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Abstract: Obtaining natural pigments from microorganisms is an alternative with high potential for
biotechnological application. The use of agro-industrial wastes as substrate for cultivations enables a
reduction of the production cost and may add value to potentially polluting byproducts. In this work,
the extraction of pigments produced by the bacterium Chryseobacterium sp. strain kr6 was evaluated,
employing feather meal as the sole carbon source for bacterial growth. The maximum production of
the yellow pigments was observed for cultivation at 30 ◦C, during 48 h, with 5 g/L feather meal. The
pigment extraction from the bacterial biomass was performed with the aid of physical methods and
the testing of different organic solvents. The conditions that provided better extraction were using
ultrasound with acetone as the solvent, reaching a yield of 180 µg/g biomass after optimization. The
pigment was partially characterized via UV-visible, FTIR and mass spectroscopy and CIELAB color
parameters, suggesting the presence of molecules belonging to the flexirubin group (aryl polyenes).
The antioxidant capacity of the pigment was confirmed via the scavenging of DPPH radical and
thiobarbituric acid reactive substances (TBARS) methodologies. Moreover, the pigment extract
showed antimicrobial activity against Staphylococcus aureus and Enterococcus faecalis.
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1. Introduction

Pigments of natural occurrence in plants, algae, fungi and bacteria provide the varied
range of colors of these organisms. In photosynthetic organisms, pigments act as molecules
that absorbs sunlight energy, presenting an important role in energetic metabolism, and
as photoprotectors due to their capability to inactivate reactive oxygen species formed via
light and air exposition [1]. Some microbial pigments have been gaining increased interest
because of their promising effects as preventive therapeutic agents, also presenting impor-
tant antioxidant activities [2,3]. For instance, the consumption of antioxidant carotenoids
reduces the risks of degenerative diseases such as certain cancers and cardiovascular
diseases [4].

The growing demand for natural pigments is because of their wide range of appli-
cations, highlighted in the food industry, cosmetics, and animal feed. Such increased
demand has influenced the research for new sources and processes to obtain natural col-
orants. Microbial pigments obtained from fungi, microalgae and some bacteria have been
studied as alternative sources of natural dyes, which are mostly obtained from plant ma-
terials [5,6]. Microorganisms are interesting sources for pigment production due to their
advantages over plants in terms of availability, stability, cost efficiency, labor, yield and
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easy downstream processing [1,6], as well as the possibility of obtaining differentiated
products via genetic manipulation and metabolic engineering [7]. A diversity of pigments
like carotenoids, melanins, flavins and monascins have been produced using microorgan-
isms [1]. Many of the microbial pigments not only act as coloring agents in various food
processing methods and in the cosmetic industry but also possess anticancer, antioxidant,
anti-inflammatory and antimicrobial activities [2,6].

However, the development of biotechnological processes may have elevated produc-
tion costs. Thus, it is interesting to search for microorganisms and growth substrates that
allow a cost-effective process. Microorganisms can be cultivated through solid state and
submerged cultivation on natural raw materials or industrial organic wastes. Thus, agro-
industrial byproducts can be interesting low-cost substrates for pigment production [8].
The poultry industry generates a large amount of byproducts, mostly feathers, the quantity
of which reaches a million tons per year [9]. In this regard, Chryseobacterium sp. kr6 is a
gold–yellow pigmented bacterium presenting strong keratin-degrading capability when
growing on feather meal or raw feathers [10]. Although the production of keratinases by
this bacterium on feather waste has been well-established [11], pigment production has
been addressed to a limited extent. A preliminary investigation was performed with kr6
cells obtained in BHI medium, indicating that the pigment can be extracted with acetone
and presented characteristics of a flexirubin-like molecule [12]. However, the extraction
protocol was not optimized, and feather meal was not explored as a growth substrate.

The extraction is a critical step for obtaining natural pigments. Organic solvents have
been used for the initial separation of the crude pigment from the starting material, but the
extensive extraction times, limited selectivity and damage of labile pigments can be some
of the difficulties of the extraction technique. Therefore, the optimization of the extraction
protocol aids to improve extraction yields and prevent degradation of pigments, ensuring
the production of high-quality natural dyes [1,13,14]. Furthermore, the characterization
of crude pigment extracts provides relevant information about physical, chemical and
biological properties that are important to designate the potential applications of natural
colorants [2,3,6]. Considering the ability of strain kr6 to thrive on feather meal, it appears
interesting to investigate this substrate for pigment production and extraction. Thus, the
aim of this study was to determine optimal conditions for the extraction of pigments from
Chryseobacterium sp. kr6 growing on feather meal. The pigment extract was partially
characterized, and its antioxidant and antimicrobial activities were determined.

2. Materials and Methods
2.1. Microorganism and Cultivation Media

The bacterium Chryseobacterium sp. strain kr6, previously isolated from decomposing
feathers at a poultry processing plant [10], was retrieved from the culture collection of the
Laboratory of Biochemistry and Applied Microbiology (UFRGS, Porto Alegre, Brazil). This
strain was propagated in tryptone soy agar (Accumedia, Baltimore, MD, USA) plates at
30 ◦C. The strain was inoculated in feather meal broth (0.5 g/L NaCl, 0.4 g/L KH2PO4,
0.015 g/L CaCl2 and 50 g/L feather meal). The pH was adjusted to 8.0, and the medium
was sterilized via autoclaving. Feather meal used as the basis of cultivation media for the
production of pigments and was obtained from Santista (Esteio, Brazil). The composition
of feather meal was as follows (d.b., g/100 g): crude protein (85.4), crude fat (8.5), ash (5.3)
and crude fiber (0.8).

2.2. Production of Pigments

The strain kr6 was cultivated in 250 mL Erlenmeyer flasks containing 50 mL of feather
meal broth, in an orbital shaker at 30 ◦C and 100 rpm. Samples were removed and
centrifuged at 10,000× g for 20 min at 4 ◦C. The biomass was washed twice with distilled
water and used for the extraction of pigments.
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2.3. Extraction of Pigments

The conditions for pigment extraction were investigated comparing the ultrasound
and mechanical methods, in different time intervals (10, 20, 30, 60 and 90 min). Ultrasound
extraction was carried out in an ultrasound bath (USC700, Unique, Indaiatuba, Brazil)
operating at 28 ◦C using a potency of 500 W and a biomass:solvent ratio of 1:3 (w/v).
Mechanical extraction was performed in a water bath at 28 ◦C and 100 rpm using glass
beads (ϕ = 2 mm), with a biomass:solvent ratio of 1:6 (w/v). After each time interval,
samples were centrifuged at 10,000× g for 5 min, and the pigment rich supernatant was
collected. The pigment yield was determined with the following equation, originally
described for carotenoids [13]:

Yield (µg/g biomass) = (1000 × A × D × V)/(0.16 × W) (1)

where A = absorbance at 450 nm, D = dilution factor, V = solvent volume (mL), 0.16 = extinction
coefficient for carotenoids and W = sample wet weight (g).

After the investigation of physical methods, different solvents were tested to evaluate
their capacity to solubilize the pigments produced by Chryseobacterium sp. kr6: acetone,
chloroform, DMSO, ethyl ether and hexane. Solvents were tested using a 30 min ultrasound
extraction protocol, followed by centrifugation at 10,000× g for 5 min. The influence of the
selected solvents on pigment yield was tested using a factorial experiment, with solvent
type, volume (3 or 6 mL), number of extractions (3 or 6) and extraction time (10 or 20 min)
as variables.

Finally, the pigment extraction was optimized using a 22 factorial design [15,16], taking
the extraction volume (X1) and extraction time (X2) as independent variables and pigment
yield (Y) as the response (Table S1). The results were analyzed using the software Statistica
7.0 (Statsoft Inc., Tulsa, OK, USA).

2.4. Color Analysis

The optical properties of the pigment were expressed as color measurements deter-
mined at five random points with a colorimeter (Minolta CR-400, Osaka, Japan). The
following parameters were measured: L (luminosity, ranging from 0 to 100, from dark to
light), a (red on positive direction and green in negative direction) and b (yellow in the
positive direction and blue in negative direction). The colorimeter was calibrated against a
standard white background. The values of Chroma and Hue angle were calculated from
the following equations [17]:

Chroma = C = (a2 + b2)0.5 (2)

Hue = h = tan−1 (b/a) (3)

2.5. Instrumental Analyses

The pigment extract was subjected to scanning spectrophotometry in the range of
200–600 nm, using a Shimadzu UV-mini 1240 spectrophotometer (Shimadzu, Tokyo, Japan),
at 5 nm intervals, using acetone as a blank.

The infrared spectrum of the pigment extract was obtained with a Varian 640-IR FTIR
spectrometer (Thermo Fischer, Waltham, MA, USA), analyzed as a KBr pellet. The spectral
region investigated was 500–4000 cm−1, with a spectral resolution of 4 cm−1.

The pigment extract was applied to a Nova-Pak C18 column (4 µm; 3.9 × 300 mm),
eluted with methanol containing 0.1% (v/v) formic acid at a flow rate of 0.9 mL/min
in a HPLC system equipped with a diode-array detector (Shimadzu). The peak detec-
tion at 450 nm was subjected to mass spectrometry analysis using the mass spectrometer
micrOTOF-Q III (Bruker Daltonics, Billerica, MA, USA), with electrospray ionization nano-
ESI operating in negative mode, the capillary voltage at 3500 V, a scan range of m/z 100
to 1500, a dry temperature and gas flow (N2) at 310 ◦C and 8 L/min and nebulizer gas
pressure set at 4 bar.
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2.6. Thiobarbituric Acid Reactive Substances (TBARS)

Determination of TBARS was carried out as described elsewhere [18]. Tubes containing
ultrapure water and olive oil were incubated with 100 mM ferric sulfate in a water bath
at 80 ◦C for 10 min. Then, the sample containing carotenoid pigment was added with
81 mg/mL SDS in an acetate buffer with pH 3.44 containing 6 mg/mL thiobarbituric acid
(TBA). The reaction mixture was incubated for 60 min at 100 ◦C in a water bath. Samples
without pigment or TBA addition were used as controls. The absorbance was measured at
532 nm. The experiment was realized in triplicate. BHA was used as a positive control at
0.5 mg/mL. The TBARS concentration was calculated using a standard curve developed
with known concentrations of 1,1,3,3-tetramethoxypropane, and the results were expressed
as nmol malonaldehyde (MDA)/mL.

2.7. DPPH Radical Scavenging Assay

The DPPH (2,2′-diphenyl-1-picrylhydrazyl) scavenging activity was determined as
described by Brand-Williams et al. [19]. The method is based on the capture of DPPH•

radicals by antioxidants, resulting in a decrease of the absorbance at 515 nm. The standard
curve was performed using DPPH concentrations from 0 to 60 µM. The results were
expressed as µM DPPH, corresponding to the minimal antioxidant concentration to reduce
50% of the initial DPPH. The experiment was realized in triplicate.

2.8. Antimicrobial Activity

The antimicrobial activity of the pigment was evaluated using the disk diffusion
method [20]. The bacteria tested were Escherichia coli ATCC 25922, Salmonella enterica ATCC
13076, Enterococcus faecalis ATCC 51299, Staphylococcus aureus ATCC 19095, Bacillus cereus
ATCC 9634 and Listeria monocytogenes ATCC 7644. The bacterial inoculum was diluted
in sterile saline to reach 0.5 McFarland turbidity standard and 100 µL of each bacterial
suspension was uniformly seeded onto BHI agar plates using a sterile swab. Sterile filter
paper disks (6 mm diameter) were placed on inoculated plates and an aliquot of 20 µL
pigment (100 mg/mL solution) was applied on the disks. After incubation at 37 ◦C for 24 h,
plates were evaluated for the presence of zones of inhibition of microbial growth.

3. Results and Discussion
3.1. Production of Pigments

The bacterium Chryseobacterium sp. strain kr6 was capable of growing and producing
yellowish-orange pigments in a culture medium containing feather meal as the unique
carbon source (Figure 1, inset). The production of total pigments was monitored for up to
72 h of cultivation, and a relationship with microbial growth was observed (Figure 1). The
maximum pigment concentration was observed at 48 h during the stationary growth phase,
with a decrease at 72 h. This maximum value at 48 h resulted in a pigment yield of 64.5 µg/g,
which was coincident with maximum cell counts, suggesting the pigment production by
Chryseobacterium sp. kr6 is associated with the accumulation of cellular biomass.

Pigment production by bacteria has been associated with cell growth. For example,
the endophytic bacterium Citricoccus parietis started yellow pigment production after
30 h, reaching the highest level of production at the end of the exponential phase at
70 h, coinciding with bacterial growth [21]. Pigment production by Rhodotorula glutinis in
medium containing agro-industrial residues was also parallel to cellular growth, with the
maximum cell yield and maximum pigment concentration occurring simultaneously [22].
Although poultry byproducts have been poorly investigated for pigment production, the
utilization of feathers as substrate for Kocuria rosea resulted in a fermented product for
use in animal feed containing an amount of carotenoid pigments that reached 68 µg/g of
fermented product [23].
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Figure 1. Growth and pigment production by Chryseobacterium sp. kr6. The strain was grown
during 72 h in feather meal broth, and values of viable cell counts (circles), absorbance at 450 nm
(squares) and pigment yield (triangles) were monitored every 24 h. Each point corresponds to the
mean ± standard deviation of three independent experiments. Inset: Culture of Chryseobacterium sp.
kr6 in feather meal broth after 48 h.

Some physicochemical parameters such as light exposure, temperature and pH should
be considered in the bioproduction of pigments. For example, temperatures higher than
30 ◦C caused a decrease in pigment production and cellular growth of Rhodotorula mu-
cilaginosa [24]. In this study, the temperature was fixed at 30 ◦C, which was previously
determined for optimal growth of strain kr6 [10] and resulted in elevated production of
pigments. The cultivation was carried out in the dark, under shaking, and the pH was
constantly about 8.0 to 8.5 during bacterial growth. These conditions seem favorable to
accumulation of yellow pigments by Chryseobacterium sp. kr6.

3.2. Pigment Extraction

The production of natural pigments via microbial cultivation has been recognized,
but pigment extraction can be limited by elevated costs of some downstream processing.
Thus, the development of efficient protocols for the recovery of intracellular pigments from
microbial biomass has attracted increased attention [25].

In this study, two extraction methods were initially compared. Through the size
reduction of particles (microbial cells) via physical treatments, important gains in extraction
efficiency and reduction of extraction time can be reached. The sonication method showed
higher yield, when compared with the method using microspheres. The highest yield
was reached at 30 min extraction for both methods (Figure 2). Similarly, the maximum
amount of pigments from Rhodobacter sphaeroides was obtained using ultrasound [13].
The use of ultrasound may reduce the dependence of a specific solvent and allow for
alternative solvents that can be more economical and environmentally attractive, adding
safety and health benefits. The efficacy of ultrasound can be attained by the increase
in surface mass transfer and the efficacy decrease sharply after the surface solute was
totally removed [26,27]. In this study, this effect was also observed after 30 min extraction
(Figure 2). Moreover, partial degradation of pigments via extensive ultrasound treatments
cannot be ruled out.
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Figure 2. Pigment extraction by using different techniques. Bacterial biomass was subjected to
either ultrasound processing (□) or shaking with microspheres (■). Each point corresponds to the
mean ± standard deviation of three independent experiments.

The lower yield of pigments obtained via the microspheres method can be associated
to the difficulty in disrupting the microbial cell wall, and thus a smaller amount of pigments
was released when compared with ultrasound. This result can be associated with the fact
that the complex cell envelope of Gram-negative bacteria would require high shearing
forces to be broken [28]. Although the intracellular concentration of pigment was not
determined, the typical yellow color could be visually observed in the cell debris after the
microsphere method, suggesting that the extraction was incomplete. Similarly, depending
on the extraction process, the cell debris of Enterobacter sp. PWN1 remained colored,
indicating a low extraction efficiency of pigments [29].

The extraction of pigments produced by Chryseobacterium sp. kr6 using organic sol-
vents was then investigated. In a first approach, five solvents, namely, acetone, chloroform,
DMSO, ethyl ether and hexane were tested. As the pigments often accumulate in the lipid
phase, a variety of organic solvents has been successfully tested to extract pigments from
microbial cells [25,29]. Most studies use a single solvent, but the mixture of solvents has not
been properly investigated. In this study, it was observed that acetone and their equivolu-
metric mixtures with hexane and chloroform showed similar results for pigment extraction
(Figure 3). Except for DMSO, the highest yield was observed in the second extraction. The
mixture of solvents, when used to rupture cells, can present synergic interactions resulting
in increased pigment yield in some cases [25]. The solvent DMSO showed a different
characteristic in comparison to the other systems, with a higher yield in the first extraction.
This fact can be associated with the pigment solubility in the solvent or the efficacy in the
rupture of the microbial cell wall in the first extraction step. Based on these results, acetone
and DMSO were selected for further evaluation.

To optimize the extraction with the selected solvents, a factorial experiment was
carried out, with solvent type, extraction volume, number of extractions and extraction
time as variables. Based on the Tukey’s test, the best results were obtained for extractions
conducted in the runs 3 and 7, yielding 125 µg/g and 137 µg/g, respectively (Table 1). Such
values were not significantly different (p < 0.05). In both experiments, acetone was used as
the solvent and the same extraction volume (6 mL) was employed. The extraction condition



Biomass 2024, 4 536

that presented a lower value for the pigment yield was run 1, which was significantly lower
(p < 0.05).
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Table 1. Factorial experiment for extraction of pigments from Chryseobacterium sp. kr6 under different
conditions.

Run Solvent Volume (mL) Extractions (n) Time (min) Yield (µg/g) 1

1 Acetone 3 3 10 15.83 d

2 DMSO 3 3 20 57.45 c

3 Acetone 6 3 20 125.36 a

4 DMSO 6 3 10 90.45 b

5 Acetone 3 6 20 70.50 c

6 DMSO 3 6 10 61.01 c

7 Acetone 6 6 20 137.29 a

8 DMSO 6 6 20 104.55 b

1 Different letters indicate that values are significantly different at p < 0.05 (Tukey’s test).

After determining the best method and solvent for extraction, a 22 experimental
design was developed to investigate the influence of solvent volume and extraction time
on pigment yield. The experimental conditions and the results are shown in Table S1. The
highest yield was observed in run 6 (180 µg/g), which was carried out with 9.0 mL and
30 min ultrasound extraction (Table S1). The lowest yields were observed in runs 3 and
7 (about 22 µg/g). The effects of independent variables on the response are presented
in Table S2. The results obtained in this experiment suggested that as the extraction time
increased, the pigment degradation also increased, and as the solvent volume increased,
so did the solubilized pigment quantity. The computed F-value model (15.5) was higher
than the F-value in statistic tables at 95% of confidence (Ftab = 4.07), which demonstrates
significance for the regression model [15]. Thus, the model is suitable to predict the
extraction yield as a function of solvent volume and extraction time.
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The effect of solvent volume and extraction time on pigment yield is shown in Figure 4.
Solvent volume has a significant linear effect (p < 0.001) and quadratic effect (p = 0.017) on
pigment extraction (Table S2). The increase in yield is observed when the solvent volume
increases from 3.0 to 9.0 mL, but the pigment extraction is not significantly increased when
extraction time is greater than 30 min. In this regard, the dissolution of pigments from
Rhodobacter sphaeroides did not reach an equilibrium if the extraction time was lower than
40 min, and part of the pigment remains associated to the microbial biomass, but surpassing
40 min, the yield is slightly lower [13]. This effect could be associated to the long duration
of exposure of dissolved pigments to oxygen, light and microbial enzymes, resulting in an
increased possibility of pigment degradation [30].
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Figure 4. Influence of processing time and solvent volume on the extraction of pigments from
Chryseobacterium sp. kr6 biomass.

3.3. Characterization of the Pigment Extract

Color analysis of the pigment extract revealed the values of CIELAB parameters L*,
a* and b* were 58.3 ± 6.7, 3.9 ± 1.5 and 32.9 ± 3.8, respectively. The two-dimensional
plot of chromatic components a* and b* show that the pigment falls in the orange region
(Figure S1). Values for Chroma (saturation) and Hue angle were calculated as 33.2 ± 3.9
and 83.2 ± 1.9, respectively. Likewise, previous studies on the colorimetric parameters of
flexirubin-type pigments extracted from Chryseobacterium strains also revealed positive b*
values and Hue angle values close to 80◦, which represent colors in the yellow/orange
region [31,32].

The pigment extract obtained from Chryseobacterium sp. kr6 biomass was analyzed
with FTIR (Figure 5). The broad band at 3496 cm−1 can be assigned as a characteristic
O-H stretching band of hydroxyl groups. The shoulder at 2940 cm−1 usually corresponds
to CH and CH2 stretching of aliphatic groups. The combination of bands at 2100 cm−1

and 1650 cm−1 is considered as indicative of conjugated C=C bonds [33]. Carbonyl groups
show characteristic sharp peaks in the range 1750–1610 cm−1. The peak at 1650 cm−1 can
also be assigned to keto groups, which present typical bands at 1650–1670 cm−1 or lower
values in FTIR [34]. The weak band at 1048 cm−1 corresponds to a C-O bond.

The pigment extract was analyzed with scanning spectrophotometry in the range of
200–800 nm. The resulting electromagnetic spectrum is shown in Figure 6A. It was possible
to observe the absorbance peaks at the wavelengths 280 nm, 325 nm and 450 nm, the latter
corresponding to a λmax value for carotenoid pigments like zeaxanthin, β-cryptoxanthin
and β-carotene [34]. However, the absorption spectra of carotenoids have typical profiles
between 400 and 500 nm, with λmax at about 450 nm, and two minor bands on each side are
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usually observed. The exact position of the λmax and companion minor bands are variable
according to the pigment and in some cases are sufficiently different for the identification of
each carotenoid [35]. In this study, only the maximum absorbance at 450 nm was observed
in the extract obtained at 48 h of cultivation. Moreover, the absorbance peaks at 280 nm
and 325 nm are typical of aromatic groups and polyenes with more than five C=C alkene
groups, respectively, which are typically found in aryl polyene pigments [36].
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A single major peak was eluted from the RP-HPLC column when monitored at 450 nm
(Figure 6B). Further analysis of the MS spectra revealed a major peak at m/z 619 [M-H]-

(Figure S2), analogous to that found for a flexirubin produced by Chryseobacterium sp.
isolated from mountain soil [37]. The mass corresponds to a molecular formula C42H5204,
suggesting the structure is similar to the known flexirubin of Chitinophaga pinensis [36] and
Chryseobacterium artocarpi [38], minus a methyl group.

The Flavobacteriaceae family, which includes the genus Chryseobacterium, is a recog-
nized source of pigments, including rare monocyclic C40 carotenoids, such as the (3R)-
saproxanthin and (3R,2′S)-myxol isolated from species of marine origin [39]. The pigment
obtained from Chryseobacterium sp. kr6 growing on feather meal showed some similar fea-
tures of flexirubin pigments described for Chryseobacterium sp. UTM-3T [40] and C. artocarpi
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CECT 8497 [38]. Although further characterization is necessary to elucidate the exact
chemical structure, the pigment extracted from strain kr6 belongs to the flexirubin group.

3.4. Antioxidant Activity

The antioxidant capacity of the pigment was evaluated. In this study, olive oil was
used as the substrate in the presence of ferric sulfate as a pro-oxidant. The lipid peroxidation
of olive oil was inhibited in the presence of Chryseobacterium pigments, as evaluated by
the decrease in the generation of thiobarbituric acid reactive substances (Figure 7A). The
differences were significantly different from control (p < 0.05).
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Although the TBARS method has been established, other methods are useful to eval-
uate the antioxidant activity. Scavenging of DPPH radicals is one of the major methods
commonly used to determine antioxidant activity. The method is based on the reduction
of alcoholic DPPH in the presence of a hydrogen-donating antioxidant resulting in the
generation of the nonradical form of DPPH [41]. The pigment extracted from Chryseobac-
terium biomass also showed antioxidant activity as determined with the DPPH method
(Figure 7B). The result was significantly different from control, but higher antioxidant
activity was observed for BHA (p < 0.05).

Antioxidant activity of pigments from Chryseobacterium spp. has been described. The
yellowish-orange pigments from C. artocarpi were encapsulated via spray-drying using
gum arabic or κ-carragenan, and the antioxidant capacity of the resulting powders was
confirmed via DPPH assay [40]. Furthermore, a detailed study on the antioxidant activity of
this pigment was performed through different assays using Trolox as a standard antioxidant.
The pigment showed a similar performance in a TBARS assay, while the DPPH scavenging
capability was lower than Trolox [42], in agreement to that observed in this study. Likewise,
samples of bacterial cellulose functionalized with flexirubin produced by Chryseobacterium
shigense showed antioxidant ability via the ABTS+ assay [31].

Some pigments act as scavengers of singlet oxygen and peroxyl radicals, reducing
oxidative damage to DNA and lipids [4]. In this regard, microorganisms can synthe-
size a large diversity of pigments, which may be highly active against reactive oxygen
species [2,6,39]. The scavenging activity is often correlated with the number of double
bonds in the molecule. The mechanism by which the aryl polyene pigments like flexiru-
bin protect the biological systems probably depends on the energy transfer from excited
oxygen to the molecule, where the energy is dissipated by stretching and vibration of
the pigment in the solvent milieu [43]. The antioxidant activity of flexirubins can be
attributed to the hydrogen atom transfer from the phenolic hydroxyl group and the
long polyene chain, as previously determined through different assays [42]. Moreover,
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flexirubin pigments produced by Chryseobacterium strains are very stable under UV
and sunlight exposure even at high temperatures [32,40], suggesting the importance of
these pigments for a broad range of applications. In this regard, polymeric nanofibers
incorporating flexirubin showed ABTS radical scavenging activity and the ability to
reduce enzymatic browning of apple slices. Thus, the fabricated material has potential
for application in active packaging systems [44]. Due to their properties, flexirubins
have been proposed as useful dyes in textiles, food and pharma industries [6,36,40].

3.5. Antimicrobial Activity

A preliminary assessment of the antimicrobial activity of pigments extracted from
strain kr6 was carried out. The pigment was evaluated against Gram-positive and Gram-
negative bacteria via the disk diffusion method. Among the bacteria tested, consistent
inhibition was only observed against S. aureus and E. faecalis (Figure S3), although small
inhibitory halos were eventually observed against other bacteria such as E. coli.

The antimicrobial activity of yellow/orange pigments extracted from bacteria has
been described. Flavobacterium sp. P1 produces a yellow pigment tentatively identified as
zeaxanthin. The pigment extract at 5 mg/mL showed a broad range of antibacterial activity
via the disk diffusion test, with haloes around 15 mm against S. aureus and E. coli [45].
Chryseobacterium strains present biosynthetic gene clusters responsible for the production
of antimicrobials and may produce antibiotics [46]. However, only the flexirubin pigment
of C. artocarpi CECT 8497 has been previously associated with antimicrobial activity [47].

4. Conclusions

In this study, Chyseobacterium sp. kr6 was capable of producing a gold–yellow pigment
during growth on feather meal. The pigment was easily recovered from bacterial biomass
via ultrasound extraction with acetone as the solvent. The pigment belongs to the flexirubin
group, which are highly stable pigments with potential applications in food, pharma and
textile industries. Antioxidant and antimicrobial activities were observed for the pigment
extract, indicating that a highly abundant byproduct from the poultry industry can be used
to produce bioactive molecules via microbial cultivation, representing an interesting way
to manage this waste material.
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