variation (PC2), the most
important variables were growth, carbohydrates, and lipids (loading
values: 0.659, 0.548, 0.51, respectively), which showed the highest
values in samples from treatment with riboflavin. As expected, the in-
itial samples (Time 0) showed the lowest values on all variables mea-
sured (Fig. 1c).

3.3. Effect of riboflavin and lumichrome from different sources on the
growth of C. sorokiniana 2714

Table 1 shows the overall growth rate of C. sorokiniana 2714 ana-
lyzed up to 96 h of incubation in two different sources of riboflavin and
lumichrome, one synthetic (reagent from SIGMA) and one natural
source consisting of bacterial exudates from A. brasilense. In general, C.
sorokiniana incubated in medium supplemented with lumichrome ex-
hibited similar or lower growth rates compared to the control treatment
in SGM, without riboflavin nor lumichrome. When C. sorokiniana grew
in medium with riboflavin, growth rates were similar to or significantly
higher than growth rates in SGM. Lower concentrations of riboflavin
(1 ng mL−1 or 10 ng mL−1) produced remarkably high growth rates in
C. sorokiniana, while the highest amount of riboflavin (100 ng mL−1)
had a similar effect to that of the basal medium. Interestingly, inter-
mediate growth rates were observed when C. sorokiniana was incubated
in A. brasilense exudates containing 6.23 and 19.04 ng mL−1 of ribo-
flavin and lumichrome, respectively.

3.4. Effect of riboflavin and lumichrome produced by A. brasilense Cd on
metabolite production by C. sorokiniana 2714

Since the main response in C. sorokiniana was associated to the
differential effect of riboflavin or lumichrome, only the concentrations
at 10 ng mL−1 of both compounds were compared to their analogous
concentrations found in the natural source provided by bacterial exu-
dates and to the SGM (Fig. 2). Detailed comparisons regarding the ef-
fects of the three different concentrations of riboflavin and lumichrome
are presented in Supplementary Material S1, S2. In all treatments, C.
sorokiniana accumulated carbohydrates through the 96 h of experiment
duration. Synthetic riboflavin and lumichrome significantly increased
the production of carbohydrates compared to the SGM, at different
incubation times. Lumichrome showed the highest production of car-
bohydrates at 48 h while riboflavin at 96 h. Nevertheless, bacterial
exudates showed the highest amount of carbohydrates in C. sorokiniana

in all the sampled times compared to the control without riboflavin or
lumichrome (Fig. 2a).

Lipid production of C. sorokiniana growing in SGM showed a similar
effect to that of the synthetic or natural sources of lumichrome and
riboflavin at most incubation times—with the exception of the treat-
ment with riboflavin at 48 h, which showed a peak in lipid production
(Fig. 2b). Interestingly, at 96 h the basal medium SGM showed the
highest content of lipids compared to the natural or synthetic sources of
riboflavin and lumichrome.

Pigments were significantly more affected by the presence of lu-
michrome than by riboflavin. Chlorophyll a and b, as well as the ac-
cessory pigments, showed their highest amounts in microalgae growing
in medium with lumichrome from a synthetic source, followed by
bacterial exudates, and then by riboflavin or SGM alone (Figs. 2c–d and
3 a–d). Interestingly, when C. sorokiniana was grown in exudates pro-
duced by A. brasilense, production of all pigments increased sig-
nificantly at 48 and 72 h of incubation (Figs. 2c–d and 3 a–d). More-
over, at 48 and 72 h of incubation, carotenoid production in C.
sorokiniana grown in exudates from A. brasilense reached similar levels
to that of the microalgae grown in SGM enriched with lumichrome
(Fig. 3a).

4. Discussion

Mechanisms of plant growth promotion by A. brasilense are diverse
and include the production of hormone-like compounds, nitrogen
fixation, phosphate solubilization, enhanced minerals uptake, mitiga-
tion of environmental stressors, biological control, and production of
phytohormones [1]. However, the role of vitamins and their derivates
on microalgae-bacteria interactions is still understudied. During plant-
rhizobia interaction, riboflavin is an essential signal molecule which
production and extrusion affect the ability of Sinorhizobium meliloti to
colonize host-plants’ roots and complete the nodulation process [30].
Similarly, for associative bacteria such as Azospirillum brasilense, the
communication process with plants is important for ensuring growth
promotion.

It has recently been demonstrated that synthetic riboflavin posi-
tively affects the growth of Chlorella vulgaris [20] under autotrophic
conditions, yet the effect of lumichrome is often underestimated despite
its easy conversion via the enzymatic or photochemical degradation of
riboflavin [15]. Thus, the presence of lumichrome in an environment is
likely due to the breakdown of riboflavin produced by microorganisms
[17]. Riboflavin production has been reported in several PGPBs, in-
cluding A. brasilense [10]. In this study, we confirmed that A. brasilense
grown in a minimum nutrient medium is able to release riboflavin.
Since our experiments were developed under continuous light exposi-
tion, the synchronic peaks of riboflavin and lumichrome suggest that
the lumichrome originated from the riboflavin produced by bacteria a
few hours prior to the lumichrome increase. In addition, the constant
growth of bacterial population suggests that riboflavin and lumichrome
are cell density-independent and regulated by other mechanisms.

In this study, the main effect on growth was produced by riboflavin
at low concentrations, in the range of levels released by A. brasilense.
Although the importance of vitamins in the development of cellular
biochemistry is well known, the information available about how ri-
boflavin specifically affects microalgae growth, diversity, or pro-
ductivity is very scarce [31]. Growth promotion observed in the pre-
sence of riboflavin could be due to the importance of this vitamin in
several primary metabolic pathways, as it is the precursor of flavin
cofactors [32]. In plants, riboflavin exhibits two main effects: 1) com-
pensation for the oxidative burst effects; and 2) induced systemic re-
sistance. Similar to Heo et al. [20], we found that riboflavin promotes
the growth and production of chlorophyll in C. sorokiniana. Moreover,
we found that lumichrome by itself induces changes in metabolite
production. Lumichrome has also been reported as an active molecule
in plants, increasing root respiration [15] and dry matter [18], altering

Table 1
Growth rate of C. sorokiniana under different concentrations of synthetic and
exuded riboflavin and lumichrome.

Treatment Concentration (ng mL−1) Growth rateb

SGM 0.534 ± 0.22
Riboflavin 1 0.927 ± 0.08*

10 0.927 ± 0.08*
100 0.558 ± 0.07

Lumichrome 1 0.486 ± 0.04
10 0.319 ± 0.03*
100 0.458 ± 0.04

Exudates aRiboflavin: 6.23 ± 1.25 aLumichrome:
19.04 ± 5.46

0.725 ± 0.12*

* Significantly different from the basal medium SGM, using “t” test paired at
P < 0.01, n=10.

a Concentrations produced by A. brasilense after incubation in SGM for 24 h.
b Values indicated as average ± S.E.
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stomatal conductance [16], and enhancing photosynthetic rates [33].
In our experiments, microalgae cultured in the presence of lumichrome
showed a higher concentration of pigments throughout the experiment
and enhanced carbohydrate production during the first 48 h of in-
cubation, indicating that the presence of lumichrome stimulated the
photosynthetic activity of C. sorokiniana. Exposing this microalga to
synthetic lumichrome did not affect growth but enhanced

carbohydrates and pigment accumulation. It has been reported that
lumichrome affects primary carbon metabolism in plants, and this is
associated with symbiosis processes [18]. Moreover, lumichrome has
been shown to enhance the photosynthetic process in corn and soybean
plants, inducing a high carbon fixation [33]. Higher photosynthetic
processes involve more concentration in photosynthetic pigments, like
zeaxanthin and violaxanthin [34], which could explain the effect of

Fig. 2. Effect of synthetic (10 ng mL−1) or exuded riboflavin (6.23 ± 1.25 ng mL−1) and lumichrome (19.04 ± 5.46 ng mL−1) in the production of carbohydrates
(a), total lipids (b), chlorophyll a (c) and chlorophyll b (d) by Chlorella sorokiniana growing under autotrophic conditions in SGM medium. Values in columns denoted
by different lower case letters differ significantly between treatments. Statistical analyses were performed using ANOVA and Tukey post hoc analysis (P < 0.01),
n = 10. Whiskers represent S.E.
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lumichrome on C. sorokiniana.
Exposing C. sorokiniana to synthetic riboflavin did not affect the

production of pigments, but it enhanced the growth of C. sorokiniana,
with the exception of highest concentration of riboflavin that had lower
effect, similar to that of the SGM. High concentration of synthetic ri-
boflavin in the culture medium may be accompanied by high

concentration of lumichrome due to the riboflavin degradation by the
light present during the experiment. It has been reported that high
concentrations of lumichrome negatively affect the metabolism and
growth of plants [19], thus providing a possible explanation of the
absence of growth promotion with 100 ng·mL−1 of riboflavin or at any
concentration of lumichrome.

Fig. 3. Effect of synthetic (10 ng mL−1) or exuded riboflavin (6.23 ± 1.25 ng mL−1) and lumichrome (19.04 ± 5.46 ng mL−1) in the production of the accessory
pigments, carotenoids (a), violaxanthin (b), lutein (c) and zeaxanthin (d) by Chlorella sorokiniana growing under autotrophic conditions in SGM medium. Values in
columns denoted by different lower case letters differ significantly between treatments. Statistical analyses were performed using ANOVA and Tukey post hoc
analysis (P < 0.01), n = 10. Whiskers represent S.E.
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Although exudates from A. brasilense represent a more complex
nutrient environment, containing not only riboflavin and lumichrome
but many other molecules, the continued carbohydrate accumulation in
C. sorokiniana suggests a synergic effect between lumichrome and other
signal compounds presented in these exudates. Although the me-
chanism of lumichrome action remains unknown, Dakora et al. [19]
have proposed that this compound induces the biosynthesis of phyto-
hormones, which affects the entire metabolism of microalgae—thus
supporting the idea that phytohormone production is also one of the
major mechanisms for Azospirillum brasilense promoting microalgae
growth [1], indirectly in this case.

Positive interactions between microalgae and bacteria often involve
a two-way response, and a constant exchange of metabolites occurs
[35]. During the interaction between C. sorokiniana and A. brasilense,
there is an active exchange of thiamine, IAA, and tryptophan—the first
two produced by A. brasilense and the last produced by C. sorokiniana
[36]. Regarding the role of vitamins, Heo et al. [20] have found that the
bacterium E. coli overexpressed genes related with the riboflavin bio-
synthesis pathway only when interacting with the microalgae C. vul-
garis. Our current studies are exploring the possibility of regulating the
production and release of riboflavin and lumichrome in co-cultures of
C. sorokiniana and A. brasilense. Preliminary results show a continued
effect in growth promotion and enhanced carbohydrate and zeaxanthin
production, with a proportional decrement in the total lipids in the
microalgae, similar to the effect of the presence of synthetic riboflavin
and lumichrome or of exudates from A. brasilense (unpublished data).
Our results here have shown that the addition of synthetic riboflavin or
lumichrome has a similar effect on the microalgae C. sorokiniana as
bacterial exudates (containing both compounds) of A. brasilense.

In summary, our findings have suggested that riboflavin and its
derivate lumichrome, originating from A. brasilense, could be signal
molecules for the interaction of microalgae and bacteria and could be
described as novel mechanisms of this PGPB for inducing growth, car-
bohydrate accumulation, and pigments in microalgae. Nevertheless,
more studies are necessary to determine the specific mechanism by
which both riboflavin and lumichrome, produced by a PGPB, modify
the metabolism of microalgae.
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