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ABSTRACT
Background: Composting and vermicomposting are sustainable methods of organic waste management, which are catalyzed by
complex microbial communities. Microbiota in the compost and earthworm’s gut play an important role in nutrient cycling and
decomposition, but the relative ability of these microbial communities to stimulate composting efficiency has not been studied vastly.
The present research cultured bacterial isolates of mushroom compost, vermicompost and earthworm gut and evaluated their
biochemical properties, plant-growth-promoting abilities and enzyme degrading potential.
Methods: Bacterial cultures were isolated from mushroom compost, earthworm gut and vermicompost collected from different
composting units at Dr. Rajendra Prasad Central Agricultural University, Pusa. The distinct morphological colonies formed on various
agar plates were tested for Gram staining. The isolates were screened for cellulose and hemicellulose degradation and the ability to
solubilize phosphorus, potassium and zinc, production of siderophores were further biochemically characterised using IMViC test.
The data was analyzed by using Origin Pro 2023b, version 10.0.5.157.
Result: A total of 80 isolates were obtained by culturing on different media: 20 from mushroom compost, 40 from vermicompost and
20 from earthworm gut. The isolates obtained in mushroom compost had the highest cellulose and hemicellulose degradation index,
the earthworm gut isolates had the highest phosphorus and zinc solubilization index and vermicompost isolates produced the highest
siderophore. Thirty-one promising isolates, demonstrating multiple degradation and solubilization activities, were further characterized
through IMViC tests and substantial diversity was observed. These bacterial isolates hold potential for enhancing composting
efficiency, promoting faster decomposition and nutrient release.
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INTRODUCTION
Organic solid waste is a major environmental concern,
with global waste generation projected to reach 3.4 billion
tonnes by 2050 (Kaza et al., 2018). Agricultural residues
contribute nearly 998 million tonnes annually, of which India
alone generates 500-620 million tonnes owing to its agro-
based economy. Although part of this biomass is reused
as fodder or fuel, approximately 92 million tonnes is burned
each year, causing serious environmental hazards (Sinha
et al., 2022). This highlights the need for sustainable waste
management strategies that convert nutrient-rich residues
into valuable soil amendments.

Composting and vermicomposting represent efficient,
eco-friendly biotechnological processes for managing
organic waste. Composting is an aerobic, microbial
mediated process that transforms organic matter into a
stable humus-like product. Among composting systems,
mushroom composting utilizes lignocellulosic residues
such as wheat straw and bagasse, supporting the growth
of saprophytic fungi and associated bacteria that drive
organic matter degradation (Bello et al., 2020).
Vermicomposting, in contrast, operates under mesophilic
conditions (10-32C), where earthworms (e.g., Eisenia
foetida, Lumbricus rubellus) and their gut microbiota
enhance organic matter decomposition and nutrient

mineralization (Nagavallemma et al., 2004). The earthworm
gut functions as a mutualistic microhabitat, rich in enzymes
and beneficial microorganisms that improve compost
quality and soil fertility (Kalika-Singh et al., 2022).
Vermicompost, along with beneficial microbes from the
earthworm gut, enhances crop health and produce quality
by stimulating plant growth-promoting (PGP) microbes,
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outperforming chemical fertilizers (Raihing and
Vijayalakshmi, 2022).

Despite advancements in composting technologies,
the microbial mechanisms enhancing decomposition
efficiency remain poorly understood, particularly those
associated with the earthworm gut. Understanding these
microbial communities can provide insight into nutrient
cycling and accelerate compost stabilization. Therefore,
the present study aims to isolate and characterize bacterial
strains from mushroom compost, vermicompost and
earthworm gut and to assess their biochemical and
functional traits contributing to enhanced composting
efficiency and reduced composting duration.

MATERIALS AND METHODS
Collection of samples
Mushroom compost samples were collected from
composting heaps at AICRP on Mushroom, Dr. Rajendra
Prasad Central Agricultural University (Dr. RPCAU), Pusa,
Bihar. Vermicompost and earthworms (Eisenia foetida)
were collected from university’s Vermicomposting unit and
brought to the laboratory for microbial isolation.

Isolation of microbes from compost samples
For isolation of bacteria from compost, one gram of
compost was taken from the collected sample, serially
diluted up to 10-6 dilutions and plated on nutrient agar,
trypticase soy agar, King’s B agar media plates and were
incubated at 30 to 32C for 48 to 60 h. Colonies with distinct
morphology (colony colour, shape, size, texture) were
selected and preserved in slants at 4C.

Isolation of earthworm gut microbiota
Gut microbes were isolated from earthworms that were
starved for 24 h on moist filter paper to clear gut contents,
surface-sterilized in 70% ethanol and dissected aseptically
to obtain 2.5-3 cm of the post-clitellum gut. The gut contents
were homogenized in 0.85% NaCl, centrifuged at 6000
rpm for 15 min, serially diluted up to 10-6 and plated on
nutrient agar, trypticase soy agar, King’s B agar media
(Singh et al., 2016). Plates were incubated at 30C for 48-
60 h and distinct colonies were isolated and maintained at
4C.

Morphological and Biochemical characterization of
bacterial isolates
Gram staining was used to determine cell morphology
and arrangement (Gram, 1884). Each isolate was tested
for biochemical traits including Voges-Proskauer, Methyl
Red, Citrate Utilization (Isenberg and Sundheim, 1958)
and Indole production (MacFaddin, 2000).

Plant growth promoting abilities
Bacterial isolates were evaluated for their ability to
solubilize phosphorus (P), potassium (K) and zinc (Zn)
using Pikovskaya’s medium (Pikovskaya, 1948),
Alexandrov’s medium (Hu et al., 2006) and Bunt and

Rovira’s medium (Bunt and Rovira, 1955), respectively.
Siderophore production was assessed on chrome azurol
S (CAS) agar (Schwyn and Neilands, 1987). Solubilization
potential was quantified as the Solubilization Index (SI),
reflecting the ability of the strains to solubilize the respective
minerals (Edi Premono et al., 1996).

Cellulose and hemicellulose degrading activity
Cellulolytic and hemicellulolytic activities were screened
on CMC agar (Sirisena and Manamendra, 1995) and xylan
beechwood agar (Teather and Wood, 1982) respectively,
by spot inoculation of 10 μL bacterial suspension per plate
sector. Plates were incubated at 35C for 48 h, stained with
0.1% Congo red for 15 min and destained with 1M NaCl.
Clear halo zones around colonies indicated enzymatic
degradation and SI was calculated.

Statistical analysis
All experiments were conducted in a Completely Randomized
Design (CRD) with three replications and results are
expressed as mean (±SEM). Data was analyzed using
OriginPro 2023b (version 10.0.5.157). Significant differences
among treatments were determined by Tukey’s test at a 5%
probability level (Gomez and Gomez, 1984). Principal
Component Analysis (PCA) was performed to evaluate the
relationships among variables (Rodrigues et al., 2014).

RESULTS AND DISCUSSION
Bacterial isolation, morphological and biochemical
characterization
A total of 80 bacterial isolates were obtained from three
organic sources-mushroom compost (20), vermicompost
(40) and earthworm gut (20) (Fig 1). Vermicompost yielded
the highest number of isolates, reflecting its nutrient-rich
and microbial active environment that supports diverse
bacterial communities. The lower numbers in mushroom
compost and earthworm gut suggest more specialized
microbial populations adapted to lignocellulosic residues
and gut micro-niches.

Morphologically, Gram-negative bacteria predominated
across all sources, accounting for 65-70% of the isolates
(Supplementary Table 1-3). Specifically, 13 of 20 mushroom
compost isolates, 27 of 40 vermicompost isolates and 14
of 20 earthworm gut isolates were Gram-negative, consistent
with their adaptability to moist and nutrient-rich conditions.

Biochemical profiling revealed substrate-specific
patterns (Table 1). Most mushroom compost isolates were
positive for methyl red (MR) and Voges-Proskauer (VP)
tests, indicating mixed acid and butanediol fermentation
pathways. In contrast, vermicompost isolates displayed
higher citrate utilization and indole production, while
earthworm gut isolates showed pronounced VP and citrate
positivity, signifying active carbon and nitrogen metabolism.

Solubilization
         index = Colony diameter + Halozone diameter

               Colony diameter
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Supplementary Table 1: Morphological characteristics and gram staining of different isolates obtained from mushroom compost.

Isolate Media Size Shape Colour Texture Gram reaction

MC-1 Trypticase soy agar Small Irregular White Smooth +
MC-2 Nutrient agar Medium Circular Pale Smooth -
MC-3 King’s B agar Large Unorganized Brown Rough -
MC-4 Nutrient agar Small Circular Yellow Smooth -
MC-5 Trypticase soya agar Small Irregular Cream Smooth +
MC-6 Nutrient agar Small Irregular Cream Rough -
MC-7 Nutrient agar Medium Irregular White Rough -
MC-8 Ken knight agar Medium Circular Yellow Smooth -
MC-9 Ken knight agar Small Circular Pale Smooth -
MC-10 Nutrient agar Medium Irregular Brown Rough +
MC-11 Ken knight agar Small Circular Cream Smooth -
MC-12 King’s B agar Medium Circular White Smooth +
MC-13 Nutrient agar Small Circular Cream Smooth -
MC-14 King’s B agar Small Rounded Cream Rough +
MC-15 Ken knight agar Medium Rounded Brown Smooth -
MC-16 Nutrient agar Medium Irregular White Smooth +
MC-17 King’s B agar Small Circular Pale Smooth -
MC-18 Nutrient agar Large Unorganized Brown Rough -
MC-19 Trypticase soy agar Medium Irregular Cream Rough -
MC-20 Nutrient agar Small Circular White Smooth +

‘+’: Positive, ‘-’: Negative.

These findings corroborate with the reports of Devi et al.
(2020) and Prachi (2023), who observed the predominance
of Gram-negative and metabolically diverse bacteria in
compost and earthworm gut ecosystems. The metabolic
heterogeneity indicated by IMViC patterns suggests
functional versatility, potentially linked to decomposition
and nutrient cycling. Such substrate-driven microbial
diversity underscores the ecological significance of

composting habitats as reservoirs of bioactive
microorganisms (Reddy et al., 2017; Satpathy et al., 2020).

Functional screening for PGP traits and enzymatic activities
Screening of all 80 isolates for PGP and enzymatic traits
revealed that over 70% exhibited at least one beneficial
function (Fig 2). Phosphate, potassium and zinc
solubilization, as well as siderophore production, were the
most prevalent PGP traits. Additionally, many isolates
produced hydrolytic enzymes such as cellulase and
hemicellulase, which facilitate organic matter degradation
and nutrient recycling.

PGP of the isolates from compost and earthworm gut
bacterial isolates
Among mushroom compost isolates, phosphorus
solubilization indices ranged from 1.50 (MC-7) to 3.63
(MC-10) (Fig 3a). Potassium solubilization varied between
2.20 (MC-18) and 3.00 (MC-20) (Fig 3b). Zinc solubilization
was observed in 45% of isolates, with MC-20 (6.10) being
the most efficient (Fig 3c). Siderophore production ranged
from 13% (MC-10) to 31% (MC-17) (Fig 3d).

In vermicompost isolates, phosphorus solubilization
indices ranged from 1.40 (VC-4) to 4.00 (VC-10) (Fig 4a).
Potassium solubilization varied between 2.28 (VC-2) and
3.50 (VC-28), while zinc solubilization ranged from 2.57 (VC-3)
to 6.25 (VC-15) (Fig 4b-c). Siderophore production was
highest in VC-6 (44%) and lowest in VC-39 (12%) (Fig 4d).

Among earthworm gut isolates, phosphorus
solubilization ranged from 2.62 (EWG-4) to 4.50 (EWG-9)
and potassium solubilization from 2.60 (EWG-4, EWG-11)
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The figure represents the distribution of a total of
80 bacterial isolates obtained from three sources:

40 isolates from vermicompost (50%) and 20
isolates each from mushroom compost (25%) and

earthworm gut (25%).

Fig 1: Source-wise distribution of the 80 bacterial cultures isolated
from mushroom compost, vermicompost and earthworm gut.
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Supplementary Table 2: Morphological characteristics and gram staining of different isolates obtained from vermicompost.

Isolate Media Size Shape Colour Texture  Gram  reaction

VC-1 Nutrient agar Small Irregular White Smooth -
VC-2 Nutrient agar Small Circular White Smooth -
VC-3 Nutrient agar Small Unorganized White Rough +
VC-4 Nutrient agar Medium Circular White Smooth +
VC-5 Nutrient agar Medium Irregular White Rough -
VC-6 Trypticase soy agar Small Irregular Cream Smooth -
VC-7 King’s B agar Medium Irregular Yellow Rough -
VC-8 Pikovskayas agar Small Circular White Smooth +
VC-9 Nutrient agar Medium Circular White Smooth -
VC-10 Nutrient agar Small Irregular Cream Smooth -
VC-11 Nutrient agar Small Circular Yellow Smooth -
VC-12 Trypticase soy agar Medium Circular White Smooth +
VC-13 Nutrient agar Medium Circular White Slow -
VC-14 Nutrient agar Small Rounded White Smooth -
VC-15 King’s B agar Large Rounded Orange Smooth -
VC-16 Nutrient agar Medium Irregular White Rough +
VC-17 Nutrient agar Small Circular Cream Smooth -
VC-18 Trypticase soy agar Small Unorganized Cream Smooth -
VC-19 Nutrient agar Medium Irregular Orange Smooth -
VC-20 King’s B agar Medium Circular Gold Smooth -
VC-21 Nutrient agar Small Irregular Orange Smooth -
VC-22 Trypticase soy agar Small Circular White Smooth -
VC-23 Trypticase soy agar Small Unorganized Cream Rough -
VC-24 Nutrient agar Medium Circular White Smooth +
VC-25 Nutrient agar Medium Irregular White Rough -
VC-26 Nutrient agar Small Irregular Yellow Smooth +
VC-27 King’s B agar Medium Irregular White Rough -
VC-28 King’s B agar Small Circular Cream Smooth +
VC-29 Nutrient agar Medium Circular Cream Smooth -
VC-30 King’s B agar Small Irregular Orange Rough -
VC-31 Nutrient agar Small Circular White Smooth -
VC-32 Pikovskayas Agar Medium Circular Cream Smooth -
VC-33 King’s B agar Medium Circular Yellow Smooth +
VC-34 Trypticase soy agar Small Rounded Yellow Smooth +
VC-35 Nutrient agar Large Rounded White Smooth -
VC-36 Nutrient agar Medium Irregular White Rough +
VC-37 Trypticase soy agar Small Circular White Smooth -
VC-38 Nutrient agar Small Unorganized White Rough -
VC-39 Nutrient agar Small Irregular Yellow Rough +
VC-40 Nutrient agar Medium Circular White Smooth +

‘+’: Positive, ‘-’: Negative.

to 4.00 (EWG-3) (Fig 5a-b). Zinc solubilization ranged
between 3.00 (EWG-6) and 6.30 (EWG-18) (Fig 5c). The
highest siderophore production was observed in EWG-13
(38%) (Fig 5d).

The superior performance of vermicompost and
earthworm gut isolates in nutrient solubilization highlights
their potential as efficient bioinoculants. Similarly, P and
Zn solubilization abilities in compost and vermicompost-
derived microbes were reported by Bhakta et al. (2022)
and Karnwal (2021). Earthworm gut isolates exhibited

strong solubilizing activity, reflecting their adaptation to
enzymatically active gut environments rich in organic
substrates (Kapila et al., 2024; Yang et al., 2023).

Siderophores, as iron-chelating compounds, enhance
microbial competitiveness and plant iron uptake under
deficiency conditions. The highest siderophore yield
recorded in VC-6 (44%) supports the role of vermicompost
bacteria in improving rhizospheric iron bioavailability and
suppressing pathogens through iron sequestration (Raimi
et al., 2022).
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Supplementary Table 3: Morphological characteristics and gram staining of different isolates obtained from earthworm gut.

Isolate Media Size Shape Colour Texture Gram reaction

EWG-1 Nutrient agar Large Irregular White Rough +
EWG-2 Nutrient agar Small Circular Yellow Smooth -
EWG-3 Nutrient agar Small Circular Yellow Smooth -
EWG-4 Nutrient agar Small Circular Yellow Smooth -
EWG-5 Trypticase soy agar Medium Rounded White Rough +
EWG-6 Trypticase soy agar Small Rounded White Smooth -
EWG-7 Nutrient agar Large Irregular White Smooth -
EWG-8 Nutrient agar Small Circular Gold Smooth -
EWG-9 King’s B agar Large Unorganized Yellow Rough -
EWG-10 King’s B agar Medium Irregular Orange Rough -
EWG-11 Pikovskaya Agar Small Circular Orange Smooth -
EWG-12 Nutrient agar Medium Irregular White Smooth +
EWG-13 King’s B agar Small Circular White Rough -
EWG-14 King’s B agar Large Unorganized Gold Smooth -
EWG-15 Nutrient agar Small Circular White Smooth +
EWG-16 Nutrient agar Medium Irregular White Rough -
EWG-17 Pikovskaya Agar Large Irregular Gold Rough +
EWG-18 Trypticase soy agar Medium Irregular Cream Smooth -
EWG-19 Trypticase soy agar Small Circular Gold Smooth -
EWG-20 Nutrient agar Small Circular White Smooth +

‘+’: Positive, ‘-’: Negative.

Collectively, these results demonstrate that compost
and gut-associated bacteria possess multifaceted nutrient-
mobilizing abilities with direct relevance for sustainable
agriculture. The novelty of this study lies in the comparative
evaluation of three distinct microbial habitats, revealing
unique yet complementary biofertilizer potentials that can
be integrated into eco-efficient composting systems.

Cellulase and hemicellulase activity of bacterial isolates
Ten mushroom compost isolates exhibited cellulose
degradation, with MC-16 and MC-7 showing the highest
activity (4.80), while MC-12 (2.71) had the lowest. Nineteen
vermicompost isolates were positive for cellulase, led by

VC-31 and VC-34 (4.00) and eight earthworm gut isolates
were positive, with EWG-16 (3.50) most active (Fig 6a).

For hemicellulose degradation, seven mushroom
compost isolates were positive, ranging from MC-6 (2.71)
to MC-10 (5.00). In vermicompost, 25 isolates were positive
(VC-22: 4.86), while earthworm gut isolates displayed
similar variation, with EWG-5 (4.50) showing maximum
activity and EWG-19 (2.50) the least (Fig 6b).

These results confirm the abundance of hydrolytic
enzyme producers across all tested samples. Such
cellulolytic and hemicellulolytic bacteria contribute to
lignocellulose degradation, a crucial step in compost
stabilization and organic carbon turnover. Similar enzymatic
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Fig 2: Comparison of number of bacterial isolates exhibiting functional trait responses among the isolates from mushroom compost,
vermicompost and earthworm gut.
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Table 1: IMViC tests results for bacterial isolates from mushroom compost, vermicompost and earthworm gut.

Isolate code Indole test Methyl Red Voges-proskauer Citrate

MC-4 + + + -
MC-6 - + + -
MC-10 + + + -
MC-12 - - - -
MC-16 + + + -
MC-18 - + + -
MC-19 - + + -
VC-5 - + + -
VC-6 + - + +
VC-10 - - + -
VC-17 + + - -
VC-20 - - + -
VC-21 + + + -
VC-22 - + - -
VC-23 + + - -
VC-26 - + + +
VC-28 - + + -
VC-30 - - + +
VC-33 + - - -
VC-34 + - + +
VC-35 + + + +
VC-39 - + + +
VC-40 + - - +
EWG-4 + + + +
EWG-7 + - + +
EWG-9 - - + +
EWG-10 + - + +
EWG-11 + - + +
EWG-13 + - + +
EWG-14 - - + +
EWG-17 - + - -

‘+’: Positive, ‘-’: Negative.
MC- Mushroom compost isolates, VC- Vermicompost isolates, EWG- Earthworm gut isolates.

Evaluating Bacterial Isolates for Enhanced Composting Efficiency: A Comparative Study of Mushroom Compost, Vermicompost...

3a: Phosphorus solubilization index, 3b: Potassium solubilization index, 3c: Zinc solubilization
index, 3d: Siderophore production (%) activities of bacterial isolates from mushroom compost.
Each bar represents the mean (±SEM) of three replications. Mean values followed by the

same letter(s) in each column are not significantly different at p0.05.

Fig 3: Comparison of plant growth-promoting abilities of potential bacterial isolates obtained from mushroom compost.
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capacities were reported by Jyotsna et al. (2015) and Long
et al. (2024), identifying Bacillus , Pseudomonas ,
Chrysobacterium and Cellulomonas as dominant degraders
in compost environments. Moreover, hemicellulase activity
enhances cellulose accessibility and reduces compost bulk
density, improving compost maturity and nutrient availability
(Ordoñez-Arévalo et al., 2022).

The predominance of such degraders, especially in
vermicompost and earthworm gut isolates, indicates their

integral role in accelerating organic matter decomposition,
ultimately enhancing compost quality and nutrient recovery
efficiency.

Principal component analysis (PCA) of microbial and
biochemical traits
Principal Component Analysis was performed to
understand the interrelationships among microbial traits
and isolate sources. The first two components, PC1

Evaluating Bacterial Isolates for Enhanced Composting Efficiency: A Comparative Study of Mushroom Compost, Vermicompost...

4a: Phosphorus solubilization index, 4b: Potassium solubilization index, 4c: Zinc Solubilization index, 4d: Siderophore production
(%) activities of Bacterial Isolates from vermicompost.

Each bar represents the mean (±SEM) of three replications. Mean values followed by the same letter(s) in each column are not
significantly different at p0.05.

Fig 4: Comparison of plant growth-promoting abilities of potential bacterial isolates obtained from vermicompost.

5a: Phosphorus solubilization index, 5b: Potassium solubilization index, 5c: Zinc Solubilization index, 5d: Siderophore
production (%) activities of Bacterial Isolates from earthworm gut.

Each bar represents the mean (±SEM) of three replications. Mean values followed by the same letter(s) in each column
are not significantly different at p0.05.

Fig 5: Comparison of plant growth-promoting abilities of potential bacterial isolates obtained from earthworm gut.
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(38.3%) and PC2 (21.0%), together explained 59.3% of
total variance.

The biplot (Fig 7) shows that positive PC1 values
correlated with high cellulase and hemicellulase activities,
while negative PC1 values were associated with
solubilization traits, indicating functional divergence among

isolates (Ghosh et al., 2022). Earthworm gut isolates
clustered around siderophore and solubilization vectors,
whereas vermicompost isolates grouped with hydrolytic
enzyme activities. Mushroom compost isolates showed
moderate variability, suggesting functional overlap between
solubilizers and degraders.

Evaluating Bacterial Isolates for Enhanced Composting Efficiency: A Comparative Study of Mushroom Compost, Vermicompost...

6a: Cellulose solubilization index, 6b: Hemicellulose solubilization index of potential bacterial isolates
obtained from mushroom compost, vermicompost and earthworm gut.

Each bar represents the mean (±SEM) of three replications. Mean values followed by the same letter(s)
in each column are not significantly different at p0.05.

Fig 6: Comparison of cellulose and hemicellulose solubilization of potential bacterial isolates obtained from mushroom compost,
vermicompost and earthworm gut.

The plot depicts the distribution and association of isolates with functional traits such as
cellulase, hemicellulase, siderophore and nutrient solubilization activities, with 95%

confidence ellipses indicating source-wise clustering.

Fig 7: PCA biplot of microbial isolates from mushroom compost, vermicompost and earthworm gut based on their plant growth-
promoting and enzyme degradation abilities.
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This reflects substrate-specific microbial functional
guilds: (i)  vermicompost had enzyme-dominant
degraders; (ii) earthworm gut had nutrient solubilizers;
and (iii) mushroom compost had balanced degradative
and solubilizing traits. These relationships reveal how
compost mic ro-environments shape microb ial
specialization, contributing collectively to enhanced
composting efficiency and nutrient recycling.

CONCLUSION
This study comparatively evaluated bacterial isolates from
mushroom compost, vermicompost, and earthworm gut for
morphological, biochemical, plant growth-promoting, and
enzymatic traits. Functional screening revealed multiple
beneficial traits, including nutrient solubilization, siderophore
production, and hydrolytic enzyme activities. Vermicompost
and earthworm gut isolates exhibited superior nutrient-
solubilizing potential, while vermicompost isolates showed
strong cellulolytic and hemicellulolytic activities. PCA
analysis revealed clear functional differentiation, with
vermicompost bacteria associated with enzymatic
degradation and earthworm gut isolates with nutrient
solubilization. Overall, these findings demonstrate the
complementary roles of these microbial communities and
their potential as bioinoculants for improving composting
efficiency and sustainable soil fertility management.
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