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A B S T R A C T

The development of long-term stability microbial formulations is essential 
for advancing the use of synthetic bacterial communities (SynComs) 
in agricultural biotechnology. In this study, the shelf-life of a synthetic 
bacterial community composed of Bacillus cabrialesii subsp. cabrialesii 
TE3T, Bacillus paralicheniformis TRQ65, and Priestia megaterium TRQ8 
was evaluated. The cofermented SynCom reached a final density of 1.60 
× 10⁹ CFU/mL with efficient sporulation (100 %). Short-term (30 days) 
stability assays revealed that trehalose and polyvinylpyrrolidone (PVP) 
maintained spore viability; however, neither additive significantly improved 
stability compared with the additive-free formulation. Thus, a long-term (12 
months at 23.8 ± 1.7 °C) evaluation showed high stability of the SynCom, 
which maintained high spore viability, 92 %. This finding is supported by 
the genomes of these bacteria, which reveal conserved mechanisms for 
oxidative and osmotic stress tolerance, including antioxidant enzymes, 
compatible solute transporters, and PHB biosynthesis. These intrinsic 
stress-response traits likely contribute to the extended shelf-life of the 
cofermented SynCom. Overall, this SynCom represents a promising 
strategy for developing liquid microbial formulations with long stability 
under ambient conditions.
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Shelf-life of a synthetic bacterial community. /
Vida de anaquel de una comunidad bacteriana sintética.

R E S U M E N

El desarrollo de formulaciones microbianas de estabilidad a largo plazo es esencial para 
avanzar en el uso de comunidades bacterianas sintéticas (SynComs) en biotecnología agrícola. 
En este estudio, se caracterizó la vida útil de una comunidad bacteriana sintética integrada 
por Bacillus cabrialesii subsp. cabrialesii TE3T, Bacillus paralicheniformis TRQ65 y Priestia 
megaterium TRQ8. La SynCom cofermentada alcanzó una densidad final de 1.60 × 10⁹ CFU/
mL con una esporulación eficiente (100 %). Los ensayos de estabilidad a corto plazo (30 días) 
revelaron que la trehalosa y la polivinilpirrolidona (PVP) mantuvieron la viabilidad de las esporas; 
sin embargo, ninguno de estos aditivos mejoró significativamente la estabilidad en comparación 
con la formulación sin aditivos. Por lo tanto, la evaluación del almacenamiento a largo plazo 
(12 meses, a 23.8 ± 1.7 °C) mostró una alta estabilidad de la SynCom, manteniendo una alta 
viabilidad de las esporas, 92 %. Este hallazgo se sustenta en los genomas de estas bacterias 
que revelaron mecanismos conservados de tolerancia al estrés oxidativo y osmótico, incluyendo 
enzimas antioxidantes, transportadores de solutos compatibles y la biosíntesis de PHB. Estas 
características intrínsecas de respuesta al estrés probablemente contribuyan a la vida útil 
extendida de la SynCom cofermentada. En general, esta SynCom representa una estrategia 
prometedora para el desarrollo de formulaciones microbianas líquidas con una larga estabilidad 
en condiciones ambientales.

PA L A B R A S  C L AV E : Comunidad bacteriana sintética, Bacillus, Priestia, Cofermentación, 
Inoculantes microbianos

Introduction

Global agricultural production is threatened by the effects of climate change, population 
growth, pest and disease outbreaks, the high cost of fertilizers, and soil degradation and loss of 
fertility (Díaz-Rodríguez et al., 2021). Previous studies have focused on identifying and analyzing 
beneficial microorganisms in various crops, offering a sustainable alternative for their agronomic 
management. Therefore, a wide range of microbial strains with plant growth-promoting properties 
are currently used as bioinoculants to improve crop performance and development. Recently, 
the global bioinoculant market reached a value of $11.23 billion in 2025 and is expected to grow 
at an annual rate of approximately 10.5 % by 2030 (Mordor Intelligence Research & Advisory, 
2025). In Mexico, 248 bioinoculants are registered with COFEPRIS, representing only 5 % of the 
national agrochemical market (COFEPRIS, 2025). Despite this progress, several key challenges 
must be addressed to fully harness their potential for improving crop productivity, particularly in 
terms of formulation and stability. The effectiveness of these microbial products depends not only 
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on selecting beneficial strains with plant growth-promoting capabilities, but also on their ability 
to remain viable and metabolically active during storage and under field conditions (Herrmann & 
Lesueur, 2013).

In recent years, the use of synthetic bacterial communities (SynComs) has gained 
considerable interest. SynComs are a small number of bacterial strains designed to mimic, to 
some extent, the function and structure of natural microbiomes (de Souza et al., 2020). Unlike 
natural consortia, which can be highly diverse and unpredictable, SynComs are constructed to 
maximize functional complementarity among strains, providing reproducible and specific effects 
on plant growth and health (Niu et al., 2017; Vorholt et al., 2017). These microbial communities 
can combine traits such as nitrogen fixation, phosphate solubilization, phytohormone production, 
and antagonism against phytopathogens, thereby enhancing crop productivity and promoting 
agroecosystem resilience (Tariq et al., 2025; Wang et al., 2021).

Recent studies have demonstrated the potential of SynComs to promote plant growth and 
confer stress tolerance under both biotic and abiotic conditions. For example, Schmitz et al. (2022) 
developed a SynCom composed of five bacterial strains isolated from the desert legume Indigofera 
argentea, which significantly improved tomato growth and salinity tolerance. Similarly, Liu et al. 
(2022) established a wheat-associated SynCom composed of eight bacterial strains, including 
Priestia megaterium, Bacillus pumilus, and Acinetobacter pittii, which increased wheat biomass by 
120 % to 157 %, suppressed the pathogenic fungus Fusarium pseudograminearum, and shifted 
the soil microbiome toward beneficial taxa. Additionally, de Souza et al. (2020) highlighted that 
SynCom design based on functional complementarity among strains can enhance plant nutrient 
acquisition, hormonal balance, and disease suppression.

Thus, the native strains evaluated in the present study, Bacillus cabrialesii subsp. cabrialesii 
TE3T, Bacillus paralicheniformis TRQ65, and Priestia megaterium TRQ8, have been extensively 
characterized for their plant growth-promoting potential. Strain TE3T was isolated from the wheat 
endosphere (Valenzuela-Aragon et al., 2019), whereas strains TRQ65 and TRQ8 were isolated 
from the wheat rhizosphere in a commercial field under conventional fertilization management 
in the Yaqui Valley, Mexico (Ibarra-Villarreal et al., 2021). These strains have demonstrated their 
ability to stimulate wheat growth under greenhouse and field conditions (Robles-Montoya et al., 
2020; Rojas-Padilla et al., 2020). In addition, strains TRQ65 and TE3T exhibit antagonistic activity 
against Bipolaris sorokiniana, Botrytis cinerea, and other phytopathogenic fungi (Valenzuela-Ruiz 
et al., 2024; Villa-Rodríguez et al., 2021). However, to date, their performance has been evaluated 
only in single-strain fermentation systems, and their long-term stability has not been explored. In 
this context, the present work aims to evaluate the growth kinetics and shelf-life of a cofermented 
SynCom composed of B. cabrialesii subsp. cabrialesii TE3T, B. paralicheniformis TRQ65, and 
P. megaterium TRQ8, to determine its potential for the development of stable liquid microbial 
formulations.
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Material and Methods

Bacterial strains and cofermentation

The synthetic bacterial community (SynCom) evaluated in this study was composed 
of Bacillus cabrialesii subsp. cabrialesii TE3T, Priestia megaterium TRQ8, and Bacillus 
paralicheniformis TRQ65, which have been previously reported as compatible in coculture (Rojas-
Padilla et al., 2020).

Before cofermentation, a compatibility assay was performed using nutrient agar as a 
culture medium. Individual bacterial suspensions were prepared and adjusted to a concentration 
of 1 × 10⁷ colony-forming units (CFU)/mL. For each plate, 1 mL of the suspension from each 
strain was evenly spread, and subsequently, 10 µL of each of the three bacterial strains was 
inoculated at equidistant points on the agar surface. This procedure was alternated across strains 
to evaluate potential cross-inhibition. The assay was conducted in triplicate, and the plates were 
incubated at 30 °C for 48 h.

Thus, cofermentation of the SynCom was initiated by individually growing each strain 
in a synthetic minimal medium composed of: glucose 20 g/L, (NH₄)₂SO₄ 8 g/L, K₂HPO₄ 23.44 
g/L, MgSO₄·7H₂O 0.8 g/L, MnSO₄·H₂O 0.088 g/L, CaCl₂ 0.126 g/L, FeSO₄·7H₂O 0.06 g/L y 
Na₃C₆H₅O₇ 10.08 g/L, for 18 h at 37 °C with agitation at 180 rpm. Subsequently, the synthetic 
consortium inoculum was prepared by adjusting each culture to a concentration of 1 × 10⁶ CFU/
mL. The combined inoculum (corresponding to 10 % of the total working volume) was directly 
inoculated into a 5 L bioreactor (working volume of 4 L) containing the same synthetic minimal 
medium described above.

The cofermentation of the SynCom was carried out under controlled conditions: 37 °C, 
pH 7.0 (automatically regulated), agitation at 400 rpm, and aeration at 0.75 vvm. Foam formation 
was controlled by the addition of a silicone-based antifoam agent (30 % w/v). During the 45 h 
fermentation period, the culture was monitored hourly by measuring the optical density at 630 nm; 
residual glucose was quantified using the DNS method (Miller, 1959). Colony-forming units (CFU/
mL) and spore concentrations (spores/mL) were determined by serial dilutions followed by heat 
treatment at 80 °C for 10 min.

Evaluation of Osmoprotective Additives on Consortium Stability

To evaluate the effect of different stabilizing compounds on spore viability, three additives 
were tested at different concentrations: glycerol (0.5 %, 1 %, and 2 %), polyvinylpyrrolidone (PVP; 
0.5 %, 1 %, and 2 %), and trehalose (5 mM, 10 mM, and 15 mM). Each treatment was evaluated 
in three independent replicates. Aliquots of the bioformulated cofermentation containing each 
additive were placed into sterile 15 mL Falcon tubes, which served as experimental units for the 
initial stability assessment. The tubes were maintained at 23.8 ± 1.6 °C, under a 12 h light/12 h dark 
photoperiod and 36 % relative humidity for 30 days. Subsequently, spore viability was determined 
using the serial dilution plating method on nutrient agar. The bioformulation with the highest spore 
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survival was selected for a 12-month long-term shelf-life study. For this assay, the formulation 
was packaged in sterile 130 mL polypropylene (PP) bottles. The containers were stored under the 
same temperature, photoperiod, and relative humidity conditions described above.

Statistical Analysis

Statistical analyses were performed using STATGRAPHICS Plus version 5.1. Data were 
analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s honestly significant 
difference (HSD) test for multiple comparisons, with a significance level set at p < 0.05.

Results and Discussion

The compatibility among the SynCom strains was confirmed through a Petri dish assay, in 
which no inhibition halos were observed in any of the evaluated combinations. This confirms the 
compatibility among the strains and supports their combined use in cofermentation processes. 
Cofermentation of the SynCom in a 5 L bioreactor reached a cell density of 1.60 ± 0.05 × 109 CFU 
mL-1, with a specific growth rate of 0.42 ± 0.04 h-1 and a doubling time of 1.65 ± 0.17 h (Table 1). 
Besides, during cofermentation, the relative abundance of each strain was 62.5 % for B. cabrialesii 
subsp. cabrialesii TE3T (1.00 × 10⁹ CFU mL⁻¹), 26.3 % for B. paralicheniformis TRQ65 (4.21 × 
10⁸ CFU mL⁻¹), and 11.2 % for P. megaterium TRQ8 (1.79 × 10⁸ CFU mL⁻¹). The differences 
observed in the relative proportions of each strain during cofermentation can be attributed to 
intrinsic kinetic parameters of each bacterium, such as variable substrate affinities, distinct 
growth rates, or differences in nutrient utilization efficiency. Even in the absence of antagonistic 
interactions, these kinetic differences determine the relative contribution of each microorganism 
within the synthetic community (Zheng et al., 2022).

The glucose yield coefficient was 3.70 ± 0.18 × 10¹¹ CFU g-1 glucose, reflecting an 
efficient conversion of substrate into biomass under aerobic conditions. This value falls within 
the expected range for fermentations involving synthetic communities of Bacillus and related 
taxa, where metabolic trade-offs contribute to a balance between growth and efficient sporulation 
(Martínez-Álvarez et al., 2016). 

The cofermented SynCom exhibited 100 % sporulation, reaching a maximum spore 
density of 1.60 ± 0.01 × 109   spores mL⁻¹, with a specific sporulation rate of 0.52 ± 0.04 h-1  
(Table 1). This high performance is consistent with the behavior of spore-forming bacterial 
communities cultivated in optimized mineral media supplemented with calcium and phosphate 
ions, which are essential for spore cortex development (Monteiro et al., 2014). Thus, the high 
sporulation efficiency of the cofermented SynCom highlights its potential as a compatible 
bioinoculant (Berninger et al., 2018).
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Table 1. Fermentation parameters and kinetic coefficients of the 
cofermented synthetic community (SynCom) in a 5 L bioreactor.

  Xmax (CFU mL-1) µ cel (h-1) Td (h) Yx/glucose (CFU 
g-¹ glucose) Xmax (spore mL-1) µesp (h-1) % esp

Cofermented 
SynCom 1.60 ± 0.05 x 109 a 0.42 ± 

0.04 a
1.65 ± 
0.17 c 3.70 ± 0.18 x 1011 a 1.60 ± 0.01 x 109 a 0.52 ± 

0.04 c 100 %

Values represent the mean ± standard deviation. Different superscript letters within the same row indicate 
significant differences according to Tukey’s test (p < 0.05). Abbreviations: Xmax, maximum cell density; µcel, 
specific growth rate; Td, doubling time; Yx/glucose, biomass yield coefficient; Xmax spore, maximum spore 

density; µspore, specific sporulation rate; % spore, sporulation percentage. 
Source: own elaboration.

The consumption of glucose during the first 18–20 h, followed by the onset of sporulation, 
reflects a biphasic fermentation pattern typical of Bacillus and related species, in which nutrient 
limitation and quorum-sensing signals trigger the sporulation cascade (Mathot et al., 2016; Piggot 
& Hilbert, 2004). The depletion of the carbon source marked the transition from exponential growth 
to the stationary phase, immediately followed by a pronounced increase in spore counts (Figure 
1). This behavior is consistent with the observations of Liang et al. (2024) in batch cultures, where 
sporulation began after complete glucose consumption. Complementarily, Cristiano-Fajardo et 
al. (2019), using continuous cultures, demonstrated that a high incidence of sporulation (>40 %) 
was achieved only under glucose-limiting conditions, whereas at higher dilution rates with excess 
substrate, sporulation was repressed.

Various stabilizing compounds were evaluated to improve the shelf life of the cofermented 
SynCom during 30 days of storage at 23.8 °C. Glycerol, commonly used as a carrier in liquid 
formulations (Aninth et al., 2016), proved to be markedly detrimental to spore viability at all evaluated 
concentrations (0.5–2 %), resulting in significantly lower counts than the control treatments 
without additives (Table 2). In contrast, both polyvinylpyrrolidone (PVP) and trehalose preserved 
spore viability, showing counts that did not differ significantly from those of the control treatment. 
Previous studies have demonstrated the effectiveness of these two additives in stabilizing cells 
by reducing water activity and protecting macromolecules and membranes against oxidative 
or osmotic stress (Conceição et al., 2025; Trivedi et al., 2016). However, despite the protective 
effects of PVP and trehalose, no statistically significant improvement was detected compared with 
the control formulation.

This finding is consistent with the results reported by Gotor-Vila et al. (2017), who observed 
that liquid formulations of Bacillus subtilis CPA-8 remained stable for up to four months at room 
temperature, regardless of the addition of protectants such as sucrose, skim milk, or magnesium 
sulfate. Their results showed that all treatments maintained high viability (1.93–2.98 × 109 CFU/
mL) and that the formulation without protectants performed equally well. Similarly, our cofermented 
SynCom exhibited high spore viability, maintaining the relative abundance of the cells (61.7 % B. 
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cabrialesii subsp. cabrialesii TE3T, 26.5 % B. paralicheniformis TRQ65, and 11.8 % P. megaterium 
TRQ8), even in the absence of additives. This suggests that the intrinsic physiological or metabolic 
traits of the studied strains confer natural resistance to storage-related stress. Therefore, the long-
term shelf life of this cofermented SynCom was further evaluated without additives.

Figure 1. Kinetics of the cofermentation of the studied SynCom. 

Growth, measured as optical density at 630 nm (O.D. 630nm, orange circles); residual glucose concentration over 
time (green circles); dissolved oxygen (%; yellow diamonds); viable cell counts (CFU/mL, red triangles); and 
spore counts (spores/mL, blue squares) throughout the entire cofermentation process. Data points represent 

mean values, and error bars indicate the standard deviation. 
Source: own elaboration.
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Table 2. Viability of the cofermented SynCom with different additives 
after one month of storage at 23.8 °C.

Treatment
Log (spore/mL)

Day 0 Day 30
Without additive

6.1a

6.1ab

Glycerol 0.5 % 5.6c

Glycerol 1 % 5.5c

Glycerol 2 % 5.1d

PVP 0.5 % 6.2a

PVP 1 % 6.1ab

PVP 2 % 6.2a

Trehalose 5mM 6.0b

Trehalose 10mM 6.1ab

Trehalose 15mM 6.2a

The data are presented as the mean (n = 3). Different letters indicate significant differences according to 
Tukey’s HSD test (p < 0.05). 

Source: own elaboration.

After a new 12-month storage assay at 23.8 ± 1.7 °C, the evaluated co-fermented SynCom 
exhibited a high level of spore viability (92 %) relative to the initial count, decreasing from 9.2 
log spores/mL to 8.46 log spores/mL, while maintaining the relative abundance of the strains 
composing the consortium (60.5 % B. cabrialesii subsp. cabrialesii TE3T, 26.7 % B. paralicheniformis 
TRQ65, and 12.8 % P. megaterium TRQ8). In contrast, a talc-based formulation of Bacillus cereus 
B25 retained only 53 % viability after 12 months at room temperature (Martínez-Álvarez et al., 
2016). Comparable results were reported by Rojas-Padilla et al. (2022), who developed calcium 
alginate microencapsulated formulations of the individual bacteria evaluated in this study; after 
12 months of storage, all strains exhibited approximately a 45 % reduction in viable counts. A 
possible explanation for the high long-term cell viability observed in the co-fermented SynCom is 
the accumulation of compatible solutes or stress-response proteins during the stationary phase 
(Berninger et al., 2018). In addition, the genomes of the strains comprising the SynCom suggest 
a high degree of versatility, as they were isolated from the Yaqui Valley, a semi-arid agricultural 
region characterized by high temperatures, salinity, and water deficit (Ibarra-Villarreal et al., 2023; 
Luers et al., 2003), which may confer adaptive stress-response mechanisms.

In this context, genomic analysis revealed a robust genetic repertoire for mitigating 
oxidative and osmotic stress in the three strains studied (Robles-Montoya et al., 2019; Valenzuela 
Ruiz et al., 2023; Valenzuela-Ruiz et al., 2019). For oxidative stress defense, all strains encode 
multiple catalases (e.g., KatE, HPI, HPII), superoxide dismutases (SodA, SodB, SodC), and 
peroxidases (AhpC, PR, GPX), as well as thioredoxin and glutaredoxin systems that maintain redox 
homeostasis. Transcriptional regulators such as PerR, OxyR, SoxR, and Rex, identified in strains 
TRQ8 and TRQ65, enable the expression of antioxidant genes (Seixas et al., 2022). In addition, 
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strain TRQ8 produces polyhydroxybutyrate (PHB), a biopolymer that serves as an intracellular 
carbon and energy reserve (Aguirre et al., 2017). PHB accumulation has been associated with 
enhanced resistance to oxidative stress, desiccation, and nutrient limitation (Rowaihi et al., 2018).

Regarding adaptation to osmotic stress, the three genomes share conserved operons 
for the transport and synthesis of glycine betaine and proline, including OpuAA–AC, OpuC, and 
ProVWX, as well as genes involved in choline uptake and conversion (BetT, BetA, BetB, CodA). 
These systems promote the endogenous accumulation of compatible solutes that protect proteins 
and membranes against dehydration (Rath et al., 2020).

Conclusions

The co-fermented SynCom evaluated in this study exhibited high cell yield (1.60 ±  
0.05 × 109 CFU/mL) and high sporulation efficiency (100 %), as well as 92 % stability after 12 
months of storage at 23.8 °C without protective additives, while maintaining the relative abundance 
of the bacterial members. These findings suggest that interactions among the bacteria comprising 
SynCom enhanced metabolic activity, promoting sporulation and resilience, and were supported 
by their robust genetic repertoire for mitigating oxidative and osmotic stress. Overall, these results 
support the potential of this plant growth–promoting SynCom as a basis for the bioformulation of 
a stable liquid bioinoculant suitable for agricultural applications.
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