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Abstract: The host specificity of biofertilizers poses many
challenges at large scale production and usage. The present
study investigated the versatility of a fungal-bacterial biofilmed
biofertilizer (FBB) in comparison to its monoculture bacterial
(BB) and fungal (FB) biofertilizers using three crops. The FBB
was formulated using selected strawberry (Fragaria ananassa)
rhizosphere-associated bacterial (Enterobactor sp.) and fungal
(Aspergillus sp.) strains. Strawberry, rice and tomato were grown in
hydroponics under similar conditions and the liquid biofertilizers
(FBB, BB and FB) were applied at a ratio of biofertilizer:
hydroponic medium in 1:90 (in volume). A control was maintained
without any biofertilizers. The treatments were triplicated and
arranged according to completely randomized design. The growth
medium collected at different time intervals were analyzed for
polysaccharides, amides and lipids by Fourier Transform Infra-
red (FTIR) spectroscopy. Plant height and dry mass were recorded
after a month. Data were analyzed by ANOVA and correlation.
After 30 days, root-FBB interactions of all three crops observed
significantly improved polysaccharides, amides and fatty acids
concentrations in the hydroponic medium over the control. Total
plant biomass and height of strawberry and rice were significantly
(p <0.05) increased with FBB over its monoculture biofilms (BB,
FB) and the control. In tomato, FBB-treated seedlings showed an
improved growth over their counterparts treated with monoculture
biofertilizers, though the differences were not significant (p >
0.05). The growth of strawberry and rice showed a significant (p
< 0.05) positive correlation with functional polysaccharides and
amides, while tomato showed a similar correlation with all three
functional biomolecules tested. The findings clearly indicate that
the FBB developed from strawberry root-associated microbes
nullify the crop specificity, and show the potential to improve
growth of rice and tomato. Therefore, mixed-culture biofertilizers
seem to possess a universal potential in improving crop growth in
comparison to conventional monoculture biofertilizers. Further
studies with other crops are imperative to confirm their potential
universality.

Keywords: Biofertilizers, Host specificity, Biofilmed

biofertilizers, Universality.

INTRODUCTION

Beneficial microbes and their biofilms have been used
as biofertilizers in many crops. Biofertilizers are a
promising alternative for chemical fertilizers in sustainable
agriculture. Living microorganisms in Dbiofertilizers
bring beneficial effects on plant growth and productivity
directly and/or indirectly (Saharan and Nehra, 2011). Plant
Growth Promoting Rhizobacteria (PGPR) show specific
interactions with their host plants, eventually leading to
their better growth. Legume root - Rhizobium interaction
is one of the well-known symbiotic interactions that
show high host specificity (Bhuvaneswari et al., 1981).
Relationship between cereal crops and Azospirillum is
another example for crop specificity (Jagnow, 1987). Thus,
specific microbial formulations need to be developed
and used for different crops, posing a limitation of using
biofertilizers as an alternative to chemical fertilizers. Due
to this specificity, biofertilizer development and production
is not always cost-effective and create many problems
at application. Thus, development of non-host specific

biofertilizers is the need of the hour.

The multi functionality of fungal-bacterial Biofilmed
Biofertilizers (BFBFs) as plant growth promoters has been
highlighted previously (Seneviratne et al., 2009). Microbes
in BFBFs undergo profound changes in their genetic
makeup, eventually leading to produce diverse metabolic
compounds and activities over their planktonic mode of lives
(Herath et al., 2013; Seneviratne ef al., 2008). For example,
a free living biofilm developed using Bradyrhizobium
japonicum SEMIA 5019 and Penicillium spp. has been
reported to improve soil fertility by increasing N and P
mineralization and nitrogenase activity in the absence of
a host plant (Seneviratne and Jayasinghearachchi, 2005).
These non-host specific beneficial biofilms can play a
crucial role in agriculture, because they may be effective
without crop specificity, thus showing universality as
biofertilizers in many crop varieties. Further, a huge
knowledge gap remains that needs to be addressed to
facilitate the commercialization of PGPRs (Azizoglu et
al., 2021) and other microbial inoculants for sustainable
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soilless agriculture. As such, present study focused on
evaluating the potential of previously developed BFBF for
strawberry (Singhalage ef al., 2019) in other crops; rice and
tomato, under hydroponic culture conditions.

MATERIALS AND METHODS
Microbial cultures

A fungal (A4spergillus sp.) and a bacterial (Enterobacter
sp.) strain isolated from the rhizosphere of strawberry
(Fragaria x ananassa) were used as starting cultures in the
preparation of BFBF. The three types of biofilms, fungal
(FB, Aspergillus sp.), bacterial (BB, Enterobacter sp.) and
fungal-bacterial (FBB, biofilm between Aspergillus sp. and
Enterobacter sp.) were developed in Biofilm Formation
Medium (BFM) according to the protocol developed by
National Institute of Fundamental Studies (NIFS), Sri
Lanka. The exact composition of the BFM is not described

here due to Intellectual Property Rights.

Hydroponic experiment

The Hoagland solution (Hoagland and Arnon, 1950) was
used as the hydroponic culture medium. Strawberry runners
(G1 generation), obtained from the Agricultural Research
Station Seetha Eliya, were surface-sterilized by dipping in
a 3% commercial chlorox solution for 3 minutes, followed
by several washings in distilled water. The runner per
tube then planted in plastic tubes (transparent and 50 mL
volume) containing 45.0 mL of sterile culture solution with
the help of a sterile mesh. After one week from planting,
500 pL of FBB, FB, and BB biofilm cultures were applied
as treatments. As the control, 500 uL of sterile distilled

water was used.

Rice (Oryza sativa) and tomato (Solanum lycopersicum)
seeds were surface sterilized by soaking in a commercial
chlorox solution (3% w/v) for 5 minutes and then the
seeds were washed thoroughly and drained several times
using sterilized distilled water (Abdul-Baki, 1974). Seeds
were then soaked overnight in sterilized distilled water.
Rice seeds were first sown in wet paper towel in a sterile
petri dish for germination and after four days, seedlings
having the same length were transplanted to plastic tube
(transparent and 50 mL volume) containing 45.0 mL
of sterile hydroponic culture medium with the help of
polyethylene plugs. One rice seedling was planted per tube.
Surface sterilized tomato seeds (3-5) were sown in a plastic
tube containing sterile hydroponic culture medium (45.0
mL) with the help of a sterile mesh. After five days, one
healthy seedling was retained. The experimental designs
including the treatments applied for rice and tomato were

similar to that for strawberry.

After planting, the culture tubes were wrapped in black
paper to prevent sunlight penetration. The tubes were then
incubated under glass house conditions (temperature, 25
°C, and relative humidity, 67%) for a month. The level of
hydroponic culture medium in the tubes was maintained
throughout the experiment by adding sterile distilled water
whenever necessary. Complete Randomized Design (CRD)
was followed as the experimental design. Three replicates

Ceylon Journal of Science 51(4) 2022: 379-387

were maintained for each treatment. Plant heights were
recorded at the end of the experimental period. Plants were
then destructively harvested and oven-dried (60°C) for a
constant weight before taking the dry weights of shoot and
root samples.

Microscopic features of root-microbial interactions

At the end of the experiment, pieces of root samples
(having similar weight) of strawberry, rice and tomato
were collected from each tube. They were mounted in
lacto-phenol cotton blue stain and observed under the light

microscope.
Functionality of root-microbial interaction

Sub samples (5.0 mL) of the hydroponic medium were
collected from each tube at 1, 7, 14 and 30 days after
the inoculation of media. The samples were centrifuged
(at 6,000 rpm for 20 min; SANYO Harrier 18/80) and
supernatant was filtered by syringe filtration (polysulfone,
0.45 pm filter). The filtrate (1.0 mL) was concentrated by
vacuum drying (Eyela, VOS-4500) at 50 °C until itreached a
final volume of ~50 puL and analyzed by FTIR spectroscopy
(FTIR, Thermo Nicolet, USA). The absorbance spectra
were recorded within the range of 650- 4,000 cm™ having a
resolution of 4 cm™. Each spectrum was produced by 256
scans. Spectra were collected and analyzed by OMINIC®

software.
Data analysis

The baseline of each FTIR spectrum was corrected by using
automatic baseline correction function. Peak absorbance of
functional groups was observed in amide window (1,500
- 1,800 cm™), fatty acid windows (1,400 - 1,500 cm™ and
2,800 - 3,000 cm™) and polysaccharide window (900 -
1,200 cm™). Differences of peak absorbance in different
types of root-microbial interactions under each window
were analyzed by ANOVA. Differences in plant height and
dry biomasses were also analyzed by ANOVA. Treatment
means under each parameter were separated by Tukey’s
simultaneous mean separation test. Correlation analysis
was run to observe any relationships between biomass
and functional polysaccharides, functional fatty acids
and functional amides under each sampling time. Pearson
correlation analysis was used to find out linear relations.
Statistical analyses were performed using Minitab statistical

package (Minitab® 16.2.1, 2010).
RESULTS AND DISCUSSION

Vegetative growth

Strawberry plant dry mass significantly (p <0.05) increased
with FBB compared to the other treatments and the control
(Figure la). The plant height of strawberry supplied with
FBB was also significantly (p < 0.05) increased over the
control (Figure 1b). Rice seedlings when interacted with
FBB (i.e. rice-FBB interaction) showed a significantly (p <
0.05) higher dry mass and height, over the other two types of
interactions (root -BB and root-FB) and the control (Figure
lc and 1d). The dry mass and height of tomato grown in
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Figure 1: Dry mass and height of strawberry (a and b), rice (¢ and d) and tomato (e and f) plants at harvest. BB- bacterial
biofilm, FB-fungal biofilm, FBB-fungal-bacterial biofilm. Treatments of the columns headed by the same letter are not

significantly different at 5% probability level.

hydroponic culture were not significantly different among
the treatments (Figures le and 1f). The monoculture based
biofilms, FB and BB, were not showed significant effect on
growth performances of the all three crops tested.

Previous studies confirmed that the use of monoculture-
based biofertilizers in hydroponic growth medium with
reduced dosage of chemical fertilizers demonstrated higher
yields and vegetative growth in squash, strawberries and
banana (Dagsan et al., 2012; Rueda et al., 2016; Mia et al.,
2010). Kalnin$ et al. (2022) showed the bioaugmentation
of bacterial consortia provided significant stimulation for
the growth of Mentha aquatica var. aquatica and Mentha

aquatica var. litoralis after 47 days of growth. However,
the use of fungal-bacterial BFBFs in hydroponic growth
medium and its potential as a biofertilizer has not been
reported in the literature. The use of fungal-bacterial BFBF
to improve the growth and yield of many crops such as
strawberry (Singhalage et al., 2019), tea (Seneviratne et
al., 2011; De Silva et al., 2014), rubber (Hettiarachchi et
al., 2014), maize (Babu ef al., 2017) and lettuce seedlings
(Singhalage et al., 2020) have been reported previously.
Present study clearly showed the potential of BFBF
developed specifically for strawberry in promoting growth
of strawberry and rice in hydroponic culture.
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The macromolecular compounds secreted by the root
system and microbes into the growth medium alter plant
growth. In the present study, strawberry plant growth
showed significant (p < 0.05) positive correlations with
polysaccharides and amides (Table 1). The growth
of tomato too showed significant (p < 0.05) positive
correlations with all functional biomolecules, while rice
showed significant (p < 0.05) positive correlations with
fatty acids and amides. The polysaccharide level and
dry mass of rice are inversely related. According to the
literature, it has been proven that the root exudation is
altered by the root associated microbiota. Chaparro et al.
(2013) has showed strong correlations (p<0.05) between
microbial functional genes involved in the metabolism
of carbohydrates, amino acids and secondary metabolites
with the corresponding compounds released by the roots
at particular stages of plant development. The rhizosphere
microbial community structure was also able to change the
systemic root metabolomes and transcriptomes (Korenblum
et al., 2020). On the other hand, the exudate flux of roots
and its C:N:P stoichiometry reflected the plant growth
rate and nutrient constraints and it mediated the plant-
microbial interactions in the rhizosphere (Cardenas et al.,
2021). Thus, the interaction between roots and microbiota
play an important role to improve the nutrient availability
of microenvironment around the root surface. Similarly,
a positive correlation in between the macromolecular
composition and the plant growth was observed in the
present study.

The importance of the macromolecules during the plant
growth has been shown in the literature. A noteworthy
growth increment in lettuce seedlings was observed when
the seeds were treated with FBB exudates containing the
macromolecules such as carbohydrates, proteins and lipids
(Singhalage et al., 2020). Polysaccharides extracted from
Spirulina platensis increased the height of tomato and
pepper plants by 20% and 30%, respectively (Elarroussi
et al., 2016). Inoculation of wheat seedlings with
exopolysaccharide-producing rhizospheric bacteria from
wheat roots stimulated the growth of wheat under salinity
(Ashraf et al., 2004). Aliphatic polyamine, spermidine
that was produced by Bacillus subtilis OKB105 played a
crucial role in plant growth (Xie et al., 2014). Fatty acid
containing gallic (Negi et al., 2005) and jasmonic (Vick
and Zimmerman, 1984; Farmer, 1994) acids were also
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reported as plant growth stimulators.

The results indicated that the vigor of strawberry
and rice was improved when FBB interacted with roots.
Therefore, to check the specificity of functional molecules
of root-microbial interaction, a cluster analysis was
performed. According to the cluster analysis, the separate
clustering of the functional polysaccharides, fatty acids
and amides were observed for Root-BB, Root-FB and
Root-FBB interactions (Figure 2). Functional molecules of
Root-FBB and Root-FB were clustered closely by showing
the similar features of such exudates (Figure 2a, b and c¢).
Functional molecules of Root-BB and the control also
clustered close to each other (Figures 2a, b and c). The
growth performances of the tested crops showed some
similarities to the functional molecule production. That
is the dry mass of strawberry, rice and tomato is highest
with root-FBB interactions where it was second in root -FB
interaction (Figures la, c, €). Root-BB interactions showed
the less growth performances in comparison to the Root-
FBB and Root-FB interactions.

The nutrient composition of the hydroponic culture
medium with root-FBB interactions was generally higher
than the control and other bipartite interactions. Thus,
in the test plants (rice and strawberry), the growth was
improved with the application of FBB. It has been shown
that the FBBs or BFBFs developed using nitrogen fixers
enhanced the plant growth of legumes as well as non-
legumes (Herath er al., 2015). Thus, crop specificity
of conventional biofertilizers, one of the constraints in
popularizing biofertilizers, can be overcome by using the
FBB-based biofertilizers.

Morphology of bacterial, fungal and fungal-bacterial

biofilms on strawberry, rice and tomato roots in
hydroponic growing media

Morphology of BB, FB and FBB attachments in strawberry,
rice and tomato roots is shown in Figure 3. All biofilms
showed physical interactions with respective roots. The
root surfaces acted as a substratum during the biofilm
attachment. The button-shaped bacterial biofilms were
seen firmly attached to root surfaces. Fungal filaments
were loosely colonized on roots of all the crops. FBB
showed higher colonization potential over the mono-
culture biofilms.

Table 1: Pearson correlation coefficients (r) between dry mass of strawberry, rice and tomato seedlings and functional parameters of

the hydroponic experiment. Values within parentheses show probability levels.

Functional Crop
Macromolecules Strawberry Rice Tomato

Polysaccharides 0.703 -0.052 0.732
0.01) (0.87)m (0.00)"

Fatty acids 0.459 0.720 0.595
(0.13) (0.00)" (0.04)

Amides 0.606 0.662 0.729
(0.03)" 0.01) (0.00)"

*, significant at 5% probability level.
ns, not significant at 5% probability level.
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Strawberry
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Tomato

Control BB
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Figure 3: Morphology of attachment of bacterial biofilm (BB), fungal biofilm (FB) and fungal-bacterial biofilm (FBB) to strawberry,

rice and tomato roots.

The attachment of biofilms with a particular surface
depends on various properties such as surface roughness,
physicochemical properties of the surface, hydrodynamics
of the aqueous medium, characteristics of the medium and
various properties of the cell surface (Donlan and Costerton,
2002). The solid-liquid interface between the surface (root)
and the aqueous medium (hydroponic medium) provides
an ideal environment for the attachment and growth of
microorganisms. In the present study, attachment and
detachment of microbial biofilms were observed in all
culture tubes. Hence, the study organisms seem to produce
attachments on strawberry, rice and tomato roots as
biofilms. This attachment and detachment primarily depend
on the surface charge of the biotic or abiotic substratum
and microbial cells, as reported by Lower et al. (2000)
who demonstrated attractive and repulsive forces between
mineral surfaces and Escherichia coli biofilms at a range
up to 400 nm separation. On the other hand, adhesions,
lectins or lectin like proteins or carbohydrates produced
by microbes also play a role in specific interactions (Ploux
et al., 2010). Plant metabolites also elicit mechanisms for

microbial attachments (Rudrappa et al., 2008).

Functional properties of biofilms

Plants release organic compounds such as amino acids,
organic acids, sugars, phenolics, polysaccharides, fatty
acids, sterols, enzymes, proteins, plant growth regulators
and an array of secondary metabolites to the surrounding
environment as root exudates (Badri ef al., 2009). These
compounds can act as chemotactic attractants, hence
facilitate in the biofilm formation on roots (Downie,
2010). Root-biofilm interactions may alter root exudations
and biosynthesis of biofilms, thus releasing new array of
biomolecules to the immediate surroundings. Figure 4
shows the functional molecules such as polysaccharides,
amides and fatty acids produced by root-microbial
interactions under different treatments. Tomatoes
produced comparatively higher levels of functional
polysaccharides, amides and fatty acids over the other
crops. Tomato-FBB interaction produced higher levels of
functional biomolecules than the tomato-BB and tomato-
FB interaction but the tomato-FBB interaction is not
significant at 5% probability level. The least amounts of
functional molecules were produced by strawberry root -
biofilm interactions.

The tested three plant species showed the releasing of
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higher amounts of functional polysaccharides and amides
with the FBB interaction over the FB and BB interactions.
Singhalage et al. (2018) also showed the higher efficacy
of fungal-bacterial interaction for the synthesis of high
level of biomolecules and it is dependent on the type of
microbes in the interaction. The adhesion of biofilm to
the root surface may alter the root exudation. On the
other hand the same interaction could alter the functional
properties of biofilm. The variations of the expression of
functional molecules of tested plants could differ as they
are different species. Previous studies have also attempted
to explain the functional properties of biofilms. For
example, fungal-bacterial interaction between Penicillium
and Bradyrhizobium elkanii produced detectable quantities
of monosaccharides such as fructose, ribose, arabinose
and xylose (Zavahir and Seneviratne, 2007). However,
the compounds were not detected in monocultures of
Penicillium and Bradyrhizobium elkanii, indicating
enhanced metabolic activities in mixed-cultures.

The synthesis of fatty acids-like compounds by plant
roots have not been recorded in the literature. However,
fungi that belong to the class Zygomycetes and certain
microalgae are known to produce fatty acids (Certik and
Shimizu, 1999). The improved fatty acid levels in the present
study might be beneficial for plants in terms of regulation

of biotic and abiotic stress mechanisms (Upchurch, 2008).
Further, fatty acids secreted by microorganisms act as
biosurfactants for many macromolecules, which facilitate
the uptake of nutrients (Mapelli et al., 2008). The major
role of functional amides in rhizosphere environment is
their involvement in quorum sensing between rhizospheric
microbes and roots (Williams, 2007). In addition, the
physical interaction between Medicago sativa and
Sinorhizobium meliloti Rm1021 caused a clear increase
(1.5 fold increase) in the secretion of plant proteins, such as
hydrolases, peptidases and peroxidases (De-la-Pefia et al.,
2008).. However, these proteins were not induced when M.
sativa was inoculated with Pseudomonas syringae (De-
la-Pefia et al., 2008). Thus, biosynthesis of metabolites
of root-microbial interactions depends on both plant and
microbial species that are involved in the interaction.

CONCLUSION

The results confirmed that the FBB formulated using
rhizospheric microorganisms (Enterobacter sp. and
Aspergillus sp.) of strawberry increased the early
vegetative growth of rice and strawberry in hydroponics
notably. Furthermore, intimate physical interactions
of studied biofilms induced the synthesis of functional
polysaccharides, fatty acids and amides. Such induction
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was high when FBB interacted with the roots of strawberry,
tomato and rice. The BFBFs used in this study could
be an interesting development for future research and
commercialization efforts of BFBFs. Further research is
imperative to cover other crops as well as to evaluate their
yield responses under field conditions, in particular.
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