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Abstract

Microorganisms are known to be a promising source of biopigments because they are easy to obtain, can be produced on
a commercial scale, and are environmentally friendly. Therefore, the aim of this work was to characterize a brown pig-
ment (BP) produced by HM053 in NFbHPN-lactate medium. The BP was extracted from the pellet (BPP) or supernatant
(BPS), in the presence (BPPTrp, BPSTrp) or absence (BPPw, BPSw) of tryptophan (Trp). The UV-vis results were similar
among all BP samples and compared with commercial melanin used as a standard, and the maximum absorption was
observed around 200-220 nm. FTIR spectra showed that BP and commercial melanin had slight differences, with a small
band between 3000-2840 cm™', related to C-H in the CH, and CHj aliphatic groups, which is not observed in the com-
mercial melanin. Between BPP and BPS showed a different structure with bands in the region 1230-1070 cm™! related to
groups C-O. The thermogravimetric curves for BPSw and BPSTrp showed similar behavior, with 4 stages of mass loss.
The similarity between BPPw and BPPTrp with 2 stages of mass loss was also observed. Scanning electron microscopy
results showed morphological differences between BPP and BPS, where BPP had a physical structure more homogeneous
and a regular flat surface, while the BPS physical structure did not seem homogeneous and the surface was uneven with
some spherical structures as commercial melanin.
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Introduction

Microbial pigment contributes to pathogenicity by pro-
tecting the microorganism from host defense activity. The
pigment is also used to protect them from adverse environ-
mental conditions such as ultraviolet radiation and toxic
heavy metals to oxidative stress [1-3]. Microorganisms
are known to be a promising source of biopigments due to
their stility, availability, cost-effectiveness, labor, yield, and
ease of extraction and production on a commercial scale
compared to other biosources such as animal and plant
sources [4] and [5]. In addition, it is a safer product, and
easily degradable in the environment, which makes it envi-
ronmentally friendly. Among the biopigments, melanin has
been highlighted because it plays many self-protective roles
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as well as scavenging phenolic compounds, blocking UV
radiation, absorbing free radicals, chelating toxic iron, and
protecting against environmental stress and can be found
in almost all living organisms [3]. Also, in biotechnology
melanin has been applied in cosmetics as a photoprotector,
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pharmacology industry, environmental bioremediation, and
used in organic semiconductors and bioelectronics [6, 7]
and [3].

Melanin is characterized as a dark polyphenolic pigment
that is normally synthesized by the oxidative degradation of
tyrosine catalyzed by the enzyme tyrosinase (EC 1.14.18.1)
and then polymerized to an insoluble granular substance
[8] and [9]. However, an alternative pathway for pigment
production using tryptophan instead of tyrosine as a biosyn-
thetic precursor has been demonstrated in fungi and bacteria
[10-13]. Tryptophan has been described as a precursor for
indole pigments in microorganisms [12, 13].

Azospirillum sp is a plant growth-promoting bacte-
ria (PGPB) known to be used as an inoculant, contribut-
ing to more sustainable agriculture. This genus has been
extensively studied for its ability to fix atmospheric nitro-
gen through nitrogenase enzyme and synthesis of phyto-
hormones, such as IAA using tryptophan as a precursor
[14—-18] The synthesis of brown pigment, melanin pigment,
has already been reported for Azospirillum brasilense Sp7
(ATCC 29,145) and Azospirillum lipoferum [19] and [20].
For A. lipoferum laccase activity was observed and cor-
related with the production of a dark brown pigment [21].
In A. brasilense the brown pigment has been implicated in
protecting the nitrogenase enzyme from oxidative damage
[22]. While Rhizobium bacteria use melanogenic enzymes
for the development of the symbiosis in the root nodules of
plants [23].

The Azospirillum brasilense strain HM053 is a spontane-
ous mutant of A. brasilense FP2 strain (Sp7 ATCC 29,145,
SmR, Nal®) with ethylenediamine resistance (Nif®, EDAR,
Nal®, Sm®) [24]. This spontaneous mutant can constitu-
tively fix nitrogen, even in the presence of high ammonium
concentrations, and excretes NH, derived from nitrogen
fixation [25]. HMO053 has a point mutation, substitution of a
proline residue by leucine at position 347 of the glutamine
synthetase enzyme (gene glnA) [26, 27], and tests in wheat
showed that it is a PGPB with high potential as a biofertil-
izer [27].

Then, the aim of this work was to perform the physico-
chemical characterization of the brown pigment composi-
tion produced by Azospirillum brasilense HM053 and to
show that tryptophan is the biosynthetic precursor for brown
pigment synthesis instead of tyrosine.

Materials and methods
Bacterial growth conditions and growth curve

The strain HMO053 of A. brasilense was grown at 30 °C in 50
mL of NFbHPN-lactate medium [24] with 20 mmol L~! of
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NH,Cl under shaking at 140 rpm for 72 h. Streptomycin and
nalidixic acid were added to the medium at a final concen-
tration of 80 pg mL~" and 10 pg mL™!, respectively. Strain
HMO053 was grown under three conditions: (1) NFbHPN-
lactate medium; (2) NFbHPN-lactate medium plus 5 mM of
tryptophan; and (3) NFbHPN-lactate medium plus 5 mM of
tyrosine. In the NFbHPN-lactate agar medium, the darker
colonies were selected prior to inoculation into the liquid
medium, as shown in Fig. 1. Under these conditions, the
growth curve at 600 nm wavelength was performed at 24,
48, and 72 h of bacterial growth using a UV-Vis spectropho-
tometer (Biospectro SP-220). A 1 mL cuvette with a 1 cm
optical path was used for all UV-Vis spectrophotometer
analyses.

Quantification of indole compounds

The colorimetric Salkowski’s reaction [28] was used for the
determination of indole-3-acetic acid (IAA) produced by A.
brasilense. The concentrations were calculated using com-
mercial indole-3-acetic acid (Sigma-Aldrich) as a standard
in different concentrations: 1, 2, 5, 10, 15, and 20 ug mL~ L

Brown pigment purification and solubility

For the brown pigment (BP) purification, the culture was
grown under the conditions described above and then cen-
trifuged at 6,000 rpm for 10 min to separate cells and super-
natant. The brown pigment of the cell pellet (BPP) was
purified three times with 5% trichloroacetic acid, washed
twice with ether-ethanol (1:1 v/v) and once with abso-
lute ether to remove impurities, and centrifuged (5 min at
5,000 rpm) between these steps. The residue was then dis-
solved in 0.1 mol L™! sodium carbonate by heating a water
bath at 100 °C for 10 min. The solution was then centrifuged
(10 min at 5,000 rpm) to remove insoluble material and was
dried at 45 °C overnight. This protocol has been previously
reported by [29-31]. For the brown pigment from the super-
natant (BPS), the samples were not centrifuged between the
steps with trichloroacetic acid, ether-ethanol, and absolute
ether steps; the added solution was removed by pipetting
after washing.

To simplify the sample naming, in the presence of tryp-
tophan, we refer to BP samples as BPPTrp or BPSTrp, from
cell pellet or supernatant, respectively. In the absence of
tryptophan or tyrosine, we simply refer to them as BPPw
or BPSw. The BP was soluble in NaOH, 3 mol L™, but
showed no solubility in organic solvents (hexane, ethyl
ether, dichloromethane, and DMSO) as well as in water.
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Fig. 1 Strain HMO053 in
NFbHPN-lactate medium growth
at 30 °C in 3 different conditions:
(a) NFbHPN-lactate medium; (b)
NFbHPN-lactate medium with
tryptophan; and (¢) NFbHPN-lac-
tate medium with tyrosine. The
black arrow indicates the selected
darker area used for growth in

a liquid medium under agita-

tion (140 rpm at 30° C) for 72 h.
*d.a.i: days after inoculation

3dai*

HPLC analysis

Cell growth was monitored by spectroscopic analysis as a
function of tryptophan consumption analyzed by HPLC.
Cell growth was measured in a UV-Vis spectrophotometer
(Biospectro SP-220) at 600 nm. The HPLC experiments
to monitor tryptophan consumption were performed on a
Varian equipped with a C-18 column (Luna, Phenomenex,
250%4.6 mm i.d., 5 um particle size). The flow rate of the
solution was 0.8 mL min~! and a gradient elution from 5 to
88% B over 30 min, back to 5% B in 32 min, and 5% B for
another 5 min (solvent A=water and solvent B=MeCN).
UV detection was set at 250 nm. The calibration curve of
tryptophan was constructed at concentrations of 1, 2, 3, 4,
and 5 mmol L™, with R?=0.9917.

Characterization of BP by UV-Vis and FTIR
spectroscopy

The samples used for UV-Vis analyses were prepared at a
concentration of 0.02 mg mL~" and a PerkinElmer Lambda
25 spectrophotometer was used; the spectra were collected
in the range of 200-600 nm. FTIR spectra were obtained in
a Perkin Elmer Fourier Transform IR spectroscopy equip-
ment using KBr pellets in the range of 400-4000 cm™!,
recorded by 14 scans of accumulations. The UV-Vis and
FTIR spectra were compared with synthetic melanin from
Sigma-Aldrich as a standard.

16 dai

Scanning electron microscopy (SEM)

The BPPTrp, BPSTrp, BPPw, and BPSw samples were
dried at 60 °C and placed adhered to a carbon surface for
microscopic analysis using a Hitachi TM3030Plus Tabletop
microscope. PowerPoint Office version 2019 was used to
edit the SEM images.

Thermogravimetric analysis

A Perkin Elmer Thermogravimetric analyzer was used to
obtain TGA/DTG curves of the BPP and BPS. The sample
masses were 5.491 and 6.953 mg for BPSTrp and BPSw,
respectively. On the other hand, for BPPTrp and BPPw, they
were 3.119 and 2.999 mg, respectively. The samples were
analyzed using a heating range of 30 °C to 900 °C at a rate
of 10 °C min~! in a nitrogen atmosphere at a flow rate of 20
mL min~'. UV-Vis, HPLC, FTIR, and TGA/DTG graphics
were generated using Origin8 8.0 software version 2.0.0.19.

Results

Brown pigment (BP) production

We have shown that A. brasilense strain HMO053 is capa-
ble of producing a BP after 72 h of inoculation in the

NFbHPN-lactate medium. HMO053 produced a dark brown
pigment, but only in some parts of the agar medium, and
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Fig. 2 Growth, tryptophan consumption, and brown pigment pro-
duction by Azospirillum brasilense HM053 under NFbHPN-lactate
medium supplemented with tryptophan. Values are the mean + stan-
dard deviation of three biological replicates.: Tryptophan consumption
over time;: Azospirillum brasilense HM053 growth curve at 600 nm;:
A. brasilense HM053 brown pigment production at 400 nm

the pigment color was intensified as the culture aged, from
3 to 16 days after inoculation (d.a.i) (Fig. 1A). Therefore,
we selected the darkest brown colonies on the plates before
inoculation in NFbHPN-Lactate medium liquid (Fig. 1A).
In this condition, strain HMO053 showed more variation in
the ability to produce pigment, sometimes the medium did
not show the black color, even growing in the same condi-
tions (data not shown). Otherwise, in the presence of tryp-
tophan, HMO053 produced a light brown pigment that was
more stable and homogeneous in the agar or liquid medium
(Fig. 1B). Growth in the medium with tyrosine did not pro-
duce any brown pigment (Fig. 1C), so in the next analyses
we considered 2 conditions: (1) NFbHPN-lactate medium
supplemented with tryptophan; and (2) medium without any
additional amino acid source.

Monitoring of BP

The data obtained by HPLC analysis showed that trypto-
phan is consumed along the bacterial growth time while
light BP is produced, suggesting that tryptophan may be a
precursor of light BP. According to Fig. 2, it is observed that
tryptophan decreases with bacterial growth and pigment
production increases, as observed by the optical density
(OD) at 600 and 400 nm, respectively. Pigment production
was monitored at 400 nm for comparison with literature
data for the assessment of melanin pigment [30].
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Fig. 3 Absorption spectra in the UV-Vis region to BPSTrp ( — ) and
BPSw ( —); BPPTrp ( — ) and BPPw ( — ). In the insert is commercial
melanin as standard, 0.02 mg mL~! in NaOH

Spectroscopy characterization
UV-VIS analysis

Absorption UV-Vis spectroscopic analyses of BPPw,
BPPTrp, BPSw, and BPSTrp were performed in the range
of 200 to 600 nm. The maximum absorption spectra were
around 220 nm for all pigments with bands of lower inten-
sity in the range of 250—400 nm, as shown in Fig. 3.

To compare the UV-Vis spectra of BPSTrp, BPSw,
BPPTrp, and BPPw, commercial melanin was used as
a standard. The commercial melanin showed an intense
absorption band with a maximum of around 200 nm and
another band of lower intensity from 250 to 350 nm (Fig. 3,
insert), as observed for the BP samples. Melanin is com-
posed of different monomers that may interact differently
causing the absorption bands to overlap, which may explain
the behavior of the UV-Vis spectrum (Fig. 3).

FTIR spectroscopy analysis

The BPP and BPS were characterized by FTIR spectroscopy
technique (Fig. 4) and compared with commercial melanin
(Fig. 4A). A broad band is observed in the 3600-3000 cm™!
region for all samples. In this region, the stretching vibra-
tions are attributed to N-H and O-H groups present in the
indolic and pyrrolic systems. Figure 4A shows the FTIR
spectra of commercial melanin. From this result, it was
shown that BP and commercial melanin have slight differ-
ences between them, which is expected since BP is a natural
pigment and other is synthetic.

Comparison of BPSw and BPSTrp spectra showed
similarities between them (Fig. 4B), as well as for BPPw
and BPPTrp (Fig. 4C). However, when BPS and BPP are
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Fig.4 FTIR spectrum for (A) Commercial melanin; (B) BPSTrp ( —)
and BPSw ( —); (C) BPPTrp ( — ) and BPPw ( —)

compared the FTIR differences between them are high-
lighted (Fig. 4B and C). In Fig. 4B and C, for the FTIR
spectra of the pigment, a small band was observed between
3000-2840 cm™!, related to C-H in the CH, and CH, ali-
phatic groups, which is not observed in the commercial
melanin due to the broadening of the band at 3400 cm™!
(Fig. 4A).

In the region between 1715 and 1650 cm™!, bands related
to C=0 of ketone, carboxylic acids, and esters stretching
are observed. In addition, in the 1625 cm™! region, the
stretching vibrations responsible for C=C groups related to
aromatic systems are also observed. The O-H group pres-
ent in the phenolic and carboxylic functions are shown in
1400—1300 cm™ ', also observed in the commercial melanin.

The stretching vibrations in the range of 1230-1070 cm™!
related to the C-O groups show that the BPS has a different
structure than BPP. Groups related to the aromatic ring and
CH, polymer are observed in the range of 980-690 cm™".

Thermogravimetric analysis

The thermogravimetric curves between BPSw and BPSTrp
show similar behavior with four stages of mass loss (Fig. 5).
The first stage is characterized by a loss of 3% with respect
to the moisture in the sample around 100 °C. The second
and third stages are characterized by 37 and 30% mass
loss related to the organic fraction around 190 and 220 °C,
respectively. Finally, the last stage occurs where the mass
loss is practically constant in the range of 220-800°C
(Fig. 5). This last stage is related to the stable part of the
polymer, which can be related to a polymeric and inorganic
part of the sample.

BPPw and BPPTrp also showed similar thermogravimet-
ric curves between them but with some different stages of
stability and decomposition (Fig. 6). Two stages of mass
loss are observed, and the first stage of decomposition is
observed at about 200 °C with a mass loss of 10%, and a
second stage at about 380 °C with 50% of the mass loss,
also has a stable part in the range of 380-900 °C (Fig. 6).

Scanning electron microscopy (SEM)

The SEM results showed morphological differences
between BPP and BPS (Fig. 7), complementing the differ-
ences observed by chemical analysis (FTRI and TGA/DTQG)
(Figs. 4 and 5, and 6). BPP has a physical structure more
homogeneous and on a regular flat surface (Fig. 7A), while
the physical structure of BPS does not seem homogeneous
and the surface is uneven with some spherical structures
(Fig. 7B). On the other hand, the morphological structure
was similar when compared between to the pellet samples
(BPPw and BPPTrp), as well as when compared between
the supernatant samples (BPSw and BPSTrp) (Fig. 7).

Indole-3-acetic acid production

The Salkowski’s method was used for the determination
of IAA. Through this analysis, IAA production was found
only when the A. brasilsene strain HM053 was grown in an
NFbHPN-lactate medium with tryptophan (Table 1). Also,
the IAA production increased approximately 27-fold from
48 to 72 h (Table 1) Curiously, light BP production used
the same growth condition as for IAA production at 72 h
(Table 1).

Discussion
We reported that A. brasilense HM053 is able to produce

dark BP in NFbHPN-lactate medium, and light BP in the
same medium supplemented with tryptophan. In bacteria,
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Fig.7 Scanning electron micros-
copy (SEM) of BP produced

by Azospirillum brasilense

strain HM053. A. BP extracted
from pellet (BPP) and B. from
supernatant (BPS) after growth in
liquid NFbHPN-lactate medium:
(1) without tryptophan (2) with
tryptophan

A. BPP
1) BPPw

Table 1 Indole-3-acetic acid (IAA) production by A. brasilense
HMO053 at 72 h after inoculation

Growth conditions IAA production (pug
mL!")
48 h 72 h
HMO053 grown in NFbHPN-lactate 0.00 0.00
medium
HMO053 in NFbHPN-lactate medium 2.05+0.01 54.55+0.02
with Trp
HMO053 in NFbHPN-lactate medium 0.00 0.00
with Tyr

Trp: Tryptophan; Tyr: Tyrosine

melanin is produced under adverse conditions such as nutri-
ent starvation, UV radiation, desiccation, osmotic stress,
and competition in the rhizosphere [2]. Under these con-
ditions, A. brasilense has the ability to encyst cells, con-
sisting of a central body filled with poly-B-hydroxybutyrate
(PHB) granules, which confers a survival advantage to this
bacterium, especially in an aging culture. Melanin has been
shown to surround these encysting cells and to be secreted
into the medium in an aging culture [19]. These data support
our results showing the ability of 4. brasilense to produce
dark BP over time in NFbHPN-lactate medium on aged cul-
ture (limiting nutrition source).

NMUD11.0 x100 1mm

NMUD99 x120 500 um

2) BPPTip

NMUD10.1 x100 1mm

A R e SO E

NMUD99 x120 500 um

For A. brasilense Sp7 strain, the brown pigment pro-
duced depends on the medium composition and growth con-
ditions. In NFbHP-lactate agar medium supplemented with
low levels of carbon source (8 mM of fructose or malate)
and a minimal amount of nitrogen (0.5 mM KNO,), pig-
ment production is induced under limiting conditions. When
amino acid sources, such as tyrosine, cysteine, and/or phe-
nylalanine were added, the amount of pigment formed was
not improved in various media tested [19], as shown in our
results for tyrosine, which did not induce or improve pig-
ment production. Otherwise, tyrosine is known to be a pre-
cursor of melanin for other microorganisms [2, 20, 30].

From UV-Vis results all BP samples and commercial
melanin, had the same behavior with the maximum absorp-
tion spectra around 220 nm. Has been reported a broad
band, ranging from 280 to 400 nm, and a maximum peak at
200 nm, with a continuous decrease in the absorbance from
UV-Vis wavelength, which is characteristic of melanin pig-
ment [32, 33], similar to our results. These results are also
observed in sepia melanin, which was obtained from Sepia
Officialis [34].

To complement the chemical analysis, FTIR spectros-
copy and TGA thermogram analysis were performed. Our
FTIR spectral results were similar to the FTIR spectral

@ Springer



2234

Brazilian Journal of Microbiology (2024) 55:2227-2237

profile found for the melanin of Rubrivivax benzoatilyticus,
which was associated with the presence of groups such as:
O-H, C-H, C=C, C-O, C=0, the presence of nitrogen and
the absence of sulfur content (present in indole systems and
found in indole-type melanin) [13, 33]. These authors cor-
related their IR results with pyomelanin [33] and eumelanin
[13].

Usually, the TGA thermograms for natural melanin
showed three stages (the first stage around 70 °C, the second
around 200-360 °C, and third around 800—1000 °C) of ther-
mal degradation [35, 36]. Here we found 4 stages for BPS
(Fig. 5), which was more similar compared to the literature,
and 2 stages for BPP (Fig. 6) with TGA/DTG thermograms
more stable, showing a slightly different behavior.

Chemical characterization of melanin can be a chal-
lenging task because the pigment is highly heterogeneous,
insoluble in organic solvents, hydrophobic, and resistant to
chemical degradation. These physicochemical properties
limit the number of analytical approaches that can identify
and characterize the pigment. In addition, published data are
relatively inconsistent because differences in extraction and
purification, sample preparation, or data processing make
it difficult to compare results. On the other hand, applying
the same procedures to different melanin sources, regard-
less of their cellular localization, biosynthetic pathways, or
possible interferences, may not yield equivalent results [37].
For these reasons, the number of publications on melanin
characterization is relatively small.

Furthermore, BPP and BPS were insoluble in water or
organic solvents (hexane, ethyl ether, dichloromethane,
and DMSO) and soluble in 3 mol L™! NaOH under heat-
ing. Similar physicochemical properties were reported for
melanin isolated from the bacterium Rubrivivax benzoati-
Iyticus [13]. It was observed that BPP was more difficult to
solubilize than BPS, perhaps due to the particular physical
properties of each sample. SEM analysis of melanin showed
similar spherical/ball-like structures, confirming our results
for BPS [13, 33]. Otherwise, BPP showed a variety of struc-
tures that differed from previous results reported in the
literature.

The genus Azospirillum is able to produce plant hor-
mones, such as IAA, which it can support as PGPB [17,
38]. A. brasilense has multiple IAA biosynthetic path-
ways, been tryptophan-dependent or not. For HM053, IAA
production was similar to that of A. brasilene strain Sp7
(50 pg mL~! of IAA) [38]. Tryptophan has been reported
as a substrate for auxin synthesis by various bacteria via
the indole-3-acetamide pathway, which converts tryptophan
by tryptophan 2-monooxygenase to indole-3-acetamide and
then by indole3-acetamide hydrolase to indole-3-acetic acid
(IAA). The intermediate indoleacetamide can be identified
by Salkowski’s chemical assay, as we have done (Table 1).
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In Azospirillum brasilense and A. lipoferum, the indoleacet-
amide pathway is similar to the indolepyruvic acid path-
way [17]. Other studies support the possibility of multiple
IAA biosynthesis pathways in Azospirillum brasilense [38,
39] with the indolepyruvic acid pathway being the most
common [40, 41]. This is a controversial issue because in
according to [17], the indoleacetamide pathway is the most
prevalent.

Tryptophan has also been implicated in pigment produc-
tion in various microorganisms, such as fungi [12, 42] and
bacteria [10, 13]. From our results, the BP produced by A.
brasilense HM053 has some similar chemical properties to
those reported in the literature [13, 33, 35-37], which we
may suggest that the BP is a melanin-like.

Melanin is a multifunctional natural pigment widely pro-
duced by organisms from all domains of life, from bacteria
to mammals, with specific physicochemical properties, such
as a highly negative charge, high molecular weight, and
hydrophobicity [37, 43]. Most bacterial melanins (eumela-
nin, pheomelanin, pyomelamin, and neuromelanin) are
formed via the DOPA pathway from aromatic amino acids,
such as tyrosine, or from other catecholamine substrates,
such as dopamine and norepinephrine. In contrast, DHN
melanin is synthesized via the DHN pathway from malonyl-
coenzyme A or acetyl-CoA as precursors. These pathways
are facilitated by different sets of enzymes, i.e. tyrosinase/
laccase for the DOPA pathway and polyketide synthase for
the DHN pathway [2, 3]. In general, melanin synthesized
by the DHN pathway is endogenous and tightly bound to
the inner side of the cell wall, making extraction of melanin
extremely difficult [44]. On the other hand, melanin synthe-
sized extracellularly is easier to extract [3], as is the case for
A. brasilense strain HM053, making it a potential biosource
for melanin.

Microbial melanin is bioavailable, biocompatible, and
biodegradable, making it a promising candidate for many
industrial applications. For example, in the cosmetic and
pharmaceutical industries, melanin is a natural “sunscreen”
that absorbs the broad band of the UV visible light spec-
trum and can also be used for hair dyeing. It is also a pow-
erful antioxidant, scavenging or quenching molecules on
superoxide anions and singlet oxygen species generating a
positive physiological response and inducing the immune
system [3, 45, 46]. Melanin protection has been tested
against radiation and increased the survival of mice by
100% [47]. In environmental applications, melanin acts as a
chelator of heavy metals in water systems [48], and melanin
nanostructures exhibit broad-spectrum antimicrobial activ-
ity against foodborne pathogens with potential applications
in the health and food industries [49, 50]. Melanin has also
been used as a component for organic electronic devices due
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to its hydration-dependent semiconductor-like behavior [51,
52].

In animal models, tryptophan has been proposed as
a precursor for melanin synthesis (named Trp-melanin),
but its biosynthetic pathway has not been identified [53—
55]. Recently, Trp-melanin synthesis by the bacterium
Rubrivivax benzoatilyticus JA2 was reported, with similar
physicochemical properties when compared to BP from A.
brasilense strain HM053 [13], suggesting that this Trp-mel-
anin is not synthesized from the canonical tyrosine-based
melanin biosynthetic process, and that laccase probably
plays a role in the oxidative metabolism of Trp-melanin
synthesis. These authors did not find a laccase gene in R.
benzoatilyticus JA2, but suggested a laccase-like enzyme,
as has been reported in melanin synthesis in a few bacteria
[56, 57]. Thus, these authors proposed the tryptophan as a
precursor that may be converted to 5-hydroxytryptophan to
an unknown hydroxyindole derivative and then polymerized
to Trp-melanin. Similar results have been reported by [58].

Conclusion

A. brasilense strain HMO053 is able to produce dark and
light BP in the NFbHPN-lactate medium but does not use
tyrosine as a precursor. Thus, the catalytic activity of tyrosi-
nase does not play a central role in brown pigment synthesis
by A. brasilense HM053, as is usually the case for another
organism. From HPLC analysis, we suggest that tryptophan
is a precursor for the synthesis of light BP. In the absence
of tryptophan, a dark BP was produced in some parts of
the plate in the aging culture. However, we do not know
the mechanism to induce the dark BP, sometimes, even in
aging culture (nutrient starvation), the medium does not
express the dark color. This suggests a metabolic diver-
sity for pigment synthesis in A. brasilense that should be
better understood. In general, all BP samples had similar
chemical profiles, except for some differences that were
observed between BPP and BPS from TGA analysis and
scanning electron microscopy. From the physicochemical
results, such as UV-vis analysis, IR spectra, and TGA, we
can strongly suggest that the BP is melanin-like, making
A. brasilense HM053 a promising source of melanin with
a high potential application. However, further work on the
biosynthetic pathway of Trp-melanin-like should be carried
out for a better understanding of its synthesis, such as the
development of studies for its biotechnological application.
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