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Abstract

Aim: Limestone ecosystems represent geochemically unique and underexplored habitats that can harbor specialized Actinobacteria with vital
applications. The present study investigates the culturable actinobacterial diversity from limestone-embedded soil of the Cuddapah Basin, India.

Methodology: Atotal of 36 isolates were obtained on selective media and identified by 16S rRNA gene sequencing.

Results: Quarry A yielded five genera, dominated by Streptomyces (41.7% of isolates), whereas Quarry B harbored eight genera, with a strong
dominance of Streptomyces (58.3%). Despite the differences in richness, both quarries exhibited comparable Shannon diversity values of 1.468 and
1.465, respectively. Only two genera (Streptomyces and Rhodococcus) were shared between the two quarries, resulting in a low Jaccard similarity index
0f0.182, indicative of limited overlap in genus composition. The Bray-Curtis dissimilarity value of 0.611 further supports noticeable differences in genus-
level abundance structure between the two-quarry sites, proving dissimilarities in genus typed between two samples. Phylogenetic analysis resolved all
isolates into well-supported lineage that correspond to their respective genera, reflecting broad representation across the orders Streptomycetales,
Micrococcales and Mycobacteriales.

Interpretation: This study presents the first report of actinomycetes isolated from limestone quarry and provides the first baseline of combining
culturedependent isolation with quantitative diversity metrics to evaluate actinobacterial diversity from the Cuddapah Basin limestone ecosystems of
Southern India.
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Introduction

Soil serves as a complex ecological matrix, hosting a
diverse community of microorganisms, with Actinobacteria being
particularly significant due to their widespread distribution and
vital roles in organic matter decomposition and nutrient cycling (Li
et al, 2024). These soil saprophytes contribute to the
characteristic earthy odor of freshly plowed soil through the
production of geosmin (Shivaveerakumar et al, 2014). The
abundance and diversity of Actinobacteria are influenced by
various ecological and physico-chemical factors, including
geographical location, soil temperature, pH, texture, organic
matter content, aeration, nutrient availability, moisture and
vegetation (Meenakshi et al, 2024). Limestone quarries,
especially in Southern India, represent geochemically unique and
under explored ecological niches. These quarries, situated within
sedimentary formations potentially older than the surrounding
Deccan Plateau, offer distinctive physicochemical conditions
conducive to specialized microbial populations (Sunitha, 2014).
Recent investigations have identified rare, thermo-alkaliphilic
Actinobacteria in these limestone ecosystems, particularly in
Karnataka, emphasizes the potential for bioprospecting and
discovery of novel actinomycete taxa (Quadri and Agsar, 2012;
Quadrietal., 2015).

Despite the recognized significance of Actinobacteria as
sources of novel bioactive compounds, the cultivable diversity
within the limestone soils of the Cuddapah Basin remains largely
unexplored. Traditional culture-based methods often
underestimate the natural diversity of Actinobacteria, while
culture-independent assessments, particularly those utilizing
16S rRNA gene analysis, reveal complex communities that are
inadequately represented in the cultivated collections (Yabe et al.,
2017). A systematic assessment of these communities, focusing
onrichness, dispersion and community structure is essential. The
current investigation aims to characterize the actinobacterial
community associated with the limestone deposits of the
Cuddapah Basin, employing 16S rRNA gene analysis on 36
isolated strains to determine their closest type strains and
compute alpha and beta diversity indices. This study represents a
pioneering effort to systematically assess cultivable
actinobacterial diversity in this unique limestone ecosystem,
providing a valuable reference for future microbial ecological
studies and bioprospecting initiatives.

Recent research has increasingly emphasized the
exploration of extreme habitats, such as limestone environments,
which harbor unique actinobacterial communities with significant
biotechnological potential. Over the decade, microbial ecology
has evolved from simple isolation and taxonomic descriptions to
comprehensive diversity assessments, integrating ecological
metrics and molecular characterization with environmental
variables (Shirokikh et al., 2026). Factors such as lithological
characteristics, nutrient availability, calcium carbonate content,
pH, and moisture have been shown to significantly influence the
microbial community assimilate in limestone ecosystems (Tyc, et

al., 2017; Ndabankulu et al., 2022). However, critical gaps persist
in the understanding of cultivable actinobacterial communities,
particularly in the limestone soils of the Cuddapah Basin. Most
recent studies have focused on culture-independent
metagenomic approaches or geographically distinct limestone
habitats (Chakraborty ef al., 2022; Yang et al., 2024), leaving
cultivable communities inadequately characterized.
Furthermore, while previous research has primarily reported
species occurrence and antimicrobial potential, quantitative
ecological assessments using diversity indices remain limited
(Tamreihao et al., 2018). The application of such metrics is crucial
for a robust ecological understanding of community structure and
for enabling comparisons among different habitats.

Therefore, the current investigation sought to evaluate
the diversity and cultivable abundance of Actinobacteria linked to
the limestone deposits of the Cuddapah Basin through culture-
dependent techniques, followed by morphological, biochemical
and molecular characterization of the isolates to understand the
microbial diversity selected in this underexplored niche.

Materials and Methods

Sampling and isolation of actinobacteria: Limestone soil
samples were collected aseptically from the selected sites of the
Cuddapah Basin as illustrated in the Fig. 1 [Latitude
15°23'26.53"N to Longitude 78°13'65.00'E; and Latitude
15°23'34.62"N to Longitude 78°14'9.85"E] and brought to the
laboratory in sterile containers for the analyses of physico-
chemical properties recorded as reported earlier. Soil samples
were air-dried and subjected for pre-treatment method before
isolation (Meenakshi et al., 2025).

Serial dilution plating was done to isolate Actinobacteria.
Pretreated soil suspension (1ml) was suspended in 9 ml of sterile
distilled water and serially diluted to 10° (Nimaichand et al.,
2012). Aliquots (0.1m ) from appropriate dilutions were spread on
Starch Casein Agar, a selective medium originally proposed for
the isolation of soil actinomycetes by Kuester and Williams
(1964). Plates were incubated at 28+2°C for 2-3 weeks and
morphologically discrete actinomycetal colonies were selected
and purified by repeated streaking.

Morphological characterization: The purified isolates were
characterized based on colony morphology, pigmentation, aerial
mycelium, substrate mycelium, diffusible pigment and
sporulation patterns. Morphological observations were carried
out according to the methods of the International Streptomyces
Project (ISP) as described by Shirling and Gottlieb (1966, 1972).

16S rRNA Gene Sequencing and Molecular identification:
The isolates were subjected to molecular identification through
amplification and sequencing of the 16SrRNA gene. Genomic,
DNAwas extracted using the CTAB method (Ahmadi et al., 2018)
quality checked by agarose gel electrophoresis, and quantified
using Nano Drop 1000 (Karthik, 2024). DNA samples were stored
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Fig. 1: Map locating sampling sites. Quarry A- YL; Quarry B - PL.

at-20°C until further analysis. The efficiency and specificity of 16S
rRNA gene barcodes were evaluated by systematically optimizing
PCR reaction parameters. The reaction mixture was preparedtoa
total volume of 25 l, consisting of the following components: 1
of genomic DNA template (approximately 25 ng), 2 pl of 10x PCR
reaction buffer, 0.5 pl of MgCl, (50 mM), 1 ul of ANTP mix (10mM
foreach nucleotide), 1 ul of forward primer (10 mM), 1 pl of reverse
primer (10 mM), and 0.5 pl of Tag DNA polymerase (5U p '), with
the final volume made upto 25 pl using molecular-grade water.

PCR amplification of primer sequences targeting
conserved regions of the actinobacterial 16S rRNA gene was

employed. Sequencing was performed using forward primer 5'-
AGAGTTTGATCCTGGCTCAG-3' and the reverse primer 5'-
GGTTACCTTGTTACGACTT-3" (27F and 1492R). PCR
amplification was conducted with an optimized thermocycling
protocol, which included an initial denaturation at 95°C for 2 min,
succeeded by 30 cycles of a three-step process: denaturation at
95°C for 30 sec, annealing at 60°C for 45 sec and elongation at
72°C for 1 min. Afinal elongation step was performed at 72°C for
10 min to ensure complete DNA strand extension, followed by
storage of reactions at 4°C for an indefinite period. This protocol
reliably produced distinct single-band amplicons of the expected
molecular size with minimal variation between runs. The PCR
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products were checked in 1.5% agarose gel and visualized on a
UV transilluminator, and the gel imaging was done using a Gel
documentation system. The amplified PCR products were
sequenced using same set of primers (27F and 1492R’) on ABI
3730xl analyzer (Jose and Jebakumar, 2012; McCaig et al., 1999).

Phylogenetic analysis and taxonomic classification: The
resulting 16S rRNA gene sequences were read (~300-1400 bp)
from actinobacterial isolates to determine the phylogenetic
connections and taxonomy classifications. Sequences with
297% nucleotide similarity were categorized into phylogenetic
groupings to determine species boundaries and evolutionary
relationships. Multiple sequence alignment was done using
CLUSTALXx version 2.1 (Larkin et al., 2007), and phylogenetic
reconstruction followed. MEGA 12 version maximum-likelihood
method was used to create a phylogenetic tree (Kumar et al,,
2024), and the Kimura two-parameter model was used to calculate
evolutionary distances to account for multiple substitutions at
nucleotide Bootstrap analysis with 1,000 replications was used to
evaluate the statistical support and reliability of internal nodes in the
phylogenetic tree, with branch point values indicating clade
topology confidence. The phylogenetic tree was visualized and
edited to show clade relationships and evolutionary distances
among isolates, labeling terminal taxa by genus classification
from sequence homology searches against curated reference
databases (GenBank NCBI). The phylogenetic location of
isolates was compared with type strains and reference
sequences in the actinobacterial lineage to determine their genus
and species. Actinobacterial community composition was defined
by phylogenetic clustering patterns, with isolate distributions
among clades indicating genetic and phenotypic variability within
and across samples (Baig et al., 2021).

Biodiversity indices for assessing cultivable actinobacterial
diversity: Diversity assessment of cultivable actinobacteria was
done by ecological diversity indices. Abundance data of purified
isolates were used to calculate the species richness, Shannon-
Wiener diversity index (H), Simpson's diversity index (D) and
Pielou's evenness index (J). These indices were used to assess
the community structure and distribution patterns at the sampling
sites (Cazzolla Gatti et al., 2020). Combined, these metrics provide
a comprehensive understanding of actinomycete composition and
ecological health (Kim et al., 2017). The biodiversity indices were
calculated using the following equations:

Alpha Biodiversity Indices

Species Richness Estimator: A point estimator derived from
observed richness, with an additional term that estimates the
number of unobserved taxa due to sequencing technology
limitations, based on the ratio of singletons to doubletons (Cassol
et al, 2025). The Chao1 richness estimator was computed as
(Chaoand Lee, 1992). 2

1

$ chaot= Sonel 2_f2

where,
S,,; — humber of observed taxa; f, and f, are the counts of

obs

singletons and doubletons, respectively.

Relative Abundance: The relative abundance of each genus
was computed as the proportion of isolates belonging to that
genus in relation to the total number of isolates. It was expressed
as a percentage using the following formula:

No. of Isolates per Genus
Tot No. of Isolates

x 100

Relative Abundance (%) =

This measure reflects the degree to which particular
genera dominate or contribute to the overall culturable
actinobacterial community.

Shannon-Wiener Diversity Index (H'): Shannon diversity index
(H') (also called Shannon-Wiener index) represents the entropy
measure of species diversity within @ community (Shannon,
1948). This index accounts both for the number of species and
their relative abundances, giving more weight to rare species than
to abundant ones. Higher Shannon values indicate greater
diversity and community stability; besides, it is also used to
quantify both the richness and evenness of the actinobacterial
community. ltwas calculated by the formula:

S
H'=-) p,In(p)
i=1

where, p, represents the proportion of individuals
(isolates) belonging to the /" genus. This index increases with
both the number of genera and the equitability of their distribution.
Shannon’s index s sensitive to the presence of rare genera and is
particularly useful in comparing communities with varying levels
of richness and dominance.

Simpson’s Diversity Index (1-D): Simpson’s index (Simpson,
1949) provides a measure of diversity that assigns more weight to
dominant taxa. Emphasizes on dominant species rather than rare
ones, making it sensitive to the most abundant taxa in the
community. This index produces values between 0 and 1, where
values closer to 1 indicate higher diversity. A lower value reflects
greater dominance by a few genera. It was calculated by the
formula:

D= Z-p,?Simpson’s Index of Diversity =1-D
i=1
where, p; is the proportion of isolates belonging to genus
ith OUT and Simpson’s diversityas 1-D.

Pielou’s evenness index (E): Pielou’s evenness index (Pielou,
1966) was calculated to evaluate the homogeneity of isolate
distribution among genera. It quantifies the evenness of species
distribution within a community, with values spanning from 0 to 1.
This score is unaffected by species richness and indicates
whether species abundances are evenly distributed or
predominantly controlled by a limited number of taxa. Values
approaching 1 signify a more equitable distribution of species
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Table 1: Isolate molecular characterization, closest type strain match, sequence similarity percentage based on 16S rRNA sequence analysis, and

GenBank accession number are mentioned

Genus Strain Close type strain Similarity (%) Accession Number
Streptomyces SMS 1 Streptomyces longisporoflavus 99.63% PV097146
Streptomyces SMS 2 Streptomyces griseoincarnatus 98.75% PV097147
Streptomyces SMS 3 Streptomyces flavogriseus 98.91% PV097148
Rhodococcus SMS 4 Rhodococcus baikonurensis 98.95% PV097149
Bifidobacterium SMS 5 Bifidobacterium pseudocatenulatum 99.13% PV097150
Nocardia SMS 6 Nocardia wallacei 98.74% PV097151
Gordonia SMS 7 Gordonia sihwensis 99.06% PV097152
Rhodococcus SMS 8 Rhodococcus erythropolis 97.96% PV097153
Gordonia SMS 9 Gordonia sihwensis 99.89% PV097154
Streptomyces SMS 10 Streptomyces luridiscabiei 98.22% PV097155
Bifidobacterium SMS 11 Bifidobacterium pseudocatenulatum 99.09% PV097156
Streptomyces SMS 12 Streptomyces rochei 98.09% PX699887
Micromonospora SMS 13 Micromonospora rosaria 97.78% PV097158
Streptomyces SMS 14 Streptomyces pratensis 99.33% PV097159
Rhodococcus SMS 15 Rhodococcus qingshengii 98.89% PV097160
Streptomyces SMS 16 Streptomyces flavovirens 99.93% PV097161
Streptomyces SMS 17 Streptomyces albus 98.70% PV097162
Nocardiopsis SMS 18 Nocardiopsis dassonvillei 99.56% PV097163
Streptomyces SMS 19 Streptomyces griseus 99.99% PV097164
Rhodococcus SMS 20 Rhodococcus erythropolis 99.65% PV097165
Streptomyces SMS 21 Streptomyces pratensis 99.18% PV097166
Blastococcus SMS 22 Blastococcus saxobsidens 99.12% PV097167
Micrococcus SMS 23 Micrococcus endophyticus 97.98% PV097168
Streptomyces SMS 24 Streptomyces albus 98.45% PV097169
Streptomyces SMS 25 Streptomyces venezuelae 98.81% PV097170
Streptomyces SMS 26 Streptomyces tendae 99.26% PV097171
Streptomyces SMS 27 Streptomyces parvulus 99.20% PV097172
Streptomyces SMS 28 Streptomyces cirratus 99.72% PV097173
Streptomyces SMS 29 Streptomyces misionensis 98.92% PV097174
Nocardiopsis SMS 30 Nocardiopsis dassonvillei 99.65% PV097175
Kocuria SMS 31 Kocuria rhizophila 99.70% PV097176
Glutamicibacter SMS 32 Glutamicibacter uratoxydans 96.90% PV097177
Glutamicibacter SMS 33 Glutamicibacter endophyticus 98.07% PV097178
Streptomyces SMS 34 Streptomyces pratensis 99.77% PV097179
Streptomyces SMS 35 Streptomyces daghestanicus 99.21% PV097180
Streptomyces SMS 50 Streptomyces olivaceus 98.71% PV097191

abundances. it was calculated by the following equation:

__H
E= In(S)

where, H'is the Shannon diversity index and S is the
species richness.

Beta Diversity Indices

Jaccard Diversity index: Jaccard Index (Jaccard, 1912)
measures the portion of shared species between two samples.
IXNY]

IXUYI

Where, XNY, is the intersection of sets X and Y, i.e.

elements common to both sets; XUY, is the union of sets Xand Y,
i.e. allunique elements from both sets combined.

JXY)=

Bray-Curtis Index: Measures the dissimilarity of species
abundances between two samples (Bray and Curtis, 1957).

2Cjj
Si+ S

Where, C; the sum of the absolute differences in
abundances between corresponding species in samples iand j; S,
in the total abundance or sum of species abundances in sample /;
§;in the total abundance or sum of species abundances in sample
j. Higher the dissimilarity value, the greater is the difference in
species composition or abundance.

Beij = 1-

Results and Discussion

Total 36 cultivable actinobacterial isolates were obtained
from limestone soil samples collected from two quarries of the
Cuddapah Basin. Twelve isolates were obtained from Quarry A
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from five genera and 24 isolates from Quarry B from eight genera.
Molecular identification by 16S rRNA gene sequencing showed
>97% sequence similarity to known actinobacterial taxa
confirming the affiliation of all isolates to known genera.
Phylogenetic analysis improved the confidence in these
identifications with isolates forming defined genus-specific
clades, corresponding to members of the orders
Streptomycetales, Micrococcales and Mycobacteriales. The
strong phylogenetic clusters obtained were consistent with the
taxonomic assignments, which suggest that the molecular
identification is reliable and emphasizes wide taxonomic diversity
of cultivable actinobacteria living in limestone ecosystems
(Spratt, 2004).

The isolates were members of dominant and relatively
rare actinobacterial genera such as Streptomyces,
Rhodococcus, Gordonia, Glutamicibacter, Micromonospora,
Nocardiopsis, Micrococcus, Kocuria, Blastococcus, Nocardia
and Bifidobacterium (Table 1). The diversity of taxonomic
lineages demonstrated that limestone soils offer a range of
ecological niches that can accommodate phylogenetically distinct
actinobacteria (Fig 3). This diversity is often linked to
environmental heterogeneity, mineral-rich substrates, alkaline
pH and nutrient-limited conditions favoring microorganisms with
specific metabolic adaptations. Similarly, recent studies have
shown that extreme and underexplored habitats are reservoirs of
taxonomically diverse actinobacteria with huge ecological and
biotechnological potential (Guevara-Luna et al., 2024).

Diversity analysis revealed significant differences in
community structure between the two quarries. Quarry A was
moderately rich but had a high evenness (Shannon diversity
index 1.468; Simpson diversity index 1-D 0.736). High Pielou’s
evenness value (0.912) suggested that the genera retrieved were
fairly and evenly distributed, without any single taxon being
strongly dominant. Chao1 richness estimate (5.167) was slightly
higher than observed richness, indicating that the sampling effort
likely captured most of the cultivable genera present in this
habitat. The occurrence of only one singleton genus further
substantiates a relatively complete representation of the
dominant cultivable community.

By contrast, Quarry B was more taxonomically diverse,
with eight observed genera and a Chao1 estimate of 10.667,
suggesting that additional rare taxa were likely present, but not
detected. This higher richness resulted in a comparable Shannon
diversity index (1.466) to Quarry A. These contradictory findings
highlight the strong effect of community evenness on diversity
estimates. Due to strong dominance of Streptomyces (14 of the
24 isolates), the community structure in Quarry B was much more
uneven, as indicated by lower Pielou’s evenness value (0.705)
and Simpson index (0.632). The increase in richness did not
result in an increase in total diversity, because the abundance
distribution was strongly dominated by one genus. Similar
patterns have been reported in limestone and other oligotrophic
environments where, Streptomyces often dominates cultivable

communities due to their efficient sporulation, broad metabolic
versatility and exceptional tolerance to environmental stress
(Vijayakumar et al., 2007). Extremely similar Shannon values
observed in both quarries suggest that it was the evenness, and
not the richness, which was the main contributor to the diversity of
these communities. Evenness of taxa was similar across quarry
A, whereas diversity was similar across quarry B due to extreme
dominance of Streptomyces, despite higher richness. The
computed diversity indices indicate that the cultivable
actinobacterial communities are unevenly distributed throughout
the limestone soils, implying habitat-specific selection of taxa.
These results confirm the notion that differences in microbial
diversity and uniformity reflect ecological specialization and could
affect the functional capabilities of bacterial communities linked to
limestone, comparable to the observations made by Stone et al.
(2021) and Zhang et al. (2026) regarding soil bacterial diversity
and ecosystem functioning.

This finding highlights the importance of considering
multiple measures of diversity in the interpretation of microbial
communities, since richness alone may not be sufficient to reflect
the ecological complexity. Recent evaluations of alpha-diversity
metrics have also pointed out that Shannon diversity is highly
affected by both richness and abundance distribution and thus,
offers a more holistic view on community organization than
richness estimates alone (Cassol et al., 2025).

Beta-diversity analysis also showed significant
differentiation between the two limestone quarries. Jaccard
similarity index was low at 0.182, implying that the two sites
shared only two genera (Streptomyces and Rhodococcus) out of
a total of eleven genera identified in both locations. Likewise, the
Bray-Curtis dissimilarity value of 0.611 revealed significant
differences in the patterns of genus abundance. These results
indicate that local-scale environmental heterogeneity has a
strong effect on the assembly of actinobacterial communities
even within geographically connected limestone formations.
Differences in the soil physico-chemical properties, moisture
availability, organic matter, mineral composition and microhabitat
characteristics may selectively promote different actinobacterial
taxa, leading to different community structure (Riquelme et al.,
2015). Subtle environmental gradients result in marked shifts in
microbial composition in calcareous and arid ecosystems, and
similar observations have been reported in these environments
(Stach et al., 2003; Weeraphan et al., 2025). A diversity values
obtained in the present investigation were relatively low as
compared to culture independent studies. High-throughput
sequencing studies report soil actinobacteria to have Shannon
indices higher than 4.0 and Simpson values close to 1.0,
indicative of many rare and uncultivable taxa. Lower diversity
observed here is likely due to the intrinsic limitations of culture-
based methodologies, which favor the recovery of fast growing
and easy to cultivate organisms, but ignore a large proportion of
microbial diversity (Zhang et al., 2019). The Chao1 estimates of
species richness, especially in Quarry B, that exceed observed
richness also suggest the presence of unknown taxa in these
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limestone habitats. This observation aligns with the current
knowledge that most environmental microorganisms are still
uncultured and taxonomically undescribed even with advances in
molecular ecology and microbial systematics (Weiss et al., 2017).

The dominance of Streptomycetes and the recovery of
other genera such as Micromonospora, Nocardiopsis,
Rhodococcus and Gordonia are of particular importance as these
groups are known to produce a variety of bioactive secondary
metabolites. Limestone ecosystems are increasingly recognized
as promising reservoirs of novel actinobacteria with potential
applications in antimicrobial, anticancer and industrial
biotechnology research (Helmi, 2025). The isolates recovered in
this study are widely phylogenetically distributed, indicating not
only significant ecological diversity, but also significant potential
for future natural-product discovery. It is expected that combining
culture-dependent isolation with modern culture-independent
methods, such as amplicon sequencing and metagenomic
analyses, will further uncover hidden diversity and enable the
identification of new actinobacterial taxa from the limestone soils
ofthe Cuddapah Basin.

The results suggest that limestone quarries of the
Cuddapah Basin are inhabited by taxonomically diverse and
compositionally different cultivable actinobacterial communities.
Quarry A had better taxonomic balance, but Quarry B showed
higher richness with a strong dominance of Streptomyces. This
research recognizes limestone soils as important repositories of
several actinobacteria with considerable biotechnological
applications. The findings establish a foundation for the selective
isolation of new bioactive metabolite-producing strains, promote
the conservation of microbial biodiversity, and facilitate
prospective uses in pharmaceutical development, agriculture,
environmental restoration, and industrial biotechnology. In
addition, the produced phylogenetic and diversity data serve as
reference for upcoming ecological and taxonomic studies of
microbial communities associated with limestone.
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