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Abstract

With the rise of environmental protection and health topics in recent years, microbial pro-
duction of red pigments has gradually become a research hotspot. Red pigment possesses
biological properties such as anticancer and antioxidant activities and has a wide range
of potential applications in the fields of food and medicine. In this paper, a red pigment-
producing strain was screened from rice soil to provide a reserve for obtaining natural
and safe red pigments. Methods: The strain LSY1-2 was identified using morphological
and 16S rDNA molecular biological identification. The fermentation conditions for red
pigment production were optimised to improve pigment yield, and the best conditions
were analysed using response surface methodology. Finally, the stabilisation conditions of
red pigment were analysed to determine the difficulty of retention. Results: The molecular
ecology was identified as the bacterium Arthrobacter sp. of the genus Arthrobacter. The
optimal red pigment production medium for the strain was determined by a one-way
test with the carbon source beef extract, the nitrogen source peptone, the inoculum size
2%, the temperature 27 ◦C, the pH value 7, and the rotational speed 160 rpm. Response
surface optimisation determined the optimal red pigment production conditions as the
incubation temperature of 26.43 ◦C, the pH value of 6.89, and the rotational speed of
162.77 rpm, which resulted in the yield of red pigment under these optimal conditions
as 0.883 U/mL. The stability of red pigment was best under the condition without light,
and poorer under conditions of above 50 ◦C, strong acid, strong alkali, and more than
3% oxidant, and Fe3+ had a greater effect on the stability. Conclusions: Strain LSY-1 can
produce stable red pigment under the optimised red pigment-producing conditions, which
provides a reference for the large-scale production of natural red pigment and subsequent
related research.

Keywords: red pigment; Arthrobacter spp.; fermentation conditions; stability

1. Introduction
Pigments, also known as colouring agents, are used to impart certain colours to

substances by selectively absorbing specific wavelengths of light and reflecting other
wavelengths [1]. Compared with synthetic pigments, which are difficult to degrade and
toxic, natural pigments have significant environmental advantages, and microbial-derived
natural pigments have attracted much attention due to their stable production and low
cost [2–5]. Microorganisms with the ability to secrete pigments are diverse, and the natural
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pigments they produce are also diverse [6]. As a potential pool of pigment resources, the
development and research around microbial pigments are of great significance.

While most of the current sources of pigments are plant and animal pigments, mi-
crobial pigments are usually not affected by raw materials and seasons, and are therefore
considered as an important source for industrial production applications [7]. As a class of
secondary metabolites, despite the advantages of the exploitation of microbial pigments,
there are still some limitations that need to be overcome in terms of large-scale produc-
tion, such as lower yields and inconsistent product quality [8,9], as well as the inability
to produce stable, non-toxic red pigments [10,11]. Therefore, it is necessary to develop
more efficient microbial pigment production methods to solve the problems faced. At the
present stage, red-producing microorganisms are mainly improved through the use of
genetic engineering techniques, using physicochemical factors to mutate strains [12], or
by changing and modifying strain genes to control and improve the synthesis of pigment
production [13], and by optimising the culture and fermentation conditions to enhance
the fermentation capacity of strains, so as to obtain strains with higher production of
pigments [14].

In Wang Jinjun’s laboratory at Yangzhou University, we studied a red pigment-
secreting strain isolated from rice field soil and named it LSY1-2. By identifying the strain
morphologically and molecularly, as well as from optimising the fermentation conditions of
the strain for red pigment production, the stability of red pigment, and the purification and
characterisation of the pigment, preliminary experimental conclusions were drawn for the
subsequent research on the bioactivity of red pigment as well as its industrial development
and utilisation.

2. Materials and Methods
2.1. Materials
2.1.1. Sample Sources

A red pigment-producing strain was found among the bacteria isolated from the soil
of rice fields.

2.1.2. Culture Medium

Nutrient broth medium (NB): 10 g of peptone, 3 g of beef paste, 5 g of sodium chloride,
1000 mL of distilled water, pH = 7.0~7.4; sterilised at 121 ◦C for 20 min.

NB solid medium: 10 g of peptone, 3 g of beef paste, 5 g of sodium chloride, 18 g
of purified agar powder, 1000 mL of distilled water, pH = 7.0~7.4; sterilised at 121 ◦C for
20 min.

2.1.3. Data Analysis

Bar charts were created using Origin 2024 software (OriginLab Corporation, Northamp-
ton, MA, USA), and data were analysed for significance using IBM SPSS Statistics
(version 29.0, IBM Corporation, Armonk, NY, USA).

2.2. Methods
2.2.1. Morphological Identification and Molecular Biological Identification of Strains

Genomic DNA of the strains was extracted with the Bacterial Genomic DNA Extraction
Kit (Transgen Bio, Beijing, China), and 16S rDNA sequence analysis was performed [15].
The PCR products [16] were sent to Shanghai Sangong Biological Company for sequencing,
and then BLAST+ (version 2.16.0+, New York, NY, USA) analysis was carried out by NCBI
to determine the species relationship of the strains. The sequences with higher homology
were selected, and the phylogenetic tree was constructed using MEGA11.
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2.2.2. Determination of the Relative Optimal Growth Temperature and Pigment Solubility
of the Strain

Five temperatures of 16 ◦C, 21 ◦C, 26 ◦C, 31 ◦C, and 36 ◦C were set. Each temperature
gradient was set three times in parallel. They were cultivated at constant temperature for
36 h, and the growth of the strains at each temperature was observed and compared.

The seed solution was incubated at 26 ◦C and 180 rpm for 24 h. After centrifuging at
4000 rpm for 10 min, the supernatant was removed, resuspended in solvent, and extracted
for 15 min. It was centrifuged again to obtain the red pigment extraction solution. The red
pigment was extracted using four organic solvents and one inorganic solvent, and the one
with the best results was selected.

2.2.3. Effects of Different Single-Factor Conditions on Red Pigment Production

• Effects of different carbon sources, nitrogen sources, and inoculum amount of culture
medium on pigment yield:

• Beef extract, glucose, sucrose, glycerol, and ethanol were selected as the carbon sources
of the screened medium, respectively, and the rest of the components were the same.
The inoculum was 2%, and the medium was incubated at 27 ◦C and 160 rpm for 48 h.
Each temperature gradient was repeated three times. The Optical Density (OD) value
was measured, and the colour value of red pigment was calculated to compare the
effect of each carbon source on the red pigment yield.
Peptone, yeast extract, (NH4)2SO4, and NH4Cl were selected as the nitrogen source
of the screened medium, and the rest of the components were the same. The same
method was used as in the carbon source experiment.
The selected carbon sources and nitrogen sources were used as the medium compo-
nents, and the rest of the components were unchanged. Six different strains of 1%,
2%, 3%, 4%, 5%, and 6% were selected as inoculum and cultured under the same
conditions, respectively. Each temperature gradient was repeated three times. The
OD value was measured, the colour value of red pigment was calculated, and the
inoculum quantity was selected.

• Effects of different pH, temperature, and rotational speed on pigment yield:
The selected carbon and nitrogen sources were used as the medium components,
while the rest of the components remained unchanged. The pH of the medium was
adjusted to 5, 6, 7, 8, and 9, respectively, and cultured under the same conditions with
the optimal amount of bacteria. Each temperature gradient was repeated three times.
The OD value was measured, the red pigment colour value was calculated, and the
optimal pH value was selected for comparison.
The temperature was set at 21 ◦C, 24 ◦C, 27 ◦C, 30 ◦C, and 33 ◦C, and the operation
was the same as above.
The rotational speed was set at 100 rpm, 130 rpm, 160 rpm, 190 rpm, and 220 rpm, and
the operation was as above.

2.2.4. Optimisation of Response Surface Conditions

Response surface methodology (RSM) typically uses single-factor experimental results
as a basis for designing multivariate equations to analyse the effects of multiple factors and
their interactions on response values. Based on the results of the single-factor experiment,
three factors that have a significant impact on the colour value of red pigments were
selected: temperature, rotation speed, and pH value. Colony growth is most vigorous at
27 ◦C, 160 rpm, and pH = 7.0. The range was set with small adjustments around these three
values. The Box–Behnken test was designed using Design Expert 8.0.6 (2010, America) to
further optimise the red pigment production. Regression analysis was performed to obtain
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the regression model, and a significance test was performed to generate the quadratic
polynomial regression equation. Table 1 presents the ranges of all tested factors. Using
the control variable method, it was ensured that only one variable was changed in each
experiment, while keeping all other conditions constant. The experiment was conducted
with temperature, rotation speed, and pH as variables. The strain was fermented in NB
medium for 48 h to obtain the fermentation broth. The method for extracting red pigment
was the same as that described in Section 2.2.2. The absorbance (OD) was measured and
the colour value was calculated. Colour value (U/mL) = OD × dilution factor.

Table 1. Experimental range of each tested factor.

Factor Level

A Temperature/◦C 24 27 30
B pH 6 7 8
C Rotation speed/rpm 130 160 190

2.2.5. Effect of Light, Temperature, pH, Oxidants and Metal Ions on the Stability of
Red Pigments

Five amounts of 15 mL of equal concentrations of red pigment methanol solution (here-
inafter referred to as pigment solution) were aspirated in a clean test tube and placed under
five different light environments, i.e., UV light, outdoor sunlight, indoor sheltered light,
indoor natural light, and indoor brown bottles. Samples were taken hourly to determine
the absorbance of the red pigment solution at the maximum absorption wavelength.

Equal amounts of pigment solutions were placed in test tubes wrapped in tin foil at
constant temperatures of 4 ◦C, 25 ◦C, 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C. Absorbance of the
solutions was measured at 0, 0.5, 1, 3, 5, and 7 h.

Eight 10 mL portions of the pigment solution were pipetted, and the pH values were
adjusted to 2, 4, 6, 7, 8, 9, 10, and 13 with 0.1 mol/L HCl and 0.1 mol/L NaOH. The solution
was shaken well and left to stand away from light. The absorbance was measured at 0 h,
0.5 h, 1 h, 3 h, 7 h, and 24 h, respectively.

An amount of 15 mL of each pigment solution was pipetted into a 25 mL volumetric
flask, respectively. A 30% hydrogen peroxide (H2O2) solution was added in the ratio of 0%,
1%, 2%, 3%, 4%, and 5%, and the solution was fixed with methanol solution. It was placed
in a water bath at 25 ◦C, protected from light. The absorbance of the pigment solution was
measured after 0 h, 1 h, 2 h, 3 h, and 24 h. The absorbance of the pigment solution was
measured at 0 h, 1 h, 2 h, 3 h, and 24 h.

3. Results
3.1. Morphological Characteristics and Molecular Biological Identification of Red
Pigment-Producing Strains

As shown in Figure 1, after 48 h of culture, the strains grew well and formed red
round single colonies, with obvious colony characteristics of the genus Arthrobacter [17].
The strain was purple after Gram staining and was Gram-positive.

The sequencing results were compared with the NCBI database for blast comparison,
and the strains with high similarity to the target strains were selected; the phylogenetic
tree was constructed by MEGA 7.0 software, and the results are shown in Figure 2. The
homologous similarity between the strains and species of the genus Arthrobacter was greater
than 99%. Therefore, strain LSY1-2 was initially identified as the cyanobacterial fungus
Arthrobacter sp. LSY1-2.
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Figure 1. Morphological observation of the strain.

Figure 2. Phylogenetic tree of the strain LSY1-2.

3.2. Determination of the Relative Optimum Growth Temperature and Pigment Solubility of Red
Pigment-Producing Strains

As shown in Figure 3, different temperatures had a large effect on the growth of
the strains. When the temperature range was between 16 ◦C and 36 ◦C, the best growth
condition was at 26 ◦C. The quantity was the highest and the colour was the darkest.
Therefore, the temperature of the subsequent experiments was uniformly set at 26 ◦C.

 

Figure 3. Strain community growth at different temperatures.

As shown in Figure 4, the solubility of red pigment produced by the strain varied in
different organic solvents. Among the five different organic solvents, methanol showed the
best solubility for red pigment. Therefore, all the pigment extraction solutions in the later
section were red pigment methanol solutions.
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Figure 4. OD value of different organic solvent pigment solutions.

3.3. Effect of Single-Factor Conditions on Pigment Yield
3.3.1. Effects of Medium Carbon Source, Nitrogen Source, and the Amount of Bacteria
Received on Pigment Yield

As shown in Figure 5, different carbon sources, nitrogen sources, and the amount
of bacteria received had a large effect on the pigment yield of the strains. Using beef
extract and peptone as carbon and nitrogen sources for red pigment fermentation, an
inoculation level of 2% yielded the highest colour value and maximum red pigment yield.
This showed significant differences compared to other culture conditions and inoculation
levels. Therefore, the best pigment yield was obtained by using beef extract and peptone as
carbon and nitrogen sources for the fermentation culture of strain Arthrobacter sp. LSY1-2
at an inoculum of 2%.
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Figure 5. (a) Effect of different carbon sources on pigment colour values; (b) effect of different nitrogen
sources on pigment colour values; (c) effect of different inoculum amounts on pigment colour values.
Note: Different letters indicate significant differences between the two groups (p < 0.05).
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3.3.2. Effect of pH, Temperature, and Rotational Speed on Pigment Production

The results are shown in Figure 6. The highest pigment colour value of the strains was
observed at pH 7, temperature 27 ◦C, and rotational speed 160 rpm. This difference was
significant compared to the other conditions. Decreasing or increasing pH, too high or too
low a temperature, and too fast or too slow a rotational speed will lead to the decrease of
colour value of the pigment. Therefore, the strain Arthrobacter sp. LSY1-2 was more likely
to produce large amounts of pigment when it was at medium pH = 7, 27 ◦C, and 160 rpm.
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Figure 6. (a) Effect of different pH on pigment colour values; (b) effect of different temperatures
on pigment colour values; (c) effect of different rotational speeds on pigment colour values. Note:
Different letters indicate significant differences between the two groups (p < 0.05).

3.4. Response Surface Test Optimisation Results
3.4.1. Model Establishment and Significance Analysis

Based on the results of the one-factor experiment, the three factors that had the greatest
influence on the pigment colour value produced by strain Arthrobacter sp. LSY1-2 were
selected: A (temperature 24 ◦C, 27 ◦C, and 30 ◦C), B (pH 6, 7, and 8), and C (rotational
speed of 130 rpm, 160 rpm, and 190 rpm) to design the Box–Behnken test for response
surface optimisation using red pigment colour value as the response value. The optimal
conditions for expanding the yield of pigment secreted by the strain were explored. The
results of Box–Behnken test are presented in Table 2.
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Table 2. Box–Behnken design of experimental program and results.

Serial Number Temperature
(◦C) pH Rotation Speed

(rpm)
Colour Value

(U/mL)

1 24 6 160 0.642
2 30 6 160 0.481
3 24 8 160 0.579
4 30 8 160 0.383
5 24 7 130 0.474
6 30 7 130 0.299
7 24 7 190 0.532
8 30 7 190 0.456
9 27 6 130 0.468

10 27 8 130 0.367
11 27 6 190 0.542
12 27 8 190 0.492
13 27 7 160 0.857
14 27 7 160 0.872
15 27 7 160 0.919
16 27 7 160 0.895
17 27 7 160 0.844

The regression equation was obtained by multivariate fitting using Design Expert
(Version 8.0.6).

Y (colour value) = −27.8958 + 1.1005A + 2.2758B + 0.0786C − 0.0029AB + 0.0003AC +
0.0004BC − 0.0212A2 − 0.1646 B2 − 0.0002C2 (1)

A, B, and C are the actual values of the tested factors.
The analysis of variance (ANOVA) and significance calculation of the above equation

were carried out, and the results are presented in Table 3. From Table 3, it is clear that the
model is highly significant, as indicated by the p-value < 0.01. The misfit term having a
p-value > 0.05 is not significant, and the model fits the data well with a high degree of
confidence. A C.V.% < 10% represents high experimental confidence and precision, while
the effective signal to noise ratio is 28.623, >4, indicating a reasonable degree of model
precision. The multivariate correlation coefficient R2 = 0.9925. In conclusion, it shows that
the regression model has a good degree of regression and good adaptability, and can be
used to predict the optimal yield conditions for pigment colour values using this equation.

Table 3. ANOVA results.

Source Sum of
Squares df Mean Square F-Value p-Value

Prob > F Significance

Modelling
Model 0.66 9 0.074 102.38 <0.0001 significant

A Temperature 0.046 1 0.046 64.05 <0.0001
B pH 0.012 1 0.012 16.87 0.0045

C Rotation
speed 0.021 1 0.021 29.7 0.001

AB 0.0003062 1 0.0003062 0.42 0.5355
AC 0.00245 1 0.00245 3.4 0.1079
BC 0.0006502 1 0.0006502 0.9 0.374
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Table 3. Cont.

Source Sum of
Squares df Mean Square F-Value p-Value

Prob > F Significance

A2 0.15 1 0.15 214.19 <0.0001
B2 0.11 1 0.11 158.07 <0.0001
C2 0.25 1 0.25 351.96 <0.0001

Residual 0.00505 7 0.0007215
Lack of Fit 0.001449 3 0.000483 0.54 0.6819 not significant
Pure Error 0.003601 4 0.0009003
Cor Total 0.67 16

R2 = 0.9925 R2
adj = 0.9828 R2

pred = 0.9570 C.V.% = 4.52 signal-to-noise
ratio = 28.623

Note: 0.01 < p < 0.05 means the difference is significant; p < 0.01 means the difference is highly significant; and
p > 0.05 means the difference is not significant.

Moreover, ANOVA also showed that the effect of each factor on pigment colour value
was A > C > B, i.e., temperature > speed > pH. The primary terms A, B, and C had highly
significant effects on the results (p < 0.01), while the interaction terms AB, AC, and BC had
insignificant effects on the results (p > 0.05), indicating that the effects of the three on the
colour value of the pigment were not significant. Meanwhile the secondary terms A2, B2,
and C2 had highly significant effects on the results (p < 0.001).

3.4.2. Response Surface Analysis

The response surface curves and contours of the effects of temperature, pH, and
rotational speed on the colour value of red pigments are shown in Figures 7–9.

As can be seen from Figures 7–9, the shape of the contour plots of the effect of
temperature and pH on the colour value of pigments tends to be close to a circle, indicating
that the interaction of the two factors does not have a significant effect on the colour value
of red pigments. The rotational speed is constant, and the colour value tends to increase and
then decrease with the increase of temperature and pH. The colour value of the pigment
could reach a higher value when the temperature was between 26.37 and 26.48 ◦C and the
pH was between 6.85 and 6.89.

The contours of the interaction of temperature and rotational speed on colour value
were a closed ellipse, indicating that the interaction had a significant effect on the colour
value of the pigment. pH was constant, and the colour value of the pigment showed a
tendency to increase and then decrease with the increase of rotational speed and temper-
ature. The colour value of the pigment could reach the maximum at 26.37–26.48 ◦C and
162.2–163.5 rpm.

The contour lines of the effect of the interaction of pH and rotational speed on the
colour value are in the shape of a closed ellipse, indicating that the interaction has a
significant effect on the colour value of the pigments. At constant temperature, the colour
value of pigment showed a tendency of increasing and then decreasing with the increase of
rotational speed and pH. When pH = 6.85–6.89 and rotational speed is 162.2–163.5 rpm, the
colour value of pigment can reach the maximum.

Comprehensive analysis using Design Expert 8.0.6 software showed that the optimal
fermentation conditions for pigment production by strain Arthrobacter sp. LSY1-2 were
temperature 26.43 ◦C, pH 6.89, and rotational speed 162.77 rpm, and the predicted colour
value of the pigment produced by the strain was 0.899161 U/mL. In order to validate the
reliability of response surface optimisation experiments, the results were verified on the
basis of the derived conditions. Due to the influence of the actual conditions, the optimised
conditions were modified to 26.5 ◦C, pH 6.9, and 163 rpm. Three parallel experiments were
set up, and the mean value of the results was 0.883 U/mL, which was less different from
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the predicted value. Therefore, the Box–Behnken response surface optimisation method is
feasible for the optimisation of the pigment-producing ability of strain LSY-1 and has some
practical application value.

 

Figure 7. Contour plots and response surface plots of the interactive effects of temperature and pH
on pigment colour values.

Figure 8. Contour plots and response surface plots of the interactive effects of temperature and
rotational speed on pigment colour values.

Figure 9. Contour plots and response surface plots of the interactive effects of pH and rotational
speed on pigment colour values.
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3.5. Effect of Light, Temperature, pH, Oxidants, and Metal Ions on the Stability of Red Pigments

As can be seen from Figure 10, the absorbance of red pigment irradiated by outdoor
sunlight at OD = 490, decreased significantly with time and was less stable. After 2 h
of irradiation, the red pigment preservation decreased to 60%, and after 6 h, only about
18% of the preservation remained. The stability of red pigment under the rest of the
light conditions was better, and the pigment decomposition rate was lower. Under the
light-avoidance condition, the retention rate after 6 h was 97%.
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Figure 10. Effect of light on the stability of red pigments.

As can be seen from Figure 11, the absorbance of red pigment at OD = 490 decreased
significantly with time at different temperatures, and the residual percentage of red pigment
at 4 ◦C, 25 ◦C, 30 ◦C, and 40 ◦C decreased to about 95%, 90%, 93%, and 91%, respectively,
after 7 h. The residual rate of red pigment at 50 ◦C and 60 ◦C decreased to about 93% after
1 h, and to about 74% and 75% after 7 h. The results showed that the red pigment produced
by the strain decreased significantly after 7 h at 4 ◦C, 25 ◦C, 30 ◦C, and 40 ◦C, respectively.
The results showed that the red pigment produced by the strain was stable in the range of
4–40 ◦C, while at 50 ◦C and above, the red pigment showed high temperature sensitivity
and the pigment properties would change. It was concluded that the red pigment produced
by Arthrobacter sp. LSY1-2 was not resistant to high temperature, and was stable at low or
normal temperature for a short period of time.

As can be seen in Figure 12, the absorbance of red pigment at OD = 490 decreased
with time at different pH. At pH = 2, the OD was at its lowest, and the pigment residue
decreased to 77%. This indicates that the stability of the pigment is poor under strong acid
conditions. The variation of red pigment at other pH conditions was less. It shows that the
red pigment has better stability under weak acid, neutral, and weak base conditions.



Microorganisms 2025, 13, 2003 12 of 16

0 1 2 3 4 5 6 7 8

0.14

0.16

0.18

0.20

0.22

0.24

O
D

Time (h)

 4℃
 25℃
 30℃
 40℃
 50℃
 60℃

Figure 11. Effect of temperature on the stability of red pigments.
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Figure 12. Effect of pH on the stability of red pigments.

As can be seen from Figure 13, different concentrations of oxidising agents had less
effect on red pigment stability during the treatment time 0–2 h. The red pigment stability
was significantly reduced after three hours. Furthermore, the higher the concentration of
hydrogen peroxide, the lower the residual amount of red pigment. At a concentration of
3%, the red pigment OD value was significantly reduced. At a concentration of 5%, the
retention decreased to 77%. Then, 24 h later, the OD values of the methanol solutions of red
pigment were significantly reduced at all concentrations. The pigment residue was only
about 46% under hydrogen peroxide treatment at a concentration of 5%.
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Figure 13. Effect of oxidising agents on the stability of red pigments.

As can be seen from Figure 14, among the eight metal ions with different concentra-
tions, Mn2+ decreased the OD value of red pigment, and then it gradually levelled off. Fe2+

and Fe3+ had obvious achromatic effects on red pigment, and Fe3+ was the most obvious.
Fe2+ had a stronger achromatic effect on red pigment in the range of 0–4 gL−1, with the loss
of red pigment of about 45%. The effect of Fe3+ on red pigment stability was the greatest
in the range of 0–4 gL−1, where the loss of red pigment was almost 99% at a particular
concentration. With the increase of Fe3+ concentration, the absorbance value of the red
pigment solution increased, as the trivalent iron ions in the solution affected the absorbance.
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Figure 14. Effect of metal ions on the stability of red pigments.

4. Discussion
Plant pigments are more environmentally demanding and less stable [18], and an-

imal pigments are less available and more costly [19], and both of them also have the
disadvantage of greater difficulty of extraction, so microorganisms have become an impor-
tant source for obtaining natural pigments [20]. Microbially produced red pigments are
highly regarded for their safety and environmental friendliness compared to synthetic pig-
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ments [13,21,22]. However, the stability of microbial-derived red pigments is weak [23,24],
so it is important to analyse the factors and conditions affecting the stability of microbial-
derived red pigments to provide some guarantee for the future large-scale production and
application of microbial-derived red pigments [25].

In this study, a red pigment-producing strain from a rice field soil isolate was identified.
The location of the root zone is a major factor influencing the diversity and composition of
the root-associated bacterial community in rice, and this paper examines strains that, ac-
cording to location, were found to have potentially different roles [26]. Based on molecular
biology results, it was determined that the strain had 99% homology with Arthrobacter spp.
and could be named Arthrobacter sp. LSY1-2. It was identified as an Arthrobacter sp., and
the optimal culture and fermentation conditions were clarified, which laid the foundation
for subsequent large-scale production.

Based on the response surface methodology, the three factors that had the greatest
influence on the colour value of the red pigment produced by the strain Arthrobacter sp.
LSY1-2 were selected for optimisation: pH, temperature, and rotational speed. Accord-
ing to the optimisation protocol based on the validated model, the optimal red pigment
colour value produced by the strain was 0.899 U/mL. This value could be achieved un-
der the following fermentation conditions: 26.43 ◦C, pH 6.89, and a rotational speed of
162.77 rpm. Compared with the traditional natural pigments of plant and animal origin,
the fermentation production of this strain is not restricted by seasons and regions, and
it is easy to obtain raw materials by using beef extract and peptone as the sources of
carbon and nitrogen, which is conducive to the reduction of cost and the realisation of
industrial production.

The properties of red pigments were analysed to investigate the solubility of red
pigments in different solvents and the effects of temperature, pH, light, oxidants, and
metal ions on the stability of red pigments. The stability performance in different solvents,
temperature, acid–base, and oxidising environments provides guidance for its possible
applications in food, cosmetics, and pharmaceuticals [27].

At this stage, synthetic pigments are still the main choice for people by virtue of
their significant advantages of cheapness and stability, but due to their non-negligible
hazards to the ecological environment and even to the human body, there is a need to seek
more environmentally friendly natural pigments [28]. There is a rich variety of secondary
metabolites of microorganisms, and most microbial pigments have certain biological activi-
ties, such as antioxidant, antibacterial, and anti-inflammatory properties [29,30]. However,
the secretion process is also accompanied by the production of toxic substances [31]. For
example, the mycotoxin orange penicillin is also produced during the fermentation of red
pigment production by Aspergillus erythropolis, which has a certain carcinogenicity rate and
can cause adverse effects on human health [32,33], while pigments from certain pathogenic
bacteria can also promote bacterial pathogenicity [33]. Therefore, the bioactivity of red
pigments produced by bacterial strains needs to be further investigated. For example, the
next experiment could explore whether the red pigment produced in this experiment is
toxic and what its effects are [20,34,35]. Compared to red pigments synthesised by other
methods, what are the differences between red pigments produced by microorganisms and
those synthesised by other methods [10,11]? Its application value in multiple industries
could be explored. It could then replace synthetic pigments and be widely used in the
chemical and pharmaceutical industries.

Author Contributions: J.W. conceived and designed this study. J.W. and M.Y. conducted the experi-
ments and collected the data. M.Y. and X.G. prepared the figures. All authors have read and agreed
to the published version of the manuscript.



Microorganisms 2025, 13, 2003 15 of 16

Funding: This research was funded by the National Natural Foundation of China, grant number
81873877; the Ministry of Education, Scientific Research Start-up Fund for Returned Scholars, grant
number 20151098; and Yangzhou University High-Level Talents Scientific Research Start-up Fund,
Yangzhou University ‘Blue and Blue Project’.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yu, X.; Zhang, W.; Wu, Y.; Chen, T.; Liu, G. Production Mechanism and Biological Activity of Microbial Pigments. Acta Microbiol.

Sin. 2022, 62, 1231–1246.
2. Osman, M.Y.; Sharaf, I.A.; Osman, H.M.Y.; El-Khouly, Z.A.; Ahmed, E.I. Synthetic Organic Food Colouring Agents and Their

Degraded Products: Effects on Human and Rat Cholinesterases. Br. J. Biomed. Sci. 2004, 61, 128–132. [CrossRef]
3. Manikprabhu, D.; Lingappa, K. γ Actinorhodin a Natural and Attorney Source for Synthetic Dye to Detect Acid Production of

Fungi. Saudi J. Biol. Sci. 2013, 20, 163–168. [CrossRef] [PubMed]
4. Swami, S.B.; Ghgare, S.N.; Swami, S.S.; Shinde, K.J.; Kalse, S.B.; Pardeshi, I.L. Natural Pigments from Plant Sources: A Review.

Pharma Innov. J. 2020, 9, 566–574.
5. Degot, P.; Huber, V.; Touraud, D.; Kunz, W. Curcumin Extracts from Curcuma Longa — Improvement of Concentration, Purity,

and Stability in Food-Approved and Water-Soluble Surfactant-Free Microemulsions. Food Chem. 2021, 339, 128140. [CrossRef]
[PubMed]

6. Cheng, L. Characteristics, Application, Safety Evaluation and Safety Control of Natural Food Pigment. Food Sci. 2012, 33, 399–404.
7. Xu, S.; Gao, S.; An, Y. Research Progress of Engineering Microbial Cell Factories for Pigment Production. Biotechnol. Adv. 2023,

65, 108150. [CrossRef]
8. Singh, T.; Pandey, V.K.; Dash, K.K.; Zanwar, S.; Singh, R. Natural Bio-Colorant and Pigments: Sources and Applications in Food

Processing. J. Agric. Food Res. 2023, 12, 100628. [CrossRef]
9. Rather, L.J.; Mir, S.S.; Ganie, S.A.; Shahid-ul-Islam; Li, Q. Research Progress, Challenges, and Perspectives in Microbial Pigment

Production for Industrial Applications — A Review. Dyes Pigment. 2023, 210, 110989. [CrossRef]
10. Moccia, F.; Martín, M.Á.; Ramos, S.; Goya, L.; Marzorati, S.; DellaGreca, M.; Panzella, L.; Napolitano, A. A New Cyanine from

Oxidative Coupling of Chlorogenic Acid with Tryptophan: Assessment of the Potential as Red Dye for Food Coloring. Food Chem.
2021, 348, 129152. [CrossRef]

11. Vareltzis, P.; Karatsioli, P.; Kazakos, I.; Menelaou, A.-M.; Parmaxi, K.; Economou, V. Optimization of the Reaction between
5-O-Caffeoylquinic Acid (5-CQA) and Tryptophan—Isolation of the Product and Its Evaluation as a Food Dye. Separations 2024,
11, 60. [CrossRef]

12. Naisi, S.; Bayat, M.; Zahraei Salehi, T.; Rahimian Zarif, B.; Yahyaraeyat, R. Antimicrobial and Anti-Biofilm Effects of Carotenoid
Pigment Extracted from Rhodotorula Glutinis Strain on Food-Borne Bacteria. Iran. J. Microbiol. 2023, 15, 79–88. [CrossRef]
[PubMed]

13. Thomsen, P.T.; Nielsen, S.R.; Borodina, I. Recent Advances in Engineering Microorganisms for the Production of Natural Food
Colorants. Curr. Opin. Chem. Biol. 2024, 81, 102477. [CrossRef] [PubMed]

14. Huang, X.; Gan, L.; He, Z.; Jiang, G.; He, T. Bacterial Pigments as a Promising Alternative to Synthetic Colorants: From
Fundamentals to Applications. J. Microbiol. Biotechnol. 2024, 34, 2153–2165. [CrossRef]

15. Wang, J.; Yang, M.; Wei, H.; Miao, W.; Li, S.; Gao, X. Probing the Effects of Multisite Mutations in the Lipoic Acid Region of the
BCOADC-E2 Protein. Int. J. Mol. Sci. 2024, 25, 13677. [CrossRef]

16. Li, Q.; Zhang, B.; Zhang, Y.; Hu, J.; Dai, Q. Bacterial Communities and Tetracycline Resistance Genes in the Soil-Rice Continuum
upon Tetracycline Exposure. Appl. Soil Ecol. 2025, 205, 105762. [CrossRef]

17. Zhai, Y.; Zhang, W.; Qian, H. Preliminary Separation and Qualitative Analysis of Carotenoids in Arthrobacter sp. Microbiol. China
2014, 41, 818–823.

18. Passeri, V.; Koes, R.; Quattrocchio, F.M. New Challenges for the Design of High Value Plant Products: Stabilization of Antho-
cyanins in Plant Vacuoles. Front. Plant Sci. 2016, 7, 153. [CrossRef]

19. Shen, N.; Ren, J.; Liu, Y.; Sun, W.; Li, Y.; Xin, H.; Cui, Y. Natural Edible Pigments: A Comprehensive Review of Resource, Chemical
Classification, Biosynthesis Pathway, Separated Methods and Application. Food Chem. 2023, 403, 134422. [CrossRef]

https://doi.org/10.1080/09674845.2004.11732657
https://doi.org/10.1016/j.sjbs.2013.01.004
https://www.ncbi.nlm.nih.gov/pubmed/23961232
https://doi.org/10.1016/j.foodchem.2020.128140
https://www.ncbi.nlm.nih.gov/pubmed/33152894
https://doi.org/10.1016/j.biotechadv.2023.108150
https://doi.org/10.1016/j.jafr.2023.100628
https://doi.org/10.1016/j.dyepig.2022.110989
https://doi.org/10.1016/j.foodchem.2021.129152
https://doi.org/10.3390/separations11020060
https://doi.org/10.18502/ijm.v15i1.11922
https://www.ncbi.nlm.nih.gov/pubmed/37069901
https://doi.org/10.1016/j.cbpa.2024.102477
https://www.ncbi.nlm.nih.gov/pubmed/38878611
https://doi.org/10.4014/jmb.2404.04018
https://doi.org/10.3390/ijms252413677
https://doi.org/10.1016/j.apsoil.2024.105762
https://doi.org/10.3389/fpls.2016.00153
https://doi.org/10.1016/j.foodchem.2022.134422


Microorganisms 2025, 13, 2003 16 of 16

20. Barreto, J.V.d.O.; Casanova, L.M.; Junior, A.N.; Reis-Mansur, M.C.P.P.; Vermelho, A.B. Microbial Pigments: Major Groups and
Industrial Applications. Microorganisms 2023, 11, 2920. [CrossRef]

21. Thomsen, P.T.; Meramo, S.; Ninivaggi, L.; Pasutto, E.; Babaei, M.; Avila-Neto, P.M.; Pastor, M.C.; Sabri, P.; Rago, D.; Parekh, T.U.;
et al. Beet Red Food Colourant Can Be Produced More Sustainably with Engineered Yarrowia Lipolytica. Nat. Microbiol. 2023, 8,
2290–2303. [CrossRef]

22. Park, H.; Park, S.; Yang, Y.H.; Choi, K.Y. Microbial Synthesis of Violacein Pigment and Its Potential Applications. Crit. Rev.
Biotechnol. 2021, 41, 879–901. [CrossRef]

23. Gong, X.; Luo, H.; Wu, X.; Liu, H.; Sun, C.; Chen, S. Production of Red Pigments by a Newly Isolated Talaromyces Aurantiacus
Strain with LED Stimulation for Screen Printing. Indian J. Microbiol. 2022, 62, 280–292. [CrossRef]

24. Vendruscolo, F.; Luise Müller, B.; Esteves Moritz, D.; de Oliveira, D.; Schmidell, W.; Luiz Ninow, J. Thermal Stability of Natural
Pigments Produced by Monascus ruber in Submerged Fermentation. Biocatal. Agric. Biotechnol. 2013, 2, 278–284. [CrossRef]

25. Abdollahi, F.; Jahadi, M.; Ghavami, M. Thermal Stability of Natural Pigments Produced by Monascus Purpureus in Submerged
Fermentation. Food Sci. Nutr. 2021, 9, 4855–4862. [CrossRef]

26. Wang, J.; Miao, W.; Li, S.; Yang, M.; Gao, X. Effect of Nitrogen Fertilizer on the Rhizosphere and Endosphere Bacterial Communities
of Rice at Different Growth Stages. Int. J. Mol. Sci. 2024, 25, 13702. [CrossRef]

27. Ma, Q.-Y.; Fang, M.; Zheng, J.-H.; Ren, D.-F.; Lu, J. Optimised Extraction of β-Carotene from Spirulina Platensis and Hypogly-
caemic Effect in Streptozotocin-Induced Diabetic Mice. J. Sci. Food Agric. 2016, 96, 1783–1789. [CrossRef] [PubMed]

28. Agarwal, H.; Bajpai, S.; Mishra, A.; Kohli, I.; Varma, A.; Fouillaud, M.; Dufossé, L.; Joshi, N.C. Bacterial Pigments and Their
Multifaceted Roles in Contemporary Biotechnology and Pharmacological Applications. Microorganisms 2023, 11, 614. [CrossRef]

29. Ibrahim, W.M.; Olama, Z.A.; Abou-elela, G.M.; Ramadan, H.S.; Hegazy, G.E.; El Badan, D.E.S. Exploring the Antimicrobial,
Antiviral, Antioxidant, and Antitumor Potentials of Marine Streptomyces Tunisiensis W4MT573222 Pigment Isolated from
Abu-Qir Sediments, Egypt. Microb. Cell Factories 2023, 22, 94. [CrossRef]

30. Nigam, P.S.; Luke, J.S. Food Additives: Production of Microbial Pigments and Their Antioxidant Properties. Curr. Opin. Food Sci.
2016, 7, 93–100. [CrossRef]

31. Poorniammal, R.; Prabhu, S.; Dufossé, L.; Kannan, J. Safety Evaluation of Fungal Pigments for Food Applications. J. Fungi 2021,
7, 692. [CrossRef] [PubMed]

32. Farawahida, A.H.; Palmer, J.; Flint, S. Monascus spp. and Citrinin: Identification, Selection of Monascus spp. Isolates, Occurrence,
Detection and Reduction of Citrinin during the Fermentation of Red Fermented Rice. Int. J. Food Microbiol. 2022, 379, 109829.
[CrossRef] [PubMed]

33. Liu, G.Y.; Nizet, V. Color Me Bad: Microbial Pigments as Virulence Factors. Trends Microbiol. 2009, 17, 406–413. [CrossRef]
[PubMed]

34. Zhang, J.; Suo, Y.; Zhang, D.; Jin, F.; Zhao, H.; Shi, C. Genetic and Virulent Difference Between Pigmented and Non-Pigmented
Staphylococcus Aureus. Front. Microbiol. 2018, 9, 598. [CrossRef]

35. Lin, L.; Xu, J. Fungal Pigments and Their Roles Associated with Human Health. J. Fungi 2020, 6, 280. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/microorganisms11122920
https://doi.org/10.1038/s41564-023-01517-5
https://doi.org/10.1080/07388551.2021.1892579
https://doi.org/10.1007/s12088-022-01008-x
https://doi.org/10.1016/j.bcab.2013.03.008
https://doi.org/10.1002/fsn3.2425
https://doi.org/10.3390/ijms252413702
https://doi.org/10.1002/jsfa.7286
https://www.ncbi.nlm.nih.gov/pubmed/26037130
https://doi.org/10.3390/microorganisms11030614
https://doi.org/10.1186/s12934-023-02106-1
https://doi.org/10.1016/j.cofs.2016.02.004
https://doi.org/10.3390/jof7090692
https://www.ncbi.nlm.nih.gov/pubmed/34575730
https://doi.org/10.1016/j.ijfoodmicro.2022.109829
https://www.ncbi.nlm.nih.gov/pubmed/35863149
https://doi.org/10.1016/j.tim.2009.06.006
https://www.ncbi.nlm.nih.gov/pubmed/19726196
https://doi.org/10.3389/fmicb.2018.00598
https://doi.org/10.3390/jof6040280

	Introduction 
	Materials and Methods 
	Materials 
	Sample Sources 
	Culture Medium 
	Data Analysis 

	Methods 
	Morphological Identification and Molecular Biological Identification of Strains 
	Determination of the Relative Optimal Growth Temperature and Pigment Solubility of the Strain 
	Effects of Different Single-Factor Conditions on Red Pigment Production 
	Optimisation of Response Surface Conditions 
	Effect of Light, Temperature, pH, Oxidants and Metal Ions on the Stability of Red Pigments 


	Results 
	Morphological Characteristics and Molecular Biological Identification of Red Pigment-Producing Strains 
	Determination of the Relative Optimum Growth Temperature and Pigment Solubility of Red Pigment-Producing Strains 
	Effect of Single-Factor Conditions on Pigment Yield 
	Effects of Medium Carbon Source, Nitrogen Source, and the Amount of Bacteria Received on Pigment Yield 
	Effect of pH, Temperature, and Rotational Speed on Pigment Production 

	Response Surface Test Optimisation Results 
	Model Establishment and Significance Analysis 
	Response Surface Analysis 

	Effect of Light, Temperature, pH, Oxidants, and Metal Ions on the Stability of Red Pigments 

	Discussion 
	References

