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Abstract

Microalgal-bacterial consortia are the environmentally sustainable biotechnological strat-
egy to enhance the potential of microalgae. Understanding the regulatory mechanisms that
enable bacteria to adapt to culture conditions of each bioprocess is crucial to ensure a suc-
cessful synergic interaction. Thus, the present study evaluated the transcriptomic response
of microalgal growth-promoting bacteria (MGPB) A. brasilense separately co-cultured with
both green microalgae Scenedesmus sp. and Chlorella sorokiniana during CO; fixation from
biogas through a microarray-based approach. The transcriptome profiling revealed a
total of 416 differentially expressed genes (DEGs) in A. brasilense: 228 (140 upregulated
and 88 downregulated) interacting with Scenedesmus sp. and 188 (40 upregulated and
148 downregulated) associated with C. sorokiniana. These results support the modulation of
signal molecules: indole-3-acetic acid (IAA), riboflavin, and biotin, during co-cultivation
with both microalgae. The findings suggest that the metabolic A. brasilense adaptation was
mainly favored during the mutualistic interaction with Scenedesmus sp. Finally, a valuable
contribution is provided to the biotechnological potential of the microalga—Azospirillum
consortium as an environmentally sustainable strategy to improve the bio-refinery capacity
of these microalgae and biogas upgrading by valorizing CO; of these gaseous effluent.

Keywords: biorefinery; bioprocess; microarray; phytohormones; plant growth-promoting
bacteria

1. Introduction

Azospirillum spp. are gram-negative, microaerophilic, non-fermentative, and nitrogen-
fixing bacteria [1], which are the most studied plant-growth-promoting bacteria (PGPB)
due to their capacity to positively influence physiology, enhancing growth, development,
and productivity of multiple agricultural plants [2] and microalgae [3]. Thus, Azospirillum
spp. are also considered as microalgal growth-promoting bacteria (MGPB). Specifically,
this genus improves the metabolism of microalgae through multiple growth-promoting
mechanisms, such as: (1) CO; released from their carbon catabolism; (2) vitamin produc-
tion; (3) phytohormone production; (4) nitrogen fixation or catabolism of complex nitrogen
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compounds; (5) siderophore production; (6) organic matter release; and (7) avoidance of
negative bacterial presence [1,3,4]. To date, many studies demonstrate that Azospirillum
spp. stimulates higher photosynthetic efficiency. Thus, CO, fixation, cell density, and
high-value compound production are enhanced in diverse microalgae genera, such as
Chlorella. Scenedesmus, Chlamydomonas, Spirulina, and Synechococuus under different culture
conditions, even stressful environments [3,5]. For this reason, the consortium microalga—
Azospirillum has been used in different environmental processes, such as wastewater biore-
mediation [6], CO, fixation [7], and eroded soil restoration [8]. Nonetheless, environmental
factors and specific culture conditions of each bioprocess can negatively affect their mecha-
nisms, hence the positive influence of Azospirillum on microalgal physiology. Therefore,
comprehending the effect of the particular conditions of each bioprocess on Azospirillum
growth-promoting mechanisms is vital to warrant the successful biotechnological applica-
tion of this microalga—bacteria consortium.

On the other hand, biogas is a low-cost fuel mainly composed of methane (CHy;
40-80%, v/v) and carbon dioxide (CO,; 20-40%, v/v) generated during organic material
anaerobic digestion process [9]. At present, biogas is supplied as a carbon source for
diverse microalgal genera, since CO; fixed through its photosynthetic process is converted
into biomass with high-value metabolites [5]. This activity upgrades CH, content from
biogas to take advantage of it as an alternative energy source, since CO, content reduces
CHy4 caloric value, thus preventing its use for this purpose [9,10]. To date, the green
microalgae of Scenedesmus and Chlorella genus are widely studied for CO, capture in
biogas [11]. Whilst Barbosa-Nufiez et al. [7] demonstrated that Azospirillum brasilense can
establish a synergic association with Scenedesmus and Chlorella under the stressful biogas
composition, increasing CO, fixation of both microalgae. In this regard, Garciglia-Mercado
etal. [12] revelated the physiological adaptations of A. brasilense through a microarray-based
transcriptome approach to maintain active its metabolism cultured alone under biogas (75%
CH4-25% COy). Nonetheless, the transcriptomic regulation of multiple growth-promoting
mechanisms of Azospirillum to maintain its synergic association with microalgae have not
been evaluated during CO fixation of biogas. Therefore, understanding gene regulatory
mechanisms enabling A. brasilense metabolic adaptations and sustaining its mutualistic
interaction with the green microalgae Scenedesmus sp. and Chlorella sorokiniana is imperative
for implementing this consortium as an environmentally sustainable biotechnological
strategy to biogas upgrading and enhancing the bio-refinery capacity of microalgae.

Considering the above, the hypothesis of this study is that A. brasilense would modulate
its genes involved in growth-promoting mechanisms, enabling it to maintain its mutualistic
interaction with Scenedesmus sp. and Chlorella sorokiniana microalgae under a biogas atmo-
sphere. Therefore, the aim of the present study is to determine A. brasilense transcriptomic
response through a microarray-based approach separately co-cultured in suspension with
the microalgae Scenedesmus sp. and Chlorella sorokiniana under synthetic biogas.

2. Materials and Methods

2.1. Microorganisms and Growth Conditions

The bacterium A. brasilense Cd (DMSZ 1843, Leibniz-Institute DMSZ, Braunschweig,
Germany) and green microalgae Scenedesmus sp. and Chiorella sorokiniana were isolated from
Lago de Chapala (Jalisco, Mexico; 20°15'27"" N, 103°02/33” W) and used in the present study.
The bacterium was maintained in modified Organo—Acrylate Binding (OAB) medium [13]
at 36 = 0.5 °C and stirred at 80 revolutions/min (RPM) for 24 h. Both microalgae were
maintained in medium C30 + M [7] at 27 £ 2 °C, 200 umol photons m~2 s~ ! and stirred at
100 RPM for seven days.
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2.2. Experimental Culture Conditions

The synthetic biogas atmosphere (75% CH4—25% CO,, Praxair-Mexico) effect was
assessed on A. brasilense at the stationary growth phase (72 h) co-cultured in suspension
with the microalgae Scenedesmus sp. and Chlorella sorokiniana. Hydrocarbon-free air (Praxair-
Mexico) was used for control. Then, 40 mL of A. brasilense Cd (10° colony forming units
(CFU)-mL~!) and 40 mL of Scenedesmus sp. or C. sorokiniana (10° cell-mL~!) were inoculated
into 320 mL of C30 + M medium in a flask sealed with glass stoppers. A total of eight
modified Kitasato flasks were used, four for air atmosphere (control) of which two were
for A. brasilense + Scenedesmus sp. (A.b + S) and two were for A. brasilense + C. sorokiniana
(A.b + C), and the other four for biogas atmosphere (treatment): two flasks for A.b + S,
and two for A.b + C. Both gases (air or biogas) were supplied daily with a flow rate of
3 mL min~! by a side flask feed to maintain biogas or air in the headspace, incubated at
25 £+ 0.5 °C, 200 pmol photons m~2s~1 and 200 RPM in a shaking incubator for 72 h. Two
biological replicates were made for each treatment and control, and four sub-replicates of
each replicate were taken for further analyses.

It is important to highlight that 72 h is the time at which A. brasilense metabolism
is adapted to biogas [12]; similarly, the microalga—Azospirillum interaction is stronger at
this time [14]. Therefore, the gene expression changes in A. brasilense associated with each
microalga were evaluated through a microarray-based transcriptome at 72 h.

2.3. Microarray and Data Analyses

The transcriptome analysis was performed with a custom A. brasilense gene expres-
sion microarray [12] that targets the main pathways involved in A. brasilense metabolism
under non-oxygen conditions (e.g., energy processes, nitrogen fixation, transport, and
motility). Ribonucleic acid (RNA) extraction, sample preparation, microarray hybridiza-
tion, and data analysis were performed as previously reported [12]. The present study
considered upregulated (positive z-score) and downregulated (negative z-score) genes
when a z-score > 1.5 or <-1.5 was observed. Overlapping differentially expressed
genes (DEGs) were identified at the different treatments using a Venn diagram tool
(https:/ /bioinformatics.psb.ugent.be /webtools/Venn/).

Pathway Enrichment Analyses and qRT-PCR Validation

Functional assignment and pathway enrichment analysis of the DEGs were performed
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology-Based Annotation
System (KOBAS v.3.0; A. brasilense sp7 GenBank assembly accession: GCA_001315015.1
Complete Genome, BioProject: 293508) bioinformatics tool [15] as described previously [12].
Significance was calculated by Fisher’s exact test with a false discovery rate (FDR)-corrected
p-value < 0.05. Data and visualization analyses were performed in a bioinformatics map-
ping platform (http:/ /www.bioinformatics.com.cn/). The DEGs were validated by per-
forming a quantitative real-time PCR analysis (qQRT-PCR) of the selected genes (primer
sequences are listed in Table 1) as described by Garciglia-Mercado et al. [12]. The statisti-
cal analyses were made by a two-way analysis of variance (ANOVA) and Fisher’s least
significant differences (LSD) post hoc test (p < 0.05).
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Table 1. List of primers used for quantitative reverse transcription polymerase chain reaction (qRT-
PCR) validation of differentially expressed mRNAs in the current study.

Name Forward Reverse Reference
recA * GTCGAACTGCCTGGTGAT GACGGAGGCGTAGAACTT McMillan & Pereg, [16]
ipdC AGTCGTCCAGGTCGTTGAAG ACCCCATCGTGATCCTG Palacios et al. [17]
phaC AGCTTCTACCTGCGCAACAT AAGAAGGACGGGGTCTTCAC Gonzales Infante, [18]
Not published (Environmental
1ibB ACGAAGGCGACGTGATCTAC AGGATCAGGCAGACGATCC — Microbiology Group, The

Northwestern Center for
Biological Research CIBNOR)

* Denotes the housekeeping gene used for normalization.

2.4. Bacterium A. brasilense Effect on Microalgae Cell Density

To evaluate the effect of A. brasilense on cell density and CO, biogas fixation of the
microalgae C. sorokiniana and Scenedesmus sp., the setup of the experiments was a separate
culture of C. sorokiniana and Scenedesmus sp. growing alone (control) and associated with
the bacterium A. brasilense (C. sorokiniana—A. brasilense and Scenedesmus sp. —A. brasilense;
treatments) supplied with air or synthetic biogas.

2.4.1. Counting Microorganisms

Microalga cell density was determined each 24 h by cell count with a Neubauer
hemocytometer under a light microscopy (Olympus BX40, Tokyo, Japan). Samples of one
mL of culture were directly taken. Growth rate (i) was calculated by the following formula:

= (Inln Ny —Inln Ny)/ (tf - t,') )

where N is the number of cells at initial (¢;) and final (¢¢) sampling time. Biomass production
(X; g L™1) was measured by dry weight at the beginning and end of experimental time
(72 h); fifty mL of suspension culture were centrifuged at 6800 x g for 10 min. Then, the
pellet was washed thrice with 20 mL of distilled water and dried at 80 °C in a HERA
thermal oven, Model OGS100 (Waltman, MA, USA) for 24 h. Biomass productivity (P;
g L~1 d~1) was calculated according to Equation (2):

P:(Xf—Xi>/<ff—ti> (2)

where X is biomass concentration at the beginning (;) 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 [19].

2.4.2. Determination of CO, Fixation Rate

The CO, fixation rate (Rcoz in g L1 d~1) was determined by Equation (3), according
to Barbosa-Nufiez et al. [7] considering the molecular formula of microalgal biomass,
COo.48H1.83N0.11P0.01 [20].

Reoz = CeP (Mco2/ Me) ©)

where P is biomass productivity and Cc is the carbon content of the microalgal cell; Mc
is carbon molecular weight, and Mo, the molecular weight of CO,; pH in the culture
medium was determined with a pH meter (Thermo-Orion Model 720A, MA, USA).

2.4.3. Visualization by Scanning Electron Microscopy (SEM)

At the end of experimentation time (72 h), 20 mL of each culture in suspension was
centrifuged at 6800 g for 5 min; the pellet was washed twice with distilled water and
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then lyophilized. The samples were visualized in a high resolution (1 nm for high vacuum)
scanning 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 5.000X-20.000X.

2.4.4. Experimental Designs and Statistical Analyses

Each experiment was performed in triplicate and repeated thrice. Data from each
treatment from the three replicates were combined for analyses, first by one-way analysis
of variance (ANOVA) and then by least significant difference (LSD) post hoc analysis with
significance set at p < 0.05 using Statistica 6.0 software (StatSoft, Tulsa, OK, USA).

3. Results
3.1. Genes Differentially Expressed in Azospirillum brasilense Interacting with Microalgae

Utilizing a microarray-based gene expression analysis, DEGs in A. brasilense co-
cultured in suspension with Scenedesmus sp. (A.b + S) Chlorella sorokiniana (Ab + C)
under a biogas atmosphere were identified with air as control.

Overall, 416 DEGs were found in both treatments: 140 upregulated and 88 downreg-
ulated after A.b + S treatment, and 40 upregulated and 148 downregulated after A.b + C
treatment (Supplementary Table S1). A.b + S treatment led to a higher number of DEGs
than A.b + C. Moreover, more genes were upregulated in A.b + S and downregulated in
Ab + C. Interestingly, only 25 DEGs were shared among treatments (Figure 1A).

Metabolic pathways | Metabolic pathways: [ ]
Microbial metabolism in diverse environments 4
- 1091o(FOR) ABC transporters {
Carbon metabolism-+{ Carbon metabolism+ - log+o(FDR)
ABC transporters ' 75 ? Biosynthesis of secondary metabolites 1
4 Quorum sensing 10
50 < Biosynthesis of antibiotics 4
Bacteril chemataxs | 2s c Biosynthesis of amino acids 5
Purine metabolism- 3 Oxidative phosphorylation{
S Bacterial chemotaxis
Regulation € Glycerophospholipid metabolism {
Biotin metabolism | S HESTORICS RN Regulation
 Down o Ribosome {
3 o Down
A U @ Purine metabolism {
Ay
H Folate biosynthesis 1 &
Lysine degradation { £
No. of DEGs g Starch and sucrose metabolism-{
e Iy Glutathione metabolism- No. of DEGs
0] Fatty acid metabolism-| ® 0
® i}
® 4 Fatty acid biosynthesis { @
@« Arginine biosynthesis 4 . 60
Arginine and proline metabolism{
Folate biosynthesis 1 Alanine, aspartate and glutamate metabolism-|
2- Oxocarboxylic acid metabolism{
01 02 03 04 005 010 015 02 025
Rich Factor Rich Factor

Figure 1. Identification of differentially expressed genes (DEGs) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis in Azospirillum brasilense growing under biogas
co-cultured in suspension with the microalgae Scenedesmus sp. (A.b + S) and Chlorella sorokiniana
(Ab + C) at 72 h compared to an air atmosphere. (A) Venn diagram highlighting the overlap between
DEGs in Ab + S and A.b + C. Upward arrows denote upregulated DEGs, whereas downward
arrows denote downregulated DEGs. Scatter plot of the enriched KEGG pathways in (B) A.b + S
and (C) A.b + C. Rich factor is the ratio of the number of DEGs to the total gene number in a certain
pathway. Dots and triangles represent the downregulated and upregulated genes, respectively. The
color and size of dots and triangles represent the range of —log10(FDR) corrected p-value < 0.05, and
the number of DEGs mapped to the indicated pathways, respectively.
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3.2. Functional Annotation and Enrichment Analyses

Functional annotation and identification of significantly enriched pathways among
these DEGs allowed understanding their biological role in A. brasilense under both treat-
ments. In total, 38 and 25 pathways were identified as significantly enriched for A.b + S
and A.b + C treatments, respectively (Supplementary Table S2). In A.b + S, 16 pathways
were enriched in positive regulation of amino acid metabolism (e.g., lysine degradation
and tryptophan metabolism), carbohydrate metabolism (e.g., glycolysis/gluconeogenesis,
galactose metabolism, and pyruvate metabolism), signal transduction (e.g., two-component
system), membrane transport (e.g., ABC transporters), and lipid metabolism (e.g., fatty
acid biosynthesis and metabolism). Biotin metabolism and limonene and pinene degra-
dation were the most highly enriched in this treatment (Rich Factor > 0.20 and corrected
p-value < 0.05). These pathways included DEGs coding for several hydro-lyases, acyl-
transferases, oxidoreductases, and dehydrogenases. In negative regulation, 22 pathways
were enriched, including carbohydrate metabolism (e.g., pyruvate metabolism, butanoate
metabolism, propanoate metabolism, etc.), energy-generating processes (e.g., methane
metabolism), metabolism of terpenoids and polyketides (e.g., terpenoid backbone biosyn-
thesis), metabolism of cofactors and vitamins (e.g., folate biosynthesis), signal transduction
(e.g., two-component system), membrane transport (e.g., ABC transporters), and cell motil-
ity (e.g., bacterial chemotaxis) (Figure 1B). Under the A.b + C treatment, 14 pathways
were enriched in positive regulation of amino acid metabolism (arginine, proline, alanine,
aspartate and glutamate metabolism, and arginine biosynthesis), carbohydrate metabolism
(starch and sucrose metabolism), metabolism of cofactors and vitamins (folate biosynthesis),
and lipid metabolism (fatty acid biosynthesis and metabolism). In comparison, 11 path-
ways were enriched in negative regulation of cellular community and motility (quorum
sensing and bacterial chemotaxis) and membrane transport (ABC transporters). The highest
enriched pathways in this treatment were oxidative phosphorylation and glycerophospho-
lipid metabolism (Rich Factor > 0.10 and corrected p-value < 0.05) with DEGs coding for
type 1 NAD(P)H-quinone oxidoreductase subunits, cytochrome c oxidases, succinate dehy-
drogenases, the ATPase complex, and transferases, lysophospholipases, acyltransferases,
and dehydrogenases, respectively (Figure 1C). Finally, among the 25 DEGs shared in both
treatments, the tyrosine metabolism pathway was the most enriched (Rich Factor = 0.22
and corrected p-value < 0.05) (Figure 1A).

3.3. gRT-PCR Validation of Gene Expression Patterns

Quantitative real-time PCR (qQRT-PCR) was performed for three selected genes to
validate the expression patterns observed in the microarray-based transcriptome analysis.
The qRT-PCR results showed a consistent trend for the assessed genes, confirming the
reliability of the microarray data. The expression levels were significantly different (p < 0.05)
between treatments for ipdC and phaC (Figure 2, lower letters) and between genesin A.b + C
treatment (Figure 2, capital letters).
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Figure 2. Relative expression of ipdC, phaC, and ribB transcripts in Azospillum brasilense growing
under biogas co-cultured with the microalgae Scenedesmus sp. (A.b + S, gray) and Chlorella sorokiniana
(A.b + C, black) was assessed at 72 h and compared to an air atmosphere (=1). Data points represent
the mean, and whisker lines represent standard error (SE), n = 3. Different lower letters between
treatments in the same gene and different capital letters between genes in the same treatment indicate
significant differences in relative expression after analysis of variance (ANOVA) and Fisher’s Least
Significant Difference (LSD) post hoc test (p < 0.05).

3.4. Cell Density of C. sorokiniana and Scenedesmus sp. associated with A. brasilense

In both treatments (air and biogas), the microalga C. sorokiniana showed a significantly
higher growth co-cultured with A. brasilense than growing alone (Figure 3a,b). Supplied
with air, this microalga recorded a cell density of 2.6 x 10 + 0.2 cel mL~! at the end
of experimental time (72 h) (Figure 3a). Whilst when supplied with biogas it attained
3.7 x 10° £ 0.3 cel mL~! (Figure 3b). Similarly, at 72 h Scenedesmus sp. co-cultured with
this bacterium reached 2.2 x 10° & 0.2 and 5.3 x 10° 4 0.4 cel mL~! supplied with air and
biogas, respectively (Figure 3c,d). At this time, A. brasilense maintained a physical affinity
with each microalga supplied with biogas (Figure 4). Similarly, CO, fixation of biogas and
growth rates were also significantly higher when both microalgae were interacting with A.
brasilense than growing alone (Table 2).
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Figure 3. Cell density of Chlorella sorokiniana (a,b) and Scenedesmus sp. (c,d) growing alone and
associated with Azospirillum brasilense supplied with air or biogas. Different lowercase letters in each
time interval indicate significant differences when each microalga was growing alone or associated
with the bacterium least significant difference (LSD post hoc analysis at p < 0.05). Bars represent

standard error.
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¢ %\}\Scenedesmus sp

Figure 4. Photograph by scanning electron microscope (SEM) of the bacterium Azospirillum brasilense
attached with the microalga Chlorella sorokiniana (a) and Scenedesmus sp. (b) growing under biogas.

Table 2. CO, fixation rate, growth rate, and biomass productivity of Chlorella sorokiniana and
Scenedesmus sp. interacting with Azospirillum brasilenese.

Microalea Growth Rate Biomass Productivity CO, Fixation Rate
8 (u;d1) (p;gL-1d 1) (Rcoz;gL~1d 1)
Air Biogas Air Biogas Air Biogas
C. sorokiniana 0.06 +0.02b 0.11£+£0.01b 0.08 £ 0.02b 0.09 +£0.03b 0.12+£0.03 a 0.19 £0.02a
C. sorokiniana—Az 0.12+0.1a 021 £0.04a 0.14 £0.02a 0.16 =0.02 a 0.16 = 0.03 a 0.23 £0.03 a
Scenedesmus sp. 0.07 £ 0.02b 0.13 £0.02b 0.09 £ 0.02b 0.12 £ 0.03b 0.10 £ 0.02b 022 £0.03b
Scenedesmus sp.—Az. 0.13+£0.03a 0.25 £ 0.02a 0.15£0.03 a 0.18 £0.01a 0.16 £0.02 a 0.28 £0.02a

Values denoted by different lowercase letters indicate significant differences when each microalga was growing
alone or associated with A. brasilense least significance difference (LSD post hoc analysis at p < 0.05). =+ represents
standard error (SE) (Table 3).

Table 3. Colony forming unit of Azospirillum brasilense growing alone or co-cultured with Chlorella
sorokiniana or Scenedesmus sp.

Bacterium Log CFUmL-1
Air Biogas
A. brasilense 6.1+08a 64+06a
A. brasilense—C. sorokiniana 659+10a 565+04a
A. brasilense—Scenedesmus sp. 493+ 10a 583+ 04a

Values denoted by different lowercase letters indicate significant differences when A. brasilense was growing
supplied with air or biogas least significance difference (LSD post hoc analysis at p < 0.05). =+ represents
standard error.

4. Discussion

The viability of the multiple growth-promoting mechanisms of Azospirillum is essential
to boost the physiological performance of microalgae during each biotechnological process.
The present study evaluated the genetic modulation of the growth-promoting mechanisms
of this bacterium to maintain its synergic association with microalgae supplied with biogas.
Thus, the aim was to determine A. brasilense transcriptomic response through a microarray-
based approach separately co-cultured in suspension with Scenedesmus sp. and Chlorella
sorokiniana microalgae during CO, fixation of biogas.

The interaction between microalgae and A. brasilense has been studied with various
species of microalgae, revealing different effects of this bacterium depending on the mi-
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croalgae species. Under nitrogen limitation, Scenedesmus sp. exhibits increased growth
and fatty acid production when interacting with A. brasilense [21]. Nonetheless, when this
bacterium interacted with Chlorella species under nitrogen limitation, it showed growth
promotion of the microalgae; however, its effect on lipid production by the microalgae
was not evident [22]. Moreover, their impact is more noticeable on starch accumulation.
The results demonstrated that A. brasilense had the ability to modulate several metabolic
pathways to establish a synergic interaction with both microalgae. The interaction between
A. brasilense and Scenedesmus sp. or C. sorokiniana induces the production of different vi-
tamins, such as biotin and riboflavin, respectively. Biotin is a well-recognized cofactor of
carboxylase enzymes, and riboflavin is a precursor of flavin cofactors, which are essential
for basic energy metabolism for electron transport. Both vitamins can induce higher growth
of microalgae, but they affect energy metabolism at different levels.

The primary mechanism that sustains the mutualistic interaction between microalgae
and Azospirillum is the metabolite exchange that acts as signal molecules. In particular,
A. brasilense produces and releases phytohormone indole-3-acetic acid (IAA) by utilizing
the tryptophan (Trp) and thiamine released by the microalga. Additionally, A. brasilense
also produces riboflavin and its degradation compound, lumichrome, stimulating the
microalgal metabolism and the induction of stress tolerance [3,13].

In the present study, the principal enzyme activity of the Trp-dependent indole-3-
pyruvic acid (IPA) pathway and the main route for IAA biosynthesis, indole-3-pyruvate
decarboxylase (encoded by the gene ipdC, AMK58_11540) was more elevated in A.b + S (z-
score = 0.758) than in A.b + C (z-score = 0.113). This expression pattern was also confirmed
by RT-qPCR (Figure 2). Moreover, enrichment in positive regulation of the tryptophan
metabolism pathway in A.b + S (Rich Factor = 0.16 and corrected p-value < 0.05) likely
contributed to the observed differences between treatments since Trp is a precursor of
IAA biosynthesis by A. brasilense (Supplementary Table S2). This finding supports the
metabolic exchange of IAA and Trp between A. brasilense and Scenedesmus sp., respectively
(Figure 5A).

On the other hand, the gene coding for the riboflavin biosynthetic enzyme, 3,4-
dihydroxy-2-butanone-4-phosphate synthase (AMK58_08300, ribB), was transcriptionally
elevated in A.b + C (z-score = 0.187) and repressed in A.b + S (z-score = —0.716). The above
can be attributed to biogas atmosphere since it can impose a stressful condition, while
the riboflavin production is essential as a cofactor in the antioxidation and peroxidation
metabolism helping to mitigate the osmotic and environmental stress [3]. Consequently, A.
brasilense may upregulate ribB co-cultured with C. sorokiniana to cope with oxidative stress
induced by biogas atmosphere (Figure 5B). Similarly, the metabolism of biotin production
was one of the most highly enriched pathways in A.b + S (Rich Factor > 0.20 and corrected
p-value < 0.05) with upregulation of three enzymes (AMK58_07400, FabF; AMK58_26095,
FabG; AMKS58_06305, FabZ) involved in the elongation of fatty acids, which are precursors
for biotin novo synthesis [23]. Nowadays, several studies demonstrate that the exogenous
supply of vitamins, such as biotin, thiamine, and cobalamin, enhance the physiological
performance of microalgae [24,25]. These results indicate A. brasilense transcriptomic capac-
ity to genetically modulate its growth-promoting mechanisms by stimulating a synergic
association establishment with microalgae supplied with biogas.
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Figure 5. Overview of the major Azospirilum brasilense pathways and functions differentially ex-
pressed growing under biogas co-cultured in suspension with microalgae at 72 h compared to an
air atmosphere. (A) Scenedesmus sp. (A.b + S) and (B) Chlorella sorokiniana (A.b + C). The color of the
figures and arrows represent a general expression of the pathway or function: blue for upregulation,
red for downregulation, and yellow for differentially expressed genes (DEGs), both upregulated
and downregulated. Gray circles represent metabolites and signal molecules. The question mark
indicates that the role of GABA in A. brasilense fitness remains unclear. Created with BioRender.com.

The above can be corroborated through A. brasiliense secondary metabolites since
it accumulates polyhydroxybutyrate (PHB) as a carbon and energy storage metabolite
in response to various stress factors [26,27]. During the mutualistic microalgal-bacterial
consortium, A. brasilense can also uptake the extracellular organic carbon released from
the microalgae photosynthesis or metabolism of starch reserves. However, according to
Palacios et al. [3], the type and quantity of these exuded carbon compounds differ even at
strain level. For instance, two strains of C. sorokiniana (UTEX 2714 and UTEX 2805) release
myo-inositol and lactate, but only one (UTEX 2714) exuded glycerol when grown with A.
brasilense in an oligotrophic medium. Such variations in exudate profiles can define the
affinity and establishment of the microalgal-bacterial associations [2]. In the present study,
A. brasilense showed greater transcriptional modulation of growth-promoting mechanisms
when associated with Scenedesmus sp., a trend that aligned with higher CO; fixation and
cell density observed in this microalga compared to C. sorokiniana. Although the specific
composition of exudates from C. sorokiniana and Scenedesmus sp. was not analyzed in the
present study, future studies will address this aspect in greater detail.



Processes 2025, 13, 2177

12 of 16

Furthermore, the co-culture conditions induced by biogas characterized by elevated
carbon availability, nitrogen limitation (high C/N ratio), and low oxygen levels favored the
synthesis and intracellular accumulation of PHB in A. brasilense when interacting with both
microalgal species [28-30]. These findings highlight the importance of characterizing each
microbial consortium under specific bioprocess conditions.

Under the experimental conditions of the present study, the transcriptomic and RT-
qPCR results showed the upregulation of the gene involved in (R)-3-Hydroxybutanoyl-CoA
conversion to PHB (AMKS58_06740, phaC) in A.b + C (Figures 2 and 5B). These results
suggest that besides the carbon oversupply from continuous CO; transfer from biogas to
culture media, the constant exogenous carbon source provided by C. sorokiniana allows A.
brasilense to sustain the synthesis and accumulation of PHB, even in the stationary phase, to
store excess carbon for future periods of starvation, particularly under fluctuating environ-
mental conditions. In contrast, in A.b + S, the butanoate metabolism pathway was enriched
in negative regulation (Rich Factor = 0.13 and corrected p-value < 0.05). Since PHB is a
metabolite in the butanoate metabolism, the transcriptomic analysis also showed the down-
regulation of the phaC gene, which was further confirmed by RT-qPCR (Figures 2 and 5A).
Recently, Garciglia-Mercado et al. [12] demonstrated an increased expression of the phaC
gene at 24 h and a decrease at 72 h in A. brasilense growing alone under biogas, implying
PHB accumulation at the exponential phase followed by PHB mobilization at the stationary
phase. Therefore, this shift from PHB accumulation to its utilization on A.b + S could
indicate that the external carbon sources provided by Scenedesmus sp. might be intermittent
or insufficient, prompting A. brasilense to degrade stored PHB to meet its metabolic needs.
However, this hypothesis deserves further investigation.

Likewise, nutrient exchange in A. brasilense energy-generating processes, such as micro
and macronutrients, CO,, vitamins, and phytohormones, are essential for the mutualistic
interaction between microalgae and bacteria. In the present study, two enzymes involved
in formaldehyde conversion to CO, via tetrahydromethanopterin (H4MTP) pathway were
downregulated in A.b + S; a methenyl-H4MPT cyclohydrolase (AMK58_22330, Mch) that
hydrolyses 5,10-Methylenyl-Hy;MPT to N5-formyl-H4sMPT and a formate dehydrogenase
(FDH) that catalyze oxidation to CO, (AMKS58_26610, FdhA) [31-33]. Since CO, production
at the stationary phase (72 h) stabilizes as growth rates plateau due to nutrient limitations
or accumulation of waste products, enzyme downregulation was expected to be involved
in CO, production by intracellular oxidation.

Moreover, several enzymes involved in oxidative phosphorylation in A.b + C were
downregulated. This finding aligns with a recent study that observed a reduction in the
expression of various enzymes involved in the phosphorylation process in A. brasilense
under a biogas atmosphere [12]. This reduction is likely due to the different affinities of
various oxidases to oxygen [31]. Nevertheless, the reduced phosphorylation activity is
balanced by alternative energy production pathways like nitrate/nitrite reduction and
nitrogen fixation [33]. Similarly, y-aminobutyric acid (GABA) is a non-protein amino acid
broadly distributed in prokaryotic and eukaryotic organisms as a metabolic product with
multi-physiological functions [34,35]. In microalgae, GABA has been shown to act as
a pH regulator and improve lipids, astaxanthin, and biomass production by regulating
ROS-scavenging system and carbon/nitrogen metabolism [36,37]. Particularly in the
green microalgae Monoraphidium sp., Chlorella sp., and Scenedesmus sp., in which GABA
accumulation is involved in the physiological adaptation mechanisms by which microalgae
responds to and tolerates different stressors, such as cadmium [38,39], salinity [36], and
cold [40]. In microbe-host interactions, GABA is used for nutrients or as interspecies
signals [41,42]. The uptake of GABA into bacterial cells involves its transport through
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periplasmic binding proteins (PBPs) that bring GABA to the appropriate transporters and
later to the cytoplasm [43].

In plant-growth-promoting rhizobacteria Rhizobium leguminosarum and soil pathogen
Agrobacterium tumefaciens, these GABA transporters belong to ATP-binding cassette (ABC)
transporters [40]. Although GABA function in Rhizobium is yet unclear, in A. tumefaciens,
GABA modulates the severity of the symptoms provoked on the plant host and limits the
progression of a quorum-sensing signal infection, reducing this pathogen virulence [43,44].
Recently, livF and livK genes of liv operon (livKHMGF) encoding for an ABC transporter
have been reported as involved in the branched-chain amino acid selective stimulated
transport in rhizosphere soil microbiomes, as a response to GABA release by plants to
regulate decomposition to succinic semialdehyde (S5A), later oxidized to succinate to feed
into the TCA cycle [44]. In this study, several genes from the liv operon were modulated
in A.b + S, which participates in both quorum-sensing and ABC transporter pathways.
Alternatively, this operon was downregulated in A.b + C (Supplementary Table S2). These
findings suggest the possible GABA release by Scenedesmus sp. and A. brasilense uptake
and transport as a nitrogen feedstock and quorum-sensing signal molecule, adjusting gene
expression accordingly (Figure 5A). However, the role of GABA in A. brasilense fitness is
still unclear and remains to be experimentally demonstrated.

In the present study, A. brasilense also showed physical attachment to the phycosphere
of each microalga, since the nutrients and organic carbon present in this microenvironment
act as signal molecules stimulating bacterial chemotaxis [7], the latter of which allowed
higher CO, fixation rate and biomass productivity attained by the two microalgae co-
cultured with A. brasilense. As well-established, chemotaxis signal transduction controls the
polar flagellum rotation, thus, the swimming pattern in A. brasilense is principally through
two chemotaxis systems (Chel and Che4) [41-43]. Additionally, A. brasilense genome en-
codes two chemosensory-like (Che2 and Che3) systems that control flagella biosynthesis
in Rhodospirillum centenum and flocculation in A. brasilense, respectively [44]. Similarly, as
in quorum sensing, the genesis modulation observed in A.b + S is involved in the chemo-
taxis systems Che2 and Che4 (upregulation of AMKS58_02410, cheY4; AMK58_13775, mcp;
AMKS58_19980, mcp; AMKS58_23635, cheW2, and downregulation of AMK58_23615, cheY2;
AMKS58_14210, mcp; AMKS58_04635, mcp; AMK58_04405, mcp; AMK58_25380, motB, and
AMKb58_13745, cheY7) while several genes were downregulated in A.b + C (Supplementary
Table S2). Besides the principal Che4 system and consistent with previous findings, Che2
appears to be required to maintain cell motility processes in A. brasilense under a biogas
atmosphere [12] and mainly favored by chemoattractants or signal molecules exuded by
Scenedesmus sp., inducing its physical association with each microalga.

5. Conclusions

Overall, the present study proves that A. brasilense growing under biogas co-cultured
with Scenedesmus sp. and Chlorella sorokiniana successfully adapts and maintains its mutual-
istic interaction. Transcriptomic evidence demonstrated signal molecule modulation, such
as IAA, riboflavin, and biotin, in A. brasilense during co-cultivation with both microalgae.
During Scenedesmus sp.—Azospirillum mutualistic interaction, the activation of transporters
for quorum-sensing molecule GABA and Che2 pathway were observed supporting cell
motility. Conversely, the synthesis and PHB accumulation were sustained in C. sorokini-
ana-Azospirillum by the exogenous carbon source provided by this microalga. The present
findings suggest that A. brasilense metabolic adaptation was mainly favored during the
mutualistic interaction with Scenedesmus sp. Finally, the microalga—Azospirillum consortium
biotechnological potential is demonstrated as an environmentally sustainable strategy
improving the bio-refinery capacity of microalgae and valorizing CO; from biogas.
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6. Future Perspectives

Future studies could extend the experimental design to include a greater number of
biological replicates, thereby enhancing the reliability of differential gene expression detec-
tion, particularly for genes showing subtle changes or borderline significance. Additionally,
incorporating complementary RNA-Seq analyses would enable the exploration of novel
transcripts and provide further validation of the present microarray-based findings. Ex-
panding qRT-PCR validation to a broader range of differentially expressed genes across di-
verse functional categories should also strengthen the conclusions drawn. Moreover, while
transcriptomic profiling offers valuable insights into potential metabolic interactions within
the microalgal-Azospirillum consortium, direct metabolomic evidence of compound-level
exchanges remains to be confirmed, since the rapid synthesis and immediate assimilation
of these metabolites pose significant detection challenges. Addressing these aspects will
deepen understanding of the molecular mechanisms underlying this mutualistic interaction
and support its biotechnological application in CO, biogas valorization.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/pr13072177/s1, Supplementary Table S1. List of differentially
expressed Azospirillum brasilense genes growing under biogas co-cultured in suspension with the
microalgae Scenedesmus sp. (A.b + S) and Chlorella sorokiniana (A.b + C) at 72 h compared to an air
atmosphere. Differential expression testing was performed using genArise software. Genes were
considered significantly differentially expressed between biogas and air atmosphere conditions when
they showed a z-score > 1.5 or <—1.5. Supplementary Table S2. List of enriched Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways in Azospirillum brasilense growing under biogas co-
cultured in suspension with microalgae Scenedesmus sp. (A.b + S) and Chlorella sorokiniana (A.b
+ C) at 72 h compared to an air atmosphere. Input refers to the number of differentially expressed
genes (DEGs) mapped to the indicated pathway; background number is the total number of genes in
a specific pathway; and the rich factor is the ratio of the number of DEGs to the total gene number
in a specific pathway. Pathways were considered significantly enriched with false recovery rate
(FDR)-corrected p-value < 0.05.
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