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Abstract

Saline environments are extreme habitats with a high diversity of microorganisms source of a myriad of biomolecules. These
microorganisms are assigned as extremophiles recognized to be producers of new natural compounds, which can be synthesized
by helping to survive under harshness and extreme conditions. In Brazil, in the saline and semi-arid region of Areia Branca
(Caatinga biome), halotolerant bacteria (able to growth at high NaCl concentrations) were isolated from rhizosphere of native
plants Blutaparon portulacoides and Spergularia sp. and their biopolymer production was studied. A total of 25 bacterial isolates
were identified at genus level based on 16S rRNA gene sequence analysis. Isolates were mainly Gram-positive bacteria from
Bacillaceae, Staphylococcaceae, Microbacteriaceae, and Bacillales X1 incertae sedis families, affiliates to Bacillus,
Staphylococcus, Curtobacterium, and Exiguobacterium genera, respectively. One of the Gram-negative isolates was identified
as member of the Pseudomonadaceae family, genus Pseudomonas. All the identified strains were halotolerant bacteria with
optimum growth at 0.6-2.0 M salt concentrations. Assays for biopolymer production showed that the halotolerant strains are a
rich source of compounds as polyhydroxyalkanoates (PHA), biodegradable biopolymer, such as poly(3-hydroxybutyrate) (PHB)
produced from low-cost substrates, and exopolysaccharides (EPS), such as hyaluronic acid (HA), metabolite of great interest to
the cosmetic and pharmaceutical industry. Also, eight bacterial EPS extracts showed immunostimulatory activity, promising
results that can be used in biomedical applications. Overall, our findings demonstrate that these biomolecules can be produced in
culture medium with 0.6-2.0 M NaCl concentrations, relevant feature to avoid costly production processes. This is the first report
of biopolymer-producing bacteria from a saline region of Caatinga biome that showed important biological activities.

Keywords Biopolymers - Halotolerant microorganisms - Polyhydroxyalkanoates (PHA) - Exopolysaccharides (EPS) -
Immunostimulatory activity - Hyaluronic acid (HA) - Caatinga biome

Introduction

Saline environments are rich source of natural compounds pro-
duced by halophilic microorganisms [1]; the research in these
extreme habitats becomes important for discovering new mole-
cules of biopolymers classes with innovative biotechnological
applications. In Brazil, there are saline and semi-arid regions in
! Bioproducts Laboratory, Institute of Biomedical Sciences, University the Caatinga biome that represent an exceptional understudied
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of Sdo Paulo, S&o Paulo, Brazil ecosystem. Caatinga is a unique biome located in northeastern
2 Environmental Microbiology Laboratory, Brazilian Agricultural Brazil 3-17° S to 35-45° W), with an area of approximately
Research Corporation (Embrapa), Sdo Paulo, Brazil 900,000 km?> [2], and it is characterized by a semi-arid climate
*  Laboratory of Bioprospecting and Marine Biotechnology, Federal with vegetation adapted to high temperatures, low precipitation,
University of Ceard, Fortaleza, Brazil and uneven rainfall distribution throughout the year [2, 3]. There
4 Molecular Biology and Microbial Ecology Laboratory, Institute of are some studies on the biotechnological potential of microor-
Biomedical Sciences, University of Sdo Paulo, Sdo Paulo, Brazil ganisms from this region [4].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42770-021-00426-1&domain=pdf
https://orcid.org/0000-0001-8501-2307
https://orcid.org/0000-0002-5221-9229
https://orcid.org/0000-0002-2253-8835
https://orcid.org/0000-0003-2785-6725
https://orcid.org/0000-0002-6474-9892
https://orcid.org/0000-0001-9481-6702
https://orcid.org/0000-0002-2787-4977
https://orcid.org/0000-0001-5311-1183
https://orcid.org/0000-0002-2120-8172
http://orcid.org/0000-0001-8086-3065
mailto:gpadilla@icb.usp.br

548

Braz J Microbiol (2021) 52:547-559

Halotolerant microorganisms do not need salt for their
growth, although tolerate high concentrations of NaCl (>
1 M) [5]. These microorganisms can be found in the three
domains of life: Archaea, Bacteria, and Eukarya, and have
been isolated from saline environments at different geographic
areas such as lakes and salt marshes, deserts, and seas [6].
Halotolerant bacteria were isolated in the salt and semi-arid
area of Areia Branca at Mossoro district located in Rio Grande
do Norte state. These microorganisms are producers of several
compounds for pharmaceutical, cosmetic, and food industry
[1, 7, 8]. Specially, the biopolymers synthetized by halophilic
bacteria are interesting macromolecules that have been used in
biomedical and agro-industrial applications due to their bio-
compatibility and biodegradable properties [7, 9]. Also, mac-
romolecules such as EPS, polymers of high molecular weight
synthesized and accumulate at the surface cell, exhibited ac-
tivity as antioxidants, immunostimulants, antiviral, and anti-
tumoral [10, 11]. Hence, the present study aims to evaluate the
biopolymer production by halotolerant bacteria isolated from
rhizosphere of two native plants of the Caatinga biome. It is
assumed that the natural polymers of extreme microorganisms
may have novel or different chemical compositions from
those already marketed and used by industry [8].

Material and methods
Isolates and bacterial identification

The bacterial isolates were kindly given by the
Microorganisms Collection of the Brazilian Agricultural
Research Corporation (Embrapa), Laboratory of
Environmental Microbiology, at Jaguaritina, SP. These micro-
organisms were previously isolated from rhizosphere of two
native plants Blutaparon portulacoides and Spergularia sp.
(Supplementary material. Fig. S1) at a saline site of the
Caatinga biome, Mossor¢ district, Rio Grande do Norte state,
near Areia Branca saltworks, coordinates 4 57’ 22" S-37 08’
13" W. Isolated bacteria grew under acrobic conditions in
tryptone soya broth (TSB) medium and tryptone soya agar
(TSA) medium at 30 °C.

Sequence analysis of the 16S rRNA gene and
phylogenetic reconstruction

The bacterial isolates were identified by 16S rRNA gene se-
quencing. Genomic DNA was extracted using the Wizard®
Genomic DNA kit (Promega) from 5 mL of an exponentially
growing microbial culture that was centrifuged at 8000xg for
10 min. The 16S rRNA gene was amplified using the univer-
sal primers 27F (5’GAGAGTTTGATCCTGGCTCAG-3")
and 1492R (5-TACGGYTACCTTGTTACGACT-3") [12].
All PCRs (in a 50-pL total volume reaction) contained <
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0.1 pug of DNA template, 0.2 uM of each primer, 5X Master
Mix® (Promega). The PCR program was an initial denatur-
ation step at 95 °C for 2 min, followed by 40 cycles at 95 °C
for 1 min, 60 °C for 30 s, 72 °C for 1 min, and a final elon-
gation step of 10 min at 72 °C. Samples were purified using
GFX MicroSpin Column. Sequencing was performed with
four primers 1492R, 27F, 536f (5'-CAGCMGCCGCGGT
AATWC-3') and 782r (5'-ACCAGGGTATCTAATCCTGT-
3") for each sample. Sequencing analysis was achieved using
ABI 3730 DNA Analyser. Raw sequence data were imported
into ChromasPro 2.1.2 and manual curation was performed.
Sequences were compared against sequences of type strains
using EzBioCloud Database [13] (https://www.ezbiocloud.
net/). A multiple alignment of obtained sequences with 16S
rRNA sequences of type strains was carried out using the
MUSCLE tool [14]. We constructed phylogenetic trees by
the neighbor-joining method [15] using MEGA 7 [16] and
maximum likelihood (ML) [17] based on the Tamura-Nei
model [18] and performed using MEGA 7. Tree topologies
were examined using bootstrap analysis with 1000
replications.

Bacterial growth in different NaCl concentrations

To evaluate the salinity tolerance, all the isolates were grown
in TSB medium supplemented with four different concentra-
tions of NaCl (M): 0.1, 0.6, 1.0, and 2.0, on plates of 96 wells.
Cultures were incubated at 30 °C for 48 h. Bacterial growth
was monitored by optical density (OD) at 600 nm on the
Synergy H1 Microplate Reader (Biotek Instruments, Inc.,
USA). The experiments were performed in triplicate.

Polyhydroxyalkanoate production

To select PHA-producing strains, Caatinga isolates were
grown in mineral salt medium (MSM) (Table S1) [19], sup-
plemented with glucose 10 g/ and (NH,4),SO,4 1 g/L as car-
bon and nitrogen sources, respectively, at pH 7.0. Solid media
were obtained by adding agar (20 g/L). The plates were incu-
bated at 30 °C for 48 h. PHA-producing strains were identified
by dark blue color after Sudan Black B staining [20].

The PHA-producing strains selected after Sudan Black B
staining on solid MSM were cultivated in shake flask exper-
iments to confirm their PHA production capability. Bacterial
strains were streaked on tryptone soya agar (TSA) for 24 h at
30 °C, with subsequent transferring of bacterial colonies to
250 mL Erlenmeyer flasks containing 100 mL tryptone soya
broth (TSB) for 24 h, at 30 °C and 180 rpm. Aliquots of 1 mL
from these cultivations were used to inoculate 250 mL
Erlenmeyer flasks containing 100 mL MSM added to 10 g/L
glucose and 1 g/L. (NH,4),SOy4, which were incubated for 72 h,
at 30 °C and 180 rpm. Strains that showed >40% of PHA (%
cell dry weight, %CDW) were selected and grown in MSM
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containing different carbon sources, such as glucose, glycerol,
and xylose at 10 g/L, and different concentrations of NaCl,
0M, 0.6 M, 1 M, and 2 M. The strains were incubated for
72 h, at 30 °C and 180 rpm.

Polyhydroxyalkanoate determination

PHA amount and composition were determined by
propanolysis as described by Riis & Mai [21] and analyzed
by GC method as described by Mendonga et al. [22]. Briefly,
the polyesters were analyzed in an Agilent 7890A GC System
(Agilent Technology, Santa Clara, California, USA) equipped
with a HPS capillary column after sample split (1:25). Helium
(0.6 mL/min) was used as carrier gas. Injector and FID tem-
perature were 250 °C and 300 °C, respectively. The oven was
programmed to keep temperature at 100 °C for 3 min increas-
ing temperature at a rate of 6 °C/min up to 240 °C, which was
then maintained for 6 min. Benzoic acid was used as the in-
ternal standard. External standards were 3-hydroxybutyrate
homopolymer [P(3HB)] (Sigma-Aldrich, Saint Louis,
Missouri, USA), P3HB-co-3HV (Sigma-Aldrich, Saint
Louis Missouri, USA) and PHAMCL produced by
Pseudomonas putida ATCC 29347 from different fatty acids
or by Pseudomonas sp. LFM046 from glucose.

Exopolysaccharide production

The qualitative determination of exopolysaccharide (EPS)
production was performed according to Paulo et al. [23].
Caatinga isolates were inoculated onto 6-mm diameter paper
discs disposed in an exopolysaccharide production medium
(EPS-M) (Table S1) [24], at pH 7.5. The solid media were
obtained by adding 15 g/L agar. The plates were incubated at
30 °C for 48 h. The production was characterized by the size
ofthe halo produced and its slime appearance. The production
of EPS was confirmed by mixing a portion of the mucoid
substance in 2 mL of absolute ethanol, where the formation
of a precipitate indicated the presence of EPS [23]. The bac-
terial isolates tested in solid EPS-M and selected as EPS-
producing strains were cultivated in shake flask experiments
to produce EPS. Bacterial strains were streaked on TSA for
24 h at 30 °C, with subsequent transferring of bacterial colo-
nies to 50 mL Erlenmeyer flasks containing 10 mL EPS-M for
4 days, at 30 °C and 180 rpm.

Exopolysaccharide extraction

EPS extraction was performed according to the methodology
described by Liang et al. [25]. Bacterial cultures were
autoclaved at 121 °C for 20 min to reduce viscosity and cul-
ture medium was harvested by 20 min centrifugation at
10,000g and 4 °C. The supernatants were filtered with a
1.2-um membrane and vacuum. The filtrates were mixed with

two volumes of methanol (MeOH) and stirred vigorously to
be kept overnight at 4 °C. After extraction, the MeOH extracts
were centrifuged at 10,000g for 15 min to recover the precip-
itates. Subsequently, the precipitates were washed three times
with sterile distilled water and lyophilized to obtain the extract
called crude EPS. The crude EPS was dissolved in distilled
water and stirred for 3 min at 80 °C. Then, the crude EPS was
mixed in four volumes of ethanol (EtOH) and stirred vigor-
ously to be kept overnight at 4 °C. After extraction, the ex-
tracts in EtOH were centrifuged at 10,000g for 15 min to
recover the precipitates. The precipitates were dissolved in
distilled water and deproteinized in 1/5 volumes of Sevag
Reagent (CHCI13-BuOH, v/v=5/1) seven times.
Deproteinized solution was dialyzed against distilled water,
concentrated on a rotary evaporator Concentrator plus
(Eppendorf, Hamburg, Germany) at reduced pressure
(45 °C) to approximately 5 mL of an aqueous suspension
and lyophilized to obtain the deproteinized EPS. The
deproteinized EPS were stored at 4 °C to be evaluated in
immunostimulatory activity assays.

Exopolysaccharide immunostimulatory activity

The macrophage activation to proinflammatory phenotype
was evaluated by Griess assay using murine macrophage cell
line (RAW 264.7). The Griess reaction indirectly measures the
NO levels, a proinflammatory metabolite. Griess reagent is a
1:1 mixture of an acetic acid solution (60%) (v/v) containing
N-(1-Naftil)-ethylenediamine 0.1% (w/v) and sulfonamide
1% (w/v) in acetic acid (30%) [26]. The RAW?264.7 cells were
exposed to bacterial EPS at concentrations 1, 10, and 100 pg/
mL or 100 ng/mL LPS (positive control) and sterile saline as
negative control (C-) for 48 h. After incubation, medium sam-
ples (50 uL) were mixed with Griess reagent (50 pL) and
incubated in dark at room temperature during 15 min. The
absorbance was measured at 570 nm using a spectrophotom-
eter. Nitrite production was calculated by interpolation of lin-
ear regression based on a nitrite standard curve. The differ-
ences between C- and other groups was evaluated by analysis
of variance (ANOVA) followed by Tukey’s post-test. « and b
values <0.05 were considered statistically significant. The
Laboratory of Marine Bioprospection and Biotechnology area
was certified by National Technical Commission on Biosafety
(CTNBIio0) on Brazil (license number 6.249/2018) to work
with biosafety level 2 genetic modified organisms. The project
to work with immunostimulating effects of RAW 264.7 cells
exposed to molecules from bacteria was authorized by
CTNBio under the license number 6.021/2018.

Hyaluronic acid production

Isolates were grown in 10 mL of liquid medium (HA-M)
(Table S1), at pH 7.0. The cultures were incubated 7 days, at
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30 °C and 180 rpm, using as positive control Streptococcus
equi CBMAI 0265 (Farrow and Callins subsp. zooepidemicus
ATCC 39920) HA-producing strain. For the quantification of
HA, a protocol described by YU et al. [27] was used with
modifications. In a 1.5-mL Eppendorf tube containing
550 uL of acetic acid 3% were added 400 pL of bacteria
cultures followed by addition of 50 puL Alcian Blue 8GX
solution, shaken in a vortex and wormer for 30 s in a micro-
wave. Samples were cold down at room temperature for 2 h
and centrifuged at 8000g for 2 min. Absorbance at 540 nm
was read in a Synergy H1 microplate reader (Biotek
Instruments, Inc., Winooski, USA). HA determination was
getting through calibration curve of HA reference control [27].

Results

A group of 25 halotolerant bacteria isolated from the rhizo-
sphere of two plants, Spergularia sp. and B. portulacoides, of
a saline region from the Caatinga biome (Fig. S1); 24 isolates
(96%) were Gram-positive, while 1 (4%) was Gram-negative.
Colonies of 18 isolates were opaque with irregular borders,
and the other 7 strains had colonies with yellow, orange, and
cream pigments. All the isolates grew aerobically within 24 h
at 30 °C on TSB medium.

Phylogenetic analysis of halotolerant bacteria based
on 16S rRNA gene sequence

Sequence analysis of the 16S rRNA (1111-1400 bp) gene
showed that strains belonged to the Firmicutes,
Actinobacteria, and Proteobacteria phyla. The most abundant
phylum was Firmicutes, represented by the Bacillaceae,
Exiguobacteriaceae, and Staphylococcaceae families.
Bacillus was the most abundant genus (18 strains), followed
by Staphylococcus (2 strains) and Exiguobacterium (1 strain)
(Table S2; Fig. 1). Actinobacteria and Proteobacteria phylum
were represented by the Curtobacterium (3 strains) and
Pseudomonas (1 strain) genera, respectively.

Bacillus and Curtobacterium were common genera isolat-
ed in both rhizospheric samples. Exiguobacterium,
Staphylococcus, and Pseudomonas were genera only isolated
from the rhizospheric sample of B. portulacoides plant
(Table S2; Fig. 2).

Salinity tolerance

Salt tolerance of the Caatinga isolates has been evaluated and
summarized in Fig. 3 (Table S3). From the rhizosphere of
Spergularia sp., most of the strains could grow up to 2.0 M
NaCl, and the growth was better at 1.0 M NaCl. Most of the
strains from the rhizosphere of B. portulacoides could grow
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up to 2.0 M NaCl and showed better growth at that concen-
tration. All bacterial strains were halotolerant.

Screening assays of microbial biopolymer production
Polyhydroxyalkanoate-producing isolates

Among our 25 isolates, 15 grew on mineral salt solid media
containing glucose. However, only 4 isolates, Sac23, Sac33,
Sac34, and Sac66, all belonging to the genus Bacillus and
obtained from the rhizosphere of B. portulacoides, accumu-
lated PHA as confirmed by Sudan black B staining reaction in
solid MSM (Fig. S2).

The 4 PHA-producing isolates were cultivated in MSM
containing glucose as sole carbon source to evaluate the
amount and type of monomer composition on their PHA.
After propanolysis reaction and consecutive polymer determi-
nation, a PHA constituted of 3-hydroxybutyrate homopoly-
mer [P(3HB)] from glucose as sole carbon source was detect-
ed. PHA content produced by the isolates tested ranged from
approximately 27 to 51% of cell dry weight (CDW) and
among them, strains Sac33 and Sac34 (Bacillus filamentosus)
showed >40% of PHA (%CDW) (Table 1). Based on these
results, Sac33 and Sac34 were selected for further PHA pro-
duction experiments.

Both strains, Sac33 and Sac34, identified as
B. filamentosus, were cultivated in MSM containing glucose,
glycerol, and xylose as sole carbon source and supplemented
with four different concentrations of NaCl (M). Polymer de-
termination showed a PHA constituted of P(3HB) homopoly-
mer from the three carbon sources evaluated (Table S4,
Fig. 4).

Strains Sac33 and Sac34 were found to accumulate PHA in
media containing 0.6 and 1.0 M of NaCl with any of the three
carbon sources evaluated, obtaining concentrations of P(3HB)
between 0.2 and 0.8 g/L, in both strains (Table S4).
Nonetheless, both strains could not accumulate PHA in media
supplemented with NaCl 2.0 M. The higher P(3HB) accumu-
lation observed in both strains was 0.9 g/L (30.5% PHA) and
0.8 g/L (27.7% PHA) for Sac33 and Sac34, respectively.

Exopolysaccharide-producing isolates

A total of 12 halotolerant bacterial isolates were able to pro-
duce EPS. The presence of a translucent or creamy material
involving a mucoid colony was indicative of EPS production

Fig. 1 Phylogenetic tree based on 16S rRNA gene sequences of P>
halotolerant bacterial isolates from the rhizosphere of Spergularia sp.
(a), and B. portulacoides (b). Sequence accession numbers are given in
brackets. The tree was constructed using neighbor-joining method.
Blastopirellula marina was used as an outgroup
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Fig. 2 Distribution of the relative
abundance of the bacterial genera
isolated from the rhizosphere of 100
Spergularia sp. and 90
B. portulacoides 80

Percentage (%)
v
o

Spergularia sp.

potential (Fig. S3). The EPS-producing isolates were Sac65
(Pseudomonas sp.), Sac54 (Curtobacterium sp.), and ten iso-
lates of the genus Bacillus: Sacl, Sac7, Sac9, Sacl6, Sacl8,
Sac22, Sac51, Sac64 (B. paralicheniformis), Sacl0
(B. salacetis), and Sac45 (B. haynesii). Most of the EPS-
producing strains (67%) were isolated from the rhizosphere
of Spergularia sp.

Immunostimulatory activity

Ten of the twelve isolates with positive EPS production were
selected and cultivated in EPS-M medium to produced
exopolysaccharides. The EPS produced were extracted and
used for evaluation of immunostimulatory activity by the
Griess test that showed the pharmacological responses pro-
duced by murine macrophages (RAW 264.7) treated with
the bacterial EPS (Fig. 5).

Bacterial EPS with activity detected on murine macro-
phages (RAW264.7) were produced, mostly, by strains be-
longing to the genus Bacillus that were isolated from the rhi-
zosphere of Spergularia sp. (Sacl, Sac7, Sac9, Sac16, Sac18,
and Sac51). Eight EPS increased nitrite (NO? ") concentration
in the murine macrophage supernatant. These cells showed
higher nitrite concentration in the Griess assay when were
treated with 100 pg/mL of the bacterial EPS (Fig. 5). Four
bacterial EPS of the strains identified as Bacillus
paralicheniformis Sacl, Sac9, Sacl6 (Fig. 5a), and Sac51
(Fig. 5¢) increased NO?~ concentration more than the positive
control (LPS). Also, it should be noted that bacterial EPS in
lower concentrations thereof, 1 and 10 pg/mL, obtained from
strains Sacl, Sac9 (Fig. 5a), Sacl8 (Fig. 5b), and Sac51
(Fig. 5c¢) increased the nitrite concentration in murine macro-
phages. The bacterial EPS from Sac45 (Fig. 5b) and Sac54
(Fig. 5¢) strains did not stimulate NO release by macrophages.

Hyaluronic acid production

All the strains were able to produce hyaluronic acid (Table S5
and S6, Fig. 6).
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As shown in Fig. 6, the strain Sac54 identified as
Curtobacterium sp. showed the highest relative concentration
of HA compared to the control (line). It is also observed that
the strains identified as B. filamentosus (Sac23, Sac33, and
Sac41), Curtobacterium sp. (Sac37 and Sac58), and
S. warneri (Sac59) showed higher HA production than the
control. Most of the strains (68%) produced similar or higher
relative concentrations than the positive control.

Discussion

To survive in saline environment, plants develop a number of
physiological and biochemical mechanisms including synthe-
sis of osmolytes, ion compartmentalization, activation of an-
tioxidant enzyme, hormone modulation, ion exclusion, and
blocking the entry of sodium ion (Na*) into the cell [28]. In
addition to mechanisms used by the plant itself to tolerate
salinity, the microbial population occurring in the soil also
plays a key role to induce/enhance salinity tolerance in plants
[28]. The rhizosphere is considered one of the most diverse
microbial habitats with respect to species richness and com-
munity size, and harbors a variety of microorganisms that
have the ability to promote plant growth by increasing the
availability and uptake of carbon, nitrogen, and minerals from
the soil [29]. The study of microorganisms from the rhizo-
sphere plants of the Caatinga is extremely important since
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>
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N
=
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#. Blutaparon portulacoides

[
>
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Halotolerant strains (%)

AlRmmnNmnmmN

=

2 Ak
AR

1.0 2.
NaCl (M)

Fig. 3 NaCl tolerance profile of halotolerant bacterial isolates from the
rhizosphere of Spergularia sp. and B. portulacoides
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Table1 PHA [P(3HB)] production by four halotolerant bacterial strains
from the rhizosphere of B. portulacoides of a saline region of the Caatinga
biome. Average and standard deviation of duplicate cultivation utilizing
glucose as sole carbon source

Bacterial isolate Identified species P(3HB)
(%CDW)
Sac23 B. filamentosus 30.1 £5.1
Sac33 B. filamentosus 40.5+3.0
Sac34 B. filamentosus S51.1£29
Sac66 B. filamentosus 269 +£39

they are a means by which low-fertility soil and extreme en-
vironment conditions can become a powerful source of bio-
technologically valuable metabolites [30]. In the present
study, identification of halotolerant bacteria from the rhizo-
sphere of Spergularia sp. and B. portulacoides, plants of a
saline region of the Caatinga biome, was carried out. We also
described the screening of biopolymers produced by these
microorganisms.

Bacterial strains belonging to the genus Bacillus were the
most abundant in the rhizosphere of Spergularia sp. and
B. portulacoides. According to previous reports, Bacillus
strains provide tolerance to host plants during abiotic stresses
[31]. Several Bacillus-like halophilic bacteria have been iso-
lated from extreme environments like marine sediments, salt

Bl g
;125 i g 74 Glucose
TEZO i / < Xylose
® 15 % _
- ol é =Glycerol

‘1% L

NaCl o
R 35
=25 | é
X % % *4Glucose
§15 F é g = Xylose
Tol %2 Z =
% / Glycerol
L Z = 7

NacCl

Fig. 4 Accumulation profile of PHA [P(3HB)] by isolates Sac33 and
Sac34 in MSM with NaCl and supplement with glucose, xylose and
glycerol. B. filamentosus Sac33 (a) and B. filamentosus Sac34 (b).
Average and standard deviation of triplicate cultivation after 72 h

mines, and dessert soils [32]. These groups of bacteria have
high biotechnological importance due to the wide range of
metabolites they synthesize [33, 34]. We focus in this study
on the biopolymer synthesis by them.

Members of the genus Curtobacterium (Curtobacterium
sp. and C. citreum) were identified from both rhizosphere
samples. Some of these Actinobacteria strains have been iso-
lated from desert ecosystems [35], from rocks of extreme arid
regions [36], and from salt flats [37], which corresponds with
the adverse conditions to the sites selected in Areia Branca for
this study. Also, these genera are ubiquitous and mostly found
associated with plants and soils [38], being described as
halotolerant nitrogen-fixing endophytic bacteria [39] and
halotolerant plant growth-promoting rhizobacteria (PGPR)
[31], reports that show the potential of these bacteria as
biofertilizers.

The genus Exiguobacterium was represented for only one
isolated (E. aestuarii) from the rhizosphere of
B. portulacoides. Members of this genus are interesting
sources for microbial diversity studies in extreme environ-
ments due they are widespread in varied habitats, including
cold environments such as Siberian permafrost and Antarctic
ice [40], hot/hyperalkaline springs [41], freshwater, and ma-
rine waters [42]. The distinctive feature of these bacteria is
their ability to grow under extreme environmental conditions,
with temperatures ranging from — 12 to 55 °C under nutrient-
limiting situations. The ability to grow over a wide range of
temperatures makes this genus a suitable candidate for devel-
oping agriculturally, industrially, and environmentally rele-
vant products such as extremozymes [43].

Member of the genus Staphylococcus (Staphylococcus sp.
and S. warneri) were identified from the rhizosphere of
B. portulacoides and they are halotolerant bacteria.
Staphylococci are extensively spread in various niches [44],
and have been isolated from hypersaline environments such as
salt lakes [45], salt mines [46], and from salt rich fields [47].
Several strains of this genus proved themselves beneficial for
plants by playing their role in growth promotion, protection
from phytopathogens, and provision of different elemental
nutrients such as nitrogen and phosphorus [48§].

One Pseudomonas sp. strain was isolated from the rhizo-
sphere of B. portulacoides. These bacteria have been isolated
from different types of environments and many species are very
frequent or dominant under extreme conditions [49]. They have
also been reported to stimulate plant growth by the production of
indole acetic acid (IAA), biofilm formation, or phosphate solu-
bilization [31, 48]. Also, these genera are described as a PHA
producer from diverse carbon sources [50].

All the strains grew on TSB media containing 0.1-1.0 M
NaCl, and showed salt tolerance at 2.0 M NaCl, except the strain
identified as E. aestuarii. All isolates are halotolerant bacteria.
NaCl is not required for the growth of these bacteria but improves
itat>0.1 M NaCl.
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Fig. 5 Evaluation of
immunostimulatory activity by
the Griess test. The figure shows
the nitrite levels in the supernatant
of murine

macrophages (RAW264.7). Cells
were exposed to sterile saline
(negative control), 100 ng/mL li-
popolysaccharide from
Escherichia coli (LPS) (positive
control), and the Caatinga bacte-
rial exopolysaccharides (Sac) af-
ter 48 hours of incubation. The
obtained absorbance values were
transformed into nitrite concen-
tration by interpolation and then
evaluated by ANOVA followed
by Tukey's post-test comparing
all the samples. a = p <0,05 when
compared with C-; and b =p
<0,05 when compared with LPS.
a) Assays carried out with strains
belonged to B. paralicheniformis
(Sacl, Sac7, Sac9 and Sac16) , b)
B. paralicheniformis (Sac18 and
Sac22) and B. haynesii (Sac45),
¢) B. paralicheniformis (Sac51
and Sac64) and C.
oceanosedimentum (Sac54)
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From the biopolymer screening carried out, it was found that
four strains isolated from the rhizosphere of B. portulacoides and
identified as B. filamentosus produced PHA constituted of
P(3HB) homopolymer (short chain length PHA) from glucose
as sole carbon source. It is a well-known fact that many of the
Bacillus sp. have been reported to produce PHA utilizing a di-
verse group of carbon sources [9, 34]. Currently, the species
B. filamentosus have not been reported as PHA producer; how-
ever in the genome of B. filamentosus hbe03 strain [51], an
amino acid sequence coding for poly(R)-hydroxyalkanoic acid
synthase subunit PhaC (class III) is annotated (Fig.S4).
Comparing the sequence of the subunit PhaC of the
B. filamentosus hbe603 strain with other sequences, it was ob-
served that it is similar to those described in B. megaterium
strains (Fig. S5), microorganism of this genus widely used and
studied for the production of PHA [9, 52]. For future studies, it
would be interesting to sequence the genome of these strains to
elucidate the genes and metabolic pathways responsible for the
synthesis of PHA in the Caatinga strains. The present study is the
first report about B. filamentosus PHA producer strains.

During adverse environmental conditions, PHA support the
growth, acting as a source of carbon, energy, and reducing power
to the microbes and this notion can be practically feasible at
industrial level to reduce the production cost of biopolymers
commercially with environmental sustainability [53]. Among
the 4 bacterial isolates, the strains B. filamentosus Sac33 and
B. filamentosus Sac34 showed the highest cell content as PHA.
They were selected to evaluate the effect of two carbon sources
related with industrial residues and salt stress in the PHA pro-
duction. The best cultured condition for strains B. filamentosus
Sac33 and Sac34 to produce P(3HB) was in MSM containing
glucose 10 g/L as sole carbon source and without NaCl
(Table S4). Our results show that, despite growing and accumu-
lating PHA, accumulation decreased with the increase of NaCl
concentrations. Nevertheless, use of halotolerant bacteria on
PHA production has been proposed worldwide, considering that
high saline concentrations could prevent contaminants or even
open bioreactors could be applied, depending of salt concentra-
tions thus reducing costs arising from medium and bioreactor
sterilization and also from maintaining process contaminant free
as proposed in some industries based on the strain Halomonas
bluephagenesis [54]. This strategy, coupled to relatively high pH
values, has been successfully applied to grow halophilic bacteria
in unsterile and continuous processes in seawater like medium
for at least 1 month without any microbial contamination. Sac33
and Sac34 cultured in MSM at 0.6-1.0 M NaCl, despite not
being the best condition for accumulation of these biopolymers,
revealed the promising potential of B. filamentosus for PHA
production in high concentrations of salt. On the other hand, both
evaluated carbon sources, xylose and glycerol, are low value
substrates and their utilization for biopolymer production is an
integrated solution for bio-based industries [34, 55]. The use of
Bacillus species for the production of PHA is due on three

advantages that have over other bacterial genera, firts the absence
of the lipopolysaccharide layer (LPS) which makes more easier
the polymer extraction; second their ability to grow on cheap raw
materials; and finally, they are generally recognized as safe
(GRAS) microorganisms by the Food and Drug Administration
(FDA) [56]. This assay was the first screening performed with
halotolerant isolates from Caatinga biome. The PHA accumulat-
ed can still be improved in further experiments using different
biotechnological approaches.

Strain Pseudomonas sp. Sac65 was negative in the screen-
ing carried out by Sudan black B staining reaction (Fig. S2),
result that was not expected since different species of the ge-
nus are described as producing PHA [50, 57]. However, this
strain would have the potential to accumulate PHA from un-
related carbon sources [58]. Further studies should be done
with this strain to prove it.

In recent years, increased demand for natural polymers for
food, pharmaceuticals, cosmetics, and other industrial applications
has encouraged the interest for isolation and identification of new
polysaccharides produced by microorganisms, which being isolat-
ed from extreme environments may have innovative applications
or different characteristics to the traditional ones [1]. It is interesting
the use of EPS in medical applications due to their specific bio-
logical activities, such as antioxidant activity, immunostimulating
effects, antitumor effects, and antiviral activity [10]. Halotolerant
strains belonging to the genus Bacillus (Sacl, Sac7, Sac9, Sac10,
Sacl6, Sac18, Sac22, Sac45, Sac51, and Sac64), Curtobacterium
(Sac54), and Pseudomonas (Sac65) identified in this study showed
EPS production. The genus Pseudomonas is a rich source of
exopolysaccharides. The production of EPS by species of these
genus has been reported in the literature [59], being the most
studied those produced by P. aeruginosa species that include al-
ginate, Psl, and Pel [60]. Curtobacterium species also are described
as a producer of exopolysaccharides, metabolite that play an im-
portant role in plant adaptation [38]. The production of EPS by the
genus Bacillus is also described in several studies [8], as well as the
different applications of the polymer in the industries. It is inter-
esting the use of these polymers as antiviral agents, antioxidants,
immunostimulatory activity, and antibiofilm in different works
[33, 61, 62]. With the objective of evaluate the immunostimulatory
activity of the EPS produced by the Caatinga strains, we selected
ten isolates for further experiments in murine macrophages.
Macrophages are target cells for some immunomodulatory and
antitumor agents that can be activated by different biologically
active substances such as microbial polysaccharides. These prod-
ucts have been shown to have potent immunostimulating activity
on cellular and humoral responses to antigens, invigorating natural
killer cells, T cells, B cells, macrophages, and immune system
responses [63]. The activation of macrophages to proinflammatory
phenotype by the bacterial EPS obtained in the study was mea-
sured based on their ability to produce high levels of NO. The
Griess test is an analytical test that indirectly measures the produc-
tion of nitric oxide (NO), by detecting the presence of nitrite in
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solution. NO is an important molecule involved in the immune
response in addition to other systems [64]. The results showed that
eight among ten bacterial EPS evaluated activated murine macro-
phages (Fig. 5). Strains identified as Bacillus paralicheniformis
(Sacl, Sac9, and Sac16 and Sac51), isolated from the rhizosphere
of Spergularia sp., increased NO*~ concentration, more than the
positive control (LPS). Cheng et al. [33] described a strain of
B. paralicheniformis (SR14) that synthesized an
exopolysaccharide with antioxidant activity, and Abinaya et al.
[61] described a B. licheniformis strain Dahbl as producer of
EPS with antimicrobial activity, and also exhibited effective larvi-
cidal properties against malaria and Zika virus mosquito vectors.
Our results are a first approximation to the immunostimulatory
potential of the evaluated EPS, though; other confirmatory tests
of the observed activity have to be performed, as well as the
chemical characterization of bacterial exopolysaccharides.

Hyaluronic acid is a high-value biopolymer used in the
biomedical, pharmaceutical, cosmetic, and food industries.
Current methods of HA production, including extraction from
animal sources and streptococcal cultivations, are associated
with high costs and health risks [65]. Consequently, the search
for other alternative microorganisms for the production of HA
is of interest and desirable to the industry. Knowing the bio-
technological potential of new strains that produce HA, it was
evaluated the production of hyaluronic acid by halotolerant
isolates from the Caatinga, performing cultures in liquid me-
dium and quantification by the Alcian Blue staining reaction.
Our results suggest that most of the halotolerant strains isolat-
ed from the rhizosphere of Spergularia sp. and
B. portulacoides can produce HA. The isolate identified as
Curtobacterium sp. (Sac54) produced the highest relative con-
centration of HA (Fig. 6) compared to the positive control,
Streptococcus equi that is used industrially for the production
of'this biopolymer. To the best of our knowledge, there are no
reports in the literature describing the genus Curtobacterium
as a producer of HA. Also, strains identified as Bacillus
(Sac23, Sac33, and Sac41) produced HA in higher concentra-
tion than the control. These Bacillus strains are attractive mi-
croorganisms for further experiments, previously mentioned,
due they are GRAS and different studies have been develop-
ment with these genera to enhance the production of HA [65].
Nevertheless, the results have yet to be evaluated by analytical
methods because the dye can also measure another type of
mucopolysaccharide [27]. Even so, the present study is the
first report about screening possible producers of HA by
halotolerant isolates from the Caatinga.

Conclusion
The results obtained in this study demonstrate the biotechno-

logical potential and versatility of the strains as producers of
biopolymers such as PHA and EPS that have attractive

@ Springer

biological activities. Bacillus strains from the rhizosphere of
B. portulacoides produced PHA from glucose, xylose, and
glycerol as sole carbon source at high NaCl concentrations.
Bacillus paralicheniformis strains from the rhizosphere of
Spergularia sp. produce EPS that showed potential
immunostimulatory activity in murine macrophages and also,
could produce HA. This work will be the basis for the devel-
opment of future research that aim, on one hand, to know and
exploit the ability of these strains to use industrial waste as
substrate for the production of PHAs, as well as the isolation,
characterization, and purification of EPS with biological
activity.
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