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ABSTRACT 

Microbial pigments are emerging as sustainable alternatives to synthetic dyes due to their 

environmental compatibility and potential for circular bio-economy applications. This study 

focused on the identification of potent pigment-producing bacterial isolates, the use of agro-

waste substrates as low-cost substrates, and the optimization of culture parameters to enhance 

pigment yield. The study systematically explored pigment-producing bacterial isolates from 

environmental samples, employing morphological, biochemical, and MALDI-TOF analyses 

for identification. Eco-physiological tolerance was assessed using the one-variable-at-a-time 

approach, while culture optimization was conducted through Plackett–Burman Design 

followed by response surface methodology. Agro-waste extracts as low-cost substrates were 

evaluated via optical density measurements, and pigments were extracted using organic 

solvents. Pigments were characterized using UV-Vis spectroscopy, LC-MS, and ATR-FTIR. 

The pigments' stability under varying stressor conditions was assessed by monitoring 

absorbance at their characteristic wavelengths. Fabrics dyeing were conducted using 

immersion technique. Dye exhaustion and fixation to fabrics were evaluated via absorbance 

method after washing and exposure to sunlight. From purified colonies on streak plates, six 

isolates; namely: Acinetobacter sp., Exiguobacterium aurantiacum, two Kocuria spp. (from 

different samples), Micrococcus luteus, and one unidentified strain, exhibited chromogenic 

potential. Among the chromogenic isolates screened, Micrococcus luteus exhibited the highest 

pigment yield (1.47 g/L) under orange-waste extract cultivation, likely due to the isolate's 

inherent carotenoid biosynthetic capacity, stress tolerance, and efficient substrate utilization. 

Optimization of pigment production by Exiguobacterium aurantiacum using tomato-waste 

extract revealed that agitation rate, pH, and yeast extract concentrations were the most 

significant factors influencing culture growth (p<0.001), leading to 1.6-fold yield increment 

compared to un-optimized conditions. The characteristic UV-Visible absorbance peaks (400-

550 nm) indicated the pigments are likely carotenoid compounds with functional group 

signatures (O–H, C–H, C=C, C=O) from infrared spectra analyses. The LC-MS analyses 

further resolved pigment mixtures, provided molecular weights and fragmentation patterns, 

indicating pigment heterogeneity. Stability assays of Micrococcus luteus pigment indicated 

susceptibility to oxidative and thermal stress, while dyeing trials demonstrated vibrant and 

uniform coloration with moderate fixation on fabrics. While microbial pigment production has 

been widely reported, existing studies predominantly rely on synthetic media. The present 

study is fundamentally novel, integrating systematic screening, agro-waste valorization, and 

multivariate statistical optimization, marking the first such effort in Ethiopia. The findings 

highlight Micrococcus luteus as a robust candidate for scalable, eco-friendly pigment 

production under low-cost sustainable culture conditions. The findings highlight the feasibility 

of low-cost, eco-friendly microbial pigments for industrial applications as promising 

alternatives to synthetic dyes.  

 Keywords: Agro-waste extracts, Carotenoid, Eco-friendly dyeing, Exiguobacterium 

aurantiacum, Micrococcus luteus, Pigment production,  
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CHAPTER ONE 

INTRODUCTION 

Synthetic dyes derived from petroleum continue to dominate industrial applications 

particularly in the textile sector due to their color fastness, ease of application, and economic 

viability. However, their extensive use has become major contributor to global environmental 

pollution with dyeing processes consuming large volumes of water and generating toxic 

effluents rich in residual dyes and salts. The persistence of synthetic dyes, especially azo and 

nitro compounds in aquatic ecosystems pose serious ecological and health risks including 

carcinogenicity, oxygen depletion, and biodiversity loss. Emerging textile hubs such as 

Ethiopia reflect the growing reliance on synthetic dyes, further intensifying concerns over 

sustainability. 

Driven by growing regulatory pressures and rising consumer demand for eco-friendly 

products, interest in natural pigments particularly those derived from microorganisms has 

intensified. Unlike synthetic dyes, microbial pigments provide clear environmental, health, 

and economic advantages, positioning them as viable candidates for industrial adoption within 

a circular bio-economy framework. 

Microbial pigments combine biodegradability, non-toxicity, and functional bioactivities such 

as antioxidant and antimicrobial properties, making them attractive alternatives to synthetic 

dyes. Advances in biotechnology, including strain improvement, fermentation optimization, 

and the use of agro-waste substrates have enhanced pigment yield and reduced production 

costs, aligning pigment production with circular economy principles. Despite challenges 

related to stability, scalability, and regulatory compliance, microbial pigments are gaining 

attraction in textiles, cosmetics, and food industries, supported by innovations in nanoparticle 

technology, waterless dyeing, and statistical optimization methods. 

Against this background the present study explored eco-friendly pigment production from 

chromogenic bacteria cultivated on agro-waste substrates with focus on their dyeing potential 
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for cotton and polyester fabrics. By evaluating culture growth, pigment stability, and dyeing 

performance under optimized conditions, this research aimed to address key challenges and 

contribute to the development of sustainable, scalable, and environmentally responsible dyeing 

practices. 

1.1 Background of the study 

Petroleum based synthetic dyes dominate industrial applications with the textile sector being a 

major contributor to global environmental pollution mainly due to their color fastness, ease of 

application, and economic viability (Akter et al., 2023; Slama et al., 2021). Moreover, dyeing 

processes consume huge amounts of water, 30-50 liters per kg of fabric (Khattab et al., 2020; 

Pei et al., 2024), generating toxic wastewater loaded with residual dyes and salts, contributing 

for significant water pollution. The textile industry still accounts for 20% of global 

wastewater, 40% of which are carcinogenic (Khattab et al., 2020).  

Globally, synthetic dyes production exceed 800,000 tons annually with over 10,000 variants in 

use (Islam et al., 2022). Due to their stable structures and resistance to natural degradation, 

dyes can persist in the environment for many years (Mehta et al., 2021). Recent study shows 

that synthetic dyes especially azo and nitro compounds remain the dominant pollutants in 

textile effluents, with over 280,000 tons released annually into water bodies (Kusumlata et al., 

2024).Textile wastewater, especially in low and middle-income countries is frequently 

released untreated, compounding ecological degradation.  

The widespread use of synthetic dyes poses a serious threat to ecosystem productivity and 

environmental sustainability. When discharged into aquatic environments these dyes intensify 

pollution and create unpleasant odors that degrade water quality. Their dense coloration 

reduces sunlight penetration which in turn limits photosynthesis in aquatic plants and algae. 

This disruption impairs oxygen exchange within water bodies, leading to depleted oxygen 

levels that endanger fish and other aquatic organisms. Increased turbidity further destabilizes 

ecological balance, while persistent dye compounds contribute to long-term oxygen depletion. 

Beyond ecological impacts many synthetic dyes carry potential carcinogenic risks, raising 

concerns for both environmental health and human safety (Islam et al., 2022).  
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Countries like China, India, Bangladesh, and Vietnam dominate global textile production, 

while Ethiopia and Egypt are emerging hubs due to cost advantages and government 

incentives (Sanghvi & Sekhar, 2025). Ethiopia in particular has prioritized textile 

manufacturing as a key industrial strategy, attracting foreign investment and fostering sectoral 

growth. Ethiopia‘s textile sector has grown significantly with over a hundred firms engaged in 

manufacturing as of the 2012/13 survey by the Central Statistical Agency (CSA). In 2015, 

Ethiopian textile processing units consumed approximately 1,425 tons of various dyes and 

chemicals, reflecting the industry's reliance on synthetic dyes and excessive water usage. 

Ethiopia‘s textile and garment industries rely heavily on synthetic dyes and chemicals 

particularly azo, reactive, and disperse dyes with dyeing processes consuming large amounts 

of salts, alkalis, and fixing agents that contribute to untreated wastewater discharges near 

industrial parks, worsening ecological and public health concerns. Despite global shifts toward 

bio-based pigments, the sector remains dominated by synthetics though increasing pressure 

from the government side and international buyers underscores the urgent need for sustainable 

alternatives (Fobiri GK, 2022; Slama et al., 2021). 

Concerns over the environmental and health hazards of synthetic dyes, particularly in textiles, 

food, and cosmetics have driven interest in sustainable alternatives. Regulatory bodies like the 

European Union regulation for the Registration, Evaluation, Authorization and Restriction of 

Chemicals (REACH) are enforcing stricter chemical controls alongside increasing consumer 

demand for eco-friendly products (Negi, 2025). Hence, the transition toward greener practices 

using natural pigments sourced from microorganisms has gained momentum to curb the 

problems.  

Waterless dyeing technologies such as supercritical CO₂ and air dyeing significantly reduce 

water consumption, while low-liquor ratio methods lower salt requirements and thereby 

minimize wastewater generation and environmental impact (Mahmud and Kaiser, 2020). 

Moreover, advancements in nanoparticle technology have enhanced pigment binding with 

improved color vibrancy and stability, expanding the potential of microbial pigments as the 

most promising alternative to synthetic dyes for scalable and eco-friendly textile dyeing 

applications (Abdelgawad et al., 2025).  
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Advances in fermentation technology and genetic engineering are improving pigment yield 

and scalability (Devi, et al., 2020). Microorganisms can be rapidly and efficiently cultured on 

minimal space through fermentation on low-cost agro-waste substrates, offering dual benefits 

of pigment synthesis and waste reduction (Kamble et al., 2022; Geyik et al., 2024; Devi, et al., 

2020), making microbial pigments viable alternatives to synthetic dyes.  

Transitioning from shake-flask cultivation to controlled pilot-scale bioreactors is essential to 

ensure reproducibility and scalability of microbial pigment production. Continuous 

fermentation systems further enhance productivity by maintaining steady-state cultures and 

reducing downtime (Basto et al., 2025). Achieving industrial scalability, however, requires a 

reliable and consistent supply of agro-waste substrates, which can be secured through strategic 

partnerships with agro-industries such as tomato processors and breweries. Integrating these 

waste streams not only stabilizes substrate availability but also strengthens the economic 

feasibility of large-scale operations. Moreover, valorizing agro-waste directly supports circular 

economy policies, thereby increasing the attractiveness of microbial pigment technologies to 

both governments and investors (Możejko-Ciesielska, 2025). 

Key innovations in microbial pigment production center on optimizing fermentation 

processes, harnessing agro-industrial waste as cost-effective substrates, enhancing pigment 

yields, and advancing bioreactor technologies to achieve economic scalability. Pigments 

derived from agro-waste substrates demonstrate strong potential for both economic feasibility 

and industrial adoption. However, realizing this potential requires systematic bioprocess 

optimization, consistent yield performance, and the establishment of resilient supply chains 

that integrate waste valorization with downstream textile and related applications (Możejko-

Ciesielska, 2025). 

Enhanced filtration and chromatographic techniques have refined pigment purity. Regulatory 

approved pigments like carotenoids are now incorporated into textiles, cosmetics, and food 

products (Harshini et al., 2025). However, challenges including stability issues, production 

costs, and scalability hurdles needs to be addressed for broader adoption. Environmental 

sensitivity (e.g., pH, temperature, light exposure, etc.,) also affects pigment shelf life. 
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Regulatory approvals also require extensive safety testing and compliance (Agarwal et al., 

2023). 

Recent progresses indicate bacterial pigments could revolutionize sustainable textile dyeing, 

offering both functional and ecological benefits. Advances in strain selection, fermentation 

optimization, metabolic engineering, and eco-friendly processing are enhancing the feasibility 

of bacterial pigments. Research is progressing toward improving color fastness, addressing 

wash resistance, and integrating bacterial dyeing methods into textile designs. Despite 

promising advances, pigment stability and production efficiency remain big challenges, 

limiting scalability (Sen et al., 2019). Maximizing microbial pigment yield and minimizing 

production costs are critical for economic viability.  

The use of low-cost agro-wastes as substrates for microbial culture growth extends agro-waste 

valorization beyond simple substitution, transforming low-value residues into functional 

inputs that drive biological innovation, sustainability, and circular bio-economy outcomes 

(Huang et al., 2024). Continued screening of novel microbial isolates holds promise for 

identifying pigments with greater stability, expanded color ranges, and improved compatibility 

with diverse textile substrates. In parallel, systematic optimization of dyeing parameters 

including temperature, pH, and chemical interactions remain essential to enhance color 

fastness and durability, thereby strengthening the industrial applicability of microbial 

pigments (Coccato et al., 2017; Gong et al., 2017; Molina et al., 2023). 

The one-variable-at-a-time (OVAT) optimization method has traditionally been employed in 

microbial process development; however, it is constrained by the need for numerous 

experimental trials, high labor intensity, and its inability to account for interactions among 

variables. In contrast, statistical experimental design approaches such as Plackett-Burman 

Design (PBD) and Response Surface Methodology (RSM) provide more efficient pathways to 

optimization. These methods enable systematic identification of critical factors influencing 

pigment yield, capture variable interactions, and reduce the number of required experiments. 

By enhancing process efficiency and maximizing pigment output, they contribute directly to 

lowering production costs per unit and improving the economic feasibility of microbial 

pigment production (Basto et al., 2025) 
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Plackett-Burman design which enables rapid screening of influential process variables and 

minimize unnecessary trials has been widely applied in enzyme production, bio-surfactant 

optimization, and liposome formulation (Chaudhari & Shirkhedkar, 2020). Furthermore, RSM 

reduces complexity by evaluating multiple factors and their interactions simultaneously, 

optimizing fermentation parameters, pH stability, and biomass production in bacterial 

pigments (Oliveira et al., 2019). Various factors including agitation, nutrient sources, substrate 

type, inoculum age, temperature, and pH affect microbial pigment yield and hence, optimizing 

these parameters enhances productivity, improving pigment stability and fastness for textile 

dyeing applications. 

The rapid expansion of textile and garment industries in Ethiopia has intensified concerns over 

environmental pollution particularly due to the widespread use of synthetic dyes and 

chemicals. Most industries lack efficient wastewater treatment facilities, resulting in untreated 

effluent discharges that pose serious ecological and public health risks. Despite global 

advances in eco-friendly alternatives, no remedial trials have been undertaken locally to 

replace synthetic dyes with eco-friendly pigments. Furthermore, there has been no isolation, 

screening, or evaluation of pigment-producing microbial isolates for textile applications, and 

no successful case studies have been reported. This highlights a clear research gap in Ethiopia 

regarding sustainable pigment production and its potential role in reducing the environmental 

footprint of the textile sector. 

This study investigated the dyeing potential of bacterial pigments on cotton and polyester 

fabrics with isolates recovered from diverse environmental samples across ecological zones of 

Ethiopia. Potent strains were screened for eco-physiological tolerance and cultivated using 

agro-waste extracts; an innovative, low-cost, and eco-friendly substrate strategy that marks 

significant progress in sustainable dyeing practices. By optimizing culture and dyeing 

conditions, this research addressed key challenges related to microbial growth, pigment 

stability, and dyeing performance, thereby paving the way for scalable and environmentally 

responsible textile applications. The originality of this work lies in its integrated approach, 

combining microbial screening, agro-waste valorization, statistical optimization, and 

application validation within a single framework. Notably, Micrococcus luteus emerged as a 
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robust pigment producer under low-cost sustainable conditions, underscoring its potential as a 

candidate organism for industrial-scale bio-based dye production. 

1.2 Statement of the problem  

Synthetic dyes have long been dominated dyeing industries due to their efficiency, stability, 

and cost-effectiveness. However, growing concerns about safety and consumer preference 

have led to increased interest in natural colorants, driving research into sustainable 

alternatives. This shift highlights the need for safer, eco-friendly solutions in the dyeing 

industry. 

The textile industry is heavily reliant on synthetic dyes, contribute to environmental pollution 

and pose health risks due to their non-biodegradable toxic waste products. Despite the 

promising potential of bacterial pigments as natural alternatives, commercialization is limited 

by low yields, high production costs, unstable color properties, and the lack of cost-effective 

substrates for large-scale production. Synthetic culture media are expensive and unsustainable, 

making large-scale microbial dye production economically unfeasible (Negi, 2025). 

Simultaneously, the agro-industrial sectors generate large volumes of organic wastes, rich in 

carbon and nitrogen which can serve as nutrient-rich substrates for microbial fermentation 

(Astudillo et al., 2023). Therefore, integrating bacterial pigment production with agro-waste 

valorization presents a dual opportunity to reduce the environmental burden of waste and to 

lower the cost of bio-pigment production.  

The growing global demand for textiles, particularly those reliant on synthetic dyes has 

contributed to severe environmental pollution from textile effluents containing acids, alkalis, 

solvents, heavy metals, and excessive water usage (Yuan et al., 2016). These concerns have 

intensified interest in alternative colorants derived from microorganisms which are natural, 

cost-effective, and readily biodegradable, avoiding the formation of recalcitrant intermediates 

upon environmental release. The rising demand for eco-friendly dyes across industries has 

created a promising market niche where microbial pigments can compete, despite higher initial 

production costs, by offering sustainable and environmentally responsible solutions (Możejko-

Ciesielska, 2025). 
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While microbial pigments are in early research stages of industrial application, their easy 

cultivation on an inexpensive media, wide color spectrum, and environmental compatibility 

make them attractive substitutes for synthetic dyes. Utilizing agro-wastes as substrate for 

microbial growth offers a cost-effective solution for natural pigment production. This study 

addressed the absence of prior efforts in Ethiopia to integrate microbial pigment synthesis with 

agro-waste valorization by screening potent pigment-producing bacterial isolates, optimizing 

pigment production, evaluating pigment stability under environmental stressors, and assessing 

dyeing performance. In doing so, it directly responded to the lack of eco-friendly alternatives 

to synthetic dyes and demonstrated a pathway toward reducing the environmental footprint of 

textile dyeing. 

1.3 Objectives 

1.3.1 General objective 

The main objective of this research was to investigate bacterial pigments as sustainable 

alternatives to synthetic dyes for textile dyeing applications by utilizing agro-waste extracts as 

cost-effective growth substrate. 

1.3.2 Specific objectives 

The specific objectives of this study were: 

 To isolate, characterize and identify pigment-producing bacteria from diverse 

environmental samples. 

 To evaluate eco-physological tolerance of the identified pigment-producing bacterial 

isolates  to temperature, pH, agitation, salt concentration, and nutrient concentration  

 To optimize growth conditions of the pigment-producing bacterial isolates using agro-

waste extracts as substrate  

 To characterize the bio-pigments, evaluate their stability and dyeing performance on 

textile materials 
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1.4 Research questions and hypotheses 

The research questions define the core inquiry and guide the direction of this research, 

reflecting the overall research aim to explore bacterial pigments as sustainable alternatives to 

synthetic dyes in textile applications. Therefore, the following research questions were 

formulated to establish the investigative focus of this study. 

1. Do environmental bacterial strains produce pigments when cultured on agro-waste 

extracts? 

2. Is there any difference between agro-waste extracts in promoting bacterial pigment 

production?   

3. What environmental factors influence culture growth and pigment production? and  

4. How stable are bacterial pigments under varying environmental factors such as 

temperature, light exposure, and pH variations? 

Based on the above research questions, null hypotheses were formulated to provide testable 

statements that assume no effect, no difference or no relationship between variables, thereby 

establishing the statistical framework for hypothesis testing. The underlying assumptions were 

that chromogenic bacteria may not express pigment biosynthesis pathways when cultivated on 

agro-waste substrates as these extracts could lack essential precursors or balanced nutrients 

compared to synthetic media. It was further assumed that pigment yield is constitutive and not 

significantly influenced by optimized culture parameters such as temperature, pH, or nutrient 

availability. Finally, the hypotheses presupposed that bacterial pigments are chemically 

unstable under diverse environmental conditions, thereby restricting their potential for 

industrial applications.  

In complement to the null hypotheses, alternative hypotheses were formulated to directly 

challenge the assumptions of no effect, no difference, and no relationship between variables, 

thereby providing testable, research-driven statements. First, it was hypothesized that 

chromogenic bacteria are capable of activating pigment biosynthesis pathways when 

cultivated on agro-waste substrates as these extracts may supply sufficient precursors and 

nutrients comparable to synthetic media. Second, pigment yield was hypothesized to be non-

constitutive but significantly influenced by optimized culture parameters including 
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temperature, pH, and nutrient availability, demonstrating that production levels can be 

enhanced under controlled environmental conditions. Finally, it was proposed that bacterial 

pigments exhibit chemical stability across diverse environmental stressors, maintaining their 

structural integrity and functional properties which supports their potential applicability in 

industrial dyeing and bioprocesses. 

1.5 Significance of the Study 

This study contributes to sustainable pigment production for textile dyeing by harnessing 

bacterial pigments, a renewable biological resource. It promotes agro-waste valorization, 

reducing production costs while minimizing environmental impact. By advancing eco-friendly 

dyeing technique, this research supports global efforts toward green manufacturing and 

environmental conservation. Additionally, optimizing microbial pigments may open new 

possibilities for industrial-scale production, benefiting textile industries, farmers, researchers, 

and society at large. 

1.6 Delimitations and limitations  

This study focused on isolating and characterizing bacterial strains from environmental 

sources (soil, water, air) and utilizing some locally available agro-waste residues as growth 

substrate based on availability. While this research emphasized pigment production 

optimization and textile dyeing potential of bacterial pigments, it did not extend to large-scale 

industrial trials and long-term environmental impact assessments. 

Variability in agro-waste extract composition may affect pigment production consistency and 

reproducibility. Additionally, culture optimization and pigment stability tests were conducted 

under laboratory conditions, which might not fully replicate real-world industrial 

environments due to differences in equipment and process conditions. Furthermore, bacterial 

pigment color fastness may not match synthetic dyes, potentially impacting commercial 

viability in the textile industry. 

 

 

 



11 
 

CHAPTER TWO 

LITERATURE REVIEW 

Introduction 

The textile industry has long relied on synthetic dyes to meet global demands for coloration. 

Nevertheless, increasing awareness of their environmental and health impacts has triggered the 

search for sustainable alternatives. Natural pigments, particularly those derived from 

microorganisms have emerged as promising eco-friendly substitutes due to their diverse 

bioactivities as potential industrial applications.  

Chromogenic bacteria represent unique source of microbial pigments with their ecological 

distribution, genetic basis of pigment biosynthesis, and capacity for strain improvement, 

offering valuable insights into biotechnological exploitation. Furthermore, agro-waste 

substrates provide cost-effective and sustainable medium for pigment production that align 

with circular economy principles.  

This review synthesizes current knowledge on microbial pigment production, beginning with 

the broader context of dyes in the textile industry and the limitations of synthetic dyes before 

narrowing to bacterial pigments, their biosynthetic pathways, and production strategies. It then 

explores applications in textile dyeing and other industries, evaluates the merits and demerits 

of microbial pigments, and considers their global market potential. Finally, the review outlines 

the theoretical and conceptual frameworks guiding this research and highlights gaps in the 

literature that justify this study. 

2.1 Contextual Background 

2.1.1 Overview of Dyes in the Textile Industry 

The textile industry has historically relied on dyes to achieve vibrant and durable coloration 

with synthetic dyes emerging as the dominant choice since their introduction in the 19
th
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century. Prior to this, natural pigments sourced from plants, insects, and marine organisms 

provided unique hues but were limited by high production costs and restricted availability 

(Pizzicato et al., 2023). The discovery of mauveine, the first synthetic organic dye, by William 

Henry Perkin in 1856 and subsequent advances such as diazotization reactions revolutionized 

textile coloration, making synthetic dyes cheaper, more accessible, and widely applicable 

across industrial sectors (Nagendrappa, 2010). 

Today, synthetic dyes account for more than 90% of global usage with annual production 

exceeding 800,000 tons and over 10,000 variants in circulation (Slama et al., 2021; Yaseen & 

Scholz, 2019). Their popularity stems from superior color fastness, intensity, and cost-

effectiveness particularly in the textile sector. Among these azo dyes represent the largest 

class, comprising 60–70% of consumption due to their stability and efficient fiber binding 

properties (Alzain et al., 2023). 

Despite their economic advantages, synthetic dyes pose significant environmental challenges. 

Derived primarily from petrochemical sources such as coal tar and petroleum intermediates, 

they are often non-biodegradable and contain hazardous compounds including aromatic 

amines and heavy metals. Textile dyeing processes also consume vast amounts of water  and 

releasing untreated effluents that contribute to approximately 20% of global industrial water 

pollution (Islam et al., 2022; Yaseen & Scholz, 2019). These discharges impair aquatic 

ecosystems, reduce oxygen exchange, and introduce carcinogenic risks to both humans and 

wildlife (Dutta et al., 2022; Khattab et al., 2020). 

Addressing these concerns require sustainable alternatives and practices. Biodegradable dyes 

derived from natural sources coupled with innovations such as water-efficient dyeing, 

non-toxic mordants, and closed-loop recycling systems offer promising solutions to minimize 

environmental degradation. Furthermore, stricter regulatory frameworks and industry-led 

sustainability initiatives are essential to foster responsible transition toward eco-friendly 

pigment use in textiles (Akter et al., 2023). 
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2.1.2 Environmental and Health Concerns of Synthetic Dyes 

The extensive use of synthetic dyes in the textile industry has raised significant environmental 

and health concerns due to their persistence, petrochemical origin, and toxic composition. 

Large volumes of untreated effluents are discharged into aquatic environments, reducing light 

penetration, disrupting photosynthesis, and introducing hazardous compounds that threaten 

biodiversity (Islam et al., 2022). Many synthetic dyes contain mutagenic and carcinogenic 

substances including azo groups, aromatic amines, and heavy metals which accumulate in 

ecosystems and pose long-term risks to both aquatic life and human health (Lellis et al., 2019; 

Singha et al., 2021). 

Inadequate wastewater treatment facilities particularly in developing countries exacerbate 

these impacts by increasing biochemical and chemical oxygen demands, inhibiting plant 

growth, and promoting microbial resistance, ultimately leading to bioaccumulation within the 

food chain (Wang et al., 2022). Human exposure occurs through contaminated water, 

inhalation, or direct skin contact with reported effects ranging from allergic reactions and 

respiratory disorders to organ damage and genetic mutations (Ramamurthy et al., 2024). 

Addressing these challenges require the adoption of sustainable practices including the 

development of biodegradable dyes, advanced wastewater treatment technologies, and strict 

regulatory frameworks to minimize discharge and safeguard environmental and public health. 

 2.1.3 Natural Pigments as Alternatives 

Natural pigments have emerged as sustainable alternatives to synthetic dyes, valued for their 

safety, biodegradability, and reduced environmental impact (Salvo et al., 2023). Historically, 

pigments derived from plants, insects, and minerals provided coloration, but their limited 

availability and sustainability challenges restricted widespread use. Within the broader 

category of natural pigments, plant-based dyes are widely available and have a long history of 

use. However, they are often constrained by poor color fastness, variable yields, and strong 

dependence on agricultural resources, requiring extensive land, water, and seasonal harvesting 

that introduces yield variability (Amutha, 2025; Islam et al., 2024). Although considered eco-

friendly, large-scale cultivation of dye crops compete directly with food production, 
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undermines sustainability, and poses risks to biodiversity, factors that run counter to the 

principles of the strategies of sustainable development goals.  

In contrast microbial pigments offer structural diversity, eco-friendly properties, and 

scalability, making them promising candidates for industrial applications (Pizzicato et al., 

2023; Anshi et al., 2024). Microbial pigments, though still developing, offer sustainable and 

eco-friendly alternatives to synthetic dyes combining the benefits of biodegradability, non-

toxicity, and vibrant color diversity with strong market potential (Mouro et al., 2023). 

Research findings have shown that pigments from different strains of microorganisms 

demonstrated effective dyeing performance (Table 1).  

Table 1 Widely studied micro-organisms for natural pigment production 

Organism Pigment(s) Applications Features Challenges/ 

Importance 

Reference 

Serratia 

marcescens 

Prodigiosin 

(red) 

Textile 

dyeing, 

antimicrobial 

coatings, 

anticancer 

research 

High 

pigment 

yield 

Some strains 

are 

opportunistic 

pathogens, 

requiring 

biosafety 

measures 

(Venil et 

al., 2021) 

Streptomyces 

spp. 

Actinorhodin 

(blue), 

undecylprodigio

sin, melanin 

Textile dyes, 

pharmaceutic

als 

Produces 

multiple 

pigments 

Pivotal in 

industrial 

microbiology 

(Sebastia

n et al., 

2022) 

Chromobacteri

um violaceum 

Violacein 

(violet) 

Biomedical, 

cosmetics 

High 

antioxidant 

and 

antibacterial 

activity 

Requires 

careful 

handling due 

to potential 

pathogenicity 

(Venil et 

al., 2016) 

Pseudomonas 

aeruginosa 

Pyocyanin 

(blue), 

pyoverdine 

(yellow-green) 

Biomedical, 

potential 

textile 

applications 

Strong 

pigmentation

, bioactivity 

Opportunistic 

pathogen 

(Sengupta 

& 

Bhowal, 

2022) 
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Organism Pigment(s) Applications Features Challenges/ 

Importance 

Reference 

Bacillus spp. Melanin, 

Carotenoids 

Textile and 

leather 

dyeing, 

cosmetics, 

sunscreens 

Non-

pathogenic 

strains 

available; 

stable in 

extreme 

environment

s 

Environmenta

lly robust 

pigments 

(Fatima & 

Anuradha, 

2022) 

Rhodococcus 

spp. 

Carotenoids 

(yellow, orange, 

red) 

Food, 

nutraceutical

s, bioplastic 

coloring 

High stress 

tolerance; 

naturally 

pigment-rich 

Valuable for 

biotechnologi

cal 

applications 

(Çobanoğl

u & 

Yazıcı, 

2022) 

Janthinobacteri

um lividum 

Violacein Cosmetics, 

pharmaceutic

als 

Psychrotoler

ant 

Potential for 

cold-

environment 

applications 

(Kowalsk

a et al., 

2024) 

Micrococcus 

luteus 

Carotenoids 

(yellow) 

Food, 

cosmetic 

industries 

Easy to 

culture 

Widely used 

in microbial 

pigment 

studies 

(Kandasa

my & 

Kathirvel, 

2024) 

Halophilic 

bacteria 

(Halomonas, 

Salinibacter) 

Bacterioruberin, 

Salinixanthin 

Textile 

dyeing in 

saline 

conditions, 

UV 

protection 

Thrive in 

high-salt 

environment

s 

Adapted for 

extreme 

habitats 

(Manjula 

et al., 

2018) 

 

Microorganisms such as bacteria and fungi grow rapidly, require minimal resources, and can 

be genetically manipulated to enhance pigment yield. Their ability to utilize agro-industrial 

residues as substrates further reinforces sustainability, while bacterial pigments including 

carotenoids, melanins, violacein, prodigiosin, and phycocyanin provide not only coloration but 

also functional benefits such as antimicrobial activity, UV protection, and antioxidant capacity 

(López et al., 2023; Venil et al., 2020). 

Fermentative production of microbial pigments offers advantages of high yield, 

cost-effectiveness, and reduced dependence on seasonal variability. Optimizing fermentation 

parameters such as pH, temperature, and nutrient composition enhances pigment output with 

submerged fermentation (SmF) widely applied for large-scale production (Lee, 2025). Their 
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diverse chemical structures including carotenoids, pyrroles, indoles, and phenazines, 

contribute to pigmentation stability and wider application potential. 

As industries shift toward greener practices, microbial pigments represent viable eco-friendly 

alternatives to synthetic dyes. Continued research into strain selection, fermentation 

optimization, and pigment purification alongside ensuring non-pathogenic properties will be 

critical for their successful integration into textiles and other industrial sectors (Ramesh et al., 

2019). 

2.2 Microbial Pigments and Chromogenic Bacteria 

2.2.1 Ecological Distribution of Chromogenic Bacteria 

Chromogenic bacteria are widely distributed across diverse ecological niches ranging from 

terrestrial soils to aquatic and extreme environments where environmental pressures often 

stimulate pigment synthesis. Their ecological diversity reinforces their potential as sustainable 

sources of natural pigments. Among natural pigment sources, chromogenic bacteria occupy 

unique niche, thriving in diverse ecological environments and producing wide spectrum of 

bioactive pigments. 

With respects to global distribution, chromogenic bacteria have been isolated from a wide 

variety of ecosystems including soil, freshwater, seawater, marine sediments, glaciers, algal 

mats, and contaminated soils. Their ability to thrive in such diverse habitats reflects their 

adaptability and ecological resilience Many pigment-producing bacteria are also found in 

extreme habitats such as hot springs, acid lakes, deserts, and polar regions, where pigments 

often functions as protection metabolites, enabling survival under stress conditions like UV 

radiation, oxidative stress, and nutrient limitation (Kirby et al., 2011) 

The rate and intensity of pigment production vary with environmental conditions such as 

nutrient availability, pH, salinity, temperature, and light exposure. For example, bacteria at 

air-water interfaces often produce pigments to withstand sunlight exposure, while saline 

environments can alter pigment composition and coloration (Bahram et al., 2021). 
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Several chromogenic bacterial genera such as Serratia marcescens (red pigment, prodigiosin), 

Chromobacterium violaceum (violet pigment, violacein), Flavobacterium (yellow pigments), 

and Pseudomonas spp. (blue-green pigments such as pyocyanin) are commonly reported 

across ecosystems which demonstrate the ecological distribution of chromogenic bacteria and 

their potential for industrial pigment applications. While distribution studies highlight the 

ubiquity of chromogenic bacteria, comparative ecological analyses remain limited. Hence, 

more integrated research is needed to link habitat conditions, pigment diversity, and functional 

roles to industrial scalability. 

2.2.2 Isolation and Characterization of Pigment-Producing Bacteria 

The isolation and characterization of pigment-producing bacteria are fundamental for 

harnessing their potential in industrial applications. These microorganisms inhabit diverse 

ecological niches ranging from soil and freshwater to extreme environments such as glaciers, 

saline lakes, and hot springs where environmental pressures often stimulate pigment synthesis 

(Villa et al., 2022; Ramesh et al., 2019). Pigments act as secondary metabolites that protect 

bacteria against stressors including UV radiation, oxidative damage, and nutrient limitation, 

while also contributing to microbial competition, biofilm formation, and ecological 

interactions (Sajjad et al., 2020; Agarwal et al., 2023) 

Isolation typically involves culture-based techniques followed by screening under controlled 

conditions with pigment yield influenced by substrate composition, pH, temperature, salinity, 

and nutrient availability. Gene regulation mechanisms further modulate pigment biosynthesis 

as seen in Serratia marcescens where prodigiosin production is operon-controlled, and in 

Pseudomonas aeruginosa where quorum sensing governs pyocyanin synthesis (Jia et al., 

2021; Haddix & Shanks, 2018). 

Characterization employs complementary approaches. Morphological analysis provides 

preliminary insights but requires validation through biochemical assays, and bio-molecular 

and molecular techniques. Enzyme activity profiling and metabolic pathway testing aid 

species identification, while advanced methods such as MALDI-TOF mass spectrometry and 

16S rRNA sequencing enable precise taxonomic classification (Hanina et al., 2018; Haider et 

al., 2023). Genomic and transcriptomic analyses further reveal regulatory networks controlling 



18 
 

pigment biosynthesis, offering opportunities for biotechnological optimization (Chauhan & 

Jindal, 2020; Wani et al., 2022). 

Pigment-producing bacteria synthesize diverse compounds including carotenoids, melanins, 

violacein, prodigiosin, and phenazines, each with functional properties such as antimicrobial 

activity, UV protection, and antioxidant capacity. Species like Flavobacterium, Serratia 

marcescens, and Chromobacterium violaceum exemplify the industrial relevance of bacterial 

pigments with applications spanning textiles, food, cosmetics, and pharmaceuticals (Venil et 

al., 2013; Lee, 2025). 

Advancing microbial pigment production requires isolating potent strains and optimizing 

fermentation processes using cost-effective substrates. Emphasis on agro-industrial residues 

coupled with improved bioreactor systems and genetic engineering can enhance pigment yield, 

stability, and scalability, thereby supporting sustainable industrial adoption (Kramar & Kostic, 

2022; Wani et al., 2022). 

2.2.3 Genes Involved in Pigment Production 

Bacterial pigment production is driven by specialized gene clusters such as crt, pig, and 

vioABCDE. For instance, carotenoid biosynthesis is regulated by the crt gene family (crtE, 

crtB, crtI, crtY) which directs the isoprenoid pathway leading to pigment formation. Violacein 

production in Chromobacterium violaceum is directed by the vioABCDE gene cluster, 

encoding enzymes that convert tryptophan into the violet pigment, and prodigiosin 

biosynthesis in Serratia marcescens is controlled by the pig gene cluster which regulates the 

condensation of pyrrole precursors into the red pigment (Ahmed et al., 2025; Y. Wang et al., 

2024).  

 

Gene expression is often influenced by environmental signals such as nutrient availability, pH, 

temperature, and oxidative stress. Quorum sensing systems also play critical role in gene 

expression. For example, Pseudomonas aeruginosa regulates pyocyanin production through 

quorum sensing pathways that activate pigment biosynthetic genes in response to cell density. 

Metal ions such as iron can also modulate pigment gene expression by altering biosynthetic 

activity depending on availability (Castro et al., 2019; Wang et al., 2024). 
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Pigments act as protective metabolites; shielding bacteria from UV radiation, oxidative stress, 

and extreme environmental conditions. Pigments also contribute to microbial competition with 

some pigments exhibiting antimicrobial activity, and to biofilm formation, enhancing survival 

in hostile environments. Understanding the genetic regulation mechanisms not only ensure 

microbial survival but also provide foundation for industrial exploitation through metabolic 

engineering and optimized fermentation strategies to improve pigment yield, stability, and 

scalability, offering opportunities for biotechnological applications in textiles, food, cosmetics, 

and pharmaceutical industries (Ahmed et al., 2025). 

2.2.4 Strain Improvement in Chromogenic Bacteria 

Strain improvement in chromogenic bacteria focuses on enhancing pigment yield, stability, 

and scalability through genetic and metabolic engineering, making them more viable for 

industrial applications. Chromogenic bacteria naturally produce diverse pigments such as 

carotenoids, prodigiosin, and violacein. However, wild-type strains often exhibit low yields, 

unstable pigment expression, and sensitivity to environmental conditions, limiting their 

industrial potential. Strain improvement strategies aim to overcome these limitations by 

enhancing productivity, optimizing substrate utilization, and improving tolerance to stress 

factors (Konar & Datta, 2022). 

Strain improvement in chromogenic bacteria employs mutagenesis, metabolic engineering, 

and recombinant DNA technologies to enhance productivity and stability (Chavan et al., 

2025). As classical approaches to strain improvement, chemical mutagens such as 

nitrosoguanidine and physical agents like UV radiation have been used to generate genetic 

variants with improved pigment output followed by screening of the mutant strains under 

controlled conditions to identify those with enhanced pigment biosynthesis (Konar & Datta, 

2022).  

Adaptive laboratory evolution leverages the natural ability of microorganisms to adapt to 

environmental pressures over time whereby microbial populations are cultivated under 

gradually intensifying selective conditions such as increasing concentrations of substrates, 

toxins, or environmental stressors like high temperature or pH extremes (Wang et al., 2023). 
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Over many generations, beneficial mutations accumulate, allowing certain strains to 

outcompete others under these selective pressures. 

Metabolic engineering and recombinant DNA technology are also employed as modern 

biotechnological approaches for strain improvement. Metabolic engineering is used in 

redirecting metabolic flows toward pigment biosynthesis by overexpressing key enzymes or 

knocking out competing pathways. Whereas, recombinant DNA technology is used to 

introduce foreign genes or modify biosynthetic gene clusters to enhance or introduce specific 

functions that are not naturally present in the host microorganism (Konar & Datta, 2022). 

Improved strains enable cost-effective large-scale pigment production particularly when 

combined with agro-waste substrates and optimized fermentation systems. Enhanced strains 

also show better thermal stability, color fastness, and bioactive properties, making them 

suitable for textile dyeing, food, and pharmaceutical applications. Despite progress, challenges 

remain in scaling up improved strains, ensuring regulatory compliance, and maintaining 

genetic stability during prolonged industrial use. Hence, integrated approaches combining 

strain engineering, substrate optimization, and process control are needed to fully realize the 

potential of chromogenic bacteria in sustainable pigment production. 

2.3 Substrates and Production Approaches 

2.3.1 Agro-Wastes as Low-Cost Substrate for Culture Growth and Pigment Production 

Industrial-scale microbial pigment production requires cost-effective and sustainable 

approaches. Conventional synthetic media often composed of pure sugars such as glucose, 

sucrose, or fructose, are economically unfeasible for large-scale use. Agro-industrial wastes 

which are rich in carbohydrates, proteins, fibers, minerals, and vitamins provide affordable 

and renewable alternatives that align with circular economy principles while simultaneously 

addressing waste management and environmental concerns (Venil et al., 2020 ; Soren et al., 

2020). 

Efficient pigment biosynthesis depends on optimizing fermentation conditions including 

temperature, pH, oxygen availability, agitation, and nutrient composition. These parameters 
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influence microbial metabolism, shifting cells toward secondary metabolite production such as 

pigments under stress conditions (Fouillaud & Dufossé, 2022). For instance, Monascus spp. 

yield pigments optimally at 25–28 °C, while Pseudomonas spp. require 35–36 °C. Most 

pigment-producing bacteria favor acidic conditions (pH 4.5–6.5) though variations exist 

depending on species and pigment type (Abdollahi et al., 2021; Rehman & Dixit, 2020).  

Submerged fermentation is widely applied by utilizing sugar-rich by-products such as 

molasses, fruit juices, and whey filtrates as nutrient sources. Carbon and nitrogen sources 

strongly affect pigment yield with starch, sucrose, and xylose enhancing production, while 

simple sugars like glucose may inhibit synthesis (Ngamwonglumlert et al., 2017). 

Pretreatment of agro-waste is often necessary to improve nutrient accessibility. Hydrolysis of 

cellulosic materials releases fermentable sugars, while cooking starch-rich substrates produce 

liquors suitable for microbial growth. Examples include potato extract supplemented with 

xylose and glycine, which outperformed commercial potato dextrose broth in pigment yield 

from Penicillium strains, and hydro-distilled orange residues used for pigment production 

(Chua et al., 2021; (Kantifedaki et al., 2018). Agro-wastes such as bagasse can also serve as 

inert supports for fermentation, demonstrated in prodigiosin production by Serratia 

marcescens (Paul et al., 2024). 

Numerous studies confirmed the feasibility of agro-waste utilization in microbial pigment 

synthesis. Pineapple peels, orange peels, and wheat bran have supported pigment production 

in Serratia marcescens, Chromobacterium violaceum, and Streptomyces spp. Beta-carotene 

has been synthesized from Blakeslea trispora using citrus waste, while astaxanthin has been 

extracted using grape juice-based substrates (Ciegler et al., 1963; Omar et al., 2019; (Grewal 

et al., 2022; Ramesh et al., 2022). These examples highlight the dual benefits of reducing 

production costs and valorizing agricultural residues. 

To maximize industrial viability, modern optimization strategies are essential. While 

traditional one-variable-at-a-time (OVAT) methods are labor-intensive and limited in scope, 

statistical designs such as Plackett-Burman and response surface methodology (RSM) enable 

efficient screening of multiple parameters, reduce variability, and enhance pigment yield 

(Chaudhari & Shirkhedkar, 2020). Integrating agro-waste substrates with advanced 
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fermentation optimization thus offers a scalable, eco-friendly pathway for microbial pigment 

production. 

2.4 Applications and Market Potential 

2.4.1 Broader Applications of Bacterial Pigments  

Microbial pigments can also provide multi-functional bioactive benefits such as antioxidant, 

UV protection, and antimicrobial properties besides its coloring effect, increases the value of 

the final products due to their bioactivity and safety profiles (Choi et al., 2021; Venil et al., 

2013). Natural colorants from bacteria including carotenoids and prodigiosin derivatives are 

being investigated as food additives due to their safety and antioxidant properties. Unlike 

synthetic food dyes, microbial pigments offer nutritional and bioactive benefits, aligning with 

consumer demand for clean-label products (Venil et al., 2020). Moreover, bacterial pigments 

such as melanins and carotenoids are applied in cosmetics for their UV-protective, antioxidant, 

and antimicrobial functions. Their stability and bioactivity enhance formulations for 

sunscreens, skin and hair care products, while reducing reliance on synthetic chemicals (López 

et al., 2023). 

Several bacterial pigments exhibit antimicrobial, anticancer, and immune-modulatory 

activities, making them promising candidates for drug development too. For example, 

violacein from Chromobacterium violaceum showed potent anticancer properties, while 

prodigiosin demonstrated immunosuppressive and antibacterial effects. These bioactivities 

expand their potential beyond coloration into therapeutic applications (Venil et al., 2013). 

Microbial pigments also play roles in bio-sensing and bioremediation. Their ability to respond 

to environmental stressors enables use in microbial biosensors, while pigment-producing 

strains can contribute to pollutant degradation and eco-friendly waste valorization strategies 

(Fouillaud & Dufossé, 2022). 

2.4.2 Textile Dyeing with Bacterial Pigments 

Bacterial pigments represent one of the most promising eco-friendly alternatives to synthetic 

dyes in textile applications. Unlike conventional dyes derived from fossil fuels which generate 
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toxic effluents and rely on hazardous chemicals, microbial pigments are biodegradable, 

non-toxic, and often possess functional properties such as antimicrobial activity and UV 

protection (Kamble et al., 2022; Repon et al., 2024). Their bioactive nature enhances textile 

durability by protecting fabrics against microbial degradation while simultaneously reducing 

environmental pollution associated with dyeing processes (Ghosh & Banerjee, 2023). 

Recent studies have demonstrated the successful application of bacterial pigments on cotton, 

silk, and wool, showing favorable affinity, wash fastness, and light stability (Anshi et al., 

2024). Mordanting techniques further improve dye uptake and retention, making microbial 

pigments viable for diverse textile substrates. However, efficient pigment recovery remains a 

challenge. While extracellular pigments are relatively easy to extract, intracellular pigments 

require cell disruption and solvent-based methods followed by purification through 

chromatography and spectroscopic techniques to ensure stability and quality (Rifna et al., 

2023) 

Despite their advantages, bacterial pigments face scalability and standardization challenges as 

extraction methods consume large amounts of solvents and require optimization for industrial 

feasibility. To address these challenges, researchers are exploring agro-waste substrates as 

low-cost growth media, thereby reducing expenses and supporting circular waste management 

(Gemelli et al., 2024). Additionally, pigment formulations must be optimized for stability such 

as thermal conditions as textile dyeing typically occurs at 50–80 °C for extended durations 

(Kramar & Kostic, 2022). 

With ongoing advances in fermentation optimization, substrate utilization, and pigment 

stabilization, bacterial pigments hold significant potential to revolutionize sustainable textile 

dyeing. Their dual role in providing coloration and functional benefits positions them as viable 

alternative to synthetic dyes, supporting both environmental sustainability and industrial 

innovation. Their multifunctional properties such as coloration, bioactivity, and sustainability 

make microbial pigments valuable across industries, though challenges in scalability, stability, 

and regulatory approval remain. 
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2.4.3 Merits and Demerits of Microbial Pigments 

Microbial pigments offer significant ecological and functional advantages including 

sustainability, safety, and bioactivity. Bio-pigments are naturally degradable, reducing 

environmental pollution compared to synthetic dyes (Venil et al., 2020). Moreover, many 

bacterial pigments lack carcinogenic compounds, making them safer for textiles, food, and 

cosmetics (López et al., 2023).  

The diverse chemical structures of pigments allow use in textiles, pharmaceuticals, cosmetics, 

and food industries (Fouillaud & Dufossé, 2022). For example, pigments such as carotenoids, 

violacein, and prodigiosin exhibit antioxidant, antimicrobial, and UV-protective properties, 

adding their value beyond coloration (Venil et al., 2013). The rapid growth of chromogenic 

microorganisms on low-cost substrates support circular economy principles (Kamble et al., 

2022). 

However, challenges in yield, stability, extraction, and regulatory approval must be addressed 

to enable their widespread industrial adoption. Wild-type strains often produce pigments in 

small quantities, limiting industrial feasibility (Ramesh et al., 2019). Furthermore, many 

microbial pigments are sensitive to pH, temperature, and light, reducing their shelf life and dye 

fastness ( Khattab et al., 2020). 

Intracellular pigments require solvent-intensive recovery methods, increasing costs and 

environmental burden (Rifna et al., 2023). Approval for use in food and cosmetics also require 

extensive safety testing, delaying commercialization (Agarwal et al., 2023). Limited 

awareness and uncertainty about microbial pigments compared to synthetic dyes may slow 

consumer acceptance and adoption (Gemelli et al., 2024). 

2.4.4 Global Market of Bacterial Pigments 

The global bacterial pigment market is driven by sustainability, regulation, and consumer 

demand with strong growth projected in textiles, food, cosmetics, and pharmaceutical sectors 

despite the  critical hurdles in production costs, scalability, and regulatory approval to unlock 

full industrial potential. Regulatory bodies like the European food safety authority have 
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restricted synthetic dyes such as Allura Red AC (E129) and Tartrazine (E102) in food 

applications with studies linking them to hyperactivity in children, accelerating demand for 

natural alternatives. Moreover, the rising interest in clean-label, eco-friendly, and non-toxic 

products has boosted adoption of microbial pigments in food, cosmetics, and textile industries 

(Barreto et al., 2023).  

With regards to market size and growth, the global microbial fermentation pigments market is 

projected to grow significantly driven by applications in textile, pharmaceutical, food, and 

cosmetic industries. The market demand is expected to expand as industries transition toward 

sustainable practices. Reports indicate double digit growth rates for bio-based pigments due to 

strict environmental regulations (Anshi et al., 2024).  

With growing consumer awareness and stricter environmental regulations bacterial pigments 

are positioned to become mainstream alternatives to synthetic dyes across multiple sectors 

aligning with sustainability goals, thereby expanding their market relevance. Though the high 

production costs, scalability, and regulatory approval remain big bottlenecks, advancements in 

fermentation technology, strain improvements, and agro-waste utilization are expected to 

reduce costs and expand industrial feasibility of microbial pigments as sustainable alternatives 

to synthetic dyes (Lyu et al., 2022).   

2.5 Synthesis and Research Positioning 

2.5.1 Gaps in the Literature 

Despite notable advances in microbial pigment research, several critical gaps remain that limit 

industrial adoption. A major challenge lies in scaling production from laboratory experiments 

to industrial systems where yield variability, process optimization, and economic feasibility 

present significant obstacles (Ramesh et al., 2019). Pigment output is highly dependent on 

bacterial strain, substrate type, and environmental parameters. Moreover, precise control of 

factors such as pH, temperature, and nutrient composition remains complex and 

time-consuming (Musa & Yusof, 2019). Although agro-waste substrates offer cost-effective 

alternatives, their long-term economic viability, downstream processing, and purification 

efficiency are not well established (Grewal et al., 2022). 
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While bacterial pigments show promise as natural dye alternatives, gaps exist in understanding 

their functional attributes, including antioxidant, antimicrobial, and UV-protective properties 

which might add value to dyed fabrics and thermal stability (Khattab et al., 2020). Regulatory 

hurdles also persist with concerns about safety, standardization, and intellectual property 

rights slowing commercialization in textiles, food, and cosmetics. Consumer acceptance 

remains uncertain as doubts about efficacy and safety compared to synthetic dyes continue to 

hinder widespread adoption. 

Environmental sustainability presents another underexplored area. While microbial pigments 

are biodegradable, large-scale production raises questions about managing microbial 

by-products, and comparative studies on their ecological impacts versus synthetic dyes are 

limited. Furthermore, most studies address pigment production and waste valorization 

separately with few integrated approaches combining bacterial isolation, agro-waste 

optimization, and textile dyeing applications. 

Addressing these gaps require research focused on novel agro-waste substrates, genetic 

engineering for improved pigment yield and stability, and holistic studies that integrate 

microbial cultivation, substrate valorization, and textile dyeing performance. Such efforts are 

essential to advance microbial pigments from laboratory feasibility to scalable and 

environmentally responsible industrial solutions.  

This study explored the dyeing potential of pigments extracted from bacterial isolates cultured 

on agro-waste extracts; a low-cost and eco-friendly substrate, marking significant progress in 

industrial dyeing practices. By evaluating fabric dyeing applications under laboratory scale 

conditions, this research tried to identify key challenges affecting pigment stability and its 

dyeing performance, paving the way for scalable and environmentally responsible dyeing 

solutions. 

2.5.2 Theoretical Framework 

This theoretical framework provides the foundation for understanding microbial pigment 

production within established scientific paradigms. The shift from synthetic dyes to bio-origin 

pigments in textile dyeing is gaining momentum guided by several models (Figure 1). Eco-
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physiological, bioprocess engineering, life cycle assessment, functionalization, colorfastness 

and compatibility, and economic feasibility models are among key models for substituting 

synthetic dyes with bacterial pigments (GOMES et al., 2023;  Kramar & Kostic, 2022). The 

models help industries transition to eco-friendly dyeing methods, reduce reliance on toxic 

chemicals and water-intensive processes, and enable innovation in sustainable way and 

functionalize textile materials with additional therapeutic properties. 

 

 

 

 

 

 

Figure 1 Schematic representation of how key models interconnect in the transition from 

synthetic dyes to pigments derived from bacterial sources, highlighting integration 

points 

2.5.3 Conceptual Framework Overview 

This framework integrates comprehensive research activities into a coherent model. Figure 2 

illustrates the conceptual framework flowchart that maps the flow of activities, shown by 

arrows representing investigative links between variables. The activities were begun with the 

collection of environmental samples to identify potential pigment-producing bacterial isolates.  

These isolates undergo detection, purification, species identification, and eco-physiological 

tolerance testing. Selected strains were then inoculated into agro-waste extracts serving as 

growth substrates followed by cultivation aiming to reduce production costs and 

environmental impact. Pigments produced were extracted and characterized. The final stage 

involved applying the pigments in textile dyeing and assessing their performance. 
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Figure 2 Conceptual frameworks illustrating the interconnections between core activities, 

guiding the research approach 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Research Design 

A multi-phase experimental laboratory based research design was adopted. The experimental 

approach was chosen due to its suitability for testing hypotheses under controlled conditions, 

allowing for the systematic manipulation of variables such as temperature, pH, agitation rate, 

culture volume and age, incubation time, and substrate concentration. Through this design, the 

study sought optimization of pigment production, characterized the extracted pigments, and 

assessed their dyeing performance on cotton and polyester fabrics.  

The first phase was collection of environmental samples from diverse agro-industrial and 

natural sites to ensure broad representation of potential pigment-producing microorganisms. 

These samples served as the foundation for subsequent microbiological investigations. In the 

second phase, isolation and screening of pigment-producing bacteria were carried out by 

subjecting the collected samples to serial dilution, culturing on standard nutrient media, and 

observing for pigment production. Data on the number of pigment-producing isolates, pigment 

color, and intensity were recorded.  

The third phase focused on agro-waste media preparation and evaluation of their growth 

support capability compared to conventional synthetic media, nutrient broth. Selected 

pigment-producing isolates were cultivated under identical conditions on both media types, 

and culture growth was quantified using optical density (OD600) measurements, followed by 

statistical comparison to assess performance differences. 

The fourth phase focused on optimization of culture conditions using factorial designs to test 

main and combined effect of environmental conditions on culture growth and pigment yield. 

Pigment yield under each condition were evaluated via OD600 value measurements and surface 
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response analyses data were generated to identify optimal conditions. Phase five was about 

stability and application testing with the objective of assessing pigment stability and their 

applications on fabrics dyeing after exposing pigments to varying environmental conditions 

and applying pigments to fabric samples. Color retention, and degradation rate score data were 

generated.    

3.2 Study Area and Sampling Sites 

Environmental samples comprising of soil, water, and, air were collected from various sites in 

Ethiopia, ranging from the Dallol depression area, Sulfure lake to the highlands of Showa 

plateau with altitudes spanning from -89 m to 2,375 m above sea level (Table 2). Each site 

was documented with GPS coordinates and basic environmental parameters such as 

temperature and pH were recorded at the point of sampling to provide context for the 

microbial isolates recovered.  

Table 2 Sample data sources, types, characteristics, and geographical coordinates   

Sample 

collection site  

  

Sample type  Sample 

characteristics at 

the time of 

collection 

Geographical location of sample collection 

area 

Temperature 

(°C)  

  pH Elevation 

(meter)  

  Coordinate  

Sodere hot 

spring 

Water 46.9 6.9 1368 8
o
23‘51.93‖ N, 39

o
23‘47.21‖ E 

Boku hot spring Water & soil  42.7 8.1 1734 82
o
9‘18.57‖ N, 39

o
16‘16.65‖ E 

Ziway lake Water  26 7.4 1638 7
o
56‘41.79‖ N, 38o43‘54.04‖ E 

Awash river  Water  24 7.2 1595 8
o
21‘46.74‖ N, 39

o
00‘08.78‖ E 

Solid waste 

disposal site 

Soil  21 8.2 1685 8
o
31‘41.78‖ N, 39

o
13‘21.60‖ E 

Garage  Soil  21.5 7.3 1610 8
o
31‘32.46‖ N, 39

o
15‘34.59‖ E 

Gas station  Soil  23  1618 8
o
32‘26.50‖ N, 39

o
15‘51.70‖ E 

Horticulture 

plantation site  

Water and soil 24 6.8 1597 8
o
23‘34.91‖ N, 39

o
01‘13.91‖ E 

Sulfur lake 

(Dallol 

depression) 

Sulfur soil  42        -93 14
o
14‘14.42‖ N, 40

o
17‘59.44‖ E 

 Red soil  42  -100 14
o
28‘74.02‖ N, 40

o
19‘85.14‖ E 

Gray soil  44        -89 14
o
23‘74.02‖ N, 40

o
29‘89.51‖ E 

Volcanic ash  41.5  -102 14
o
13‘43.94‖ N, 40

o
30‘17.58‖ E 

Abattoir  Effluent   24 7.4 1594 8
o
30‘30.04‖ N, 39

o
14‘36.63‖ E 
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Spinning 

factory 

Effluent  25 6.5 1628 8
o
32‘51.49‖ N, 39

o
15‘21.34‖ E 

Lake Beseka Water, soil 

sediment and 

volcanic ash 

29.2 8.4 960 8
o
54‘06.06‖ N, 39

o
54‘29.73‖ E 

Quarry site Soil  28  1428 8
o
22‘55.49‖ N, 39

o
23‘51.11‖ E 

Wastewater 

treatment plant 

Effluent                   26     6.8        1663  8
o
33‘38.59‖ N, 39

o
17‘16.63‖ E 

Nursery site Soil  26  1709 8
o
34‘21.99‖ N, 39

o
17‘24.09‖ E 

Green garden Soil  24  7.2 1661 8
o
33‘35.81‖ N, 39

o
17‘08.82‖ E 

Laboratory Air    1663 8
o
33‘41.89‖ N, 39

o
17‘03.76‖ E 

Open ditch   Effluent   24 4.5 1696 8
o
34‘35.21‖ N, 39

o
16‘08.59‖ E 

Lake Langano Water  26 7.5 1587 7
o
33‘08.10‖ N, 38

o
40‘59.28‖ E 

Sugar factory Effluent  27 6.5 1575 8
o
22‘25.37‖ N, 39

o
19‘13.29‖ E 

 Brewery Effluent 23 6.4 2375 9
o
00‘53.76‖ N, 39

o
44‘45.06‖ E 

Samples were collected from those diverse natural and agro-industrial sites such as hot 

springs, volcanic ash sediments, quarry site soil, fresh and alkaline water lakes, river estuaries 

with irrigation activities, municipal solid waste dumping sites, garages and gas stations, 

wastewater treatment plants, rhizosphere and rhizoplane root zones of trees, stagnant water-

sediment interfaces, and ambient air, aiming to increase the likelihood of isolating diversity of 

pigment-producing isolates. These environments shaped by stress and nutrient variability 

serve as prime reservoirs for microbial pigments.  

The physico-chemical characteristic of these areas vary greatly, characterized by extreme 

temperature, salinity, acidity and alkalinity, and rugged terrains. Biologically, both normal and 

extreme environments support microbial communities that thrive under different conditions 

(Rothschild & Mancinelli, 2001). Human activities in these regions range from mining around 

sulfure lake in the Dallol depression to agriculture and settlement in the highlands, influencing 

the natural ecosystems of microorganisms, provides distinctive habitats where microorganisms 

demonstrate remarkable adaptability.  

Extreme environments such as high heat, salinity, acidity, alkalinity, and rugged terrains create 

distinctive ecological niches where microorganisms including pigment-producing ones evolve 

protective adaptations (Wani et al., 2022). Pigmentation often serves as survival mechanism, 

shielding cells from UV radiation, oxidative stress, high salinity, desiccation, and temperature 
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fluctuations, while also aiding in energy capture and signaling (Parrilli et al., 2022; Sajjad et 

al., 2020). Microorganisms also demonstrate remarkable adaptability through specialized 

metabolic pathways, stress-response proteins, and genetic flexibility that allow them to thrive 

under harsh conditions (Wani et al., 2022).  

Samples were collected from hot springs, volcanic ash sediments, and alkaline water lakes to 

target extremophilic microorganisms as these habitats expose microbes to high temperature, 

salinity, and pH fluctuations. Such stress conditions often drive pigment biosynthesis as 

protective mechanisms against oxidative and thermal stress (Mendes-Silva et al., 2020). 

Quarry soils and general soil ecosystems were included because they are rich in actinomycetes 

and other pigment-producing bacteria such as Streptomyces and Micrococcus. Mineral-rich 

substrates in quarry sites select for microbes with unique metabolic pathways, including 

pigment production (Kazi et al., 2022). 

River estuaries with irrigation activities and stagnant water-sediment interfaces were sampled 

to capture microbes adapted to fluctuating oxygen levels, nutrient gradients, and pollutant 

exposure. These stressors are known to induce pigment biosynthesis, particularly carotenoids 

and melanins which function as antioxidant defenses (Losinska-Sičiūnienė et al., 2025). 

Samples from municipal solid waste dumping sites, garages, gas stations, and wastewater 

treatment plants were collected to isolate microbes exposed to hydrocarbons, heavy metals, 

and organic pollutants. Such environments select for pigment-producing strains with enhanced 

detoxification and stress tolerance capabilities (Akhtar et al., 2021). 

Rhizosphere and rhizoplane root zones of trees were targeted because plant-associated 

microbes often produce pigments as signaling molecules or protective agents against UV 

radiation and reactive oxygen species (McPherson et al., 2018). Ambient air samples were 

included to capture airborne bacteria exposed to UV radiation and desiccation stress, 

conditions that favor pigment production such as carotenoids and melanins (Jufri, 2020). 

3.3 Chemicals and Equipment Used in the Experiment 

The materials used in this study included sterile sample collection containers, Petri dishes, test 

tubes, flasks, pipettes, and cotton swabs. Culture media such as nutrient agar and nutrient 
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broth (Oxoid) were prepared for initial bacterial cultivation. Agro-waste residues including 

potato, cabbage, tomato, orange, cannon ball cabbage, onion, watermelon, papaya, carrot, 

banana, and beetroot and leftover foods were collected, cleaned, dried and ground into fine 

particles for substrate preparation.  

Laboratory equipment utilized included an incubator, autoclave, pH meter, and thermometer 

(Wagtech, UK), centrifuge (Hettick, Germany), microscope (Olympus, Japan), UV-Visible 

spectrophotometer (VWR P9, China), Palin Test photometer (Wagtech Potalab+ (C), UK), 

EXS3000 MALDI-TOF-MS (Bruker Daltonics, Germany) and analytical balance. Textile 

fabric samples (100% cotton) and Tetron 6000 were purchased for dyeing experiments.  

Laboratory-grade ethanol, methanol, acetone, chloroform, and dimethyl sulfoxide (DMSO), all 

from Sigma-Aldrich, were used for pigment extraction and dissolution of pigment granules, 

ensuring precision and consistency in experimental procedures. Aluminum sulfate 10% (w/v) 

and potassium sulfate 5% (w/v) were utilized as mordants. As oxidizing and reducing agents, 

3% H2O2 and glucose, respectively, were used and NaOH and HCl were utilized as pH 

adjusters. 

3.4 Environmental sampling, microbial Isolation, and primary screening  

Sampling was performed under aseptic conditions using sterile containers. A total of 30 

samples comprising of soil, water, and air, were collected from designated sites (Table 2) with 

sterile Schott bottles, coded, and properly labeled at the point of collection. To ensure sample 

integrity, preservation techniques were applied immediately after collection. Soil and water 

samples were stored at 4 °C in ice boxes to minimize microbial activity and chemical changes, 

while air samples collected on nutrient agar plates were sealed with parafilm to prevent 

contamination and desiccation. All samples were transported to the laboratory on the same day 

under controlled temperature conditions. 

Liquid and solid samples were collected according to methods previously described by 

Erickson et al. (2013) and McPherson et al. (2018), respectively. For solid samples, 

approximately 100 grams per sample were collected from a depth of 5-10 cm. For liquid 

samples, 100 mL were taken in sterile bottles from surface runoff or stagnant sources. Samples 
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were well mixed in Schott bottles before storage. Air samples were collected using the settle 

plate method as described by Napoli et al. (2012), by exposing Petri plates containing nutrient 

agar medium to ambient air for 15 minutes. After exposure, plates were sealed, stored at 

ambient temperature, and processed within 24 hours to preserve colony viability. 

In the laboratory, isolation was carried out using the serial dilution technique followed by the 

streak plate methods on nutrient agar. For solid samples, 1 gram of each mixed sample was 

weighed, dissolved in 100 mL of 0.85% normal saline (w/v), and homogenized. For liquid 

samples, 1 mL of each well mixed sample was added to 9 mL of 0.85% normal saline (v/v). 

Finally, ten-fold serial dilutions were prepared for both solid and liquid samples.  

From each test tube, 0.1 mL of diluted aliquots were poured into respective sterile Petri plates 

containing nutrient agar medium using the streak plate method. Air sample plates were 

directly incubated. All plates were prepared in duplicate and incubated at 37 
o
C and 44 

o
C with 

un-inoculated agar medium as negative control to ensure the recovery of both mesophiles and 

those adapted to warmer environments as these temperatures selectively favor the growth of 

different microbial groups. All plates were incubated for 24-48 hours after which distinct 

colonies exhibiting visible pigmentation were isolated and sub-cultured repeatedly to obtain 

pure culture.  

Plates with confluent growth were further diluted for distinct colony detection and isolation. 

All distinct colonies were counted, providing a baseline for microbial diversity in the sample 

from which the most promising isolates were selected. Colony growth characteristics were 

screened based on their appearance, pigmentation, and growth pattern. Colony morphologies 

(cell shape, Gram reaction, and motility) were determined by light microscope (Olympus, 

Japan) at magnification power of X1000 using an oil immersion objective. Six potential 

pigment-producing isolates (PPPIs), designated PPPI1–PPPI6 were selected for presumptive 

screening based on the colony intensity and stability of colony coloration. These isolates were 

prioritized for subsequent biochemical and bio-molecular characterization to evaluate their 

pigment production potential. 
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3.5 Characterization of the potential pigment-producing isolates  

3.5.1 Biochemical characterization 

As conventional test for isolate differentiation, basic biochemical tests including enzyme 

based tests such as catalase, oxidase, urease, and coagulase tests were conducted to detect the 

presence of catalase enzyme which break down hydrogene peroxide (H2O2), cytochrome c  

oxidase enzyme to separate oxidase positive from oxidase negative  ones, urease enzyme  that 

break down urea, and coagulase enzyme that clots plasma, respectively. Hydrogen sulfide 

(H2S) production test was performed to detect sulfide reducing enzymes using Sulfide-Indole-

Motility (SIM) medium employing stab method. Moreover, to determine if an isolate utilizes 

nitrate as terminal electon acceptor in anaerobic respiration, nitrate reduction tests were also 

performed using nitrate broth (Cappuccino & Sherman, N., 2014). 

To evaluate sugar fermentation by the isolates, carbohydrate fermentation test was performed 

to detect acid and/or gas production. IMViC (Indole, Methyl Red, Voges Proskaur, and Citrate 

utilization) tests were performed to detect tryptophanase enzyme, stable acid production from 

glucose fermentation, acetoin production, and ability to utilize citrate as sole carbon source, 

respectively. Biochemical characterization of the isolates was carried out following the 

procedures outlined in Bergey‘s Manual of Determinative Bacteriology (Whitman et al., 

2015). For quality assurance, Bacillus subtilis and Escherichia coli obtained from the 

American Type Culture Collection (ATCC) and maintained at the Adama Public Health 

Research and Referral Laboratory Center were employed as reference controls representing 

Gram-positive and Gram-negative bacteria, respectively. 

3.5.2 Biomolecular characterization 

The pigment-producing isolates were accurately identified by analyzing their protein profiles 

via Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-

TOF) according to Haider et al.(2023). Using the formic acid extraction method, colonies of 

pigmented isolates were transferred to Eppendorf tubes containing 300 μL of ultrapure water 

with sterile micropipette tip. Then 900 μL of absolute ethanol was added and mixed 

thoroughly.  
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The mixtures were centrifuged at 12,000 rpm for 3 minutes, and the supernatants were 

discarded. After drying the precipitate at room temperature, 20 μL of 70% formic acid and 

20 μL acetonitrile were added and thoroughly mixed. The mixtures were centrifuged at 5,000 

rpm for 3 minutes, and the supernatants were transferred to new Eppendorf tubes. After air 

drying, a microliter of the extracted supernatants were added to the target plate and covered 

with one microliter of α-Cyano-4-hydroxycinnamic acid (CHCA) matrix solution for analysis.  

 Spectral fingerprints were generated using an EXS3000 MALDI-TOF-MS (Bruker Daltonics, 

Germany) according to its operating manual, with the laser frequency operating at 60 Hz, ion 

source voltage at 1.8 kV, and lens voltage at 6 kV. Spectra were generated in the 2000 to 

20,000 mass-to-charge ratio (m/z) range. E. coli (ATCC25922) and α-CHCA were used as 

positive and negative quality controls, respectively. The spectra were compared with the 

EXS3000 database to determine the taxonomical species of the isolate.  

 

For identification, the acquired mass spectra of the isolate were compared with the bacterial 

spectra in the MALDI Biotyper library (MBL) which contains a database of species-specific 

fingerprints for a wide variety of bacteria to define the taxonomical species to which the 

isolate belongs. Score values below 1.69 reported as non-reliable genus, scores of 1.70–1.99 

were classified as probable genus, and scores above 2.00 were classified as probable species  

( Bruyne et al., 2011).   

3.6 Eco-Physiological tolerance assessment of selected bacterial isolates  

 

The purified bacterial isolates were screened for pigment production by inoculating each 

isolate onto fresh nutrient agar plates and incubating them at 30 °C for 24 -72 hours. Colonies 

were observed for distinct pigmentation among which red, yellow, orange and other visually 

detectable hues were identified. Pigment intensity and diffusion into the agar were recorded as 

preliminary indicators of production capacity. Isolates exhibiting strong and consistent 

pigmentation were selected for further analysis.  

The one-variable-at-a-time (OVAT) approach was initially employed to establish tolerance 

ranges for key culture parameters, thereby ensuring reliable microbial growth. These baseline 

ranges served as the foundation for subsequent statistical optimization using Plackett-Burman 
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Design (PBD) to identify the most significant factors influencing pigment yield. Eco-

physiological tolerance of pigment-producing isolates was systematically evaluated against 

variations in temperature, pH, agitation rate, salt concentration, and carbon and nitrogen levels 

in nutrient broth. Growth responses were quantified by measuring optical density at 600 nm 

(OD600) with a UV-Visible spectrophotometer, providing a robust metric for assessing 

microbial performance under different environmental conditions. 

All tests were conducted in triplicate with un-inoculated medium as a blank. Isolates were 

considered stress tolerant if a minimum OD value of 0.1 was recorded (McGoverin et al., 

2021). The potent isolates were stored on slant at 4 °C for short term use, and in glycerol 

stocks at -20 °C for long term preservation. 

The ranges of stressor conditions chosen to evaluate the eco-physiological tolerance of 

pigment-producing bacterial isolates were selected to reflect both ecological relevance and 

industrial applicability. Pigment biosynthesis in bacteria is often linked to stress adaptation 

and therefore, testing across realistic ranges of temperature, pH, salinity, agitation, and 

nutrient availability provides insight into survival capacity. Parameter ranges were elected to 

encompass ambient environmental conditions that reflect natural habitats, and tests metabolic 

flexibility and pigment biosynthesis of the isolates.  

3.6.1 Temperature tolerance test 

To assess temperature tolerance ability of the isolates, loop-full of one-day-old pure cultures 

were inoculated into freshly prepared nutrient broth containing 1 gram of ‗Lab-Lemco‘ 

powder, 1 gram of yeast extract, 5 gram of peptone, and 5 gram of NaCl per liter (Oxoid), 

autoclaved at 121 °C for 15 minutes with pH adjusted to 7 for initial activation. Growth of 

chromogenic isolates in agro-waste extracts (AWEs) at different temperatures (20 °C, 25 °C, 

28 °C, 32 °C, 37 °C, and 45 °C) were examined by adjusting pH to 7 using sterile 1 N NaOH 

and 1 N HCl as described by Deveikaite & Zvirdauskiene (2023). 

3.6.2 pH tolerance test 

The ability of chromogenic isolates to grow at different pH levels was tested in AWEs 

adjusted to pH 4.5, 6.0, 7.0, 8.0, and 10.0 using sterile 1N NaOH and 1N HCl, as described by 
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Fatima & Anuradha (2022). All isolates were incubated at 37 °C for 24-72 hours to assess 

growth at each pH level. 

3.6.3 Salt tolerance test 

Chromogenic isolates were tested for salinity tolerance in AWEs supplemented with NaCl at 

concentrations of 0.5%, 1.0%, 2.0%, 3.0%, 4.0%, and 5.0% (w/v). Growths were evaluated 

after 24-72 hours of incubation at 37 °C (Sharma et al., 2021). 

3.6.4 Agitation tolerance test 

Isolates were tested for agitation tolerance in AWEs at agitation rates of 30 rpm, 60 rpm, 90 

rpm, and 120 rpm. Growths were evaluated after 24-72 hours of incubation at 37 °C Fatima & 

Anuradha (2022). 

3.6.5 Carbon and Nitrogen utilization test 

One-day-old culture broths of chromogenic isolates were inoculated into AWEs containing 

different carbon and nitrogen sources. Isolates were cultured in AWEs media supplemented 

with five carbon sources (glucose, fructose, lactose, maltose, and sucrose) at 1%, and nitrogen 

sources (yeast extract, peptone, tryptone, and urea) at 0.1%. Tests were conducted in triplicate 

per isolate, and growths were evaluated by measuring  OD600 after 24-72 hours of incubation 

at 37 °C as described by Fatima & Anuradha (2022).  

3.7 Formulation of agro-waste based substrates for bacterial cultivation  

Agro-waste materials including potato, cabbage, tomato, orange, cannon ball cabbage, onion, 

watermelon, papaya, carrot, banana and beetroot peels, and bread leftover were collected from 

local market sites and cafeteria. The wastes were segregated at the point of generation and 

washed thoroughly with tap water to remove dirt and surface contaminants, and then sun 

dried, ground into powder using a mechanical grinder and sieved using a stainless steel sieve 

with a mesh size of 1 mm to 2 mm.  

The processed agro-waste residues underwent preliminary screening to ensure their suitability 

as experimental substrates. Particle size uniformity was verified through visual inspection and 

re-sieving to confirm homogeneity. The pH of each residue was determined by suspending 
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powdered residues in distilled water at a 1:10 (w/v) ratio and measuring with a calibrated pH 

meter to assess their acidity or alkalinity. Following screening, the powders were appropriately 

labeled, sealed in sterile Schott bottles, and stored at 4 °C to preserve substrate integrity and 

prevent contamination (Figure 3).  

 

Figure 3 Media prepared from agro-waste residues to be used as alternative low-cost growth 

substrate 

The decoction method as described by Hidayat & Patricia Wulandari ( 2021) was employed to 

extract nutrients from the powdered agro-waste preparations. Fifty grams of each powder were 

suspended in 1000 mL of distilled water within 2 L Erlenmeyer flasks and subjected to heat 

treatment by boiling to release active compounds. After reaching boiling point, the mixture 

was simmered for 45 minutes. The resulting decoctions were strained through gauze fabric and 

subsequently filtered using Whatman No. 1 filter paper.  

Filtrates were transferred into clean appropriately labeled and sterilized stoppered Schott 

bottles by autoclaving at 121 °C for 15 minutes. Sterility was verified by incubating aliquots of 

each decoction overnight to confirm the absence of microbial contamination prior to 

inoculation. The sterile extracts were stored at 4 °C until use for successive trials aimed at 

evaluating their potential as low-cost substrate components to support the growth of 

chromogenic bacterial isolates for pigment production optimization. 

With regards to experimental procedure, initially, potent isolates (Micrococcus luteus, 

Exiguobacterium aurantiacum, and Kocuria sp.) were activated using the shake-flask culture 

method by aseptically transferring a loopful of each isolate into nutrient broth and incubating 
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overnight at 30 °C to obtain actively growing cultures. From each overnight culture, 10 mL of 

suspension was inoculated into 150 mL of agro-waste extracts (AWEs) contained in sterile 

Erlenmeyer flasks as pre-culture development whereby cultures were incubated under shaking 

conditions to assess the effectiveness of AWEs in supporting the growth of respective isolates 

(Figure 4). 

  

Figure 4 Fermentation initiation: inoculation of AWEs with potential chromogenic isolates   

Growth was monitored spectrophotometrically at OD600. At an hour time interval, 10 mL of 

culture broth was withdrawn and replaced with an equal volume of sterile AWE to maintain 

working volume. Growth curves were plotted by recording OD600 values against time.  At the 

stationary growth phase, cultures were centrifuged to recover cell biomass and crude pigments 

were extracted from the harvested biomass using organic solvent extraction method. For data 

replication and reliability, all experiments were conducted in triplicate and average OD600 

values were statistically analyzed to provide reliable estimates of the effects of the tested 

AWEs so as to identify the most nutritious extract that supported the growth of the isolates 

compared to nutrient broth, used as benchmark. Statistical models were used to predict 

optimal conditions for enhanced culture growth and pigment production using the most 

supportive AWE as a low-cost substrate alternative. 



41 
 

 

3.8 Optimization of growth conditions for enhanced pigment-production  

3.8.1 Statistical screening of growth conditions 

To enhance pigment yield, selected pigment-producing bacterial isolates were subjected to 

screening and optimization under varying culture conditions using factorial design analysis for 

interactive effects. Screening of culture conditions and nutrient concentrations were conducted 

using PBD, a fractional factorial design used to identify the most significant process variables 

affecting culture growth (Chaudhari & Shirkhedkar, 2020).  

Parameters tested comprises incubation temperature, initial medium pH, culture agitation rate, 

culture incubation period, inoculum age, inoculum size, glucose concentration, yeast extract 

concentration, and salt concentration for their impact on culture growth. The selection of these 

parameters and their optimum ranges was guided by extensive literature review and laboratory 

trials. Each variable was represented at two levels, low (-) and high (+), in 12 randomized 

experimental runs (Table 3) as suggested by the Plackett-Burman experimental design and 

incorporated into the Design Expert Statistical Software (version 13). 

 

Table 3 Key Independent Variables Identified for Screening Using PBD  

S. No Variable Unit Experimental level 

Low (-1) High (+1) 

1 Incubation temperature 
o
 C 23 37 

2 pH  5 10 

3 Culture agitation rate rpm 60 180 

4 Incubation period hour 24 72 

5 Inoculum size % 1 2.5 

6 Inoculum age hour 12 36 

7 Yeast extract % 0.1 1 

8 Glucose % 0.5 1.5 

9 Salt (NaCl) % 5 10 
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Culture growth was monitored by measuring optical density at 600 nm (OD600) using UV-

Visible spectrophotometer. To help reduce the impact of variability and provide a more 

reliable estimate of the effects of the variables being studied, the average value of the 

response, represented by culture OD600 values were measured. The main effects model and 

Pareto analysis were used to identify the most significant factors influencing the culture 

growth. Based on the magnitude of their effect from ANOVA, three most significant variables 

influencing culture growth were selected for further optimization study. 

3.8.2 Statistical optimization of significant growth conditions 

Response surface methodology with a face centered central composite design (CCD) was 

utilized using significant variables (Table 4) to fit a model for the response variables, 

estimating the first-order and second-order terms with three levels matrix, keeping the non-

significant variables (incubation temperature, inoculum age, inoculum size, NaCl, and 

glucose) at average values according to Ghosh & Banerjee (2023) and Silva-Castro et 

al.(2019). 

As maximum pigment production potential correlates with the stationary growth phase, the 

bacterial cultures were incubated until the growth reached stationary phase, which were 

monitored by measuring the OD600 (Gondil et al., 2017). Model assumptions and fitness were 

checked to evaluate the goodness of fit of the statistical model. 

Table 4 Experimental Design Matrix: Significant variables and their optimization levels  

Variable name Units  Low  (-1)  High (+1)  -α +α 

Culture agitation rate (X1) rpm 60 180 60 180 

pH (X2)  5 10 5 10 

Yeast extract (X3) % 0.1 1.0 0.1 1.0 

 

Graphical optimization, indicating the interactions between process variables were used to 

visually analyze the response surface and identify combinations of these variables that 

achieve the optimum response value using surface plots (Boateng, 2023). The numerical 

method using desirability functions were applied for simultaneous optimization of all the 

responses in the process to find the best operating conditions that provide the most desirable 

response values by setting a goal to find factor settings that maximize the overall desirability 
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(Marinkovic, 2020). The goals for optimization were set ―in range‖ for the identified input 

variables to find the best optimal conditions for culture growth and ―maximize‖ for output 

variables to achieve maximum pigment production.  

3.8.3 Experimental validation of statistically optimized growth conditions 

Prior to actual optimization experimentation, trial tests were conducted with the optimized 

parameters to compare results with statistical predictions to ensure that the selected parameters 

truly contribute to the desired outcomes. Cultivations were conducted in 150 mL of freshly 

prepared AWE broth that best supported the growth of pigment-producing isolates at the 

predicted optimal conditions of significant variables (culture agitation rate, initial culture pH 

and yeast extract) keeping other culture conditions at an average value (initial culture pH at 

7.5, culture agitation rate at 120 rpm, incubation temperature at 30 
o
C, inoculum age at 24 

hours, inoculum size at 2%, NaCl at 7.5%, glucose at 1%, and yeast extract at 0.55%).  

 

The experiments were conducted in triplicates, and the average values of the responses were 

considered for reliable estimate of the effects of each factor being optimized. Statistical 

models were used to predict the best conditions for enhanced culture growth and pigment 

production using best AWE that support the culture growth as an alternative low-cost 

substrate.  

3.9 Extraction and quantification of bacterial bio-pigments 

Pigments were extracted by solvent extraction method according to (Padhan et al., 2021). 

After incubation under optimized conditions, bacterial cultures were centrifuged at 5,000 rpm 

for 20 minutes at 4 °C to separate the biomass from the culture supernatant at the respective 

stationary growth phase.  

Following centrifugation, the supernatants were discarded, and the pellets were weighed and 

re-suspended in equal volumes of organic solvents (Figure 5), measured by assessing the 

solubility of pigments with different solvents such as methanol, ethanol, acetone, and 

chloroform.  
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Figure 5 Pigment extractions: centrifugation of biomass at stationary growth phase post-

fermentation  

The solvents were added in equal volume to the supernatant, followed by vortexing and heat 

and acid treatment at 60 
o
C in water bath and 3 N HCl, respectively for 20 minutes to ensure 

complete extraction. The mixture was then centrifuged again, and the supernatant was 

collected for analysis. After treatment, the broth cultures were centrifuged again at 5,000 rpm 

at 4 
o
C for 20 minutes repeatedly until the residues turned white. The residues were then 

discarded, and the colored supernatants were filtered through 0.45 µm filter paper and kept in 

biosafety cabinet (BSC) for a week to evaporate the solvent.  

 

The weight of dry biomass and crude pigment extracts were determined using the gravimetric 

technique (Wechselberger et al., 2013). Briefly, the biomass was determined by computing the 

change in mass of the broth culture after discarding the supernatants following centrifugation 

and deducting tare weights of the Falcon tubes. The weight of the pigment was determined 

after evaporating the solvent. 

3.10 Analytical characterization of extracted pigments 

The extracted pigments were filtered and concentrated to remove impurities and enhance its 

detectability, respectively. Various analytical techniques were applied to characterize the 

pigment focusing on its chemical composition, spectroscopic properties, and chromatographic 

separation for identification and structural elucidation. After adjusting the absorbance values 

of each pigment between 0.1 and 1.0 absorbance ranges, the extracted pigments were 

characterized by scanning its absorbance in the wavelength region of 350-750 nm using a UV-

Vis spectrophotometer to determine their absorbance maxima (λmax), which provide insights 

into pigment type.  
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Liquid chromatography-mass spectrometry (LC-MS) was employed for separation and 

molecular identification of pigment compositions. Attenuated Total Reflectance Fourier 

Transform Infrared (ATR-FTIR) was also used to analyze the vibrational modes of chemical 

bonds, helping identify functional groups present in the pigments. Additional observations on 

pigment color, solubility, and stability under heat, acidic and alkaline conditions, oxidizing 

and reducing agents were recorded to assess their suitability for textile dyeing applications.  

3.10.1 UV-visible Analysis 

The pigments were characterized by scanning their OD values using P9 double beam UV-

visible spectrophotometer (VWR®, China). Briefly, after adjusting the OD values of the 

methanolic extract between 0.1 and 1.0 through dilution, 10 mL of each extract were subjected 

to spectral scanning in the wavelength region of 350-750 nm to find the characteristic 

absorption peaks where they absorb light for the identification of each pigment based on their 

specific wavelengths. The instrument was blanked before all analyses and measurment 

readings were taken in triplicates to ensure consistency and accuracy. 

3.10.2 LC-MS Analysis 

An Agilent 1260 Infinity II LC-MS 6495 (Agilent 1260 Infinity II LC System, Germany) 

equipped with electrospray ionization (ESI) source and Triple Quadrupole mass analyzer was 

used to separate the pigment based on its chemical properties and identify individual 

components in the pigment by their mass-to-charge-ratio values (Gao et al., 2006). Briefly, 

each extract were first dissolved in 99.5% methanol and centrifuged at 10,000 rpm for 10 

minutes at a temperature of 4 
o
C. The clear supernatant was poured into an autosampler vial 

from which 10 μL was injected into liquid chromatography (LC) system. Chromatographic 

separation of the pigment was conducted using a standard reversed-phase C18 column (10 cm 

x 4.6 mm, 3 µm) set at 35 °C before the mass spectra (MS) detection.  

 

After separation, the sample entered the mass spectrometer where it undergoes ionization. 

Nitrogen gas was used to spray the sample for efficient ionization. The capillary voltage, the 

gas flow rate, gas temperature, and nebulizer pressure were set at 3000 V, 5 L/min, 300 
o
C, and 

50 psi, respectively. For effective separation and ionization processes, 0.1% acetic acid in water 
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and methanol at a flow rate of 1 mL/minute were used as eluents at a 40 minutes gradient 

elution program.  

The program started with 90% of water with acetic acid and 10% methanol, gradually 

increasing the proportion of methanol from 10% to 90% in the first 35 minutes and remaining 

at 90% methanol for the last 5 minutes before returning to the initial conditions. The MS 

operated in multiple reactions monitoring (MRM) mode and spectra were scanned in positive 

ionization mode between 50 and 1000 mass-to-charge (m/z) ratio. The generated spectra were 

compared with a database of known compounds to identify possible chromophoric compounds 

present in the pigmented extract. 

3.10.3 ATR-FTIR Analysis 

Attenuated Total Reflectance (ATR) measurements were carried out using an FTIR 

spectrometer (Thermo Scientific Nicolet iS50, USA) equipped with an ATR device for 

spectrum analysis. This technique determines the functional groups present in the pigment by 

passing infrared light through a crystal where it is partially absorbed by the sample pressed 

onto the crystal, then reflects back through the crystal again, and travels to the FTIR detector 

(Njuguna et al., 2022). 

Two milligrams of finely ground solid pigment was placed on the ATR crystal and a pressure 

of 700 kg/cm
2
 was applied to ensure better contact between the extract and the crystal. The 

infrared (IR) source of the spectrometer focused radiation onto a deuterated triglycine sulfate 

(DTGS) crystal detector coated with potassium bromide. Measurements were taken in the 

spectral range of 4000–400 cm⁻¹ with each spectrum collected by scanning the sample at an 

average of 32 scans with a resolution of 16 cm⁻¹. Finally, the ATR-FTIR spectra of the sample 

were collected and peaks corresponding to the functional groups present in the pigment were 

identified by comparing the spectra to a reference spectrum. The peaks were then assigned to 

the corresponding functional groups based on their wave number values. 

3.10.4 Pigment stability test 

Pigment degradation was examined by monitoring changes in absorbance peaks against its 

original peak in wavelength and intensity according to Ngamwonglumlert et al.(2017) and 

Szadkowski et al. (2022). The stability of the pigments were assessed after dissolving the 
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pigments in suitable solvents followed by exposing them to various environmental stressors 

such as pH, temperature, light, oxidizing and reducing agents 

 The pigment was then exposed to temperatures of 20 °C, 30 °C, 40 °C, 50 °C, 60 °C, 70 °C 

and 80 °C in water bath after adjusting the pH to neutral for heat stability. Similarly, to 

evaluate the stability of the pigment in acidic, neutral and alkaline conditions, the pH of the 

pigment was adjusted to 3, 4, 5, 6, 7, 8, 9, 10 and 11 using HCl and NaOH (Amorim et al., 

2022; Su et al., 2023).  

To assess the influence of oxidizing and reducing agents on the pigment stability, the pH was 

adjusted to neutral. H2O2 at concentrations of 0.1%, 0.5%, 1.0%, 1.5%,2.0%, 2.5% and 3% 

(v/v), and glucose at concentrations of 0.25%, 0.5%, 0.75%, 1.0%, 1.25% 1.5%, 1.75% and 

2%) (v/v) were added to the pigment solution to make a total volume of 10 mL to test the 

pigment‘s tolerance to oxidation-reduction reactions (Rao et al., 2021; Su et al., 2023; 

Wijesekara and Xu, 2024).   

The exposure time for all variables were 2 hours to assess immediate pigment response to 

stressors fluctuation and detect rapid degradation, helping refine dyeing conditions. For all 

analyses, the UV-Visible spectrophotometer was blanked prior to scanning and absorbance 

tests were run in triplicates and mean values of the parameters were used for analysis. 

Moreover, the tests were supplemented with visual inspections for any physical changes such 

as color fading and precipitation that might not be immediately detected by instruments. 

 3.11 Application of bio-pigments in textile dyeing and performance evaluation 

3.11.1 Pigment solution preparation and dyeing fabrics 

Cotton and Tetron 6000 fabric samples, both white were cut into uniform pieces, washed with 

detergent, and rinsed thoroughly with tap water to remove surface impurities. The mordant 

bath was prepared by filling cooking pan with enough water to completely immerse the fabrics 

into which aluminum sulfate (10% of the fabric dry weight) and potassium sulfate (5% of the 

fabric dry weight) were added and stirred well to dissolve the mordant. The damp fabrics were 

then put into the mordant solution, heated gently to 60 °C in water bath for 40 minutes with 

intermittent stirring. Finally, the fabrics were removed, rinsed lightly, and let dry before 

dyeing. 
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Dye bath was prepared by filling a bowl with tap water into which the pigment granules 

dissolved in methanol at a concentration of 3% (w/v) was diluted at a liquor ratio of 1:20. The 

dye bath was maintained at a controlled temperature of 40 °C with constant stirring for an hour 

(Failisnur et al., 2018). Fabric dyeing was conducted using immersion method by which the 

mordanted fabrics were soaked into the dye bath with a fabric-to-dye liquor ratio of 1:20 for 

40 minutes under continuous stirring to facilitate dye absorbance and ensure uniform color 

uptake.  

The dyeing conditions were adjusted to match the absorption maxima of the pigment as 

determined from stability tests for optimal pigment binding by adjusting significant factors of 

the dye bath so as to enhance color fastness. After dyeing, the fabrics were removed and rinsed 

thoroughly in cold water until the excess dye is removed and air-dried away from direct 

sunlight to preserve the color.  

3.11.2 Evaluation of dyeing performance 

The effectiveness of the dyeing process was evaluated for colorfastness by measuring dye 

exhaustion and fixation (Xu et al., 2024). Tests included washing fastness and light fastness to 

assess the durability of the pigments on the fabrics.  

The percentage of dye that transferred from the dye bath to the fabric was determined using 

UV-Vis spectrophotometer at λmax. of dye solution after dyeing and calculated using 

Equation 1: 

              ( )  (
                                   

                  
)            ( )   

Washing fastness was evaluated by subjecting the dyed samples to repeated washing cycles 

with detergent under controlled conditions, while light fastness was determined by exposing 

the fabrics to direct sunlight for 24 hours and observing for any color fading. The amount of 

dye washed was calculated using Equation 2:  

            ( )  (
                                            

                  
)         ( ).  
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Moreover, color changes were rated visually by comparing the differences against originally 

dyed cotton and Tetron 6000 fabrics to benchmark performance for any color change after 

exposure to environmental factors.  

3.12 Data analysis 

All experimental data were recorded in triplicate and statistically analyzed to ensure reliability 

and reproducibility of results. For optimization, Design-Expert (Version 13) statistical 

software was used for design of experiments in order to explore the effects of multiple factors 

on a response variable.  

All input and the corresponding response data were entered into Microsoft Excel to perform 

descriptive, correlation, regression, and ANOVA analyses. Descriptive statistics were 

conducted to summarize central tendencies and variation (Das et al., 2023). Pearson 

correlation and regression analyses were performed to explore relationship between variables 

and predict outcome variable (OD600) based on input variables, respectively.  

The experimental data were analyzed using ANOVA for a second-order response surface 

regression model to compare means within and between groups. A Post-hoc (Bonferroni 

correction) test was used to figure out exactly where the differences lie within group means 

where ANOVA shows a significant difference between the means of two independent groups 

(Fahrmeir et al., 2021). Graphical representations such as bar graphs, heat map, and line 

graphs were generated to visualize trends in outcome variables as a function of input variables. 

A significance level of p < 0.05 was used throughout the analysis (Gillard, 2020; Nor et al., 

2017). 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Screening and profiling of pigment-producing microbial isolates 

 

Environmental samples gathered from various locations had temperatures ranging from 22 °C 

to 44 °C and pH values between 4.5 and 8.1 at the time of sample collection. After being 

cultured on nutrient agar, a total of 1,321 distinct colonies exhibiting variety of morphological 

characteristics were detected from all samples collected from the designated sampling sites 

after 48 hours of incubation at 30 °C (Figure 6). Among all, whitish-yellow and reddish-

oranges colonies were the most prevalent.  

The isolation process involved streaking the mixed colonies on an agar surface to obtain pure, 

single colonies each representing an identical strain derived from a single progenitor cell. 

Among these, 127 colonies exhibited visible pigmentation ranging from yellow and orange to 

red hues, suggesting the production of diverse bio-pigments. After further purification, 14 

distinct isolates were presumptively recognized as pigment producers. The findings align with 

Agarwal et al. (2023) who explained that pigment-producing microorganisms are extensively 

dispersed and ubiquitous with various pigments being adaptive features across diverse 

environments. 
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Figure 6 Representative colony morphologies of environmental isolates cultivated on nutrient 

agar for the recovery of pigment-producing strains. The printed labels on the culture 

plates denote the respective sources of the environmental samples.  

Six potential pigment-producing isolates (PPPIs), designated PPPI1–PPPI6 (Figure 7) were 

selected for preliminary screening based on the intensity and stability of their colony 

coloration. The observation that only a limited proportion of isolates exhibited chromogenic 

potential indicates that pigment production is a genetically restricted and conditionally 

expressed trait rather than a universal characteristic among microbial populations. These 

selected isolates were subsequently prioritized for detailed evaluation, including stress 

tolerance assays, biochemical profiling and bio-molecular characterization to comprehensively 

assess their pigment production potential and industrial relevance. 

Air

Volcanic ash  

Sugar factory effluent 

WWTP effluent 

Sodere hot spring 

Quarry soil Volcanic soil 

River water 

Ziway Lake Rhizosphere Oil contaminated soil 

SWDS soil Nursery site soil Brewery effluent 

Abattoir effluent 

Boku hot spring 

Lake Beseka 

Garage Spinning factory effluent 

Open ditch 

Key: WWTP - wastewater treatment plant, and SWDS - solid waste disposal site 
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Figure 7 Pure colonies of pigment-producing bacterial isolates (PPPI-1 to PPPI-6) grown on 

nutrient agar. Panels (A)–(F) show isolates obtained from quarry soil (PPPI-1), hot 

spring (PPPI-2), oil-contaminated soil (PPPI-3), volcanic ash sediments (PPPI-4 and 

PPPI-5), and air sample (PPPI-6), respectively 

As accurate classification of colony colors in pigment-producing bacterial isolates is essential 

for reproducibility and comparative analysis, Munsell color system was employed to group the 

pigments in order to avoid subjectivity (Munsell, 2010). The distinct colony color shows 

successful isolation, enabling further analysis. Morphological characterization revealed 

variations in colony shape, elevation, margin, surface texture and opacity (Table 5), providing 

preliminary insights into diversity of pigment-producing isolates. The Gram staining tests 

showed that four of the isolates were Gram-positive. From colony color versus Gram reaction, 

Gram-positive cocci (GPC) isolates (PPPI-1, PPPI-4, PPPI-5) produced creamy to bright 

yellow and reddish pink pigments. Whereas, Gram-negative bacilli (GNB) isolates (PPPI-2, 

PPPI-3) showed reddish brown and yellow pigmentation and Gram-positive bacillus (GPB) 

isolate (PPPI-6) produced reddish orange pigment, suggests that pigment production is not 

exclusive to a single Gram type, but certain colors may be more prevalent among specific 

groups. 

(A) PPPI-1 (B) PPPI-2 
(C) PPPI-3 

(D) PPPI-4 (E) PPPI-5 (F) PPPI-6 
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Circular colonies were mostly associated with moist or sticky textures, especially among 

GPCs. Irregular colonies (PPPI-2 and PPPI-6) showed sticky or moist textures, possibly 

indicating extracellular matrix or pigment diffusion. Colony shape and texture may reflect 

species-specific growth traits and pigment secretion behavior. All isolates except PPPI-6 were 

non-motile, and most showed convex or raised elevation. The only motile isolate (PPPI-6) has 

an irregular shape and convex elevation, possibly linked to active spreading or swarming 

behavior, suggesting motility may influence colony irregularity and elevation due to dynamic 

surface movement. On the other hand, margin and opacity result indicated that entire margins 

dominated across isolates, except for PPPI-5 (lobate) which also has a sticky texture. Opaque 

colonies were common except for PPPI-1 (translucent), which may indicate lower pigment 

concentration or thinner biomass which may correlate with pigment density and colony 

compactness. 

Table 5 Morphological characteristics of pigment-producing potential isolates (PPPI)  

No  Isolate 

code  

Pigment 

color 

colony 

shape   

Texture  Margin  Motility  Gram 

reaction 

Opacity  Elevation  

1 PPPI-1 Creamy  Circular  Moist  Entire  Non-

motile 

GPC Translu

cent  

Convex  

2 PPPI-2 Reddish 

brown 

Irregular  Sticky  Entire  Non-

motile  

GNB Opaque  Raised  

3 PPPI-3 Yellow  Circular  Moist   Entire  Non-

motile 

GNB Opaque  Convex  

4 PPPI-4 Bright 

yellow 

Circular  Moist  Entire  Non-

motile  

GPC Opaque  Convex  

5 PPPI-5 Reddish 

Pink   

Circular  Sticky   Lobate Non-

motile 

GPC Opaque  Raised   

6 PPPI-6 Reddish 

orange 

Irregular  Moist  Entire  Motile  GPB Opaque  Convex   

Key: PPPI-Potential Pigment-Producing Isolate, GPC- Gram Positive coccci, and GPB and 

GNB- Gram Positive and Gram Negative Bacilli, respectively.   
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The overall profile of biochemical test results showed that all six isolates were indole and 

methyl red (MR) negative, catalase-positive, and H2S-negative. Citrate utilization was positive 

in three isolates (PPPI-3, PPPI-4, PPPI-6, while oxidase was positive in PPPI-1, PPPI-2, PPPI-

4, and PPPI-5. Urease was positive only in PPPI-4 and PPPI-6 and nitrate reduction was 

positive in PPPI-1, PPPI-2, and PPPI-5. But, lactose fermentation was observed in PPPI-6 

only and coagulase was positive in PPPI-4 (Table 6). Most of proposed genera align with prior 

colony and Gram reactions. For example GPC for Micrococcus/Kocuria, GNB non-fermenters 

for Pseudomonas/Acinetobacter, and GPB motile for Bacillus/Exiguobacterium. However, 

final identification requires further test such as endospore staining and molecular analysis for 

confirmation.  

Table 6 Biochemical characteristics of pigment-producing potential isolates (PPPI) 
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Possible proposed Genera 

1 PPPI-1 - - + - + - + + - - - Micrococcus/Kocria 

2 PPPI-2 - - - - + - + + - - - Pseudomonas 

3 PPPI-3 - - - + - - + - - - - Acinetobacter 

4 PPPI-4 - - - + + + + - - - + Staphylococcus 

5 PPPI-5 - - + - + - + + - - - Micrococcus/Kocria 

6 PPPI-6 - - - + - + + - + - - Bacillus/Exiguobacterium 

Key: (+) test reaction is present, (-) test reaction is absent, MR- methyl red and VP-Voges 

Proskauer  

Catalase positivity suggests the presence of catalase enzyme decomposing H2O2 into water 

and oxygen, allowing isolates survive oxidative stress. Likewise, Oxidase positivity indicates 

the presence of cytochrome c oxidase which helps separate oxidase-positive non-fermenters 

from oxidase-negative ones. Citrate utilization indicates the ability of an isolate to utilize 

citrate as sole carbon source which is common in environmental Gram-negative rods and some 

Gram-positive rods. The ability to use nitrate as terminal electron acceptor supports facultative 
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anaerobic respiration and environmental versatility. The absence of hydrogen sulfide (H₂S) 

production also suggests that these isolates do not engage in sulfur metabolism, reducing the 

risk of undesirable odors and unwanted reactions with fabric substrates if used for dyeing 

applications. 

The morphological and biochemical findings suggested that the isolates are predominantly 

Gram-positive, aerobic, and non-motile with strong ability to resist oxidative damage. The 

catalase-positive reaction implies that these isolates thrive in oxygenated environments, while 

the lack of H₂S production further indicates that the isolates do not rely on anaerobic sulfur 

metabolism. Overall, the oxidase/catalase positivity and non-fermentative metabolism of the 

isolates suggest resilience in oxidative environments, potentially correlating with stable 

pigment pathways. In addition, citrate and urease profile of an isolate indicates diverse 

carbon/nitrogen utilization capacity; tailoring agro-waste extracts to these metabolic traits may 

enhance pigment yields. 

MALDI-TOF mass spectrometry analysis identified five isolates as bacteria, three isolates to 

the genus and two isolates to the species level (Table 7). One isolate (PPPI-2) remained 

unidentified. Two isolates (PPPI-1 and PPPI-5) were identified homologous isolates despite 

being collected from different environments, suggesting potential environmental adaptation of 

the isolates. 

Table 7 Bio-molecular characteristics of pigment-producing potential isolates (PPPI) 

No  Isolate code  Identified isolate Score  Identification level 

1 PPPI-1 Kocuria sp. 1.70 Genus  

2 PPPI-2 Unidentified  1.68 Unreliable  

3 PPPI-3 Acinetobacter sp. 1.82 Genus 

4 PPPI-4 Micrococcus luteus 2.19 Species 

5 PPPI-5 Kocuria sp. 1.74 Genus 

6 PPPI-6 Exiguobacterium aurantiacum 2.25 Species  

Scoring criteria: < 1.7 unreliable, 1.7-2.0 probable genus and >2.0 probable species 
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MALDI-TOF mass spectrometry is a powerful tool for rapid microbial identification through 

the analysis of protein profiles of the isolates. The technique generates characteristic marker 

ion peaks, which were compared with a reference database to classify the isolates at the genus 

and species levels. Zhang et al. (2022) described that the characteristic peaks of different 

bacteria could be used as marker ion peaks for identification and successfully identified 

Bacillus cereus, Listeria monocytogenes, and Micrococcus luteus based on their protein 

profiles using MALDI-TOF technique. 

The identification of three bacterial isolates at the genus level suggests that their protein 

spectra matched known genera but lacked sufficient specificity for species-level classification 

which could be due to limited database entries or variations within the isolates. While, 

identifying two isolates at the species level indicates a more precise match in the database, 

confirming their identity with high confidence. On the other hand, the failure to identify one 

isolate (PPPI-2) suggests either the isolate is a novel strain or an insufficient reference in the 

database, requiring further molecular analysis for confirmation. 

MALDI-TOF analysis identified two of the isolates as Kocuria sp. The other isolate was 

identified as Acinetobacter sp. which is an opportunistic pathogen group (Chiu et al., 2015), 

and hence rejected from the subsequent screening for pigment production due to safety reason. 

Hence, pigments were extracted from three isolates, identified as Micrococcus luteus (M. 

luteus), Exiguobacterium aurantiacum (E. aurantiacum) and Kocuria sp. because of their non-

pathogenicity and rapid growth in the employed agro-waste extract under various 

environmental conditions in repeated laboratory trials. 

While most published works focused on engineered strains or marine isolates, this study 

highlighted that environmental isolates offer natural, non-genetically modified alternatives to 

engineered strains with potential for eco-safe industrial use; avoids genetic modification, and 

aligning with eco-safety goals but may give less pigment yield compared to engineered strains 

unless further optimized (López-Mora et al., 2025; Ramos et al., 2021).  

Genus-level identification of Kocuria matches the earlier inference of Micrococcus/Kocuria 

from Gram-positive cocci morphology and oxidase/catalase positivity. Similarly, the genus 

level identification of Acinetobacter is congruent with oxidase-negative, citrate-positive, non-
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fermenting GNB traits. The species level identification of M. luteus and E. aurantiacum fits 

the biochemical pattern observed, while the unreliable score for PPPI-2 indicates insufficient 

spectral match (Table 8).  

Table 8 Summary table of match quality: MALDI-TOF consistency with morphological and 

biochemical test results 

Isolate MALDI-TOF 

identification 

Score Identificat

ion level 

Consistency 

with 

morphological 

and biochemical 

data 

Remark 

PPPI-1 Kocuria sp. 1.70 Genus High Gram-positive cocci; 

oxidase/catalase positive 

profiles are consistent with 

Micrococcus/Kocuria. 

PPPI-2 Unidentified 1.68 Unreliable Indeterminate Low score; retain as ―GNB 

non-fermenter‖ needs 

reanalysis.  

PPPI-3 Acinetobacter sp. 1.82 Genus High Oxidase-negative, catalase-

positive GNB with citrate 

use fits Acinetobacter like 

traits. 

PPPI-4 M. luteus 2.19 Species High Strong species level match; 

aligns with Gram-positive 

cocci and pigmenting 

morphology. 

PPPI-5 Kocuria sp. 1.74 Genus High Similar to PPPI-1; 

biochemical pattern 

(oxidase/catalase+, VP+) 

supports Micrococcaceae. 

PPPI-6 E. aurantiacum 2.25 Species Moderate Species level match; 

Exiguobacterium are Gram-

positive short rods, often 

motile, catalase+, urease 

variable consistent with 

isolate's profile. 

Key: High consistency-morphological traits closely align with the expected species characteristics, and 

biochemical reactions show strong agreement with reference profiles, Intermediate consistency-broader 

morphology traits matches at the genus level but differ in finer details, and only partial agreement in biochemical 

traits, and Moderate consistency-colony morphology is ambiguous or inconsistent with reference descriptions, 

and biochemical reactions exhibit limited or conflicting overlap with expected traits. 
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4.2. Stress tolerance profiling of pigment-producing bacteria 

4.2.1 Temperature tolerance and growth pattern analysis 

The stress tolerance tests demonstrated that the pigment-producing bacterial isolates (PPPI-1 

to PPPI-6) cultured across thermal gradient from 20 °C to 45 °C (Figure 8), demonstrated 

mesophilic growth characteristics, assessed via OD600 absorbance measurments. The thermal 

tolerance suggested that these isolates possess mechanisms to withstand environmental 

fluctuations.  

 

Figure 8 Line chart illustrating the effect of incubation temperature variations on culture 

growth of pigment-producing isolates (PPPI-1 to PPPI-6), evaluated via OD600 

measurement 

All six isolates demonstrated the ability to grow across moderate temperature range with 

varying degrees of tolerance and stability. Isolates PPPI-1 and PPPI-6 showed optimal growth 

between 25 °C and 37 °C, indicating they thrive in mesospheric environments. While PPPI-4 

and PPPI-5 exhibited progressive growth up to 37 °C which indicates adaptation to moderate 

environments and potential suitability for applications requiring stability under typical ambient 

and physiological conditions. The findings align with previous reports by Fatima & Anuradha 

(2022), who observed peak pigment production at 37 °C and emphasized that no universal 

temperature suits all pigment-producing bacteria.  
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Descriptive statistical analysis (Table 9) revealed that PPPI-6 had the highest mean OD600 

value of 0.63 ± 0.13 and the lowest coefficient of variation (CV = 20.45%), indicating high 

growth with low variability. Conversely, PPPI-5 displayed high growth variability 

(CV = 77.18%) with poor performance at lower temperatures and marked improvement from 

32 °C onward. Other isolates, such as PPPI-2 and PPPI-4 showed moderate mean OD600 values 

but higher variability, suggesting less stable thermal responses.  

Table 9 Summary statistics (Mean, SD, CV%) of OD600 for potential pigment-producing 

bacterial isolates across culture temperature conditions 

Isolate  Mean OD600 value Standard deviation (SD) Coefficient of variation (CV %) 

PPPI-1 0.4932 0.1834 37.19 

PPPI-2 0.3718 0.1920 51.65 

PPPI-3 0.3152 0.1105 35.05 

PPPI-4 0.4438 0.2446 55.12 

PPPI-5 0.4637 0.3579 77.18 

PPPI-6 0.6305 0.1289 20.45 

The ANOVA (Table 10) confirmed statistically significant differences in mean OD600 values 

among the isolates (F = 5.21, p< 0.002), indicating that temperature had a differential impact 

on bacterial growth across isolates, supports the observation that thermal tolerance was isolate 

specific. Post hoc analysis with Bonferroni correction revealed that only Acinetobacter sp. 

differed significantly from E. aurantiacum in its response to temperature variation, whereas no 

significant differences were detected among the other isolates. 

Table 10 ANOVA summary for differences in mean OD600 values among six potential 

pigment-producing bacterial isolates in relation to temperature 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.831862 5 0.166372 5.210982 0.001469 2.533555 

Within Groups 0.957819 30 0.031927 - - - 

Total 1.789681 35 - - - - 

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 
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Pearson's correlation analysis (Table 11) further demonstrated the relationship between 

temperature and growths. Isolates PPPI-2, PPPI-4, and PPPI-5 exhibited strong positive 

correlations (r = 0.745, 0.766, and 0.853, respectively), suggesting that their growth increased 

reliably with rising temperature. In contrast, PPPI-1, PPPI-3, and PPPI-6 showed weak to 

negligible negative correlations, signifying that while temperature influences growth, the 

relationship is not uniformly linear across all strains. 

Table 11 Pearson's correlation between temperature and OD600 for potential pigment-

producing isolates 

Isolation  r(correlation) value Strength of correlation  

 

Interpretation  

PPPI-1 -0.195 Weak negative Slight tendency but not very 

reliable 

PPPI-2 0.745 Strong positive Strong and consistent 

correlation 

PPPI-3 -0.164 Very weak negative  Almost no linear relationship 

PPPI-4 0.766 Strong positive Strong and consistent 

correlation  

PPPI-5 0.853 Very strong positive  Highly predictive linear 

relationship 

PPPI-6 -0.134 Negligible negative  Almost no linear relationship 

These results highlighted that PPPI-6 is the most thermally stable and consistently productive 

isolate, while PPPI-5 stands out for its strong temperature responsiveness despite variability. 

The statistical evidence reinforced the isolate-specific nature of thermal tolerance, validating 

the assumption that no universal temperature suits all pigment-producing bacteria.  

4.2.2 pH tolerance and growth pattern analysis 

All bacterial isolates demonstrated the ability to grow within a pH range of 6 to 10 (Figure 9) 

with optimal growth observed near neutral pH (7–8), suggesting that these bacteria thrive best 

in neutral environment. This pattern supports findings by Deveikaite & Zvirdauskiene (2023), 

who emphasized that neutral pH enhances nutrient uptake and pigment production in bacteria, 

while extreme acidity or alkalinity impairs growth. In our study, growth generally increased 

with rising pH, peaking around pH 7, followed by a decline beyond pH 8.  
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Neutral pH supports efficient nutrient uptake, a common trait among chromogenic bacteria as 

their pigment production may be linked to stable metabolic processes at neutral pH conditions. 

Though the isolates tolerated increasing pH levels their growth started declining beyond pH 8, 

implies that further alkaline conditions may hinder bacterial metabolism possibly affecting 

enzyme functionality or nutrient absorption. 

 

Figure 9 Line chart demonstrating the effect of the variation in culture medium pH on culture 

growth of pigment-producing isolates (PPPI-1 to PPPI-6), evaluated via OD600 

measurement 

The results highlighted that the isolates prefer near neutral environments but struggle with 

excessively acidic or highly alkaline conditions. Their ability to tolerate a broad pH range (6–

10) could indicate adaptability to different environment, making them suitable for applications 

where pH fluctuations are common. 

Descriptive statistics (Table 12) revealed that PPPI-6 had the highest mean OD600 value 

(0.4198+0.16) and the lowest coefficient of variation (CV = 38.06%), indicating consistent 

growth and better pH tolerance compared to other isolates. Conversely, PPPI-4 showed the 

lowest mean OD600 (0.3284+0.19) and high variability (CV = 57.43%), suggesting inconsistent 

adaptation to pH shifts. Other isolates, such as PPPI-1 and PPPI-5, exhibited moderate growth 

but with high variability, indicating fluctuating responses across the pH range. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

4.5 6 7 8 10

O
D

6
0

0
 v

al
u
e 

pH 

PPPI-1

PPPI-2

PPPI-3

PPPI-4

PPPI-5

PPPI-6



62 
 

Table 12 Summary statistics (Mean, SD, CV%) of OD600 for potential pigment-producing 

bacterial isolates across different culture medium pH conditions 

Isolate Mean  OD600 value Standard deviation (SD) Coefficient of variation (CV %) 

PPPI-1 0.3632 0.2353 64.78 

PPPI-2 0.3738 0.2285 61.14 

PPPI-3 0.3954 0.1962 49.62 

PPPI-4 0.3284 0.1886 57.43 

PPPI-5 0.3334 0.2075 62.23 

PPPI-6 0.4198 0.1598 38.06 

The ANOVA (Table 13) confirmed significant differences in mean OD600 values among the 

isolates (F = 84.85, p < 0.001), reinforcing that pH sensitivity varies remarkably between 

strains. This statistical evidence underscores the importance of pH optimization tailored to 

each isolate for pigment production. Post hoc analysis with Bonferroni correction showed that 

M. luteus differed significantly from both E. aurantiacum and Kocuria sp. in its response to 

medium pH, whereas no significant differences were detected among the remaining isolates. 

Table 13 ANOVA summary for differences in mean OD600 values among six potential 

pigment-producing bacterial isolates in relation to variation in pH 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.951742 3 0.317247 84.85161 1.50434E-11 3.098391 

Within Groups 0.074777 20 0.003739 - - - 

Total 1.026519 23 - - - - 

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 

Table 14 summarizes the Pearson's correlation coefficients between OD600 values and pH 

across the six isolates. The analysis showed positive correlations between pH and OD600 

across all isolates, indicating that growth generally improved with increasing pH level. 

Particularly, PPPI-4 (r = 0.716), PPPI-5 (r = 0.636), and PPPI-1 (r = 0.610) exhibited strong 

positive correlations, suggesting a strong and predictable growth response to pH elevation. 

Isolates PPPI-2, PPPI-3, and PPPI-6 showed moderate correlations, indicating a less 

pronounced but still favorable relationship. Overall, the data suggested that while all isolates 
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tolerate a broad pH range, PPPI-6 stands out for its consistent performance, and PPPI-4 and 

PPPI-5 for their strong responsiveness to pH changes.  

Table 14 Pearson's correlation between medium pH and OD600 for potential pigment-

producing isolates 

Isolate r(Correlation) value Strength of correlation Interpretation 

PPPI-1 0.610 Strong positive Strong and consistent correlation 

PPPI-2 0.457 Moderate positive Noticeable linear relationship 

PPPI-3 0.408 Moderate positive  Noticeable linear relationship 

PPPI-4 0.716 Strong positive Strong and consistent correlation  

PPPI-5 0.636 Strong positive  Strong and consistent correlation 

PPPI-6 0.458 Moderate positive  Noticeable linear relationship 

4.2.3 Salt tolerance and growth pattern analysis 

Figure 10 demonstrates growth response of chromogenic bacterial isolates (PPPI-1 to PPPI-6) 

cultured in AWE medium supplemented with varying NaCl concentrations (0.5%–5%), 

assessed via OD600 absorbance measurements. The isolates displayed differential growth 

responses when cultured in nutrient broth supplemented with varying concentrations of 

sodium chloride. 

 

 

Figure 10 Line chart illustrating the effect of the variation in salt concentration on culture 

growth of pigment-producing isolates (PPPI-1 to PPPI-6), evaluated via OD600 

measurement 

All isolates demonstrated the ability to grow under saline conditions ranging from 0.5% to 5% 

NaCl with varying degrees of tolerance and stability. Most isolates exhibited progressive 
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growth with increasing salinity, consistent with findings by Deveikaite and Zvirdauskiene's 

(2023) who reported optimal pigment production at 4% NaCl (w/v). However, isolate PPPI-2 

showed peak growth at 1-2% NaCl (w/v), aligning with Yang et al. (2020) who noted that 

elevated salt concentration can inhibit bacterial growth due to osmotic stress which forces cells 

to work harder to balance internal and external solute levels.  

Differences in growth patterns among isolates suggest that some strains may be more resilient 

to salinity fluctuations, potentially influencing their pigment stability and production 

efficiency in textile dyeing processes. Halophilic species thrive under saline conditions and 

produce pigments with enhanced stability and solubility which can be beneficial for textile 

dyeing (Silva-Castro et al., 2019). The observed salinity tolerance ranges among the isolates 

highlighted their potential for industrial pigment production especially in environments where 

salt exposure is a factor such as textile dyeing baths.  

Descriptive statistics (Table 15) demonstrated that PPPI-5 had the highest mean OD600 value 

(0.3538+0.12) followed by PPPI-4 (0.3118+0.08), suggesting relatively better growth under 

saline conditions. However, both PPPI-5 and PPPI-6 exhibited high coefficients of variation 

(CV = 34.37% and 36.13%, respectively), indicating inconsistent growth responses across the 

salt gradient. In contrast, PPPI-2 and PPPI-3 had lower mean OD600 values and lower CVs 

(22.69% and 22.20%, respectively), suggesting weaker but more stable growth patterns. 

Table 15 Summary statistics (Mean, SD, CV %) of OD600 for potential pigment-producing 

bacterial isolates across culture medium salt concentration (% NaCl) 

Isolate  Mean OD600 value Standard deviation (SD) Coefficient of variation (CV %) 

PPPI-1 0.2223 0.0732 32.94 

PPPI-2 0.1518 0.0344 22.69 

PPPI-3 0.2133 0.0474 22.20 

PPPI-4 0.3118 0.0775 24.84 

PPPI-5 0.3538 0.1216 34.37 

PPPI-6 0.2520 0.0910 36.13 

Table 16 presents results from ANOVA, evaluating whether mean OD600 value significantly 

differs across the isolates. The analysis confirmed statistically significant differences in mean 

OD600 values among the isolates (F = 3.44, p< 0.05), indicating that salinity tolerance varies 
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notably between strains. This supports the assumption that salt concentration exerts a 

differential impact on bacterial growth, necessitating isolate-specific optimization. Post hoc 

analysis with Bonferroni correction revealed significant differences in salt concentration 

tolerance between the unidentified isolate, designated as PPPI-2 and Kocuria sp. as well as 

between PPPI-2 and M. luteus. No significant differences were detected among the remaining 

isolates. 

Table 16 ANOVA summary for differences in mean OD600 values among six potential 

pigment-producing bacterial isolates in relation to variation in salt concentration 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.126676 5 0.025335 3.442332 0.014124 2.533555 

Within Groups 0.220797 30 0.00736    

Total 0.347472 35     

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 

Pearson's correlation analysis (Table 17) revealed that five out of six isolates exhibited 

positive correlations between OD600 and salt concentration, indicating that growth generally 

increased with salinity. Particularly, PPPI-6 (r = 0.940), PPPI-1 (r = 0.899), PPPI-5 (r = 0.845), 

and PPPI-4 (r = 0.820) showed very strong positive correlations, suggesting highly predictive 

and strong growth responses to increasing salt levels. PPPI-3 showed moderate positive 

correlation (r = 0.576), while PPPI-2 exhibited weak negative correlation (r = –0.399), 

reinforcing its unique sensitivity to elevated salinity. 

Table 17 Pearson's correlation between salt concentration and OD600 for potential pigment-

producing isolates 

Isolate  r(correlation) value Strength of correlation Interpretation  

PPPI-1 0.899 Very strong positive Highly predictive linear relationship 

PPPI-2 -0.399 Weak negative Slight tendency, but not very reliable 

PPPI-3 0.576 Moderate positive Noticeable linear relationship 

PPPI-4 0.820 Very strong positive Highly predictive linear relationship 

PPPI-5 0.845 Very strong positive Highly predictive linear relationship 

PPPI-6 0.940 Very strong positive Highly predictive linear relationship  
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Overall, these results highlighted PPPI-5 and PPPI-6 as promising candidates for pigment 

production under saline conditions despite their growth variability. The strong correlation 

patterns observed in most isolates suggested that salinity can be strategically manipulated to 

enhance bacterial pigment yield, provided strain specific tolerances are considered. 

4.2.4 Agitation tolerance and growth pattern analysis 

All isolates were capable of growth under agitation rates ranging from 30 to 150 rpm with 

maximum OD600 values observed at 90 rpm (Figure 11) which is slightly lower than the 

optimal agitation range of 90–120 rpm reported by Fatima & Anuradha (2022). The difference 

could result from variability in bacterial species with different isolates responding differently 

to mechanical agitation which affects pigment biosynthesis and metabolic activity and 

environmental conditions such as temperature, pH, and oxygen diffusion which can influence 

growth patterns. 

 

Figure 11 Line chart showing the effect of the variation in culture agitation rate on culture 

growth of pigment-producing isolates (PPPI-1 to PPPI-6), evaluated via OD600 

measurement 

Descriptive statistics (Table 18) indicated that overall OD600 values were low across agitation 

conditions, suggesting limited biomass accumulation. Among the isolates, PPPI-6 exhibited 

the most consistent growth with the lowest coefficient of variation (CV = 16.72%) and a 
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relatively higher mean OD600 (0.1728+0.03) followed by PPPI-5 (mean = 0.1852+0.06, 

CV = 30.64%). Other isolates showed greater variability with CVs ranging from 23.08% to 

40.95%, indicating inconsistent responses to mechanical agitation. 

Table 18 Summary statistics (Mean, SD, CV %) of OD600 for potential pigment-producing 

bacterial isolates across culture medium agitation rate (rpm)  

Isolate  Mean OD600 value Standard deviation (SD) Coefficient of variation (CV %) 

PPPI-1 0.1624 0.0530 32.66 

PPPI-2 0.1544 0.0632 40.95 

PPPI-3 0.1578 0.0364 23.08 

PPPI-4 0.1596 0.0540 33.81 

PPPI-5 0.1852 0.0567 30.64 

PPPI-6 0.1728 0.0289 16.72 

The ANOVA (Table 19) revealed statistically significant differences in mean OD600 values 

among the isolates (F = 18.12, p<0.001), confirming that agitation rate had a differential 

impact on growth performance. The findings support the need for isolate-specific optimization 

of agitation conditions to enhance pigment production.  

Pairwise mean difference analyses among the isolates for agitation rate tolerance conducted 

with Bonferroni correction showed that none of the comparisons yielded adjusted p-values 

below 0.05 despite the overall ANOVA being significant. This outcome reflects the 

conservative nature of post hoc testing, where the overall variation is statistically detectable 

but no individual pairwise difference was sufficiently strong to remain significant after 

correction. 

Table 19 ANOVA summary for differences in mean OD600 values among six potential 

pigment-producing bacterial isolates in relation to variation in culture agitation rate 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.047408 4 0.011852 18.12417 4.21E-07 2.75871 

Within Groups 0.016349 25 0.000654 - - - 

Total 0.063757 29 - - - - 

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 
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Table 18 summarizes the Pearson's correlation coefficients between OD600 values at varying 

agitation rates across the six potential pigment-producing isolates. The analysis showed that 

most isolates had weak or negligible correlations between OD600 and agitation rate, suggesting 

minimal linear responsiveness. However, PPPI-6 stood out with moderate positive correlation 

(r = 0.443), indicating a noticeable and consistent growth trend with increasing agitation. 

Other isolates such as PPPI-2, PPPI-3, and PPPI-5 showed weak positive correlations, while 

PPPI-4 exhibited a negligible negative correlation (r = –0.032), reinforcing its insensitivity to 

agitation changes. 

Table 20 Pearson's correlation between culture agitation and OD600 for potential pigment-

producing isolates 

Isolate  Correlation (r) value Strength of correlation Interpretation 

PPPI-1 0.072 Negligible positive  Almost no linear relationship 

PPPI-2 0.260 Weak positive Slight tendency, but not very reliable 

PPPI-3 0.195 Weak positive Slight tendency, but not very reliable 

PPPI-4 -0.032 Negligible negative Almost no linear relationship 

PPPI-5 0.206 Weak positive Slight tendency, but not very reliable 

PPPI-6 0.443 Moderate positive Noticeable linear relationship 

 4.2.5 Nutrient utilization and growth pattern analysis 

Figure 12, Panels (A) and (B) show growth performance of chromogenic bacterial isolates 

(PPPI-1 to PPPI-6) cultured in AWE medium supplemented with various carbon (1%) and 

nitrogen (0.1%) sources, measured via OD600 absorbance. All isolates demonstrated enhanced 

growth on glucose and sucrose (carbon sources) and yeast extract (nitrogen source), 

suggesting preferential utilization of simple sugars and organic nitrogen.  
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Figure 12 Line chart depicting the effect of carbon and nitrogen sources on growth of pigment-

producing isolates (PPPI-1 to PPPI-6) evaluated via OD600 measurement. Panel (A) 

shows culture response to various carbon sources supplied at 1%, while Panel (B) 

illustrates growth under different nitrogen sources provided at 0.1% 

The observed nutrient utilization trends highlighted optimal metabolic conditions for bacterial 

pigment production, paving the way for efficient bio-pigment extraction in textile dyeing 

applications. These isolates likely possess enzymes such as amylase, sucrase, or glucokinase 

to break down simple sugars effectively and switching efficiently between different energy 

sources, supporting pigment biosynthesis and cellular processes (Nasha Musa & Zulaikha 

Yusof, 2019).Yeast extract supported the highest growth, suggesting that it provides a rich 
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nitrogen supply essential for protein synthesis and enzymatic activity. The ability to use 

broader range of nutrient sources can affect pigment type and yield, providing a selection 

advantage for exploiting bacteria for pigment production with diverse carbon and nitrogen 

sources (Pisareva & Kujumdzieva, 2010).  

Descriptive statistics revealed generally low OD600 values across all nutrient conditions, 

indicating modest biomass accumulation. With carbon sources (Table 21), PPPI-1 showed the 

highest mean OD600 (0.2140+0.05) with a CV of 21.04%, while PPPI-2 and PPPI-5 followed 

closely. For nitrogen sources (Table 22), PPPI-1 again led with mean OD600 of 0.2130+0.054, 

and PPPI-3 showed the most stable growth (CV = 24.57%). PPPI-6 exhibited the highest 

variability in nitrogen utilization (CV = 34.18%), suggesting less consistent growth across 

nitrogen sources. 

Table 21 Summary statistics (Mean, SD, CV %) of OD600 for potential pigment-producing 

bacterial isolates across culture medium carbon sources (1% each) 

Isolate Mean OD600 value Standard deviation (SD) Coefficient of variation (CV %) 

PPPI-1 0.2140 0.0450 21.04 

PPPI-2 0.1954 0.0386 19.75 

PPPI-3 0.1804 0.0408 22.63 

PPPI-4 0.1846 0.0521 28.21 

PPPI-5 0.1964 0.0426 21.71 

PPPI-6 0.1882 0.0474 25.16 

 

Table 22 Summary statistics (Mean, SD, CV %) of OD600 for potential pigment-producing 

bacterial isolates across culture medium nitrogen sources (0.1 % each) 

Isolate  Mean OD600 value Standard deviation (SD) Coefficient of variation (CV %) 

PPPI-1 0.2130 0.0536 25.15 

PPPI-2 0.1943 0.0493 25.37 

PPPI-3 0.1848 0.0454 24.57 

PPPI-4 0.1860 0.0580 31.20 

PPPI-5 0.2008 0.0513 25.56 

PPPI-6 0.1918 0.0655 34.18 
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The ANOVA results (Table 23 and 24) confirmed statistically significant differences in mean 

OD600 values among isolates for both carbon (F = 15.59, p <0.001) and nitrogen (F = 37.05, 

p<0.001) sources, indicating isolate-specific nutrient preferences and metabolic capabilities. 

Pairwise post hoc analysis with Bonferroni correction for both carbon and nitrogen sources 

among the potent pigment-producing isolates revealed that none of the comparisons yielded 

adjusted p-values below 0.05 despite the overall ANOVA being significant for both nutrient 

sources. This indicates that while overall variation was statistically detectable no individual 

pairwise differences were sufficiently strong to remain significant after correction. 

Table 23 ANOVA summary for differences in mean OD600 values among six potential 

pigment-producing bacterial isolates grown on different carbon sources 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.036675667 4 0.009169 15.59287 1.6E-06 2.75871 

Within Groups 0.0147005 25 0.000588    

Total 0.051376167 29         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-critical 

Table 24 ANOVA summary for differences in mean OD600 values among six potential 

pigment-producing bacterial isolates grown on different nitrogen sources 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.046767 3 0.015589 37.05037 2.34E-08 3.098391 

Within Groups 0.008415 20 0.000421    

Total 0.055182 23         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-critical 

Pearson's correlation matrices revealed strong positive relationships in nutrient utilization 

patterns among isolates. For carbon sources (Table 25), correlation coefficients ranged from 

moderate (e.g., PPPI-1 vs. PPPI-5, r = 0.440) to very strong (e.g., PPPI-5 vs. PPPI-6, 

r = 0.922), suggesting shared metabolic traits. Nitrogen source correlations (Table 26), were 

uniformly strong to very strong (e.g., PPPI-4 vs. PPPI-5, r = 0.992; PPPI-5 vs. PPPI-6, 

r = 0.998), indicating consistent nitrogen assimilation patterns across isolates. 
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Table 25 Pearson's correlation between carbon sources and OD600 for potential pigment-

producing isolates 

Correlation  PPPI-1 PPPI-2 PPPI-3 PPPI-4 PPPI-5 PPPI-6 

PPPI-1 1 0.841 0.662 0.579 0.440 0.670 

PPPI-2 0.841 1 0.810 0.601 0.787 0.818 

PPPI-3 0.662 0.810 1 0.727 0.689 0.736 

PPPI-4 0.579 0.601 0.727 1 0.749 0.913 

PPPI-5 0.440 0.787 0.689 0.749 1 0.922 

PPPI-6 0.670 0.818 0.736 0.913 0.922 1 

Table 26 Pearson's correlation between nitrogen sources and OD600 for potential pigment-

producing isolates 

Correlation PPPI-1 PPPI-2 PPPI-3 PPPI-4 PPPI-5 PPPI-6 

PPPI-1 1 0.945 0.896 0.744 0.804 0.815 

PPPI-2 0.945 1 0.973 0.841 0.901 0.892 

PPPI-3 0.896 0.973 1 0.716 0.796 0.776 

PPPI-4 0.744 0.841 0.716 1 0.992 0.994 

PPPI-5 0.804 0.901 0.796 0.992 1 0.998 

PPPI-6 0.815 0.892 0.776 0.994 0.998 1 

 

These findings underscored the metabolic adaptability of the isolates, particularly PPPI-1 and 

PPPI-5, which demonstrated strong and stable growth across diverse nutrient conditions. Such 

adaptability enhances their suitability for pigment production under variable industrial 

fermentation setups. 

Heat map analysis (Figure 13) depicts growth intensity of these isolates across different 

environmental conditions in a color-coded visual matrix, highlighting which conditions each 

isolate tolerates best and worst. Among the environmental factors, culture incubation 

temperature between 25 °C-45 °C and pH of the culture medium near neutral had the strongest 

impact on the growth of the isolates followed by salt concentration, expressed in terms of 

OD600 readings (red highlight). The rest environmental conditions showed weak to moderate 

influences on the growth of the isolates.  
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Condition PPPI-1 PPPI-2 PPPI-3 PPPI-4 PPPI-5 PPPI-6 
Temperature (°C)                                                       

                                                                              20 0.293 0.122 0.203 0.057 0.026 0.495 

25 0.556 0.252 0.327 0.28 0.042 0.642 

28 0.664 0.278 0.392 0.435 0.452 0.754 

32 0.615 0.493 0.456 0.636 0.677 0.707 

37 0.6 0.656 0.345 0.723 0.86 0.735 

45 0.231 0.43 0.168 0.532 0.725 0.45 
pH                                                                             

                                                                             4.5 0.022 0.032 0.115 0.064 0.028 0.197 

6 0.26 0.359 0.376 0.206 0.253 0.375 

7 0.631 0.64 0.615 0.522 0.585 0.602 

8 0.511 0.511 0.544 0.45 0.409 0.545 

10 0.392 0.327 0.327 0.4 0.392 0.38 

Salt concentration (%)                                         0.5 0.092 0.121 0.131 0.169 0.129 0.134 

1 0.19 0.199 0.244 0.298 0.351 0.145 

2 0.237 0.185 0.194 0.341 0.355 0.279 

3 0.245 0.135 0.22 0.329 0.365 0.289 

4 0.275 0.156 0.268 0.334 0.455 0.31 

5 0.295 0.115 0.223 0.4 0.468 0.355 
Agitation (rpm)                                                        

                                                                              30 0.125 0.095 0.115 0.12 0.125 0.125 

60 0.145 0.125 0.165 0.18 0.178 0.19 

90 0.255 0.255 0.194 0.241 0.276 0.2 

120 0.155 0.175 0.19 0.105 0.192 0.177 

150 0.132 0.122 0.125 0.152 0.155 0.172 
Carbon sources (1%)                                      

                                                                     Glucose              0.255 0.221 0.23 0.269 0.229 0.245 
                                                                        

                                                                    Fructose 0.25 0.199 0.155 0.158 0.165 0.172 
                                                                          

                                                                     Lactose 0.197 0.187 0.194 0.141 0.168 0.145 
                                                                         

                                                                     Maltose 0.145 0.135 0.125 0.155 0.165 0.147 
                                                                          

                                                                     Sucrose 0.223 0.235 0.198 0.2 0.255 0.232 

Nitrogen sources (0.1%)                     Yeast extract                    0.265 0.255 0.235 0.27 0.275 0.285 
                                                                        

                                                                     Peptone 0.245 0.2 0.185 0.178 0.195 0.19 
                                                                      

                                                                   Tryptone 0.197 0.187 0.194 0.141 0.168 0.145 
                                                                                   

                                                                          Urea 0.145 0.135 0.125 0.155 0.165 0.147 

Figure 13 Heat maps of OD600 readings illustrating isolates' tolerance across diverse environmental 

conditions; rows represent test conditions, columns indicate bacterial isolates. Colors reflect 

OD values: Green-weak growth, Yellow- medium growth, and Red-high growth  
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4.3. Growth performance of pigment-producing bacterial isolates on agro-waste extracts 

The selected potential pigment-producing bacterial isolates were cultured in respective agro-

waste extracts (AWEs) along with key culture conditions, initially optimized via one-variable 

at-a-time (OVAT) and statistical methods using nutrient broth as cultivation medium. The 

process helped identify AWEs that effectively support culture growth and enhanced pigment 

production. The OD600 values (Figure 14) show the growth performance of different isolate-

AWE combinations. Two AWEs (banana and beetroot peels), and bread leftover showed 

minimal bacterial growth (OD600 < 0.1) and were excluded, while nine AWEs successfully 

supported fermentation with nutrient broth serving as benchmark.  

 

Figure 14 Clustered bar charts depicting the impact of AWEs as growth substrate on the 

selected potent pigment-producing bacterial isolates. Bar height shows mean and 

standard deviations of triplicate OD600 measurements and error bars show standard 

deviations 

Among the tested bacterial isolates, M. luteus exhibited the highest growth when cultivated in 

orange-waste extract (OWE) whereas, both Kocuria sp. and E. aurantiacum proliferate well in 
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tomato-waste extract (TME) and OWE as well (Figure 14) in conjunction with nutrient broth 

as the basal cultivation medium, evaluated via OD600 measurements.  

The ANOVA test yielded highly significant differences in mean OD600 values among various 

AWEs for all the isolates, highlighted at least one AWE affects the growth of these isolates 

differently. The very large F-statistic of mean OD600 values for M. luteus cultured in different 

AWEs (Table 27) confirmed that at least two AWEs differ in their effects on the growth of the 

isolate. The remarkably low p-value indicated strong evidence supporting the null hypotheses; 

specific agro-waste extracts significantly enhance bacterial pigment production.  

Table 27 ANOVA depicting average OD600 values of M. luteus cultured in different AWEs  

Groups Count Sum Average Variance   

Cabbage 3 1.631 0.544 3.33E-07   

Nutrient broth 3 1.937 0.646 3.33E-07   

Onion 3 0.896 0.299 3.33E-07   

Papaya 3 0.721 0.240 3.33E-07   

Cannon ball cabbage 3 1.632 0.544 0.000001   

Watermelon 3 1.271 0.424 3.33E-07   

Carrot 3 0.997 0.332 3.33E-07   

Tomato 3 1.874 0.625 3.33E-07   

Potato 3 0.926 0.309 3.33E-07   

Orange 3 2.586 0.862 0.000001   

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 1.041141633 9 0.115682 247890.9 1.83E-48 2.392814 

Within Groups 9.33333E-06 20 4.67E-07    

Total 1.041150967 29         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 
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The analysis revealed that different substrates exerted varying effects on isolate growth with 

orange waste extract (OWE) emerging as the most effective substrate. OWE produced the 

highest mean OD600 value among all tested substrates, thereby demonstrating its superior 

competence to enhance the growth of Micrococcus luteus. The linear regression model 

provided further insight into the relationship between incubation temperature and pH of the 

culture medium on the growth of the isolate in OWE (Figure 15). The strong positive 

correlation (r = 0.85) between incubation temperature and culture growth indicated that 

temperature was a primary determinant for the proliferation of the isolate compared to pH of 

the culture medium with lower correlation value (r = 0.64).  

The analysis indicated that optimal thermal conditions are crucial for maximizing biomass 

yield, 73% of growth variability explained by temperature. The remaining 27% could be 

influenced by additional factors such as nutrient composition, pH, aeration, or light exposure. 

These variables may interact synergistically or independently with temperature to impact 

overall microbial metabolism.  

 

Figure 15 Regression analyses of incubation temperature and pH effects on OD600 based 

measurements of M. luteus growth cultured in orange waste extract. Panel (A) 

presents the growth trend across temperature gradients, while Panel (B) depicts the 

growth response to varying pH levels  

The linear regression analysis also highlighted the significant role of salt concentration on the 

growth of M. luteus (Figure 16), showing a strong correlation (r = 0.85). The result suggested 

that salinity plays essential role in cellular metabolism and adaptation, potentially influencing 
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nutrient uptake, osmotic balance, and stress response mechanisms. Whereas, culture agitation 

exhibited weak correlation (r = 0.21), signifying a minimal impact on growth dynamics.  

The results demonstrated M. luteus does not strongly rely on pH of the culture medium and 

mechanical mixing for optimal proliferation, suggesting that other environmental factors such 

as nutrient availability or temperature play more dominant role on the isolate's growth 

efficiency. The regression analyses pinpointed the importance of precise variable analysis and 

regulation in designing microbial cultivation strategy for practical application.  

  

Figure 16 Regression analyses of salt concentration and agitation effects on OD600 based 

growth of M. luteus cultured in orange waste extract. Panel (A) presents the 

growth trend across different salt concentrations, and Panel (B) illustrates the 

growth response to varying culture agitation rates 

Similarly, Table 28 presents the ANOVA analysis for E. aurantiacum cultured on diverse 

agro-waste extracts (AWEs). The results demonstrated that substrate type significantly 

influenced the growth of the isolate with tomato waste extract (TWE) yielding the highest 

mean OD600 value among all tested substrates. Accordingly, TWE was identified as the most 

effective substrate and selected as the optimal medium to support the growth of E. 

aurantiacum. 
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Table 28 Group-wise OD600 measurements of E. aurantiacum broth culture and ANOVA 

summary 

Groups Count Sum Average Variance   

Cabbage 3 1.214 0.405 3.33E-07   

Nutrient broth 3 1.57 0.523 0.003508   

Onion 3 0.641 0.214 2.33E-06   

Papaya 3 0.493 0.164 1.33E-06   

Cannon ball cabbage 3 1.304 0.435 2.33E-06   

Watermelon 3 1.295 0.432 3.33E-05   

Carrot 3 1.004 0.335 3.33E-07   

Tomato 3 1.573 0.524 4.33E-06   

Potato 3 1.385 0.462 3.33E-05   

Orange 3 1.536 0.512 4E-06   

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 0.4313035 9 0.047923 133.49 7.19E-16 2.392814 

Within Groups 0.00718 20 0.000359    

Total 0.4384835 29         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 

The ANOVA result (F = 133.49, p < 0.05)) indicated at least one AWE source has 

considerable impact on the isolate's growth. This variability in culture biomass is likely due to 

differences in essential nutrient composition as reported in previous research work by (Chua et 

al., 2021). The pairwise comparisons (post-hoc test) revealed that most AWEs exhibited 
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significant differences in OD600 values, suggesting the variability in nutrient availability across 

different AWEs and emphasizes the importance of screening potential substrates before large-

scale application in microbial culture cultivation. However, tomato vs. orange, watermelon vs. 

cannon ball cabbage, watermelon vs. cabbage, watermelon vs. potato, and cannon ball cabbage 

vs. potato waste showed no statistically significant differences, suggesting similar impacts on 

bacterial growth.  

The differences in the  growth of  the isolates under controlled culture conditions suggest that 

the composition of the AWEs significantly influences microbial adaptation and metabolism, 

highlighting the importance of substrate composition and microbial adaptability, reinforcing 

the idea that microorganisms respond dynamically to available resources (Pacciani-Mori et al., 

2020).   

Orange and tomato waste extracts contribute to pigment biosynthesis by supplying carbon 

substrates, micronutrients, and signaling molecules. Nevertheless, seasonal and geographic 

variability in their composition can compromise reproducibility of pigment yield and quality. 

Inhibitory compounds such as phenolics, pesticide residues, and organic acids may further 

suppress microbial growth, underscoring the need for analytical profiling to detect and manage 

these factors. To ensure stable pigment production, mitigation strategies should include waste 

pretreatment, microbial adaptation, and targeted nutrient supplementation, thereby enhancing 

process consistency and supporting industrial scalability. 

Bacteria from different environments may have evolved distinct metabolic pathways to utilize 

nutrients in the agro-waste extract differently. Their prior environmental conditions may also 

shape their efficiency in breaking down complex organic materials. Variations in genetic 

makeup can also influence enzyme production, stress tolerance, and nutrient uptake efficiency, 

leading to differences in growth rates among isolates. Even under controlled conditions, 

microbial interactions such as competition or synergy might occur, influencing how isolates 

grow and consume resources. Furthermore, some bacteria may be better equipped to extract 

and metabolize key compounds in agro-waste extract due to prior adaptation in environments 

rich in similar organic materials. 
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4.4. Enhanced pigment yield through growth conditions optimization 

A follow-up study on pigment-production enhancement evaluated via OD600 measurements 

further explored the performance of one potential isolate; E. aurantiacum cultivated in TWE 

under optimized culture conditions. While M. luteus exhibited relatively higher pigment yield 

under un-optimized conditions, optimization experiment was deliberately conducted on E. 

aurantiacum with initially lower baseline yield to unlock its latent potential as this isolate also 

demonstrated stable growth with consistent pigmentation, thereby positioning it as a promising 

candidate for sustainable pigment production. 

4.4.1 Evaluation of growth parameters 

The optimization analysis employed PBD, a statistical tool used for screening multiple 

variables to identify those with the most significant impact on the culture growth. By 

evaluating nine variables, the influence of each factor on the growth of the isolate was 

determined, measured via OD600 values (Table 29). PBD effectively distinguished influential 

factors from less significant ones, streamlining the optimization process.  

Table 29 PBD experimental run matrix with the corresponding response, mean values of 

triplicate OD600  for E. aurantiacum cultured in TWE 
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10 1 23 10 24 1.0 36 60 0.1 1.5 10 0.54 

6 2 23 5 72 2.5 12 180 0.1 1.5 5 1.38 

9 3 37 10 72 2.5 12 60 0.1 0.5 10 0.52 

4 4 23 10 72 2.5 36 60 1.0 1.5 5 0.58 

12 5 23 5 24 1.0 12 60 0.1 0.5 5 0.78 

3 6 37 5 72 1.0 36 180 0.1 1.5 10 1.04 

8 7 37 10 24 2.5 36 180 0.1 0.5 5 0.98 

7 8 37 5 72 1.0 26 60 1.0 0.5 5 0.62 

11 9 37 5 24 2.5 12 60 1.0 1.5 10 0.64 

2 10 23 10 72 1.0 12 180 1.0 0.5 10 0.5 

1 11 37 10 24 1.0 12 180 1.0 1.5 5 0.8 

5 12 23 5 24 2.5 36 180 1.0 0.5 10 0.88 
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The analysis of the half-normal plot (Figure 17) and Pareto chart (Figure 18) revealed that 

culture agitation rate, initial culture medium pH, yeast extract, salt concentration, glucose, and 

inoculum size exhibited significantly larger effects on the response, OD600 value, compared to 

background noise. These variables were thus identified as the most influential factors affecting 

the growth of E. aurantiacum. The impacts of these variables highlighted the necessity of 

condition-specific optimization to maximize bacterial culture development for pigment-

production. 

 

Figure 17 Half-normal plot for the standardized effects of process variables on OD600 value 

highlighting critical factors for optimization. The absolute values of the estimated 

effects were plotted against the expected normal order statistics, gives half-normal 

distribution.  

The half-normal plot provides a standardized visualization of process variable effects on 

OD600 value where each point represents a variable, and its deviation from the straight line 

indicates its significance. Variables that deviate significantly from the straight line are 

identified as having substantial impacts on culture growth, highlighting critical factors for 

optimization and points that lie close the straight line are likely due to random noise. Hence, 

this half-normal plot helped visually separate important factors for further optimization.  
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Figure 18 Pareto chart depicting the influence of process variables on OD600 value in 

descending order, bars representing each variable‘s contribution to the overall 

effect 

Meanwhile, the Pareto chart ranks process variables by their influence on OD600 value in 

descending order with bars representing each variable‘s contribution to the overall effect. This 

graphical representation also helped prioritize key factors, enabling precise adjustments to 

optimize bacterial growth and pigment production. Together, these tools facilitated data driven 

decision-making in refining cultivation conditions. 

Statistical analysis using ANOVA confirmed the model's significance with an F-value of 

134.98 and a corresponding P-value of < 0.001 (Table 30). The coefficient of determination 

(R²) of 0.9939 (Table 31) suggests that the selected model terms can explain nearly all 

variability in culture growth. Additionally, the Adjusted R
2
 value of 0.9865 accounts for the 

number of model terms, further reinforcing model reliability. The Predicted R
2
 value of 0.9647 

indicated strong predictive accuracy for future observations under identical conditions with 

good agreement between adjusted and predicted R
2
 values, confirming a well-fitting model. 
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Table 30 ANOVA table for selected factorial model: Statistical significance assessment 

Source  SS df Mean square  F-value P-value  

Model  0.76 6 0.13 134.98 < 0.0001      significant 

B-pH 0.17 1 0.17 178.76 < 0.0001 

C-Salt 0.087 1 0.087 92.23 0.0002 

D-Glucose 0.041 1 0.041 43.44 0.0012 

E-Yeast extract 0.12 1 0.12 131.95 < 0.0001 

F-Culture agitation 0.30 1 0.30 320.04 < 0.0001 

J-Inoculum size 0.041 1 0.041 43.44 0.0012 

Residual  4.700E-003 5 9.400E-004   

Cor Total 0.77 11    

Key: df - degree of freedom, SS-sum of squares 

 

Table 31  Fit Statistics Table: Model evaluation and Goodness-of-Fit Metrics 

Std. Dev.                       0.031                       R
2
                                  0.9939 

Mean                             0.77                         Adj R
2 

                          0.9865 

C.V. %                          3.97                         Predicted R
2 

                  0.9647 

PRESS                          0.027                       Adeq Precision              36.014 

 

The first-order polynomial model equation was derived from ANOVA data using the 

coefficients presented in Table 30 as shown in Equation 3:  

                                                   ( )  

Where Y is the OD600 value, X1 is the culture agitation rate, X2 is the initial culture pH and X3 

is the concentration of yeast extract. This equation served as a predictive tool for estimating 

culture biomass, expressed in terms of OD600 value based on significant process variables. The 

generated model provided mathematical framework for optimizing bacterial growth conditions 

and enhancing pigment production efficiency.  

 

The selection of variables for further optimization was guided by their statistical significance 

as determined by the F statistic and p-value from the ANOVA test (Table 32). Variables with 

the strongest impact on the growth of the isolate and pigment production were prioritized for 

refinement (Table 33), ensuring that the optimization process focuses on the most influential 

factors.  
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Table 32 Regression coefficients expressed in terms of factors 

Factor  Coefficient 

Estimate 

df Standard Error 95% CI, low 95% CI, high VIF 

Intercept  0.77 1 8.851E-003 0.75 0.79 1.00 

B-pH - 0.12 1 8.851E-003 - 0.14 - 0.096 1.00 

C-Salt - 0.085 1 8.851E-003 - 0.11 - 0.062 1.00 

D-Glucose 0.058 1 8.851E-003 0.036 0.081 1.00 

E-Yeast extraction - 0.10 1 8.851E-003 - 0.12 - 0.079 1.00 

F-Culture agitation 0.16 1 8.851E-003 0.14 0.18 1.00 

J-Inoculum size 0.058 1 8.851E-003 0.036 0.081 1.00 

Key: CI - Confidence interval, df-degree of freedom, and VIF - Variance Inflation Factor 

4.4.2 Optimization of selected growth parameters 

The face-centered central composite design (FCCCD) experiment investigated how agitation 

speed (rpm), pH of the culture medium, and yeast extract concentration influenced bacterial 

growth and pigment production. The response variables, OD600 value (Y1), culture biomass 

(Y2), and pigment yield (Y3) were measured at the stationary growth phase.  

 

Each experimental run in Table 33 represents the mean response values for OD600, biomass 

and pigment yield under different combinations of significant factors, allowing the interaction 

effects of these factors to be assessed, influencing the OD value as a measure of bacterial 

growth. OD600 values (Y1) were used to measure bacterial growth, reflecting cell density under 

different experimental conditions. Cell biomass was collected at the stationary growth phase 

where maximum cell density is reached to extract the pigment. 

.   
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Table 33 Face-Centered Central Composite Design (FCCCD): Experimental matrix and 

response values 

Std Run Factors Responses 

Agitation 

(rpm)  

pH Yeast 

extract (%) 

Mean 

OD600 

value (Y1) 

Mean culture 

biomass (g/L) 

(Y2) 

Mean 

pigment yield 

(g/L) (Y3) 

11 1 60 7.5 0.55 0.65 3.6 0.82 

13 2 120 7.5 0.1 0.8 4.7 0.84 

2 3 60 10 0.1 0.71 4.1 0.85 

9 4 120 5 0.55 0.78 4.3 0.8 

12 5 180 7.5 0.55 0.6 3.4 0.76 

7 6 180 5 1 0.58 3.68 0.74 

16 7 120 7.5 0.55 0.74 4.12 0.8 

5 8 60 5 1 0.77 4.12 0.74 

8 9 180 10 1 0.89 4.2 0.88 

1 10 60 5 0.1 0.88 4.62 1.06 

19 11 120 7.5 0.55 0.74 4.12 0.8 

4 12 180 10 0.1 0.83 4.0 0.73 

18 13 120 7.5 0.55 0.74 4.2 0.8 

14 14 120 7.5 1 0.78 4.5 0.76 

3 15 180 5 0.1 0.71 3.82 0.72 

17 16 120 7.5 0.55 0.74 4.2 0.82 

20 17 120 7.5 0.55 0.72 4.1 0.78 

6 18 60 10 1 0.78 3.92 0.65 

10 19 120 10 0.55 0.84 4.2 0.78 

15 20 120 7.5 0.55 0.72 4.12 0.8 

 

The results indicated that moderate agitation (120 rpm), a balanced pH (around 7.5), and 

optimized yeast extract concentration contributed to improved bacterial density and pigment 

synthesis. The highest pigment yield of 1.06 g/L was recovered at 60 rpm, pH 5, and 0.1% 

yeast extract, suggesting nutrient availability and environmental conditions strongly influence 

microbial performance. 

 Table 34 summarizes the ANOVA result for OD600 value, culture biomass, and pigment yield 

emphasizing the impact of key independent factors: pH (X1), agitation speed (X2), and yeast 

extract concentration (X3). These variables were found significantly influenced bacterial 

growth and pigment production, guiding optimization strategies to enhance overall efficiency. 
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Table 34 ANOVA Results for Responses: Statistical Significance and Model Evaluation 

Factor   Mean OD600 value  

(Y1) 

Mean culture biomass 

(g/L) (Y2) 

Mean pigment yield 

(g/L) (Y3) 

Intercept 0.7318 4.14 0.7965 

X1-pH 0.0330 -0.0120 -0.0170 

X2-Agitation -0.0180 -0.1260 -0.0290 

X3-Yeast extract -0.0130 -0.0820 -0.0430 

X1X2 0.0738 0.1775 0.0562 

X1X3 0.0463 0.0825 0.0312 

X2X3 -0.0037 0.0925 0.0862 

X1
2
 0.0805 0.1045  

X2² -0.1045 -0.6455  

X3² 0.0605 0.4545  

Model F-value 179.14 130.58 216.10 

Model P-value < 0.0001 < 0.0001 < 0.0001 

Lack of Fit P-

value 

0.8145 0.6927 0.9185 

R
2
 0.9938 0.9916 0.9901 

Adjusted R² 0.9883 0.9840 0.9855 

Predicted R² 0.9799 0.9678 0.9841 

 

The polynomial equation coefficients derived from the ANOVA (Table 34) were used to 

predict response variables, including OD600 value (Y1), culture biomass (Y2), and pigment yield 

(Y3). The regression equations below (Equations 4-6) represent the mathematical relationships 

between the independent factors and the predicted outcomes, allowing for precise modeling of 

the growth of the isolate and pigment production under optimized conditions.  

                                                                   

                                                                                                                     (4) 

                                                                  

                                                                                                                     (5)   

                                                           ( ) 

The Intercept Values for OD600, culture biomass, and pigment yield were 0.7318, 4.14, and 

0.7965, respectively; representing the models' predicted baseline values of response variables 

when all predictor variables are zero (Table 34). Analysis of main effects showed pH (X1) has 



87 
 

a positive effect on OD600 but showed negative effect on biomass and pigment yield. Whereas, 

Agitation (X2) and yeast extract (X3) showed negative impact across all responses, suggesting 

higher agitation may reduce biomass and pigment-production and excessive yeast extract 

concentration also may limit growth and pigment yield (Table 34). 

 

combined effects revealed that X1X2 (pH × agitation), and  X1X3 (pH × yeast extract) exhibited 

positive interaction effects, suggesting that these factor combinations contribute to improved 

bacterial growth and pigment synthesis as well (Table 34). On the other hand, quadratic 

effects, pH (X1²) and yeast extract (X3²) positively influenced responses, suggesting an optimal 

level improves OD600 and therefore, improves biomass production. On the contrary, Agitation 

(X2²) showed a strong negative effect, particularly on biomass (-0.6455; Table 34), predicting 

excessive agitation negatively impacts bacterial density. 

 

Model Significance analysis indicated strong statistical significance, showing that the model 

reliably predicts responses. P-values (< 0.001) confirmed high significance of the model, and 

R² values (~0.99) indicated that the model explains nearly all variability in the data and 

adjusted R² and predicted R² values confirmed a strong correlation between experimental data 

and model predictions. The lack of fit p-values were also not significant (p>0.05) relative to 

the pure error, suggesting that the models were statistically accurate. 

 

 The results highlighted the influence of pH, agitation speed, and yeast extract concentration 

on bacterial growth and pigment yield. Moderate agitation, balanced pH, and optimized yeast 

extract levels improved microbial performance. Additionally, interaction effects between 

factors had vital role in maximizing yield, offering valuable insights for industrial 

applications. 

4.5. Analysis of the effects of significant predictors on outcome variables   

 

In this section how the most influential growth parameters identified during screening and 

optimization affected key outcome variables; OD600 value, biomass yield and pigment 

production using ANOVA, regression analysis, and interaction plots to quantify the impact of 
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each variable. Model predictions were validated with laboratory level experimental work to 

ensure reliability. 

4.5.1 Effect on OD value 

The OD600 value measurements revealed that the E. aurantiacum cell concentration cultured in 

the nutritious agro-waste medium, tomato waste extract (TWE) was significantly affected by 

initial pH of culture medium, displaying linear, quadratic, and interaction effects with both 

culture agitation rate and concentration of yeast extract (p < 0.001) (Table 35). However, 

interaction effects between culture agitation rate and yeast extract did not show a statistically 

significant effect (p > 0.05) on OD value of the culture medium, highlighting that the effect of 

agitation rate did not depend on the amount of the concentration of yeast extract or vice versa. 

On the other hand, the quadratic term of each variable shows the curvilinear effect of the 

variable non-linearly on OD value of the culture medium. These findings underscored the 

importance of optimizing agitation rate and medium pH to enhance bacterial growth while 

highlighting that the combined effect of culture agitation and yeast extract may not have 

critical influence on the growth of cell biomass. 

 

Table 35 ANOVA results for quadratic model: Evaluating OD600 response 

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

Model 0.1226 9 0.0136 179.14 < 0.0001 significant 

X1-pH 0.0109 1 0.0109 143.16 < 0.0001  

X2-Agitation  0.0032 1 0.0032 42.59 < 0.0001  

X3-Yeast extract 0.0017 1 0.0017 22.22 0.0008  

X1X2 0.0435 1 0.0435 572.02 < 0.0001  

X1X3 0.0171 1 0.0171 224.96 < 0.0001  

X2X3 0.0001 1 0.0001 1.48 0.2519  

X1² 0.0178 1 0.0178 234.01 < 0.0001  

X2² 0.0301 1 0.0301 395.13 < 0.0001  

X3² 0.0101 1 0.0101 132.13 < 0.0001  

Residual 0.0008 10 0.0001    

Lack of Fit 0.0002 5 0.0000 0.4263 0.8145 not significant 

Pure Error 0.0005 5 0.0001    

Corrected Total 0.1234 19     

df- degree of freedom 
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Culture agitation rate play vital role in enhancing oxygen transfer, ensuring uniform nutrient 

distribution (McDonough, 1997). Another critical factor influencing culture growth was pH 

which exerted significant linear, quadratic, and interaction effects with both agitation and 

yeast extract concentration (p < 0.001; Table 35). Maintaining optimal pH levels is essential 

for promoting enzymatic activity, maximizing bacterial growth, and enhancing fermentation 

efficiency (Musa & Yusof, 2019). These findings highlighted the importance of carefully 

adjusting culture agitation speed and pH conditions to achieve optimal bacterial development 

and pigment-production.  

The response surface graph (Figure 19) demonstrates the interaction effects among culture 

agitation rate, yeast extract concentration, and initial culture pH on bacterial growth. This 

graphical representation helps identify optimal conditions by highlighting how variations in 

these factors impact biomass development. The response surfaces provide insights into the 

best combinations to maximize bacterial growth and pigment production. 
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Figure 19 Response surface optimization graphs generated by Design Expert Statistical 

software, version 13.  Panels (A)-(F) depicting how changes in independent 

variables affect output variables. Panel (A) shows the relationship between agitation 

speed (rpm) and pH on OD value. Panel (B) illustrates effects of yeast extract 

concentration and initial medium pH on OD value. Panels (C) and (D) elucidate the 

combined effects of agitation versus pH and yeast extract versus pH on culture 

biomass yield, and Panels (E) and (F) demonstrates how pigment yield was 

influenced by agitation rate, pH, and yeast extract concentration 

(A) (B) 

(C) 
(D) 

(E) 
(F) 
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These graphs illustrate how culture agitation rate, yeast extract concentration, and pH interact 

influence these output variables. By adjusting two independent factors within experimental 

ranges while holding the third constant at the center point the response patterns became 

clearer. Figure 19, panel (A) highlights the relationship between agitation speed (rpm) and pH 

on OD value, revealing an optimal OD value of 0.85 at an agitation rate of around 140 rpm 

and a pH of 10. This result is in harmony with previous reports that E. aurantiacum thrives 

within pH range of 5-11 (White et al., 2019). Furthermore, the optimal agitation rate identified 

was in consistent with the recommended culture agitation rate range (130-150 rpm) for 

bacterial cultures.   

The response surface graph, Figure 19, panel (B) illustrates the linear, quadratic, and 

interaction effects of yeast extract concentration and initial medium pH on OD value. The 

convex curvature suggests OD is lowest at moderate yeast extract and pH levels. The highest 

OD values were recorded at both highest yeast extract and pH levels, highlighting more 

nutrients and favorable pH promotes growth. Likewise, highest OD values were again 

recorded at low nutrient levels and pH values which could be possibly due to stress induced 

adaptation or nonlinear effects, suggesting that there is no one optimal zone, hence multiple 

combinations can yield high OD value, might be helpful in reducing yeast extract costs if 

extreme pH conditions support good culture growth.  

4.5.2 Effect on cell biomass 

Culture agitation demonstrated a significant impact on bacterial growth at linear, quadratic, 

and interaction levels with both pH and yeast extract concentration (Table 36). Other key 

contributors to the growth of culture biomass included the linear and quadratic terms of yeast 

extract (p < 0.001), the quadratic term of medium pH (p < 0.001), and the interaction between 

concentration of yeast extract and medium pH (p < 0.002). However, the linear effect of initial 

medium pH was not statistically significant (p > 0.05). Bacterial growth rate and final biomass 

influence pigment production. Hence, optimizing these factors can enhance overall yield. 

Studies suggest that fine-tuning agitation, pH, and nutrient concentrations can substantially 

improve biomass accumulation, ultimately leading to efficient pigment production (Poddar et 

al., 2021; Shahin et al., 2022). 
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Table 36  ANOVA results for quadratic model: Statistical evaluation of biomass response 

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

Model 1.89 9 0.2103 130.58 < 0.0001 significant 

X1-pH 0.0014 1 0.0014 0.8940 0.3667  

X2-Agitation 0.1588 1 0.1588 98.56 < 0.0001  

X3-Yeast extract 0.0672 1 0.0672 41.74 < 0.0001  

X1X2 0.2520 1 0.2520 156.47 < 0.0001  

X1X3 0.0545 1 0.0545 33.80 0.0002  

X2X3 0.0684 1 0.0684 42.49 < 0.0001  

X1² 0.0301 1 0.0301 18.66 0.0015  

X2² 1.15 1 1.15 711.24 < 0.0001  

X3² 0.5682 1 0.5682 352.73 < 0.0001  

Residual 0.0161 10 0.0016    

Lack of Fit 0.0062 5 0.0012 0.6216 0.6927 not significant 

Pure Error 0.0099 5 0.0020    

Corrected Total 1.91 19     

df - degree of freedom 

Ensuring an optimal balance of nutrient availability, pH stability, and proper agitation rates are 

fundamental for maximizing bacterial biomass production (Agudelo-Escobar et al., 2017). 

Since microbial growth is highly sensitive to nutrient composition and environmental 

conditions, adjusting these parameters can significantly enhance biomass yield and pigment 

production efficiency (Musa & Yusof, 2019). Optimizing bacterial cultivation involves 

tailoring significant factors to species specific requirements so as to create an environment that 

promotes rapid growth while supporting metabolic activity crucial for pigment biosynthesis.  

The response surface optimization graph (Figure 19, panels C and D) illustrated the combined 

effects of agitation versus pH and yeast extract versus pH on culture biomass yield. The graph 

indicated that biomass production increased with rising pH levels, while both excessively high 

and low agitation rates resulted in reduced biomass yield (Figure 19, panel C). Moreover, the 

concave response surface plot indicates a maximum point on the surface, implying that the 

center combination of the independent variables (agitation versus pH) yields the highest cell 

mass having synergistic interaction. However, the convex surface of the graph, Figure 19, 

panel D suggests that culture growth decreases toward the center of the surface which 

indicates the interaction of yeast extract and medium pH at the center yields lowest cell 
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biomass. Overall, both shapes of the response surface plots reveal interaction effects of the 

independent variables and help identify optimal conditions for maximum culture growth.   

Excessive agitation can induce shear stress, potentially damage cells and lower biomass output 

(Agudelo-Escobar et al., 2017). Conversely, insufficient agitation also reduces oxygen transfer 

rates, creates nutrient gradients, and promotes cellular clumping, slowing metabolic activity 

and ultimately decreasing biomass production (Agudelo-Escobar et al., 2017; Maiorano et al., 

2020; Peerhossaini, 2022). These insights emphasize the need for precise regulation of 

agitation speed and pH to optimize bacterial growth and pigment synthesis efficiency. 

Lower nitrogen source concentrations help prevent nitrogen toxicity which can hinder 

microbial growth, thereby fostering a balanced environment that enables efficient nutrient 

utilization for biomass production (Vishnivetskaya et al., 2009). The adaptability of E. 

aurantiacum to a broad pH spectrum (5-11) allows the bacterium to sustain metabolic activity 

and growth under varying conditions, enhancing its biomass yield  (Ontman et al., 2023). 

These findings reinforce the importance of optimizing nutrient composition and pH conditions 

to maximize bacterial productivity. 

4.5.3 Effect on pigment yield 

Table 37 reveals that pigment yield was significantly affected by initial culture pH, agitation 

rate, and yeast extract concentration at both linear and two-factor interaction (2FI) levels (p < 

0.001). These results underscored the importance of fine-tuning these variables to maximize 

pigment-production efficiency. 
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Table 37 ANOVA results for 2FI Model: Statistical evaluation of pigment yield response 

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

Model 0.1224 6 0.0204 216.10 < 0.0001 significant 

X1-pH 0.0029 1 0.0029 30.61 < 0.0001  

X2-Agitation 0.0084 1 0.0084 89.07 < 0.0001  

X3-Yeast extract 0.0185 1 0.0185 195.82 < 0.0001  

X1X2 0.0253 1 0.0253 268.08 < 0.0001  

X1X3 0.0078 1 0.0078 82.74 < 0.0001  

X2X3 0.0595 1 0.0595 630.27 < 0.0001  

Residual 0.0012 13 0.0001    

Lack of Fit 0.0004 8 0.0001 0.3340 0.9185 not significant 

Pure Error 0.0008 5 0.0002    

Corrected Total 0.1237 19     

df- degree of freedom 

The response surface optimization graph (Figure 19, panels E and F) demonstrated that there is 

direct effect of each independent variable on the pigment yield. A significant linear term (p < 

0.001) indicates as the respective independent variable increases, the pigment yield increases 

consistently. The 2FI also suggests the effect of one variable depends on the level of the other. 

But the visual flatness of the response surface plot may indicate that the interaction effect is 

very minimal.   

 

At lower agitation and yeast extract levels, slight pigment-production increment has been seen 

noticed as pH decreases. This trend may be linked to a stress-induced metabolic response, 

where reduced pH and nutrient availability trigger enhanced secondary metabolite synthesis, 

improving pigment yield. Additionally lower agitation minimizes shear stress on bacterial 

cells, creating a more stable environment conducive to pigment biosynthesis (Fatima & 

Anuradha, 2022; Pitt et al., 2007). 

4.6 Yield and efficiency of pigment recovery 

The extraction process was carried out at the stationary growth phase, a critical point where 

maximum pigment accumulation typically occurs. Among different organic solvents used for 

pigment extraction, methanol (99.5%) offered the highest pigment yield, proving to be the 

most efficient solvent for pigment extraction from all the three isolates compared to other 

utilized organic solvents. Most studies used similar solvent systems like methanol and acetone 

and also recent studies employ solvent mixtures for better extraction, suggesting this organic 
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solvent extraction method is efficient as it is simpler and more effective than multi-step 

chromatographic extraction methods (Ramos et al., 2021). 

The ANOVA test confirmed significant differences in OD600 values (F = 81204.88, p < 0.001) 

and pigment yields (F=122067, p< 0.001) among the utilized organic solvents (Table 38 and 

39). These extremely low p-values (< 0.05) indicate that at least two solvents differ 

significantly in their extraction efficiency.  

Table 38 ANOVA summary table illustrating measured average OD values using different 

organic solvents for pigment extraction from M. luteus 

Groups Count Sum Average  Variance   

Methanol 3 2.586 0.862 0.000001   

Ethanol 3 1.958 0.652 4.33E-06   

Acetone 3 0.492 0.164 0.000001   

Chloroform 3 1.598 0.532 6.33E-06   

ANOVA       

Source of 

Variation 

SS df MS F P-value F crit 

Between Groups 0.771446333 3 0.257149 81204.88 2.86E-18 4.066181 

Within Groups 2.53333E-05 8 3.17E-06    

Total 0.771471667 11         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 
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Table 39 ANOVA summary table depicting average pigment yield recovered from M. luteus 

using different organic solvents  

Groups Count Sum Average Variance   

Methanol 3 4.397 1.466 1.33E-06   

Ethanol 3 1.03 0.343 3.33E-05   

Acetone 3 0.333 0.111 0.000001   

Chloroform 3 0.943 0.314 1.33E-06   

ANOVA       

Source of 

Variation 

SS df MS F P-value F crit 

Between Groups 3.387364917 3 1.129122 122067.2 5.6E-19 4.066181 

Within Groups 7.4E-05 8 9.25E-06    

Total 3.387438917 11         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 

The results confirmed that methanol is the optimal solvent for pigment extraction, yielding 

high pigment recovery under controlled culture conditions. Figure 20, panels (A) to (F) 

illustrates the schematic overview of cultivating M. luteus in different AWEs as growth 

substrate and pigment extraction. The extracted pigment was subsequently dried in a biosafety 

cabinet to maintain purity and collected in granule form. 
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Figure 20 Cultivation and pigment extraction processes from M. luteus. (A) cultivation of an 

isolate in different AWEs at optimized culture conditions, (B) fermented culture in 

orange waste extract, (C) pigment pellet after centrifugation, (D) methanolic 

pigment extract, (E) concentration process in biosafety cabinet for solvent 

evaporation, and (F) solidified pigment  

The downstream processing of microbial pigments represent critical determinant of economic 

feasibility and industrial scalability. In this study, pigment extraction from M. luteus cultivated 

on orange-waste extract achieved yield of 1.47 g/L, extracted using organic solvents. While 

this yield is promising compared to Hegazy et al. (2024), who recovered pigment yield of 2.19 

g/L from the same isolate using synthetic media, the reliance on solvent extraction introduces 

significant cost and sustainability considerations. Organic solvents are effective for recovering 

carotenoid-like compounds but contribute to high operational expenses, solvent recovery 

requirements, and environmental burdens (Lu et al., 2023). Industrial translation therefore, 

necessitates the development of greener, cost-efficient alternatives such as supercritical CO₂ 

extraction.  

Commercial synthetic dyes benefit from decades of process optimization, low raw material 

costs from petrochemical feed stocks, and highly efficient downstream processing. Production 

costs for synthetic dyes are typically lower, but they generate toxic effluents and face 

increasing regulatory restrictions. In contrast, microbial pigments offer biodegradability and 

sustainability nevertheless downstream costs remain high relative to yield. Microbial pigment 

yields often range between 0.5-1.0 g/L under laboratory conditions with higher yields 

achieved only under optimized fermentation conditions (Mohd Said, 2025). The yield of 1.47 

g/L from M. luteus on orange-waste extract is therefore, competitive, particularly given the use 

of low-cost agro-waste substrates. However, scalability requires consistent yields at pilot and 

(A) (B) (C) (D) (E) (F) 
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industrial scales where downstream recovery efficiency and pigment stability under processing 

conditions become critical. 

From a scalability perspective, the integration of agro-waste valorization into pigment 

production offers dual advantage; reduced substrate costs and alignment with circular bio-

economy principles. However, downstream processing remains the bottleneck. Solvent 

extraction at industrial scale requires large volumes of solvent, energy-intensive recovery 

systems, and strict safety protocols, all of which inflate costs. To achieve industrial translation, 

process optimization strategies such as coupling fermentation with in situ extraction, or 

employing continuous solvent recovery must be adopted. Furthermore, benchmarking against 

synthetic dyes highlight those microbial pigments will initially occupy top markets in 

industries such as textiles, cosmetics, and food additives where sustainability credentials 

justify higher costs (Anshi et al., 2024).  

The pre-optimization cultivation experiment of E. aurantiacum in TWE yielded an average of 

0.65 g/L of crude pigment from culture biomass of 4.20 g/L with an OD600 value of 0.60 at the 

stationary growth phase. For validation, forty-six different solutions were generated by the 

software, ranked according to their desirability values, which quantify how well each solution 

meets optimization criteria.  

The highest-ranked solution with a desirability of 98.8% (Table 40) was chosen to test the 

predictive model. The selected optimal conditions were a pH of 5, an agitation rate of 65 rpm, 

and yeast extract concentration of 0.1%. These parameters offer a refined approach for 

maximizing pigment yield and bacterial growth. 

Table 40 Software generated solutions for verification experiment 

Number pH Aeration Yeast 

extract 

OD Biomass pigment 

yield 

Desirability  

1 5.000 64.969 0.100 0.892 4.700 1.045 0.988 Selected 

2 5.000 65.835 0.100 0.893 4.711 1.043 0.986  

3 5.027 65.474 0.100 0.890 4.702 1.043 0.986  

4 5.000 65.609 0.103 0.892 4.700 1.042 0.985  

5 5.000 62.375 0.100 0.887 4.665 1.052 0.982  

OD-optical density  
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To ensure the reliability and reproducibility of the predictive model, culture cultivation was 

conducted in triplicate under optimized conditions in 150 mL of TWE. During the experiment, 

culture growth dynamics was closely monitored by measuring OD600 (Figure 21). These 

measurements provided valuable insights into growth trends, confirming whether the selected 

parameters effectively enhanced bacterial biomass and pigment production. 

 

  

Figure 21 Smooth line graph showing OD600 variation over time of E. aurantiacum at 

optimized process conditions using TWE as cultivation substrate with standard 

deviation represented as error bars around the line  

The growth kinetics of E. aurantiacum under optimized conditions using TWE as the 

cultivation substrate demonstrated its effectiveness in promoting bacterial growth. The growth 

curve (OD600 measurements over time) captured distinct bacterial phases, confirming TWE as 

sustainable medium. Optimal growth was observed on the 7
th

 day when the culture reached the 

stationary phase, possibly due to environmental stress according to (Kato et al., 2018). 

Biomass was harvested via centrifugation on the 8
th

 day to recover the pigment, yielded 4.73 

g/L of biomass and 0.96 g/L of crude pigment (Table 41). The experimental verification 

showed minor error, 0.63% in biomass concentration prediction likely due to slight model 

y = 0.0327e0.4168x 

R² = 0.8974 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 2 3 4 5 6 7 8 9

O
D

 v
al

u
e 

Incubation period, day 

Growth rate 

Aver OD

Expon. (Aver OD)



100 
 

noise and challenges in maintaining precise conditions. Overall, the validation confirmed 

strong alignment between the predicted and actual results, reinforcing the model‘s reliability. 

Table 41 Predicted versus experimental response values from cultivating E. aurantiacum in 

TWE as substrate under optimized conditions 

 Optimum condition  Coded levels Actual levels 

Culture agitation (rpm) - 0.92 65 

Initial culture pH -1.00 5.0 

Yeast extract (%) -1.00 0.1 

Response  Un-optimized 

value 

Predicted 

value 

Optimized 

value 

Optimization 

efficiency (%) 

OD value 0.60 0.892 0.877 + 0.025 31.6 

Cell biomass (g/L) 4.20 4.700 4.733 + 0.076 11.3 

Pigment yield (g/L) 0.65 1.045 0.957 + 0.060 32.1 

 

The pigment yield from this study (0.96 g/L) surpasses the 180 μg per gram of biomass 

reported for Chryseobacterium sp. cultivated in feather meal (Gemelli et al., (2024). However, 

it remains lower than the yield achieved from M. luteus grown in orange waste extract as 

substrate, may due to differences in substrate nutrient composition (Ramesh et al., 2022).  

When compared with pigments recovered from the two isolates examined in this study, as well 

as those reported in previous studies cultured on agro-industrial waste extracts, the dry weight 

of pigment obtained from M. luteus was significantly promising (Table 42). This enhanced 

yield may be attributed to the isolate‘s strong tolerance to oxidative and nutritional stress, 

coupled with its efficient substrate utilization capacity.  

The isolate's pigment yield exceeds that of extracted from psychrotolerant Paenibacillus 

species using solvent extraction by a factor of 22 (Padhan et al., 2021). However, it remained 

lower than yields achieved in studies utilizing fruit waste substrates, such as pineapple, 

orange, and pomegranate from Bacillus safensis in shake flask fermentation, reported 6.96 g/L 

by (Rifna et al., 2023). While, Kocuria sp. showed lower yield, but still higher than the 

pigment yield of 0.0016 g/L recovered from Kocuria sediminis, reported by (López-Mora et 

al., 2025). 
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Table 42 Comparison of some recent studies on eco-friendly pigments derived from different 

microbial sources, highlighting the types of pigments produced and the substrates 

used to enhance pigment yield 

Microorganism Substrate  Pigment 

recovered  

Yield   Reference  

Sporidiobolus 

pararoseus 

Glycerol, Corn steep 

liquor, parboiled rice 

water 

Carotenoids(β-

carotene) 

0.000843 g/L total 

(0.000346 g /L β-

carotene) 

(Barreto et al., 

2023) 

 

Serratia 

plymuthica 

Synthetic media Prodigiosin  1.77 g/L  

Rhodotorula 

mucilaginosa 

Food industry 

wastewater 

Carotenoid 0.81 g/L (Lau, W. X. et 

al., 2018) 

 

Pseudomonas sp. Vegetable waste Melanin 0.00279 g/L (Anshi et al., 

2024) 

 

Bacillus safensis Agro-wastes  6.96 g/L (Rifna et al., 

2023) 

 

Rhodotorula 

rubra 

Sugarcane juice Carotenoids 30.39 g/L (Bonadio et al., 

2018) 

 

Monascus 

purpureus 

Orange waste peels  0.58 Units/mL (Kantifedaki et 

al., 2018) 

 

Paenibacillus 

species 

  0.068 g/L (Padhan et al., 

2021) 

 

M. luteus Orange waste extract Carotenoid 1.47 g/L This study 

E. aurantiacum Tomato waste extract Carotenoid 0.96 g/L This study 

Kocuria sp. Tomato waste extract Carotenoid 0.56 g/L This study 

 

These findings emphasize the critical role of substrate selection, isolate specificity, and 

environmental factors in maximizing pigment production efficiency, reinforcing the potential 

of AWEs as an effective low-cost substrate for microbial pigment-production potential from 

bacteria as eco-friendly alternatives to synthetic dyes, offering an alternative to synthetic dyes 

(Silva-Castro et al., 2019). Further optimization of cultivation conditions and extraction 
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techniques could enhance their commercial viability, making them a practical alternative to 

chemically synthesized dyes. 

4.7 Characterization of extracted bio-pigments 

M. luteus, E. aurantiacum, and Kocuria sp. produced yellowish pigments when cultured on 

different agro-waste extracts, exhibiting only minor variations in colony coloration (Figure 

22).The similar yellow pigments likely arise from shared genetic pathways for carotenoid, 

flavin or other yellow pigments biosynthesis regardless of their origin combined with 

environmental stress signals provided by agro-waste substrates as they often contain sugars, 

amino acids, and minerals that can serve as precursors for pigment biosynthesis. 

 

 

 

Figure 22 Pure cultures of three bacterial isolates alongside their respective extracted pigments: 

(A) M. luteus, producing a bright-yellow pigment, (B) E. aurantiacum, yielding an 

orange-yellow pigment, and (C) Kocuria sp., exhibiting a creamy light-yellow 

pigment 

 

(A) 

(B) 

(C) 
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4.7.1 Spectral and Structural Characterization of Bio-Pigments Using UV-Vis, LC-MS, and 

ATR-FTIR 

The spectral scanning of methanolic extract of the yellowish-orange pigments, conducted over 

wavelengths ranging from 350–750 nm provided crucial insights into its optical properties. By 

analyzing absorption peaks within this range, the study aimed to determine the characteristic 

absorbance profile of the pigments, aiding in its identification and potential application.  

The spectral analysis revealed distinct absorption peaks corresponding to the extracted 

bacterial pigments. M. luteus exhibited a bright-yellow pigment with characteristic λmax at 

476 nm, E. aurantiacum produced an orange-yellow pigment with an absorption peak at λmax 

467 nm, and Kocuria sp. yielded a creamy light-yellow pigment with a λmax at 527 nm 

(Figure 23). 

The absorbance peak provides information about the chromophores present in the pigment 

(Mohammed, 2018). The UV-visible spectrophotometric analysis of the crude pigment 

extracted from the isolates revealed distinct absorption peaks, confirming the presence of 

chromophores within the pigments. These peaks provide valuable insights into the molecular 

structure and composition of the extracted compound (Marin et al., 2021; Shahin et al., 2022).   

The pigments fell within the typical absorption range for carotenoids (400-550 nm) or their 

derivatives in the visible spectrum, characteristic of compounds with conjugated double bonds 

that absorb light in this range, leading to their yellowish appearances (Johra et al., 2020). 

   

Figure 23 Absorption spectra of pigments extracted from three bacterial isolates from left to 

right: (A) M. luteus, (B) E. aurantiacum, and (C) Kocuria sp. 
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The characteristic absorbance peaks within the 400–550 nm range are typical of carotenoid 

compounds, crucial pigment group responsible for yellow to orange-red coloration 

(Machmudah & Goto, 2013; Neha et al., 2017). The pigments were classified as 

carotenoid-like compounds based on their absorption maxima in the visible range (400–500 

nm), yellowish coloration, hydrophobic solubility, and characteristic C=C and C–H stretching 

vibrations. Tentative evidence from LC-MS profiles resembling known carotenoids and the 

biological origin of the isolates supports this categorization, though definitive structural 

confirmation requires advanced techniques such as NMR, LC-MS with authentic standards, or 

full elucidation. 

Carotenoids exhibit strong absorption in this range due to π-electron delocalization within 

their conjugated system, allowing efficient light absorption in the UV-visible spectrum 

(Udensi et al., 2022). Since carotenoid biosynthesis is primarily regulated at the genetic level, 

substrate variations may not drastically alter the pigment color (Deng et al., 2025). Hence, 

while nutrient availability can influence growth rates and biomass, pigment biosynthesis in 

these isolates might be more constitutive rather than strongly regulated by specific substrates. 

Under stress conditions, carotenoid production functions as a multifunctional protective 

mechanism by mitigating oxidative damage, preserving membrane integrity, and enhancing 

overall stress tolerance and ecological fitness in pigment-producing bacterial isolates.  

The variation in the absorbance of the pigments at their respective λmax may be attributed to 

the specific carotenoid content and its degree of conjugation (Udensi et al., 2022) as revealed 

by the LC-MS analysis (Figure 24) of the respective pigmented extracts. The variable mass-to-

charge (m/z) ratios observed in the LC-MS analysis highlights molecular diversity, yet the 

consistent yellowish pigment appearance suggests structural similarities among the 

carotenoids as witnessed from UV-visible and LC-MS analyses.  
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Figure 24 Mass spectra of pigmented compounds extracted from three bacterial isolates from 

left to right: (A) M. luteus, (B) E. aurantiacum, and (C) Kocuria sp. 

The UV-Visible spectra and LC-MS analysis revealed that the yellowish pigments extracted 

from M. luteus, E. aurantiacum and Kocuria sp. have similar chromophoric structures but 

differ in their molecular weights and their specific substituents. The spectral data align well 

with published carotenoid profiles reported by (López-Mora et al., 2025) who identified 12 

carotenoids in M. luteus with notable bioactivity using LC-MS analysis.   

The examination of the pigment extracted from M. luteus using liquid chromatography (LC) 

paired with mass spectrometry provided structural details about the bioactive compounds 

responsible for pigmentation (Figure 25). The Total Ion Chromatogram (TIC) Fig 25, panel 

(A) and mass spectrum of psi, psi-Carotene,1,1',2,2'-tetrahydro-1,1'-bis[(trimethylsilyl)oxy]- 

Figure 25, panel (B) identified a compound as a carotenoid, aligning with the results from the 

UV-Visible spectrophotometer analysis. 
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Figure 25 The structural information of bioactive compound responsible for pigmentation. (A) 

TIC of the pigmented compound extracted from M. luteus and (B) mass spectra of 

psi,psi.-carotene,1,1',2,2'-tetrahydro-1,1'-bis[(trimethylsilyl)oxy]-, having multiple 

peaks with the most abundant fragment ion at (m/z=716) 

Multiple peaks were present in the mass spectrum, with the most abundant fragment ion (m/z 

= 716). The color-bearing property of psi, psi-Carotene, 1, 1‘, 2, 2‘-tetrahydro-1, 1‘-

bis[(trimethylsilyl)oxy]- is influenced by its chemical structure and interactions with light. 

According to (Lopez Marin et al., 2021), the extended conjugated system allows carotenoids 

to absorb specific wavelengths of light in the blue and green regions, which is consistent with 

the UV-Visible spectroscopic analysis result.  

The chromatogram (Figure 26) offers a detailed visual representation of the chromatographic 

separation and mass spectrometric detection of the pigment extracted from E. aurantiacum, 

showcasing distinct peaks corresponding to various carotenoid molecules. These peaks 

provide key insights into the composition, purity, and molecular identity of the pigment, 

helping to confirm its classification. 
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                                                                Mass-to-Charge (m/z) 

Figure 26 LC-MS analysis of carotenoid compounds extracted from E. aurantiacum: Panel (A) 

illustrates the ion intensity detected over time, Panels (B) and (C) reveal peaks 

corresponding to the mass-to-charge ratios (m/z) of the detected carotenoid molecules 

The LC-MS analysis provided detailed characterization of carotenoid compounds extracted 

from E. aurantiacum. The Total Ion Chromatograph (TIC) plot (Figure 26, panel A) illustrates 

the ion intensity detected over time, highlighting distinct peaks corresponding to compounds 

eluting from the chromatography column at different intervals. These peaks represent the 

molecular components analyzed by the mass spectrometer. 

The mass spectra (Figure 26, panels B and C) reveal peaks corresponding to the mass-to-

charge ratios (m/z) of the detected carotenoid molecules, offering insights into their molecular 

weights and fragmentation patterns. The LC-MS investigation confirmed the presence of 

carotenoid compounds, specifically 1,4-Naphthalenedione, 2-(3,7,11,15,19,23,27,31-

octamethyl-2,6,10,14,18,22,26,30-dotriacontaoctaenyl)-(all-E) and 2,5-Cyclohexadien-1-

one,3,3'-(3,7,11,15-tetramethyl-1,3,5,7,9,11,13,15,17-octadecanonaene-1,18-diyl)-bis[6-

hydroxy-2,4,4-trimethyl].  

These compounds belong to the naphthoquinone and polyene classes, known for their intense 

coloration due to conjugated double bonds that enable absorption of visible light. Their 

structural properties contribute to the yellowish-orange hue of the pigment extracted from E. 

aurantiacum, reinforcing their classification within the carotenoid group. 

Pigments derived from biological sources are often complex mixtures rather than single 

molecules (Muthusamy et al., 2020). While UV-Vis spectroscopy can confirm the presence of 

conjugated systems, it cannot determine whether multiple structurally related compounds 
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contribute to the absorption profile. In cases where pigments are mixtures, their functional 

properties may vary with the relative proportions of individual components and hence, such 

mixtures can enhance stability through synergistic effects but may complicate reproducibility 

and standardization for industrial use. LC-MS provides molecular resolution by separating 

compounds chromatographically and identifying them based on mass-to-charge ratios. Unlike 

UV-Vis, LC-MS can reveal distinct peaks corresponding to different molecules, thereby 

confirming mixtures, quantifying relative abundances, and guiding purification strategies for 

targeted applications (Saha et al., 2020). 

The infrared (IR) spectroscopy analysis showed bands of functional groups (Figure 27) with 

peaks at 3204.76, 2925.10, and 1621.18 cm⁻¹ and fingerprint regions with different absorption 

bands, revealing the characteristics of the compound present in the pigment extracted from M. 

luteus. 

The IR spectrum provides information about functional groups present in the compound. The 

weak and broad absorption band at 3204.76 cm⁻¹ corresponds to the O-H stretching vibration 

in acids, suggesting the presence of hydrogen bonding. The second short peak at 2925.10 cm⁻¹ 

is associated with C-H stretching vibrations, indicating the presence of aliphatic C-H bonds in 

alkane or alkene groups. The third absorption peak at 1621.18 cm⁻¹ corresponds to the C=C 

stretching vibration in alkenes, matching the vibration of carbon-carbon double bonds in 

alkenes (Njuguna et al., 2022). 

 

Figure 27 The IR spectrum of pigmented compound extracted from M. luteus. The IR 

spectrum corresponds to the O-H, C-H and C=C stretching vibrations showed the 

presence of hydroxyl, alkane and alkene groups  
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Based on common functional group frequencies, the IR spectrum of the bright yellow pigment 

extracted from M. luteus exhibited the presence of hydroxyl, alkane, and alkene groups. 

Additionally, the stretching of the double bond in an alkene may cause a shift in the energy 

levels of the electrons in the pi bond, leading to chromophore formation. The reduced peak 

intensity indicates typical conjugations with other double bond structures (Kantifedaki et al., 

2018). 

The spectroscopy analysis (Figure 28) presents the IR spectrum of the pigmented compound 

extracted from E. aurantiacum, providing insights into its functional groups and molecular 

structure. The IR spectroscopy detects specific bond vibrations, allowing the identification of 

characteristic absorption peaks associated with various functional groups within the pigment 

molecule. 

 

Figure 28 IR spectrum of pigmented compound extracted from E. aurantiacum, depicting 

characteristic absorption peaks corresponding to various functional groups present 

in the compound 

The spectrum displays characteristic absorption peaks corresponding to various functional 

groups present in the compound. Th IR spectrum showed bands of functional groups with 

peaks at 3270.86, 2921.81, 2852.96, 1738.65, and 1629.69 cm
-1

. The fingerprint regions with 

different absorption bands provide information about the chemical composition of the pigment 

extracted from the isolate, E. aurantiacum.  
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The weak and broad absorption peak at 3270.87.76 cm
-1 

is associated with O-H stretching 

vibrations, characteristic of hydroxyl groups. The second and third short and narrow peaks at 

2921.81 and 2852.96 cm
-1 

indicate C-H stretching vibrations commonly found in alkanes. The 

narrow peak at 1738.65 cm
-1 

is characteristic of C=O stretching vibrations, typically found in 

carbonyl groups, and the peak at 1629.69 cm
-1 

is associated with C=C stretching vibrations 

found in alkenes.  

These Vibrations help identify different functional groups in molecules by their characteristic 

absorption bands. The functional group frequency analysis revealed that the IR spectrum of 

the yellowish-orange pigment extracted from E. aurantiacum indicates the presence of 

hydroxyl, hydrocarbon, olefinic, and carbonyl groups, which are among the functional groups 

present in carotenoid compounds (Maoka, 2020). 

Pigment identification in this study remains putative (carotenoid-like) because the analytical 

techniques employed-UV-Vis spectroscopy, ATR-FTIR, and LC-MS primarily provide 

absorbance profiles, functional group signatures, molecular weights, and fragmentation 

patterns, respectively. However, they do not yield complete structural elucidation, particularly 

with respect to stereochemistry, isomeric variation, or precise molecular configuration. Full 

structural confirmation of natural pigments typically require nuclear magnetic resonance 

(NMR) spectroscopy or complementary techniques such as X-ray crystallography and can be 

applied once high-yield production and purification are achieved as these techniques are 

resource-intensive, and require purified pigment in sufficient quantity. Hence, they were 

beyond the scope of this laboratory-scale study which prioritized screening, optimization, and 

application feasibility.  

4.7.2 Pigment stability analysis 

Considering the similar color of carotenoid compounds along with the huge difference in 

pigment yield, the bright yellow pigment extracted from M. luteus was selected for final 

stability testing and fabrics dyeing activities. Hence, its stability was analyzed across varying 

environmental conditions.  

 

The absorbance of the pigment increased as the pH approached neutrality (Figure 29 (A)). 

Specifically, the absorbance values increased from 0.127 to 0.196 in an acidic environment but 
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decreased from 0.196 to 0.118 in the alkaline pH range. A sharp decrease in absorbance was 

observed in both low and high pH ranges, correlating with a noticeable fading in color 

intensity (Figure 29 (B)). 

    

Figure 29 Influence of pH on the stability of the pigment extracted from M. luteus: (A) A line 

graph showing changes in absorbance of the pigment as a function of change in pH 

level, (B) Color intensity of the pigment across different pH levels, with labeled test 

tube vials indicating the respective pH values. The labels on each test tube vials 

indicate the pH value of the respective pigment solutions  

Each absorbance value represents the average of three replications, ensuring accuracy in 

assessing the pigment's stability and color variation under different pH conditions. Exposure to 

both strong acidic and alkaline conditions degraded the pigments, signifying that the pigment 

is sensitive to pH changes and unstable under such extreme conditions. The statistically 

significant differences presented in ANOVA (Table 43) further validate the impact of pH 

variation on pigment stability.  

Table 43 ANOVA summary table presenting the statistical analysis of variance results 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.021918 8 0.00274 70.99 4.93E-12 2.510158 

Within Groups 0.000695 18 3.86E-05    

Total 0.022613 26         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 
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The table shows parameters which assess the significance of differences among experimental 

groups; helped determine whether variations in the dataset are statistically significant. The 

ANOVA analysis result offered a strong case for pH as a critical factor influencing pigment 

absorbance. The Bonferroni adjusted post-hoc tests revealed that out of 36 pairwise 

comparisons, 47.22% showed significant differences in absorbance with a p value of 0.0014, 

reinforcing the ANOVA results. These significant differences across comparisons reinforce 

the importance of pH control in maintaining pigment stability (Wijesekara & Xu, 2024).  

Interestingly, despite the statistical significance in group comparisons, the regression analysis 

(Table 44), evaluating the strength and significance of the relationship between independent 

and dependent variables suggested that pH does not reliably predict absorbance variations (p = 

0.44).  

 Table 44 Summary of regression analysis presenting key statistical parameters 

Predictor   Coefficients Standard 

Error 

t Stat P-value 

Intercept 0.1822 0.0297 6.13 0.0005 

pH -0.0033 0.0034 -0.82 0.44 

From line fit plot analysis (Figure 30), the low R² value of 0.087 indicated weak explanatory 

power, reinforcing that pH alone does not reliably predict absorbance variation. While optimal 

absorbance was observed around slight acidic to neutral pH levels, the relationship between 

pH and absorbance is not linear.  
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Figure 30 Line fit plot showing the relationship between pH and the pigment stability, 

illustrating how changes in pH influence absorbance. The fitted line represents the 

trend in pigment behavior across different pH levels, providing insights into its 

stability 

The line fit plot analysis clearly highlighted the non-linear relationship between pH and 

absorbance; reinforcing the observation that pH affects pigment behavior but lacks strong 

predictive power in a linear model. This suggests that other interactive factors, such as 

buffering effects or molecular stability, might play a more dominant role in absorbance 

changes. Compared to broader pH tolerance range (2.5-9.5) reported in Rhodotorula minuta by 

Yadav & Prabha (2014), and yield focused study without absorbance analysis in M. luteus 

study by Hegazy et al. (2024), this study revealed narrow stability.  

Upon exposing the pigment to different temperature, ranges from 20 °C to 80 °C under 

controlled conditions, the pigment solutions demonstrated significant decrease in absorbance 

as temperature increased (Figure 31 (A)). As temperature value rose, the absorbance started to 

decline progressively with a noticeable fading of the yellow color (Figure 31(B)), suggesting 

thermal degradation of the pigment molecules. 
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Figure 31 Influence of temperature on the stability of the pigment extracted from M. luteus: 

(A) A line graph illustrating changes in absorbance across different temperature 

levels, showing trends and variation patterns of the pigment as a function of 

temperature change, and (B) Visual representation of pigment color intensity at 

various temperatures. The labels on each test tube vials indicate the temperature of 

the respective pigment solutions 

Each absorbance value represents the average of three replications, confirming accuracy in 

assessing the pigment's thermal stability and color variation under different temperature 

conditions. The results highlighted the thermal degradation of carotenoid pigments may be due 

to the breakdown of the conjugated double-bond system which is responsible for pigment 

color (Kardile et al., 2020). Hence, maintaining optimum temperatures during the application 

process is crucial to preserving the pigment's stability to ensure the desired color outcome in 

dyeing applications. 

The ANOVA result (Table 45) confirmed statistically significant differences in absorbance 

values across different temperature ranges, validating the impact of heat exposure on pigment 

degradation. 

Table 45  ANOVA summary table presenting the statistical analysis of variance results 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.005157 6 0.000859 730.4483 1.19E-16 2.847726 

Within Groups 1.65E-05 14 1.18E-06    

Total 0.005173 20         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-critical 
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The result showed that temperature significantly impacted pigment absorbance, (F=730.4483, 

p < 0.05)). Post-hoc Bonferroni analyses revealed that 81% of the 21 pairwise comparisons 

demonstrated statistically significant differences in absorbance values (p<0.002) due to 

temperature variations. These findings pin-pointed specific temperature ranges where pigment 

stability is most affected, highlighting the critical role of temperature control in maintaining 

pigment integrity. 

Furthermore, regression analysis (Table 46) indicated that temperature was a statistically 

significant predictor of absorbance (p<0.05). The relatively high R² value (0.68) suggested 

strong relationship between temperature and absorbance fluctuations, indicating that 

temperature variations account for a considerable proportion of pigment behavior, indicating 

the need to optimize thermal conditions during dyeing applications. 

Table 46 Regression results table summarizing key statistical parameters 

Predictor   Coefficients Standard 

Error 

t Stat P-value 

Intercept 0.2060 0.0107 19.17 7.1259E-06 

Temperature (°C)  -0.0006 0.0002 -3.28 0.02206419 

The analysis effectively reinforced the statistical significance of temperature as a predictor of 

pigment absorbance and the strong model fit, R² = 0.68 (Figure 32) confirmed the predictive 

accuracy and reliability of the regression model. The finding that 40 °C (Figure 32) pin-

pointed the optimal temperature for absorbance further emphasized the necessity of 

temperature regulation in pigment applications. 
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Figure 32 Line fit plot illustrating the relationship between temperature and pigment stability, 

showing how changes in temperature affect absorbance. The fitted line represents 

the trend in pigment behavior across different temperature levels, providing insights 

into its thermal stability 

The consistent absorbance decline beyond 40 °C suggests that thermal degradation may 

accelerate at higher temperatures, possibly due to the breakdown of conjugated double-bonds 

within carotenoid structure. Maintaining controlled temperature conditions during dyeing 

processes is thus, crucial to preserving pigment integrity and color stability. This temperature 

induced instability suggests that the pigment may be less suitable for applications involving 

prolonged heat exposure, such as high temperature dyeing processes.  

The temperature analysis in this study aligns with study reported by (Ahn et al., 2014) on 

alizarin and indigotin, confirming thermal degradation linked to the breakdown of conjugated 

double bonds. The quantitative thermal degradation data of this study also aligns with kinetic 

study showing first-order degradation of β-carotene with color loss and antioxidant activity 

decline (Kardile et al., 2020), reinforced the need for temperature controlled dyeing methods.  

The assessment of the stability of M. luteus pigment under exposure to oxidizing (H₂O₂) and 

reducing (glucose) agents revealed different scenarios. Increasing H₂O₂ concentration resulted 

in progressive declining in absorbance and fading of pigment color (Figure 33 (A)). Oxidation 

intensified with higher H₂O₂ levels, indicated poor pigment tolerance to oxidative stress, 
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suggesting carotenoid pigments should be protected from oxidants to maintain color integrity 

and stability.  

Conversely, the pigment exhibited no observable color change under exposure to glucose 

during the test period (Figure 33 (B)), highlights high pigment tolerance to reducing 

conditions; signifying glucose does not disrupt pigment stability. The oxidation-reduction 

analysis demonstrated the sensitivity of carotenoid pigments to oxidative stress while 

confirming their stability under reducing conditions. For optimal dyeing applications, 

minimizing oxidant exposure and leveraging reducing conditions could improve pigment 

durability. 

 

    

Figure 33 Influence of oxidizing and reducing agents on the stability of the pigment extracted 

from M. luteus: (A) Absorbance pattern and color intensity of the pigment solution 

as a function of varying concentrations of H₂O₂, and (B) Absorbance pattern and 

color intensity of the pigment solution as a function of varying concentrations of 

glucose 

Each absorbance value represents the average of three replications; ensuring constancy in 

assessing the pigment's stability under oxidative and reductive conditions. The statistical 

0.100

0.120

0.140

0.160

0.1 0.5 1 1.5 2 2.5 3A
b
so

rb
an

ce
 

H2O2, % 

0.000

0.050

0.100

0.150

0.200

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25

A
b
so

rb
an

ce
 

Glucose, % 

(A) 

(B) 



118 
 

analysis also strongly confirmed the significant impact of H₂O₂ on pigment absorbance (Table 

47), depicting the significance of differences among experimental groups. The high F=76.215, 

and extremely low p<0.001, confirmed a strong relationship between oxidation and pigment 

degradation.  

Table 47 ANOVA summary table presenting the statistical analysis of variance results 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.00159 6 0.000265 76.215 6.97E-10 2.847726 

Within Groups 4.87E-05 14 3.48E-06    

Total 0.001638 20         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 

The statistical analysis also indicated that while glucose has some effect on pigment stability, 

its impact was considerably weaker than that of H₂O₂, aligns with the color fading observation 

that oxidation posed greater influence on pigment integrity compared to reduction.  

The statistical result in Table 48 showed variation in absorbance values across different 

glucose concentrations, but the influence may be more subtle or gradual compared to the 

pronounced degradation caused by oxidizing agents, highlighting its potential applicability in 

dyeing processes where antioxidant mechanisms might enhance longevity. 

Table 48 ANOVA summary table presenting the statistical analysis of variance results 

Source of Variation SS df MS F P-value F crit 

Between Groups 2.33E-05 7 3.33E-06 3.636 0.0154 2.657197 

Within Groups 1.47E-05 16 9.17E-07    

Total 3.8E-05 23         

Key: SS-sum of squares, df-degree of freedom, MS-mean Square, F-F-statistic, and F crit-F-

critical 

The analysis exhibited strong evidence that H₂O₂ significantly impacted pigment stability, 

demonstrated by 62% of pairwise comparisons showed significant absorbance differences 
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(p<0.05) from Bonferroni correction post-hoc tests, strengthening the assumption that 

carotenoid pigments are highly susceptible to oxidative degradation.  

Conversely, the post-hoc test for glucose variations revealed no significant differences across 

28 pairwise comparisons, suggesting that glucose exerted a negligible effect on pigment 

absorbance. The regression analysis (Table 49) further strengthened the deduction that H₂O₂ 

concentration significantly impacted pigment stability, as demonstrated by its statistical 

significance (p<0.001) and high R² value of 0.89 (Figure 34). The strong model fit indicates 

that oxidation accounts for a substantial proportion of absorbance variability, reinforcing the 

critical role of oxidative stress in pigment degradation.  

Table 49 Regression results table summarizing key statistical parameters 

Predictor   Coefficients Standard Error t Stat P-value 

Intercept 0.1643 0.0023 68.91 1.219E-08 

H2O2 -0.0086 0.0013 -6.51 0.0013 

The line fit plot results strongly reinforced the negative linear effect of H₂O₂ on absorbance 

with progressive decline in pigment stability as oxidation intensified (Figure 34). This also 

confirmed oxidative degradation as a key factor compromising color integrity and absorbance 

retention.  

The non-linear response of absorbance to glucose concentration (Figure 34) suggested that the 

impact of glucose as a reducing agent on pigment stability may involve complex interactions, 

making its effect less predictable. This could indicate the presence of threshold effects or 

secondary biochemical influences affecting pigment resilience under reducing conditions. 
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Figure 34 Line fit plot illustrating the effect of hydrogen peroxide (H₂O₂) and glucose 

concentrations on the stability of the extracted pigment. The fitted lines represent 

the trends in absorbance as a function of oxidizing (H₂O₂) and reducing (glucose) 

agents, providing insights into the pigment's chemical stability under varying 

conditions 

The very weak R² value (0.0159) and high p>0.05 (Table 50), again confirms that glucose 

concentration has minimal predictive power in determining pigment stability. Unlike H₂O₂ 

which had a strong effect, glucose's negligible impact may indicate that reducing conditions do 

not disrupt carotenoid structure. 

Table 50 Regression results table summarizing key statistical parameters 

Predictor   Coefficients Standard Error t Stat P-value 

Intercept 0.1812 0.0008 234.43 4.0649E-13 

Glucose -0.0002 0.0006 -0.31 0.77 

 

This study demonstrated that the pigment exhibits pronounced sensitivity to oxidative stress 

and thermal degradation, while maintaining stability under reducing conditions. Exposure to 

hydrogen peroxide and elevated temperatures disrupted pigment integrity through oxidative 

cleavage and thermal isomerization of conjugated double bonds. These observations were 

consistent with recent carotenoid research which has shown that peroxide derived radicals 

initiate reactions like epoxidation and hydrogen abstraction, ultimately destabilizing the 

conjugated polyene system responsible for pigment coloration (Garcia et al., 2025; Losinska-

Sičiūnienė et al., 2025). 
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The study reported by (Kardile et al., 2020) showed that when combined with elevated 

temperature, oxidative degradation is amplified as heat can enhance the oxidative reactions 

initiated by H2O2, accelerating pigment breakdown and color loss. Hence, the findings of this 

study reinforced the vulnerability of carotenoids to oxidative stress.  

4.8 Dyeing performance of bio-pigments on textile materials 

The application of extracted bacterial pigments on cotton and Tetron 6000 fabrics resulted in 

visibly distinct and vibrant coloration, with yellow hue extracted from M. luteus. The dyeing 

process achieved uniform color distribution across the fabrics surface, indicating good affinity 

between the pigment molecules and the cotton fabric. Visual inspection and photographic 

documentation confirmed that pigment derived dyes provided aesthetically appealing 

alternatives to synthetic dyes, reinforcing their potential in sustainable textile applications.  

The colorfastness tests provided critical insight into the durability of the bacterial pigments on 

the dyed fabrics. The qualitative evaluation of washing color fastness in unicolor cotton and 

Tetron 6000 fabrics revealed distinct color differences compared to untreated counterparts. 

Bright, uniform color was observed under optimal dyeing conditions with carotenoid pigment 

from the isolate from initial dyeing performance (Figure 35(A, B)). The dyed fabrics exhibited 

vibrant coloration when compared side-by-side with un-dyed samples under bright light. 

Despite promising coloration, the study also highlighted that the pigment was susceptible to 

fading from detergent exposure and sunlight. Prolonged sunlight exposure and repeated 

washing caused noticeable fading with more pronounced effect on Tetron 6000 fabric 

compared to cotton fabric (Figure 35 (E, F)), reflecting their weaker chemical affinity and 

structural complexity. The findings suggest that cotton may offer better pigment retention than 

Tetron 6000.  
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Figure 35 Actual images of cotton and Tetron 6000 fabrics before and after dyeing tests 

showing color difference. Panels (A) and (B) show pigment uptake by cotton and 

Tetron 6000 fabrics, respectively. Panels (C) and (D) show un-dyed cotton and 

Tetron 6000 fabrics, respectively, used as negative control for pigment uptake and 

retention comparison. Panels (E) and (F) depict color retention comparison between 

cotton and Tetron 6000 fabrics, respectively, after washing with detergent and 

exposure to sunlight 

The quantitative pigment exhaustion analysis revealed a statistically significant difference in 

dye affinity between cotton and Tetron 6000 fabrics. Cotton exhibited a higher pigment uptake 

of 75% (Table 51), reflecting strong affinity for the pigment, whereas Tetron 6000 showed a 

comparatively lower uptake of 65% (p = 0.002). The exhaustion levels observed for cotton fall 

within the typical range reported for natural dyes under optimized industrial conditions (70-

90%) (Zhu et al., 2025), while the performance across both fabrics surpassed that of many 

commercial natural dyes which often achieve 40-60% exhaustion rates depending on mordant 

use and fiber type (Locks et al., 2025). 
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Cotton fabric showed 54.6% dye fixation, ensuring better dye retention compared to Tetron 

6000 fabric with 37% fixation (p<0.001), demonstrating stronger dye-fiber interactions in 

natural fibers. This study highlighted that natural pigments bond more effectively with cotton 

due to its hydrophilic cellulose structure, while Tetron 6000‘s synthetic surface resists pigment 

fixation. The results align with broader findings that natural dyes struggle with synthetic 

fibers, reinforcing the need for fiber-specific dyeing strategies. 

Table 51 Pigment's exhaustion and fixation calculation table presenting key parameters used to 

evaluate dye uptake and retention on fabrics 

Fabric  Initial 

absorbance  

Absorbance 

after dyeing  

Absorbance 

of wash liquid  

% dye absorbed  % dye fixed  

Cotton 0.207 0.052 0.094 74.88 54.59 

Tetron 6000 0.207 0.072 0.13 65.22 37.20 

Natural pigments often exhibit lower color fastness compared to synthetic dyes as they are 

composed of complex mixtures of organic compounds which may not form strong chemical 

bonds with textile fibers, making them more prone to washing and light-induced fading. The 

results align with previous findings that natural fibers exhibit better bonding with microbial 

pigments than synthetic blends like Tetron 6000 (Samanta, 2020). Compared to synthetic dye 

benchmarks (84% exhaustion, 79% fixation) reported by (Siddiqua et al., 2017), the 

performance of  this pigment, extracted from M. luteus isolated from environmental sample 

was lower, supporting the known trade-off between environmental safety and durability. 

While the reported yield of 1.47 g/L is encouraging at laboratory scale, it remains below 

industrially viable thresholds where higher productivity is essential for economic 

competitiveness. Achieving commercial benchmarks will require strain improvement, 

advanced cultivation strategies, and metabolic engineering alongside addressing operational 

challenges such as pigment stability, uniform fiber compatibility, and integration with existing 

dyeing systems. Compared to synthetic dyes which exhibit superior fastness due to engineered 

covalent bonding, microbial pigments offer reduced stability under oxidative and thermal 

stress which can be mitigated through mordanting or encapsulation (Anshi et al., 2024). Cost 

competitiveness also lags behind synthetic dyes which benefit from high yields and 

established supply chains. However, microbial pigments hold promise if yields are enhanced 
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through agro-waste valorization and bioprocess optimization. Overall, microbial pigments 

present a sustainable and regulatory-friendly alternative, but require significant yield, fastness 

and scalability improvements to competing synthetic counterparts. 

This study provided valuable insights into microbial pigment production but is subject to 

several limitations. Pigment identification was restricted to putative classification as 

carotenoid-like compounds based on UV-Vis, ATR-FTIR, and LC-MS data. Definitive 

confirmation of molecular configuration and stereochemistry will require higher-resolution 

analytical methods. The qualitative evaluation of the color fastness test to washing might 

induced observer bias and hence may not be sufficient for interpretation whether the dyeing 

test fits for industrial application or not. Moreover, though laboratory-scale experiments 

provided valuable insights, industrial applications need successful scale-up of the process to 

industrial-level equipment and environment. Therefore, the results of this study may not be 

conclusive findings that can be replicated for industrial applications. 

Future research should focus on isolating more potent chromogenic bacteria to achieve higher 

yields, conducting quantitative dye uptake and fixation studies to further strengthen the shift 

towards eco-friendly textile dyeing method and investigating stabilization techniques to 

enhance color fastness and durability in industrial applications. In particular, genetic and 

metabolic engineering of M. luteus offers a promising route to improve pigment yield. 

Strategies such as overexpression of key carotenoid biosynthetic genes, elimination of 

competing metabolic pathways, and optimization of precursor supply could significantly 

enhance production efficiency. Coupled with agro-waste valorization and advanced cultivation 

methods, these approaches may help bridge the gap between laboratory-scale promise and 

industrial-scale competitiveness.  



125 
 

 

CONCLUSIONS AND RECOMMENDATIONS 

This study successfully demonstrated the potential of pigment producing bacteria isolated 

from environmental samples as viable sources of natural dyes, particularly when cultivated on 

agro-waste substrates. Through careful optimization of culture conditions, significant pigment 

yields were achieved compared to literature values, showcasing the efficiency of low cost 

sustainable resources.  

A group of pigment-producing microbial isolates were successfully recovered from volcanic 

ash sediment, quarry site soil and air samples. Morphological and biochemical characterization 

revealed that most isolates were Gram-positive, aerobic, non-motile, and catalase-positive, 

indicating strong oxidative stress resistance and suitability for pigment production. MALDI-

TOF mass spectrometry enabled identification of pigment producing isolates at the genus and 

species level. Three non-pathogenic isolates, namely M. luteus, E. aurantiacum, and Kocuria 

sp. demonstrated better pigment yield, stability, and growth in agro-waste media, making them 

ideal candidates for further pigment extraction and application. 

All the identified pigment-producing isolates demonstrated variable growth responses across a 

wide range of environmental variables, confirmed with one-way ANOVA and Pearson 

correlation analyses. The results highlighted that tolerance to environmental conditions is 

isolate-specific and critical for pigment production optimization.  

Agro-waste extracts proved to be effective low-cost substrates for microbial pigment 

production, with orange-waste extract and tomato-waste extract supporting the highest growth 

and pigment yield. Among the tested isolates, M. luteus showed the highest growth and 

pigment yield (1.47 g/L) in orange waste extract. E. aurantiacum and Kocuria sp. grew well in 

tomato waste extract but produced lower pigment yields (0.96 g/L and 0.56 g/L, respectively).  

The consistent yellowish pigment across isolates suggests that pigment biosynthesis is 

genetically regulated, likely involving carotenoid biosynthesis. Statistical analyses, ANOVA 

and linear regression confirmed significant differences in isolates' growth across agro-waste 
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extracts. Pairwise post-hoc comparisons revealed significant differences in OD600 values 

among most agro-waste extracts, confirming variability in the isolates' growth support.  

The Plackett-Burman Design was successfully employed to screen the process variables and 

identified those with the most significant impact on the growth of E. aurantiacum, evaluated 

via OD600 measurement. Key influential factors identified were culture agitation rate, initial 

medium pH, yeast extract concentration, salt and glucose concentrations, and inoculum size. 

Visualization tools, the half-normal plot and Pareto chart effectively highlighted these 

variables as critical for optimizing pigment production. ANOVA results confirmed the 

statistical significance of the model (F = 134.98, p < 0.001), with R² = 0.9939 indicating 

excellent model fit which underscored the importance of targeted optimization in enhancing 

microbial growth and pigment yield. 

The Face-Centered Central Composite Design refined the most influential variables as 

agitation speed, medium pH, and yeast extract concentration. Response variables measured 

were OD600 value as indicator of bacterial growth, culture biomass as indicator of total cell 

mass, and pigment yield. Optimizing biomass is essential for maximizing pigment production 

as growth rate and cell density directly influence biosynthetic output. Optimal conditions for 

pigment production were found at 65 rpm agitation, pH 5, and 0.1% yeast extract, yielding the 

highest pigment output 0.96 g/L from E. aurantiacum. 

Methanol (99.5%) was identified as the most efficient solvent for pigment extraction, 

outperforming other organic solvents in yield. ANOVA results confirmed significant 

differences in OD600 and pigment yield across solvents (p < 0.05), validating methanol‘s 

effectiveness.  

UV-Visible spectrophotometric analysis of methanolic pigment extracts revealed distinct 

absorption peaks: M. luteus λmax at 476 nm (bright yellow), E. aurantiacum λmax at 467 nm 

(orange-yellow), and Kocuria sp. λmax at 527 nm (creamy light yellow). All absorption peaks 

fell within the 400–550 nm range, typical of carotenoids, confirming the presence of 

conjugated chromophores responsible for yellow-orange coloration. 
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LC-MS analysis revealed structural diversity among pigments with variable mass to charge 

ratios indicating differences in molecular weights and substituents. Despite molecular 

variation, the pigments shared similar chromophoric structures, suggesting a common 

carotenoid backbone. The Chromatograms from both M. luteus and E. aurantiacum showed 

distinct carotenoid peaks, confirm that the pigments are carotenoid-based, with extended 

conjugated systems that absorb light in the visible spectrum, producing their characteristic 

hues. 

IR spectroscopy of pigments from M. luteus and E. aurantiacum revealed peaks indicating the 

presence of hydroxyl, hydrocarbon, olefinic, and carbonyl groups which are consistent with 

carotenoid structures, supporting the classification of the pigments as carotenoid derivatives, 

strongly influence pigment stability, solubility and dyeing performances.  

Although UV-Vis, ATR-FTIR, and LC-MS analyses provided strong evidence for 

carotenoid-like compounds, the designation of the pigments as "carotenoids" underscores a 

practical limitation in analytical depth rather than methodological inadequacy, and highlights 

the need for future studies to employ higher-resolution techniques for definite structural 

identification. 

The absorbance of pigments were found influenced by various environmental factors, 

indicated by color fading and confirmed with statistically significant differences in absorbance 

before and after exposure, validating the impacts of environmental factors on pigment 

stability. Exposure to temperature and oxidative stress were identified as the primary 

destabilizing factors. 

The yellow pigment extracted from M. luteus produced vibrant and uniform coloration on both 

cotton and Tetron 6000 fabrics. Cotton fabric demonstrated higher pigment uptake (75%) and 

better dye fixation (54.6%) compared to the Tetron 6000 fabric. Colorfastness tests revealed 

minor fading after washing and sunlight exposure with more pronounced fading in Tetron 

6000.  
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Collectively, the findings contribute to the growing body of research supporting microbial 

pigments as sustainable alternatives to synthetic dyes, aligning with global efforts toward 

greener industrial practices.     

Based on the findings of this study, the following recommendations are proposed to guide 

future research and practical applications.  

 Up-scaling studies beyond laboratory optimization to pilot-scale continuous 

fermentation systems, integrating bioreactor design improvements for enhanced yield 

and reproducibility. 

 Investigate buffering systems or stabilizing agents that could enhance pigment 

resilience under variable environmental conditions. 

 Explore stabilization techniques such as natural mordants or encapsulation to enhance 

colorfastness and durability under industrial conditions. 

 Future work should prioritize full structural elucidation of bio-pigments using 

advanced analytical techniques such as nuclear magnetic resonance (NMR) 

spectroscopy and X-ray crystallography. 

 Long-term environmental impact assessments and lifecycle analysis should be 

undertaken to fully evaluate the ecological footprint of microbial dyeing systems.  

 Conducting comprehensive analysis of the nutritional composition of agro-waste 

substrates that support microbial growth which enable the rational formulation of 

culture media and targeted supplementation strategies, thereby maximizing biomass 

accumulation and pigment yield. 

 Incorporate 16S rRNA gene sequencing for isolates with low-confidence or unclear 

MALDI-TOF identifications to improve species-level resolution and taxonomic 

validation. 

 Adopting mixed agro-waste substrate approach to guarantee both availability and 

nutrient sufficiency by valorizing mixtures of agro-waste residues in order to reduce 

dependency on a single agricultural by-product. 
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APPENDICES 

Supplementary Table 1 Triplicate OD600 measurements of three isolates across utilized AWEs  

AWE Isolate read 1 read 2 read 3 

cabbage Kocuria sp. 0.445 0.442 0.443 

cabbage Micrococcus luteus 0.544 0.544 0.543 

cabbage Exiguobacterium aurantiacum 0.404 0.405 0.405 

nutrient broth Kocuria rosea 0.615 0.612 0.62 

nutrient broth Micrococcus luteus 0.646 0.645 0.646 

nutrient broth Exiguobacterium aurantiacum 0.524 0.523 0.523 

onion Kocuria sp. 0.199 0.198 0.198 

onion Micrococcus luteus 0.299 0.299 0.298 

onion Exiguobacterium aurantiacum 0.215 0.212 0.214 

papaya Kocuria sp. 0.235 0.234 0.235 

papaya Micrococcus luteus 0.24 0.241 0.24 

papaya Exiguobacterium aurantiacum 0.165 0.165 0.163 

cannon ball cabbage Kocuria sp. 0.455 0.453 0.45 

cannon ball cabbage Micrococcus luteus 0.545 0.544 0.543 

cannon ball cabbage Exiguobacterium aurantiacum 0.435 0.433 0.436 

watermelon Kocuria sp. 0.375 0.372 0.374 

watermelon Micrococcus luteus 0.423 0.424 0.424 

watermelon Exiguobacterium aurantiacum 0.435 0.425 0.435 

carrot Kocuria sp. 0.355 0.356 0.352 

carrot Micrococcus luteus 0.333 0.332 0.332 

carrot Exiguobacterium aurantiacum 0.335 0.334 0.335 

tomato Kocuria sp. 0.555 0.552 0.556 

tomato Micrococcus luteus 0.624 0.625 0.625 

tomato Exiguobacterium aurantiacum 0.525 0.522 0.526 

potato Kocuria sp. 0.325 0.325 0.326 

potato Micrococcus luteus 0.308 0.309 0.309 

potato Exiguobacterium aurantiacum 0.455 0.465 0.465 

orange Kocuria sp. 0.545 0.547 0.546 

orange Micrococcus luteus 0.861 0.863 0.862 

orange Exiguobacterium aurantiacum 0.514 0.51 0.512 

bread leftover Kocuria sp. 0.078 0.082 0.079 

bread leftover Micrococcus luteus 0.071 0.069 0.072 

bread leftover Exiguobacterium aurantiacum 0.063 0.062 0.063 

banana Kocuria sp. 0.051 0.053 0.051 
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banana Micrococcus luteus 0.045 0.046 0.044 

banana Exiguobacterium aurantiacum 0.061 0.06 0.06 

beetroot Kocuria sp. 0.075 0.074 0.073 

beetroot Micrococcus luteus 0.068 0.071 0.071 

beetroot Exiguobacterium aurantiacum 0.056 0.055 0.054 

 

Supplementary dummy Table 2 Quantitative analysis of dye exhaustion and fixation  

Fabric  Initial absorbance 

of the dye bath at 

λmax (Ao) 

Absorbance 

of remaining 

dye bath (Af) 

Absorbance of 

wash liquid 

(Aw) 

% dye 

absorbed (Ao-

Af)/Ao*100 

% dye fixed 

(Ao-

Aw)/Ao*100 

cotton 0.207 0.052 0.094   

Tetron 6000 0.207 0.072 0.13   

 

Supplementary Table 3 Bacterial isolates tolerance to Environmental factors (OD600 values), 

which reflect their growth under each condition 

Isolate Temperature (°C) 

 20 25 28 32 37 45 

PPPI-1 0.293 0.556 0.664 0.615 0.6 0.231 

PPPI-2 0.122 0.252 0.278 0.493 0.656 0.43 

PPPI-3 0.203 0.327 0.392 0.456 0.345 0.168 

PPPI-4 0.057 0.28 0.435 0.636 0.723 0.532 

PPPI-5 0.026 0.042 0.452 0.677 0.86 0.725 

PPPI-6 0.495 0.642 0.754 0.707 0.735 0.45 

Isolate pH 

 4.5 6 7 8 10 

PPPI-1 0.022 0.26 0.631 0.511 0.392 

PPPI-2 0.032 0.359 0.64 0.511 0.327 

PPPI-3 0.115 0.376 0.615 0.544 0.327 

PPPI-4 0.064 0.206 0.522 0.45 0.4 

PPPI-5 0.028 0.253 0.585 0.409 0.392 

PPPI-6 0.197 0.375 0.602 0.545 0.38 

Isolate Salt Conc. (% NaCl) 

 0.5 1 2 3 4 5 

PPPI-1 0.092 0.19 0.237 0.245 0.275 0.295 

PPPI-2 0.121 0.199 0.185 0.135 0.156 0.115 

PPPI-3 0.131 0.244 0.194 0.22 0.268 0.223 
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PPPI-4 0.169 0.298 0.341 0.329 0.334 0.4 

PPPI-5 0.129 0.351 0.355 0.365 0.455 0.468 

PPPI-6 0.134 0.145 0.279 0.289 0.31 0.355 

Isolate Agitation (rpm)    

 30 60 90 120 150 

PPPI-1 0.125 0.145 0.255 0.155 0.132 

PPPI-2 0.095 0.125 0.255 0.175 0.122 

PPPI-3 0.115 0.165 0.194 0.19 0.125 

PPPI-4 0.12 0.18 0.241 0.105 0.152 

PPPI-5 0.125 0.178 0.276 0.192 0.155 

PPPI-6 0.125 0.19 0.2 0.177 0.172 

Isolate Carbon source (1%) 

 Glucose Fructose Lactose Maltose Sucrose 

PPPI-1 0.255 0.25 0.197 0.145 0.223 

PPPI-2 0.221 0.199 0.187 0.135 0.235 

PPPI-3 0.23 0.155 0.194 0.125 0.198 

PPPI-4 0.269 0.158 0.141 0.155 0.2 

PPPI-5 0.229 0.165 0.168 0.165 0.255 

PPPI-6 0.245 0.172 0.145 0.147 0.232 

Isolate Nitrogen source (0.1%) 

 Yeast extract Peptone Tryptone Urea 

PPPI-1 0.265 0.245 0.197 0.145 

PPPI-2 0.255 0.2 0.187 0.135 

PPPI-3 0.235 0.185 0.194 0.125 

PPPI-4 0.27 0.178 0.141 0.155 

PPPI-5 0.275 0.195 0.168 0.165 

PPPI-6 0.285 0.19 0.145 0.147 
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Supplementary Fig 1 MALDI-TOF data 
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Supplementary Fig 2 ATR-FTIR data 
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