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Abstract

Bacterial biopolymers are biodegradable substances and sustainable alternatives to conventional polymers. Thus, they
have been gaining prominence as sustainable alternatives to petroleum-derived polymers, promoting research aimed at
optimizing their production and application in various industrial sectors. In this context, this study aims to select rhizobacteria
from the Caatinga with the potential to synthesize exopolysaccharides (EPS) and define the optimal conditions for their
production. Bacterial suspensions were inoculated on sterile filter paper discs on culture medium inducing EPS production.
EPS production was determined by the formation of a mucoid layer and confirmed in the presence of absolute ethanol. The
isolates that accumulated the highest amount of EPS were subjected to tests based on the Rotational Central Composite
Design (RCCD), varying pH, temperature, and glucose as a carbon source. EPS recovery was evaluated in two treatments:
static fermentation and under constant agitation. Among the 15 isolates selected, PH9.1 had the best performance in
assay 13 (pH 7.0; temperature 38.5°C; glucose 1 %), with a mucoid layer diameter of 2.15 cm, higher than the others.
Moreover, static fermentation resulted in a higher yield of fresh (0.64 g) and dry (0.42 g) mass, standing out as the most
efficient condition, which reinforces the biotechnological potential of Caatinga rhizobacteria for sustainable EPS production
and boosts new industrial applications.

Keywords: Exopolysaccharides. Biofilms. Caatinga. Microbiome. sustainability.

Introduction stress, and temperature variations (SRIVASTAVA
. o l.,2024).
Plants adapted to arid and semiarid eta 024)
conditions have a microbiome tolerant to these Furthermore, EPS, also known as

challenging environments, which can positively
influence plant growth and mitigate the adverse
effects of abiotic stresses (BEN ZINEB et al.,
2024). In this context, the bacteria present in
the plant microbiome use several mechanisms to
survive in semiarid regions, such as the production
of biopolymers (exopolysaccharides — EPS),
biofilm formation, intracellular accumulation of
osmolytes, production of 1-aminocyclopropane-
1-carboxylate (ACC) deaminase, among others
(GROVER et al., 2011). Exopolysaccharides, in
particular, play an important role in adapting to
stress conditions, including saline soils, water
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biopolymers, have advantages over petroleum-
derived polymers due to their biodegradability and
lower environmental impact (NAMBIAR et al.,
2024). In addition to these characteristics, EPS-
based products are gaining prominence in the
market, as well as having applications in various
sectors, such as agriculture, healthcare, food,
and construction (HASSANISAADI et al., 2025).
Despite the extensive diversity of microbial
biopolymers identified in nature, only a few are
commercially produced, such as xanthan gum,
dextran, and pullulan (MOURO et al., 2024;
NAMBIAR et al., 2024).
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Although significant advances have been
made in the production of microbial EPS and
in the optimization of its applications, there are
still gaps to be filled, especially regarding the
exploration of natural sources for identification
of new EPS-producing bacteria and in the
definition of optimal substrates to maximize their
production (GAN et al., 2024).

Cacti, typical of semiarid environments with
high radiation, large thermal amplitudes, low
humidity, and poor soils, create in the rhizosphere
microenvironments rich in exudates (mucilages,
sugars, and organic acids) that favor EPS-
producing rhizobacteria (HUANG et al., 1993;
FONSECA-GARCIA et al., 2016). In this context,
it is important to identify rhizobacteria associated
with native cacti that are able to synthesize
exopolysaccharides, as well as to determine
the ideal conditions for the production of these
biopolymers. In this sense, this study aims to
select rhizobacteria from the Caatinga with
the potential to synthesize exopolysaccharides
(EPS) and define the optimal conditions for
their production.

Material and methods
Isolation of biopolymer-producing rhizobacteria

Bacterial isolates were obtained from samples
of rhizosphere, collected at Raso Da Catarina
Ecological Station, associated with three plant
genera of the Cactaceae family: Pilosocereus
spp., Tacinga spp., and Melocactus spp.

For the isolation, the soil fraction firmly
adhered to the roots (rhizosphere, 0-10 cm
in the root zone) was removed with a sterile
spatula and packed in sterile bags, kept in a
thermal box (4 °C) until processing (24 h).
At the laboratory, 10 g of rhizosphere were
transferred to vials containing 90 mL of sterile
saline (0.85 % NaCl) with 0.05 % of Tween 80,
stirred at 150 rpm for 20-30 min to dislodge
bacteria. After decantation for 5 min, the

supernatant was subjected to decimal serial
dilutions (10! to 10%®) and 100 uL of each
dilution were sown on the surface, by spreading,
on nutrient agar/tryptone-soy agar (TSA) and on
yeast mannitol agar (YMA), to recover both fast-
growing heterotrophs and rhizobacteria favored
by mannitol, with screening of mucoid colonies.
When necessary, cycloxemide (100 mg L!) was
added to the medium for inhibiting fungi. The
plates were incubated at 30 °C for 24-72 h
and colonies with distinct morphologies, with
attention to mucoid aspects, were successively
spiked until pure cultures were obtained.

The pure cultures were kept in corresponding
broth and preserved with glycerol (20 %, v/v)
at -80 °C, receiving identification codes for
use in the subsequent screening steps of EPS
production. Negative controls (media without
inoculation) were included to verify the asepsis
of the procedure. A total of 90 rhizobacteria from
the Caatinga were obtained.

Selection of EPS producers

The ability of microorganisms to synthesize
EPS was evaluated following the methodology
described by Paulo etal. (2012). For the
evaluation, a volume of b5 ulL of bacterial
suspension (OD600nm = 0.3) was inoculated
into sterile filter paper discs (5 mm in diameter)
of the bacterial culture standardized at
108 CFU mL* (Colony Forming Unit per milliliter)
arranged on modified culture medium, according
to Guimaraes et al. (1999). The composition of
the medium included 2 % yeast extract, 1.5 %
K,HPO,, 0.02 % MgS0O,, 0.0015 % MnSOQ,,
0.0015 % FeSO,, 0.003 % CaCl,, 0.0015 %
NaCl, 1.5 % agar, and 10 % sucrose, with pH
adjusted to 7.5.

The plates were incubated at 30 °C for
48 hours and EPS production was evaluated
by the absence or presence of mucoid colony
around the discs. EPS production was identified
by the formation of a mucoid layer around the
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filter paper discs. Subsequently, this layer was
removed and transferred to test tubes containing
2 mL of absolute ethanol, with the presence of
EPS confirmed by the formation of a precipitate
as positive and the presence of turbidity as
negative (PAULO et al., 2012).

The 15 selected strains were evaluated
under different cultivation conditions, using the
same culture medium of the initial selection
step for EPS production. The experiment was
carried out in a factorial design, considering
three experimental factors: pH, temperature,
and carbon source. The optimization of EPS
production conditions was conducted by the
Rotational Central Composite Design (RCCD),
based on a 23 plan, which included six tests
under axial conditions and repetitions at the
central point, totaling 18 tests with coded values.

The isolates that accumulated the highest
production of mucoid substance in the initial test
were subjected to different culture conditions,
following an RCCD, as described by Rodrigues
and lemma (2009). In this experiment, three
independent variables were considered: pH,
temperature, and glucose concentration as
carbon source (Table 1). The dependent variable
was expressed by the diameter of the mucoid
layer, measured in centimeters.

The modified culture medium was used,
according to Guimaraes etal. (1999), as
described and used in the initial selection step of
EPS production, with the specific variations of pH,
temperature, and glucose concentration according
to the indicated levels. The experimental analysis
was performed by measuring the diameter of

the mucoid layer around the filter paper discs,
using a high-precision caliper. The data obtained
were subjected to statistical analysis. The means
were compared by Tukey’s test, at the level of
5 % significance (p < 0.05), using the software
Statistic 7.0 (STATSOFT, 2004).

EPS production and recovery

The optimal condition for the production of
exopolysaccharides (EPS) was employed in a
fermentative process aiming at the recovery of
the polymer and the determination of its total dry
mass. The isolate that achieved the highest EPS
production was previously activated in modified
solid culture medium, as described by Guimaraes
et al. (1999). After growth in an incubator at
28 °C for 24 hours, three aliquots of the culture
were transferred to two 250 mL Erlenmeyer
flasks containing 50 mL of the same medium,
adjusted to the best carbon source (%), pH, and
temperature identified as ideal for production,
starting the pre-inoculum phase.

Two treatments were established: static
fermentation and fermentation under constant
stirring (120 rpm), both incubated for 24 hours.
Then, 10 mL of the pre-inoculum were added to
Erlenmeyer flasks containing 100 mL of culture
medium and kept under the same conditions. After
72 hours of incubation, the cells were separated
from the fermented broth by centrifugation
(14,000 rpm, 15 min, 4 °C) to determine the
fresh and dry mass of the bacterial biomass.

The recovered supernatant was mixed
with ice-cold absolute ethanol in a ratio of
1:3 (v/v) and subjected to vigorous stirring for

Table 1. Rotational Central Composite Design (RCCD). Variables and their levels used to provide the best
cultivation condition of the selected isolates. Paulo Afonso-BA, 2025.

Variable -1.68 -1 0 +1 +1.68

pH 5.5 6.1 7.0 7.9 8.5
Temperature (°C) 28.0 32.3 38.5 44.8 49.0
Carbon Source (%) 1.0 2.8 5.5 8.2 10.0

Source: authors (2025).
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EPS precipitation. The precipitated material was
kept at -20 °C for 24 hours and then centrifuged
(14,000 rpm, 15 min, 4 °C). The supernatant
was discarded, and the precipitated EPS was
dried in an oven at 50 °C until reaching constant
dry mass.

To determine the optimization of the
processes, the response surface methodology
was used along with contour lines, allowing
the estimation of the ideal conditions for
EPS production.

Statistical analysis

All experiments were performed in triplicate
(n = 3). The data were subjected to analysis
of variance (ANOVA) in SISVAR (UFLA), with
comparison of means by the Scott—Knott test
at 5 % significance (o = 0.05). The ANOVA
assumptions were verified by normality of
residuals (Shapiro-Wilk) and homogeneity of
variances (Bartlett/Levene); when necessary,
Box-Cox transformations were applied. For
quantitative factors, polynomial regression
models (linear and quadratic) were adjusted in
SISVAR, selecting the degree of the model by the
significance of the coefficients, adjusted R2, and
analysis of residuals.

Rotational central composite cesign (RCCD)

The statistical analysis was performed in
the software Statistica 7.0 (STATSOFT, 2004),
using the Response Surface Methodology (RSM).
For this, a second-order model was adjusted by

the Least Squares Method (LSM), followed by
analysis of variance (ANOVA) of the model, lack
of adjustment test, diagnosis of residuals, and
construction of response surfaces and contour
plots, aiming at the identification of the optimal
region. The significance level adopted was
a = 0.05 in all tests.

Results and discussion

The study resulted in the selection of
rhizobacteria with potential for the production
of biopolymers, including the determination
of optimal conditions for the production,
recovery, and quantification of the dry mass of
biopolymers. A total of 90 Caatinga rhizobacteria
were isolated from rhizosphere. Among them,
20 were able to produce exopolysaccharides
(EPS), and 15 strains stood out for their ability
to synthesize mucoid layers in 48 hours, as
described in Table 2. The most promising strains
were isolated from the rhizosphere and belong to
the genera Tacinga spp., Melocactus spp., and
Pilosocereus spp.

At the conditions tested, isolate PH9.1
stood out in test 13, performed under the
conditions of pH 7.0, temperature 38.5 °C,
and 1 % glucose (Table 3). In this test, the
isolate reached a diameter of 2.15 cm in the
mucoid layer formed around the disc, showing a
significantly higher production compared to the
other isolates evaluated (Table 3). This result
highlights the potential of isolate PH9.1 as a

Table 2. Strains selected with greater emphasis on the production of exopolysaccharides. Paulo Afonso-BA, 2025.

Tacinga spp.

Melocactus spp.

Pilosocereus spp.

T7.1 M7.1 PH9.1
T2.2 M18.1 PH14.1
17.2 M6.2 PH15.1
T10.2 M7.2 PH16.1
T11.2 M8.2 PH4.2

Source: authors (2025).
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Table 3. Factorial planning matrix with coded and real values. Paulo Afonso-BA, 2025.

Diameter of mucoid

pH Temperature (°C) Carbon Source (%) layer (cm)
1 -1 6.1 -1 32.25 -1 2.82 0.66
2 +1 7.9 -1 32.25 -1 2.82 0.92
3 -1 6.1 +1 44.75 -1 2.82 0.97
4 +1 7.9 +1 44.75 -1 2.82 1.69
5 -1 6.1 -1 32.25 +1 8.18 0.21
6 +1 7.9 -1 32.25 +1 8.18 0.35
7 -1 6.1 +1 44.75 +1 8.18 0.71
8 +1 7.9 +1 44.75 +1 8.18 1.38
9 -1.68 5.5 0 38.5 0 5.5 0.75
10 +1.68 8.5 0 38.5 0 5.5 0.69
11 0 7.0 -1.68 28 0 5.5 0.16
12 0 7.0 +1.68 49 0 5.5 1.561
13 0 7.0 0 38.5 -1.68 1 2.15
14 0 7.0 0 38.5 +1.68 10 0.37
15 0 7.0 0 38.5 0 5.5 1.18
16 0 7.0 0 38.5 0 5.5 1.46
17 0 7.0 0 38.5 0 5.5 0.52
18 0 7.0 0 38.5 0 5.5 1.35

Source: authors (2025).

promising candidate for EPS production under
optimized conditions.

The superior performance of isolate PH9.1
can be attributed to the positive influence of
specific growing conditions. The neutral pH (7.0)
and temperature of 38.5 °C, close to the optimal
limits for many microorganisms, may have favored
the metabolic activity of the strain. In addition,
the 1 % glucose concentration was sufficient to
stimulate EPS synthesis, indicating that higher
glucose levels are not necessarily advantageous,
possibly due to the specific metabolic efficiency
of the isolate.

The larger diameter of the mucoid layer
formed around the disc by isolate PH9.1
evidences its high capacity to synthesize EPS
under optimized conditions. Such a characteristic
positions it as an alternative for biotechnological
applications, including the production of
biofilms, food stabilizers, and encapsulating
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agents (MOURO et al., 2024; HASSANISAAADI
et al., 2025).

On the other hand, the differences in
performance observed between isolates reinforce
the importance of a detailed characterization
of the specific conditions that maximize EPS
production in each strain (Table 3). These
variations can be explained by the genetic and
metabolic diversity of rhizobacteria isolated from
the Caatinga biome (SANTOS et al., 2020; DIAS
et al., 2024), which has unique characteristics,
with possibilities of application as biostimulants
in cultivated crops and still little explored in
terms of Biotechnology.

It was verified that the temperature and the
concentration of the carbon source (glucose)
were the factors that exerted a significant
influence (p < 0.05) on the production of the
polymer under the experimental conditions
evaluated (Figure 1). The significant influence



temperature, and glucose
(CHAROENWONGPAIBOON

In the analyses performed, linear regression
pH,

reduce efficiency in EPS production. Thus, by the
result found in this study, the need to optimize
to maximize the yield of the polymer stands out.
was applied as a statistical tool to identify the
most efficient tests. This approach allowed
us to obtain a regression that minimized the
distance between the experimental points and
results, test 13, characterized by conditions of

pH 7.0, temperature of 38.5 °C, and glucose
to the ideal conditions recommended by the

model, i.e., 1. We understand that test 13
reached the balance between the variables
tested, maximizing polymer production under the
conditions evaluated. Therefore, we emphasize
the importance of the synergistic interaction

at 1 %, stood out by presenting values closer
between

fermentation (SERIKOV et al., 2024), which can
the proportion of glucose in the culture medium
the proposed model (Figure 2). Based on the

concentration

2025), while
deviations to high values can reduce the synthesis

rate or induce energy consumption for thermal

stress mechanisms.

Biopolymer production by rhizobacteria associated with Cactaceae

Glucose concentration, in turn, represents
the main source of carbon and energy for the

Figure 1. Pareto chart with the relationships between the analyzed variables, with a significance level of 95 %.

of temperature and glucose concentration on
Paulo Afonso-BA, 2025.

polymer production reflects the crucial role of these
variables in microbial metabolism. Temperature
is one of the most determining environmental
factors for enzymatic activity and, consequently,
for the metabolic processes responsible for the
synthesis of exopolysaccharides (EPS). Optimal
temperatures promote the efficient functioning
of enzymes involved in the metabolic pathway
glucose provide the necessary precursors for EPS
biosynthesis (LOOIJESTEIJN et a/., 1999), while
excessive concentrations can cause the Crabtree
effect in some strains, redirecting metabolism to

microorganisms tested. Adequate amounts of
very low concentrations can limit cell growth
and polymer production. On the other hand,

of EPS production (WU et al.,
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Figure 2. Values predicted and observed by the model. Blue dots represent trials. The curve indicates the optimal

conditions. Paulo Afonso-BA, 2025.
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et al., 2024). Moreover, we also highlight the
relevance of using regression methods to predict
ideal experimental conditions (GUIMARAES
et al., 2020) and potentially increase production
efficiency in biotechnological applications.

It was observed that EPS production is non-
existent and its specific productivity is not predicted
when the temperature is below 30 °C and the pH is
below 6.0 or above 8.5 (Figure 3). The maximum
production was observed within the range of
pH 7.0 and temperatures between 38.5 °C and
49 °C. In the model that considered glucose and
pH (Figure 4), both factors had a positive impact
on the estimate of maximum production, with pH
ranging from 6.0 to 8.0 and glucose concentrations
between 1 % and 2.8 %. In the analysis involving
glucose and temperature (Figure 5), the maximum
estimate was reached with temperatures above
38.5 °C and glucose concentration at 1 %, within
the conditions considered ideal for EPS production.

Revista Agrogeoambiental, v.18, €20262061, 2026

The variables evaluated play a determining
role in the synthesis of EPS, with emphasis on
the positive impact of the interaction between
temperature and pH at specific levels. The ideal
conditions identified corroborate the literature,
which associates the enzymatic stability and
metabolic efficiency of microorganisms to
the maintenance of specific environmental
parameters (MARASCO etal., 2023; YIN
et al., 2024). The influence of glucose as a
carbon source also reaffirms its importance in
providing energy and metabolic precursors for the
production of biopolymers (AL-ANI, KIM, 2025).
Thus, this study not only validates the optimized
experimental conditions, but also highlights the
biotechnological potential of the strains selected
for industrial applications.

To analyze the procedure used to compare
the distribution of three variables in independent
samples, analysis of variance (ANOVA) was
used to summarize the linear regression model
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Figure 3. EPS production by isolate PH9.1 analyzed by response surface and contour line as a function of the

variables temperature and pH. Paulo Afonso-BA, 2025.
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by each source of variation (Table 4). In this
context, high significance was observed for the
calculated F value.

In the fermentation step, static fermentation
resulted in a thick mucoid layer, pinkish in color,
with incrustations on its surface. In contrast,
under conditions of constant stirring, no
suspended structures were observed, with the
medium having a darker coloration. During the
biopolymer recovery process, after the addition
of ice-cold absolute ethanol as precipitating
agent in the volume ratio (supernatant and
ethanol), the formation of a mass was observed,
indicating the significant presence of EPS. Static
fermentation favors the production of EPS with
greater morphological visibility (NGUYEN et al.,
2020), while the recovery of the biopolymer
confirms the efficiency of ethanol as a precipitant,
making it possible to obtain the biopolymer in
large quantities.

The bacterial biomass removed was
compared between static and stirred fermentation
treatments, and there was no significant
difference for the fresh and dry mass of the
cells. However, when analyzing the EPS yield
after recovery, there was a difference between
the two fermentative processes. Fermentation
under static conditions achieved higher yield for
both fresh and dry EPS mass (Table 5). Although
there was no significant variation in bacterial
biomass, static fermentation favored a higher
production of EPS, which may be related to
better synthesis conditions and accumulation of
exopolysaccharide under this condition.

Under static fermentation conditions,
mixture limitation and shear reduction create
local gradients of nutrients and oxygen,
modulating the expression of genes related
to EPS synthesis (AZIZ, ZAIDI, 2024). This
condition can also induce the activation of
bacterial stress response systems, such as
regulatory systems that adjust EPS production
in response to environmental stimuli (CUl et al.,
2024). Furthermore, static fermentation provides
the most favorable environment for the synthesis
of biochemical precursors, such as activated
sugars (UDP-glucose, GDP-mannose), and for
the activity of glycosyltransferases involved
in exopolysaccharide polymerization (DEO
etal., 2024).

Shear reduction, characteristic of this
condition, minimizes the degradation of
the newly synthesized EPS, promoting its
accumulation in the extracellular matrix. These
factors highlight the essential role of culture
conditions in metabolic targeting, not only
for cell growth, but also for the modulation of
secondary or extracellular metabolic products,
such as EPS. These compounds play crucial
roles such as cell protection, biofilm formation,
and interaction with the environment, being
highly relevant for biotechnological and
ecological applications.

Although cellular biomass did not directly
influence the final yield under the conditions
of test 13, it is evident that, under static
fermentation conditions, isolate PH9.1 is
influenced by the availability of oxygen in the

Table 4. Analysis of variance (ANOVA) for the analyzed variables. Paulo Afonso-BA, 2025.

Source of variation SS MS Fcalculated
Regression 3.6885 1.2295 11.56
Residue 1.3816 0.1063
Total 5.0702
Fatb%: F,,(3.13) = 3.41; R?=73 %. SS: sum of squares, DF: degree of freedom, MS: mean square,

F: statistic.
Source: authors (2025).
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Table 5. Production of exopolysaccharides (EPS) and cellular biomass of isolate PH9.1 with static fermentation

and under stirring. Paulo Afonso-BA, 2025.

Fermentation FM (cell) DM (cell) FM (EPS) DM (EPS)
Stirring 0.34 a 0.16 a 0.25b 0.13b
Static 0.48 a 0.07 a 0.64 a 0.42 a

Means followed by equal letters in the column do not differ from each other by the Scott-Knott test at 5 %

probability; FM: fresh mass, DM: dry mass; in mg L.

Source: authors (2025).

culture medium for the production of EPS,
without necessarily resulting in an increase in
microbial biomass. This factor contributes to
an increase in the total EPS yield. The results
obtained for EPS, both in fresh and dried
form, synthesized in static fermentation, were
promising. It is inferred that oxygen limitation
can act as an essential factor in promoting EPS
production, even without a significant expansion
of biomass, which is interesting for large-scale
biopolymer production processes.

Rhizobacteria from the Caatinga can
represent a promising source for EPS production,
standing out as a sustainable alternative to
synthetic polymers derived from petroleum. The
exploration of these endemic microorganisms
is especially relevant for the development of
biotechnological solutions that value the natural
resources of the biome, contributing to agricultural
sustainability in semiarid regions. In addition to
reducing the environmental impacts associated
with the disposal of non-biodegradable polymers,
the production of EPS by these rhizobacteria can
promote more sustainable agricultural practices,
helping to conserve soil and strengthen crops
that are more resilient to climatic adversities.
Therefore, future studies should focus on the
structural characterization of EPS to understand
its properties and expand its practical
applications. Research on the performance of
these biopolymers in areas such as agriculture,
medicine, cosmetics, and food could consolidate
their sustainable use, promoting the regional
bioeconomy and conservation of the Caatinga.

Conclusions

A total of 15 rhizobacteria from the Caatinga
with potential for EPS synthesis were selected.
Temperature and glucose concentration are the
factors that most influence the response, allowing
to estimate conditions close to optimal for the
evaluated system.

For isolate PH9.1, the best performance
was obtained in test 13 (pH 7.0; 38.5°C; 1 %
glucose), with 2.15 cm diameter of the mucoid
layer. In the fermentative stage, static fermentation
provided a higher EPS yield (fresh and dry mass)
without increasing the cellular biomass, being,
therefore, the preferred condition for polymer
production under the conditions tested.
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