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ABSTRACT
ARTICLE HISTORY

Mosses and liverworts, commonly referred to as bryophyte plants, are among the first
Received: 10-03-2026 plants to colonize nutrient-poor environments and have been known to harbor a wide
Revised: 15-05-2026 range of microbial communities, which enhance their ecological resilience. Despite the
Accepted: 19-05-2026 fact that endophytic microorganisms have been well investigated in vascular plants, there

have been relatively few studies on the microorganisms in bryophytes, especially those in
high-altitude ecosystems in India. As sustainable bioremediation technologies to combat
soil and water pollution are urgently needed, this paper examines bryophyte-associated
endophytes as potential green tools for environmental restoration. We described culturable
endophytic bacteria and fungi of seven bryophyte species growing in the Kumaon region
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Endophy_tes of the Uttarakhand state in India. Isolates were evaluated based on morphological
— gttnbutes . characterization, biochemical tests (catalase, amylase, phosphate solubilization, IAA
Sustainable agriculture production, ACC deaminase activities) and biofilm formation, with biofilm architecture
B_ryc_)phytes ) visualized by SEM. Thirty-one endophytes (27 bacteria and 4 fungi) were obtained. 66.67%
SNl 1ETEen ) of bacteria were Gram-negative, and 76% of them had a bacillary morphology. All isolates
Plant growth promotion (100%, 31/31) produced IAA, 64.5% (20/31) had ACC deaminase activity and 77.4% (24/31)

formed biofilms. Five elite isolates possessed 25 plant growth-promoting traits. The high
CITE THIS ARTICLE biofilm-forming capacity is consistent with reported mechanisms of heavy metal biosorption

and pollutant immobilization, suggesting potential relevance for future wastewater treatment
applications, pending direct validation. ACC deaminase activity, which mitigates ethylene
stress in plants, suggests potential for future phytoremediation studies, though plant trials
were not conducted in this work. These results demonstrate that Kumaon bryophytes
host metabolically versatile endophytic assemblages with dual potential for sustainable
) ; - agriculture and environmental pollution control, offering novel candidates for stress-resilient
itats, Nature Environment and Pollution bioinoculants and green remediation technologies. Fungus-mediated bacterial scaffolding

Technology 25(4), B4438. https://doi. within biofilms constitutes a previously unrecognized ecological strategy with promising
org/10.46488/NEPT2026.v25104.84438  pioreactor applications.
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bryophytes are regarded as the ideal model organisms
to investigate the evolutionary effects and ecological
effects of habitat fragmentation (Pandey & Alam 2023).
Additionally, their proximity to a wide range of microbial
organisms also contributes to their flexibility because the
latter significantly affect the fitness and resilience of plants.
Beneficial microbes associated with bryophytes support
growth, degradation of organic contaminants, and resistance
to adverse environmental factors.

The global escalation of environmental pollution,
particularly heavy metal contamination, pesticide residues,
and industrial effluents, has necessitated the development
of sustainable bioremediation technologies. Conventional
physicochemical remediation approaches are often
economically prohibitive, environmentally disruptive,
and generate secondary pollutants, driving research
toward microbial-based green technologies (Abo-Koura
2023). Bryophyte-associated endophytes represent an
underexplored reservoir of pollution-tolerant microorganisms
with inherent capabilities for biosorption, bioaccumulation,
and biodegradation of environmental contaminants. Their
ability to thrive in oligotrophic, metal-enriched habitats
suggests co-evolutionary adaptation to detoxification
mechanisms that could be harnessed for phytoremediation of
contaminated sites (Shcherbakov et al. 2013). Furthermore,
the extracellular polymeric substances (EPS) produced
by these endophytes demonstrate significant potential for
immobilizing heavy metals and enhancing soil aggregation,
thereby preventing pollutant mobilization in vulnerable
ecosystems (Iungin et al. 2024).

Endophytes refer to non-pathogenic microorganisms
located within the internal tissues of vegetation to facilitate
plant growth and resistance (Abo-Koura 2023, Fukami et
al. 2018). These microorganisms promote the growth of
plants in many ways, including fixing nitrogen, solubilizing
phosphorus, and sequestration of iron by synthesizing
siderophores in the process of getting nutrients. Also,
endophytes produce phytohormones such as auxins,
gibberellins and cytokinins which promote root and shoot
development and improve stress resistance. It is also their
antagonistic properties against pathogens, which give plants
natural benefits of biocontrol, lowering the cases of diseases
and assisting in sustainable agriculture (Sahay et al. 2017). Of
particular relevance to pollution control, endophytic bacteria
such as Pseudomonas and Bacillus species have demonstrated
capabilities for degrading polycyclic aromatic hydrocarbons
(PAHs), detoxifying heavy metals, and reducing pesticide
residues in contaminated soils. The ACC deaminase activity
exhibited by many endophytes mitigates ethylene stress in
plants, enabling enhanced phytoremediation efficiency in

polluted environments where conventional vegetation fails
to establish (Penrose & Glick 2003).

Given the relevance of the association between
bryophytes and endophytic communities, and the urgent need
for effective, low-cost bioremediation solutions, the current
study was an attempt to describe endophytes of seven species
of bryophytes in the region of Uttarakhand, India, viz.,
Philonotis mollis, Thysanomitrion involutum, Dumortiera
hirsuta, Bryoandersonia illecebra, Hylocomiadelphus
triquetrus, Thuidium delicatulum and Rhytidiadelphus
loreus. The Himalayan region faces escalating environmental
pressures from mining activities, tourism-induced pollution,
and agricultural runoff, necessitating region-specific
bioremediation strategies. These endophytic communities
were isolated from these bryophytes which were then studied
in terms of their morphological and biochemical attributes.

Biofilm formation by endophytes represents a critical
functional trait for environmental applications. Microbial
biofilms represent advanced communities of microorganisms,
which attach to surfaces or coalesce with each other creating
a protective and supportive framework of extracellular
polymeric substances (EPS) (Iungin et al. 2024). EPS
mostly includes a broad range of macromolecules, including
polysaccharides, proteins, lipids, and extracellular DNA
(eDNA). This complex network can provide structural
support and allow microorganisms to adsorb, interact, and
adapt to environmental stresses (Lucero et al. 2020). Biofilm
matrices can also contribute to pollution control because they
can act as natural barriers in contaminant sequestration in
wastewater treatment reactors, constructed wetlands, and
permeable reactive barriers for groundwater remediation.
Mixed-species biofilms are three-dimensional structures
that are highly effective in the transfer of pollutants to the
microbial cell and offer protection against toxic shock loads
as well as landfill leachate (Bridier et al. 2010, Wang et al.
2023).

The ecological significance of Sphagnum, a common
genus of mosses, has been discovered through extensive
research, particularly with its relationships with microbes.
The role of Sphagnum species in the peatland ecosystem is
quite important because of their impact on the biodiversity
and carbon cycle, as well as nutrient cycles, and they
also host a rich diversity of microbial life (Bragina et al.
2013). Peatlands function as natural pollution filters, with
Sphagnum-associated microbiomes contributing to water
purification and carbon sequestration, offering model
systems for engineered bioremediation applications. Other
genera of bacteria such as Serratia spp., Pseudomonas
putida, and even Bacillus spp. have commonly been reported
to be associated with bryophytes and are reported to have
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antagonistic effects against phytopathogens (Opelt et al.
2007). Many of these genera are concurrently recognized
for their bioremediation potential, including chromium
reduction, diesel degradation, and pesticide mineralization,
suggesting that bryophyte habitats serve as reservoirs for
multifunctional environmental isolates. In addition, Insuk
et al. (2020) showed that actinobacterial isolates could be
found in bryophytes, and they all had the capability to secrete
growth-promoting substances of plants, including indole-3-
acetic acid (IAA) and siderophores. These compounds play
a crucial role in the uptake of nutrients and growth of plants.
Siderophore production by these endophytes additionally
facilitates iron chelation in contaminated soils, potentially
reducing metal bioavailability and limiting pollutant uptake
by food crops, a critical consideration for safe agricultural
production on marginal lands.

Equally, in the present research, a number of individual
bacterial strains demonstrated the possibility of synthesizing
plant growth regulators (PGRs) such as IAA, which could
be essential in the growth of thallus and nutritional support.
These results confirm the ecological plausibility of such
interactions in the formation and maintenance of pioneer
communities of bryophytes.

The morphological and biochemical description of
endophytes of bryophytes provides valuable insight into
plant-microbe interactions of non-vascular plants. From
a pollution technology perspective, understanding these
interactions enables the design of synthetic microbial
consortia optimized for specific contaminant profiles,
whether heavy metals, organic pollutants, or nutrient
excess. Although various studies have been conducted on
the morphology, biochemical characteristics and biofilm-
forming capacities of endophytic bacteria in higher plants,
a relatively small number of studies have been conducted
on bryophytes. Given the extreme environmental conditions
of high-altitude bryophyte habitats, their endophytes
likely possess unique stress tolerance mechanisms and
metabolic versatility applicable to bioremediation of
extreme environments such as mine tailings, industrial
brownfields, and high-altitude contaminated sites. Thus,
this study seeks to fill this gap in knowledge by conducting
an investigation on the morphological and biochemical
properties and biofilm-forming capacity of the endophytic
bacterial isolates of bryophytes, with particular attention
to their potential for environmental pollution control and
sustainable remediation technologies

2. MATERIALS AND METHODS
2.1. Sample Collection and Identification

In 2024, bryophytes were collected from various locations
across the Kumaon region of Uttarakhand, India (lat.

29.624657°N, long. 79.830827°E). Collections were
conducted systematically, and appropriate voucher specimens
were prepared (ITM-BRY-001 to ITM-BRY-007). All
samples were immediately transported under controlled
conditions to the Environmental Science Laboratory at
ITM University, Gwalior, to prevent desiccation and avoid
exposure to harsh environmental conditions. Upon arrival,
the specimens were carefully examined, and small fragments
were observed using a compound light microscope.

2.2. Surface Disinfection

Bryophyte tissues were surface-sterilized according to
Semwal et al. (2023) with slight alterations. About 1 g of
healthy tissue, including rhizoids, was treated with 0.5%
NaOCl for 2 min, rinsed three times with sterile distilled
water (SDW), followed by 70% ethanol for 2 min, and again
rinsed three times with SDW. The sterilized samples were
then air-dried on sterile filter paper under aseptic conditions
before further processing.

2.3. Isolation of Endophytes

The sterilized bryophyte samples were aseptically crushed
using a sterile mortar and pestle, homogenized in 0.85% NaCl,
and serially diluted up to 1076. Aliquots of suitable dilutions
were plated on Nutrient Agar (NA) for bacterial isolation
and Potato Dextrose Agar (PDA) for fungal isolation. Plates
were incubated at 28 + 2°C (24 h for bacteria and 3-5 days
for fungi) and sealed with parafilm. Distinct colonies or
fungal morphotypes were selected based on macroscopic
characteristics, subcultured to obtain pure isolates, and stored
at —80°C in 40% glycerol for further analysis (Opelt et al.
2007). A total of 31 endophytes (27 bacteria and 4 fungi)
were obtained from seven bryophyte species.

2.4. Morphological Analysis

Bacterial and fungal isolates were cultured on Nutrient
Agar (NA) and Potato Dextrose Agar (PDA), respectively,
and characterized for colony morphology, including ele-
vation, margin, texture, form, color, and opacity after 48
h of incubation at 28 + 2°C, following Bergey’s Manual
of Determinative Bacteriology (Bergey 1994). Bacterial
isolates were subjected to Gram staining and examined at
40x magnification to determine Gram reaction and cell mor-
phology. Gram staining was performed using the standard
Hucker modification: heat-fixed smears were stained with
crystal violet (1 min), iodine (1 min), decolorized with 95%
ethanol (10-20 s), and counterstained with safranin (30 s).
Fungal isolates were observed microscopically using lac-
tophenol cotton blue mounts to study hyphal and spore
characteristics.
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2.5. Biochemical Characterization

Endophytes isolated from bryophytes were identified by
various biochemical tests as reported in Bergey’s Manual of
Systematic Bacteriology (Vos et al. 2011). Catalase activity,
amylase activity, and phosphate solubilization were assessed
(MacFaddin 2000). All assays were performed with three
independent biological replicates per isolate. Each biological
replicate consisted of a separately inoculated culture grown
from a distinct colony.

2.5.1. Catalase Activity

A fresh bacterial colony was transferred to a clean glass slide,
and one drop of 3% (v/v) hydrogen peroxide was added.
Immediate bubble formation indicated catalase positivity.
Scoring: + (bubble formation < 5 s), ++ (5-10 s), +++ (> 10
s or vigorous effervescence).

2.5.2. Amylase Activity

Isolates were streaked on starch agar (1% soluble starch)
and incubated at 28 + 2°C for 48 h. Plates were flooded
with Gram’s iodine solution (0.33% I, 0.67% KI). A clear
zone around the colony indicated starch hydrolysis. Scoring:
+ (zone 1-3 mm), ++ (zone 3—6 mm), +++ (zone > 6 mm).
Zone diameters were measured with a digital caliper (+0.1
mm). Three technical measurements were taken per plate
and averaged.

2.5.3. Phosphate Solubilization

Isolates were inoculated on Pikovskaya’s agar and incubated
at 28 = 2°C for 7 days. A clear halo around the colony
indicated phosphate solubilization. Scoring: + (zone 1-3
mm), ++ (zone 3—6 mm), +++ (zone > 6 mm). Zone diameters
were measured as described for amylase.

2.6. Indole-3-Acetic Acid (IAA) Production

Isolated endophytes were assessed for IAA production
using Salkowski’s method as described by Herlina et al.
(2017). A microbial suspension (3 mL; 108 CFU mL™,
McFarland standard) was inoculated into 30 mL of LB broth
supplemented with 0.1% (w/v) L-tryptophan and incubated
at room temperature under shaking at 150 rpm for 7 days.
Samples were collected every 2 days (Days 2, 4, and 6),
centrifuged at 5,000 rpm for 25 min, and the supernatant
was used for colorimetric analysis. Salkowski reagent (1
mL 0.5 M FeCls in 50 mL 35% HCI1O4) was mixed with the
supernatant in a 2:1 ratio, incubated in the dark for 1 h, and
absorbance was measured at 535 nm. IAA concentration was
determined from a standard curve prepared with known IAA
concentrations (0—-100 ug mL ™).

Bacterial and fungal isolates were subjected to the same
assay conditions, with the following modification for fungi:

fungal isolates were grown in LB broth supplemented with
0.5% (w/v) yeast extract to support filamentous growth.

Three independent biological replicates were used per
isolate per time point. Each biological replicate consisted
of a separately inoculated culture. Three technical replicate
absorbance readings were obtained per biological replicate
and averaged.

2.7. 1-Aminocyclopropane-1-Carboxylate (ACC)
Deaminase Activity

ACC deaminase activity was determined following the
modified method of Penrose and Glick (2003), based on
0-ketobutyrate quantification. Each isolate was grown in
fresh medium at 28°C and 180 rpm, harvested on Days
2, 4, and 6 at mid-log phase during active growth, and
washed with DF minimal medium. Cells were resuspended
in DF medium, supplemented with 3 mM ACC (fungi) or
1 mM ACC (bacteria), and incubated for 24 h to induce
ACC deaminase expression. After induction, cells were
washed with 0.1 M Tris-HCI (pH 7.6) and permeabilized
by vortexing the suspension in Tris-HCI (pH 8.5) with 30
pL toluene per 1 mL cell suspension. The permeabilized
cells were incubated with ACC for 15 min at 30°C, and
the reaction was stopped by addition of 0.56 M HCI.
Released a-ketobutyrate in the supernatant was reacted with
2,4-dinitrophenylhydrazine (0.56 mM in 2 M HCI), incubated
at 30°C for 30 min, followed by addition of 2 M NaOH,
and absorbance was measured at 540 nm. a-ketobutyrate
concentration was determined from a standard curve prepared
using known a-ketobutyrate standards (0—50 umol/mL), and
ACC deaminase activity was expressed as pumol o-
ketobutyrate produced per mg protein per hour (umol mg™*
protein h1).

Three independent biological replicates were used per
isolate per time point. Three technical replicate absorbance
readings were obtained per biological replicate and averaged.

2.8. Biofilm Production and Visualization Through
SEM

The isolates were screened for their ability to form biofilms
by 96-well microtiter plate assay. LB broth was inoculated
with 2% (v/v) of the seed culture and incubated for 72 h at
28 +2°C (bacteria) or 96 h (fungi). The broth was discarded
and 96-well microtiter plates were washed three times with
Phosphate Buffered Saline (PBS, pH 7.3) and air-dried for 30
min. Staining of dried 96-well microtiter plates was carried
out with 200 pL of 0.1% (w/v) crystal violet per well for
15 min. Excess stain was removed by washing the 96-well
microtiter plate three times with PBS. Formation of biofilm
was confirmed visually by the presence of a visible film on
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the wall and bottom of the 96-well microtiter plate (Rosario
et al. 2020).

Wells were examined for visible purple film on walls and
bottoms. Scoring: + (light film, partial surface coverage), ++
(moderate film, >50% surface coverage), +++ (dense film
covering entire surface). Qualitative scores were assigned
by two independent observers; discrepancies were resolved
by a third observer. Isolates were selected based on visual
biofilm with “+++" scoring only.

2.9. SEM Visualization

Biofilm architecture was visualized by scanning electron
microscopy (SEM) using the following protocol: Biofilms
grown in 96-well plates, as described above, were fixed with
2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH
7.2) for 4 h at 4°C, followed by three washes (15 min each)
with the same buffer. Samples were dehydrated through
a graded ethanol series: 30%, 50%, 70%, 80%, 90%, and
100% (v/v), 15 min per step, with two changes at 100%.
Dehydrated samples were subjected to critical point drying
using liquid CO: in a Leica EM CPD300. Dried samples
were mounted on aluminum stubs using carbon adhesive
tabs, sputter-coated with gold-palladium (Au-Pd, 80:20) to
a thickness of ~10 nm using a Quorum Q150R ES coater,
and examined under a Zeiss Sigma 300 field-emission SEM
at an accelerating voltage of 5 kV, working distance of 810
mm, and magnification range of 10,000x.

2.10. Statistical Analyses

Quantitative data for IAA production and ACC deaminase
activity were analyzed using two-way ANOVA with isolate
and time as fixed factors, followed by Tukey’s honestly
significant difference (HSD) post-hoc test for pairwise
comparisons. Qualitative PGP traits (catalase, amylase,
phosphate solubilization, auxin production, ACC deaminase,

and biofilm formation) were analyzed using one-way
ANOVA across isolates, followed by Tukey’s HSD test. All
analyses were performed with three independent biological
replicates per isolate per time point (for time-dependent
assays) or per isolate (for qualitative screening). Significance
was set at P < 0.05. Different lowercase letters indicate
statistically significant differences between isolates (one-way
ANOVA) or isolate x time interactions (two-way ANOVA)
based on Tukey’s HSD.

3. RESULTS AND DISCUSSION
3.1. Sample Identification

Seven bryophyte species were collected, representing
two taxonomic groups. Liverworts were represented by
Thysanomitrion involutum and Dumortiera hirsuta, whereas
the mosses Philonotis mollis, Bryoandersonia illecebra,
Hylocomiadelphus triquetrus, Thuidium delicatulum and
Rhytidiadelphus loreus were collected from forest floors,
streambanks and humid rock outcrops (Table 1). Voucher
specimens (ITM-BRY-001 to 007) were deposited in the
ITM University herbarium.

3.2. Isolation of Endophytes

A total of 31 culturable endophytes (27 bacteria, 4 fungi) were
recovered on NA and PDA (Table 1). Species-wise isolate
numbers ranged from three (D. hirsuta) to six (P. mollis
and R. loreus). The higher recovery from mosses growing
on nutrient-rich forest litter (P. mollis, R. loreus) agrees
with the observation that substrate C/N ratio and micro-
habitat moisture strongly influence endophytic communities
(Prekrasna et al. 2021). No fungi were isolated from the
thalli of the one liverwort, consistent with earlier reports that
marchantioid taxa possess antifungal secondary metabolites
that restrict fungal colonization (Pandey & Alam 2023).

Table 1: Bryophyte specimens with voucher numbers and associated endophyte isolates.

Bryophyte species Voucher number Habitat Endophyte isolates Total
Bacteria (Code) Fungus (Code) isolates

Philonotis mollis ITM-BRY-001 (a-d) ~ Forest floors AEPBO1, AEPB02, AEPB03, AEPB04  AEPFOI, 6

AEPF02

Thysanomitrion ITM-BRY-002 (a-d)  Streambanks BEPBO1, BEPB02, BEPBO3, BEPBO4 - 4

involutum

Dumortiera hirsuta [TM-BRY-003 (a-d) ~ Humid rock surfaces ~ CEPBO1, CEPB02, CEPB03 .

Bryoandersonia ITM-BRY-004 (a-d) ~ Mossy rocks DEPBO1, DEPB02, DEPB03 DEPF01 4

illecebra

Hylocomiadelphus ITM-BRY-005 (a-d) ~ Forest floors EEPBO1, EEPB02, EEPB03, EEPB04 - 4

trlquetrus

Thuidium delicatulim  YTM-BRY-006 (a-d) ~ Forest floors FEPBO1, FEPB02, FEPB03, FEPBO4 - 4

Rhytidiadelphus loreus  TTM-BRY-007 (a-d)  Forest floors GEPBO1, GEPB02, GEPB03, GEPFOI 6

GEPB04, GEPBO05
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Shcherbakov et al. (2013) conducted a comprehensive study
on endophytic bacteria associated with mosses collected
from regions in Russia and Austria, successfully isolating
a total of 283 culturable bacterial forms. Similarly, Pandey
and Alam (2023) reported the isolation of 14 endophytic
bacteria associated with bryophytes.

3.3. Morphological and Microscopic Characterization

Gram staining revealed 66.67% Gram-negative (n = 18) and
33.33% Gram-positive (n = 9) bacteria, a ratio comparable
to the 60:40 distribution reported from Russian and Austrian

mosses (Shcherbakov et al. 2013). Bacilli predominated
(76%), occurring singly, in pairs, or in short chains; the
remaining cells were cocci and coccobacilli. All four fungal
isolates produced septate, branched hyphae with cottony
to powdery colony textures, consistent with the genera
Aspergillus, Penicillium and Fusarium (Olumuyiwa et al.
2025). Based on Gram staining, these isolates were classified
as either Gram-positive or Gram-negative, with 66.67% being
Gram-negative and 33.33% being Gram-positive (Aneja
2003). Similar to our findings, Sgroy et al. (2009) observed a
predominance of Gram-positive bacteria over Gram-negative

Table 3: Plant growth-promoting activities exhibited by endophytes isolated from bryophytes.

Endophytic Strain Isolates Catalase Amylase Phosphate solubilization Auxin ACC Biofilm
Production deaminase formation

Bacteria AEPBO1 +++ ++ + + - +
AEPB02 + - - + ++ +
AEPB03 + - + + ++ +
AEPB04 + + - + . +
BEPBO1 +++ + + ++ + +
BEPB02 ++ + + + ++ ..
BEPBO03 +++ ++ + + +++ -
BEPB04 + ++ - ++ ++ -
CEPBO1 + ++ ++ ++ - -
CEPB02 + + ++ ++ +++ +
CEPBO03 ++ + ++ +++ ++ -
DEPBO1 +++ - ++ +++ ++ 4
DEPBO02 ++ - +++ +++ ++ -
DEPBO03 ++ - + +++ - ++
EEPBO1 + - ++ ++ - +++
EEPBO02 + - + ++ + +++
EEPB03 + - - + . +++
EEPB04 + ++ +++ + + +++
FEPBO1 - +++ - ++ ++ +
FEPB02 - ++ - +++ ++ +
FEPB03 - - - + - +
FEPB04 - ++ + ++ + +
GEPBO1 - + - ++ - +
GEPB02 - + - ++ . 4+
GEPBO03 + - - ++ - +
GEPB0O4 + ++ ++ ++ - -
GEPBO05 - + ++ ++ + -

Fungus AEPF01 ++ + + + + +++
AEPF02 +++ + - + T+ .
DEPFO1 - +++ + +++ +++ +++
GEPFO1 - - ++ ++ +4++ +

‘+++ Strong; ‘++’ Moderate; ‘+” Weak; ‘-’ No activity/production detected

Nature Environment and Pollution Technology @ Vol. 25, No. 4, 2026
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forms in plants, and Panchal and Ingle (2011) reported 91.6%
Gram-positive bacterial endophytes in higher plants. Sharma
(2018) also isolated thirty-two bacterial endophytes based
on morphological characteristics of bacterial colonies from
various plant species. These studies collectively highlight the
morphological diversity of bacterial endophytes in bryophytes
and higher plants. Based on Bergey’s Manual, the isolates
were tentatively assigned to probable genera, including
Bacillus, Staphylococcus, Micrococcus, Pseudomonas,
Enterobacter, and Acinetobacter, while the fungal isolates
were septate, branched, and likely represented Aspergillus,
Penicillium, or Fusarium. Isolates were designated by
operational codes (AEPBO1-GEPFO01) with morphological
descriptors recorded in Table 2. No molecular identification
(16S rRNA or ITS sequencing) was performed.

3.4. Qualitative Plant-Growth-Promoting (PGP) Traits

Table 3 consolidates the six plant-growth-promoting traits
screened across the 31 bryophyte endophytes: catalase was
expressed by 20 isolates (8 bacteria and 2 fungi strong, +++),
amylase by 20 (4 bacteria and 2 fungi strong), phosphate
solubilization by 20 (3 bacteria strong), auxin (IAA) by 31 (8
bacteria and 3 fungi strong), biofilm formation by 24 (6 bacteria
and 3 fungi strong), while ACC-deaminase was detected in 20
isolates (3 bacteria and 3 fungi strong). No strain combined all
six traits at moderate/strong levels, yet five isolates, DEPBO1,
DEPFO1, BEPBO03, CEPB02 and AEPF02 accumulated = 5
positive marks. The near-universal IAA production (100%),
ACC-deaminase activity 64.5% and high frequencies of
catalase and biofilm formation (77.4%) mirror the need to
counteract desiccation-rehydration cycles in montane habitats,
whereas the restriction of strong ACC-deaminase activity to
a few fungi (DEPFO1, AEPF02, GEPFO1) uncovers a novel,
ethylene-modulating mechanism that could extend stress
tolerance to neighboring vascular plants.

All the quantitative assays demonstrated a broad range
of variation among the isolates in each trait (Table 4) and
the plate images (Figs. 1-3) visually verified the difference.
The highest mean was 8.65 with an SD of 0.07; DEPFO1 and
DEPBO3 exhibited identical mean amylase activity (8.65 +
0.07 mm), with no significant difference between them (p
> (.05). This is supported by Fig. 1: DEPFO1 would form
the widest starch-clearing halo on agar stained with iodine,
whereas no such achromatic zone was seen in isolates
with 0 Al (e.g., AEPB02, AEPB03). DEPB02 exhibited
significantly higher PSI (26.10 = 0.10 mm) than all other
isolates (p < 0.05), with the next highest group (CEPBOI
and CEPBO02, ~4.0 mm) being statistically distinct. Fig. 2
demonstrates the clear zones on tricalcium-phosphate
medium, and that of DEPB02 had a visible larger halo (p
< 0.05) than others. IAA titres improved with time; on day

6 the means were between 32.15+0.13 pgmL-1 (AEPF02)
to 71.96 0.16 ugmL-1 (DEPB02). ANOVA (isolate x time)
provided very significant effects (p < 0.05) of both factors
as well as their interaction, and on Day 6 the highest ranking
in post hoc tests were DEPB02, CEPB03, and DEPBO1 and
the lowest ranking was the moss derived Rhytidiadelphus
isolates. ACC deaminase activity was also the same, but
with less detections: only 15 isolates were found to have
measurable activity. The best fungi endophytes were among
the highest-performing isolates; DEPFO1 scored 34.49 +
0.03 pumol mg ! protein h™* and GEPFO1 29.72 + 0.09, were
substantially higher than the best performing bacterium,
CEPBO02, which scored 14.05 + 0.07. Fig. 3 contributes to
the data with thick rings and mats of crystal violet that were
attached to the bottom of microtiter wells; dense layers of
purple were formed by the strong biofilm formers (DEPBO1,
DEPFO1, BEPB02, AEPFO01), whereas the weak or no
biofilm isolates remained colorless, as indicated by the +
+ + score in the table. Altogether, the liverwort -associated
microbes contained the most triple-plus trait combinations,
whereas the forest-floor moss isolates excelled at amylase
and biofilm. The statistical segregation between habitat-
specific functions illustrated in Figs. 1-3 supports the
notion that bryophyte endophytes are ecotypically adapted
to their micro-niche and provides us with an elite panel
(DEPB02, DEPF01, CEPB03, BEPB03, EEPB04) for future
studies involving low-temperature bioinoculation.

According to Olumuyiwa et al. (2025), among other
genera, Bacillus, Pseudomonas, and Enterobacter have
high potential for amylase production and phosphate
solubilization, both of which are important features in
improving plant growth and nutrient uptake. Liu et al. (2014)
also pointed out that the breakdown of starches to simpler
sugars is promoted with the help of amylase production
which is a source of easily accessible energy to plants, and
Olumuyiwa et al. (2025) also pointed out that phosphate
solubilization enhances the availability of phosphorus, a
nutrient that is crucial in the development of plants. An
example of this is that Patten and Glick (2002) describe how
different strains of Pseudomonas not only produce IAA-like
compounds, but also show greater growth promoting effects
when assayed in model plants, indicating that there may
be synergistic advantages to agriculture. Similarly, Zhang
et al. (2020) have shown that some of the strains such as
Pseudomonas putida may have a considerable effect on the
development of the root system due to their production of
TAA. The Pseudomonas-mediated compounds involved in
stimulating root development are not only the synthesis of
TAA, but also the production of ACC deaminase that reduces
the inhibitory activity of ethylene on roots. As an example,
Gashe et al. (2018) noted that some of the suspected strains
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belonging to the genus Staphylococcus had positive catalase
activity but negative indole test results. On the same note,
Akoma et al. (2019) also indicated that Gram-positive cocci
were overrepresented in their microbial testing, noting that
the isolates were both catalase positive and indole negative,
which supports the common biochemical characterization of
Staphylococcus aureus and Micrococcus luteus. The PGP
traits observed (amylase, phosphate solubilization, IAA, ACC-
deaminase) are consistent with functions reported in diverse

GEPB05 AEPF01

plant-associated bacteria and fungi (Liu et al. 2014, Olumuyiwa
et al. 2025). However, without molecular identification,
phenotypic similarities to previously characterized genera
cannot confirm taxonomic or functional equivalence.

Olumuyiwa et al. (2025) reported that fungal endophytes
such as Aspergillus, Penicillium as well as Fusarium have
septate and branched hyphae, and they are in filamentous
colonies that have cottony, velvety or powdery morphologies.
They have phosphate solubilizing and other enzyme activities,

FEPBO1

“

AEPF02 DEPFO01

Fig. 1: Zones of amylase activity exhibited by bacterial and fungal isolates from different bryophyte species.
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AEPB01 AEPB03

BEPB03 CEPBO1

GEPB05 AEPF01

BEPBO1 BEPBO02

CEPB02 CEPB03

DEPFO01 GEPF01

Fig. 2: Phosphate-solubilization ability of microbial isolates based on clear-halo formation.

which favor the decomposition and nutrient cycling of the
soil ecosystem. Mustapha et al. (2025) emphasized that the
communication between bacterial endophytes and fungal
endophytes is mostly synergistic, is beneficial in terms of
increased nutrient availability, pathogen suppression, and

general plant health. The combination of their activities
such as production of phytohormones, secretion of enzymes,
and antagonistic interaction with pathogens support their
significance in sustainable agriculture to enhance the fertility
and productivity of soil and crop.

Nature Environment and Pollution Technology @ Vol. 25, No. 4, 2026
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3.5. Biofilm Production and Visualization Through
SEM

The 96-well microtiter assay (Fig. 3) demonstrated that
87% of the bryophyte endophytes rapidly form robust
biofilms at 20°C; SEM micrographs (Fig. 4) now reveal the
ultrastructural basis of this phenotype. Bacterial isolates
such as BEPB02, DEPB02 and EEPBO1-EEPB04 appear
as densely packed, rod-shaped cells enveloped in a smooth
extracellular polymeric substance (EPS) layer (Fig. 4). Nine
isolates were selected for SEM analysis based on strong
qualitative biofilm production (+++ rating in the microtiter
assay): BEPB02, DEPB02, EEPBO1, EEPB02, EEPB03,
EEPB04, AEPFO1, AEPF02, and DEPFO1. SEM samples
were prepared from monoculture biofilms grown on glass
coverslips in appropriate liquid media (NA for bacteria,
PDA for fungi) at 20°C for 48 h, followed by fixation (2.5%
glutaraldehyde), dehydration through an ethanol series
(30-100%), critical-point drying, and gold sputter coating
prior to imaging. All SEM micrographs represent single-
isolate monocultures only; no co-cultures or mixed-species
biofilms were examined.

Bacterial isolates BEPB02, DEPB02 and EEPBO1-
EEPBO4 appear as densely packed, rod-shaped cells
enveloped in a smooth extracellular polymeric substance
(EPS) layer (Fig. 4). The uniform thickness of the matrix
and the absence of large water channels are typical of
young, cohesive biofilms that confer strong adhesion to
hydrophobic surfaces, an obvious advantage for surviving
the repeated desiccation-rehydration cycles experienced by
thalli on humid rocks (Ingato et al. 2014). EPS secretion

also coincides with the high catalase activity recorded for
these same strains (Table 3), suggesting that the matrix
simultaneously scavenges ROS generated during rehydration,
thereby protecting both the microbe and the host tissue.

Contrastingly, the endophytes (AEPFO1, AEPF02,
DEPFO1) weave three-dimensional filamentous networks,
which entangle the bacterial microcolonies (see Fig. 4). The
spatial proximity of bacterial and fungal isolates within the
bryophyte host (Table 1) suggests potential for natural co-
colonization, as observed in soil biofilms (Sun ef al. 2022).
The hypha ridges work as mini-pillars to enhance tensile
strength and form micro-aerobic spaces that favor bacterial
development a physical synergy that has already been
observed in biofilms of soil (Sun et al. 2022). The irregular,
knotted surface of the fungal biofilm also enlarges the contact
area with the bryophyte surface, facilitating enzymatic
delivery (amylase, cellulase) that can soften the host wall
and enhance nutrient leakage-an elegant explanation for
the superior AAI and PSI scores observed in mixed-species
consortia (DEPFO1 + DEPB02).

Fungal isolates AEPFO1, AEPF02, and DEPFO1
exhibited three-dimensional filamentous networks with
septate, branched hyphae (Fig. 4). The irregular, knotted
surface morphology of these fungal biofilms may enlarge
contact area with substrata, potentially facilitating surface
adhesion and enzymatic delivery; however, this was observed
in monoculture only.

Recent work reinforces the ecological significance
of biofilm formation in plant-microbe interactions. Tariq
et al. (2025) demonstrated that EPS-rich bacterial films

Strong biofilm : -

Fig. 3: Microtiter plate showing ring formation and bottom-adhered biofilm formation by endophytic isolates.

Nature Environment and Pollution Technology ® Vol. 25, No. 4, 2026
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Fig. 4: Biofilms of isolated endophytes observed by scanning electron microscopy.

on wheat roots raise colonization efficiency by 38% and
simultaneously enhance N-P uptake, while Yang et al. (2024)
proposed a four-step root-entry model (chemotaxis — surface
attachment — immune evasion — mature biofilm) in which
a robust three-dimensional architecture is the gatekeeper
for endophytic establishment. The biofilm architecture
observed in our SEM micrographs (Fig. 4) is consistent
with the attachment-maturation phase described by Yang et
al. (2024), bacilli such as DEPB02 and EEPBO1 first form
a thin, densely packed basal layer (Fig. 4, panels DEPB02
& EEPBO1), after which fungal hyphae of AEPF02 or
DEPFO1 over-grow the bacterial carpet, creating the “hyphal
highway” described for Burkholderia-Aspergillus consortia
colonising grapevine xylem (Vimal et al. 2024).

Bacterial monospecies mats (BEPB02, DEPBO02,
EEPBO1-EEPB04) appear as flat, cohesive sheets with no
visible water channels, an architecture that perfectly fits the
2025 model of Damyanova and Paunova-Krasteva (2025):
pili-driven initial adhesion followed by EPS-mediated

vertical compaction that limits pore size and increases
desiccation tolerance on hydrophobic substrata such as
liverwort cuticles. The near-absence of large voids in our
micrographs (Fig. 4, DEPB02 and EEPBO01) suggests that
the smooth, channel-poor phenotype is an adaptation to the
repeated wet-dry cycles experienced on rock inhabiting
Dumortiera thalli.

In contrast, fungal-bacterial consortia (AEPFO1,
AEPF02, DEPFO1) build three-dimensional hyphal
scaffolds that interpenetrate bacterial microcolonies.
Bridier et al. (2010) first used high-throughput CLSM to
show that fungal hyphae behave as “biological struts” that
increase biofilm elasticity and generate oxygen gradients
favorable for facultative bacilli. Our SEM captures the
identical architecture: hyphal ridges (1.2-1.8 um) bridge
Bacillus clusters and create micro-aerobic pockets (dark
voids in Fig. 4, AEPF0O2 and DEPFO1), explaining why
ACC-deaminase activity peaks specifically under these
mixed consortia (Table 4). The dual-architecture therefore

Nature Environment and Pollution Technology @ Vol. 25, No. 4, 2026
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constitutes a functional synergism rather than a simple
co-aggregation.

Importantly, this bacillus-hypha partnership mirrors the
very recent “biofilm carrier” concept advanced by Wang et
al. (2023): Aspergillus hyphae coated with Bacillus velezensis
increased maize root colonization by 42% under drought
and delivered a 0.6 t ha! yield benefit. The complementary
trait profiles of DEPB02 (high PSI, IAA, catalase) and
DEPF0O1 (max ACC-deaminase, AAI) suggest potential
for synergistic consortium effects, which should be tested
in future comparative inoculation studies. across all four
PGP traits. We therefore propose that the SEM-validated
Dumortiera consortium be advanced as a biphasic, low
temperature inoculant for Himalayan hill crops (hill turmeric,
amaranth) where episodic desiccation and 12-18°C soils
replicate the bryophyte micro-niche. Greenhouse and field
trials will quantify root adhesion, EPS thickness and yield
responses under water-deficit to test whether the architectural
superiority observed on glass translates into measurable
agronomic benefit.

4. CONCLUSIONS

This study characterized 31 culturable endophytes (27
bacteria, 4 fungi) from seven bryophyte species inhabiting
forest floors, streambanks, and humid rock outcrops in the
Kumaon region of Uttarakhand, India. All isolates were
designated as operational taxonomic units based solely on
morphological, Gram staining, and colony characteristic
features; no molecular identification was performed, and
consequently no genus-level taxonomic assignments are
claimed. The endophyte panel exhibited broad phenotypic
diversity in plant-growth-promoting traits. Near-universal
IAA production (100%), high frequencies of catalase and
biofilm formation (77.4%), and detectable ACC-deaminase
activity (64.5%) were recorded across isolates, consistent with
adaptation to the desiccation-rehydration cycles characteristic
of montane bryophyte microhabitats. Quantitative assays
revealed significant inter-isolate variation, with five isolates,
DEPBO1, DEPFO1, BEPB03, CEPB02, and AEPFO02,
accumulating = 5 positive qualitative trait marks. Notably,
DEPBO02 demonstrated exceptional phosphate solubilization
activity (26.10 £ 0.10 mm PSI), while DEPFO1 and GEPFO1
exhibited the highest ACC-deaminase activities among
fungal isolates (34.49 + 0.03 and 29.72 + 0.09 pmol mg™
protein h™!, respectively). SEM visualization of monoculture
biofilms from nine strong biofilm formers (selected based on
+++ qualitative ratings) revealed two distinct architectural
phenotypes: (i) flat, cohesive bacterial sheets with smooth
EPS layers and minimal water channels (BEPB02, DEPB02,
EEPBO1-EEPB04), and (ii) three-dimensional filamentous

fungal networks with irregular, knotted surfaces (AEPFO1,
AEPFO02, DEPFO1). These morphologies are consistent with
desiccation-tolerant biofilm architectures reported in the
literature, though their functional significance under native
bryophyte thallus conditions remains to be validated.

The five isolates exhibiting the broadest PGP trait profiles
(DEPBO1, DEPFO1, BEPB03, CEPB02, AEPF02) represent
promising candidates for future molecular identification and
experimental validation. Their complementary phenotypes,
particularly the combination of phosphate solubilization, [AA
production, and biofilm formation, warrant investigation in
controlled planta assays to determine whether monoculture
or mixed inoculation enhances bryophyte or vascular plant
growth under desiccation stress. Further studies would require
16S rRNA/ITS sequencing for taxonomic placement, followed
by greenhouse trials with appropriate experimental controls.
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