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Abstract
This work aimed to investigate the production of prodigiosin by S. marcescens UCP 1549 in solid-state fermentation (SSF), 
as a sustainable alternative for reducing the production costs and environmental impact. Thus, different agro–industrial 
substrates were used in the formulation of the prodigiosin production medium, obtaining the maximum yield of pigment 
(119.8 g/kg dry substrate) in medium consisting of 5 g wheat bran, 5% waste soybean oil and saline solution. The pigment 
was confirmed as prodigiosin by the maximum absorbance peak at 535 nm,  Rf 0.9 in TLC, and the functional groups by 
infrared spectrum (FTIR). Prodigiosin demonstrated stability at different values of temperature, pH and NaCl concentrations 
and antimicrobial properties, as well as not show any toxicity. These results confirm the applicability of SSF as a sustainable 
and promising technology and wheat bran as potential agrosubstrate to produce prodigiosin, making the bioprocess economic 
and competitive for industrial purposes.
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Introduction

Worldwide demand for microbial pigments has increased in 
recent years due to the biotechnological potential of applying 
these biomolecules in several industries, in addition to its 
advantages, when compared to the synthetic origin (Nars-
ing et al. 2017; Ramesh et al. 2019; Venil et al. 2020a). In 
this context, prodigiosin is a natural red pigment, produced 
mainly by the Gram-negative bacteria Serratia marcescens, 
which has aroused great interest due to its wide potential, as 
an antimicrobial, antimalarial, immunosuppressive, and anti-
tumor agent (Li et al. 2018; Yip et al. 2019; Paul et al. 2020).

Despite of its promising properties, the large-scale pro-
duction of prodigiosin is still limited due to the high cost of 
production, associated with low yield, and use of expensive 
substrates. Cheap agro–industrial byproducts and wastes 
have been used as alternative substrates to guarantee a prof-
itable process of pigment production (Aruldass et al. 2014; 
Elkenawy et al. 2017; Venil et al. 2020b). In particular, in 
Brazil, S. marcescens UCP 1549, a bacterium isolated from 
the semiarid region of the state of Pernambuco, has shown 
excellent potential to produce prodigiosin, as demonstrated 
in the literature (Araújo et al. 2010; Lapenda et al. 2014; 
Montero-Rodríguez et al. 2016, 2018). However, the search 
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for new strategies is justified, in order to increase productiv-
ity and reduce costs.

In this sense, one strategy that have gained researchers’ 
attention to obtain cost-effective industrial bioprocess is 
solid-state fermentation (SSF). This is a promising technol-
ogy that has many advantages over traditional submerged 
fermentation (SmF), including increased production yield, 
easy aeration, reduced energy consumption, easy product 
extraction, less equipment space and decreased microbial 
contamination, more effectiveness, more recovery easy from 
an ecological point of view (Lizardi-Jiménez and Hernán-
dez-Martínez 2017; Costa et al. 2018; Sala et al. 2019).

SSF has been used in the production of pigments by dif-
ferent microorganisms on several substrates (Venil et al. 
2017; Kaur et al. 2019; Zahan et al. 2020). However, few 
studies have been carried out to produce prodigiosin through 
SSF (Xu et al. 2011; Arivizhivendhan et al. 2015; Luti et al. 
2018). Thus, the aim of this study was to evaluate the pro-
duction of prodigiosin by S. marcescens UCP 1549 by SSF 
using different agro–industrial substrates. In addition, the 
stability, toxicity, and antimicrobial activity of the pigment 
were investigated.

Materials and methods

Microorganism

S. marcescens UCP 1549, originally isolated from semi-
arid soil, was previously identified by morphological and 
molecular methodologies described by Araujo et al. (2017). 
The strain was kindly provided by the Culture Collection of 
the Catholic University of Pernambuco, Recife, Brazil, and 
it was registered in the World Federation for Culture Col-
lections (WFCC). The bacterium was maintained in Luria 
Bertani (LB) solid medium (tryptone 10 g/L, yeast extract 
5 g/L, NaCl 10 g/L and agar 15 g/L) at 5 °C.

Agro–industrial substrates

Six agro–industrial substrates were used in formulation of 
production media: wheat bran (WB), sugarcane bagasse 
(SCB), instant noodle waste (INW), tangerine peels (TP), 
pineapple peels (PAP) and pineapple crown (PAC). SCB 
was kindly donated by Usina Japungu, Santa Rita-PB, Brazil 
and INW was kindly provided by the instant noodle indus-
try. WB, tangerines, and pineapples were bought at a local 
market in city of Recife-PE, Brazil. WB and INW did not 
receive any kind of pre-treatment. SCB was initially main-
tained at − 4 °C until its use, then it was thawed at room 
temperature, oven-dried at 70 °C for 24 h and ground in a 
blender. Tangerines and pineapples were washed, and the 
wastes were separated from the edible pulps, oven dried 

at 70 °C for 72 h and ground in a blender. Then, all sub-
strates were sieved, and the fraction used was either that 
retained between 16 and 32 mesh sieves (opening of 1.0 
and 0.5 mm, respectively). In addition, it was used waste 
soybean oil (WSO), kindly supplied by a local restaurant in 
the city of Recife (Pernambuco, Brazil). Elemental analy-
sis (C, H, N and S) was carried out at Perkin-Elmer Series 
II2400 CHNS/O elemental analyzer to determine the carbon, 
nitrogen, hydrogen, and sulfur present in one gram of each 
substrates as was used to formulation of production media.

Preparation of inoculum

Stored culture of S. marcescens was first transferred to LB 
medium and incubated for 18 h at 28 °C. Then, two colonies 
were transferred to 50 mL of LB broth and incubated during 
18 h at 28 °C and 150 rpm in an orbital shaker. Once the 
optical density at 600 nm reached 0.8–1.0, this culture was 
used as inoculum.

Solid‑state fermentation

SSF was carried out in 250 mL Erlenmeyer flasks contain-
ing 5 g of each dry solid agrosubstrate separately. The flasks 
were autoclaved at 121 °C for 15 min and then, correspond-
ing amount of impregnating solution inoculated with seed 
culture at 5% was mixed into solid substrates. The amount of 
impregnating solution for each dry agrosubstrate was defined 
as described by Camilios-Neto et al. (2011). The impreg-
nating solution itself contained  KH2PO4 3 g/L,  K2HPO4 
7 g/L,  MgSO4.7H2O 0.2 g/L,  (NH4)2SO4 1 g/L and 5% WSO 
according to Montero-Rodríguez et al. (2018). The inocu-
lated flasks were incubated at 28 °C for 120 h, under static 
conditions.

Extraction and quantification of biomass produced 
by SSF

After the fermentation period, 50 mL of distilled water was 
added to each Erlenmeyer flask and contents were agitated 
for 1 h at 200 rpm and 30 °C on an orbital shaker. Then, 
the suspensions were filtered using cheesecloths and the 
liquid excess was squeezed out manually (Nalini and Par-
thasarathi 2014). This procedure was carried out three times 
and the extracts were collected and centrifuged for 20 min 
at 10,000 g. The pellets obtained were separated from the 
supernatants and washed three times with distilled water by 
centrifugation for 20 min at 10,000 g. Followed, the bio-
masses were frozen, subjected to lyophilisation and quanti-
fied by gravimetry (Montero-Rodríguez et al. 2018).
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Extraction and quantification of pigment

The pigments produced were extracted from the lyophilized 
biomasses using the method used by Araújo et al. (2010) 
with modifications. Briefly, 1 g of biomass was subjected to 
solvents system chloroform: methanol of increasing polarity 
(2:1, 1:1 and 1:2, v/v) and pigment was evaporated to dry-
ness and quantified by dry weight. Every step of extraction 
and the storage of pigment were carried out in the dark.

Characterization and identification of pigment

Preliminary identification of the crude pigment was per-
formed after solubilization of the pigment in 95% etha-
nol and analysis by UV–Vis spectrophotometry, and the 
absorbance was determined in the range 400–700 nm. Pro-
digiosin production was confirmed by the presence of a 
maximum absorbance peak at 535 nm (Araújo et al. 2010). 
Subsequently, the red pigment was solubilized in 3 mL of 
methanol and subjected to purification by column exclusion 
chromatography (column 22 × 1 cm) filled with Sephadex 
LH-20 (activated at 800 °C for 1 h), as absorbent. The elu-
tion process was carried out by the solvent system chloro-
form: methanol (1:1, v/v) and then modified to chloroform: 
methanol: acetone (4:2:3, v/v), to the maximum removal of 
impurities (Lapenda et al. 2014). The red fraction was col-
lected and subjected to thin layer chromatography (TLC). 
For this, the sample as applied to an aluminum foil sheet 
covered with silica gel and placed in glass cube containing 
the mixture chloroform–methanol (9:1, v/v) as mobile phase 
(Araújo et al. 2010; Priya et al. 2013). The retention factor 
(Rf) was calculated according to the formula Rf: distance 
traveled by the compound/ distance traveled by the solvent 
front and then, it was compared to the standard prodigiosin 
Rf referred in the literature (Krishna et al. 2011; Lapenda 
et al. 2015). The purified red pigment was submitted to Fou-
rier transform infrared (FT-IR) spectroscopic analysis on the 
Shimadzu equipment, IR-TRACER 100, using an attenu-
ated total reflection (ATR) accessory consisting of a mixed 
“diamond/ZnSe” crystal. The peaks obtained were compared 
with the literature to confirm the presence of prodigiosin.

Prodigiosin stability

The stability of the prodigiosin produced by S. marcescens 
was investigated following the methodology proposed by 
Perumal et al. (2009) and Velmurugan et al. (2011), with 
modifications. Briefly, glass test tubes containing 10 mL 
of the purified prodigiosin were incubated independently 
at different temperatures (0, 10, 50, 70 and 100 °C) for 
10 min. After cooling to room temperature, absorbance 
was measured using a UV–visible spectrophotometer 
and percent stability was calculated. Another set of tubes 

containing 10 mL of the ethanolic extract was adjusted 
to pH 2, 4, 6, 8, 10, 12 and 14, homogenized for 10 min 
and the absorbance measured. In addition, test tubes con-
taining 10 mL of extract were amended with 0.1%, 0.2%, 
0.5%, 1% and 5% (v/v) salt solution (NaCl) and kept at rest 
for 1 h to determine stability. Stability (%E) was calculated 
according to equation below:

where  A0 is pigment absorbance before treatment and  A1 is 
absorbance after treatment. Absorbance of the pigment was 
measured spectrophotometrically at 535 nm.

Toxicity of prodigiosin

The phytotoxicity of purified prodigiosin produced by S. 
marcescens were investigated for seeds of cabbage (Bras-
sica oleracea), lettuce (Lactuca sativa), onion (Allium cepa) 
and cucumber (Cucumis sativus). The test is based on the 
determination of three variables: the percentage of seed 
germination (SG%), the percentage of root growth (RG%) 
and the percentage of the germination index (GI%), accord-
ing to Tiquia et al. (1996). Initially the seeds were washed 
with sterile distilled water and disinfected in a 1% sodium 
hypochlorite solution and washed again to remove excess 
hypochlorite. Then, ten seeds from each plant were trans-
ferred separately to sterile Petri dishes containing Whatman 
no. 1 filter paper moistened with prodigiosin solutions of 
concentrations of 0.1, 0.5 and 1%, and incubated at 28 °C 
for 120 h. the experiment was carried out in triplicate and 
after the incubation period, SG %, RG % and GI % were 
determined. In addition, toxicity test using Artemia salina 
microcrustacean was carried out in three stages: incubation, 
exposure to the substance and counting the number of live 
and dead nauplii after exposure to the compound in 48 h 
(ABNT 2016). Initially, A. salina eggs were transferred to 
a container with 100 mL of marine solution and incubated 
at 30 °C for 48 h. After this period when the larvae of A. 
salina hatched, 20 nauplii were transferred to 20 mL volume 
flasks, containing a solution of prodigiosin in concentrations 
of 0.01, 0.1, 1, 10 and 100 mg/l, and incubated at 25 °C for 
48 h. The bioassay was based only on the percentage of 
dead organisms in relation to the total number (20 larvae) 
in 5 ml of an aqueous solution containing synthetic marine 
salt (33.3 g/l) and 5 ml of the different concentrations of 
prodigiosin samples. After 48 h of incubation, the surviving 
organisms were quantified and the 50% lethal concentration 
 (LC50) of the samples was determined (Mc Laughlin et al. 
1995; Jan and Khan 2016). The analyses were performed in 
duplicates.

%E =
A1 × 100

A0

,
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Antimicrobial activity

Antimicrobial activity of purified prodigiosin was deter-
mined to quantify the growth inhibition of bacterial strains: 
Klebsiella pneumoniae (UCP 1574), Staphylococcus aureus 
(UCP 1576), Enterococcus faecalis (UCP 1577) and Escher-
ichia coli (UCP 1578), according to the M07-A6 standard 
from CLSI. The tests were carried out according to the 
microdilution method in 96-well plates (Elshikh et al. 2016). 
The strains were seeded in microdilution in the 96-well 
plates, where 100 µl of the prodigiosin solution with a final 
concentration of 0.0115 g/mL was added to the first column 
and successive dilutions were made with Muller Hinton 
broth (MHB) and in the other columns 50 µl of the MHB 
medium was added, in sequence the inoculum of the bac-
teria K. pneumoniae, S. aureus, E. faecalis and E. coli was 
added. Previously, the strains were kept at 37 °C overnight, 
and then adjusted with sterile distilled water to an optical 
density of 625 nm with absorbance between 0.08 and 0.1 
(0.5 McFarland;  107–108 CFU/mL). Then the 96-well plate 
was incubated at 37 °C for 24 h. After this period, resazurin 
(indicator of cell viability) was added at a concentration of 
0.0005 g/L in 3.5 mL of sterile distilled water. After the 
period of 2–4 h the wells were observed in blue, indicating 
the minimum inhibitory concentration (MIC) of prodigiosin.

Results and discussion

Production of pigment by Serratia marcescens 
in solid‑state fermentation

Various differential and selective media have been used for 
growth of prodigiosin-producing microorganism (Borić et al. 
2011; Lapenda et al. 2015; Rakh et al. 2017). However, due 
to the high cost of synthetic components, there is a need to 
design new and inexpensive medium to enhance the biosyn-
thesis of this pigment. In this sense, the use of agrosubstrates 
would provide a profitable alternative to reducing produc-
tion costs of prodigiosin. Several agricultural products and 
byproducts such as corn steep liquor, cassava wastewater, 
brown sugar and peanut oil cake have been successfully uti-
lized for its production (Araújo et al. 2010; Aruldass et al. 
2014; Bhagwat and Padalia 2020). In addition, SSF is an 
alternative technology to the production of prodigiosin by 
SmF, which has some economic and operational disadvan-
tages, but there are still little researches involving the pro-
duction of this pigment by SSF (Xu et al. 2011; Arivizhiv-
endhan et al. 2015; Xia et al. 2016; Majumdar et al. 2020).

In this context, in the present study different agrosub-
strates were investigated for the production of biomass and 
prodigiosin by SSF. As shown in Table 1, the growth of the 
bacteria in all evaluated substrates was verified. However, 

the highest biomass production was found in WB (219.62 g/
kg dry substrate) and INW (308.80 g/kg dry substrate). 
According to the elemental composition of the substrates 
(Table S1), the C/N ratio in WB is 15.6 while in INW is 
25.1, which justifies the higher biomass yield, when com-
pared with the other substrates.

On the other hand, according to the results presented 
in Table 1, pigment production was verified in all tested 
substrates, except for SCB. However, the presence of red 
pigment was found only in WB medium (Figure S1). The 
yellowish and greenish tones in the pigments extracted from 
the biomass grown in INW and TP media, and PAP and 
PAC media, respectively, suggested the possible impreg-
nation of the components of the substrates to the bacterial 
biomass, which ended up being extracted in the extraction 
process. In addition, the isolated pigments were subjected 
to UV–Vis spectrophotometry, and the pigment produced 
in WB medium was the only one that showed the maximum 
absorbance peak at 535 nm, suggesting the presence of pro-
digiosin (Figure S2).

The yield of red pigment obtained in medium contain-
ing WB (119.80 g/kg dry substrate) was higher than those 
previously reported using SSF (Table 2), indicating the suit-
ability of this agrosubstrate for prodigiosin production. Also, 
Table 3 exhibits a comparison of our results in SSF with 
those previously obtained in the literature by S. marcescens 
strains using SmF, demonstrating the effectiveness of solid-
state culture for obtaining prodigiosin.

Identification of red pigment produced by S. 
marcescens UCP 1549 in SSF

UV–Vis spectrophotometric analysis of the red pigment 
produced by S. marcescens UCP 1549 in WB showed the 
maximum absorbance peak at 535 nm (Fig. 1), indicating 
the presence of prodigiosin (Patil et al. 2011; Suryawanshi 
et al. 2014). In addition, the  Rf = 0.9 determined by TLC 
confirmed the correspondence of the red pigment with pro-
digiosin, in agreement with previous report of Araújo et al. 

Table 1  Yield of biomass and pigment produced by Serratia marces-
cens UCP 1549 by solid-state fermentation in media containing agro-
industrial substrates

Substrates Biomass
(g/kg dry substrate)

Pigment
(g/kg dry 
substrate)

Wheat bran 219.62 119.80
Sugarcane bagasse 18.91 1.80
Instant noodle waste 308.80 66.20
Tangerine peels 29.80 22.10
Pineapple peels 24.80 18.57
Pineapple crown 39.80 31.47
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(2010), Priya et al. (2013) and Phatake and Dharmadhikari 
(2016).

On the other hand, Fig. 2 shows the absorption spec-
trum of the partially purified red pigment after being ana-
lyzed by ATR–FTIR spectroscopy, which showed very 
strong absorption bands at 2922.70  cm−1 (aromatic C–H) 
and 1014.71   cm−1. In the fingerprint region of the pig-
ment, it was characterized by bands of medium intensity: 

1707.36  cm−1 (C = O). The wide NH absorption band was 
evident at 3288.96  cm−1. The spectrum obtained is similar 
to that of prodigiosin, as shown in the literature (Patil et al. 
2011; Aruldass et al. 2014).

Table 2  Comparison of prodigiosin production by Serratia marcescens in solid-state fermentation

WB wheat bran, WSO waste soybean oil, SCB sugarcane bagasse

Microorganism Substrates Fermenta-
tion time 
(h)

Yield of pro-
digiosin (g/kg dry 
solid)

References

S. marcescens Waste kitchen and rice husk 60 4.16 Xu et al. 2011
S. marcescens Tannery fleshing 96 70.40 Arivizhivenha et al. 2015
S. marcescens Xd-1 Glycerol and soy peptone (bagasse as inertial 

matrix)
48 40.68 Xia et al. 2016

S. marcescens WB 48 47.5 Luti et al. 2018
S. marcescens UCP 1549 SCB (impregnating salts solution containing 3% 

WSO)
288 11.53 Montero-Rodríguez et al. 2018

S. marcescens UCP 1549 WB and SCB (impregnating salts solution con-
taining 3% WSO)

288 15.35 Montero-Rodríguez et al. 2018

S. marcescens NITDPER1 Paper mill sludge 24 30.05 Majumdar et al. 2020
S. marcescens UCP 1549 WB (impregnating salts solution containing 5% 

WSO)
120 119.80 Present study

Table 3  Comparison of biomass and prodigiosin production by Serratia marcescens strains regarding substrates, cultivation conditions, yield of 
biomass and crude prodigiosin

SmF submerged fermentation, SSF solid-state fermentation.
*In order to allow a direct comparison with results in the literature obtained in SmF, we express the product concentration per litre of impregnat-
ing solution added to WB as g/L (Camilios-Neto et al. 2011).

Strains Substrates Cultivation conditions Biomass (g/L) Crude 
prodigi-
osin
(g/L)

References

S. marcescens CF-53 Peanut oil cake SmF; Erlenmeyer flasks; 30 °C, 
200 rpm, 48 h

35.2 18.2 Naik et al. 2012

SmF; 2 L bioreactor; 30 °C, 
200 rpm, 42 h

62.80 39.80

S. marcescens UTM1 Brown sugar SmF; 5-l bioreactor; 25 °C; 
200 rpm; 24 h

− 8.11 Aruldass et al. 2014

S. marcescens BS 303 
(ATCC 13,880)

Glycerol, and casein peptone SmF; 1.5 L bioreactor 24 °C, 
400 rpm, 100 h

1.2 0.872 Chávez‐Castilla and 
Aguilar 2016

S. marcescens FZSF02 Peanut powder, beef extract and 
olive oil

SmF; Erlenmeyer flasks, 26 °C, 
180 rpm, 72 h

– 15.42 Lin et al. 2019

S. marcescens TNU0 Demineralized crab shell powder SmF; 100-ml flask, 36 h – 4.514 Nguyen et al. 2020
SmF; 15 L bioreactor; 27°C, 8 h – 5.100

S. marcescens BWL1001 Soybean oil and peptone SmF; 100-mL Erlenmeyer flask; 
28 °C, 200 rpm, 36 h

– 27.65 Liu et al. 2021

S. marcescens
UCP 1549

Wheat bran and waste soybean 
oil

SSF, 250-ml Erlenmeyers flasks, 
28 °C, 120 h

109.81* 59.90* Present study
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Relative stability of prodigiosin

The potential application of natural pigments in various 
industrial fields depends on the stability against variables 
or extreme conditions of temperature, pH, and salinity (Vel-
murugan et al. 2011). In this sense, Fig. 3 illustrates the 
effects of temperature, pH and NaCl concentration on the 
absorbance spectrum of prodigiosin produced by S. marc-
escens UCP 1549.

As evidenced, prodigiosin showed stability when it was 
subjected to different values of temperature and salinity. 
However, in the case of pH, it showed less stability in alka-
line conditions (pH 10–14), where there was a color change 
from pink to yellow, and consequently, a decrease in absorb-
ance at 535 nm. Yuan et al. (2005) obtained similar results 
when they verified the stability of prodigiosin produced by 
Pseudomonas sp. at pH 2 and 5, while the pigment showed 

instability in alkaline conditions. The color change can 
be attributed to protonation/dissociation below/above the 
molecular dissociation constant of the pigment molecules. 
The presence/absence of color for a specific pigment is a 
function of pH due to ionization of aromatic—OH groups 
and tautomerism of –O (–) with = O. Changes in the relative 
proportions of dissociated/undissociated molecules (with 
respective colors) would produce the resulting coloration 
(Velmurugan et al. 2011).

The stability of pigments of natural origin such as the 
prodigiosin produced by S. marcescens UCP 1549, confirms 
their potential for application as an alternative to synthetic 
dyes, in several industrial processes, where they are gener-
ally subjected to adverse conditions, such as high tempera-
ture and acidic pH.

Fig. 1  UV–Vis spectrum of red pigment produced by S. marcescens 
UCP 1549 in medium containing WB

4000 3500 3000 2500 2000 1500 1000 500
70

75

80

85

90

95

100

73.0511

99. 5541

62. 617

17. 4101

01. 3561
63. 7071

28
54

.8
7

29
22

.7
0

)
%(

ecnatti
msnarT

Wavenumber (cm-1)

32
88

.9
8

Fig. 2  Infrared spectrum of the purified red pigment produced by S. 
marcescens UCP 1549 in medium-containing WB

Fig. 3  Relative stability of prodigiosin produced by S. marcescens 
UCP 1549 at different values of temperature a, pH b and salinity c 
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Toxicity of prodigiosin

Use of plants in toxicity tests offers several advantages, 
among them low maintenance cost and rapid results, with 
a special benefit assessment of the potential eco-toxic com-
pounds in terrestrial environments (Farré and Barceló 2003; 
Priac et al. 2017). In this study, the germination index (GI), 
which combines measures of relative seed germination and 
relative root elongation (Santos et al. 2018; Pele et al. 2019), 
was used to evaluate the phytotoxic effect of prodigiosin 
produced by S. marcescens UCP 1549 on seeds of cabbage 
(Brassica oleracea), lettuce (Lactuca sativa), onion (Allium 
cepa) and cucumber (Cucumis sativus) (Table 4).

Considering that a GI value of 80% is commonly used as 
an indicator of the absence of phytotoxicity (Boutin, White 
and Carpenter 2010), the results obtained in the present 
study indicate that the tested concentrations of prodigi-
osin did not have an inhibitory effect on the elongation of 
the roots or in the germination of seeds in most of the ana-
lyzed vegetables. Only the 1% concentration of prodigiosin 
showed a decrease in the lettuce germination rate (67.9%). 
Interestingly, in the remaining plant species tested, there was 
the growth of abundant secondary roots, especially cabbage, 
with values of GI values above 200%. To our knowledge, 
this is the first study containing phytotoxic effect of prodigi-
osin produced by S. marcescens, indicating that is a nontoxic 
compound.

In addition, Fig. 4 displays the results of the toxicity test 
involving A. salina microcrustacean. All tested prodigiosin 
concentrations demonstrated extremely low toxicity to A. 
salina after 24 h of exposure.  LC50 values were not cal-
culated due to the low percentage of mortality (less than 
50%). For example, 82.3% of the microcrustaceans remained 
alive at a concentration of 100 mg/l, whereas, at lower con-
centrations (0.1–10 mg/L) more than 90% remained alive, 
demonstrated the low degree of toxicity of the prodigiosin. 
The control (containing only seawater and A. salina) indi-
cated that the larvae were not affected, thereby validating 
the conditions of the experiment. According to Cavalcante 
et al. (2000), lethality assays allow the assessment of general 

toxicity and should therefore be considered essential to pre-
liminary tests involving the study of compounds with poten-
tial biological activity.

Antimicrobial activity of prodigiosin

Several studies report prodigiosin as a potent antimicrobial 
agent, with antagonistic effects against Pseudomonas aer-
uginosa, Staphylococcus aureus, Enterococcus faecalis, 
Gallionella sp., Bacillus subtilis and B. pumilus (Gulani 
et al. 2012; Stankovic et al. 2014; Herráez et al. 2019). 
Various mechanisms can explain the way through which 
prodigiosin affects the growth of bacterial cells. Kamble 
and Hiwarale (2012) proposed three: cleavage of bacterial 
DNA, cell cycle inhibition and modulation of pH.

In present study, the antimicrobial activity of prodigi-
osin produced by S. marcescens UCP 1549 was evaluated 
in different bacterial strains and Table 5 shows the MIC 
values obtained for each one. As observed, prodigiosin 
displayed effective antimicrobial action against the four 
tested pathogens; however, Gram-positive bacteria (S. 
aureus and E. faecalis) were more susceptible to pigment 
that Gram negative strains (K. pneumoniae and E. coli). 
Previously, Balasubramaniam et al. (2019) also reported 
prodigiosin with a higher activity against Gram-positive 
bacteria as compared with that of Gram-negative bacteria. 

Table 4  Phytotoxicity of prodigiosin produced by S. marcescens UCP 
1549 in medium containing WB for seeds of cabbage (Brassica oler-
acea), lettuce (Lactuca sativa), onion (Allium cepa) and cucumber 
(Cucumis sativus)

Germination index (%) Prodigiosin concentration (%)

0.1 0.5 1

B. oleracea 250.0 250.0 217.5
L. sativa 108.0 80.8 67.9
A. cepa 80.0 160.0 139.9
C. sativus 120.5 97.3 97.3

Fig. 4  Mortality index of Artemia salina after 24 h of incubation in 
saline water samples containing prodigiosin produced by S. marces-
cens UCP 1549

Table 5  Minimum inhibitory concentrations (MIC) of prodigiosin 
produced by S. marcescens UCP 1549 against different bacterial 
strains

Microorganisms MIC (μg/ml)

Klebsiella pneumoniae (UCP 1574) 245.760
Staphylococcus aureus (UCP 1576) 15.360
Enterococcus faecalis (UCP 1577) 30.720
Escherichia coli (UCP 1578) 983.040
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In addition, the MIC values found in this study were lower 
than those reported in previous study (Ji and Kim 2019), 
indicating the excellent potential of prodigiosin produced 
by S. marcescens UCP 1549 for drug development.

Conclusions

S. marcescens UCP 1549 can efficiently convert low-cost 
agrosubstrates, with emphasis on WB, which has low C/N 
ratio, into prodigiosin in SSF. The obtained pigment proved 
to be non-toxic, stable at high temperature and NaCl con-
centration, as well as at low pH. In addition, the prodigiosin 
exhibited inhibitory activity against four different bacte-
rial strains. The results in this paper demonstrated that the 
formulation of alternative culture medium containing new 
and different agrosubstrates is an efficient eco-friendly strat-
egy to produce prodigiosin with high value and industrial 
applicability.
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