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Abstract

Background Artificial colorants raise health and environmental concerns, creating demand for sustainable natural
alternatives. Blue pigments are particularly scarce due to their structural complexity and instability, with actinorhodin
standing out among Streptomyces metabolites. A major challenge for actinorhodin production is to improve yields
and reduce costs to enhance process feasibility. Discarded potato, an abundant and underutilized agricultural
byproduct, is a nutrient-rich, low-cost substrate for microbial processes. Recently, a Streptomyces lydicus strain was
reported to convert this byproduct into actinorhodin, but with relatively low production compared to traditional
media and other Streptomyces species. This study aimed to optimize the conversion of discarded potato into
actinorhodin-related blue pigments by S. lydicus PM7 and to evaluate biochemical responses that influence pigment
production.

Results A Plackett-Burman design identified temperature, agitation, pH, and KH,PO, supplementation as significant
factors among 11 tested variables. Optimization using a central composite face-centered design (CCD) within

the framework of response surface methodology (RSM) increased pigment production up to 8000 mg L~'. Model
validation using point prediction identified optimal conditions of 30 °C, 180 rpm, an initial pH of 9,and 0.15g L™
KH,PO,. Growth kinetics under optimized conditions revealed two exponential phases and shifts in a-glucosidase and
a-amylase activities, indicating a possible sequential use of carbohydrates. Catalase activity coincided with the onset
of exponential growth and pigment production.

Conclusions The optimized process yielded an 8.5-fold increase in pigment production, supporting the use of
potato byproducts as an effective and low-cost fermentation substrate. The biochemical responses of S. lydicus PM7
provide initial insight into metabolic features associated with pigment formation. Overall, the findings establish a
laboratory-scale proof of concept and a basis for future bioreactor-scale and application-oriented studies on microbial
blue pigments by Streptomyces spp.

*Correspondence:
Heidi Schalchli
heidi.schalchli@ufrontera.cl

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0

International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you

give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the

b material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or

@ SP rlnge r exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati

— vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s40538-025-00907-7
http://crossmark.crossref.org/dialog/?doi=10.1186/s40538-025-00907-7&domain=pdf&date_stamp=2025-12-26

Astudillo et al. Chemical and Biological Technologies in Agriculture

(2026) 13:6 Page 2 of 16

4 N
Keywords Actinomycete, Actinorhodin, Agricultural byproduct, Potato waste, Streptomyces pigment, Submerged
fermentation
Graphical abstract

A. Bioprocess optimization B. Fermentation kinetics and enzymatic
@'. ! activities
.'“.» m 8,000 mg L
.'. s " Blue pigment production
a e, i
; OO OO 5 3
Agro—lndustrlal residue: ' Cujort)
Discarded potato g °
Enzymatic activities:
/ a-Glucosidase
pH: 9.0 /Amylase
Temperature: 30 °C >
Microorganism: Lattaton IS oipm e -
Streptomyces lydicus PM7 Supplement: KH,PO, Central Composite Design
N\ J
Background actinobacteria in earlier taxonomic schemes [9, 10]. This

Agroindustrial waste increases by approximately 1,300
million tons yearly, representing nearly one-third of
global agricultural production [1]. Among them, potato
waste is particularly significant due to the high global
output of this crop and the high proportion of potato
tubers discarded during harvesting and storage, esti-
mated at approximately 30% of total production [2].
Globally, potato production was estimated at 383 mil-
lion tonnes in 2023, with China (93.4 million tonnes)
and India (60.1 million tonnes) being the top producers
[3]. This volume presents an opportunity to enhance the
profitability of local production systems, diversify agri-
cultural outputs, and support regional economic devel-
opment. Given their high nutrient content [4], discarded
potatoes have been used as animal feed byproducts or
discarded to prevent rapid spoilage and contamina-
tion with plant pathogens in the field. However, the high
carbohydrate, protein, and mineral content of potato
tubers opens opportunities to convert them into multi-
nutrient substrates for microbial production of pigments
and other valuable biocompounds [5]. The high produc-
tion cost of microbial products is primarily attributed
to the culture media, which can account for 38-73% of
total production costs [6]. Thus, replacing conventional
culture media with discarded potatoes [7] offers a viable
alternative to reduce the operational costs of high-value
microbial products and valorize this underutilized potato
byproduct.

The Streptomyces genus consists of Gram-positive,
filamentous, spore-forming bacteria with a high gua-
nine-cytosine content (around 70%), classified under
the Actinomycetota phylum [8], formerly classified as

group of bacteria is well known for its versatile metab-
olism and ability to produce a wide range of secondary
metabolites under various culture conditions, includ-
ing antibiotics, enzymes, biosurfactants, and pigments
with diverse biological activities [9, 11]. Several strains
have been studied for their capacity to produce natural
pigments such as undecylprodigiosin (red), coelimy-
cin P1 (yellow), actinorhodin (blue), and pyomelanin
(brown/black), as well as carotenoids like leprotene,
B-isorenieratene, and lycopene [12—17]. The demand for
natural pigments has risen across industries, as safer,
health-promoting alternatives to synthetic pigments [18].
Natural blue pigments are especially sought after by the
cosmetic, pharmaceutical, and food sectors, primarily
due to concerns over the safety of synthetic blue dyes. For
example, chronic exposure to the synthetic blue colorant
E133 in animal models has shown potential effects on
immune and hematological parameters [19].

The search for new sources of blue pigments is there-
fore a priority. Phycocyanin extracted from Spirulina,
for example, reached a global market of $155.3 million
in 2020, with projections to grow to $409.8 million by
2030 [20]. According to Transparency Market Research
[21], the global market for natural (representing 11% of
the total) and synthetic (71%) pigments was valued at $33
billion in 2021 and is estimated to reach $59 billion by
2035. In parallel, regulatory trends are accelerating this
demand: in April 2025, the U.S. Food and Drug Admin-
istration (FDA) announced the progressive elimination
of petroleum-based synthetic dyes from the food sup-
ply, including FD&C Blue No. 1 and Blue No. 2, with a
complete ban scheduled by the end of 2026 [22]. These
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measures will have global repercussions as multinational
companies adapt their formulations to comply with U.S.
standards. Together, these market and regulatory driv-
ers indicate a strong economic and strategic potential for
incorporating a natural, safe, and stable blue pigment into
the industry to meet the growing demand for functional,
sustainable, and health-oriented ingredients.

Given this context, there is a clear need to explore
novel microbial sources of stable blue pigments through
optimized fermentation processes and genetic regu-
lation studies. In this way, the economic feasibility of
natural pigment extraction relies on using raw materials
with a stable commercial supply [23]. Some agroindus-
trial wastes have been successfully explored as low-cost
substrates for pigment production using Streptomy-
ces strains. For example, the use of sugarcane waste for
melanin synthesis [24] and discarded potato to produce
reddish-purple pigment [5] and actinorhodin [5, 25] has
been reported. Actinorhodin, a pH-sensitive polyketide
with red-to-blue color variation, is typically produced by
Streptomyces coelicolor [26—29]. However, recent studies
have also identified Streptomyces lydicus PM7 as a novel
and promising producer of actinorhodin [25].

In this context, statistical tools such as Plackett—Bur-
man Design (PBD) and Central Composite Design
(CCD) are valuable for screening influential variables
and optimizing culture conditions. The PBD is a statisti-
cal method for identifying significant factors influencing
a response variable with a minimal number of experi-
mental runs [30]. Therefore, PBD enables the simulta-
neous evaluation of multiple factors, while CCD refines
the working ranges of selected variables [31-33]. More-
over, understanding microbial growth kinetics is crucial
for enhancing the yield of secondary metabolites and
improving process efficiency and economic benefits [34].

Recent studies reported that S. lydicus PM7 can pro-
duce blue pigments when cultivated with discarded
potato under standard Streptomyces growth condi-
tions, reaching 0.87 g L' of actinorhodin-related blue
pigments [25]. However, these yields remain relatively
low and require further optimization to support future
scale-up efforts. Therefore, the aim of this study was to
optimize the conversion of discarded potato into acti-
norhodin-related blue pigments by S. lydicus PM7 and to
evaluate biochemical responses that influence pigment
production.

Methods

Materials

All reagents and chemicals used for extractions and prep-
aration of traditional culture media were purchased from
Sigma-Aldrich/Merck (Darmstadt, Germany).
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Discarded potato: collection and processing

Discarded potatoes (var. Puyehue) were collected from a
local farm in the La Araucania region, Chile. The samples
were processed as described by Schalchli et al. [5]. Briefly,
the tubers were washed, manually peeled, and cut into
small pieces of approximately 1 cm®. Then, potato pieces
were dried at 60 °C until they reached a constant weight
and subsequently ground to obtain a fine powder.

Streptomyces strain and inoculum preparation

The S. lydicus strain PM7 was obtained from the strain
collection at the Laboratory of Biotechnology, Univer-
sidad de La Frontera (Chile). The strain was originally
isolated from soil samples and deposited in the Chilean
Collection of Microbial Genetic Resources (CChRGM)
under the number RGM 3663. The strain was maintained
on International Streptomyces Project N°2 medium
(ISP2) agar slants for assays and stored at 4 °C.

Spore suspensions were prepared from fresh cultures
of S. lydicus PM7. Spores were harvested from 7-day
ISP2 agar plates by flooding each plate with 10 mL of
0.9% NaCl and gently scraping the surface with a ster-
ile loop; the resulting suspension was enumerated using
a Neubauer chamber. Appropriate three-fold dilutions
were prepared in 0.9% NaCl to obtain countable. Based
on these counts, the suspension was adjusted to 1.0 x 10*
spores mL™! by dilution with sterile medium or saline.
The inoculum preparation was conducted in 250 mL
Erlenmeyer flasks containing 100 mL of ISP2, which
consists of the following per liter of distilled water: 10 g
malt extract, 4 g yeast extract, and 4 g glucose, with the
pH adjusted to 7.0. After autoclave sterilization, the ISP2
medium was inoculated with a final spore concentra-
tion of 1.0 x 10* spores mL ™! and incubated in the dark at
28 °C with agitation at 120 rpm for 72 h.

Experimental design for process optimization

Each experimental unit consisted of a 250 mL Erlen-
meyer flask, using a culture medium prepared with the
processed discarded potatoes (powder) as the basal nutri-
ent source. The working volume and composition of the
medium varied according to the conditions established
in the experimental designs described later. The inocu-
lum, prepared in ISP2 broth, was added at different con-
centrations depending on the experimental setup. When
specified by the experimental conditions, the discarded
potato medium was supplemented with additional com-
ponents such as antifoam, soluble starch, yeast extract,
or KH,PO,, to evaluate their influence on blue pigment
production by S. lydicus PM7. All assays were conducted
in triplicate and incubated in the dark under controlled
temperature and agitation conditions. Samples were col-
lected at specific intervals and processed for subsequent
analyses under a destructive mode of operation.
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Table 1 Independent variables and their levels used in the
Plackett-Burman design for blue pigment production by
Streptomyces lydicus PM7

Variable code Variables Levels

Low (- 1) High

(+1)
A Residue concentration (g L™") 4 32
B Inoculum size %v v~ 4 8
C Incubation time (days) 6 10
D pH 6 8
E Temperature (°C) 20 30
F Agitation (rpm) 50 150
G Working volume (mLin 250 mL 50 100
flask™ ")

H Antifoam (%v v ") 0 10
J Starch (g L™ 0 40
K KH,PO, (gL~ 0 0.1
L Yeast extract (g L™") 0 40

Screening of significant variables using Plackett-Burman
design (PBD)
The PBD was used to identify the most influential
medium components and process conditions affect-
ing the production of blue pigments by S. lydicus PM7.
Twelve experimental runs were conducted to evaluate
the effects of eleven independent variables based on lit-
erature. Each variable was tested at low (- 1) and high
(+1) levels. The response variable was the blue pigment
concentration in mg L™}, estimated from the absorbance
at 640 nm using the calibration curve (Eq. 1). The fac-
tors evaluated were discarded potato concentration (A),
inoculum size (B), incubation time (C), initial pH (D),
temperature (E), agitation (F), working volume in 250 mL
flasks (G), antifoam addition (H), starch (J), KH,PO, (K),
and yeast extract supplementation (L), as summarized in
Table 1.

The PBD model was based on the first-order polyno-
mial Eq. (1):

Y1=00+ ZﬁiXi (1)

Where, Y; denotes the predicted Streptomyces blue pig-
ments in mg L1, B, is the model intercept, B, are the lin-
ear coefficients, and X; represent the coded levels of the
independent variables. Each design point was performed
in triplicate (=3 independent flasks).

Optimization using central composite design (CCD)

Based on the PBD results, a central composite design
(face-centered, a=1) was implemented to optimize the
most significant variables positively affecting blue pig-
ment production by S. lydicus PM7. The four key factors,
temperature (X,), agitation (X,), pH (X3), and KH,PO,
concentration (X,) were selected for further evaluation.
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Table 2 Independent variables and levels selected for
optimization by central composite design (CCD)

Code Factors Low level Medium High
=1 (0) level
1
X Temperature (°C) 28 32 36
X, Agitation (rpm) 120 150 180
X, pH 7 8 9
X, KH,PO, (gL 0.10 0.15 0.20

Each variable was tested at three levels (-1, 0, +1), as
shown in Table 2. The experimental data were analyzed
using response surface methodology (RSM) to predict
the optimal conditions. Each design point was performed
in triplicate (n =3 independent flasks).

Kinetic fermentation assay

The kinetic fermentation assay was conducted under
the optimized conditions established by the CCD-RSM.
Therefore, each experimental unit consisted of a 250 mL
Erlenmeyer flask containing 50 mL of discarded potato
medium at a concentration of 16 g L', The medium was
supplemented with KH,PO, at 0.15 g L™}, adjusted to an
initial pH of 9 before sterilization, and inoculated with
an 8% v v~ ! inoculum of S. lydicus PM7 prepared in ISP2
medium. Incubation was performed in the dark at 30 °C
with orbital agitation at 180 rpm for 8 days. All experi-
ments were conducted in triplicate under a destruc-
tive sampling mode. Samples were collected every 12 h
to evaluate blue pigment production, bacterial growth,
reducing sugar concentration, enzymatic activities
(a-glucosidase, amylase, catalase) and pH.

Analytical methods

Estimation of extracellular blue pigment production

The production of extracellular blue pigments by S.
lydicus PM7 was estimated from the cell-free superna-
tant (CES) by spectrophotometry, as described by Bys-
trykh et al. [26] with modification. After incubation, the
cultures were centrifuged at 6,000 x g 10 min at 4 °C to
separate the biomass. The resulting supernatant was fil-
tered through a 0.22 um membrane to obtain the cell-free
supernatant (CFS). An aliquot (0.5 mL) of this CFS was
adjusted to pH 12 using 0.5 M KCI/NaOH buffer. Absor-
bance was measured at 640 nm using a spectrophotom-
eter (Orion AquaMate 8000, Thermo Scientific). Samples
were diluted as necessary to ensure absorbance values
remained within the range of 0.1-0.9. The pigment con-
centration was determined based on a calibration curve
according to Eq. (2):

Y2 = 0.0024z + 0.0032 - 0020 (2)
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Where Y, denotes the absorbance at 640 nm and x the
pigment concentration in mg L', The calibration curve
was constructed using a semi-purified fraction of blue
pigments produced by S. lydicus PM7. For this, CFS was
lyophilized and fractionated on a chromatography col-
umn (10x2.5 cm) packed with LiChroprep RP-18 (5 g;
15-25 pm). An elution was performed with 50 mL of sol-
vents of increasing polarity: EtOH, EtOH/H,O (1:1), and
H,O; the major fraction eluted with EtOH/H,O (1:1, v/v).
This fraction was concentrated to dryness to obtain a
semi-purified extract of blue pigments. The extract (frac-
tion F.2) was dissolved using 0.5 M KCl/NaOH buffer pH
12 at 10-300 ppm (mg L") to construct the calibration
curve. Known pigment masses were correlated with their
corresponding absorbance values at 640 nm, and the
resulting curve was used to quantify blue pigment pro-
duction in CFS.

Bacterial growth by colony-forming units (CFU)

Bacterial growth was estimated as colony-forming units
(CFU). One milliliter of the culture was serially diluted
(107! to 10~ %) in sterile 0.9% NaCl. From each dilution,
250 pL aliquots were spread on ISP2 agar plates and incu-
bated at 28 °C for 48 h. Colonies were counted on plates
with 30-200 colonies and converted to CFU mL™! [35].

Reducing sugar concentration
The reducing sugar was determined using the dinitrosali-
cylic acid (DNS) method [36], with glucose as standard.

Enzymatic activities

a-Glucosidase activity. An aliquot of 500 pL of CFS was
mixed with 500 pyL of potassium phosphate buffer (100
mM, pH 7.0) and 500 puL of maltose solution (60 mM)
as the substrate. The reaction mixture was incubated at
37 °C for 40 min. Glucose released during the reaction
was determined using the DNS method [36]. As a con-
trol, a reaction mixture containing 1000 pL of 100 mM
potassium phosphate buffer (pH 7.0) and 500 pL of malt-
ose was prepared under the same conditions. One unit
of a-glucosidase activity was defined as the amount of
enzyme that releases one umol of glucose per reaction
under the assay conditions.

Amylase activity. An aliquot of 500 uL of CFS was
mixed with 500 puL of potassium phosphate buffer (100
mM, pH 7.0) and 500 pL of 1% soluble starch solution
as substrate. The mixture was incubated at 37 °C for 40
min. The amount of reducing sugars generated was mea-
sured using the DNS method [36]. The control consisted
of 1000 pL of buffer and 500 pL of 1% starch solution.
One unit of amylase activity was defined as the amount
of enzyme that releases one umol of reducing sugars per
reaction under the specified conditions.
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Catalase activity. Catalase activity was determined as
described by Iwase et al. [37], with modifications. A reac-
tion mixture consisting of 100 pL of sample, 100 uL of
1% Triton X-100, and 100 pL of 30% hydrogen peroxide
was prepared in a borosilicate glass tube (13 mm diam-
eter x 200 mm height). The reaction proceeded at room
temperature, and the height of the O,-forming foam,
representing oxygen release, was measured after 15 min.
The catalase activity was expressed as foam height (mm),
indicative of oxygen evolution.

pH monitoring
The pH was directly measured in the CFS using a cali-
brated pH meter.

Statistical analysis

The experimental designs and statistical analyses were
conducted using Design-Expert software version 23.1.8
(Stat-Ease Inc., Minneapolis, MN, USA). Model ade-
quacy was assessed from diagnostic plots of externally
studentized residuals: normal Q—Q (normality), residu-
als vs. fitted (homoscedasticity), and residuals vs. run
order (independence). Residual normality was also for-
mally evaluated using the Shapiro—Wilk test applied to
the externally studentized residuals (a =0.05) for both the
PBD and the RSM/CCD models. Statistical significance
was set at a=0.05 (two-sided); model terms with p<0.05
were considered significant.

Results

Screening of main factors affecting the production of
Streptomyces blue pigments

The PBD was used to determine the most significant
variables affecting blue pigment production by S. lydicus
PM7. The experimental design matrix and the corre-
sponding responses are shown in Table 3.

Pigment production ranged widely from 58 to 5,416
mg L}, reflecting the importance of medium optimiza-
tion for enhanced biosynthesis. Among the eleven fac-
tors tested, as summarized in Table 4, statistical analysis
revealed that inoculum size (B), incubation period (C)
and antifoam addition (H) had minimal contributions
(0.18%, 0.07% and 0.04%, respectively) and were therefore
considered statistically insignificant.

Analysis of variance (ANOVA) (Table S1) indicated
that the model was statistically significant (p=0.0010).
The model exhibited a high coefficient of determination
(R?=0.9971) and an adjusted R* of 0.9895, indicating
the model’s adequacy. Residual diagnostics on externally
studentized residuals supported model assumptions:
the normal Q-Q plot was approximately linear and the
Shapiro—Wilk test indicated no departure from normal-
ity (W=0.92, p=0.434). Residuals vs. fitted showed no
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Table 3 Twelve-trial Plackett-Burman design for evaluation of eleven independent variables used for Streptomyces blue pigments production

Residual

Blue pigments (mg L™")

Actual value

Coded values of the independent factors

Run

Predicted value

-75

90

1
70
140

101
788
58
128
3,151

3,226
5,340

75

5416
92

2,669
157
2
1
157

2,594
168
73
108
82

gL

gL

gL

rpm %v v
50

°C
20
30

glL™! %v v days pH

Level

50
10

0.1

150

32
Independent variables: A (Residue concentration, discarded potato powder); B (Inoculum size); C (Incubation time); D (pH); E (Temperature); F (Agitation); G (Working volume (mL 250 mL flask™"); H (Antifoam); J (Starch); K

(KH,PO,); L (Yeast extract)
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funneling and residuals vs. run order showed no trend
(Fig. S1).

According to Table 4, positive effects were observed for
discarded potato concentration, pH, temperature, agita-
tion, and KH,PO,, while inoculum size, incubation time,
working volume, antifoam, starch, and yeast extract had a
negative influence.

The Pareto chart (Fig. 1) highlights the relative impor-
tance of each factor; factors with negative effect and bars
below the Bonferroni limit were treated as non-signifi-
cant and were not carried forward to the RSM (inoculum
size, incubation time, and antifoam addition).

Effect of discarded potato concentration

The effect of different concentrations of discarded potato
on pigment production was evaluated considering the
results from the PBD screening. These results confirmed
that potato concentration significantly influences pig-
ment yield. The highest blue pigment production was
observed at 16 and 32 g L™}, with 4,563+ 324 mg L™ and
4,749 + 607 mg L™, respectively (Fig. 2). In contrast, the
lowest quantity (1,814+99 mg L™!) was obtained at 4 g
L1 In all the tested concentrations (4, 8, 16, and 32 g
L!), the blue pigment production began from day 3 of
incubation.

Optimization of Streptomyces blue pigments production by
Central Composite Design (CCD)

The optimization of blue pigment production by Strep-
tomyces was carried out using a CCD, based on four
variables previously identified as influential through the
PBD. The independent variables temperature (X;), agi-
tation (X,), pH (X;), and KH,PO, concentration (X,)
were selected due to their positive contribution to pig-
ment yield. Variables that showed a negative effect in
the PBD were excluded from the optimization or fixed at
their minimum levels to reduce their potential inhibitory
effect. Each selected variable was evaluated at three lev-
els: low, middle, and high. Table 5 shows the experimen-
tal design matrix and the actual and predicted pigment
production values for each run.

The highest pigment yields were obtained in runs 9 and
27, reaching 8010 mg L™! and 7,864 mg L™, respectively.
In contrast, the lowest production was recorded in run
22, with 1732 mg L™ of blue pigment. The data were ana-
lyzed through analysis of variance (ANOVA) to develop a
quadratic response surface model (Table 6).

A second-order polynomial regression equation was
generated to describe the relationship between the
response (Y) and the independent variables (Eq. 3):
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Table 4 Plackett-Burman screening of blue pigment production in S. lydicus PM7: main-effect estimates
Source Coefficient Estimate Standardized effect % Contribution F-value p-value
Model 1063.28 - - 130.54 0.0010
A-Residue concentration 43542 870.834 6.87 7193 0.0034
D-pH 544.24 108847 10.73 11237 0.0018
E-Temperature 343.12 686.249 4.26 44.67 0.0068
F-Agitation 9775 1955 3461 362.51 0.0003
G-Working volume in 250 mL flask —-343.54 —-687.083 4.28 44.78 0.0068
J-Starch -427.01 -854.028 6.61 69.18 0.0036
K-KH2PO4 441.67 883.333 7.07 74.01 0.0033
L-Yeast extract -835.56 -1671.11 253 264.87 0.0005
Mean 1,063.28 R’ 0.9971
Std. Dev. 177.85 Adjusted R? 0.9895
CV.% 16.73 Predicted R® 0.9542
PRESS 1.5E4+09 Adeq Precision 35.605
1904 B - 6000 -
-’\1'(]'” ve Effects
17,144 L/ 5000 -
n —~~
15,23 ¥
o 4000
13,33 E
8
11,42 D S 3000
L £
B 2
] o
e s By © © 2000 -
—_ — =]
762 I H =3 Bonferroni Limit 7,70406 o
>/ &
1000 A
5,71+
3,81 t-Value Limit 3,18245 0 !
mlmimimimilm 0 1
1,90+ Time (days)
0,00 & = — — — = . . = - 49-L>1+89~L‘1—°—169-L'1 —_329‘[1

| I I | I I I I I |
1 2 3 4 5 6 7 8 9 10 M1

Fig. 1 The Pareto chart shows the amount of influence of each factor
on Streptomyces blue pigments production. A (Residue concentration);
D (pH); E (Temperature); F (Agitation); G (Working volume (mL-250 mL
flask™"); J (Starch); K (KH,PO,); L (Yeast extract)

Y1 = 3985.02—-685.34X; + 428.81X; + 822.11X3
+ 63.88X4—1036.71X; X5 + 152.02X; X3 + 115.90 X; X4

— 84.73 XyX3 + 33.52Xu X, + 80.28 X3X,—1688.18X?2
+ 385.18X3 + 2311.82X3 + 237.97X}

Where Y; denotes the predicted Streptomyces blue pig-
ments in mg L™! and X;, X,, X; and X, are tempera-
ture (X;), agitation (X,), pH (X;) and KH,PO, (X,);
respectively.

The model was statistically significant, with a Model
F-value of 52.38, indicating a very low probability
(0.01%) that such a result could arise from random varia-
tion. Among the model terms, X,, X, Xs, X; X, X,% and
X;2 were identified as significant contributors to the
response. The Lack of Fit F-value was 3.25, which is not

Fig. 2 Influence on the production of blue pigments by Streptomyces ly-
dicus PM7 at different concentrations of discarded potato powder under
optimal culture conditions by Plackett-Burman design

statistically significant relative to the pure error, suggest-
ing the model fits the data well. There is a 25.84% prob-
ability that such a Lack of Fit F-value could be due to
random noise.

The coefficient R* was 0.9839, suggesting a strong cor-
relation between the experimental and predicted values
(Fig. S2) and demonstrating the model’s robustness and
reproducibility for pigment production. Additionally, the
model’s significance was further supported by a P-value
of <0.0001, while the Lack of Fit P-value of 0.2584 rein-
forced its adequacy. For the quadratic RSM model, resid-
ual diagnostics likewise supported model adequacy: the
Q-Q plot was near-linear and the Shapiro—Wilk test was
non-significant (W =0.95, p=0.423). Residuals vs. fitted
showed no heteroscedastic pattern and residuals vs. run
order showed no serial structure (Fig. S3).
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Table 5 Central composite design CCD of independent variables of blue pigments production
Std Run Variables Blue pigments Residue
(mglL™")
X, X, X X, Actual Predictive
6 1 1 -1 1 -1 6,098 5,987 m
21 2 0 0 =1 0 5445 5475 -30
3 3 -1 1 -1 -1 7,131 6,896 235
14 4 1 -1 1 1 6,219 6,440 =221
10 5 1 -1 -1 1 4,103 4,161 -58
2 6 1 -1 -1 -1 4,210 4,030 180
23 7 0 0 0 -1 4,032 4,159 -127
8 8 1 1 1 -1 4,313 4,534 -221
7 9 -1 1 1 -1 8,010 7,906 104
22 10 0 0 1 0 6,909 7,119 -210
19 1" 0 -1 0 0 3,676 3,942 -266
27 12 0 0 0 0 4,266 3,985 281
16 13 1 1 1 1 5437 5122 315
5 14 -1 -1 1 -1 5326 5212 114
24 15 0 0 0 1 4174 4,287 -113
1 16 -1 -1 -1 -1 3,593 3,863 -270
26 17 0 0 0 0 4,376 3,985 391
9 18 -1 -1 -1 1 3,767 3,531 236
20 19 0 1 0 0 4,825 4,799 26
12 20 1 1 -1 1 3,082 3,182 -100
4 21 1 1 -1 -1 2,789 2916 -127
18 22 1 0 0 0 1,732 1,611 121
25 23 0 0 0 0 4,032 3,985 47
17 24 -1 0 0 0 2,622 2,982 -360
13 25 -1 -1 1 1 5374 5,201 173
11 26 -1 1 -1 1 6,633 6,699 -66
15 27 -1 1 1 1 7,864 8,030 - 166
Level X,:Temperature  X,: Agitation  X;:pH X4
(°C) (rpm) KH,PO,
(gL™"
-1 28 120 7 0.10
0 32 150 8 0.15
1 36 180 9 0.20

The predicted R? value of 0.9069 confirmed the model’s
reliability in capturing the response trends. The standard
deviation, mean, and Predicted Residual Sum of Squares
(PRESS) were 297.8, 4,816.2, and 6.1 x 10°, respectively.

Three-dimensional response surface plots were gener-
ated to visualize the interactive effects of key variables.
These plots facilitated the interpretation of variable inter-
actions under the following fixed conditions: tempera-
ture=30 °C, agitation=180 rpm, pH=9, and KH,PO,
concentration=0.15 g L™!. These conditions correspond
to the optimal solution derived from the numerical opti-
mization, which yielded a desirability value of 1.000 for
maximum blue pigment production by S. lydicus PM7.

The interaction effects of the optimized variables
on Streptomyces blue pigment production are shown
in Fig. 3a—f. A significant interaction (p<0.0001) was
observed between temperature (X;) and agitation (X,),

with higher pigment yields at increased agitation, espe-
cially between 30 and 32 °C. However, production
declined at temperatures above 34 °C, regardless of agita-
tion intensity.

The interaction between temperature and pH (X, x3),
though not statistically significant (p=0.0638), revealed
decreased pigment production at 35 °C and increased
yields under alkaline conditions, suggesting that pH sup-
ports the biosynthetic process. Likewise, increased agita-
tion and pH increased pigment levels at a constant 30 °C.

Model validation using point prediction identified opti-
mal conditions as 30 °C, 180 rpm, pH 9, and 0.15 g L™*
KH,PO,. Under these settings, experimental pigment
production reached 7491+47.8 mg L™!, showing a 91%
correlation with predicted values.
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Table 6 Analysis of variance (ANOVA) for face central composite
design results used for optimizing blue pigments production

Source Sumof  df Mean F-value p-value
Squares Square
Model 650E+07 14 465E+06 5238 <0.0001%
X;-Temperature 846E+06 1  846E+06 95.35 <0.0001*
X, - Agitation 331E+06 1 331E+06 3732 <0.0001*
X5 -pH 122E+07 1 122E+07 137.7 <0.0001*
X4 - KH,PO, 7360006 1 7360006 0.83 0.3802
X%, 1.72E4+07 1 1.72E+07 19391 <0.0001%
XX 370E+05 1 3.70E+05 4.17 0.0637
Xy X4 215E+05 1 215E+05 242 0.1458
X5X3 T.15E+05 1 1.15E+05 129 0.2775
XyX 4 1802306 1  18023.06 0.2032 0.6602
X3X 4 1.03E+05 1 103E+05 1.16 0.3019
X 733E+06 1 733E+06 8264 <0.0001*
X,? 382E+05 1 3.82E+05 431 0.0602
X42 137E+07 1 137E+07 15498 <0.0001%
X, 146E+05 1 146E+05 164 0.2245
Residual 1.06E+06 12 88678.84
Lack of Fit 1.00E+06 10 1.00E+05 325 0.2583
Pure Error 61,73067 2  30,865.33
Cor Total 6.61E+07 26

R® = 0.9839; Adj. R’ = 0.9651; Pred. R* = 0.9069; Adeq. Precision=28.9177;
*Statistically significant (p <0.05)

Kinetics of growth and metabolic activities under optimized
conditions

To study the fermentation kinetics of S. lydicus PM7
under the previously optimized conditions (30 °C,
180 rpm, pH 9, 0.15 g L™! KH,PO,), we monitored the
bacterial growth (CFU mL7'), blue pigment produc-
tion, residual reducing sugars, and key enzymatic activi-
ties (a-glucosidase, amylase, catalase) in the culture for
192 h (Fig. 4). At 192 h, the culture reached a final titer
of 6.97 g L™! of blue pigments. Volumetric productivity
(Qp) was estimated from the most linear production seg-
ment (108-168 h) as AP/At, yielding Q,, = 0.057 g L 'h!
(R?=0.905), the overall 0-192 h productivity was 0.036 g
L~! h™1. Reducing sugars were monitored as a proxy for
substrate availability. However, because transient accu-
mulation followed by a decline in reducing sugar con-
centration, a global substrate-to-product yield (Y}s) was
not estimated at the shake-flask scale to avoid biased
calculations.

The growth kinetics of S. lydicus PM7 displayed a
biphasic pattern consistent with diauxic growth in the
discarded-potato medium. During the first 48 h, cell
counts remained relatively stable, indicating a lag and
early adaptation phase. Between 48 and 72 h, a clear
initial exponential phase occurred, reaching approxi-
mately 1x 10’ CFU mL™ . This period coincided with the
maximum «-glucosidase activity (0.88 U) and a gradual
decrease in reducing sugars, suggesting the consump-
tion of readily available carbohydrates. Interestingly,
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the onset of blue pigment production aligned with
this growth phase. After 72 h, a transitional period was
observed (72-144 h), where bacterial growth slowed,
a-glucosidase activity dropped sharply -particularly at
92 h- and a-amylase activity began to increase. Reduc-
ing sugars remained relatively stable and then started
to decline again as the culture progressed toward 144 h.
A second exponential phase was observed between 144
and 168 h, during which bacterial cells peaked at 3.8 x 10’
CFU mL™". At the end of this period, a-amylase activity
reached its maximum (~0.25 U) and a further decrease
in reducing sugars. Blue pigment production increased
notably during both exponential phases, reaching its
highest concentration around 168 h. Then, a decline
phase began (168-192 h), characterized by reduced cell
viability, decreasing enzymatic activities, diminishing
reducing sugars, and a slight decrease in pigment con-
centration. Catalase activity increased markedly during
the first 48 h (reaching ~ 49 U), remained relatively stable
until 84 h, and then gradually decreased throughout the
incubation time.

The initial pH of the culture medium was 8.2+0.1 after
sterilization and the inoculum addition (Fig. 4). After
24 h, the initial pH decreased to 5.9 + 0.1, likely due to the
accumulation of organic acids from glucose metabolism.
The pH of the culture medium gradually increased by
~0.2 units every 24 h from 48 h of incubation, stabiliz-
ing at 8.02+0.1 by 192 h during the kinetic fermentation
assay. In contrast, the control medium without inoculum
maintained a constant pH of 8.2+0.1.

Discussion

Commonly, the production of secondary metabo-
lites associated with ecological functions is not readily
observed under standard laboratory conditions, as their
synthesis is often triggered by environmental stress-
ors such as nutrient fluctuations in the growth medium
[38]. In the case of the discarded potato used as a basal
nutrient source, the peel particles could contribute with
non-starch polysaccharides and lignin [39]. These insol-
uble components may provide physical support for the
microparticle-enhanced cultivation of S. lydicus PM?7,
thereby influencing secondary metabolite production
depending on the fermentation approach [40]. For exam-
ple, Holtmann et al. [41] reported an 85% increase in acti-
norhodin production by S. coelicolor M145 upon addition
of SiO, particles to the culture medium. Similarly, Lépez-
Garcia et al. [42] observed enhanced actinorhodin syn-
thesis when using sodium alginate for cell encapsulation,
compared to unencapsulated cultures.

In our previous studies, a potato-based culture
medium was used under non-optimized cultivation
conditions. The resulting pigment was characterized
by chromatographic and mass spectrometry analyses
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Fig. 3 a—-f 3D surface and 2D contour plot and plots explaining the individual and interactive effects of factors on blue pigments production by Strep-

tomyces lydicus PM7

and was consistent with actinorhodin [25]. In line with
these findings, under optimized cultivation condi-
tions, the chemical properties of the blue pigment, par-
ticularly its acid/base indicator behavior and maximum
absorption wavelength at 640 nm [26], suggest the pres-
ence of actinorhodin and/or actinorhodin-related com-
pounds. Actinorhodin-related compounds include a-, -,
g-actinorhodin and actinorhodinic acid [26].

Beyond a potential microcarrier role, substrate compo-
sition may also steer metabolic flux toward pigment bio-
synthesis, which is consistent with reports highlighting
the substrate as a key determinant of microbial pigment

production [43]. Considering that discarded potatoes
share the nutritional profile of food-grade potatoes [4],
starch is expected to predominate (~ 65%), followed by
protein (~ 5.7%) and minor lipids (~ 0.7%); increased
starch hydrolysis can elevate acetyl-CoA availability and
favor pigment pathways [44].

In addition to the composition of the culture substrate,
temperature is a key environmental factor influenc-
ing the growth and metabolic activity of Streptomyces
strains in submerged fermentation. Optimal biosynthe-
sis of secondary metabolites typically occurs within a
narrow temperature range [45]. For example, maximum
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endoglucanase activity in some Streptomyces isolates was
observed between 26 and 30 °C [46], while tetracycline
production declines outside of 35 °C [47]. These find-
ings support the temperature sensitivity observed in the

present study, where pigment production decreased at >
35 °C. Although the mechanisms remain to be fully eluci-
dated, temperature likely influences enzyme activity and
energy metabolism, with a direct impact on secondary
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metabolite biosynthesis. However, more research is
needed to confirm and quantify the effect of tempera-
ture on the production of secondary metabolites by
Streptomyces.

Alongside temperature, agitation is equally significant
in ensuring homogenous nutrient distribution and facili-
tating oxygen transfer, which are critical factors in sub-
merged cultures [48]. Agitation speed has been directly
linked to oxygen availability and metabolite production
[49]. However, excessive agitation may suppress cell
growth due to shear stress or oxygen oversaturation, as
reported by Umar et al. [50]. Interestingly, such stress
conditions may not hinder, but favor metabolite synthe-
sis. For instance, in Streptomyces clavuligerus, increased
agitation reduced biomass but enhanced clavulanic acid
production [51]. Therefore, this parameter must be care-
fully optimized, as it can indirectly affect secondary
metabolite production by modulating growth kinetics
and stress responses. Taken together, temperature and
agitation act in concert with the substrate to define work-
able windows for productivity.

Another critical factor influencing secondary metabo-
lism is pH, which plays a crucial role in regulating meta-
bolic pathways in Streptomyces. While most strains grow
optimally at pH 6.5-8.0, there are also acidophilic and
alkaliphilic variants [52]. Our findings of enhanced pig-
ment production at alkaline pH align with previous stud-
ies on actinorhodin, where solubility and yield improved
at pH 8.5 [27, 53]. Similarly, an alkaline shock (pH 8)
increased validamycin-A production by 26% in Strepto-
myces hygroscopicus [54], likely due to improved proton
transport and respiratory efficiency. Overall, alkaline pH
appears to favor pigment biosynthesis by modulating
intracellular pH homeostasis and metabolic flux. Bio-
synthesis was favored under alkaline conditions, with
an optimum around pH 9, consistent with the proposed
improvement in respiratory efficiency. In this context,
achieving 7,491 mg L~ ! represents an approximately
8.5-fold improvement over the previously reported non-
optimized baseline [25], reinforcing the effectiveness of
the selected conditions. Beyond pH, phosphate availabil-
ity can further modulate secondary metabolism in Strep-
tomyces. In our system, phosphate acted as a permissive
factor (presence vs. absence), yet within the narrow inter-
val tested it did not produce a detectable dose—response,
suggesting that the process was not phosphate-limited
under those conditions. A broader survey of concentra-
tions would help delineate the operational phosphate
window and its interaction with nitrogen. Consistently
with the phosphate-nitrogen balance, nitrogen-rich sup-
plementation showed the opposite trend: the addition of
yeast extract negatively impacted pigment production, in
agreement with reports where ammonium/nitrate and
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trace elements suppressed actinorhodin in S. coelicolor
A3(2) [26, 55].

The biphasic growth profile observed in S. lydicus PM7
is consistent with classical diauxic behavior reported in
Streptomyces species growing on complex substrates
containing multiple carbon sources. During the first
exponential phase, the high a-glucosidase activity and
the decline in reducing sugars strongly suggest prefer-
ential utilization of simple carbohydrates (e.g., glucose,
sucrose-derived monomers) naturally present in potato
tissues. These sugars typically feed into glycolysis and the
pentose phosphate pathway, providing rapid precursor
and energy supply, as documented in Streptomyces spp.
and other actinobacteria [56]. As readily assimilable sug-
ars become limited, Streptomyces species commonly shift
toward the utilization of more complex polysaccharides
through the induction of amylolytic systems. In our study,
the sharp decline in a-glucosidase activity and the pro-
gressive increase in a-amylase activity observed between
72 and 144 h are indicative of the metabolic transition.
The second exponential growth phase in our study cor-
responds well to the onset of maximal a-amylase activ-
ity, suggesting that starch-derived compounds became
the primary carbon source. Such stepwise substrate uti-
lization mirrors metabolic models proposed for Strep-
tomyces, where diauxic shifts reflect adaptive strategies
to optimize growth in nutrient-heterogeneous environ-
ments [57, 58].

Importantly, pigment formation occurred during both
exponential phases and became more pronounced as
reducing sugars declined. Although actinorhodin biosyn-
thesis has traditionally been associated with the station-
ary phase in S. coelicolor [59, 60], both previous reports
[61] and our results indicate pigment formation during
exponential growth, especially as reducing sugar con-
centrations decline in the medium. This diauxic behavior
mirrors observations in S. coelicolor, where the organ-
ism transitions from glutamate to maltose utilization
as nutrient availability changes [57]. Chu and Barnes
[62] highlighted that such metabolic flexibility relies on
tightly regulated genetic adaptations, enabling Strepto-
myces to dynamically reprogram its enzymatic machin-
ery in response to complex nutrient environments. Thus,
diauxic growth is generally interpreted as an adaptive
strategy to maximize population growth in multi-nutri-
ent substrates such as discarded potato.

The early peak in catalase activity further suggests that
the initial phase of simple-sugar metabolism involves
intense aerobic respiration and reactive oxygen spe-
cies (ROS) generation. High levels of ROS in the culture
medium are likely a result of the high dissolved oxygen,
which produces superoxide (O,”) and hydrogen perox-
ide (H,O,) [63]. Actinorhodin, a redox-active molecule
produced by S. lydicus PM7, can contribute to oxidative
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stress through its quinone/semiquinone transitions [64].
Catalase helps mitigate this by breaking down H,O, into
water and oxygen [65], and its elevated activity from
12 to 48 h could be a key defense mechanism. Interest-
ingly, actinorhodin may also modulate oxidative stress
in S. lydicus PM7. In S. coelicolor, actinorhodin has been
shown to act as an electron acceptor and suppress oxi-
dative stress response genes, which help protect the
cells [66]. This suggestion is supported by our observa-
tion that when actinorhodin in cell-free supernatant was
exposed to a low concentration of H,0,, a color change
was observed from blue (A, = 640) to turquoise (A,
= 580) but maintaining its characteristic of acid/base
indicator. This effect suggests its potential antioxidant
property. Further studies are needed to confirm the role
of actinorhodin in oxidative stress resistance in S. lydicus
PM?7. Altogether, these observations support a context-
dependent redox function for actinorhodin that aligns
with prior evidence in S. coelicolor.

The accumulation of organic acids in S. coelicolor, such
as pyruvate and a-ketoglutarate during early growth
stages leads to a pH decline, which has been associ-
ated with antibiotic production [67]. The subsequent
re-assimilation of these acids contributes to pH sta-
bilization, feeding into the tricarboxylic acid (TCA)
cycle [68] and supporting the biosynthesis of secondary
metabolites, including actinorhodin [69]. A similar pat-
tern observed in S. lydicus PM7 suggests that the initial
pH drop is driven by acid accumulation and re-assimi-
lation, coupled with a metabolic shift toward secondary
metabolite production, thereby optimizing intracellu-
lar conditions for pigment biosynthesis. These findings
underscore the complex interplay between physico-
chemical parameters, nutrient dynamics, and oxidative
stress in modulating actinorhodin production. Integrat-
ing substrate characteristics, operational conditions, and
metabolic regulation thus provides a coherent framework
for understanding the observed behavior and identifies
potential strategies for process intensification.

It should be noted that the blue pigment production
trials were performed without controlled dissolved oxy-
gen, aeration, mixing, or pH. Consequently, the process
performance may differ under bioreactor conditions,
where factors such as volumetric oxygen mass transfer
coefficient (kLa), agitation speed, and shear stress could
significantly influence growth and pigment biosynthesis
[70, 71]. Future studies with S. lydicus PM7 will focus on
evaluating and optimizing culture conditions in a stirred-
tank bioreactor, as well as downstream processing, to
enhance actinorhodin yield and process scalability.
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Conclusions

This study demonstrated that Plackett—Burman and cen-
tral composite designs are effective tools for identifying
and optimizing key variables to enhance the production
of actinorhodin-related blue pigments by S. lydicus PM7
using discarded potato as a low-cost substrate. The opti-
mized conditions resulted in an 8.5-fold increase in pig-
ment yield compared with non-optimized conditions.
Beyond process optimization, the growth kinetic, reduc-
ing sugars, and enzyme activities provide preliminary
insight into metabolic responses associated with pigment
formation. The two exponential growth phases, together
with shifts in a-glucosidase and a-amylase activities, sug-
gest a possible sequential use of readily available sugars
followed by starch-derived carbohydrates. However, con-
firming this metabolic pattern will require targeted anal-
yses of specific carbohydrates and regulatory pathways.
Overall, this work establishes a laboratory-scale proof of
concept for converting potato byproducts into microbial
blue pigments and identifies key physicochemical and
metabolic parameters that influence pigment biosynthe-
sis in S. lydicus PM7. These findings provide a basis for
future bioreactor-scale and application-oriented studies
aimed at advancing cost-effective and sustainable micro-
bial pigment production.
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ROS Reactive oxygen species

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/540538-025-00907-7.

[ Supplementary Material 1 J

Acknowledgements
Not applicable.

Author contributions

H.S., EH.and M.C.D. planned experiments; A.A. performed experiments; H.S.
and AA. wrote the original draft; E.S. and H.S. contributed to data analysis and
visualization; A.A. and O.R. performed biochemical analyses; S.M.A. and G.B.
reviewed and edited the final manuscript version. All authors reviewed the
manuscript.

Funding

The research was funded by ANID/FONDEF ID24110162 and DIUFRO DI23-
0080 projects, and partially by ANID/FONDAP 1523A0001. Alvaro Astudillo
would also like to thank ANID for the doctoral grant N° 21212374,


https://doi.org/10.1186/s40538-025-00907-7
https://doi.org/10.1186/s40538-025-00907-7

Astudillo et al. Chemical and Biological Technologies in Agriculture

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Doctorate Program in Natural Resources Sciences, Universidad de La
Frontera, Avenida Francisco Salazar 01145, Temuco, Chile
2Depar‘[ment of Chemical Science and Natural Resources, Universidad de
La Frontera, Avenida Francisco Salazar 01145, Temuco, Chile

3Center of Excellence in Biotechnological Research Applied to the
Environment (CIBAMA-BIOREN), Universidad de La Frontera, Avenida
Francisco Salazar 01145, Temuco, Chile

“Department of Chemical Engineering, Universidad de La Frontera,
Avenida Francisco Salazar 01145, Temuco, Chile

°Department of Food Science and Technology, Escola Superior de
Agricultura Luiz Queiroz (ESALQ), Universidade de S&o Paulo,
Piracicaba CEP 13418-900, Brazil

Received: 8 September 2025 / Accepted: 12 December 2025
Published online: 30 December 2025

References
1. Gaur VK, Sharma P, Sirohi R, Awasthi MK, Dussap CG, Pandey A. Assessing
the impact of industrial waste on environment and mitigation strategies: a

comprehensive review. J Hazard Mater. 2020,398:123019. https://doi.org/10.1

016/jjhazmat.2020.123019.
2. Torres MD, Fradinho P, Rodriguez P, Falqué E, Santos V, Dominguez H.

Biorefinery concept for discarded potatoes: recovery of starch and bioactive
compounds. J Food Eng. 2020;275:109886. https://doi.org/10.1016/jjfoodeng

.2019.109886.
3. Food and Agriculture Organization of the United Nations (FAQ). FAQ. 2025.

FAOSTAT: crops and livestock products (QCL). https://www.fao.org/faostat/en

/#data/QCL. Accessed 20 Apr 2025.

4. Schieber A, Saldafia MDA. Potato peels: a source of nutritionally and pharma-
cologically interesting compounds—a review. Food. 2009;3. https://doi.org/1

0.7939/R33TODMOH.
5. Schalchli H, Hormazabal E, Astudillo A, Bricefio G, Rubilar O, Diez MC.

Bioconversion of potato solid waste into antifungals and biopigments using
Streptomyces spp. PLoS ONE. 2021;16:20252113. https://doi.org/10.1371/journ

al.pone.0252113.
6. Panesar R, Kaur S, Panesar PS. Production of microbial pigments utilizing

agro-industrial waste: a review. Curr Opin Food Sci. 2015;1. https://doi.org/10.

1016/j.cofs.2014.12.002.

7. Torres MD, Dominguez H. Valorisation of potato wastes. Int J Food Sci Tech-

nol. 2020;55. https://doi.org/10.1111/ijfs.14228.
8. Oren A, Garrity GM. Valid publication of the names of forty-two phyla of

prokaryotes. Int J Syst Evol Microbiol. 2021;71. https://doi.org/10.1099/ijsem.0

.005056.
9. Alam K, Mazumder A, Sikdar S, Zhao YM, Hao J, Song C, et al. Streptomyces:

the biofactory of secondary metabolites. Front Microbiol. 2022;13. https://doi.

0rg/10.3389/fmicb.2022.968053.

10.  Wright F, Bibb MJ. Codon usage in the G+ C-rich Streptomyces genome. Gene.

1992;113. https://doi.org/10.1016/0378-1119(92)90669-G.
11, Harir M, Bendif H, Bellahcene M, Fortas, Rebecca Pogni Z. Streptomyces sec-
ondary metabolites. In: Dhanasekaran D, Jiang Y, editors. basic biology and

applications of actinobacteria. IntechOpen; 2018. https://doi.org/10.5772/int

echopen.79890

(2026) 13:6

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 14 of 16

Bayram S. Production, purification, and characterization of Streptomyces sp.
strain MPPS2 extracellular pyomelanin pigment. Arch Microbiol. 2021;203. htt
ps://doi.org/10.1007/500203-021-02437-w.

Becerril A, Alvarez S, Brafia AF, Rico S, Diaz M, Santamarfa R, et al. Uncover-
ing production of specialized metabolites by Streptomyces argillaceus:
activation of cryptic biosynthesis gene clusters using nutritional and genetic
approaches. PLoS ONE. 2018;13:e0198145. https://doi.org/10.1371/journal.po
ne.0198145.

Dharmaraj S, Ashokkumar B, Dhevendaran K. Food-grade pigments from
Streptomyces sp. isolated from the marine sponge Callyspongia diffusa. Food
Res Int. 2009;42. https://doi.org/10.1016/j.foodres.2009.02.006.
Gomez-Escribano JP, Song L, Fox DJ, Yeo V, Bibb MJ, Challis GL. Structure and
biosynthesis of the unusual polyketide alkaloid coelimycin P1, a metabolic
product of the cpk gene cluster of Streptomyces coelicolor M145. Chem Sci.
2012;3:2716. https://doi.org/10.1039/C25C20410J

Mo S, Sydor PK, Corre C, Alhamadsheh MM, Stanley AE, Haynes SW, et al.
Elucidation of the Streptomyces coelicolor pathway to 2-undecylpyrrole, a key
intermediate in undecylprodiginine and streptorubin b biosynthesis. Chem
Biol. 2008;15. https://doi.org/10.1016/j.chembiol.2007.11.015.

Okamoto S, Taguchi T, Ochi K, Ichinose K. Biosynthesis of Actinorhodin and
related antibiotics: discovery of alternative routes for Quinone formation
encoded in the act gene cluster. Chem Biol. 2009;16. https://doi.org/10.1016/
j.chembiol.2009.01.015.

Adeel S, Abrar S, Kiran S, Farooq T, Gulzar T, Jamal M. Sustainable application
of natural dyes in cosmetic industry. In: Yusuf M, editor. Handbook of renew-
able materials for coloration and finishing. Wiley; 2018. pp. 189-211. https://d
0i.0rg/10.1002/9781119407850.ch10.

Motwadie ME, Hashem MM, Abo-EL-Sooud K, Abd-Elhakim YM, El-Metwally
AE, Ali HA. Modulation of immune functions, inflammatory response, and
cytokine production following long-term oral exposure to three food addi-
tives; thiabendazole, monosodium glutamate, and brilliant blue in rats. Int
Immunopharmacol. 2021;98:107902. https://doi.org/10.1016/j.intimp.2021.10
7902.

Thevarajah B, Nishshanka GKSH, Premaratne M, Nimarshana PHV, Nagarajan
D, Chang JS, et al. Large-scale production of Spirulina-based proteins and
c-phycocyanin: a biorefinery approach. Biochem Eng J. 2022;185:108541. htt
ps://doi.org/10.1016/j.bej.2022.108541.

Transparency market research. Pigments market (product: inorganic, organic,
and specialty; and end-use: paints & coatings, printing inks, plastics, construc-
tion materials, and others)—Global industry analysis, size, share, growth,
trends, and forecast, 2025-2035. 2025. https://www.transparencymarketresea
rch.com/pigments-market.html. Accessed 16 Sep 2025.

Food and Drug Administration (FDA). HHS, FDA to phase out petroleum-
based synthetic dyes from nation’s food supply. 2025. https://www.fda.gov/n
ews-events/press-announcements/hhs-fda-phase-out-petroleum-based-syn
thetic-dyes-nations-food-supply. Accessed 01 Dec 2025.

Newsome AG, Culver CA, van Breemen RB. Nature's palette: the search for
natural blue colorants. J Agric Food Chem. 2014;62. https://doi.org/10.1021/jf
501419q.

VasanthabharathiV, Lakshminarayanan R, Jayalakshmi S. Melanin production
from marine Streptomyces. Afr J Biotechnol. 2011;10. https://doi.org/10.5897/
AJB11.296.

Astudillo A, Hormazabal E, Quiroz A, Rubilar O, Bricefio G, Abdala R, et al.
Recycling potato waste for the production of blue pigments by Streptomyces
lydicus PM7 through submerged fermentation. Chem Biol Technol Agric.
2024;11:90. https://doi.org/10.1186/540538-024-00612-x.

Bystrykh LV, Ferndndez-Moreno MA, Herrema JK, Malpartida F, Hopwood DA,
Dijkhuizen L. Production of actinorhodin-related blue pigments by Strepto-
myces coelicolor A3(2). J Bacteriol. 1996;178. https://doi.org/10.1128/jb.178.8.2
238-2244.1996.

Elibol M. Product shifting by controlling medium pH in immobilised Strepto-
myces coelicolor A3(2) culture. Process Biochem. 2002;37. https://doi.org/10.1
016/50032-9592(02)00019-5.

LuT, Cao Q, Pang X, Xia Y, Xun L, Liu H. Sulfane sulfur-activated Actinorhodin
production and sporulation is maintained by a natural gene circuit in Strepto-
myces coelicolor. Microb Biotechnol. 2020;13. https://doi.org/10.1111/1751-79
15.13637.

Tahlan K, Ahn SK, Sing A, Bodnaruk TD, Willems AR, Davidson AR, et al. Initia-
tion of Actinorhodin export in Streptomyces coelicolor. Mol Microbiol. 2007;63.
https://doi.org/10.1111/}.1365-2958.2006.05559.x.

Plackett RL, Burman JP. The design of optimum multifactorial experiments.
Biometrika. 1946;33. https://doi.org/10.1093/biomet/33.4.305.


https://doi.org/10.1016/j.jhazmat.2020.123019
https://doi.org/10.1016/j.jhazmat.2020.123019
https://doi.org/10.1016/j.jfoodeng.2019.109886
https://doi.org/10.1016/j.jfoodeng.2019.109886
https://www.fao.org/faostat/en/#data/QCL
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.7939/R33T9DM0H
https://doi.org/10.7939/R33T9DM0H
https://doi.org/10.1371/journal.pone.0252113
https://doi.org/10.1371/journal.pone.0252113
https://doi.org/10.1016/j.cofs.2014.12.002
https://doi.org/10.1016/j.cofs.2014.12.002
https://doi.org/10.1111/ijfs.14228
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.3389/fmicb.2022.968053
https://doi.org/10.3389/fmicb.2022.968053
https://doi.org/10.1016/0378-1119(92)90669-G
https://doi.org/10.5772/intechopen.79890
https://doi.org/10.5772/intechopen.79890
https://doi.org/10.1007/s00203-021-02437-w
https://doi.org/10.1007/s00203-021-02437-w
https://doi.org/10.1371/journal.pone.0198145
https://doi.org/10.1371/journal.pone.0198145
https://doi.org/10.1016/j.foodres.2009.02.006
https://doi.org/10.1039/C2SC20410J
https://doi.org/10.1016/j.chembiol.2007.11.015
https://doi.org/10.1016/j.chembiol.2009.01.015
https://doi.org/10.1016/j.chembiol.2009.01.015
https://doi.org/10.1002/9781119407850.ch10
https://doi.org/10.1002/9781119407850.ch10
https://doi.org/10.1016/j.intimp.2021.107902
https://doi.org/10.1016/j.intimp.2021.107902
https://doi.org/10.1016/j.bej.2022.108541
https://doi.org/10.1016/j.bej.2022.108541
https://www.transparencymarketresearch.com/pigments-market.html
https://www.transparencymarketresearch.com/pigments-market.html
https://www.fda.gov/news-events/press-announcements/hhs-fda-phase-out-petroleum-based-synthetic-dyes-nations-food-supply
https://www.fda.gov/news-events/press-announcements/hhs-fda-phase-out-petroleum-based-synthetic-dyes-nations-food-supply
https://www.fda.gov/news-events/press-announcements/hhs-fda-phase-out-petroleum-based-synthetic-dyes-nations-food-supply
https://doi.org/10.1021/jf501419q
https://doi.org/10.1021/jf501419q
https://doi.org/10.5897/AJB11.296
https://doi.org/10.5897/AJB11.296
https://doi.org/10.1186/s40538-024-00612-x
https://doi.org/10.1128/jb.178.8.2238-2244.1996
https://doi.org/10.1128/jb.178.8.2238-2244.1996
https://doi.org/10.1016/S0032-9592(02)00019-5
https://doi.org/10.1016/S0032-9592(02)00019-5
https://doi.org/10.1111/1751-7915.13637
https://doi.org/10.1111/1751-7915.13637
https://doi.org/10.1111/j.1365-2958.2006.05559.x
https://doi.org/10.1111/j.1365-2958.2006.05559.x
https://doi.org/10.1093/biomet/33.4.305

Astudillo et al. Chemical and Biological Technologies in Agriculture

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Arul Jose P, Sivakala KK, Jebakumar SRD. Formulation and statistical optimiza-
tion of culture medium for improved production of antimicrobial compound
by Streptomyces sp. JAJO6. Int J Microbiol. 2013; 2013. https://doi.org/10.1155/
2013/526260

Chen J, Lan X, Jia R, Hu L, Wang Y. Response surface methodology (RSM)
mediated optimization of medium components for mycelial growth and
metabolites production of Streptomyces alfalfae XN-04. Microorganisms.
2022;10:1854. https://doi.org/10.3390/microorganisms10091854.

Han'Y, Li Z, Miao X, Zhang F. Statistical optimization of medium components
to improve the chitinase activity of Streptomyces sp. Da11 associated with the
South China sea sponge Craniella australiensis. Process Biochem. 2008;43. htt
ps://doi.org/10.1016/j.procbio.2008.05.014.

LuW, Fan J, Wen J, Xia Z, Caiyin Q. Kinetic analysis and modeling of dap-
tomycin batch fermentation by Streptomyces Roseosporus. Appl Biochem
Biotechnol. 2011;163. https://doi.org/10.1007/512010-010-9053-6.

Amaral C, Lucas MS, Coutinho J, Crespi AL, do Rosério Anjos M, Pais C. Micro-
biological and physicochemical characterization of Olive mill wastewaters
from a continuous Olive mill in Northeastern Portugal. Bioresour Technol.
2008;99. https://doi.org/10.1016/j.biortech.2007.12.058.

Miller GL. Use of Dinitrosalicylic acid reagent for determination of reducing
sugar. Anal Chem. 1959;31. https://doi.org/10.1021/ac60147a030.

Iwase T, Tajima A, Sugimoto S, Okuda K, ichi, Hironaka I, Kamata Y, et al. A
simple assay for measuring catalase activity: a visual approach. Sci Rep.
2013;3:3081. https://doi.org/10.1038/srep03081.

Bibb MJ. Regulation of secondary metabolism in Streptomycetes. Curr Opin
Microbiol. 2005;8. https://doi.org/10.1016/j.mib.2005.02.016.

Javed A, Ahmad A, Tahir A, Shabbir U, Nouman M, Hameed A. Potato Peel
waste-its nutraceutical, industrial and biotechnological applacations. AIMS
Agric Food. 2019:4. https://doi.org/10.3934/agrfood.2019.3.807.

Lajtai-Szabd P, Hiilber-Beyer E, Nemestéthy N, Bélafi-Bako K. The role of physi-
cal support in secondary metabolite production by Streptomyces species.
Biochem Eng J. 2022;185:108495. https://doi.org/10.1016/j.bej.2022.108495.
Holtmann D, Vernen F, Miller JM, Kaden D, Risse JM, Friehs K, et al. Effects of
particle addition to Streptomyces cultivations to optimize the production of
Actinorhodin and Streptavidin. Sustain Chem Pharm. 2017;5. https://doi.org/
10.1016/j.5cp.2016.09.001.

Lépez-Garcfa MT, Rioseras B, Yagte P, Alvarez JR, Manteca A. Cell immobiliza-
tion of Streptomyces coelicolor: effect on differentiation and Actinorhodin
production. Int Microbiol. 2014;17. https://doi.org/10.2436/20.1501.01.209.
Qi D, Zou L, Zhou D, Chen Y, Gao Z, Feng R, et al. Taxonomy and broad-spec-
trum antifungal activity of Streptomyces sp. SCA3-4 isolated from rhizosphere
soil of Opuntia stricta. Front Microbiol. 2019;10. https://doi.org/10.3389/fmicb.
2019.01390.

Long C, Liu M, Zhang D, Xie S, Yuan W, Gui N, et al. Highly efficient improve-
ment of monascus pigment production by accelerating starch hydrolysis in
monascus ruber CICC41233. 3 Biotech. 2018;8:329. https://doi.org/10.1007/s1
3205-018-1359-z.

Zhou Y, Han LR, He HW, Sang B, Yu DL, Feng JT, et al. Effects of agitation,
aeration and temperature on production of a novel glycoprotein GP-1 by
Streptomyces Kanasenisi ZX01 and scale-up based on volumetric oxygen
transfer coefficient. Molecules. 2018;23:125. https://doi.org/10.3390/molecule
$23010125.

Franco-Cirigliano MN, Rezende RC, Gravina-Oliveira MP, Pereira PHF, Do
Nascimento RP, Bon EPDS, et al. Streptomyces misionensis PESB-25 produces
a thermoacidophilic endoglucanase using sugarcane Bagasse and corn steep
liquor as the sole organic substrates. Biomed Res Int. 2013;2013. https://doi.or
9/10.1155/2013/584207.

Chellapandi P, Jani HM. Production of endoglucanase by the native strains of
Streptomyces isolates in submerged fermentation. Braz J Microbiol. 2008;39. h
ttps://doi.org/10.1590/51517-83822008000100026.

Garcia-Ochoa F, Gomez E, Santos VE, Merchuk JC. Oxygen uptake rate in
microbial processes: an overview. Biochem Eng J. 2010;49. https://doi.org/10.
1016/j.bej.2010.01.011.

El-Naggar NEA, Moawad H, EI-Shweihy NM, El-Ewasy SM, Elsehemy IA, Abdel-
wahed NAM. Process development for scale-up production of a therapeutic
L-asparaginase by Streptomyces brollosae NEAE-115 from shake flasks to
bioreactor. Sci Rep. 2019;9:13571. https://doi.org/10.1038/541598-019-4970
9-6.

Umar A, Abid |, Elshikh MS, Dufossé L, Abdel-Azeem AM, Ali I. Agitation

role (dissolved oxygen) in production of laccase from newly identified

(2026) 13:6

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 15 of 16

Ganoderma multistipitatum sp. nov. And its effect on mycelium morphology.
BMC Microbiol. 2023;23:280. https://doi.org/10.1186/512866-023-03009-2.
Lin YH, Hwang SCJ, Gong JT, Wu JY, Chen KC. Using redox potential to detect
microbial activities during clavulanic acid biosynthesis in Streptomyces clavu-
ligerus. Biotechnol Lett. 2005;27. https://doi.org/10.1007/510529-005-3727-0.
Kontro M, Lignell U, Hirvonen MR, Nevalainen A. pH effects on 10 Streptomy-
ces spp. Growth and sporulation depend on nutrients. Lett Appl Microbiol.
2005;41. https://doi.org/10.1111/j.1472-765X.2005.01727 x.

Taher NA, Husen AS, Mahmood ZSh, Shanior GJ. A study on actinorhodin-like
substance production by Streptomyces 1Q45. Al-Mustansiriyah J Sci. 2020;31. h
ttps://doi.org/10.23851/mjs.v31i3.93.

Jiang J, Sun YF, Tang X, He CN, Shao YL, Tang Y, et al. Alkaline pH shock
enhanced production of Validamycin A in fermentation of Streptomyces
hygroscopicus. Bioresour Technol. 2018;249. https://doi.org/10.1016/j.biortech
.2017.10.012.

Doull JL, Vining LC. Nutritional control of Actinorhodin production by Strep-
tomyces coelicolor A3(2): suppressive effects of nitrogen and phosphate. Appl
Microbiol Biotechnol. 1990;32. https://doi.org/10.1007/BF00903781.
Krysenko S, Wohlleben W. Role of carbon, nitrogen, phosphate and sulfur
metabolism in secondary mmetabolism precursor supply in Streptomyces
spp. Microorganisms. 2024;12:1571. 10.3390/ microorganisms12081571.
Novotna J, Vohradsky J, Berndt P, Gramajo H, Langen H, Li X, et al. Proteomic
studies of Diauxic lag in the differentiating prokaryote Streptomyces coelicolor
reveal a regulatory network of stress-induced proteins and central metabolic
enzymes. Mol Microbiol. 2003;48. https://doi.org/10.1046/j.1365-2958.2003.0
3529.x.

Hodgson DA. Glucose repression of carbon source uptake and metabolism
in Streptomyces coelicolor A3(2) and its perturbation in mutants resistant to
2-deoxyglucose. Microbiology. 1982;128. https://doi.org/10.1099/00221287-1
28-10-2417.

Barbuto Ferraiuolo S, Cammarota M, Schiraldi C, Restaino OF. Streptomycetes
as platform for biotechnological production processes of drugs. Appl Micro-
biol Biotechnol. 2021;105. https://doi.org/10.1007/500253-020-11064-2.
Gramajo HC, Takano E, Bibb MJ. Stationary-phase production of the antibiotic
Actinorhodin in Streptomyces coelicolor A3(2) is transcriptionally regulated.
Mol Microbiol. 1993;7. https://doi.org/10.1111/j.1365-2958.1993.tb01174.x.
Ozergin-Ulgen K, Mavituna F. Actinorhodin production by Streptomyces
coelicolor A3(2): kinetic parameters related to growth, substrate uptake and
production. Appl Microbiol Biotechnol. 1993;40. https://doi.org/10.1007/BFO0
175730.

Chu D, Barnes DJ. The lag-phase during Diauxic growth is a trade-off
between fast adaptation and high growth rate. Sci Rep. 2016,6:25191. https.//
doi.org/10.1038/srep25191.

Baez A, Shiloach J. Effect of elevated oxygen concentration on bacteria,
yeasts, and cells propagated for production of biological compounds. Microb
Cell Fact. 2014;13:181. https://doi.org/10.1186/512934-014-0181-5.

Mak S, Nodwell JR. Actinorhodin is a redox-active antibiotic with a complex
mode of action against Gram-positive cells. Mol Microbiol. 2017;106. https://
doi.org/10.1111/mmi.13837.

Yuan F,Yin S, Xu Y, Xiang L, Wang H, Li Z, et al. The richness and diversity of
catalases in bacteria. Front Microbiol. 2021;12. https://doi.org/10.3389/fmicb.
2021.645477.

Millan-Oropeza A, Henry C, Lejeune C, David M, Virolle MJ. Expression of
genes of the Pho Regulon is altered in Streptomyces coelicolor. Sci Rep.
2020;10:8492. https://doi.org/10.1038/541598-020-65087-w.

Hobbs G, Obanye Al, Petty J, Mason JC, Barratt E, Gardner DC, et al. An
integrated approach to studying regulation of production of the antibiotic
methylenomycin by Streptomyces coelicolor A3(2). J Bacteriol. 1992;174:5. http
s://doi.org/10.1128/jb.174.5.1487-1494.1992.

Viollier PH, Minas W, Dale GE, Folcher M, Thompson CJ. Role of acid metabo-
lism in Streptomyces coelicolor morphological differentiation and antibiotic
biosynthesis. J Bacteriol. 2001;183:10. https://doi.org/10.1128/jb.183.10.318
4-3192.2001.

Ryu YG, Butler MJ, Chater KF, Lee KJ. Engineering of primary carbohydrate
metabolism for increased production of Actinorhodin in Streptomyces coeli-
color. Appl Environ Microbiol. 2006;72:11. https://doi.org/10.1128/aem.0130
8-06.

Vehapi M, inan B, Kayacan-Cakmakoglu S, Sagdic O, Ozcimen D. Production
of Bacillus subtilis soil isolate as biocontrol agent under bioreactor conditions.
Arch Microbiol. 2023;205:52. https://doi.org/10.1007/500203-022-03381-z.


https://doi.org/10.1155/2013/526260
https://doi.org/10.1155/2013/526260
https://doi.org/10.3390/microorganisms10091854
https://doi.org/10.1016/j.procbio.2008.05.014
https://doi.org/10.1016/j.procbio.2008.05.014
https://doi.org/10.1007/s12010-010-9053-6
https://doi.org/10.1016/j.biortech.2007.12.058
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1038/srep03081
https://doi.org/10.1016/j.mib.2005.02.016
https://doi.org/10.3934/agrfood.2019.3.807
https://doi.org/10.1016/j.bej.2022.108495
https://doi.org/10.1016/j.scp.2016.09.001
https://doi.org/10.1016/j.scp.2016.09.001
https://doi.org/10.2436/20.1501.01.209
https://doi.org/10.3389/fmicb.2019.01390
https://doi.org/10.3389/fmicb.2019.01390
https://doi.org/10.1007/s13205-018-1359-z
https://doi.org/10.1007/s13205-018-1359-z
https://doi.org/10.3390/molecules23010125
https://doi.org/10.3390/molecules23010125
https://doi.org/10.1155/2013/584207
https://doi.org/10.1155/2013/584207
https://doi.org/10.1590/S1517-83822008000100026
https://doi.org/10.1590/S1517-83822008000100026
https://doi.org/10.1016/j.bej.2010.01.011
https://doi.org/10.1016/j.bej.2010.01.011
https://doi.org/10.1038/s41598-019-49709-6
https://doi.org/10.1038/s41598-019-49709-6
https://doi.org/10.1186/s12866-023-03009-2
https://doi.org/10.1007/s10529-005-3727-0
https://doi.org/10.1111/j.1472-765X.2005.01727.x
https://doi.org/10.23851/mjs.v31i3.93
https://doi.org/10.23851/mjs.v31i3.93
https://doi.org/10.1016/j.biortech.2017.10.012
https://doi.org/10.1016/j.biortech.2017.10.012
https://doi.org/10.1007/BF00903781
https://doi.org/10.1046/j.1365-2958.2003.03529.x
https://doi.org/10.1046/j.1365-2958.2003.03529.x
https://doi.org/10.1099/00221287-128-10-2417
https://doi.org/10.1099/00221287-128-10-2417
https://doi.org/10.1007/s00253-020-11064-2
https://doi.org/10.1111/j.1365-2958.1993.tb01174.x
https://doi.org/10.1007/BF00175730
https://doi.org/10.1007/BF00175730
https://doi.org/10.1038/srep25191
https://doi.org/10.1038/srep25191
https://doi.org/10.1186/s12934-014-0181-5
https://doi.org/10.1111/mmi.13837
https://doi.org/10.1111/mmi.13837
https://doi.org/10.3389/fmicb.2021.645477
https://doi.org/10.3389/fmicb.2021.645477
https://doi.org/10.1038/s41598-020-65087-w
https://doi.org/10.1128/jb.174.5.1487-1494.1992
https://doi.org/10.1128/jb.174.5.1487-1494.1992
https://doi.org/10.1128/jb.183.10.3184-3192.2001
https://doi.org/10.1128/jb.183.10.3184-3192.2001
https://doi.org/10.1128/aem.01308-06
https://doi.org/10.1128/aem.01308-06
https://doi.org/10.1007/s00203-022-03381-z

Astudillo et al. Chemical and Biological Technologies in Agriculture (2026) 13:6 Page 16 of 16

71. Elsayed EA, Farid MA, El-Enshasy HA. Enhanced Natamycin production by . ;
Streptomyces natalensis in shake-flasks and stirred tank bioreactor under quIISher s note ) o o
batch and fed-batch conditions. BMC Biotechnol. 2019;19:46. https://doi.org/ Springer Nature remains neutral with regard to jurisdictional claims in
10.1186/512896-019-0546-2. published maps and institutional affiliations.


https://doi.org/10.1186/s12896-019-0546-2
https://doi.org/10.1186/s12896-019-0546-2

	﻿Enhanced bioconversion of potato byproducts into natural blue pigments by ﻿Streptomyces lydicus﻿ PM7: bioprocess optimization and biochemical insights
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Materials
	﻿Discarded potato: collection and processing
	﻿﻿Streptomyces﻿ strain and inoculum preparation
	﻿Experimental design for process optimization
	﻿Screening of significant variables using Plackett–Burman design (PBD)
	﻿Optimization using central composite design (CCD)
	﻿Kinetic fermentation assay

	﻿Analytical methods
	﻿Estimation of extracellular blue pigment production
	﻿Bacterial growth by colony-forming units (CFU)
	﻿Reducing sugar concentration
	﻿Enzymatic activities
	﻿pH monitoring
	﻿Statistical analysis

	﻿Results
	﻿Screening of main factors affecting the production of ﻿Streptomyces﻿ blue pigments
	﻿Effect of discarded potato concentration
	﻿Optimization of ﻿Streptomyces﻿ blue pigments production by Central Composite Design (CCD)
	﻿Kinetics of growth and metabolic activities under optimized conditions


	﻿Discussion
	﻿Conclusions
	﻿References


