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Abstract
Pigment-producing bacteria are valuable bioresources for industrial applications. This study investigated 
the isolation of pigment-producing bacteria from three locations of the Netravathi River estuary (NRE-1, 
NRE-2, and NRE-3) in Mangaluru. Estuarine soil and water samples were collected concurrently with 
the measurements of physicochemical parameters, including temperature, pH, and salinity. The total 
viable count and total heterotrophic bacteria (THB) were analyzed. THB populations were differentiated 
into non-pigmented heterotrophic bacteria (NPHB) and pigmented heterotrophic bacteria (PHB). The 
PHB/NPHB % recorded was 8.08%, 38.42%, and 20.26% of the isolates at NRE-1, NRE-2, and NRE-3, 
respectively. With colony-forming units showing minimal variation across different growth media, 
the PHB recorded was 37.03% of total bacterial isolates. Phylogenetic classification of the pigmented 
bacteria from the NRE revealed four classes: Alphaproteobacteria (35%), Actinobacteria (30%), 
Gammaproteobacteria (30%), and Chitinophagia (5%). Based on the Gompertz growth curve model, 
three strains, Erythrobacter sp. RANMB8, Qipengyuania sp. RANM35, and Zooshikella sp. RANM57, 
were selected from NRE-1, NRE-2, and NRE-3. The UV absorption spectrum of Zooshikella sp. RANM57, 
Erythrobacter sp. RANMB8, and Qipengyuania sp. RANM35 exhibited peaks between 430 and 490 
nm. Fourier-transform infrared spectroscopy (FTIR) spectrum analysis of Qipengyuania sp. RANM 35 
and Erythrobacter sp. B8 exhibited an observed value of 3423.97 with a structure closely related to 
the standard b-carotene, while Zooshikella sp. RANM57 exhibited a peak at 3339.41, which closely 
resembled that of the standard for prodigiosin. The isolated pigmented bacteria exhibited seven 
distinct colors: brown (28%), yellow (21%), red (16%), pink (16%), orange (15%), black (2%), and blue 
(2%). Gram staining revealed that 45% of the colonies were Gram-negative, 31% Gram-positive, and 
16% Gram-positive rods in chains. The remaining 8% displayed varied characteristics, with 16% Gram-
positive bacteria belonging to the Actinobacterial family, owing to their slow growth rate. Isolation of 
pigmented bacteria from NRE poses several challenges. This study revealed that the selected isolates 
have the potential to produce pigments that can be exploited for bioprospecting in the pigment industry.
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INTRODUCTION

	 Synthetic dyes have been used in the 
pigment industry and have raised many concerns, 
including environmental risks. Microbial pigments, 
categorized as secondary metabolites, may serve 
as alternatives to synthetic dyes and colorants. 
The search for natural pigment-producing bacteria 
from the estuaries of the Netravathi River was an 
attempt to identify the production of pigments 
under stressful estuarine conditions. Subterranean 
estuaries are intricate ecosystems characterized 
by the continuous interaction and mixing of solid 
aquifers, freshwater, and seawater.1 This dynamic 
environment plays a crucial role in nutrient 
availability,2 positively influencing bacterial growth 
and the diversity of the bacterial population.3 
The transition zones, where freshwater meets 
saline water from the ocean, create a gradient 
environment with varying levels of nutrients, 
salinity, and other physicochemical factors.
	 Cultivating bacteria from diverse 
environments requires specialized media that can 
accommodate the specific growth requirements 
of the bacteria, providing appropriate carbon, 
nitrogen, phosphorus, and other essential 
trace elements while mimicking their nutrient 
requirements. However, this remains a challenge. 
	 F luctuating sal inity  in  estuarine 
environments is a critical factor influencing the 
growth, diversity, and distribution of estuarine 
bacteria.4-6 Appropriate substitution of natural 
seawater, which contains natural chemical 
components, with the required amount of trace 
minerals, is crucial for the growth of indigenous 
estuarine bacteria.7,8 
	 The isolation of estuarine bacteria 
requires a balanced carbon, nitrogen sources 
and buffers to sustain the growth of marine 
bacteria. Duran et al.9 suggested that familiar 
carbon sources, such as glucose, sodium acetate, 
sodium pyruvate, and sodium succinate, as well as 
ethanol, glycerol, and nitrogen sources including 
ammonium chloride, potassium nitrate, or 
combinations of multiple nitrogen compounds,10 
phosphate buffers and iron supplementation are 
essential for the optimal growth of many marine 
bacteria.11,12

	 The Netravathi River estuary (NRE) 
is a subterranean estuary that is inhabited by 

vibrant and diverse bacterial communities along 
the Netravathi River in Mangaluru, Dakshina 
Kannada District, Karnataka, India, which joins 
the Arabian Sea, as shown in Figures 1 and 2. 
The increasing demand for microbial pigments 
in the global market has led to the identification 
of bacteria for pigment production. The current 
work focuses on identifying potential bacteria that 
could help us develop green earth knowledge of 
pigment resources that are safe for human and 
environmental use.

MATERIALS AND METHODS

Isolation of estuarine bacteria
	 Estuarine sediment and water samples 
were collected from the estuarine delta of the 
Nethravathi River, which joins the Arabian Sea on 
the southwestern coast. Sample 1 (12.838199°, 
74.869138°), Sample 2 (12.834654°, 74.834654°), 
and Sample 3 (12.837458°, 74.869352°) were 
collected from various depths in the top layers 
to a depth of 10 cm using a gardening spatula 
and a specially designed grab sampler and then 
deposited in a Ziplock bag. The estuarine water 
samples were also collected from the exact 
location where the soil sample was collected in 
sterile polypropylene bottles,13 transported to the 
lab and stored at 4 °C. Physiological factors, such 
as temperature, pH, and salinity, were recorded to 
analyze their variation during sample collection. 
	 The soil samples were plated using the 
standard procedure with Soyabean Casein Digest 
Medium, Tryptone Soya Agar (TSA), Nutrient 
Agar (NA), R-2A Broth (R-2A), and Zobell Marine 
Broth 2216 (ZA), as described by Jung et al.14 

They were obtained from HiMedia Laboratories, 
Mumbai, India. The plates were incubated at  
28 ± 2 °C and observed for 6-7 days for the  
appearance of pigmented colonies. Pigmented 
colonies  were subcultured in  iso lat ion 
media. Colony purification was performed 
by quadrant streaking to isolate s ingle 
colonies. The pure culture was stored at  
-20 °C in a 25% glycerol stock solution. 

Phylogenetic analysis
	 Genomic DNA of the purified colonies was 
analyzed using a modified protocol described by 
Edulamudi et al.15 A single pure colony from the 
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bacterial plate was suspended in 100 µL of 0.05 
M NaOH, vortexed for 5 min, and then heated at  
95 °C for 5 min. The suspension was cooled, and 
the supernatant containing the templated DNA 
was separated and mixed with 900 µL of deionized 
water. It was then stored at -20 °C. The extracted 
DNA was subjected to a PCR reaction in a 50 µL 
reaction volume mixture. The mixture included 5 
µL of 10 x Taq buffer, 1 µl of 10 mM dNTPs mix, 1 
µL of each of universal bacterial primers, forward 
27F (5'-AGAGTTTGATCCTGGCTCAG-3') and reverse 
1492R (5'-TACGGYTACCTTGTTACGACTT-3'), 2 µl 
of template DNA, 0.5µl of Taq polymerase (Sigma 
Aldrich), 3 µl of 25 mM MgCl2, and 36.5 µl of 
MilliQ water. Thirty-five cycles of the reaction 
were carried out with denaturation at 95 °C for 
2 minutes, annealing at 55 °C for 1 minute, and 
extension at 72 °C for 1 minute, followed by a final 
extension at 72 °C for 10 minute and holding at 4 
°C until the purity of the product was analyzed.
	 The purity of the product was analyzed 
by 1.0% agarose gel electrophoresis, which 
revealed a single band of approximately 1400 bp, 
corresponding to a 1500 bp DNA ladder. After 
confirming the purity of the PCR product, it was 
sent to HiMedia, HiSeq, Mumbai, and Sakhala 
Enterprises, Bangalore, for identification by Sanger 
sequencing. The first ten sequences of a closely 
related family were selected and aligned using the 
multiple sequence alignment program CLUSTALW 
based on the maximum identity score. A distance 
matrix and phylogenetic tree were constructed 
using MEGA11 software, and the phylogenetic 
tree was constructed using the neighbor-joining 
method.16

Primary screening for bacterial growth
	 The growth curves of the nine selected 
strains from the NRE were examined. In NB 
(HiMedia) for NRE-1 with Gordonia terrerae 
R A N M B 1 ,  A q u i m o n a s  v o r a i i  R A N M B 0 , 
Erythrobacter tepidarius RANMB8, and NRE-2 
with Flavihumibacter cheonanensis RANM27, 
Falsiroseomonas sp. RANM36, Qipengyuania 
sp. RANM36. Zobell Marine Broth 2216 (ZMB) 
(HiMedia) was used for organisms isolated from 
the NRE-3 Zooshikella sp. RANM57, Zooshikella 
ganghwensis RANM51, and Hahella chejuensis 
RANM59 to analyze the growth curves of the 
isolates. In a 150 mL PerkinElmer flask, 50 mL 

of sterile NB and ZMB media was prepared with 
the pH adjusted to 7.5 ± 0.2 using 1 N HCl and 
NaOH. The flasks were then autoclaved at 121 
°C for 15 min and cooled. Then, 100 µL of the 
overnight broth culture of the sterile organism 
was inoculated into sterile media and incubated at 
30 ± 2 °C in a shaker incubator (Orbitex, Scigenics 
Biotech) at 100 rpm.
	 The optical density (OD) of the blank 
was recorded at zero hr. In addition to the test 
organisms, three uninoculated conical flasks were 
used as controls. The OD was measured every 
5 hrs for 48 hrs. The growth curve was analyzed 
using the Gompertz model, estimating three key 
growth parameters: the maximum specific growth 
rate (µm), the lag phase duration (λ), and the upper 
asymptote representing maximum population 
density (YM or A), collectively providing a 
comprehensive description of the bacterial growth 
trajectory.17,18 To enhance the predictive accuracy, 
the Gompertz model integrated machine learning 
algorithms, nonlinear regression combined 
with algorithm-driven parameter optimization 
to minimize residual error, thereby improving 
the reliability of the growth curve fitting across 
selected strains.19 The machine learning approach 
has been augmented with classical growth models 
by capturing nonlinear interactions among 
physicochemical variables to improve growth 
prediction reliability under variable estuarine 
conditions.20

UV spectroscopy analysis
	 The extracted pigments were dissolved in 
methanol, with methanol serving as a blank, and 
analyzed under UV-absorption spectroscopy using 
a Multiskan SkyHigh 2.0035 Thermo Scientific 
instrument, which covers a wavelength range of 
200-800 nm (λmax) to determine the absorption 
spectrum.21

FTIR analysis
	 The extracted pigment was analyzed 
using Fourier transform infrared spectroscopy 
(FTIR), PerkinElmer Spectrum IR 10.7.2. The FTIR 
was used to investigate the functional groups of 
bacterial pigments, asymmetric, symmetric, and 
stretching vibrations, as well as double and triple 
bond frequencies observed in the IR bands (OH, 
N-H, C=C, C-H, C-N, C-H, and C-O).22 The 500-1500 
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region contains a molecular fingerprint region in 
the mid-IR as given for carotenoids (Figure 1), 
which is unique to specific compounds and cannot 
be faked (Table 1).

NRE-1, NRE-2, and NRE-3. The first spot was on 
Adam Kudru Island (Figures 1 and 2) located 
south of the Netravathi bridge (12.8381810°, 
74.8691150°), which was NRE-1. This zone is 
characterized by abundant vegetation. Three 
rhizosphere and water samples were collected 
from this area. The second spot, also in the south 
(12.834654°, 74.870481°) was chosen from the 
area opposite Adam Kudru Island (Figures 1 and 
2) along the banks of the Netravathi River and 
designated as NRE-2. The third sampling area 
in the southwestern region was NRE-3, with 
coordinates 12.8374580°, 74.8693520° (Figures 
1 and 2).
	 One sampling location was chosen from 
the three designated sites, NRE-1, NRE-2, and 
NRE-3, and sampling was conducted six times, 

Table 2. Characteristics of samples collected from the 
Netravathi estuaries, Mangaluru, Karnataka, India 

No.	 Location	 Temp.	 pH	 Salinity

1.	 Location 1	 31.2 °C	 6.8	 32.11 ppm
2.	 Location 2	 28 °C	 7.6	 53 ppm
3.	 Location 3	 29.3 °C	 6.8	 83 ppm

Figure 1. The graphical representation of the sampling sites along the River Netravathi, Mangaluru, Dakshina 
Kannada District, State of Karnataka, India. 1 = NRE-1, 2 = NRE-2 and 3 = NRE4

Table 1. FTIR Peak assignment for carotenoids

No.	 Frequency	 Functional 
	 Range (CM-1) 	 Group

1	 3200-3400	 O-H stretch
2	 3300	 alkyne stretch 
3	 3000	 alkenyl C-H stretch
4	 3000	 alkyl C-H stretch
5	 2850-3100	 C-H stretch
6	 2100-2260	 C≡C or C≡N stretch
7	 1650-1800	 C=O stretch

FTIR frequency range and functional groups23

RESULTS

Isolation of bacteria from Netravathi estuaries
	 The sampling areas along the estuaries 
of the Netravathi River comprised three locations: 
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from December to May, after the monsoon 
season. During the monsoon period, intensified 
riverine flow rendered sampling at NRE-1 and 
NRE-2 hazardous, consistent with observations 
of elevated hydrodynamic disturbance in 
the estuarine systems during high-discharge 
events.24 The less disturbed habitat NRE-2 and 
undisturbed NRE-3 may have created more stable 
physicochemical conditions, potentially favoring 
the pigmented heterotrophic bacteria (PHB) (Table 
2).25,26 In contrast, NRE-1 exhibited pronounced 

fluctuations in water influx driven by continuous 
monsoon discharge, which likely contributed to 
the comparatively lower PHB recorded. 

Total viable count of bacteria
	 Estuarine sediment and water samples 
were plated onto four standard bacteriological 
media, ZA, R-2A, NA, and TSA, each supplemented 
with salt substitutions, to simulate estuarine ionic 
conditions and facilitate the selective isolation 
of heterotrophic bacteria. The total viable count 
(TVC) of total heterotrophic bacteria (THB) 
enumerated across the three sampling locations 
(NRE-1, NRE-2, and NRE-3) is presented in Figure 
2. The THB population was further resolved into 
non-pigmented heterotrophic bacteria (NPHB) and 
PHB (Figure 2; Table 3), reflecting a spatial gradient 
consistent with the differential physicochemical 
conditions observed across the sampling zones.
	 Assessment of colony-forming units (CFU 
log10/mL) across individual media revealed that 

Table 3. The CFU abundance of THB and PHB in various 
locations of NRE

	 NRE-1	 NRE-2	 NRE-3

THB CFU	 1.351 × 107	 3.239 × 106	 6.028 × 107

NPHB CFU	 1.25 × 107	 2.34 × 106	 5.03 × 107

PHB CFU	 1.01 × 106	 8.99 × 105	 9.98 × 106

PHB/NPHB%	 8.08%	 38.42%	 20.26%

Figure 2. Geographical location of the sampling places in the Netravathi River Estuaries (NRE); (a) NRE; (b) NRE-1, 
(3) NRE-2 and (d) NRE-3
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Figure 3. Graphical representation of PHB in different media: PHB vs NPHB, colour and Gram staining characteristics
(a) Total percentage of PHB in CFU log10/ml isolated in different media such as NA, TSA, R-2A, and ZA. (b) PHB vs 
NPHB frequency of isolation in different locations, values based on CFU log10/ml. (c) Colours of PHB isolated in 
percentage (d) Gram staining characteristics of the pigmented bacteria in percentage

TSA supported the highest proportion of cultivable 
bacteria (29%), followed by NA (27%) and R-2A 
(26%) and ZA (18%) (Figure 3a), suggesting that the 
nutrient-rich media favor the recovery of a broader 
heterotrophic bacterial community.27 The TVC of 
CFU log10/mL across different sampling locations 
is presented in Figure 3b.
	 Analysis of the total PHB fraction within 
the TVC demonstrated a marked spatial variation 
across the sampling locations (Table 3), indicating 
habitat-driven differences in the distribution of 
pigment-producing bacterial populations.26 The 
THB to PHB ratio varied considerably across the 
media: 16.07:11.08% for TSA, 13.62:6.99% for ZA, 
16.13:9.74% for R-2A, and 16.11:10.29% for NA  
(Figure 3b). The notably elevated PHB recovery 
on R-2A may reflect the low nutrient composition 
of this oligotrophic medium, which is known 
to selectively enrich slow-growing, pigment-
producing bacteria over fast-growing copiotrophic 
organisms.28 Despite these inter-media differences 
in PHB proportions, CFU counts did not exhibit 

statistically significant variation across the 
four media, suggesting broadly comparable 
culturability under the tested conditions. Of the 
THB recovered, 61.92% were classified as NPHB 
and 38.10% as PHB, highlighting the considerable 
pigment-producing potential of the NRE bacterial 
communities.

Total pigmented heterotrophic bacteria
	 Analysis of the total CFU log10/mL of the 
PHB in four different media is shown in Table 4. 
A comparative analysis of the percentages of THB 
CFU and PHB for individual estuaries revealed that 
NRE-1 had 8.08%, NRE-2 had 38.426%, and NRE-3 
had 20.26% (Table 3). Du et al.29 in their study on 
the isolation of PHB in the marine environments 
of the Yangtze River Estuary, East China Sea, and 
Eastern Tropical North Pacific Ocean, found the 
CFU/PHB percentage ranged from 17.22%-39.60%. 
The results for NRE-2 and NRE-3 are consistent 
with the aforementioned findings. Therefore, the 
percentage of PHB in the NRE shows a significant 
and consistent presence of PHB. 
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	 The THB isolated is 4.95 × 107 cells/mL 
(Tables 4 and 5), while it closely resembles the 
isolate literature of the Krka River estuary, which 
has recorded aerobic anoxygenic phototrophic 
bacteria (AAP) abundances of 23.45 × 104 cells 
mL-1,30,31 AAP with 1.94 × 105 cells mL-1 at the Pacific 
Ocean, and Heterotrophic bacterial abundance 
ranged from 1.57 × 105 cells mL-1.32 

Morphological analysis
	 The isolated pigmented bacteria belonged 
to seven different colors, with the maximum being 
brown (28%), followed by yellow (21%), red and 
pink (16% each), orange (15%), and 2% each of 
black and blue colonies (Figure 3c). Gram staining 
of the bacterial colonies revealed that 45% were 
Gram-negative, 31% were Gram-positive, and 16% 
were Gram-positive rods in chains. The other 1%-
2% of the remaining 8% had varied characteristics 
and Gram reactions (Figure 3d).

Phylogenetic relatedness among pigmented 
bacteria
	 Phylogenetic analysis of the 16S rRNA 
gene sequences of the 20 pigmented bacterial 
isolates from the NRE revealed four major 
taxonomic groups spanning three bacterial phyla 
(Figure 4). The isolates were distributed across the 
phyla Proteobacteria (classes Alphaproteobacteria 
and Gammaproteobacteria, representing 65% 
of the total isolates), Actinomycetota, class 
Actinomycetes (30%), and Bacteroidota, class 
Chitinophagia (5%) (Table 6). Phylogenetic diversity 

reflects bacterial adaptability to diverse estuarine 
environments characterized by fluctuating salinity, 
nutrient availability, and redox conditions.33,34

	 Within the class Alphaproteobacteria 
(35% of isolates), seven genera were identified, 
all belonging to the family Erythrobacteraceae: 
Erythrobacter  (formerly Porphyrobacter), 
Q i p e n g y u a n i a ,  S a n d a r a k i n o r h a b d u s , 
Roseomonas, Falsiroseomonas, Roseococcus, 
a n d  M e t h y l o b a c t e r i u m 3 5 , 3 6  T h e  c l a s s 
Gammaproteobacteria (30% of isolates) comprised 
four genera from multiple families within the 
orders Oceanospirillales and Alteromonadales: 
Zooshikella, Hahella, Pseudoalteromonas, and 
Aquimonas.37 The class Actinomycetes (30% 
of isolates) was represented by three families: 
Micromonosporaceae (Micromonospora chalcea), 
Streptomycetaceae (Streptomyces kathirae, 
S. harbinensis), and Gordoniaceae (Gordonia 
terrae).38 A single isolate (5%) belonged to the 
class Chitinophagia (genus Flavihumibacter 
cheonanensis) within the phylum Bacteroidota.39

	 The maximum-likelihood phylogenetic 
tree was resolved into two major clusters, 
each with a distinct evolutionary history and 
ecological association (Figure 4). Bootstrap 
analysis performed with 1,000 replicates provided 
quantitative support for nodal relationships, with 
values >70% considered reliable, >95% indicating 
strong support, and 50%-70% representing 
moderate support.40

	 The upper cluster comprised members 
of the class Gammaproteobacteria, phylum 

Table 4. The CFU of total THB isolated from NRE 

	 TSA	 ZA	 R2-A	 NA	 Total

NRE-1	 2.45 × 106	 1.62 × 106	 4.88 × 106	 3.53 × 106	 1.25 × 107

NRE-2	 7.68 × 105	 3.83 × 105	 0.00	 1.19 × 106	 2.34 × 106

NRE-3	 1.08 × 107	 3.05 × 106	 1.49 × 107	 5.85 × 106	 3.47 × 107

				    THB isolated	 4.95 × 107

Table 5. The CFU of total PHB isolated on different media

	 TSA	 ZA	 R2-A	 NA	 Total

NRE-1 P	 2.40 × 105	 2.10 × 105	 2.30 × 105	 3.30 × 105	 1.01 × 106

NRE-2 P	 3.29 × 105	 1.65 × 105	 0.00	 4.05 × 105	 8.99 × 105

NRE3-P	 2.44 × 106	 2.47 × 105	 3.50 × 106	 8.38 × 105	 7.03 × 106

			     Total PHB isolated	 8.93 × 106
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Figure 4. Neighbour joining method of phylogenetic tree constructed based on the area of isolation.
Note: The neighbour-joining (NJ) Method is a distance-based method that connects the smallest genetic difference with a star-like 
tree and iteratively pairs the “neighbours” until a fully resolved tree is formed. The bootstrap values are displayed at the nodes, 
providing statistical support for the grouping or clade. The phylogenetic tree is constructed based on the location from which the 
organism is isolated. The scale bar, representing 0.20, corresponds to the genetic distance, measured by branch length, which 
is equivalent to nucleotide substitutions per site. The tree shows a bifurcation at its root, dividing all the strains into two main 
superclades, indicating significant evolutionary divergence

Actinobacteria, and family Chitinophagaceae 
(phylum Bacteroidota), suggesting convergent 
ecological strategies despite distant phylogenetic 
origins. Within this cluster, strains RANM58 
and RANM59 exhibited strong phylogenetic 
affinity (bootstrap >95%) within the Hahella and 
Zooshikella clades, respectively, both isolated from 
sampling site NRE-3. Strain RANM59 showed 100% 
16S rRNA gene sequence similarity to Hahella 

chejuensis, a known producer of prodigiosin 
analogs and exopolysaccharides.41 The tight 
clustering of RANM57 and RANM51 (bootstrap 
>90%) within the Zooshikella clade, also from NRE-
3, further reinforced the site-specific phylogenetic 
structure.
	 Hahella and Zooshikella displayed a 
shared ancestor (bootstrap >85%), indicating 
an evolutionary trajectory within the family 
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Hahellaceae.37 This clade is metabolically versatile 
and capable of producing secondary metabolites 
that are advantageous in estuarine environments. 
Strain RANMB1, identified as Aquimonas voraii with 
moderate bootstrap support (65%), occupied an 
outgroup position within Gammaproteobacteria, 
reflecting its phylogenetic distance from the 
Hahellaceae clade and its distinct ecological niche 
as a brown pigmented, potentially oxidative stress-
adapted bacterium.34

	 Strains RANM27 and RANM35 formed a 
moderately supported, distinct branch (bootstrap 
68%) within the upper cluster and isolated from 
NRE-2. RANM35, identified as Qipengyuania 
sp., produces yellow carotenoid pigments 
with absorption peaks at 454 and 482 nm, 
characteristic of the family Erythrobacteraceae.36 
However, its placement in the upper cluster 
alongside Gammaproteobacteria suggests either 
phylogenetic reconstruction artifacts due to 
horizontal gene transfer or long-branch attraction, 
warranting further genomic analysis.

	 The Actinobacteria representatives in this 
cluster included strain RANM47, which formed a 
clearly identifiable Streptomyces clade with solid 
bootstrap support (>80%). Streptomyces kathirae 
RANM47 produces actinorhodin, a blue polyketide 
antibiotic, with yellow colony pigmentation, which 
reflects the renowned biosynthetic capacity of the 
genus.42 Strains RANM62 and RANM41 exhibited 
strong clustering (bootstrap >88%), whereas the 
Streptomyces clade as a whole showed robust 
support. The Micromonospora and Streptomyces 
clades demonstrated less support (bootstrap 55%-
65%), but were well supported (bootstrap >75%) in 
their divergence from Gordonia terrae RANMB0, 
which produces orange carotenoid pigments and 
occupies a distinct phylogenetic position within 
the family Gordoniaceae.43

	 The lower cluster was dominated by 
members of the class Alphaproteobacteria, 
primarily from the family Erythrobacteraceae, 
reflecting the evolutionary radiation of this 
group in marine and estuarine environments.33 

Table 6. Details of isolated pigmented bacteria 

No.	 Pigmented 	 colour	 Family 	 Identified as	 Sequence 	 GenBank 
	 Bacterial 				    similarity %	 accession 
	 Strain					     Number

1	 RANM27	 Yellow	 Chitinophagaceae	 Flavihumibacter cheonanesis	 99.377	 OR835444
2	 RANM50	 Brown	 Micromonosporaceae 	 Micromonospora chalcea	 99.86	 OR841111
3	 RANM40	 Brown		  Micromonospora chalcea	 99.86	 ND
4	 RANM47	 Yellow	 streptomycetaceae	 Streptomyces kathirae	 99.72	 OR842306
5	 RANM41	 Brown		  Streptomyces harbinensis	 99.05	 ND
6	 RANM61	 Brown		  Streptomyces harbinensis	 99.05	 ND
7	 RANMB1	 Red	 Gordoniaceae 	 Gordonia terrerae	 100	 OR841335
8	 RANM57	 Magenta	 Zooshikellaceae	 Zooshikella sp.	 99.513	 OR841272
9	 RANM51	 Magenta		  Zooshikella ganghwensis	 99.5	 OR841273
10	 RANM59	 Magenta	 Hahellaceae	 Hahella chejuensis	 100	 OR841274
11	 RANM58	 Magenta		  Hahella	 100	 ND
12	 RANM22	 Magenta	 Pseudoaltero-	 Pseudoalteromonas 	 98.94	 OR540729
			   monadaceae	 xiamenensis
13	 RANMB0	 Brown	 Rhodanobacteraceae	 Aquimonas voraii	 99.21	 OQ372962
14	 RANM36	 Red	 Erythrobacteraceae	 Falsiroseomonas bella	 96.50	 ND
15	 RANMB8	 Orange		  Erythrobacter sp.	 99.16	 OR841334
16	 RANM32	 Orange		  Erythrobacter tepidarius	 99.76	 ND
17	 RANM35	 Yellow		  Qipengyuania sp.	 95.16	 JAVBXE
						      000000000
18	 RANMB4	 Red	 Acetobacteraceae	 Roseococcus microcystis	 97.1	 OR841318
19	 RANM44	 Pink	 Methylobacteriaceae	 Methylobacterium platani	 99.712	 ND
20	 RANM34	 Brown	 Sphingosinicellaceae	 Sandarakinorhabdus oryzae	 98.52	 OR841082
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Strains RANM50 and RANM40 exhibited a close 
phylogenetic relationship (bootstrap >92%), 
suggesting recent divergence or shared ecological 

pressures. Strains RANM32 and RANMB8 formed 
a strongly supported pair (bootstrap >90%), 
with RANMB8 identified as Erythrobacter sp., a 

Figure 5. The growth curve is based on the absorbance and time interval of the bacteria isolated from three locations. 
The growth curve is based on the Gompertz model, which considers the absorbance and time interval of bacteria 
isolated from three locations. (a) G. terrerae RANMB1 (BI), A. voraii RANMB0 (B0) and Erythrobacter sp. RANMB8 
(B8) chosen from NRE-1; (b) F. cheonanensis RANM27 (27), Qipengyuania sp. RANM35 (35), Falsiroseomonas sp. 
RANM36 (36) chosen from NRE-2; (c) Z. ganghwensis RANM51 (51), Zooshikella sp. RANM57 (57), H. chejuensis 
RANM59 (59) chosen from NRE-3
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carotenoid producer with absorption peaks at 260 
and 450 nm, indicative of bacteriochlorophyll a and 
carotenoid production.44

	 Strains RANM22 and RANM34 formed 
a moderately supported pair (bootstrap = 62%). 
RANM22, identified as Pseudoalteromonas 
xiamenensis, produced red pigmentation, whereas 
RANM34 (Sandarakinorhabdus oryzae) produced 
brown pigmentation, highlighting the diversity of 
pigment biosynthetic pathways, even within closely 
related lineages.45,46 Strains RANM44, RANMB4, 
and RANM36 occupied an early branching lineage 
within Alphaproteobacteria with uncertain 
relationships (bootstrap <50%), suggesting either 
rapid diversification or insufficient phylogenetic 
signals in the 16S rRNA gene to resolve deep nodes 
within this class.

Primary screening for bacterial growth
	 At the location NRE-1 among the three 
strains, RANMB8 recorded the highest cell density 
(YM ≈ 0.8494), despite exhibiting a lower K value 
(0.1146 hr-1) relative to RANMB1 (K = 0.1593 hr-

1), which demonstrated the highest maximum 
specific growth rate within this group. RANMB0 
exhibited the lowest YM (≈ 0.5149). RANMB8 
and RANMB0 exhibited a lag phase of 9-12 hrs, 

whereas RANMB1 entered the exponential phase 
at 6-9 hrs. Gompertz model fit was excellent across 
all NRE-1 strains (R² = 0.9533-0.9824), confirming 
reliable parameter estimation (Figure 5a).
	 The three organisms chosen in the 
location NRE-2, where RANM35 achieved the 
highest cell density (YM ≈ 0.90-0.95; R² = 0.9787), 
while RANM27 recorded the highest K value 
(0.1904 hr-1; R² = 0.9551), indicating a faster but 
lower-yield growth trajectory. RANM36, however, 
yielded a markedly poor Gompertz fit (R² = 0.2737) 
with a negligible K value and minimal growth (YM 
≈ 0.64) accounting for only ~27% of observed 
variance (Figure 5b).
	 At NRE-3, the organism RANM57 recorded 
the highest overall cell density across all nine 
strains (YM ≈ 1.162) with a moderate Gompertz 
fit (R² = 0.8710). RANM59 demonstrated the best 
model fit across the entire dataset (R² = 0.9902) 
but produced elevated levels of polysaccharides 
and reduced pigmentation, limiting its selection. 
RANM51 exhibited intermediate values (YM ≈ 
0.8532; R² = 0.9187) (Figure 5c).
	 The Gompertz model provided a robust fit 
(R² > 0.87) for eight of the nine strains, validating 
its suitability for describing the sigmoidal growth 
dynamics of estuarine pigmented bacteria.20 The 

Figure 6. UV absorption spectrum of the dry pigment extract, λmax 300-800
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Figure 7. FTIR spectrum of the standard b-carotene and prodigiosin, and pigment extract.
(a) FTIR spectrum of standard b-carotene carotenoid standard. (b) FTIR spectrum of the dry pigment extract of 
Qipengyania sp. RANM35. (c) FTIR spectrum of the dry pigment extract of Erythrobacter sp. RANMB8. (d) FTIR 
spectrum of prodigiosin standard and dry pigment extract of Zooshikella sp. RANM57

anomalously low R² value of RANM36 (0.2737) 
could be considered as the strain growing 
slowly, displaying non-sigmoidal growth or by 
asynchronous cell cycling, or belonging to the 
category of a viable but non-culturable state under 
the imposed culture conditions.47

	 Strain selection for downstream pigment 
characterization was based primarily on the YM 
values, with RANMB8 (R² = 0.9692), RANM35 (R² 
= 0.9787), and RANM57 (R² = 0.8710) identified 
as the most productive candidates. Although 
RANM57 exhibited the lowest K among NRE-3 
strains (K ≈ 0.08151 hr-1), its superior final cell 
density (YM ≈ 1.162) and confirmed pigment 
production justified its selection over the higher-
fitting but pigment-deficient RANM59.26

UV absorption
	 The UV absorption spectra of E. tepidarius 
RANMB8, Qipengyuania sp. RANM35, and 
Zooshikella sp. RANM57 were calculated by 
dissolving them in methanol and analyzing the 
λmax value through the absorption spectrum in 
the range of 300-800 nm. The absorption spectra 
of Zooshikella sp. RANM57 displayed two peaks 
(λmax: 303 nm, 542 nm) (Figure 6), indicative 
of the presence of prodigiosin. The absorption 
spectra of Qipengyuania sp. RANM35 exhibited 

four peaks (λmax: 224 nm, 271 nm, 457 nm, and 
485 nm) (Figure 6), corresponding to pyocyanin. 
Erythrobacter sp. RANMB8 and Qipengyuania sp. 
RANM35 showed peaks between 430-490 nm, 
indicating they belong to the family of carotenoids, 
such as Zeaxanthin, and b-carotene peaks at 450-
480 nm48-50 and the Zooshikella sp. RANM57 peaks 
with those of prodigiosin.

FTIR spectrum analysis
	 Extracted and dried pigments of 
Qipengyuania sp. RANM35, Erythrobacter sp. 
RANMB8, and Zooshikella sp. RANM57 were 
analyzed using FTIR to identify a distinct signature 
in the fingerprint region (Figure 7). The spectra 
of Zooshikella sp. RANM57 showed 3339.41 
cm-1 (stretching vibration of OH; suggesting the 
presence of water), 2945.62 cm-1 (asymmetric 
stretching vibration of CH3), 2834.05 cm -1 
(symmetry stretching vibration of CH), 1650.49 
cm-1 (1500-1660, C=C stretching), 1449.24-1411.52 
cm-1 (1450-1480; asymmetric bending vibration 
of CH3), 1112.96, 1019.35 cm-1 (1000-1140; C-O 
stretching, C-O-C) 587.33 cm-1.51 The FTIR spectra 
of RANM57 matched that of the prodigiosin 
standard (Figure 7d).
	 The FTIR spectra of the carotenoid 
detected at different wavelengths, with b-carotene 
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as a standard and astaxanthin and zeaxanthin, 
show a very sharp band at 1067 cm-1 and a peak 
at 966 cm-1, corresponding to the C=C stretching 
and vibration, respectively. The FTIR spectra of 
Erythrobacter sp. RANMB8 showed IR absorption 
at 3423.97 cm-1 (stretching vibration of OH; 
suggesting the presence of water), 2927.80-2867 
cm-1 (asymmetric stretching vibration of CH2), 
1718.25-1670.5 cm-1 (C=O stretching), 1451.04-
1288.5 cm-1 (asymmetric bending vibration 
of CH3), 1000 cm-1 and 800 cm-1 (symmetry 
stretching vibration of CH), 1169.3-966.8 cm-1 (C-O 
stretching, C-O-C), and 756.50 cm-1 and 611.32 cm-1 
fingerprint region.52-55 The structural confirmation 
by IR, in conjunction with the b-carotene standard 
and UV-visible analysis, suggests the presence of a 
pigment closely related to b-carotene in all aspects 
(Figure 7c).
	 The FTIR spectra of the extracted 
Qipengyuania sp. RANM35 showed IR absorption 
at 3341.65 cm-1, (stretching vibration of OH; 
suggesting the presence of water), 2948.50 
cm-1 (asymmetric stretching vibration of CH3), 

2837.28 cm-1 (symmetry stretching vibration of 
CH), 1650.23 cm-1 (1500-1660, C=C stretching), 
1450.04-1409.49 cm-1 (1450-1480; asymmetric 
bending vibration of CH3), 1111.96 cm-1, 1015.58 
cm-1 (1000-1140; C-O stretching, C-O-C), 534.78 
cm-1,56 and 2893-2834 cm-1 (Figure 7b).57 

DISCUSSION

	 The isolation and maintenance of 
pigmented bacteria from NRE have shown 
promising results; however, several challenges still 
exist. This is the first comprehensive report on the 
occurrence and diversity of pigmented bacteria in 
the NRE. The representative imgae of the isolated 
pigmented bacteria are displayed in Figure 8. This 
report highlights significant findings, along with 
opportunities and challenges. 
	 Among the isolated THB, 61.92% were 
NPHB and 38.10% were PHB. The ratio of 
isolated NPHB to PHB, when compared to the 
individual media, showed TSA at 16.07:11.08%, 
ZA at 13.62:6.99%, R2-A at 16.13:9.74%, and NA 

Figure 8. Representative images of pure culture of PHB: (a) RANM57, (b) RANMB8, (c) RANM35, (d) RANM61, (e)
RANMB1 and (f) RANM27
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at 16.11:10.29%. (Figure 3b). The percentage 
frequency of CFU of PHB showed that NRE-1 was 
8.08%, NRE-2 was 38.42%, and NRE-3 was 20.26% 
(Table 2).
	 The percentage of CFU (log10/mL) of PHB 
in the individual media was the highest with TSA at 
29%, R2A at 26%, NA at 27%, and ZA at 18% (Figure 
3a). The isolated pigmented bacteria belonged to 
seven different colors, with the most prevalent 
being brown (28%), followed by yellow (21%), red 
(16%), pink (16%), orange (15%), black (2%), and 
blue (2%) (Figure 3c). 
	 Gram staining of the bacterial colonies 
revealed that 45% were Gram-negative, 31% were 
Gram-positive, and 16% were Gram-positive rods 
in chains. The remaining 1%-2% of the remaining 
8% have varied characteristics and Gram reactions. 
	 The dominance of Alphaproteobacteria, 
particularly of the family Erythrobacteraceae, 
reflects the ecological success of this group in 
oligotrophic and fluctuating environments.33 
Erythrobacteraceae are characterized by aerobic 
anoxygenic phototrophy (AAP) mediated by 
bacteriochlorophyll a, which provides a competitive 
advantage in light-exposed, nutrient-limited 
estuarine waters.44 The carotenoid pigments 
produced by Erythrobacter, Qipengyuania, 
and related genera serve dual functions: 
photoprotection against UV and reactive oxygen 
species, and light-harvesting accessory pigments 
for AAP.58 Phylogenetic clustering of these genera 
within Erythrobacteraceae, supported by high 
bootstrap values (>85%), underscored their shared 
evolutionary origins and conserved metabolic 
strategies.59

	 The strong bootstrap support (>85%) 
for the Hahella and Zooshikella clade within 
Gammaproteobacteria indicates a recent common 
ancestor and rapid diversification within estuarine 
habitats.37 Both genera are known for prodigiosin 
production, a red tripyrrole pigment with 
antimicrobial, immunosuppressive, and anticancer 
properties.60 The site-specific clustering of Hahella 
and Zooshikella strains at NRE-3, with bootstrap 
values >90%, is indicative of the rich ecological 
diversity that supports microbial communities for 
prodigiosin-producing phenotypes.

CONCLUSION

	 Isolation of pigmented bacteria from 
NRE presents several challenges. These difficulties 
can be grouped into physiological and biological 
challenges. Physiological challenges include 
changes in environmental conditions resulting 
from the constant influx of fresh water due to 
the unseasonal monsoon, difficulties in sample 
collection due to weather conditions, and 
biological factors such as competition between 
pigmented and non-pigmented bacterial species. 
	 One significant difficulty in working 
with pigmented bacteria is their tendency to 
lose viability upon repeated sub-culturing. One 
of the reasons for this behavior could be their 
translocation from their natural habitat to an 
artificial habitat, which causes environmental 
stress due to changes in pH, salinity, oxygen 
availability, lack of micronutrients, and various 
other macro- and micro-factors, leading to loss 
of growth and viability. These issues necessitate 
careful optimization of the isolation techniques, 
growth media, and environmental conditions to 
ensure stable and high-yield pigment production. 
	 The study, however, has revealed that 
these isolated strains could be potential producers 
of pigments, and these bacteria, after further 
molecular screening and growth maintenance 
patterns, could be harnessed by the pigment 
industry for various uses.
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