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HIGHLIGHTS

e The rare actinomycete Kitasatospora sp.
SeTe27 strain is notably tolerant to
selenite.

e Adaptive Laboratory Evolution (ALE)
enhances selenite microbial resistance.
e The ALE variant shows increased sele-

nite uptake and redox stability.

e The ALE strain acquires missense muta-
tions on antibiotic-related genes.

e Attenuation of metabolic processes fa-
vors bacterial survival under selenite
pressure.
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ABSTRACT

The effects of oxyanions selenite (Se03 ") in soils are of high concern in ecotoxicology and microbiology as they
can react with mineral particles and microorganisms. This study investigated the evolution of the actinomycete
Kitasatospora sp. SeTe27 in response to selenite. To this aim, we used the Adaptive Laboratory Evolution (ALE)
technique, an experimental approach that mimics natural evolution and enhances microbial fitness for specific
growth conditions. The original strain (wild type; WT) isolated from uncontaminated soil gave us a unique model
system as it has never encountered the oxidative damage generated by the prooxidant nature of selenite. The WT
strain exhibited a good basal level of selenite tolerance, although its growth and oxyanion removal capacity were
limited compared to other environmental isolates. Based on these premises, the WT and the ALE strains, the latter
isolated at the end of the laboratory evolution procedure, were compared. While both bacterial strains had
similar fatty acid profiles, only WT cells exhibited hyphae aggregation and extensively produced membrane-like
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vesicles when grown in the presence of selenite (challenged conditions). Conversely, ALE selenite-grown cells
showed morphological adaptation responses similar to the WT strain under unchallenged conditions, demon-
strating the ALE strain improved resilience against selenite toxicity. Whole-genome sequencing revealed specific
missense mutations in genes associated with anion transport and primary and secondary metabolisms in the ALE
variant. These results were interpreted to show that some energy-demanding processes are attenuated in the ALE
strain, prioritizing selenite bioprocessing to guarantee cell survival in the presence of selenite. The present study
indicates some crucial points for adapting Kitasatospora sp. SeTe27 to selenite oxidative stress to best deal with
selenium pollution. Moreover, the importance of exploring non-conventional bacterial genera, like Kitasatospora,
for biotechnological applications is emphasized.

1. Introduction

Selenium (Se) is a crucial micronutrient for the health of living or-
ganisms (Genchi et al., 2023). Contrarily to essential metals such as
copper, zinc, and manganese, selenium does not behave as an enzymatic
cofactor since it is involved, as selenocysteine, in the active site of
important selenoproteins, such as glutathione peroxidases, thioredoxin
reductases, and iodothyronine deiodinases (Zoidis et al., 2018). These
selenoproteins regulate various biological functions, including antioxi-
dant defense, hormone balance, immune system support, and DNA
repair (Genchi et al., 2023). However, selenium can be toxic at con-
centrations higher than the human diet requirement. The toxicity of
selenium depends on its speciation (Fordyce, 2013), as Se exists in
different valence states, including oxyanions selenate (SeO%_, +6), and
selenite (SeO%f, +4), elemental selenium (0), and organoselenides (—2).
Oxyanions are the most toxic due to their solubility and bioavailability,
being selenite more toxic than selenate for most organisms (Ecimovic
et al., 2018). Conversely, elemental selenium (Seo; insoluble) and sele-
nides (e.g., HoSe; volatile) have limited bioavailability, which reduces
their potential harm to environmental safety and public health
(Cappelletti et al., 2021).

The mechanisms underlying the toxicity of metal(loid) oxyanions,
such as selenite or tellurite, are not yet fully understood. Nevertheless,
research established that selenite induces oxidative stress by interacting
with molecules containing thiol (SH) groups within cells, increasing the
reactive oxygen species (ROS) level and causing oxidative damage (Kessi
et al., 2022). Moreover, cysteine substitution with selenocysteine in the
polypeptide chain can alter the structure of proteins, leading to their
malfunctioning (Zoidis et al., 2018). Regardless, microbial species can
assimilate selenite to synthesize seleno-amino acids (Turner et al., 1998)
or engage in dissimilative reactions leading to Se’. Indeed, under
anaerobic conditions, microbes utilize enzymes such as sulfite, fuma-
rate, arsenate, and nitrate reductases, for which selenite is the terminal
electron acceptor (Staicu and Barton, 2021). During oxic microbial
growth, enzymes such as thioredoxin, chromate/selenite, glutathione,
and sulfite reductases facilitate selenite reduction as a detoxification
mechanism (Huang et al., 2021; Hunter, 2014; Wang et al., 2019; Xia
et al., 2018). Microorganisms can also employ non-enzymatic reducing
molecules like glutathione, hydrogen sulfide, and siderophores to
transform selenite into its zero-valence state (Nancharaiah and Lens,
2015). Finally, microbes can attenuate selenite toxicity through vola-
tilization - i.e., the addition of methyl groups to oxyanions — and bio-
sorption, where bacterial cells adsorb oxyanions through interaction
with surface-charged moieties (Eswayah et al., 2017; Kagami et al.,
2013; Yu et al., 2018). These findings underscore how microorganisms
adapt and respond to selenite stress using diverse strategies. This
research is gaining momentum thanks to biotic selenite transformation’s
potential for remediation of polluted environments and the production
of biogenic selenium nanoparticles and quantum dots, with significant
biotechnological applications (Ojeda et al., 2020).

To date, most studies on metal(loid) bioprocessing focus on micro-
organisms isolated from selenite-polluted environments; yet, expanding
this research on bacterial strains ubiquitous among ecological niches,
even considering those that never experience the oxyanion stress, is

significant to ensure the implementation of such approaches worldwide.
Also, fine-tuning these processes relies on addressing and recognizing
the mechanisms of bacterial tolerance, adaptation, response, and resis-
tance toward selenite. Among bacterial strains relevant to biotech-
nology, those belonging to the Actinobacterial phylum constitute an
ensemble of resourceful microorganisms due to their varied genetic and
metabolic repertoire (Solecka et al., 2012). Specifically, the Streptomy-
cetaceae family includes Streptomyces, Streptacidiphilus, and Kitasatospora
bacterial genera (Kampfer et al., 2014). The genus Streptomyces is rele-
vant due to the ability of the belonging bacterial strains to synthesize
many secondary active metabolites (Alam et al., 2022), alongside their
proficiency in handling metal(loid) toxicity (Presentato et al., 2020). As
a sister genus, the Kitasatospora one is far less explored since it belongs to
the list of rare actinobacteria genera, i.e., non-Streptomyces strains
whose isolation frequency is lower than that of Streptomyces ones using
conventional methods (Tiwari and Gupta, 2013). Although at least 50
bioactive compounds have been discovered from Kitasatospora strains
(Takahashi, 2017), very little information is available regarding their
metal(loid) processing potential. The currently available literature re-
ports solely on Kitasatospora strains isolated from soil contaminated with
heavy metals. An early report describes the constitutive resistance of the
Kitasatospora cystarginea NR-4 strain to nickel (Van Nostrand et al.,
2007); a more recent work reports on the multiple heavy metal resis-
tance of a Kitasatospora strain, linking this bacterial resistance to sec-
ondary metabolite production (Yun et al., 2020). Instead, scientific
knowledge regarding the interaction and processing of metal(loid)
oxyanions by Kitasatospora strains is lacking.

Implementing biotechnological strategies can rely on the genetic
manipulation of a bacterial strain to improve its phenotype. However,
recombinant DNA technology is not always straightforward to apply so
to pursue a specific goal. The Adaptive Laboratory Evolution (ALE)
technique, earlier reported by Novick and Szilard (1950), represents an
experimental approach that emphasizes bacterial cell fitness to specific
laboratory growth conditions (Sandberg et al., 2019), emulating or-
ganism evolution through long-term cultivation, using selective pressure
as a driving force. The latter encompasses the selection of an evolved
bacterial species that harbors advantageous mutations and/or recom-
bination into its chromosome responsible for (i) changes in the bacterial
cell physiology, (ii) transcription and translation processes, and (iii)
metabolites and metabolic fluxes (Hirasawa and Maeda, 2022).
Combining this technique with whole-genome sequencing can help
understand the link between the evolved phenotype and genotype.
Further, this technique can facilitate the development of microbial cell
factories for biotechnology approaches, as recently highlighted for the
hyper-selenium tolerance trait evolved by Saccharomyces cerevisiae
(Gong et al., 2023).

Thus, a comprehensive investigation into the potential of the Kita-
satospora sp. SeTe27 strain to cope with selenite oxyanions is presented.
The importance of this research stems from the strain’s unique back-
ground, having never encountered selenite stress due to its origin in
uncontaminated soil devoted to farming and agriculture by a Sicilian
dairy product company. Specifically, this study examines the Kitasato-
spora strain’s tolerance to selenite and the mechanisms by which selenite
exerts its toxicity. In addition, the ALE technique and whole-genome
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sequencing of both the wild-type (WT) and evolved (ALE) strains
contributed to gaining insights into the microbial mechanisms of
adaptation and response to the challenge posed by selenite stress.

2. Material and methods
2.1. Bacterial strains

The mesophilic Kitasatospora sp. SeTe27 strain was isolated from
uncontaminated soil using starch-casein agar medium, which consisted
of (g L’l) starch (10), casein (0.3), potassium nitrate (KNO3; 2), mag-
nesium sulfate heptahydrate (MgSO4-7H20; 0.05), dipotassium
hydrogen phosphate (K;HPOy; 2), sodium chloride (NaCl; 2), calcium
carbonate (CaCOs; 0.02), ferrous sulfate heptahydrate (FeSO4-7H30;
0.01), and bacteriological agar (15).

The ALE technique allowed the generation of a genotypic variant of
the original environmental isolate. To this aim, the latter was cultivated
on a solid R5 complex medium (Piacenza et al., 2022) for 72 h at 30 °C
under static conditions. Afterward, a single bacterial colony was
sub-cultivated onto the R5 medium amended with 0.5 mM sodium
selenite (NaySeOs) as a selective pressure. This sub-cultivation process
was reiterated four times, each lasting one week. Therefore, bacterial
cells experience a given selenite concentration for one month before
sub-culturing them with the next one. Over time, selenite concentrations
were gradually increased (i.e., 0.5, 1, 1.5, 2, 3, 4, and 5 mM). The entire
bacterial adaptation process lasted seven months.

For clarity, the original bacterial strain is designated as wild-type
(WT) and the adapted one as ALE.

All the reagents were purchased from Merck Life Science S.r.l.
(Milan, Italy), except where specified otherwise in the following
sections.

2.2. Bacterial tolerance toward selenite oxyanions

Myecelium’s synchronization, through nutrient starvation, was ach-
ieved by pre-growing the WT bacterial strain for 72 h at 30 °C with
shaking at 180 rpm. This process was carried out in 50 mL of R5 me-
dium, using 250 mL baffled flasks. Bacterial cells were then inoculated
(1% v/v) in a fresh R5 medium supplemented with increasing concen-
trations of oxyanions, ranging from 0 to 100 mM. Cells were allowed to
grow for 24 h before the biomass (1 mL) was harvested through
centrifugation at 8000xg for 10 min. The biomass was washed three
times with a saline solution containing 0.9% w/v NaCl to remove traces
of selenite and culture broth. Finally, washed cells (20 pl) were seeded
onto R5 agar plates and incubated at 30 °C under static conditions to
allow bacterial colony growth.

2.3. Bacterial growth profile

Pre-cultivated WT or ALE strains were inoculated (1% v/v) in 50 mL
of the R5 medium. Bacterial cultures were grown for 168 h in the
absence or presence of 2 mM selenite. Every 24 h, aliquots (500 pL) of
bacterial cultures were collected and centrifuged (8000xg for 10 min) to
isolate the total protein content (mg mL™Y) (Piacenza et al., 2022),
whose average value (n = 5) with standard deviations (SD) describes the
bacterial growth profile as a function of time. Similarly, samples were
collected to estimate selenite consumption and thiol oxidation.

2.4. Selenite determination assays

The selenite concentration was evaluated as published elsewhere
(Kessi et al., 1999). The reaction mixture consisted of hydrochloric acid
(HCL; 0.1 M, 10 mL), EDTA (0.1 M, 0.5 mL), sodium fluoride (NaF; 0.1 M,
0.5 mL), disodium oxalate (NasCy04; 0.1 M, 0.5 mL), 0.1% v/v of 2,
3-diaminonaphthalene in 0.1 M HCI (2.5 mL), and cell-free spent me-
dium containing 50 nmol of selenite. After 40 min at 40 °C, the reaction
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mixture was cooled down at room temperature, and the selenium-2,
3-diaminonaphthalene complex was extracted in the dark by adding
hexane (6 mL). The absorbance of the organic phase was read at 377 nm
using 1-cm path-length glass cuvettes and the spectrophotometer
SPECTROstar® Nano (BMG Labtech, Milan, Italy). The calibration curve
relies on the absorbance of known selenite nanomoles (i.e., 10, 20, 30,
40, 50, 100, and 150; R? = 0.9952). Data indicate the average value (n
= 5) of the residual selenite concentration with SD as a function of time.

To determine selenite uptake, exponentially grown (24 h) Kitasato-
spora WT or ALE cells were exposed to two mM selenite for 6 h. After-
ward, the cell-free spent medium, processed as described earlier, was
assayed to estimate the residual selenite content, either in the absence or
presence of 50 pM of the protonophore and electron-transfer uncoupler
carbonyl-cyanide m-chlorophenylhydrazone (CCCP). Data indicate the
average values (n = 3) of selenite pmols taken up by WT or ALE cells
normalized for the total protein content with SD.

2.5. Reactive oxygen species (ROS) determination

Exponentially grown WT or ALE cells were harvested and washed
three times with phosphate buffer saline (PBS) composed of (g L'} NaCl
(8), potassium chloride (KCl; 0.2), disodium hydrogen phosphate
(NagHPOy; 1.44), and potassium dihydrogen phosphate (KHyPOy; 0.24)
pH 7.4. Diluted cells (1:3 vol ratio) were incubated with increasing
concentrations (0.5, 1, and 2 mM) of selenite and 50 uM of the ROS-
sensitive probe dichlorofluorescein diacetate (DCF) in a multitier 96-
well plate for 2 h at 30 °C with shacking (180 rpm). DCF fluorescence
was collected at 525 nm upon excitation at 488 nm every 10 min using a
multi-plate reader (Synergy HT Biotek). At the initial and final time
points, bacterial cell aliquots (200 pL) served to estimate the total pro-
tein content to normalize DCF fluorescence emission. The latter is also
corrected for DCF fluorescence emission in PBS only. Unchallenged cells
were used to evaluate the physiological level of ROS produced over the
considered timeframe. Data indicate the average value (n = 3) of DCF
fluorescence emission (Intensity Counts g protein™') with SD as
described elsewhere (Piacenza et al., 2022).

2.6. Thiol (RSH) oxidation assay

The oxidation of the intracellular RSH pool was evaluated as pub-
lished elsewhere (Turner et al., 1999). Bacterial culture aliquots (1 mL)
were sampled every 24 h up to 168 h either in the absence or presence of
2 mM selenite. Bacterial cell pellets were harvested by centrifugation
(8000xg for 10 min) and suspended in 1 mL of lysis solution containing
SDS (0.1% v/v), EDTA (5 mM), Trizma base/HCl (50 mM) pH 8.0, and 5,
5'-dithiobis(2-nitrobenzoic acid) (DTNB; 0.1 mM). Thus, bacterial cells
were incubated at 37 °C for 30 min, allowing cell lysis to occur. After-
ward, RSHs containing supernatants were collected by centrifuging
samples at 15,000xg for 10 min. The absorbance of supernatants was
read at 412 nm using 1-cm path-length glass cuvettes and the spectro-
photometer SPECTROstar® Nano (BMG Labtech, Milan, Italy). RSH
concentrations were calculated using the molar extinction coefficient
(1.36 x 10* M ! em™1) of DTNB and normalized to total cell protein
evaluated at different time points. The content of RSH (pmol g
protein1) calculated at time 0 was subtracted by those estimated over
the timeframe of the assay. Data indicate the average value (n = 3) of the
loss of reduced RSHs from the original pool with SD.

2.7. Superoxide dismutase (SOD) activity assay

Kitasatospora sp. SeTe27 WT and ALE selenite-growing cells were
harvested and processed to isolate the soluble protein fraction as
described elsewhere (Piacenza et al., 2022). Specifically, bacterial cell
pellets were washed and resuspended in an extraction buffer (EB) and
ultimately lysed through 5 steps (30 s each interspersed by 30 s of pause
on ice) of sonication performed at 15 W (Vibra-CellTM Sonics and



A. Firrincieli et al.

Materials Inc. Danbury, CT, USA). Proteins were recovered through
centrifugation (8000xg for 15 min at 4 °C) and precipitated by adding 2
vol of ice-cold acetone for 1 h at —80 °C. Protein pellets were obtained
by centrifugation (15,000xg for 20 min at 4 °C) and dried by speed
vacuum (Eppendorf® 5301 concentrator; Milan, Italy). Protein samples
were finally resuspended in EB and quantified by the Bradford assay. 5
pg of the soluble protein fraction was used to perform the SOD activity
assay, according to the manufacturer protocol of the superoxide dis-
mutase activity kit (Merck Life Science S.r.l., Milan, Italy). Data are
reported as the average value (n = 4) of the SOD activity percentage (%)
with SD.

2.8. Scanning electron microscopy imaging

WT and ALE hyphae grown, for 72 h at 30 °C, onto the solid R5
medium in the absence or presence of 2 mM selenite were harvested
with a sterile loop, washed twice with saline solution, and fixed, at four
degrees for approximately 16 h, with aqueous glutaraldehyde (2.5% v/
v) solution. Glutaraldehyde residues were removed by washing bacterial
biomass three times with a saline solution and then dehydrated through
three washing steps (10 min each) with increasing concentrations (30,
40, 50, 60, 70, 80, 90, and 100%) of ice-cold ethanol. Finally, bacterial
hyphae were loaded onto carbon-coated copper grids (300 mesh),
dehydrated at room temperature, coated with gold (Sputtering Scancoat
Six, Edwards) for 60 s in an argon atmosphere, and imaged using a FEG-
SEM microscope (QUANTA 200F, FEI) with an accelerating voltage of
10 kV (Piacenza et al., 2022). WT and ALE exponentially grown hyphae
under 2 mM selenite pressure, fixed and dehydrated as described above,
were also imaged using FEG-SEM FEI versa 3D™ (Thermo Fisher Sci-
entific Electron Microscopy Solutions) operating in scanning trans-
mission mode (STEM). STEM was used to image biogenic selenium
nanoparticles (SeNPs), which isolation from WT and ALE bacterial
biomasses and average size diameter estimation were carried out as
reported elsewhere (Piacenza et al., 2021, 2023). The elemental
composition analysis of the extract containing selenium nanoparticles
was performed utilizing a Zeiss Sigma VP and Oxford Instruments
INCAx-act. This analysis involved a single-point selection assessment of
the nanoparticles, which were air-dried onto Crystalline Silicon wafers
(type N/Phos, size 100 mm, obtained from University WAFER) and
mounted on Specimen Aluminum stubs (supplied by TED PELLA, INC.).

2.9. Antimicrobial activity of cell-free spent media

The capability of the Kitasatospora WT or ALE cell-free spent media to
inhibit the growth — as surface adherent cells — of the Gram-positive
bacterial strain Staphylococcus aureus ATCC 25923 cells was assessed
by disk diffusion assay as reported elsewhere (Vitale et al., 2022).
S. aureus strain pre-grown for approximately 16 h at 37 °C with shacking
(180 rpm) in the Luria Bertani (LB) medium, composed of (g LY Nacl
(10), yeast extract (5), and tryptone (10), was seeded onto LB agar (15 g
L7Y) plates with a microbial titer of 10® colony-forming units per
milliliter of culture (CFU mL™Y). Bacterial confluent growth occurred at
37 °C for 24 h under static conditions. Before bacterial growth, sterile
disks soaked with 20 pL of filter (0.2 pm) sterilized cell-free spent media
collected every 24 h, deriving from unchallenged Kitasatospora WT or
ALE cells in the R5 medium, were placed on top of the S. aureus cell
layer. Data relate to inhibition halos (mm) of S. aureus growth with SD as
a function of the cell-free spent medium’s sampling time.

2.10. Fatty acid methyl ester analysis

Kitasatospora WT and ALE cells grown up to their late exponential
growth phase in the presence or absence of 2 mM selenite were har-
vested (8000xg for 10 min) and washed thrice with sterile deionized
water. Afterward, bacterial biomasses, suspended in water, were treated
as reported elsewhere (Sasser, 1990) to extract fatty acids, prepare
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methyl ester derivatives, and perform gas-chromatography analysis. A
gas chromatographic instrument (Agilent 6890), with a flame ionization
detector (FID) and a mass selective (MS) detector (Agilent 5975c), was
used with a Carbowax capillary column (50 m length, 0.32 mm internal
diameter, and 0.25 pm film thickness from Supelco, Italy). Chromato-
graphic conditions: injector in splitless mode at 250 °C, carrier gas,
Helium, at 1 mL min~! and an oven temperature program of a 6-min
isotherm at 40 °C, a linear temperature increase of 4 °C min~! to
230 °C, held for 5 min. The FID was 250 °C while MS scan conditions
were: source temperature 230 °C, interface temperature 280 °C, and
mass scan range 33-500 amu. Compound identification relied on the
NISTO5S library. The FAME profiles were described by comparisons of
mass-spectra with high-quality materials and confirmed by comparisons
of their retention indices (RI) with data in the available literature or
co-injection of authentic standards (FAME, fatty acid methyl esters, and
BAME, bacterial acid methyl esters, from Supelco, Italy). The relative
percentage composition of fatty acids relied on the peak area normali-
zation of the FID profile, considering equal to 1 the response factor for
each component and performing three replicates for each sample. The
internal standard was the methyl ester of nonadecanoic acid (Ci9.9). The
total of commonly identified compounds accounted for 97.0-99.6%.

2.11. Kitasatospora genome sequencing, assembly, functional annotation
of biosynthetic gene clusters (BGCs), and identification of mutations in the
ALE variant

Kitasatospora WT and ALE strains were sequenced in a paired-end
mode (PE X 150 bp) to a final coverage of 144X with an [lumina
NovaSeq. WT’s sequencing reads were checked for the presence of
sequencing adapters and assembled into contigs using the Unicycler
v0.5.0 software. The stand-alone version of the NCBI Prokaryotic
Genome Annotation Pipeline (PGAP) allowed annotating the resulting
contigs (158). This Whole Genome Shotgun project has been deposited
at DDBJ/ENA/GenBank under the accession JAXCLC000000000. The
version described in this paper is version JAXCLC010000000.

As for the annotation of BGCs, the Genbank file generated through
PGAP was uploaded into antiSMASH and analyzed with default pa-
rameters (Blin et al., 2023).

To identify mutations acquired by the Kitasatospora ALE variant, the
raw sequencing reads of the latter were aligned against the WT strain
genome using the snippy v4.6.0 software, being single-nucleotide
polymorphisms (SNPs) and INDELs (i.e., insertion and deletions)
called according to a minimum coverage of 20 and a minimum quality
nucleotide score of 20. InterPro was used to identify whether the SNPs
and INDELs fall within the coding sequences (CDSs) for structural or
functional domains (Paysan-Lafosse et al., 2023). AlphaFold2 multimer
mode was used through the COSMIC? cloud platform to predict the
structural model of Kitasatospora SulP (PGAPTMP_006314) with default
parameters (Jumper et al., 2021). The software ChimeraX v1.6.1
allowed the visualization of the SulP structure and the presence of
hydrogen bonds in it (Pettersen et al., 2021). Structural analysis of
missing contacts was performed using default parameters: van der Waals
overlap > —0.4 A and pseudobonds radius 0.074 A.

3. Results
3.1. Tolerance of Kitasatospora sp. SeTe27 strain to selenite oxyanions

The WT SeTe27 strain exhibited strong tolerance to selenite oxy-
anions (Fig. 1). There was no noticeable difference in the growth and
development of the mycelium on solid media between cells exposed to
selenite and the control cells at concentrations up to 10 mM oxyanions.
As the selenite concentration increased (up to 20 mM), the natural
brownish pigmentation of the mycelium gradually diminished. How-
ever, bacterial growth remained nearly confluent until reaching a con-
centration of 50 mM. It took much higher concentrations of selenite,
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Fig. 1. Kitasatospora sp. SeTe27 WT tolerance toward selenite oxyanion: mycelium growth and development on solid media consequently to the challenge exerted by

increasing selenite concentration (mM). The scale bar is 1 cm.

ranging from 55 to 95 mM, to significantly impair mycelium develop-
ment, leading to the appearance of scattered colonies. Only at the
highest selenite concentration tested (100 mM) did biomass growth in-
hibition occur, marking the minimal bactericidal concentration (MBC)
of selenite for this Kitasatospora strain.

3.2. Growth profiles and selenite consumption capacities of Kitasatospora
sp. SeTe27 WT and ALE strains

The growth profiles of SeTe27 WT and ALE strains (Fig. 2A) were
studied in the presence of 2 mM selenite, whose concentration exceeds
that found in various environmental settings (Sharma et al., 2009).
Under selenite-free growth conditions, both WT and ALE strains
exhibited similar growth trends, with a rapid growth phase lasting 48 h,
following a stationary phase lasting up to 168 h. The protein content
from 72 h onwards showed minor differences between the two strains,
suggesting comparable survival capacities; however, upon selenite in-
cubation, the WT strain exhibited a prolonged lag phase of at least 72 h
before active growth occurred. The growth of the WT strain peaked
between 96 and 120 h, subsequently reaching a stationary phase.
Instead, the ALE variant displayed a shorter lag phase (24 h), indicating
its evolved traits for a rapid adaptation to selenite stress. The growth
profiles of the two strains reflected their ability to consume selenite over
time (Fig. 2B). Initially, WT cells showed limited selenite consumption
but gradually removed approximately 0.6 mM within 168 h. Differently,
the ALE variant consumed 2 mM selenite within 72 h. Consistently, the
ALE variant exhibited a higher uptake capacity (Table 1), being more
than twice as high as that evaluated for the WT strain. Notably, the
addition of 50 pM CCCP, a protonophore and electron-transport
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Table 1
Selenite uptake performed by exponentially grown Kitasatospora sp. SeTe27 WT
and ALE cells after 6 h of cell exposure to oxyanions.

Selenite uptake (umols g protein ')

Challenge Kitasatospora WT Kitasatospora ALE
Selenite 40.8 £7.6 105.6 + 2.8
Selenite/CCCP 139+ 5.6 9.3 +4.6

uncoupler, abolished the uptake of selenite oxyanions by both strains,
suggesting that the oxyanion internalization depends on an electro-
chemical proton gradient (Borsetti et al., 2003).

3.3. Cellular stress and oxidative responses of Kitasatospora sp. SeTe27
WT and ALE strains under selenite pressure

The extended latency phase (72 h) observed in Kitasatospora sp.
SeTe27 WT cells growing under selenite pressure (Fig. 2A) indicated cell
stress occurrence, likely resulting from the prooxidant nature of selenite.
Consequently, increasing concentrations of selenite (0.5, 1, and 2 mM)
were used to challenge exponentially grown WT cells in the presence of
the ROS probe sensor DCF. WT cells were susceptible to selenite-induced
oxidative damage, as they exhibited an oxidative burst in response to
oxyanions (Fig. 3A), whose magnitude was directly proportional to the
selenite initial concentration (Fig. S1A). In contrast, the low DCF fluo-
rescence emission (Fig. 3B) indicated no oxidative damage in the case of
ALE cells. Indeed, although the highest oxyanion concentration
appeared to induce ROS species in ALE selenite-exposed cells (Fig. S1B),
these results were not statistically different than those for selenite-free
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Fig. 2. Kitasatospora sp. SeTe27 WT and ALE strain cultures and residual selenite content determination: growth profiles in the absence or in the presence of 2 mM

selenite (A) and selenite consumption kinetic (B).
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Fig. 3. ROS, SOD, and RSH content determination: kinetic of ROS production by the Kitasatospora sp. SeTe27 WT (A) and ALE (B) strains as a function of selenite
concentration, SOD induction (C), and loss of the intracellular RSH pool (D) in the WT and ALE strains upon 2 mM selenite challenge over time (*p-value <0.05, **p-

value <0.01, ***p-value <0.001).

ones, indicating the pronounced redox stability of the ALE strain
compared to the WT one. This observation aligns with the evaluation of
the intracellular reduced thiol (RSH) pool over the incubation time
(Fig. 3D). Considering the level of RSH oxidation in the WT cells growing
in the absence of selenite as physiological and dependent on the oxic
growth condition, selenite-free ALE cells evidenced an adequate adap-
tation to the mere presence of oxygen, as highlighted by the building up
of RSHs over time (Fig. 3D). In the case of the presence of selenite
instead, WT cells accentuated the depletion of intracellular RSHs start-
ing from 72 h onwards (end of the latency phase), thus suggesting the
role of thiols as primary buffering molecules dealing with oxyanions.
Contrarily, selenite-grown ALE cells featured a less oxidized intracel-
lular environment than WT ones, with an extent of intracellular RSH loss
comparable — except the 24-h timepoint that corresponds to the end of
the lag phase — to that of selenite-free WT cells likely indicating that
other biochemical systems than RSHs are involved in the biotic pro-
cessing of oxyanions. Ultimately, both microorganisms activated su-
peroxide dismutase (SOD) enzymes (Fig. 3C) to counteract the oxidative
environment resulting from the downstream biotic conversion of sele-
nite. Specifically, during the stationary phase (from 96 h onward),
selenite-free growing WT and ALE cells induced this enzymatic activity,
likely aiming to detoxify the cytosolic environment from byproducts of
aerobic metabolism. Instead, SOD enzymes significantly increased in
ALE and WT cells grown with selenite at 96 and 168 h, respectively.
Indeed, these time points would correspond to incubation steps during
which oxyanions might have already undergone reduction to their
nontoxic elemental selenium form, consequently generating superoxide
anions. Additionally, it is noteworthy that the ALE variant demonstrated
a higher capacity for SOD production compared to the WT strain. This
finding further supports the enhanced resilience of the evolved microbe
when exposed to prooxidant oxyanions, effectively mitigating the po-
tential occurrence of an oxidative burst.

3.4. Cell membrane adaptation and morphological changes in selenite-
challenged Kitasatospora WT and ALE cells

Considering that the cell membrane represents the primary target of
inorganic or organic stress incoming to bacterial cells, the fatty acids
profile (Table 2) allowed us to evaluate how these microorganisms can
respond to selenite. Regardless of the bacterial strains considered, bac-
terial cells decreased the amount of straight-chain fatty acids (SCFA),
prioritizing the synthesis of branched ones (BFA). Among the latter, only
those of the iso series increased in their relative percentage abundance,
while the anteiso-C;s. fatty acid decreased. Most likely, this type of cell
response allowed modulation of the plasma membrane fluidity, enabling
bacterial cells to acclimatize to the presence of oxyanions.

From a morphological point of view, unchallenged WT hyphae
exhibited a clean and smooth surface texture with some degree of cell

Table 2
Fatty acids profile of Kitasatospora sp. SeTe27 WT and ALE cells grew up to the
late exponential growth phase in the absence or presence of selenite (2 mM).

Fatty acid Relative abundance (%)

Kitasatospora WT Kitasatospora ALE

Unchallenged  Selenite- Unchallenged  Selenite-

challenged challenged
Cis0 2.59 £0.10 1.94 +0.01 3.45+0.01 2.42 +0.13
Cis:0 3.61 £0.12 2.57 £ 0.03 4.14 £ 0.01 3.11 £0.15
Ci6:0 41.3+0.8 343+0.1 50.7 + 0.1 44.6 £0.1
Ci7:0 0.77 £ 0.10 0.69 + 0.01 1.05 £ 0.01 0.83 + 0.08
Cis:0 1.02 + 0.04 0.30 + 0.01 0.98 + 0.03 0.59 + 0.08
“i50-C15:0 23.83 £ 0.23 30.03 + 0.23 8.29 + 0.09 20.14 £ 0.11
“anteiso- 13.5 + 0.4 7.61 £ 0.25 21.5+ 0.2 16.2 + 0.7
Ciso

“i50-C16:0 5.30 £ 0.06 9.02 + 0.01 4.08 + 0.05 5.30 £ 0.22
“is0-C17:0 6.63 + 0.19 11.3 + 0.1 2.99 + 0.06 5.77 + 0.08
Cie6:1 1.46 + 0.16 2.22 £ 0.02 2.84 +0.01 1.03 &+ 0.07

2 Iso and anteiso indicate the position of the methyl-substituent at the penul-
timate or antepenultimate carbon of the carboxyalkyl chain.
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turgor and a few superficial membrane blebs emerging from the bacte-
rial surface (Fig. 4A), whereas, unchallenged ALE hyphae exhibited
characteristics of an aged mycelial stage (Fig. 4C), consistent with the
strong adaptation of the ALE variant to the cultivation medium, leading
to faster development and aging than the WT strain. Membrane blebs
became more pronounced when WT hyphae were grown in the presence
of selenite (Fig. 4B), suggesting a stress response aimed at regulating the
homeostasis of selenite and its oxidation products. Besides, these hyphae
appeared more swollen and aggregated to one another (Fig. 4B), indi-
cating WT’s tendency to reduce their surface area, potentially limiting
oxyanion’s entry into the bacterial cell cytosol. This observation aligns
with the few exponentially selenite-grown WT hyphae showing an
electron density attributable to the presence of selenium, either as
oxyanion or in its elemental state (Figs. S2A and B). In selenite-grown
ALE hyphae, these superficial blebs occurred with similar frequency to
the unchallenged WT ones (Fig. 4D). Furthermore, the ALE hyphae
featured a more intense and homogeneously distributed electron density
under selenite pressure than WT ones (Figs. S2C and D), supporting the
enhanced capability of the ALE variant in handling selenite toxicity and
to biotically processes oxyanions. Nevertheless, both microorganisms
could produce spherical selenium nanoparticles (SeNPs) as a product of
selenite transformation (Figs. S3A and B), which, besides selenium,
featured other elements (Fig. S 3C and D) attributable to the presence of
a slight electron-dense material surrounding them. The difference be-
tween these biogenic nanomaterials regarded the average size diameter,
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as those generated by the WT strain were bigger (140 + 40 nm) than
those synthesized by the ALE variant (46 + 13 nm).

3.5. Genomic insights into the selenite resistance trait of the Kitasatospora
sp. SeTe27 ALE strain

Kitasatospora sp. SeTe27 WT genome was assembled into 158 con-
tigs, accounting for an overall length of approximately 8.51 Mbp with a
GC content of 73%. According to the PGAP, the WT strain possesses
7256 genes, among which 7056 are protein-coding genes (CDSs), 3
encodes for rRNA (i.e., 16S, 23S, and 5S), 70 for tRNA, 3 for non-coding
RNA, and 133 pseudogenes. The ALE variant sequencing reads were
aligned against the annotated genome of the WT strain to identify SNPs
or INDELs possibly involved in the enhanced fitness of the former
microorganism toward selenite. As a result, 38 SNPs, one deletion, and
one complex variant were detected in the ALE strain genome (Table S1).
Of these, 25 SNPs fall at the level of CDSs, and only 14 are missense
mutations located in coding regions for catalytic or structural domains
of transcription and translation factors, signal transduction proteins,
transporters, and core genes of BGCs (Table 3). Some mutations may
have had a notable effect on the fitness of the ALE strain when exposed
to selenite oxyanions, influencing both primary and secondary meta-
bolism and the strain’s ability to uptake selenite. In particular, the
structural prediction analysis of the sulfate permease (SulP) transporter
(Fig. S4) indicates that this transporter is similar to the Arabidopsis

Fig. 4. Kitasatospora sp. SeTe27 hyphae’s morphological features: unchallenged WT (A) and ALE (B) mycelium, while (C) and (D) depict those grown in the presence

of 2 mM selenite. Arrows indicate surface membrane blebs.
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Table 3
Missense mutations identified in the Kitasatospora sp. SeTe27 ALE strain
genome.

Locus Effect Gene Product Predicted Affected
tag function functional
domain

001777  Ala6549Val  non-ribosomal Biosynthesis 13th
peptide synthase/ of secondary condensation
polyketide metabolites domain
synthase

004491  Asp731Ala amino acid -
adenylation
domain-
containing protein

005291  Arg23Gly response regulator alpha-helix of
transcription the response
factor (DraR) regulator

receiver domain

003756  Arg310Pro DegT/DnrJ/ Unknown -
EryC1/StrS family
aminotransferase

004585  Val206lle pyridoxal- Metabolism Major domain
dependent of aromatic
decarboxylase amino acids

003444  Cys104Tyr dipeptide ABC OppF, ATP-binding
transporter ATP- dipeptide domain
binding protein uptake

004215  Prol88Ala TetR/AcrR family LiuX, Repressor
transcriptional Isoleucine domain
regulator degradation

004256  Leu204His CbtA family Cobalt uptake ~ 5th TM alpha-
protein helix

004455 Glu26Val infB, translation protein -
initiation factor synthesis
IF-2

006314  Alal98Gly SulP family anion:anion 7th TM alpha-
inorganic anion exchange helix
transporter transporter

005760  Thr365Asn ROK family Unknown -
transcriptional
regulator

006364  Argl7Trp Ig-like domain- Unknown Signal peptide
containing protein

007127  Glu9Ala serine/threonine- Unknown phosphorylase
protein kinase kinase domain 1

006013  Serll2Leu hypothetical Unknown -
protein

“-“indicates that the substitution does not fall in any of the functional/structural
domains predicted via InterProScan.

thaliana sulfate:H' symporter AtSULTR4; 1 (Wang et al., 2021),
featuring a C-terminal STAS domain, a gate domain consisting of
transmembrane (TM) o-helices 5-7 and 12-14, and a core domain
formed by TM a-helices 1-4 and 8-11, which carries the H'/S05~
symporter activity (Fig. S4A).

The ALE variant highlighted a substitution of alanine (Ala) at posi-
tion 198 with glycine (Gly) located at the level of the TM a-helix 7 of the
gate domain (Fig. S4B), which does not alter the backbone hydrogen
bonds within this structural motif. However, this amino acidic substi-
tution determines the loss of contact of glycine with leucine (Leul78)
and tyrosine (Tyrl74) residues of the TM a-helix 6, which could have
influenced the oxyanion uptake (Table 1). Besides, the enhanced fitness
of the ALE strain against selenite might be due to missense mutations
targeting genes coding for proteins involved in the central carbon
metabolism and the biosynthesis of secondary metabolites (Table 3). In
this regard, the less proficiency of the ALE variant in producing
antibiotic-like compounds capable of inhibiting the growth of the indi-
cator pathogen Staphylococcus aureus ATCC 25923 strain than the WT
one over time (Fig. 5) sustains this hypothesis.
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Fig. 5. Comparative antimicrobial efficacy of Kitasatospora WT and ALE strains
against Staphylococcus aureus ATCC 25923: zone of inhibition halos (mm)
estimated consequently to S. aureus cells growth in the presence of cell-free
spent media collected, over the incubation, from the WT and ALE strain cul-
tures (**p-value <0.01, ***p-value <0.001).

4. Discussion

4.1. Kitasatospora sp. SeTe27 WT strain versus its ALE variant: the
enhancement of selenite removal

The realm of microorganisms encompasses many bacterial species
able to simultaneously decontaminate selenite-polluted environments
and recover selenium in a nontoxic and nanoscaled form via eco-friendly
and sustainable processes rather than chemical-physical approaches
(Ojeda et al., 2020). Nevertheless, studying bacterial strains that have
never experienced the selenite challenge is paramount to understanding
and acknowledging the microbial mechanisms for facing selenite
toxicity, implementing existing biotechnological strategies, or devel-
oping new ones.

The rare actinomycete Kitasatospora sp. SeTe27 WT strain exhibited a
notable tolerance towards selenite oxyanions (Fig. 1), aligning with that
of other Gram-positive and -negative bacterial isolates under aerobic
growth conditions (Amoozegar et al., 2008; Forootanfar et al., 2014;
Khoei et al., 2017; Kiran Kumar Reddy et al., 2023; Presentato et al.,
2018; Soudi et al., 2009; Zhang et al., 2019). This result gains signifi-
cance since this environmental isolate has never encountered selenite in
its natural habitat. Despite this good tolerance, the growth profile of the
WT strain appears strongly impaired by selenite pressure (Fig. 2A),
resulting in limited selenite removal (Fig. 2B), as opposed to other
environmental isolates such as Bacillus paramycoides and Bacillus
mycoides SelTEO1 that completely removed more than 2 mM of selenite
within 48-h (Baggio et al., 2021; Borah et al., 2021). To improve this
trait in the SeTe27 strain, we applied the ALE technique to evolve a
bacterial strain holding genotypic and, consequently, phenotypic ad-
vantages. Indeed, this technique successfully allowed obtaining evolved
bacterial lineages featuring increased resistance to copper and arsenate
ions, showcasing enhanced bioleaching efficiency and capacity (Ai et al.,
2017; Maezato et al., 2012). The ALE variant exhibited a comparable
outcome, as this evolved microbe now presents a shortened latency
phase under selenite pressure (Fig. 2A). Additionally, it demonstrated
more rapid kinetics of selenite removal (Fig. 2B) than the WT counter-
part and similar to Bacillus mycoides SelTEO1 and Stenotrophomonas
maltophilia SelTE02, although these microbial isolates derived from the
selenite hyperaccumulator legume Astragalus bisulcatus (Baggio et al.,
2021; Lampis et al., 2014). As for the uptake of selenite oxyanions, the
scientific literature indicates that this chemical species can utilize
various transporters to enter the microbial cytosolic environment, such
as low- and high-affinity phosphate transporters, the SmoK protein (i.e.,
an ABC-like transporter), the sulfate-thiosulfate (SulT) permease,
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transporters for mono-carboxylates, and the aquaporin AqpZ (Agui-
lar-Barajas et al., 2011; Bébien et al., 2001; Lindblow-Kull et al., 1985;
McDermott et al., 2010; Vriens et al., 2016; Xu et al., 2023; Zhu et al.,
2020). Additional studies suggest that a proton motive force
(PMF)-dependent transport is likely involved in selenite uptake since its
entrance into the cell cytosol is partially inhibited by using proto-
nophores dissipating the proton gradient (Xu et al., 2023). To date, the
only solute:H" symporters that could be directly involved in the uptake
of selenite are the lactate/pyruvate:H" symporter Jenlp (McDermott
et al., 2010) and, given the structural similarity with sulfate, the sulfate:
H' symporters SulP. Based on the PGAP, the SeTe27 strain possesses
only one class of solute:H+ symporter potentially involved in the
PMF-dependent selenite uptake, consisting of 5 copies of the sulP coding
gene. Among these, three genes (locus tag 002533, 003762, and
006314) correlate to the ortholog group OG6_100144, which includes
the functionally characterized sulfate transporters AtSULTR (i.e., 4; 1, 1;
1, and 1; 2) from A. thaliana and the sulfate transporter Rv1739c of
Mycobacterium tuberculosis (Maruyama-Nakashita et al., 2004; Wang
et al.,, 2021; Yamaguchi et al., 2017; Zolotarev et al., 2008). The
remaining sulP coding genes (locus tag 000218 and 003827) correlate to
ortholog groups that include the Escherichia coli DauA C4-dicarboxylic
acid transporter (0G6_106724) and proteins with a carbonic anhy-
drase domain (0G6_100995), potentially involved in carbonic acid
transport (Karinou et al., 2013). Considering that the protonophore
action of CCCP abolished the selenite uptake (Table 1), as also reported
elsewhere (Araie et al., 2011; McDermott et al., 2010), it is likely to
conclude that an anion:H' symporter could be involved in selenite up-
take in the SeTe27 strain. Interestingly, the ALE technique fixed a
missense mutation in the gene 006314 coding for a SulP transporter
(Fig. S4), causing the amino acidic substitution Alal98Gly in the TM
a-helix 7 of the gate domain and, consequently, the loss of van der Waals
interactions between the Ala-198 methyl-group and amino acidic resi-
dues of TM a-helix 6 (Fig. S4B). While Ala is not part of the central
binding domain, the conformational changes occurring at the gate
domain level control the access and release of the ligand in the cytosolic
environment (Bavi et al., 2021). Thus, the loss of contacts between the
TM a-helices 6 and 7 might influence the structural rearrangements of
the gate domain (Bavi et al., 2021; Lindblow-Kull et al., 1985; Yu et al.,
2017; Zolotarev et al., 2008), possibly explaining the improved selenite
uptake capacity of the ALE variant (Table 1). In the latter strain, the
adaptation to selenite pressure is shared and inherited by most of the
hyphae, which synergistically participate in the oxyanion’s active
transportation within the cytosol (Figs. S2C and D). Conversely, in the
WT strain, only a few hyphae seem involved in the oxyanion processing,
as suggested by STEM images (Fig. S2 A and B). Further, the generation
of bigger SeNPs by the WT strain than the ALE variant (Fig. S3) reflects
this outcome. Indeed, when selenite enters only a few specialized WT
hyphae, the local concentration of Se atoms within the cytoplasm
generated through the oxyanion transformation will quickly reach the
threshold concentration needed for SeNP formation, according to the
LaMer mechanism (Thanh et al., 2014). Subsequently, other Se atoms
available within the cytosol will adsorb onto the surface of the
pre-formed SeNPs, causing their enlargement. In the ALE variant, the
even distribution of selenite among hyphae likely determines a low
concentration of Se atoms confined in the cell cytosol, thus allowing the
growth of small NPs.

4.2. Kitasatospora sp. SeTe27 evolving an enhanced redox stability

One of the main microbial strategies counteracting selenite’s toxicity
relies on the oxyanion reduction into the less bioavailable and non-toxic
Se? as either intracellular metal(loid) deposits or defined nanostructures
(Presentato et al., 2020). RSH-containing molecules such as glutathiones
(GHSs) and bacillithiols (BSHs) — typical of bacterial strains of the
Proteobacteria and Firmicutes orders, respectively (Fahey, 2013) — are
partially responsible for the biotic conversion of selenite, causing
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oxidative stress due to the formation of superoxide anions. Strictly
aerobic microbes emphasize this phenomenon since they use oxygen as a
terminal electron acceptor, thus exasperating the prooxidant nature of
oxyanions (Tan et al., 2016). Actinomycetes mainly possess mycothiols
(MSHs) that (i) feature enhanced redox stability compared to other RSH
types, (ii) act as storage of cysteine, overcoming the auto-oxidation
nature of the latter, and (iii) are less prone to auto-oxidation than
GSHs (Newton et al., 2008). All these aspects reasonably explain the
resistance and recovery of WT cells despite the oxidative burst evaluated
upon selenite entry into the cell milieu (Fig. 3A). In line with this
observation, selenite determined a decrease in RSHs in the WT strain
than selenite-free cells (Fig. 3D), as also reported in the case of other
microorganisms (Piacenza et al., 2021; Presentato et al., 2018; Tan et al.,
2016; Zheng et al., 2014). Moreover, both WT and ALE strains showed a
comparable loss of RSHs with their corresponding challenge within the
latency phase, suggesting that RSHs either support the oxic bacterial
growth (unchallenged growth condition) or are involved in the biotic
conversion of selenite traces entering the cell cytosol (challenged growth
condition). Overall, the ALE technique improved the redox stability and
oxidative stress tolerance of the SeTe27 strain, likely due to the
enhancement of MSH synthesis, as highlighted by the building up of the
RSH content over time under unchallenging conditions of growth
(Fig. 3D). In turn, the increased MSH availability in the ALE variant
allowed a faster kinetic of selenite removal than the WT strain (Fig. 2B),
indicating the occurrence of Painter-type reactions for the biotic con-
version of oxyanions, which, however, did not correspond to the rising
of ROS (Fig. 3B). This is due to the induction of genes coding for enzymes
(i.e., superoxide dismutases) responsible for ROS detoxification (Kessi
and Hanselmann, 2004); particularly, the ALE variant underscores how
it has evolved an enhanced biochemical capacity inducing more SODs
than the WT strain (Fig. 3C), thus allowing ALE cells for a fast bacterial
recovery and prosper in a prooxidant environment compared to the WT
counterpart, which is in agreement with earlier reports (Borsetti et al.,
2005; Piacenza et al., 2022; Vrionis et al., 2015). Also, the ALE variant
may induce genes coding for enzymes responsible for selenite biocon-
version (Kessi et al., 2022). Thus, the ALE strain would accomplish a
two-step action to deal with selenite, where one requires the involve-
ment of a Painter-type reaction, while the other may rely on the in-
duction of selenite-related enzymes (Piacenza et al., 2019). This bimodal
action deployed by the ALE variant can allow a faster selenite uptake
(Table 1) and biotic processing than the WT strain (Fig. 2B), reasonably
explaining why the ALE cells can intensively uptake oxyanions within
their exponential growth phase, remaining unaffected by the prooxidant
stress deriving from this selenium chemical species. This aspect repre-
sents a step forward compared to other studies reporting on
microbe-selenite interaction, where the actual uptake and bioconversion
of oxyanions occur in the stationary phase of bacterial growth (Kessi
et al., 2022), including microorganisms isolated from selenite-polluted
environments.

4.3. Cell membrane and morphology changes in response to selenite stress

As for most xenobiotics, metal(loid) oxyanions primarily target the
microbial cell membrane, causing severe perturbations and determining
the impairment of several physiological functions (Konings et al., 2002).
Bacteria can adapt and survive by maintaining their membrane integ-
rity, for instance, modulating the type of fatty acids in response to
whatever environmental stress bacterial cells are experiencing (Zhang
and Rock, 2008). Specifically, Gram-positive bacterial strains mostly
feature BFAs in their membrane (Kaneda, 1991), where iso-branched
fatty acids tend to increase membrane rigidity compared to anteiso ones
while responding to increased growth temperature, pH stress, or the
presence of organic solvents that fluidize biological membranes (Giotis
et al., 2007; Unell et al., 2007; Zhu et al., 2005). The effect of iso--
branched fatty acid depends on its higher phase transition temperature
than the anteiso form (Murinova and Dercova, 2014). Overall, the
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selenite-growing Kitasatospora sp. SeTe27 WT and ALE cells increased
the content of the iso-branched fatty acids (Table 2), which agrees with
modifications observed in Bacillus sp. AR-6 and Bacillus sp. JS-2 strains
experiencing high concentrations of selenite and the rare actinomycete
Micromonospora sp. exposed to tellurite oxyanions (Dhanjal and Cam-
eotra, 2011; Piacenza et al., 2022; Prakash et al., 2010) under aerobic
conditions of growth. Thus, oxyanions may represent a trigger for bac-
terial cells to use branched-chain acyl-CoAs (i.e., methylbutyryl-CoA,
isobutyryl-CoA, and isovaleryl-CoA) instead of acetyl-CoA or
propionyl-CoA as a primer molecule to achieve BFA biosynthesis (Lu
et al., 2004). In turn, this event constitutes an adaptive response leaning
at improving the capacity of bacterial cells to repair potential membrane
damages, strengthening its rigidity. Furthermore, the WT strain
responded to selenite stress by undergoing hyphae aggregation (Fig. 4B),
decreasing the cell surface area available and, in turn, mitigating the
negative impact of such chemical species, as earlier observed for bac-
terial strains facing chromate, selenite, selenate, arsenate, or tellurite
oxyanions (Antony et al., 2011; Chakravarty et al., 2007; Colin et al.,
2013; Nepple and Bachofen, 1999; Piacenza et al., 2022). Another
structural change observed was the enhanced formation of blebs
emerging from selenite-grown WT hyphae’s surface (Fig. 4B) compared
to unchallenged or ALE ones (Fig. 4A and D). These structures resemble
those produced by the Micromonospora sp. strain dealing with tellurite
(Piacenza et al., 2022), thus reinforcing the hypothesis that, like strep-
tomycetes (Schrempf et al., 2011), non-streptomycetes bacteria can
exploit vesiculation phenomena to face environmental stresses. Unlike,
the ALE strain highlighted such morphology changes (Fig. 4D) as
frequently as unchallenged WT hyphae (Fig. 4A), further underlining its
improved resilience trait toward selenite derived from the laboratory
evolution process.

4.4. Primary and secondary metabolism link to selenite resistance in
Kitasatospora sp. SeTe27 ALE variant: insights from missense mutations

The ALE variant displayed specific missense mutations predomi-
nantly in genes coding for products involved in both primary and sec-
ondary metabolism (Table 3), suggesting a potential link between these
biological processes and the emergence of selenite resistance in the ALE
strain. Notably, the DraR transcription factor (locus tag: 005291) of the
DraR/DraK two-component system, as well as the transcription factor
belonging to the ROK family, play a central role in controlling antibiotic
biosynthesis, primary metabolism genes, morphological differentiation,
carbon catabolite repression, and pH regulation in S. coelicolor (Bur-
kovski et al., 2022; Swiatek et al., 2013; Yu et al., 2014). The ALE
technique also led to missense mutations in core genes of biosynthetic
gene clusters that are directly involved in secondary metabolites
biosynthesis. In particular, the ALE variant carried missense mutations
falling in the 13th condensation domain of an NRP gene (locus tag
001777) located near the clifednamide biosynthetic gene cluster and in
the coding sequence (locus tag 004491) for a protein containing an
amino acid adenylation domain crucial for producing most secondary
metabolites in microorganisms (Felnagle et al., 2008). These findings
collectively indicate the reduction of the ALE variant’s ability to syn-
thesize secondary metabolites compared to the WT strain (Fig. 5). Thus,
it is plausible that the selective pressure exerted by selenite on the ALE
variant led to the attenuation of energy-demanding processes. This
adaptation favored and prioritized selenite bioprocessing, a crucial
challenge faced by the SeTe27 strain during the ALE procedure, serving
as a defense mechanism aiming at counteracting selenite toxicity at the
cellular level.

5. Conclusion
This study delves into the evolutionary dynamics of Kitatasospora sp.

SeTe27 through the ALE technique to understand and improve microbial
mechanisms for handling selenite toxicity. The findings present a
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multifaceted analysis of the ALE variant compared to the WT one,
shedding light on diverse aspects such as selenite uptake and removal,
redox stability, cell membrane adaptations, and genetic mutations.

The ALE technique significantly enhanced the SeTe27 strain selenite
removal capacity, providing hints on the possible role of the SulP
transporter, which, however, deserves further elucidation. Also, the ALE
variant showcased improved redox stability and selenite bioprocessing
capacity, outperforming its WT counterpart.

On a morphological level, the study highlights adaptive responses of
the SeTe27 strain, including altered fatty acid composition, hyphae
aggregation, and the formation of membrane-like vesicles, all aimed at
mitigating the impact of selenite stress on the cell membrane. Moreover,
the research identifies specific missense mutations in genes associated
with primary and secondary metabolism in the ALE variant. These
mutations potentially indicate a trade-off between energy-demanding
processes and selenite bioprocessing, reflecting a defense mechanism
prioritizing survival under selenite pressure.

In conclusion, this comprehensive study not only deepens our un-
derstanding of microbial adaptation to selenite toxicity but also un-
derscores the potential of the ALE technique in enhancing microbial
performances toward environmental stresses. The findings pave the way
for future research, emphasizing the need for further exploration into
the biochemical and genetic intricacies of microbial response to envi-
ronmental stressors, thereby advancing our knowledge in
biotechnology.
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