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ARTICLE INFO ABSTRACT

Keywords: Norathyriol is one of the xanthone aglycone synthesized through the shikimate pathway, and it serves as a
C-deglycosylation precursor of mangiferin in plant metabolism. In microbial metabolism, however, it can appear as a product of
Biotransformation mangiferin degradation. Norathyriol plays an importante role as an anti-inflammatory, anticancer, and antiox-
Bacteria . . . . . . . . .
UPLGMS idant agent. In comparison with chemical synthesis, the use of microorganisms capable to metabolize mangiferin

. has advantages, since it does not require strong acids or phenolic reagents. The aim of this study was to produce
Photoluminescence

norathyriol from mangiferin using a bacterial strain SM902 isolated from the rhizosphere of Mangifera indica
(mango). The strain was identified, and its ability to degrade mangiferin was analyzed. Rhizosphere and bulk soil
samples of M. indica were inoculated into synthetic medium containing mangiferin as the only carbon source, and
the bacterial isolates were screened. Strain SM902 was identified as Acinetobacter sp. through 16S rRNA gene
sequencing. Photoluminescence excitation analysis confirmed the production of norathyriol as a biotransfor-
mation product. In addition, the SM902 extract was examined by ultra-performance liquid chromatography
coupled with electrospray ionization quadrupole time-of-flight mass spectrometry in MSE mode (UPLC-QTOF-
MSE), allowing the characterization of monogalloyl-glucose, homomangiferin, tetrahydroxyxanthone-C-hexoside
dimer and its isomers as additional products from mangiferin biotransformation. This is the first report of an
aerobic Gram-negative bacterium able to metabolize mangiferin, producing norathyriol and other phenolic
compounds with potential pharmacological relevance. Further studies are still necessary to identify the meta-
bolic pathway involved in this process.

1. Introduction antioxidant, anti-inflammatory, and anticancer effects [3,4].

Mangiferin (1,3,6,7-tetrahydroxyxanthone-C-2-8-D-glucoside, MGF)

Between all the classes of plant’s secondary metabolites, phenolic
compounds are among the most studied, playing key roles in growth,
reproduction, and defense against environmental stresses [1,2]. In
addition to their physiological functions in plants, they have gained
considerable attention due to their potential health benefits in humans.
A specific class of phenolic compounds, the xanthones, stand out for
their wide range of biological activities, including antimicrobial,
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is a C-glucosyl xanthone first isolated from Mangifera indica and now
reported in more than 17 plant families, such as Gentianaceae, Rubia-
ceae, Fabaceae, and Iridaceae [5-9]. In M. indica, MGF is considered one
of the major phenolic constituents, commonly found in leaves, roots,
bark, and fruit extracts [10-12]. In recent years, MGF has attracted
growing interest due to its broad pharmacological profile, including
antioxidant [13], antidiabetic [14], and anticancer activities [15].
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However, its low oral bioavailability (ca. 1.2 %) has limited its phar-
maceutical application [16].

In vivo studies suggest that mangiferin undergoes extensive meta-
bolism, with at least 30 derivatives formed after oral administration in
animal models [17]. Among these, norathyriol (1,3,6,7-tetrahydroxyx-
anthone, NRT), the aglycone product of MGF deglycosylation, has
demonstrated biological properties that are sometimes even more potent
than those of MGF itself, particularly in antidiabetic and anti-
inflammatory assays [18-21]. This has led to the hypothesis that MGF
may act as a prodrug, with NRT being the main bioactive form [22].

Due to its pharmacological relevance, there is an increasing interest
in novel synthetic routes exploration for norathyriol. One example of
that is the acid hydrolysis of MGF, which remains the most accessible
approach, but typically requires harsh conditions, including strong acids
(e.g., HCl/phenol mixtures) and high temperatures, which are neither
environmentally friendly nor compatible with large-scale applications
[23-25].

Biocatalysis offers an alternative route, enabling C—C and C—O
bond transformations under mild conditions with high selectivity
[26,27], as opposed to current synthetic routes. While literature reports
evidence of anaerobic bacteria from human gut microbiota capable of
perform the deglycosylation of mangiferin, resulting into norathyriol
[28-30], the potential of aerobic soil microorganisms in this trans-
formation remains unexplored.

Here, we report the isolation and screening of an aerobic bacterial
strain, isolated from soil and rhizosphere samples of M. indica, with the
capacity to convert mangiferin into norathyriol. As mangiferin has a
native fluorescence propriety, as well as its metabolites, we developed a
fluorescence-based screening approach to detect active microbial cul-
tures. Additionally, the biotransformation products were analyzed by
ultra-performance liquid chromatography coupled with electrospray
ionization quadrupole time-of-flight mass spectrometry (UPLC-ESI-
QTOF-MSE), providing insight into microbial pathways involved in
mangiferin metabolism.

Our findings highlight a new microbial platform for the mild and
selective biotransformation of a complex natural product, potentially
expanding the set of strategies for green production of bioactive
xanthones.

2. Experimental section
2.1. Chemicals

The reagent MGF was extracted and purified according to Barreto
et al. (2008) [12]. All other reagents used were of analytical grade.

2.2. Bacterial strain

The Acinetobacter sp. strain SM902 used in this study was isolated
from a rhizosphere sample of Mangifera indica, collected at the Beraba
farm, Ceard state, Brazil (coordinates 4°11'54’S, 38°04'58"W), from
where ten soil samples and rhizospheres were collected for cultivation
and isolation of microorganisms. For each assay, 5 g of soil or 3 g of
rhizosphere were inoculated into Nutrient Broth, composed of 3.0 g of
yeast extract and 5.0 g of peptone per liter, adjusted to pH 7.0, for 24 h,
at 240 rpm and 30 °C. After that, the cultures were left to rest for
decantation of solid particles and an aliquot of 1.0 mL was used for serial
dilution in 0.9 % (w/v) NaCl solution. The dilutions 107>, 10 %and 1077
were plated in duplicate using the spread plate technique on ATGE
medium, which consisted of 15.0 g of agar, 5.0 g of tryptone, 1.0 g of
glucose, and 2.5 g of yeast extract per liter. After 24 h, well-isolated
colonies with distinct morphologies were picked to prepare pure cul-
ture. The cultures were preserved in glycerol and stored at —80 °C. The
nucleotide sequence data of strain SM902 have been deposited in the
NCBI GenBank database under the accession number [SUB15687137].
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2.3. Screening of microorganisms capable of metabolizing mangiferin

The isolates were reactivated from stock and cultured in ATGE me-
dium at 37 °C for 18 h to obtain isolated colonies. Then, the colonies
were cultivated in TGE medium which contained, per liter, 5.0 g of
tryptone, 1.0 g of glucose, 2.5 g of yeast extract and a pH equal to 7.0 for
24 h at 150 rpm, incubated at 30 °C using a Tecnal® incubator, model
TE-420. After incubation, 30 pL of the culture was transferred, in
duplicate, to 96 well plates containing 1 mM of mangiferin (MGF) in a
modified mineral medium (MM) [31]. The MM medium was prepared
with, per liter, 5.0 g of yeast extract, 2.7 g of NaCl, 1.0 g of (NH4)2SOs4,
6.0 g of NagHPOy, 3.0 g of KHoPOy4, 0.6 g of MgSO4-7H20, and adjusted
to pH 7.0. The medium was sterilized at 110 °C for 15 min, then sup-
plemented with 0.1 % (v/v) of a micronutrient solution composed of
10.95 g of ZnS04.7H,0, 5.0 g of FeS04.7H50, 1.54 g of MnSO4.H>0,
0.39 g of CuS04.5H0, 0.25 g of Co(NOs3)2.6H30, and 0.17 g of
NayB407.10H0, per liter, sterilized at 0.22 pm membrane filtration,
with final volume of 200 pL. The cultures grew by 48 h at 150 rpm,
incubated at 30 °C. The absorbances were measured before and after
cultivation, at 630 nm in a microplate reader (ThermoPlate, Sao Paulo,
Brazil). The microorganism that presented better growth, SM902, was
selected for the subsequent experiments.

2.4. DNA extraction of SM902 strain

The genomic DNA of the SM902 strain was extracted using a Cetyl-
trimethylammonium Bromide (CTAB) protocol with modifications [32].
At the end of the extraction, the obtained DNA was eluted in 50 pL of
Tris-HCI (pH 8.4) with 20 pg/L of RNAse. DNA sample quality was
evaluated using a Nanodrop® ND-1000 spectrophotometer (NanoDrop,
Wilmington, DE, USA).

2.5. Molecular identification of SM902 strain

The 16S rRNA gene was amplified by polymerase chain reaction
(PCR) with the universal bacterial primers 27F and 1525R [33], per-
formed in a final volume of 25 pL containing 100 ng of genomic DNA
(template), 20 mM of Tris-HCI (pH 8.4), 50 mM of KCl, 3.0 mM of MgCly,
0.2 mM of each dNTP, 0.5 uM of each primer and 1.0 unit of Taq DNA
polymerase (MBI Fermentas Inc., USA). The amplification was per-
formed in an Eppendorf Mastercycler® ep gradient S thermal cycler
(Hamburg, Germany) programmed for an initial denaturation step (4
min at 94 °C) followed by 35 cycles of 1 min at 94 °C, 1 min at 55 °C, 2
min at 72 °C and a final extension of 10 min at 72 °C. PCR product was
analyzed by 1 % (w/v) agarose gel electrophoresis, stained with SYBR®
Safe DNA (Invitrogen, USA) and purified by ethanol precipitation pro-
tocol and resuspended in ultrapure water. The sample was sequenced by
Macrogen Inc. (South Korea) using the primers 27F, 1492R, 518F, and
800R. Partial sequences were used to generate consensus using the
Geneious Prime® (v2020.1.2), and the sequence was analyzed and
compared with others deposited in GenBank using the Basic Locl
Alignment Search Tool- Blast [34].

2.6. Cultivation of SM902 strain on mangiferin

The SM902 strain was pre-inoculated in TGE medium for 18 h at 150
rpm and 30 °C. After cultivation, the grown cells were inoculated in MM
with 1 mM of MGF for 24 h, also at 150 rpm and 30 °C. The culture was
centrifuged at 9000g for 15 min at 4 °C (Sigma 6-15, UK) and the
precipitated cells were washed three times in NaCl 0.9 % (w/v) solution,
followed by resuspension in saline and density adjusted to 0.150 +
0.020 using a spectrophotometer (Genesys™ 6, USA) at 600 nm. The
biomass was incubated in MM with 1 mM of mangiferin for 48 h, at 150
rpm and 30 °C. After that, the samples were centrifuged at 9000g, for 15
min at 4 °C and cell free supernatants were used for analyzes.
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Fig. 1. Excitation-emission maps obtained through Photoluminescence Excitation. A and B shows fluorescence signatures of mangiferin and norathyriol, respec-
tively. C represents byproducts resulted from cultivation of SM902 strain in 1 mM of mangiferin.



G.O. Silva et al.
2.7. Photoluminescence Excitation (PLE) analysis

The energy gap between the highest occupied and lowest unoccupied
electronic levels is a critical parameter determining the electronic, op-
tical, redox, and transport (electrical) properties of a material [35].
Photoluminescence excitation (PLE) maps [36] were acquired using a
Horiba Nanolog fluorometer cooled by liquid nitrogen, equipped with a
xenon light source and InGaAs detector. The maps were recorded in the
excitation range from 300 to 600 nm and emission range from 300 to
700 nm. The resolution in the excitation and emission range was 0.5 and
1 nm, respectively. The analyzes were repeated in triplicate.

2.8. UPLC-ESI-QTOF-MSE analysis

The biomass of SM902 previously grown in MM containing 1 mM of
MGF for 48 h was lysed by sonication and the cell extract was re-
incubated in 1 mM MGF for 48 h at 150 rpm, 30 °C. The extract was
centrifuged and the supernatant was analyzed by UPLC-ESI-QTOF-MSE
analysis.

The analysis was performed on Waters UPLC system (Waters, Mil-
ford, MA, USA) coupled with a Waters UPLC BEH C18 column (150 x
2.1 mm, 1.7 pm) at 40 °C using a mobile phase composed of formic acid-
aqueous solution containing 0.1 % (A), and acetonitrile with 0.1 %
formic acid (B). The elution of 5 pL of injected sample was performed at
a flow rate of 0.4 mL/min under gradient: on the first-time interval
(0-15 min), concentration of B increased from 2 to 95 %, adjusted to
100 % between 15.1 and 17 min, then lowered to 2 % between 17.1 and
19.1 min. The MS analysis was achieved on a Waters Xevo G2-S Q-TOF
mass spectrometer (Waters, Milford, MA, USA) equipped with Electro-
nSpray Ionization (ESI) source in both the positive and negative ion
mode. For this analysis, the source temperature was set to 120 °C and the
desolvation temperature to 350 °C, with a cone gas flow of 350 L h ™.
The extraction cone was operated at 0.5 V with a 2.6 kV of capillary
voltage, a mass range of 110-1180 m/z was scanned on ESI-(—) mode,
and the mass spectrometer operated with MSE centroid programing
using a tension ramp (20 to 40 V). Leucine enkephalin was used as lock
mass. The instrument was controlled by Masslynx 4.1 software (Waters
Corporation).

3. Results and discussion

Both mangiferin (MGF) and norathyriol (NRT) presents as com-
pounds with a polyphenolic framework and extended conjugation. Thus,
they also exhibit intrinsic fluorescence properties which allows their
detection, and even differentiation, via photoluminescence-based tech-
niques such as fluorescence spectroscopy. Known for its molecular
selectivity and high sensitivity, the use of fluorescence spectroscopy to
monitor transformations between compounds whose structure is related
(like the xantones under study in this work) is favorable. Although MGF
and NRT share the same xanthone core, the presence or absence of the C-
glycosidic moiety introduces subtle but significant and detectable dif-
ferences in their photophysical behavior.

Taking advantage of those differences, photoluminescence excitation
(PLE) analysis was employed to distinguish MGF and NRT based on their
distinct fluorescence decay profiles. Upon photon absorption, each
molecule is excited to a higher electronic state and then relaxes back to
the ground state, releasing energy and emitting a photon whose wave-
length and intensity are influenced by the electronic structure and
compound’s conformation. On PLE, a resulting excitation-emission
matrix (EEM) is obtained, yielding a molecular fingerprint allowing
relatively precise identification [37,38].

The isolation process of microorganisms from soil and rhizosphere
samples of Mangifera indica resulted in 40 bacterial strains isolated, from
which strain SM902 demonstrated superior growth when cultivated in
medium containing MGF as the sole carbon source. Partial sequencing
(1348 bp) of its 16S rRNA gene revealed 100 % identity with sequences

Bioorganic Chemistry 166 (2025) 109099

from Acinetobacter nosocomialis and Acinetobacter calcoaceticus, leading
to its classification as Acinetobacter sp. Mangifera indica is known to
accumulate mangiferin as a major bioactive compound in its tissues and
root exudates, enriching the rhizosphere with this substrate. Microor-
ganisms inhabiting this niche are therefore naturally exposed to man-
giferin and more likely to develop specific metabolic pathways for its
cleavage. Within this context, the genus Acinetobacter, composed of
Gram-negative, strictly aerobic bacilli from the class Gammaproteo-
bacteria, is commonly found in terrestrial and aquatic ecosystems [39],
which includes rhizospheres, with remarkable metabolic adaptability,
including the degradation and mineralization of aromatic compounds
and other xenobiotics [40] and the ability to degrade phenolic com-
pounds and other aromatics [41-43], supporting their potential as bio-
catalysts in environmental and industrial contexts.

When cultured with MGF, strain SM902 was able to biocatalyze the
transformation of the substrate into NRT. This conversion was
confirmed by comparing the fluorescence signature of the culture su-
pernatant with those of authentic MGF and NRT standards. The MGF
standard showed a characteristic emission maximum at 600 nm with
excitation at 405 nm (Fig. 1A), while NRT exhibited a distinct emission
peak at 540 nm with excitation at 410 nm (Fig. 1B). Analysis of the cell-
free supernatant from the SM902 culture revealed a dominant emission
peak at 540 nm, matching that of NRT (Fig. 1C), thus confirming the
formation of the aglycone.

To the best of our knowledge, this is the first report of an aerobic soil
bacterium capable of cleaving the C—C bond of a C-glucosyl xanthone
under mild cultivation conditions. Unlike previously described anaer-
obic transformations involving human gut microbiota, this finding ex-
pands the known repertoire of microbial strategies for xanthonoid
metabolism and suggests the presence of yet-undescribed enzymatic
systems in Acinetobacter species that may be harnessed for biotechno-
logical applications. This work also highlights the usefulness of
fluorescence-based techniques as rapid and non-destructive tools for
monitoring biotransformation of polyphenolic compounds.

To our knowledge, no previous studies have reported the use of
excitation emission matrix (EEM) fluorescence spectroscopy for the
simultaneous characterization of mangiferin (MGF) and its aglycone,
norathyriol (NRT). Most fluorescence-based analyses of mangiferin rely
on single-wavelength emission or excitation spectra [39,40,44,45],
which limit the scope of structural information available. In contrast,
EEM spectroscopy provides multidimensional data that reflect subtle
variations in molecular conformation, environment, and substitution
pattern. The resulting spectral fingerprints offer a more informative and
sensitive approach for distinguishing structurally related polyphenols.
We emphasize that this strategy is particularly valuable for tracking
biotransformation processes in complex biological systems.

Until now, microbial deglycosylation of MGF into NRT has been
reported exclusively in the context of mammalian gut microbiota.
Several studies have detected NRT in the feces of rats, pigs, and humans
after oral administration of MGF or MGF-rich plant extracts, indicating
in vivo microbial cleavage of the C—C glycosidic bond [46-48]. Hasa-
nah et al. (2021) [48] isolated a bacterium from mouse intestine,
identified as Bacillus sp. KM7-1, capable of converting MGF to NRT.
Regarding humans, Sanugul et al. (2005) [9] isolated a strain with
similar capability under anaerobic conditions, named Bacteroides sp.
MANG, from a mix of human fecal bacteria. In this study, others strains
representing common gut genera including Bifidobacterium, Lactoba-
cillus, Escherichia, and Clostridium did not catalyze this transformation,
suggesting that MGF-deglycosylating activity is relatively rare, even
among specialized anaerobic populations.

The present study is the first to report an aerobic bacter-
ium—identified as Acinetobacter sp. strain SM902—capable of cata-
lyzing this transformation. This genus is widely distributed in soil and
aquatic environments, and several species are known to possess meta-
bolic versatility, including the degradation of phenolic and aromatic
compounds [49-52]. The ability of Acinetobacter SM902 to biotransform
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Table 1
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Proposed of metabolites obtained from mangiferin biotransformation using SM902 cell extract by UPLC-ESI-QTOF-MS/MS.

Compound Retetion time [M-H]™ MS/MS fragment ions relative abundance (%) Empirical formula Error Putative name
(min) (ppm)
1 1.29 331.0661 211, 169 C13H16010 1.2 Monogalloyl-glucose
2 2.14 841.1487 823, 751, 733, 703, 631, 601 C3gH3305, 2.4 Tetrahydroxyxanthone-C-hexoside dimer
3 2.52 841.1492 823, 751, 733, 703, 631, 601 C3gH3305, 0.7 Tetrahydroxyxanthone-C-hexoside dimer isomer I
4 3.01 841.1460 823, 751, 733, 703, 631, 601 C3gH3305, 0.8 Tetrahydroxyxanthone-C-hexoside dimer isomer II
5 3.27 421.0761 331, 301, 271, 259 C19H18011 2.1 Mangiferin
1 1
6 3.55 435.0932 27?’ 301, CooH10011 1.1 Homomangiferin

MGF into NRT under aerobic conditions represents a novel strategy for
producing NRT via microbial biocatalysis, without the need for anaer-
obic cultivation or human-derived microbial consortia.

This is particularly relevant given the growing evidence that NRT
possesses significantly higher oral bioavailability than MGF [49]. For
instance, in a pharmacokinetic study, Han et al. (2010) [19] shows that
MGF oral bioavailability was as low as 1.2 %, while the value to NRT
was equal to 30,4 % [53]. Therefore, the in vitro conversion of MGF to
NRT by strain SM902 may have important implications for enhancing
the bioavailability and biological effects of mangiferin-derived
therapeutics.

In addition to NRT, further biotransformation products were
observed in the cell-free supernatant of SM902 cultures incubated with
MGF. Analysis by ultra-performance liquid chromatography coupled
with high-resolution electrospray ionization quadrupole time-of-flight
mass spectrometry (UPLC-ESI-qTOF-MSE) revealed multiple secondary
metabolites, likely formed via partial hydrolysis or oxidative cleavage of
the xanthone scaffold. Identification was based on retention time, ac-
curate mass, and MS/MS fragmentation patterns. Fig. S1 displays the
total ion chromatogram (TIC) from the SM902 extract (negative mode),
while Table 1 summarizes the proposed identities and molecular for-
mulas of the detected compounds. These findings indicate the presence
of multiple enzymatic activities in SM902, with potential utility in the
selective modification of bioactive polyphenols for pharmaceutical or
nutraceutical applications.

Spectral data obtained from the SM902 cell-free extract were
compared with reference profiles reported in the specialized literature
for a series of structurally related phenolic compounds. These include
mono-galloyl-glucose (1, Fig. S2) [31,54], tetrahydroxyxanthone-C-
hexoside dimers (2, Fig. S3; 3, Fig. S4; and 4, Fig. S5) [31,55], man-
giferin (5, Fig. S6) [54,55], and homomangiferin (6, Fig. S7) [56]. The
identification of these compounds was based on a combination of
retention times, high-resolution mass measurements, and fragmentation
patterns obtained via UPLC-ESI-qTOF-MSE analysis.

Like norathyriol, these phenolic compounds are of pharmacological
interest due to their potential therapeutic applications. For example,
mono-galloyl-glucose is a precursor of hydrolyzable tannins and repre-
sents a key pharmacophoric unit in compounds with documented anti-
cancer activity [55,56]. Homomangiferin, a C-glucosyl xanthone
structurally analogous to mangiferin but with an additional hydroxyl
group on the sugar moiety, has been cited in several patents for its po-
tential use in the treatment of metabolic syndromes including cardio-
vascular disease, diabetes, obesity, and hyperuricemia as well as
neurological disorders such as post-stroke depression [57,58].

In contrast, the isomeric forms of the tetrahydroxyxanthone-C-
hexoside dimers identified in this study have not yet been associated
with any specific biological activity. However, given their structural
similarity to bioactive xanthones, further investigation into their phar-
macological potential may be warranted.

4. Conclusions

This study presents the first report of an aerobic bacterial strain,

isolated from the rhizosphere of Mangifera indica, capable of metabo-
lizing mangiferin into norathyriol and other phenolic derivatives with
potential pharmacological relevance, including compounds not previ-
ously described in the literature. The strain, designated SM902 and
identified as Acinetobacter sp., is likely well-adapted to the specialized
chemical environment of the mango root microbiome, where mangiferin
is naturally produced and exuded.

These findings not only expand the known biological routes for C-
glycoside cleavage under aerobic conditions but also highlight the bio-
catalytic potential of rhizospheric bacteria in the structural modification
of bioactive natural products. Further investigations are warranted to
elucidate the enzymatic pathways and genetic determinants underlying
this biotransformation, which may contribute to the development of
sustainable microbial platforms for the production of high-value
xanthone derivatives.
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PCR: Polymerase chain reaction
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