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Earthworms, integral to agricultural ecosystems, profoundly influence soil fertility and plant growth. With rising
concerns about the ecological impacts of chemical farming, the search for sustainable alternatives has intensified.
This study explores the mutualistic interaction between the gut microbiome of Eudrilus eugeniae and the endophytic
root bacteria of Beta vulgaris, focusing on their role in the degradation of organic matter. Bacterial colonies
were identified through a two-step isolation process, with strains Lysinibacillus fusiformis, Bacillus cereus, and

Bacillus paramycoides showing enhanced cellulase and pectinase activity. Quantitative enzymatic assays revealed
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that co-cultivation of these bacteria resulted in a significant increase in reducing sugar concentrations—112 mg/
ml for pectinase and 10 mg/ml for cellulase. These findings underscore the symbiotic enhancement of enzymatic
degradation, highlighting its potential role in sustainable agriculture and soil microbiome management. Such

microbial interactions may offer biotechnological applications for improving soil health and organic matter

decomposition.

1. INTRODUCTION

Earthworms, often hailed as the “farmer’s greatest ally,” are
indispensable for enhancing soil fertility and advancing sustainable
agriculture. These invertebrates, celebrated as nature’s preeminent
soil engineers, significantly enhance soil structure, promote nutrient
cycling, and facilitate organic matter decomposition [1-4]. As the
agricultural sector grapples with the adverse effects of chemical inputs,
the shift towards sustainable alternatives, including biofertilizers, is
imperative [5]. Earthworms, through their voracious consumption of
organic waste, initiate a cascade of transformations that reduce organic
carbon, modify the carbon-to-nitrogen ratio, and improve nutrient
retention for essential elements like nitrogen, potassium, phosphorus,
and calcium.

Despite their well-recognized benefits, the gut microbial biome
of these pivotal invertebrates remains an area of incomplete
understanding. Indigenous microbes are acknowledged inhabitants of
earthworm guts, thriving due to their unique feeding habits involving
soil and organic matter ingestion [6]. Although extensive studies have
investigated the gut microbes of earthworms, a significant gap remains
in understanding the complex symbiotic relationships that promote
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mutual growth and development among microorganisms within their
digestive tracts.

For over 50 years, bacteria residing in plant tissues, known as
“endophytes,” have drawn scientific interest for their remarkable
capacity to survive without exhibiting obvious disease symptoms
[7-10]. Although the term “endophytes” is commonly associated
with fungi, endophytic bacteria are widespread across various plant
species and tissue types. Notably, in the context of organic matter
decay, certain microorganisms, particularly soil bacteria, have been
recognized for their ability to break down complex structures such as
cellulose, pectin, and lignin into simpler carbon compounds. Despite
their potential as valuable alternative sources of energy, bacteria
specializing in the degradation of these complex molecules have not
been given sufficient attention [11].

This paper embarks on a journey to unravel the symbiotic interplay
between the gut microbiome of Eudrilus eugeniae and the endophytic
root bacteria of Beta vulgaris plants. A particular focus lies in
discerning the bacterial strains accountable for decomposing diverse
organic matter within the soil milieu. This eclectic array of microbes
exhibits various enzymatic, organic, and inorganic matter decaying
capabilities and salt tolerance activities, all of which hold extensive
agricultural importance.

This study addresses the knowledge gap by focusing on the isolation of
endophytic bacteria from the roots of B. vulgaris and gut bacteria from
E. eugeniae. The overarching goal is to enhance our understanding of
the interactions between these bacteria and their potential contributions
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to agriculture, particularly in biomass degradation. A meticulously
designed two-step procedure is employed to isolate and identify
specific bacterial colonies from the microbiota of both E. eugeniae and
B. vulgaris plant roots. By cultivating these bacteria separately, the
study seeks to unravel the symbiotic organisms’ ability to break down
organic debris. In essence, this paper endeavors to characterize the
intricate interactions between these symbiotic organisms and elucidate
their crucial role in the breakdown of organic compounds.

2. MATERIALS AND METHODS

2.1. Isolation of B. vulgaris Root Endophytic Bacteria

Beetroot (Beta vulgaris) seeds were purchased from Gandhi Krishi
Vigyana Kendra, UAS, Bangalore. These seeds were cultivated
in fertile soil for 4 months at the Indian Academy Degree College-
Autonomous. Upon reaching maturity, the roots of B. vulgaris
were harvested, washed thoroughly under tap water to remove soil

debris, and then transferred to sterile Petri dishes, which were placed
subsequently in a Laminar Air Flow (LAF) chamber to maintain a
contamination-free environment.

For the isolation of endophytic bacteria, a widely accepted
procedure involves surface sterilization of plant tissues using
various disinfectants, such as sodium hypochlorite [12,13], ethanol
[12,14], mercuric chloride [8,15], or combinations thereof [16,17].
In this study, the B. vulgaris roots were washed with distilled water,
followed by chemical sterilization in 1% sodium hypochlorite for
2-3 minutes. This was followed by a brief immersion in 0.1%
mercuric chloride for 30 seconds, and then washed three times with
distilled water, which is a common practice to ensure all residual
disinfectant is removed. These steps were essential to eliminate
epiphytic and soil-associated bacteria, thereby minimizing the risk
of contamination [18].

After sterilization, the roots were carefully selected and sliced into
thin sections, 1-2 cm segments using a sterile blade to maximize the
release of endophytic bacteria into the nutrient broth. The excision of
root segments was followed by immediate immersion into 100 ml of
nutrient broth to allow sufficient diffusion of bacteria from the root
tissues into the liquid medium and incubated at 28°C for 24 hours [19].
This procedure facilitated the growth of endophytic bacteria from the
root tissues into the nutrient broth.

2.2. Isolation of E. eugeniae Gut Bacteria

Eudrilus eugeniae earthworms were sourced from Karnataka Compost
Development Corporation and maintained under optimal laboratory
conditions at the Biochemistry Laboratory, Indian Academy Degree
College-Autonomous to ensure acclimatization.

Earthworms were washed and placed in a sterile petri dish to isolate
gut bacteria. Once transferred to a LAF chamber, the external parts
of the earthworms were sterilized by immersion in 70% ethanol for 1
minute, after cleaning with sterile water to remove any residual debris
and contaminants [20]. The gut contents were aseptically collected by
compressing the earthworms from the anterior to the posterior end.
The worms were then dissected in the midgut region using a sterile
blade. The gut contents were sampled with a sterile cotton swab,
inoculated in 100 ml Nutrient broth, and then incubated at 28°C for
24 hours.

Following the incubation step, the broths were serially diluted to a
final concentration of 107°, which was then streaked onto Nutrient
Agar plates. Due to the variability in bacterial densities across

different samples, the 107 dilution was selected to ensure an optimal
range for colony isolation. These plates were incubated at 28°C for 24
hours. Pure bacterial colonies were obtained through three successive
subcultures based on color and morphology.

2.3. Examining Symbiotic Relationship by Perpendicular
Cross-Streaking Method

A modified perpendicular cross-streaking technique explored the
symbiotic interactions among the bacterial species [21].

The naming of the bacterial colony was done in the following manner:

1. P denotes colonies obtained in Pectin media, while C denotes
colonies obtained in Cellulose media.

2. R denotes endophytic root bacteria and E denotes earthworm
gut bacteria.

3. The number following P/C denotes the subculture plate that
was taken.

4. The number succeeding the subculture number denotes the
number of the colony that was isolated separately on a plate
and was taken further for studying symbiosis.

Four bacterial isolates from the gut of E. eugeniae (C-E12, C-E15,
P-E12, P-E25) and four isolates from the roots of B. vuigaris (C-R11,
C-R16, P-R21, P-R26) were analyzed. These strains were selected
based on their distinct morphology and pigmentation. The images of
some sample isolates are shown in Figure 1a and b. Sixteen Nutrient
Agar plates were used to assess the interactions among these eight
bacterial strains. The cross-streaking method involved streaking
bacterial cultures perpendicularly to evaluate the presence of
mutualistic relationships between these isolates. The bacterial growth
at the intersecting nodes of the cross-streaks indicated a mutualistic
symbiotic relationship. All experiments were conducted in duplicate.
The study was confirmed in both cellulose and pectin-containing
media.

Figure 1. (a): Isolated B. vulgaris endophytic bacterial colonies. (b): Isolated
E. eugeniae gut bacterial colonies.
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2.3.1. Symbiotic relationship in cellulose media

To study the symbiotic relationship between B. vulgaris endophytic
and E. eugeniae gut bacteria, a modified perpendicular cross-streaking
technique was performed on cellulose agar plates with a composition
of 0.05% dihydrogen potassium phosphate (KH,PO,), 0.04%
magnesium sulfate (MgSO,), 0.2% carboxymethyl cellulose (CMC),
0.2% gelatin, and 2% agar. Growth on the intersecting nodes inferred
mutualism. Plates exhibiting positive symbiotic associations (Fig. 2)
were selected for further confirmation, identification, and subsequent
culturing for stock maintenance.

2.3.2. Symbiotic relationship in pectin media

Similarly, to study the symbiotic relationship between B. vulgaris
endophytic and E. eugeniae gut bacteria, a modified perpendicular
cross-streaking technique was performed on pectin agar plates
containing a composition of 0.5% peptone, 0.5% yeast extract,
1.5% pectin, and 2% agar. Growth on the intersecting nodes inferred
mutualism. Plates exhibiting positive symbiotic associations (Fig. 3)
were selected for further confirmation, identification, and subsequent
culturing for stock maintenance.

2.3.3. Confirmation of cellulolytic and pectin degradation assays

Numerous studies have highlighted the complex symbiotic interactions
within ecosystems, notably the cooperation between earthworm gut
bacteria and endophytic root bacteria, with a focus on enzymatic
activities such as cellulase, pectinase, and amylase [22-24].

The assays were conducted on cellulose media containing Congo
Red as an indicator dye [25]. The media composition included 0.05%
dihydrogen potassium phosphate (KH,PO,), 0.04% magnesium
sulfate, 0.2% CMC, 0.2% gelatin, and 2% agar and 0.02% Congo red
[26]. The isolated colonies exhibiting symbiotic relationships were
inoculated in the agar and incubated at 37°C for 24 hours. Congo
Red binds to cellulose, and its degradation results in the formation of
clear zones around cellulolytic bacterial colonies. These clear zones
indicate cellulase activity, allowing for the identification of cellulose-
degrading bacteria (Fig. 4). Colonies exhibiting such clear zones
were selected for further analysis to confirm their cellulolytic activity
through additional enzymatic assays [27]. Similarly, pectin degrading
potential was determined using pectin media [27], The pectin media
consisted of 0.5% peptone, 0.5% yeast extract, 1.5% pectin, and 2%
agar [28].

2.4. Dinitro Salicylic Acid (DNS) Method

Broth solutions containing 0.5% cellulose and pectin as substrates
were incubated with the respective bacterial isolates for 10 days. After
incubating for 10 days, 0.5 ml aliquots were sampled for analysis and
the degradation products (reducing sugars) were confirmed by the DNS
method. The DNS method was employed to quantify the enzymatic
activities of pectinase and cellulase [28]. Standard calibration curves
were generated using aliquots of glucose solutions ranging from 0.2 to
1 ml, prepared from a 100 mg/ml standard glucose solution. To each
aliquot, 1 ml of DNS solution was added, followed by incubation in a
boiling water bath for 15 minutes. The samples were then diluted with
4 ml of distilled water. Absorbance was measured at 540 nm using a
colorimeter. A blank was prepared with 1 ml of distilled water, 1 ml
of DNS solution, and 4 ml of distilled water. All experiments were
conducted in duplicate. The formation of an orange-red complex
indicated a positive result for enzymatic activity.

Figure 2. Symbiotic relationships observed between B. vulgaris endophytic
and E. eugeniae gut bacteria in cellulose media (CR11XCE12).

Figure 3. Symbiotic relationships observed B. vulgaris endophytic and E.
eugeniae gut bacteria in pectin media (PR21XPE12).

Figure 4. Congo red test for cellulolytic activity.

2.5. 16S rRNA Sequencing

To elucidate the microbial diversity of the isolated bacteria, 16S rRNA
sequencing was conducted [29,30]. The 16S rRNA gene, a universally
conserved marker in bacterial genomes, serves as a critical tool for
phylogenetic and taxonomic classification. Genomic DNA from the
bacterial isolates was extracted for sequencing. This method not only
provided an in-depth analysis of the bacterial community structure
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but also facilitated the identification of rare or novel species. The
insights gained from 16S rRNA sequencing enhanced our knowledge
of microbial ecology within the studied environments and the complex
interactions among bacterial communities.

3. RESULTS

3.1. Isolation of B. vulgaris Root Endophytic and E. eugeniae
Gut Bacterial Colonies

Endophytic bacterial colonies were isolated from the root tissues of
B. vulgaris and the gut of E. eugeniae using standard microbiological
techniques. The isolation process relied on identifying distinct
morphological features of the colonies, such as pigmentation, size,
shape, and texture. These features helped in the initial identification of
unique bacterial isolates. Subsequently, the colonies were sub-cultured
on nutrient agar plates to obtain pure cultures for further biochemical and
molecular analyses. The distinct morphology of the colonies indicates
successful isolation, paving the way for studying their enzymatic
activities and symbiotic interactions. Visual representations of the
colonies and their morphological traits can be found in Figure la and b.

3.2. Examining Symbiotic Relationship by Perpendicular
Cross-Streaking Method

3.2.1. Types of symbiotic relationships observed in cellulose media

Two types of interactions were observed between B. vulgaris
root endophytic bacteria and E. eugeniae gut bacteria mutualism
and competition, using the perpendicular cross-streaking method
on cellulose media. The observation of bacterial growth at the
intersecting nodes of the cross-streaks, as shown in Figure 2, indicated
a mutualistic symbiotic relationship. This mutualism was particularly
evident between the B. vulgaris endophyte (CR11) and the E. eugeniae
gut bacterium (CE12) in the cellulose media (CR11XCE12) and was
further sent for identification by 16S-RNA gene sequencing.

3.2.2. Types of symbiotic relationships observed in pectin media

Similarly, two types of interactions were also observed in pectin media
using the same cross-streaking method. As observed in Figure 3, the
growth of bacteria at the intersecting nodes of the streaks indicated
mutualism, signifying a mutual symbiotic relationship between the B.
vulgaris endophyte (PR21) and the E. eugeniae gut bacterium (PE12)
in the pectin media (PR21XPE12) was further sent for identification
by 16S-RNA gene sequencing.

3.3. Pectinase Activity Confirmation

Pectinase activity was confirmed using the DNS (3,5-Dinitrosalicylic
Acid) method following a 10-day incubation period [28]. The pure
bacterial cultures P-R21 and P-E12 each demonstrated significant
pectinase activity, with reducing sugar concentrations measured at 76
mg/ml. Notably, when these cultures were co-cultivated, the combined
reducing sugar concentration increased to 112 mg/ml, as presented
in Table 1. This marked increase highlights the synergistic effect of
the mutual symbiotic relationship between the two bacterial strains,
leading to a substantial enhancement in pectinase activity.

The cultures P-R21 and P-E12, which demonstrated a mutual
symbiotic relationship by cross streaking technique, were further
identified through 16S rRNA gene sequencing, confirming their
taxonomic classification.

Table 1. Pectinase activity.

Sample Conc. (in mg) of reducing sugar in 1 ml of media
P-Control 0
P-E12 76 +1.0
P-R21 76 £ 1.0
P-R21xE12 112£1.0

Table 2. Cellulolytic activity.

Sample Conc. (in mg) of reducing sugar in 1 ml of media
C-Control 0
C-E12 6+0.5
C-R11 4+0.5
C-R11xE12 10+ 0.5

3.4. Cellulase Activity Confirmation

Cellulase activity was assessed using the Congo Red CMC agar assay, a
widely accepted method for detecting cellulolytic activity in microbial
isolates [26]. The presence of clear zones around the bacterial colonies,
as illustrated in Figure 4, indicated cellulase production. These colonies
were subsequently subjected to quantitative analysis using the DNS
(3,5-Dinitrosalicylic Acid) method to measure the concentration of
reducing sugars released during cellulose degradation.

In the quantitative assay, pure cultures C-R11 and C-E12 individually
produced 6 and 4 mg/ml of reducing sugars, respectively. Upon co-
cultivation of these cultures, a synergistic effect was observed, resulting
in an enhanced yield of 10 mg/ml of reducing sugars, as displayed in
Table 2. This indicates a mutualistic symbiotic relationship between
the two bacterial strains, which effectively enhances their cellulase
activity.

Further confirmation of cellulolytic potential was obtained through
the positive Congo Red inhibition observed in the CMC agar assay
for both individual and co-cultivated cultures C-R11 and C-E12.
Following a 10-day incubation period, the DNS method was applied
to CMC broths of the respective cultures to quantitatively confirm
cellulose degradation. All experiments were performed in duplicate to
ensure the reliability of the results [26].

The synergistic enhancement of cellulase activity observed in the
symbiotic relationship between C-R11 and C-E12 was further
investigated and validated through 16S rRNA sequencing, leading to
the precise identification of the bacterial species involved.

3.5. Identification of Bacterial Isolates via 16S rRNA
Sequencing

The bacterial isolates were identified by using the technique of 16S
rRNA gene sequencing, a reliable molecular technique widely employed
for bacterial classification and phylogenetic analysis. This sequencing
was conducted by Credora Life Sciences, Bangalore, and facilitated the
precise identification of four distinct bacterial species (Table 3).

Among the isolates, those exhibiting significant pectinase activity (P-
E12) were identified as Lysinibacillus fusiformis, isolated from the gut
of the earthworm E. eugeniae, and Bacillus cereus strain Kadis11073c,
which was extracted from the root of the plant B. vulgaris (commonly
known as beetroot) (P-R21).

The isolates demonstrating cellulase activity (C-E12) were identified
as B. cereus strain MB25, also sourced from the gut of E. eugeniae,
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Table 3. Identification of bacteria based on 16S rRNA sequencing.

Sample Identification (BLAST) Accession Pe.erc.ent'flge
name codes similarity
PE12 Lysinibacillus fusiformis KX783563.1 92%

strain LF 02
CE12 Bacillus cereus strain MB25 ~ OP001403.1 97%
CRI11 Bacillus paramycoides strain ~ OM346735.1 100%
WGNM-2
PR21 Bacillus cereus strain MT027097.1 97%
Kadis11073c¢

KX783547.1
KP872951.1
EU430993.1
JF756592.1

—_—]

MN691556.1
00291570.1
OP279741.1
MW3577365.1

0

LC487546.1
LC501392.1
OM422611.1

—1

MN691547.1
KF494193.1

KY249125.1
F1449630.1

Figure 5. (a): Phylogenetic tree analysis for pectin degrading E. eugeniae
gut bacteria (PE12). (b): Phylogenetic tree analysis for cellulose degrading
E. eugeniae gut bacteria (CE12). (c): Phylogenetic tree analysis for cellulose
degrading B. vulgaris root endophytic bacteria (CR11). (d): Phylogenetic tree
analysis for pectin degrading B. vulgaris root endophytic bacteria (PR21).

and Bacillus paramycoides, obtained from the root of B. vulgaris (C-
R11).

To gain further insights into the evolutionary relationships and
genetic relatedness of these bacterial species, a phylogenetic tree was
constructed using the Clustal Omega tool, a robust bioinformatics
tool for multiple sequence alignment and phylogenetic inference.
The analysis, corresponding to job ID ClustalO-120230625-172248-

0690-70135694-p1m, provided a comprehensive visualization of the
phylogenetic relationships among the four bacterial species, thereby
enhancing our understanding of their evolutionary history and
potential functional similarities as shown in Figure 5 (Table 3).

This molecular identification and phylogenetic analysis underscore
the ecological diversity and functional capabilities of the gut bacteria
of E. eugeniae and the root environment of B. vulgaris, highlighting
their potential roles in pectin and cellulose degradation within their
respective niches.

4. DISCUSSION

The present study provides insights into the symbiotic relationships
between the root endophytes of B. vulgaris and the gut bacteria of E.
eugeniae, with a focus on their roles in organic matter degradation.
Through the application of cross-streaking techniques on cellulose and
pectin media, we identified mutualistic interactions that enhanced both
cellulase and pectinase activity. These findings align with existing
studies that highlight the role of earthworms and their associated
microbiota in promoting organic matter breakdown and nutrient
cycling [1,4,6,22].

The synergistic effect observed in the co-cultivation experiments
suggests that the interaction between these bacterial isolates results
in enhanced enzymatic activities. Specifically, co-cultivation led to
a significant increase in the production of reducing sugars in both
pectinase and cellulase assays, corroborating previous findings on
microbial cooperation in the degradation of complex polysaccharides
[5,27]. This observation strengthens the hypothesis that the interaction
between endophytes and gut bacteria is critical for optimizing the
breakdown of cellulose and pectin, which are vital components of
plant cell walls.

Our results also underscore the ecological significance of these
microbial interactions within the root environment of B. vulgaris
and the gut ecosystem of E. eugeniae. Endophytic bacteria have
been shown to enhance plant growth and resilience by facilitating
nutrient acquisition and protecting against pathogens [9,31]. Similarly,
earthworm gut bacteria are known to contribute to organic matter
mineralization, thereby improving soil health and plant growth [2,20].
The mutualistic relationships observed in this study likely contribute
to these ecological benefits, particularly in systems where earthworms
and plants co-occur.

The identification of the bacterial species involved, including L.
fusiformis and B. cereus strains in the pectinase assay, and B. cereus
MB25 and B. paramycoides in the cellulase assay, further supports
the functional diversity of these microbial communities. These species
have been previously reported to play roles in cellulose and pectin
degradation, as well as in promoting plant health [13,20,24,32].

Our study adds to the growing body of evidence that microbial
symbiosis in the rhizosphere and gut systems can enhance nutrient
cycling, organic matter degradation, and overall soil fertility
[6,20,23]. The enhanced enzymatic activities observed in co-
cultivation suggest that these interactions could be harnessed for
sustainable agricultural practices, including the development of
biofertilizers that leverage the natural capabilities of these microbial
communities [5,31].

Future research should aim to elucidate the underlying molecular
mechanisms governing these symbiotic interactions, as well as their
broader implications for ecosystem functioning and agricultural
sustainability. The application of advanced omics technologies could
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provide deeper insights into the metabolic pathways involved and
further clarify the roles of these bacteria in the degradation of plant-
derived polysaccharides [32].

5. CONCLUSION

In conclusion, the mutualistic relationships between B. vulgaris
root endophytes and E. eugeniae gut bacteria significantly enhance
cellulase and pectinase activities, emphasizing their potential roles in
organic matter decomposition. These findings highlight the importance
of microbial symbiosis in ecological processes and sustainable
agriculture. The bacterial isolates identified in this study could be
further explored for their application in biofertilizer formulations
aimed at improving soil health and crop productivity. Future studies
should continue to investigate the potential of these microbial
interactions in promoting sustainable farming practices.
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