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Abstract: Acting as a growth regulator, Indole-3-acetic acid (IAA) is an important phytohormone
that can be produced by several Bacillus species. However, few studies have been published on the
comprehensive evaluation of the strains for practical applications and the effects of selenium species
on their IAA-producing ability. The present study showed the selenite reduction strain Bacillus
altitudinis LH18, which is capable of producing selenium nanoparticles (SeNPs) at a high yield in
a cost-effective manner. Bio-SeNPs were systematically characterized by using DLS, zeta potential,
SEM, and FTIR. The results showed that these bio-SeNPs were small in particle size, homogeneously
dispersed, and highly stable. Significantly, the IAA-producing ability of strain was differently affected
under different selenium species. The addition of SeNPs and sodium selenite resulted in IAA contents
of 221.7 µg/mL and 91.01 µg/mL, respectively, which were 3.23 and 1.33 times higher than that
of the control. This study is the first to examine the influence of various selenium species on the
IAA-producing capacity of Bacillus spp., providing a theoretical foundation for the enhancement of
the IAA-production potential of microorganisms.

Keywords: Bacillus altitudinis; sodium selenite; selenium nanoparticles (SeNPs); indole-3-acetic
acid (IAA)

1. Introduction

Selenium is one of the trace elements required by animals, plants, and humans [1],
which has a wide range of biological effects, including anti-oxidation [2], antitumor [3],
and enhancing human immunity [4,5]. At low doses, selenium can enhance growth, photo-
synthesis, and nutrient homeostasis in plants [6,7]. Natural oxidation states of selenium
include elemental selenium(0), selenide(-II), selenite(IV), and selenate(VI) [8,9]. Red sele-
nium nanoparticles (SeNPs) in elemental selenium have a variety of biological functions
and a wide range of applications. Studies have shown that the toxicity of SeNPs is lower
than that of selenite [10] and that SeNPs have higher bioavailability and greater potential
for use in various biomedical and environmental applications. Many strains have been
reported to biosynthesize SeNPs, including Streptomyces spp. [11], Azospirillum brasilens [12],
Lactobacillus spp. [13,14], Bacillus spp. [15–17], Stenotrophomonas maltophilia [18], and Pseu-
domonas alcaliphila [19], which are capable of synthesizing uniformly sized spherical SeNPs
both inside and outside the cell. More importantly, in recent years, biological treatment
involving microorganisms has been considered the preferred and sustainable alternative
due to its low cost and ecofriendliness. The particle size, stability [20], antioxidant [21],
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antimicrobial [22], and anticancer [23] properties of SeNPs have been extensively investi-
gated, but there are fewer comprehensive evaluations of their growth-promoting ability
and environmental adaptability as fertilizers or nutrient solutions.

Furthermore, it has been shown that soil microorganisms can play an important role in
biogeochemistry [24], especially in the secretion of active substances, such as indoleacetic
acid, from soil or crops. Studies have shown that inoculation of exogenous IAA-producing
bacteria can enhance the activity of antioxidant enzymes in plants [25]. By producing
IAA, these bacteria can alter the auxin pool in the plant to an optimal or superoptimal
level, leading to improved plant growth and development [26]. Therefore, it is of great
significance to use IAA-producing bacteria to produce bioorganic fertilizer. The use of
microorganisms as an environmentally friendly strategy to support crop production has
enormous potential. It has been shown that Bacillus circulans E9 has different ability
to produce IAA in LB and PYM media, 3.73 ± 0.15 µg/mL and 7.81 ± 0.16 µg/mL,
respectively [27]. The study reported an IAA yield of 48.75 ± 3 µg/mL after 72 h of
incubation of K. pneumoniae, and the treatment was optimized by the response surface
methodology (RSM) tool [28]. However, little research has been carried out to investigate
the effect of adding selenium to the culture medium on its ability to produce IAA and even
less on the addition of different selenium species.

This study aimed to isolate a strain with high selenium tolerance and identify it
as B altitudinis LH18 by colony morphology observation, physiological and biochemical
measurements, and molecular biology techniques. The biogenic SeNPs produced by the
strain were systematically characterized by DLS, zeta potential analysis, SEM, and FTIR.
Moreover, to evaluate the environmental adaptability of the strain LH18 in question, its
tolerance to acid, alkali, salt, and the heavy metal cations Cd(II) was determined. To
further explore the integrated application ability of strain LH18, the effects of adding
different selenium species on the ability of strain LH18 to produce IAA were determined.
It greatly enriches the selenium-enriched microbial resources and broadens the application
of selenium-enriched microorganisms and SeNPs in the plant field.

2. Results
2.1. Isolation and Identification of Strains
2.1.1. Isolation and Screening

The higher the concentration of sodium selenite, the lighter the red color of the
strain, indicating that the strain has limited tolerance to selenium (Figure S1A). In this
study, selenite-reducing Bacillus selenite was isolated from soil from LB plates spiked with
300 mmol/L sodium selenite (Figure S1B). Among all the strains, the isolated strain LH18
was in a better growth condition and could reduce sodium selenite to red SeNPs. After
72 h of incubation at 37 ◦C and 180 rpm, it was observed that strain LH18 could reduce a
maximum of 250 mmol/L sodium selenite to red SeNPs (Figure S1C). Therefore, this strain
was selected for further studies.

Bacterial strains were identified by extracting the bacterial DNA followed by DNA
amplification using universal primers 27F/1492R. The extracted DNA was sent to Shanghai
Shenggong sequencing company for sequencing, and the obtained sequences were sub-
mitted to GenBank for accession numbers. The 16S rDNA had a length of 1454 bp, and
its sequence was most similar to Bacillus altitudinis LH18. Phylogenetic analysis based on
the neighbor of joining method also shows isolated LH18 clustered with Bacillus altitudinis
(Figure 1). More importantly, the results of physiological and biochemical tests (Table S1)
showed that the isolate LH18 possessed biochemical and physiological character B altitudi-
nis. Based on the results of the above analysis, it can be concluded that the bacterium is
B altitudinis LH18.



Molecules 2024, 29, 2463 3 of 16Molecules 2024, 29, x FOR PEER REVIEW  3  of  16 
 

 

 

Figure 1. Characterization of strain LH18. (A) Identification of colony morphology. (B) Gram stain-

ing of strain LH18. (C) Neighbor-joining tree inferred through MEGA 6 software based on the se-

quences of 16S rDNA gene, showing the phylogenetic relationship of strain LH18 and related spe-

cies obtained from the Ezbiocloud website. 

2.1.2. Characterization of Selenium-Enriching Bacteria 

The bacterial growth curve was evaluated using four different concentrations of sel-

enite, viz. 0, 5, 25, and 50 mmol/L in LB (Figure 2); the reduction process was observed to 

start concomitantly with microbial growth without any significant lag phase. However, it 

will have a certain  inhibitory effect on the growth of the strain when the concentration 

arrives at 25 mmol/L. Moreover, in the medium containing sodium selenite, the culture 

medium first became turbid, and the color gradually changed to red when it reached the 

logarithmic phase (between 12 and 24 h of incubation). 

Similarly, it showed that sodium selenite reduction was correlated closely to growth 

kinetics in Rhodopseudomonas palustris strain N [29]. The reduction occurred between the 

end of the exponential phase and the beginning of the stationary phase. According to the 

description, 79% of sodium selenite exhaustion happened during the exponential devel-

opment phase of B.  fungorum DBT1, and  the maximum amount of decrease happened 

during the stationary growth phase of B. fungorum 95 [30]. Furthermore, as the concentra-

tion of sodium selenite provided by the same bacterium varies, so does the primary re-

duction period. In Bacillus mycoides SeITE01 and  in the presence of 0.5 mmol/L sodium 

selenite, the total amount of sodium selenite initially added to the cultures was exhausted 

during the exponential phase of growth. By contrast, when 2.0 mmol/L sodium selenite 

was supplied, the selenite was mainly depleted during the stationary phase. 

In cultures of the B. altitudinis LH18 strain with an initial sodium selenite concentra-

tion of  5 mmol/L, depletion of  sodium  selenite occurs during  the  exponential growth 

phase (between 6 and 24 h of incubation). The results show that 49% of the initial sodium 

selenite was depleted within 24 h, of which only 13% occurred within the first 12 h (Figure 

Figure 1. Characterization of strain LH18. (A) Identification of colony morphology. (B) Gram staining
of strain LH18. (C) Neighbor-joining tree inferred through MEGA 6 software based on the sequences
of 16S rDNA gene, showing the phylogenetic relationship of strain LH18 and related species obtained
from the Ezbiocloud website.

2.1.2. Characterization of Selenium-Enriching Bacteria

The bacterial growth curve was evaluated using four different concentrations of
selenite, viz. 0, 5, 25, and 50 mmol/L in LB (Figure 2); the reduction process was observed
to start concomitantly with microbial growth without any significant lag phase. However,
it will have a certain inhibitory effect on the growth of the strain when the concentration
arrives at 25 mmol/L. Moreover, in the medium containing sodium selenite, the culture
medium first became turbid, and the color gradually changed to red when it reached the
logarithmic phase (between 12 and 24 h of incubation).
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Figure 2. Growth curve, selenite reduction in B altitudinis LH18 in the presence of selenite (5 mmol/L).
(A) Growth curve of strain LH18 in the different concentrations of selenite (0, 5, 25, and 50 mmol/L).
(B) Selenite reduction in B altitudinis LH18 in the presence of selenite (5 mmol/L).
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Similarly, it showed that sodium selenite reduction was correlated closely to growth
kinetics in Rhodopseudomonas palustris strain N [29]. The reduction occurred between the
end of the exponential phase and the beginning of the stationary phase. According to the
description, 79% of sodium selenite exhaustion happened during the exponential develop-
ment phase of B. fungorum DBT1, and the maximum amount of decrease happened during
the stationary growth phase of B. fungorum 95 [30]. Furthermore, as the concentration of
sodium selenite provided by the same bacterium varies, so does the primary reduction
period. In Bacillus mycoides SeITE01 and in the presence of 0.5 mmol/L sodium selenite, the
total amount of sodium selenite initially added to the cultures was exhausted during the
exponential phase of growth. By contrast, when 2.0 mmol/L sodium selenite was supplied,
the selenite was mainly depleted during the stationary phase.

In cultures of the B altitudinis LH18 strain with an initial sodium selenite concentration
of 5 mmol/L, depletion of sodium selenite occurs during the exponential growth phase
(between 6 and 24 h of incubation). The results show that 49% of the initial sodium
selenite was depleted within 24 h, of which only 13% occurred within the first 12 h
(Figure 2). At the end of the full 48 h logarithmic period, the conversion rate was 94.69%.
The largest reduction occurred between 24 and 48 h. The 6 h delay before the onset of
reduction can be explained by the slow sodium selenite uptake during the initial growth
described elsewhere.

2.2. Determination of the Tolerance Capacity of Strain LH18
2.2.1. Determination of Acid and Alkali Tolerance by Strain LH18

The effect of different pH on the growth of B altitudinis LH18 (Figure 3A) significantly
affected the growth, reproduction, and physiological metabolism of microorganisms. In
the process of fermentation, the influence of pH is mainly reflected in the growth and
reproduction of microorganisms, metabolic synthesis, and the physical and chemical
properties of fermentation broth. According to the experimental results, B altitudinis
LH18 could grow in pH 5–11, indicating that B altitudinis LH18 could grow in extreme
environments and has a wide range of environmental adaptability.
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2.2.2. Determination of Salt Tolerance by Strain LH18

The optimum growth salt concentration of weak halophilic microorganisms is
0.2–0.5 mol/L, the optimum growth salt concentration of moderate halophilic microorgan-
isms is 0.5–2.5 mol/L, and the optimum growth salt concentration of extreme halophilic
microorganisms is 2.5–5.2 mol/L. After 72 h of culture, B altitudinis LH18 could grow in 11%
NaCl (1.88 mol/L), indicating that B altitudinis LH18 is a moderately halophilic bacterium
that can grow at high salt concentrations (Figure 3B).

2.2.3. Determination of Heavy Metal Cations Resistance Cd(II)

The following experiment was carried out to determine whether strain LH18 can
grow in an environment with high levels of Cd(II). B altitudinis LH18 was able to grow in
1.5 mmol/L Cd(II) solution, indicating that the strain has the ability to tolerate the heavy
metal cation Cd(II) (Figure 3C). Compared with previous research, the ability of this strain
to tolerate Cd(II) is at a better level among the Bacillus species and provides a microbial
resource for heavy metal degradation.

2.3. Characterization of SeNPs
2.3.1. Dynamic Light Scattering (DLS) Analysis

The particle size and size distribution of the SeNPs were analyzed by DLS. The results
of DLS analysis indicated that the size distribution of purified SeNPs was
228.5 nm (Figure 4), and the SeNPs have a high zeta potential. The results showed that the
zeta potential of SeNPs was −31.5 mV, indicating that the SeNPs produced by B altitudinis
LH18 were stable.
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2.3.2. Scanning Electron Microscopy (SEM) Analysis

To elucidate the effect of sodium selenite reduction and SeNP production on the
morphology of strain LH18, it was inoculated into a medium containing 5 mmol/L
sodium selenite. SEM analysis showed the morphology of B altitudinis LH18 and SeNPs
after 48 h incubation in a sodium selenite-containing medium (Figure 5). Scanning
electron microscopy results showed that SeNPs coexisted on the surface of B altitudi-
nis LH18 (Figure 5A), B altitudinis LH18 was rod-shaped with a size of about 2 µm, and
SeNPs were spherical with a uniform size distribution and a small particle size of about
228.5 nm (Figure 5B). The extraction yielded purified SeNPs, which were spherical in shape
and rounded by a layer of material on the surface. Studies [31] showed that SeNPs are
surrounded by a layer of sugar or protein, so it is speculated that the material may be sugar
or protein. Energy-dispersive X-ray (EDX) analysis showed that the purified SeNPs were
spherical and clearly indicated the presence of selenium (Figure 5C). The size of SeNPs is an
important factor in determining chemical properties and biological activity. These results
indicate that B altitudinis LH18 can produce small-sized and highly stable SeNPs, which
constitutes a multifunctional platform that may be suitable for biotechnology applications.
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Purified SeNPs.

2.3.3. Fourier Transform Infrared Spectrometer (FTIR) Analysis

FTIR spectroscopy revealed the functional groups on the surface of SeNPs by measur-
ing the vibration frequency in the chemical functional groups. The groups such as N-H,
O-H, CH2, CH3, C=O, and C-O-C existing on the surface of the biogenic SeNPs produced
by B altitudinis LH18 may be coated by proteins and polysaccharides that were involved in
the formation and stabilization of the SeNPs (Figure 6). The various absorption bands and
corresponding distributions in the FTIR spectrum were as follows: The FTIR spectrum of
SeNPs shows an absorption band at 3417.61 cm−1, corresponding to the overlap of N-H and
O-H stretching vibrations of the amino group and hydroxyl group of the carboxyl group
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in the amino acid [32]. The peak centered at 2927.34 cm−1 (broad and asymmetric) was a
sum of the various stretching vibrations of the C-H moieties in the methyl and methylene
groups, largely in protein side chains, while the peak at 1650.01 cm−1 indicated the presence
of C=O (amide I band) in the amide group [33]. The peak at 1543 cm−1 corresponded to the
N-H plane bending of protein amide II. The weak and broad peak centered at 1453.22 cm−1

evidently contains contributions from various vibrations, such as the stretching of C-N, the
bending of C-H, and the symmetric stretching modes of ionized carboxylic groups. The
peak at 1392.02 cm−1 could be attributed to C=O of COO– symmetric stretching in proteins.
The broad peak at 1063.96 cm−1 was located in the typical C-O/C-C/C-N vibration modes
characteristic of polysaccharides and/or proteins. In consequence, FTIR spectroscopy
confirmed the presence of proteins and possible polysaccharides on the surface of the
resulting biological SeNPs (amide I: 1650.01 cm−1, amide II: 1543.98 cm−1, and amide III:
1231.2 cm –1) and carbohydrates (1063.96 cm−1). This indicates that the extracellular poly-
mers secreted by B altitudinis LH18 are coated on the surface of SeNPs, and the presence of
these extracellular polymers is beneficial to the long-term stable storage of SeNPs.
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2.4. Production of IAA Capacity
2.4.1. Effect of Adding Different Concentrations of Sodium Selenite on IAA Production

IAA is a plant growth hormone that can directly or indirectly regulate plant growth
and development. IAA is typically produced naturally by plants and can also be obtained
from soil and microbial communities. The synthesis of IAA can proceed through two
distinct routes. The non-tryptophan pathway includes the method by which IAA can be
made without the inclusion of L-tryptophan and its derivatives. Second, the tryptophan
pathway is involved in the production of IAA by the addition of L-tryptophan. The results
showed that after adding 2 mmol/L of sodium selenite, the solution color was redder, and
IAA production capacity was better after incubation at 37 ◦C for 4 d (Figure 7). The results
showed that the yield of IAA was 137.98 µg/mL, 1.99 times that of the control. Therefore,
2 mmol/L was selected as the additional selenium source in the later period.
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2.4.2. Effects of Different Selenium Species on IAA Production

The results of the study observed the effect of adding different selenium species to the
culture medium on the ability of strain LH18 to produce IAA. After two days of incubation,
the treatment with the addition of SeNPs significantly enhanced its ability to produce IAA,
followed by the sodium selenite and sodium selenate groups (Figure 8A). The addition
of tryptophan did not significantly affect the yield of strain LH18 on the production of
SeNPs using sodium selenite (Figure 8B). From the results, it was known that 2 mmol/L
treatments of SeNPs and sodium selenite increased the ability of the strain to produce
IAA, and sodium selenite treatment decreased the ability of the strain to produce IAA.
The amount results (Figure 8C) showed that the ability of IAA production was improved
after adding 2 mmol/L SeNPs and sodium selenite at 37 ◦C for 48 h. IAA production was
221.7 µg/mL and 91.01 µg/mL, respectively, which were 3.23 times and 1.33 times higher
than that of the control group. After 96 h culture, the IAA content of the SeNP group
and sodium selenite group were 169.46 µg/mL and 137.98 µg/mL, respectively, which
were 2.44 times and 1.99 times that of the control group. However, after adding 2 mmol/L
sodium selenate, the IAA production ability of B altitudinis LH18 decreased.

To explore the mechanism, we also evaluated the growth status of the strain. The
results showed that the addition of SeNPs resulted in the largest growth of the strain and
was directly proportional to the strain’s IAA-producing ability, followed by the control,
sodium selenite, and sodium selenate in descending order of the growth of strain LH18.
After the addition of sodium selenate, the growth of strain LH18 was reduced compared
with the control group. The reason may be that sodium selenate has a destructive effect on
the cell walls of microorganisms, so some microorganisms cannot survive and die normally,
resulting in a decrease in the ability of microorganisms to produce IAA.
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3. Discussion

In addition, studies have shown that selenium can also increase the germination rate
of seeds, promote plant growth, and increase chlorophyll content in leaves. Selenium has
been demonstrated in numerous research to promote plant growth; however, fewer studies
have looked at how Se affects microorganisms’ capacity to release IAA. In this experiment,
a strain of selenium-tolerant B altitudinis LH18 was screened, the highest selenium-tolerant
concentration of the strain was determined in plate culture and liquid, and the growth
kinetic curve of the strain was determined. This paper showed that the maximum growth
of strain LH18 was significantly increased by the addition of 5 mmol/L sodium selenite.
The absorbance values measured in the mid-late logarithmic and stabilization phases of the
culture were higher than the maximum values obtained in the absence of sodium selenite.
The same phenomenon has been observed in the research [34]. After analyzing several
potential explanations, it was determined that one of them might be the way selenium
encouraged the strains’ growth, which raised their biomass.

This study demonstrated that B altitudinis can reduce 94.69% sodium selenite to SeNPs
in 48 h. Moreover, the size of SeNPs is closely related to their inactivity, and usually,



Molecules 2024, 29, 2463 10 of 16

the smaller the particle size, the more bioactive they are. Studies have shown that the
wavelength range of most biogenic SeNPs is 100–500 nm. The biological SeNPs produced
by this strain had good stability, as evidenced by the results, which revealed that at
pH 7, they were spherical, tiny, and uniformly dispersed, with an average particle size of
228.5 nm, a PDI of 0.412, and a zeta potential of −31.5 mV.

In this study, it was found that B altitudinis LH18 could grow in 1.5 mmol/L Cd(II)
solution. In comparison to previous studies [35,36], the microbial strain showed superior
resistance to the heavy metal cation Cd(II), and it was demonstrated that the strain is also
capable of producing IAA. IAA is a plant auxin that is released by bacteria that support
plant growth. It not only encourages seed germination but also controls plant growth. IAA
can promote plant growth by regulating plant cell division and related gene expression, and
it plays an important role in agricultural production [37]. Studies have shown that applying
selenium compounds as fertilizers can boost plant yields. For instance, adding sodium
selenite, organic selenium, selenocysteine, and SeNPs can boost plant production [38].
Moreover, applying selenium to cadmium-contaminated soil protects and stimulates plants,
which can help strains become more acclimated to their surroundings [39].

At present, the research of microbial strains capable of producing SeNPs mainly
focuses on antioxidation, antivirus, and improving immunity. However, there are few
studies on the IAA production ability of the strain and the production and activity of IAA
by different selenium species. To evaluate the potential of the strain as a growth-promoting
bacteria, the ability of LH18 to produce indole acetic acid was also explored, and the results
showed that strain LH18 has a strong ability to secrete indole acetic acid. Under the same
growth conditions, the addition of different selenium species had different effects on the
ability of strain LH18 to produce IAA.

After 48 h incubation, the IAA content of the SeNP group and sodium selenite group
were 221.7 µg/mL and 91.01 µg/mL, respectively, which were 3.23 times and 1.33 times
higher than that of the control group. After 96 h culture, the IAA content of the SeNP group
and sodium selenite group were 169.46 µg/mL and 137.98 µg/mL, respectively, which
were 2.44 times and 1.99 times of the control group. Through analysis, it is possible that
the addition of SeNPs can increase the number of viable bacteria, thus promoting the IAA
production capacity of B altitudinis LH18. To create selenium-enriched microorganisms and
products that have the capacity to manufacture IAA, this offers theoretical direction as well
as technological assistance. To the best of our knowledge, there is no published literature
on the effect of different selenium species on the capacity of Bacillus spp. to produce IAA.
Furthermore, this investigation examined the impact of several selenium species on the
capacity of strains to generate IAA in order to improve the microbial resources enriched
with selenium.

4. Materials and Methods
4.1. Screening and Isolation of Selenium-Tolerant Bacterial Strains

The soil samples were selected from soil layers near the selenium mine in Enshi
Autonomous Prefecture, Hubei Province. Briefly, 1 g of soil sample was diluted serially
(10-fold) in sterilized distilled water and heated at 65 ◦C for 1 h. Then, 100 µL of each
dilution was spread on LB plates and cultured at 37 ◦C for 24 h. Cultures were isolated and
purified by continuous streaking to obtain single colonies. A single colony was picked to
place on LB plates containing 200 mmol/L and 300 mmol/L sodium selenite and cultured
at 37 ◦C for 24 h. Because colonies with red color indicate those with selenite reduction and
selenium(0) formation, individual colonies with red color were picked and subcultured on
new LB plates. A total of 22 strains resistant to 300 mmol/L selenite were screened out. The
seed solution of strains was inoculated with 2% inoculation amount into LB liquid medium
containing 0, 50, 100, 150, 200, 250, and 300 mmol/L selenite, respectively, and incubated
for 72 h in a constant temperature shaker at 37 ◦C at 180 rpm to observe and record the
growth of the cell and the production of SeNPs.
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4.2. Identification of Selenium-Tolerant Bacterial Strains

To identify and isolate LH18, biochemical and physiological analyses were conducted
using standard methods. The colonial morphology and biochemical of the strain were
observed, as described in the “Bergey’s Manual of Systematic Bacteriology”. The sin-
gle colony was analyzed using the standard Gram staining method. 16S rDNA genes
were obtained by PCR using the isolated genomic DNAs as templates and a pair of
universal primers, 27F and 1492R. Then, the 16S rDNA gene sequence was compared
with those available on the EzBioCloud server [40]. A Neighbor of Joining tree was con-
structed using MEGA 7.0 software, and bootstrap confidence values were obtained using
1000 resamplings.

4.3. Characterization of Selenium-Enriching Bacteria
4.3.1. Dynamics of Microbial Growth

To assess the effect of selenite on bacterial cells, the growth curves of LH18 were determined
in the presence of 0, 5, 25, and 50 mmol/L selenite in LB broth. Screened Se-enriched bacteria
were inoculated into 100 mL of LB medium (approximately OD600 = 0.03) in 250 mL conical
flasks at 37 ◦C. Therefore, we measured the cell concentration (OD600) once every 2 h throughout
the culture and plotted the growth curve.

4.3.2. Determination of SeNPs Production

Using inductively coupled plasma mass spectrometry (ICP-MS) to measure the amount
of sodium selenite that remains in the medium can help assess the sodium selenite bioreduc-
ing rate [41]. The samples underwent centrifugation at a force of 12,000× g for a duration
of 20 min. Thus, the resulting supernatant was carefully transferred to a fresh tube and
subjected to filtration using a 0.22 µm filter, enabling the analysis of the remaining sodium
selenite concentration within the supernatant. The filtered supernatant was digested
in 3 mL of concentrated HNO3 overnight and passed through a 0.22 µm filter. Subse-
quently, the samples were diluted to the appropriate selenium concentration and analyzed
by ICP-MS.

4.4. Determination of the Tolerance Capacity of Strain LH18
4.4.1. Determination of the Adaptability of Strain LH18 to Acidic and
Alkaline Environments

The single colony of B altitudinis LH18 was selected and cultured in an LB medium
overnight for 12 h. The OD600 was measured to be about 0.8. The LB solution of different
pH (4–12) was inoculated at 2% inoculation amount and cultured at 37 ◦C and 180 rpm.
The OD600 was measured at 72 h.

4.4.2. Determination of Salt Tolerance by Strain LH18

LB media containing 5, 7, 9, 11, and 13% NaCl were prepared, respectively. The single
colony was picked and activated by an LB medium for 12 h, and the bacterial solution
was diluted with an LB medium to OD600 to 0.8. The above LB liquid medium containing
different concentrations of NaCl was inoculated at an inoculum size of 2%, a total volume
of 100 mL, 37 ◦C, 180 rpm. Samples were taken at 72 h, respectively, and the absorbance of
the bacteria was measured at 600.

4.4.3. Determination of the Tolerance Capacity of Strain LH18 to the Heavy Metal
Cations Cd(II)

The single colony of B altitudinis LH18 was selected and cultured in an LB medium
overnight for 12 h (approximately OD600 = 0.8). According to the 2% inoculation amount, it
was inoculated into different concentrations of Cd(II) (0.5, 1, 1.5, 2, and 2.5%) LB solution,
37 ◦C, 180 rpm culture, sampling 72 h to measure OD600.
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4.5. Preparation and Characterization of SeNPs
4.5.1. Separation and Purification of SeNPs

The seed liquid of the activated strain (OD600 = 0.8) was inoculated into LB liquid
medium containing a certain concentration of sodium selenite at 180 rpm by 1% inoculation
amount, and the fermentation broth was cultured at 37 ◦C until the fermentation broth
became red. The fermentation broth containing SeNPs was collected in a centrifuge tube,
placed in a centrifuge at 12,000 rpm, centrifuged for 10 min, and the precipitate was
collected as a mixture of bacteria and SeNPs. The sediment should be cleaned with sterile
water two or three times. Then, it should be put in a mortar and liquid nitrogen added
right away for grinding. After grinding, the bacterial powder was suspended with sterile
water, and the cells on the ice were ultrasonically broken for 10 min. The SeNP suspension
was filtered through 10, 5, 3, 1.8, 1.2, 1, 0.8, and 0.45 µm membranes, respectively. The
SeNP suspension was moved to the separator funnel, and one-fifth volume of n-Hexane
was added. The mixture was fully mixed and stood, and the lower layer was collected as
the product. After centrifugation at 12,000 rpm for 10 min, the precipitate was collected
and washed with sterile water 2–3 times. The precipitate was taken and freeze-dried to
obtain SeNPs.

4.5.2. Dynamic Light Scattering (DLS) Analysis

The degree of dispersion and stability of SeNPs can be ascertained by DLS by mea-
suring the average size and zeta potential of the particles. This technique works on the
principle of light scattering. The light was scattered by the SeNPs, and thus, the average
size of SeNPs was obtained with its polydispersity index (PDI) [42]. A DLS instrument was
used to distribute the mean size of SeNPs. The refractive index was 1.33, and the absorption
coefficient was 1.0 [43].

4.5.3. Scanning Electron Microscopy (SEM) Analysis

Strain LH18 was grown in LB supplemented with 5 mmol/L sodium selenite at 37 ◦C,
180 rpm. After 12 h of cultivation, cells were centrifuged (8000 rpm, 10 min). Harvested
centrifuged were washed thrice with phosphate-buffered saline (PBS, pH 8.0). Fixation was
conducted with 2.5% glutaraldehyde (24 h, 4 ◦C). Finally, freeze dried and sputter coated.
The samples were then viewed using SEM (JSM-6390 JEOL, Tokyo, Japan).

4.5.4. Fourier Transform Infrared Spectrometer (FTIR) Analysis

To identify the major structural groups surrounded by the purified SeNPs, FTIR
analysis was performed. Firstly, the freeze-dried KBr was ground into powder and then
placed into an infrared dryer for drying. Then, 1 mg SeNPs was mixed evenly with KBr at
a ratio of 1:100, loaded into a configured die, and pressed at 20 MPa. The film thickness
obtained after pressing is 0.4 mm, and the pressed film is analyzed. FTIR analysis was
performed to find out the function present on the SeNPs. This equipment involves the use
of infrared radiation (IR) to obtain the peaks of the samples.

4.6. Determination of IAA Production Capacity of Strain LH18
4.6.1. Potential for IAA Production Capacity of Strain LH18

To measure the ability of B altitudinis LH18 to produce IAA, single colonies were
inoculated in an LB medium containing 100 mg/L L-tryptophan and cultured at 37 ◦C and
180 rpm for 1 d. Then, the bacterial solution was centrifugated for 8000 rpm. After 10 min,
50 µL of supernatant was put on the white ceramic plate. The same volume of Salkowski
colorimetric agent (50 mL 35% HClO4 and 1 mL 0.5 mg/mL FeCl3) was added and mixed
well. Moreover, 50 mL of 20 mg/L IAA standard solution was added to the third column
of the white ceramic plate as a positive control, and the color change was observed after
30 min of reaction in the dark at room temperature.
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4.6.2. Determination of IAA Production Capacity

IAA standard solutions with concentrations of 0, 10, 5, 20, 30, 40, and 50 mg/L were
mixed with Salkowski colorimetric reagent (1:1) and reacted in the dark for 30 min, and
the absorbance was measured at 530 nm using a UV spectrophotometer. An IAA standard
curve was drawn with IAA concentration as the abscissa and absorbance value as the
ordinate. Strain LH18 was inoculated into an LB medium and cultured for 5 d at 37 ◦C and
180 rpm. The filtered culture medium was mixed with a Salkowski colorimetric reagent (1:1)
and reacted in the dark for 30 min. To obtain the IAA yield of the strain, the absorbance
of the mixture was measured at 530 nm, and this value was substituted into the IAA
standard curve.

4.6.3. Effect of Sodium Selenite on the Production of IAA by Strain LH18

In an LB medium supplemented with L-tryptophan, 0, 1, 2, 4, 8, and 10 mmol/L
sodium selenite were added, respectively. The content of IAA was measured after incu-
bation at 37 ◦C and 180 rpm for 4 d. At the same time, the OD600 of different groups was
measured by UV, and the rate of reducing sodium selenite was measured by the sodium
sulfide method.

4.6.4. Effects of Different Selenium Species on IAA Production

Different selenium species (sodium selenate, sodium selenite, and SeNPs) of 2 mmol/L
were added to an LB medium supplemented with L-tryptophan (100 mg/L) content of
IAA was measured after incubation at 37 ◦C and 180 rpm for 2 d. At the same time, the
OD600 of different groups was measured by UV, and the rate of reducing sodium selenite
was measured by the sodium sulfide method.

5. Conclusions

In this study, a bacterial strain with extreme tolerance to sodium selenite was iso-
lated from the soil layer near the selenium mine, with a tolerance of up to 300 mmol/L,
indicating that more SeNPs might be produced. The smaller particle size of SeNPs synthe-
sized by strain LH18 indicates that it has better biological activity. The prepared SeNPs
were characterized by DLS, zeta potential, SEM, and FTIR. The results showed that the
SeNPs were spherical, with small and uniformly dispersed particles and good stability.
In addition, the comprehensive application ability of the strain was evaluated. The strain
has good resistance to acid, alkali, salt, and heavy metal cations Cd(II) and has extensive
biological adaptability. In addition, the effects of three different selenium species on the
IAA production capacity of B altitudinis LH18 were discussed. The results showed that the
addition of sodium selenite and SeNPs could significantly improve the IAA production
capacity of B altitudinis LH18. This is the first time study of the effect of different selenium
species on IAA production by Bacillus spp. The discovery of this strain enriched microbial
resources and provided theoretical support for improving the ability of microorganisms to
produce IAA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29112463/s1, Figure S1. Screening of selenium-tolerant
strains. Growth of the strain on 200 mmol/L (A) and 300 mmol/L (B) sodium selenite plates.
(C) Tolerance of strain LH18 to different concentrations of sodium selenite. Table S1. Differential
characteristics of strain LH18 and Bacillus altitudinis.
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