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Abstract

Background The application of beneficial microbes in agriculture is gaining increasing attention as a means

to reduce reliance on chemical fertilizers. This approach can potentially mitigate negative impacts on soil, animal,
and human health, as well as decrease climate-changing factors. Among these microbes, yeast has been the least
explored, particularly within the phyllosphere compartment. This study addresses this knowledge gap by investigat-
ing the potential of phyllosphere yeast to improve rice yield while reducing fertilizer dosage.

Results From fifty-two rice yeast phyllosphere isolates, we identified three yeast strains—Rhodotorula paludigena Y1,
Pseudozyma sp. Y71, and Cryptococcus sp. Y72—that could thrive at 36 °C and possessed significant multifarious plant
growth-promoting traits, enhancing rice root and shoot length upon seed inoculation. These three strains dem-
onstrated favorable compatibility, leading to the creation of a yeast consortium. We assessed the combined effect

of foliar application of this yeast consortium and individual strains with two distinct recommended doses of chemi-
cal fertilizers (RDCFs) (75 and 100%), as well as RDCFs alone (75 and 100%), in rice maintained in pot-culture and field
experiments. The pot-culture experiment investigated the leaf microbial community, plant biochemicals, root

and shoot length during the stem elongation, flowering, and dough phases, and yield-related parameters at harvest.
The field experiment determined the actual yield. Integrated results from both experiments revealed that the yeast
consortium with 75% RDCFs was more effective than the yeast consortium with 100% RDCFs, single strain applica-
tions with RDCFs (75 and 100%), and RDCFs alone (75 and 100%). Additionally, this treatment improved leaf metabo-
lite levels compared to control rice plants.

Conclusions Overall, a 25% reduction in soil chemical fertilizers combined with yeast consortium foliar applica-
tion improved rice growth, biochemicals, and yield. This study also advances the field of phyllosphere yeast research
in agriculture.
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Introduction

India, primarily an agricultural nation, ranks as the
world’s second-largest rice producer. The International
Production Assessment Division’s (IPAD) report from
the United States Department of Agriculture (USDA)
shows that in the 2022-23 season, rice production in
India increased by 8.3 million tonnes from the previous
year, totalling 135.7 million tonnes [1]. Annually, 30%
of food is lost or wasted. Managing this loss and waste
could potentially enhance food security and nutrition,
although it’s not a guaranteed outcome [2]. According to
the report, a certain level of food loss and waste is needed
as a buffer to ensure steady availability and access to food.
Nonetheless, the output must be increased as agricultural
land area diminishes and population size increases. Cli-
mate change, on the other hand, is known to have a nega-
tive effect on agricultural production and is expected to
reduce the production of three cereal grains (rice, maize,
and wheat) globally by 10 to 25%, with a 1 °C increase
in mean surface temperature [3]. The use of agrochemi-
cals has increased to improve crop yield and compensate
for food loss. Annually, millions of tonnes of synthetic
nutrients added to soils are not fully absorbed by plants.
Excessive runoff from crop fields degrades soil fertility,
harms human health, and contributes to climate change
by emitting greenhouse gases, such as N,O from nitrogen
fertilizers [4, 5]. Considering all these factors, there has
been a global shift to a sustainable farming approach with
the primary goal of improving yield by reducing the use
of agrochemicals in the field. There are many suggested
approaches; among these, biofertilizers are gaining popu-
larity, especially plant growth-promoting microorgan-
isms (PGPM).

The microbes that exert beneficial effects on plants
are termed PGPM. These microbes have the potential
to alter plant performance directly through the produc-
tion of specific compounds that enhance plant growth
and increase the availability and uptake of nutrients in
the soil (i.e., mineral solubilization, phytohormone pro-
duction, nitrogen fixation, siderophore production,
and 1-aminocyclopropane-1-carboxylate (ACC) deami-
nase production) [6]. The indirect mechanisms of plant
growth promotion involves HCN production, induced
systemic resistance, and suppression of pests and patho-
gens through metabolite production [6]. PGPM are pri-
marily isolated from soils, rhizospheres (soil influenced
by plant roots) or phyllospheres (aerial surface of the
plants), and endospheres (inner tissues of plants), and
it was discovered that bacteria predominate in soil and
each plant compartment [7]. The soil microbiome is the
primary source of plant microbiomes, which are strongly
and sequentially filtered by the rhizosphere, rhizoplane
(root surface), endosphere, and phyllosphere. As a result,
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phyllosphere microbial diversity is lower than that of the
rhizosphere, despite receiving microbial sources from air
and insects [8, 9]. So, bacteria in the rhizosphere were
the most extensively studied PGPM, known as plant
growth-promoting rhizobacteria (PGPR). The second
most widely studied microbes are from the phyllosphere
compartment. The phyllosphere habitat includes all the
above-ground plant parts (i.e., leaves, stems, flowers, and
fruits). It is an unstable habitat where microbial life is
shaped by multiple factors, like temperature, UV radia-
tion, nutrient and water availability, and the chemical
composition of the leaf surface. Bacteria dominate the
leaf area, with an average of 10°~107 bacteria per square
cm of the leaf surface. However, the overall size of the
phyllosphere’s fungal population has not yet been esti-
mated, but it is predicted to be smaller [10].

When it comes to the application of plant growth-
promoting fungi (PGPF), the fungal origins were mostly
from the soil and rhizosphere i.e., Trichoderma spp.,
Gliocladium virens, Penicillium digitatum, Aspergillus
flavus, Actinomucor elegans, Podospora bulbillosa, and
Arbuscular mycorrhizal fungi [11]. On the other hand,
yeast is one of the least studied fungi, but it is gaining
favor in crop improvement because it is generally rec-
ognized as safe (GRAS) for field application [12]. Since
yeasts are unicellular, proliferate asexually and rapidly
on simple carbohydrates, and typically utilize both fer-
mentative and respiratory pathways, they are simpler to
cultivate as a biofertilizer inoculant [13]. A diverse range
of yeasts isolated from soil, rhizosphere, and, to a lesser
extent, other plant parts demonstrate plant growth-pro-
moting (PGP) characteristics, including the production
of exopolysaccharide (EPS), Indole-3-acetic acid (IAA),
gibberellic acid (GA), cytokinin, ACCD, siderophore
[14-19], mineral solubilization [20-22], and biocontrol
agents [23-25]. Given the beneficial effects of yeasts, it
is critical to comprehend the role of yeast in compart-
ments that have received little attention, such as the
phyllosphere and endosphere. The significance of phyl-
losphere bacteria in improving rice yield and alleviating
drought stress has previously been studied [26, 27], but
no appropriate reports on the role of phyllosphere yeast
in rice have been published. Since PGPMs alone do not
achieve the same yield levels as chemical fertilizers, it is
essential to explore their combined application for opti-
mal results [28]. Nonetheless, more research is required
to determine the role of yeast in crop plant improvement.

From the preceding discussion, it is clear that rice
production in India must be enhanced using sustain-
able methods like biofertilizers. Nonetheless, to the
best of the authors’ knowledge, no previous publication
has described the foliar application of rice phyllosphere
yeast for improving rice yield. With the knowledge
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gathered above, the current study is about the isolation
and characterization of yeast from the rice leaf surface;
the characterization of PGP properties in yeast; and
understanding the individual and consortium effects of
best yeast strains as well as different fertilizer dose appli-
cations on rice growth, leaf biochemicals, microbial pop-
ulation, and yield. Finally, the microbial and plant data
will be combined using suitable integration techniques
to identify the most effective beneficial yeast strains for
rice [29]. Thus, this study contributes to the knowledge
of the role and significance of phyllosphere yeast in crop
improvement, making it a valuable asset for sustainable
approaches.

Materials and methods

Collection of rice leaf samples

During the months of January, February, and March
of 2019, rice leaf samples from various stages (stem
elongation, flowering, and dough stages) were col-
lected from high yielding, short-duration rice cultivar
ASD 16 grown in the Killikulam region (8°40'26.616”N,
77°51755.3392”E), Thoothukudi district, Tamil Nadu,
India. The samples were collected aseptically and trans-
ported to the laboratory in an icebox for microbial anal-
ysis. During the sample collection months, the lowest
and highest atmospheric temperatures were 25 °C and
36 °C. The average atmospheric temperature in the three
months was 30.5 °C.

Isolation and selection of yeast

The leaf samples were washed three times with sterile
water and dried with sterile tissue paper for 30 s to iso-
late putative phyllosphere yeast colonized on the leaf
surface. The leaf imprinting technique was used to iso-
late phylloplane yeast [30]. Adaxial and abaxial sides of
leaves were imprinted on various yeast media such as
yeast extract peptone dextrose (YEPD) agar media, sup-
plemented with chloramphenicol (50 pl ml™) and tetra-
cycline (50 ul ml™) at pH 7. The plates were incubated
for 48 h at 30+ 1 °C. Morphologically distinct yeast col-
onies were purified and maintained on a YEPD slant at
4 °C, and 60% glycerol stock was preserved at -80 °C for
future use. Yeast isolates were screened for growth in dif-
ferent temperature levels. The cell density of the purified
isolates was set to OD600nm 0.1, and 1 mL was added to
9 mL of YEPD broth test tubes at pH 7. Due to the varia-
ble temperature conditions observed in the phyllosphere,
the test tubes were incubated at field-simulated tempera-
tures of 25, 30, and 36 °C for five days. Yeast strains culti-
vated at these three temperature levels were subsequently
selected for taxonomic identification.
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Molecular characterization of yeast isolates

and phylogenetic analysis

Genomic DNA from all the selected yeast isolates was
extracted as per the described procedure [31]. The
isolates were characterized by using ITS rRNA gene
sequencing. Polymerase chain reaction (PCR) amplifica-
tions were performed using ITS1 as forward primer (5'-
CTTGGTCATTTAGAGGAAGTAA -3°) and ITS4 as
reverse primer (5-TCCTCCGCTTATTGATATGC -3).
The PCR conditions were as follows: initial denaturing at
94 °C for 5 min followed by 30 cycles of denaturation at
94 °C for 30 s. Annealing at 59 °C for 30 s and extension
at 70 °C for 2 min, then final extension at 72 °C for 7 min.
The PCR products were resolved by electrophoresis in 1%
agarose gel and purified using FavorPrep GEL/ PCR puri-
fication kit. The products were sequenced using Sanger
dideoxy sequencing. Based on the obtained sequence,
species were identified in the NCBI database, and the
sequences of closely related species were also retrieved.
The phylogenetic tree was generated using MEGA 7.0
software with a maximum likelihood algorithm, and the
bootstrap analysis was based on 100 resamplings [32].
The sequence files of the yeast strains were submitted to
the NCBI database via BANKIT, and accession numbers
were assigned to each strain.

Assessment of direct PGP activity in yeast strain

IAA production

Indolic compound production was quantitatively meas-
ured [33]. Yeast strains were inoculated in 10 mL of
YEPD broth supplemented with 1% tryptophan, incu-
bated for 48 h at 30+1 °C on a rotary shaker, while
uninoculated broth served as control. Cultures were
centrifuged at 10,000 rpm for 20 min, and supernatants
were collected. After that two drops of concentrated
orthophosphoric acid and 2 mL of Salkowski’s reagent
(2% 0.5 M FeCl, in 35% perchloric acid solution) were
mixed with 1 mL of supernatant and incubated at room
temperature for 25 min in the dark. The development
of a reddish-pink color indicated IAA production. The
absorbance was measured at 530 nm using a spectro-
photometer (LAMBDA 365 UV-Vis spectrophotometer,
PerkinElmer, Mumbai, India), and the quantitative esti-
mation of IAA was performed by using a standard graph.
The result is expressed as ug mL™".

GA production

GA production by yeast strains was quantified by the
spectrophotometric method [34]. The yeast strains were
inoculated into 10 mL of YEPD broth and incubated at
room temperature for seven days, and the uninoculated
broth was used as a control. Cultures were centrifuged
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at 8,000 rpm for 10 min, and 2 mL of supernatant was
transferred into a 15 mL reaction tube. Then, 2 mL of
zinc acetate solution (21.9 g zinc acetate with 1 ml of gla-
cial acetic acid and the volume was made up to 100 ml
with distilled water) and 2 mL of 10.6% potassium fer-
rocyanide solution were added to the tubes, followed by
centrifugation at 8,000 rpm for 10 min. A total of 5 mL of
supernatant was added to 5 mL of 30% hydrochloric acid
and incubated at 27 °C for 75 min. The absorbance was
measured at 254 nm. The GA concentration in the sam-
ples was determined with reference to the standard GA
curve. The result is expressed as pug mL™".

Qualitative assay of phosphate and potassium solubilization
Solubilization of inorganic minerals such as phosphate
and potassium by yeast strains was carried out using
Pikovskaya medium and Aleksandrov medium [35]. In
short, spot inoculation of each yeast strain was done on
these media and incubated at 28+2 °C for three days.
The strains that exhibited a clear halo zone around the
colony on the media were identified as P and K solubiliz-
ers. Based on the area of solubilization, the solubilization
index (SI) was calculated using the following formula.
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ACC deaminase activity

ACC deaminase activity of yeast strains was screened based
on their ability to use ACC as a sole nitrogen source. Yeast
strains were grown in Dworkin and Foster (DF) salts broth
with ACC as a nitrogen source for 24 h. The inoculated
broth was centrifuged at 10,000 rpm for 5 min at 4 °C, and
the solution was washed using 1 mL of 0.1 M Tris HCl pH
7.6 and repeated several times, and the pH was maintained
at 7.6 and stored the pellet at 20 °C for 30 min. The cells
were suspended with 1 mL of 0.1 M Tris—HCl at pH 7.6 and
centrifuged. The pellet was resuspended in 600 pL of 0.1 M
Tris—HCI at pH 8.5. Toluene was added to the 30 pl and
vortexed for 30 s. To this, 20 uL of 0.5 M ACC was added in
one set, and blank was maintained without ACC addition.
Both the tubes were vortexed and incubated at 30 °C for
15 min, and 1 mL of 0.56 M HCI was added, vortexed, and
centrifuged for 5 min at 10,000 rpm at room temperature.
Then 300 pL of 2,4-Dinitrophenylhydrazine (DNPH) was
added, vortexed, and incubated for 30 min at 30 °C. Finally,
2 mL of 2 N NaOH was added, mixed well and absorbance
was read at 540 nm [38]. The enzyme activity is expressed
as nmol a-ketobutyrate mg™'protein h™".

Colony diameter + Halozone diameter

Mineral solubilization index (SI) =

Colony diameter

Assessment of indirect PGP traits in yeast strain
Siderophore production

Siderophore production was evaluated for all yeast
strains using Chrome Azurol S (CAS) assay [36]. Briefly,
the CAS medium was prepared by adding CAS solu-
tion to the melted King’s B agar medium in a 1:15 ratio.
Actively grown yeast strains were spot-inoculated onto
the CAS medium, and the plates were incubated in the
dark at 30+ 1 °C for ten days. An uninoculated CAS blue
agar plate served as a control. Colonies with a yellow-
orange halo after incubation were considered positive for
siderophore production. The yeast strains were grown
in King’s B broth and incubated for 48 h to quantify the
siderophore. After incubation, the broth was centri-
fuged at 10,000 rpm for 10 min. The supernatant was
mixed with CAS solution in a 1:1 ratio and incubated for
20 min, with sterile king’s B broth containing CAS solu-
tion as a control reference. The absorbance of the solu-
tion was then measured using a spectrophotometer at
630 nm. The siderophore production was calculated
using the following formula [37]:

Percentage of siderophore production = x 100

Ar — As
Ar

whereas Ar- Absorbance of reference and As- Absorb-
ance of the sample.

Biocontrol activity of phyllosphere yeast strains

against rice fungal pathogens

The yeast strains were screened for direct antagonism
against Helminthosporium oryzae, Pyricularia oryzae, and
Saracladium oryzae (Standard cultures, Department of Soil
Science and Agricultural Chemistry, AC & RI, Killikulam,
India). In brief, a mycelial disk (5 mm diameter) of each rice
pathogenic fungus was placed on the edge of potato dex-
trose agar (PDA) media (30 mm), and each yeast was streak
inoculated close to the center of the plates. The plates were
incubated for 5 to 6 days at 25 °C. Inhibition of mycelial
growth was measured 5 to 6 days after the inoculation, and
the percentages of inhibition by each yeast strain were cal-
culated as follows [39]

Inhibition percentage
= [(growth of pathogen in control
— growth of pathogen with yeast strains)
/growth of pathogen in control] x 100

Effect of yeast strains on the growth of rice seedlings

The effect of yeast strains on rice seedling growth was
assessed in vitro using the standard roll paper towel
method [40, 41]. Surface disinfection of rice seeds was
performed for 1 min with 70% ethanol, followed by
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20 min with a 1.65% sodium hypochlorite (NaOCl) solu-
tion. The seeds were rinsed five times with distilled water
for one minute each. Yeast cells from the overnight-
grown culture were pelleted after centrifugation and
resuspended in the same volume of sterile water, with
the final concentration adjusted to~10% colony-forming
units (CFU) mL™.. The seeds were soaked in yeast cell
suspension for 2 h before being blotted at room tem-
perature with sterile filter paper. As wet blotters, we used
sterile filter papers with a diameter of 120 mm. Five seeds
were placed in a straight line at equal distances on each
filter paper. Each filter paper was rolled, placed verti-
cally in a 350 mL plastic cup with water, and incubated at
28 °C for 8 days in the growth chamber. Adequate water
was regularly poured into the cups 1 cm below the seed
arrangement. As a control, seeds soaked in distilled water
were used. The plant phenotypic traits, such as root and
shoot lengths, were measured after 10 days.

Pot-culture experiment

Selected yeast strains were tested for compatibility in
terms of growth by cross-streak assay in a YEPD medium
[42]. A triangular streak of three yeast colonies was made
on a media plate and incubated for three days. Growth
without inhibition confirmed compatibility; otherwise,
the strains were considered non-compatible.

Yeast inoculums were prepared by cultivating the
yeast strains in YEPD broth for 24 h. After centrifug-
ing the yeast cells for 10 min, the pellets from the three
best strains were resuspended in sterile water, result-
ing in a final consortium concentration of approxi-
mately 10° CFU mL™!, with 0.2% Tween 80 as a
sticking agent. The same protocol was followed for indi-
vidual strain suspensions, each with a final concentration
of 10° CFU mL™.

A pot culture experiment using a completely rand-
omized block design (CRBD) was carried out in rice
variety ASD 16 at the unit of Agricultural Microbiology,
Department of Soil Science and Agricultural Chemistry,
Agricultural College and Research Institute, Killikulam,
India.

Soils were sterilized in an autoclave at 121 °C for
15 min at 20 psi over three consecutive days. A 5 kg pot-
ting mixture (soil+farmyard manure in a 4:1 ratio) was
placed in each mud pot. Rice seeds (ASD 16) were sown
in trays, and seedlings were transplanted to the pots after
20 days, with each pot containing ten plants. Fertilizers
such as urea, single superphosphate, and potassium chlo-
ride were applied at 100% and 75% recommended dose
of chemical fertilizers (RDCFs) (nitrogen: phosphorus:
potassium, 120:40:40 kg ha™?).
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Treatment details

T,—Yeast 14100% RDCFs.

T,—Yeast 24 100% RDCFs.

T;—Yeast 3+100% RDCFs.

T,—Yeast consortium (Yeast 1+ Yeast 2+ Yeast 3)+100%
RDCEs.

T;—100% RDCFs.

Te¢—Yeast 1+75% RDCFs.

T,—Yeast 24 75% RDCFs.

Tg—Yeast 3+75% RDCFs.

Ty—Yeast consortium (Yeast 14 Yeast 24 Yeast 3)+75%
RDCEs.

T,,—75% RDCFs.

T_Control.

The prepared yeast consortium and individual suspen-
sions were foliar sprayed (five sprays per pot) on rice at
the beginning of the stem elongation (55 DAS), flowering
(85 DAS), and dough (100 DAS) stages. Three days after
each foliar application, total chlorophyll, protein, pro-
line, and antioxidant enzyme activity in the leaves were
measured, along with the lengths of the shoots and roots.
Additionally, leaf samples from each stage were stored at
—4 °C for future use. Yield characteristics were recorded
at the harvesting stage (115 DAS).

Estimation of the microbial population on the rice leaf
surface

The microbial population on the rice leaf surface (bac-
teria, yeast, and actinomycetes) was assessed using the
Most Probable Number (MPN) method in which the rice
leaves were dipped into the sterile water for a minute,
followed by serial dilution. Plating techniques involving
microbial growth media viz. Luria—Bertani (LB), YEPD,
and glycerol agar for bacteria, yeast, and actinomycetes,
respectively. CFUs of bacteria, yeast, and actinomycetes
were detected after incubating for 5-7 days. Microbial
count and changes in microbe populations were studied
at three different crop stages (stem elongation, flowering,
and dough stage).

Estimation of total chlorophyll

To estimate the total chlorophyll content, 0.5 g of the leaf
samples collected during all three stages were thoroughly
ground in a pestle and mortar with 10 ml of 80% acetone.
The sample mixture was then centrifuged at 10,000 rpm
for 10 min in an ice-cold environment. After carefully
transferring the supernatant into new tubes, 2 ml of the
sample was aliquoted in a cuvette and tested for chloro-
phyll a, chlorophyll b, and carotenoid content by measur-
ing multiple absorbances at 663, 646, and 470 nm, [43]
and calculated using the formula as follows:

Chlorophyll a = 12.25 Age3—27.9 Agus
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Chlorophyll b =215 A646_5'1 A663

Total chlorophyll = Chlorophyll a + Chlorophyll b

Estimation of total protein and proline content

The conventional method [44] was used to assess the
total protein content (ug g~ FW) at 650 nm against vari-
ous bovine serum albumlIn (BSA) concentrations. Pro-
line content in rice leaves was measured at 520 nm using
the acid ninhydrin and glacial acetic acid as described
by Bates et al., (1973) [45]. The concentration of proline
in the leaf samples was determined using the standard
curve for free proline and is expressed as pg g~' FW.

Assay of antioxidant enzymes

The sample extraction for enzyme assay was done
according to the protocol described by Alici and Arabaci
(2016) [46]. 1 g of fresh rice leaves were taken, cleaned
and homogenized in an ice-cold mortar and pestle with
50 ml of a 100 mM sodium phosphate buffer (pH 7.0)
for five minutes at 4 °C. Filter paper was used to fil-
ter the homogenate, and the filtrate was centrifuged at
5,000 rpm for 15 min. The supernatant was collected, and
it was used for enzyme assay of catalase, peroxidase, and
polyphenol oxidase.

The catalase activity (CAT) activity was determined by
monitoring the disappearance of H,0, at 240 nm using
the method defined by Aebi [47]. The 5 mL reaction
mixture consisted of 50 mM phosphate buffer (pH 7.0),
33 mM H,0,, and enzyme extract. The absorbance was
recorded for 1 min once the reaction began. An extinc-
tion coefficient of 36 M cm™! was used to calculate CAT
activity.

The peroxidase (POD) activity was estimated [48] using
guaiacol as a substrate. The 3 ml reaction mixture con-
sisted of 100 mM potassium phosphate buffer with pH
7.0 (1.9 ml), 5 mM guaiacol (0.5 ml), 5 mM H,0O, (0.5 ml),
and 100 pl of sample extract. The reaction mixture for
blank was prepared in a similar way excluding the sample
extract. The sample was added to the reaction mixture,
and the absorbance was measured at 470 nm for 1 min.
An extinction coefficient of 26.6 mM™! cm™! was used to
calculate peroxidase activity.

The polyphenol oxidase (PPO) activity was assayed as
per the method adopted [49]. The 3 ml reaction mixture
contained 100 mM potassium phosphate buffer having
pH 7.0 (2 ml), 5 mM catechol (0.5 ml), and 500 pl of sam-
ple extract (0.5 ml) in a test tube. And a blank without
a sample extract. The sample was added to the reaction
mixture, and the absorbance was measured at 420 nm for
1 min. The polyphenol oxidase activity was determined

Page 6 of 24

by measuring the increase in absorbance resulting from
the oxidation of catechol (e =34.5 mM ™! cm™}) at 420 nm
spectrophotometrically. All three enzyme activities are
expressed as variations in mmol per time unit per mg
total protein (mmol min~! mg protein™).

Measurement of plant phenotypic and yield parameters
Plant phenotypic traits such as shoot and root length
were measured during stem elongation, flowering, and
dough stages. Yield parameters such as the number of
productive tillers, grains per panicle, and 1000-grain
weight were recorded during the harvest stage.

Gas chromatography-mass spectrometry (GC-MS) analysis
of leaf extracts

Leaf samples from the control and the most effective
treatment during the stem elongation phase were cho-
sen for metabolite comparison. Leaf extracts were pre-
pared by grinding them in 10 mL of cold water. 1IN HCl
was used to modify the pH to 2.0, and an equal volume of
chloroform was added. These mixtures were then shaken
for 24 h. Following incubation, the chloroform layer
was removed, and the metabolites were concentrated
using a vacuum flask evaporator before being dissolved
in methanol. GC-MS analysis of methanol extracts was
performed on a GCMS-TQ8040 triple quadrupole fitted
with a CrossbondTM silarylene phase column (1,4-bis
(dimethylsiloxy) phenylene dimethyl polysiloxane) (30 m
250 m). The volume used for analysis was 10 uL, and the
carrier gas used for GC-MS was helium at the flow rate
of 1 mL min~". The injector was operated under the max-
imum temperature of 470 °C, and the oven temperature
was 350 °C constant till the entire analysis. The extracts
from control and treatment samples were prepared in
triplicate, with pure methanol serving as the control. The
compounds were identified by comparing the obtained
spectral configurations to those in the accessible mass
spectral library (NIST and WILEY libraries).

Field experiment
A field experiment was carried out at the Agricultural
Microbiology Unit, Department of Soil Science and Agri-
cultural Chemistry, Agricultural College and Research
Institute, Killikulam, India, from January to April 2020.
Rice seeds (ASD 16) were planted in the nursery bed, and
seedlings were transplanted to fields with plot sizes of 20
m? for each treatment. The treatments are listed below.

FT,—Yeast 1+100% RDCFs.

FT,—Yeast 2+100% RDCFs.

FT;—Yeast 3+100% RDCFs.

FT,—Yeast consortium (Yeast 1+ Yeast 2+ Yeast 3)+100%
RDCEFs.

FT;—100% RDCEFs.
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FT—Yeast 1+75% RDCEFs.

FT,—Yeast 24+75% RDCFs.

FTg—Yeast 3+75% RDCFs.

FTy—Yeast consortium (Yeast 1+ Yeast 2+ Yeast 3)+75%
RDCEFs.

FT,,—75% RDCFs.

FT—Control.

The prepared yeast inoculum (~10% CFU mL™) was
foliar sprayed on rice during the stem elongation, flower-
ing, and dough stages. Finally, the rice grains were har-
vested from each plot, and the yield was calculated and
expressed as tons per hectare (t ha™!).

Statistical analysis

All experiments were conducted in triplicate, with results
expressed as means with standard deviations. Statistical
analyses were performed using R version 4.1.1. Tukey’s
post hoc test was applied using the stats package [50]
to rank the yeast strains and treatments. A two-way
ANOVA using the stats package was conducted to assess
the effects of treatments, growth stages, and their inter-
action on various rice plant variables. A Venn diagram,
created with the ggVennDiagram package, illustrated the
percentage of unique and common rice leaf metabolites
between control and yeast consortium-sprayed plants
[51]. Changes in rice leaf metabolites in yeast consor-
tium-treated plants were visualized using a volcano
plot generated with ggplot2 [52]. For data integration
approaches, the made4 package was used for coinertia
analysis (CIA) [53], the FactoMineR package followed by
the PCAtest package for Principal Component Analysis
(PCA) [54, 55], the mixKernel package for Multiple Ker-
nel Learning (MKL) [56], and the omicade4 package for
Multiple Co-Inertia Analysis (MCIA) [57].

Data integration

We used unsupervised machine learning-based horizon-
tal data integration methods, including MKL, MCIA, and
PCA, to identify the optimal treatment for rice growth
and yield. PCA reduces dimensionality linearly, highlight-
ing principal components that explain the most variance.
MKL combines multiple kernels to model non-linear
relationships and interactions. MCIA uncovers com-
mon structures and correlations across multiple data-
sets, offering a comprehensive view of shared variations.
These diverse techniques help select the best treatment
and understand the underlying reasons for treatment
groupings, as each method varies in data integration and
dimension reduction approaches [29].

For the integration techniques, the parameters from
the pot culture experiment were categorized into plant
biochemical traits (total chlorophyll, protein, proline,
and antioxidant enzyme activity: catalase, peroxidase,
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and polyphenol oxidase) and plant phenotypic traits
(shoot and root length) and microbial population (CFUs
of bacteria, actinomycetes, and yeast), separately for each
growth stage. The yield-related parameters from pot cul-
ture and actual yield from the field experiment measured
during harvest were grouped into one dataset. The data-
set combinations used for the integration techniques are
listed in Supplementary Table 1. Unlike MCIA, which
can integrate multiple datasets, CIA can only integrate
two. We used CIA to combine PGP traits of yeast strains
with the shoot and root lengths of rice grown in roll
paper towels.

Results

Isolation and characterization of yeast isolates

Fifty-two morphologically distinct isolates were obtained
from the collected leaf samples using the leaf imprint-
ing method on different media. Among 52 isolates, 11,
16, and 25 were isolated from the stem elongation, flow-
ering, and dough phases, respectively. The isolates were
subjected to growth at different temperature levels (25,
30, and 36 °C), and all 52 isolates were grown at 25 and
30 °C, but only nine isolates ( Y1, Y9, Y55, Y57, Y70, Y71,
Y72, Y76, and Y78) were found to grow at 36 °C (Sup-
plementary Table 2). DNA from the nine yeast isolates
was extracted, and the ITS rRNA gene was sequenced.
The sequences were compared in the NCBI database,
and closely related species were obtained using BLAST.
A phylogenetic tree was constructed for all the yeast iso-
lates, and their close relatives were determined (Fig. 1).
The isolated yeasts were identified as Rhodotorula palu-
digena Y1, Dirkmeia sp. Y9, Pseudozyma sp. Y55, Pseu-
dozyma sp. Y57, Dirkmeia sp. Y70, Pseudozyma sp.
Y71, Cryptococcus sp. Y72, Dirkmeia sp. Y76, Dirkmeia
churashimaensis Y78. The DNA sequences of the identi-
fied yeast species were submitted to Genebank, and their
accession numbers and plant host details are provided in
Supplementary Table 3.

PGP of phyllosphere yeast strains

Direct PGP traits

Among the nine strains, R. paludigena Y1 exhibited the
highest production of IAA, followed by, Pseudozyma sp.
Y55, Dirkmeia sp. Y70, Pseudozyma sp. Y71, Cryptococ-
cus sp. Y72, Dirkmeia sp. Y76, D. churashimaensis Y78
showed no significant difference in the production of
IAA. The least IAA production was observed in Dirk-
meia sp. Y9. In the case of GA production, R. paludigena
Y1 recorded the highest GA production, followed by
Pseudozyma sp. Y71 and Cryptococcus sp. Y72 had the
maximum GA production with a less significant differ-
ence (Table 1). The minimum amount was recorded in
yeast strains Cryptococcus sp. Y72, Dirkmeia sp. Y76 and
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—— Rhodotorula paludigena culture (BS:6567 (KY104892.1)

L— Rhodotorula paludigena strain Y.H. Yeh V0507 (MH142461)

Rhodotorula paludigena strain Y1 (MN515011)
Cryptococcus flavus strain IMUFR) 51988 (FN428891.1)
Cryptococcus sp. strainY72 (MN515016.1)

Cryptococcus flavus strain 002 (KU883299.1)
Pseudozyma sp. strain Y55 (MN515010.1)

Pseudozyma sp. strain Y71 (MN515017.1)

Pseudozyma sp. strain Y57 (MN515019.1)

Pseudozyma sp. SMNO1 (KF922220.1)

Pseudozyma antarctica strain JCM 3941 (JN942669.1)
Pseudozyma antarctica strain (BS 516.83 (AF294698.1)
Dirkmeia sp. strain Y9 (MN515020.1)

Dirkmeia churashimaensis strain Y78 (MN515013.1)
Dirkmeia churashimaensis isolate UZ271_17 (MF062257.1)
Dirkmeia sp. isolate ON21 (MK294224.1)

Dirkmeia sp. strain M19 (MK651592.1)

Dirkmeia sp. strain Y70 (MN515018.1)

Dirkmeia sp. strain Y76 (MN515014.1)

Dirkmeia churashimaensis isolate RGJ1 (KU564518.1)

Saccharomyces cerevisiae $288C (MT522376.1)

Fig. 1 The maximum likelihood phylogenetic tree based on ITS1 and ITS4 gene sequences, showing the relationships between the yeast taxa
identified in this study. The bootstrap values > 50% (based on 100 replications) are shown at branching points. Strains in red are the yeast strains

isolated from the rice phyllosphere

D. churashimaensis Y78 with no significant difference in
GA production. The potential of the yeast strains for the
solubilization of phosphate and potassium was deter-
mined. All nine strains solubilized the tricalcium phos-
phate in the plate assay method. The highest phosphate
solubilization index was recorded in the strain R. palu-
digena Y1 and Pseudozyma sp, with the least significant
difference. Whereas low phosphate solubilizing index
was recorded in Dirkmeia sp. Y76 (Table 1). The results
of the potassium solubilization study showed that all

strains had the inorganic potassium solubilization poten-
tial, but there was no considerable significant difference
among them. The highest production was recorded in
R. paludigena Y1, Pseudozyma sp. Y71, Cryptococcus sp.
Y72, Pseudozyma sp. Y57, and Pseudozyma sp. Y55 and
they are significantly different from the rest of the other
strains, which were recorded with the least solubilization
index (Table 1).



Muthukrishanan et al. Environmental Microbiome (2024) 19:102

Page 9 of 24

Table 1 Mean and standard deviation values (n=3) of direct plant growth-promoting traits such as Indole acetic acid (IAA) and
gibberellic acid (GA) production and mineral solubilization potential of rice phyllosphere yeast strains

Strains IAA (ug mL™") GA (ugmL™) Solubilization index
Phosphate (P) Potassium (K)

Rhodotorula paludigena Y1 772 (9.13)? 101 (6.60)% 2.84(0.12)? 248(0.12)°
Dirkmeia sp. Y9 501(143)¢ 594 (15.6) 2.36 (0.17)P 133(0.28)°
Pseudozyma sp. Y55 34.2 (3.36)° 1(3.32)¢ 2.06 (0.05)<% 01 (0.01)?
Pseudozyma sp. Y57 126 (2.82)° 547 (7.87) 2.00 (0.01)% 2.13(0.15)
Dirkmeia sp.Y70 302 (11.7)° 444(7.13)° 2.32(0.12)P 21(0.26)°
Pseudozyma sp.Y71 408 (2.61)° 84.4 (7.84)% 261 (0.10) 243(0.13)
Cryptococcus sp. Y72 406 (2.52)° 74.2 (7.73)>° 2.51 (0.10)2¢ 2.35(0.13)
Dirkmeia sp.Y76 293 (2.80)° 7.14(2.26)° 66 (0.28)° 133(0.28)°
Dirkmeia churashimaensis Y78 36.0 (2.02)° 213(181)¢ 2.24(0.10)P 1.16 (0.28)°

Parameter values with different letters are significantly different according to Tukey's test. p <0.05

Indirect PGP traits

All the yeast strains were tested for siderophore produc-
tion and showed significant production (Table 2). The
highest production was recorded in the strain R. paludi-
gena Y1 followed by D. churashimaensis Y78 and Crypto-
coccus sp. Y72. While the least production was recorded
in the strain Dirkmeia sp. Y9. The activity of ACC deami-
nase was assessed for all nine strains; among them, R.
paludigena Y1 recorded the highest ACC deaminase
activity, followed by Pseudozyma sp. Y71 and Cryptococ-
cus sp. Y72. The strain Dirkmeia sp. Y70 exhibited the
lowest ACC deaminase activity (Table 2). The results of
the antagonistic activity of nine yeast strains against rice
fungal pathogens showed that R. paludigena Y1 had the
highest inhibition percentage against H. oryzae and P
oryzae, while R. paludigena Y1 and Pseudozyma sp. Y71
exhibited the highest inhibition percentage against S. ory-
zae (Table 2; Supplementary Fig. 1). Similarly, the lowest

inhibition of all three fungal pathogens was recorded in
D. churashimaensis Y78.

Relationship between yeast strains and rice growth
parameters

The root and shoot length of the rice plants treated
with yeast strains grown on rolled paper were meas-
ured (Fig. 2). The root length was significantly higher in
the rice plants treated with R. paludigena Y1, followed
by those treated with Cryptococcus sp. Y72 and Pseu-
dozyma sp. Y71 recorded the maximum root length.
The shortestroot length was recorded in the control
plants, and in the case of treated plants, the low length
was noted in Dirkmeia sp. Y9, and Dirkmeia sp. Y76
treated plants. Interestingly, shoot length was observed
to be higher in the rice treated with Pseudozyma sp.
Y71. The shortest shoot length was observed in con-
trol plants as well as plants treated with Dirkmeia sp.

Table 2 Mean and standard deviation values (n=3) of indirect plant growth-promoting traits such as siderophore production, ACC
deaminase activity, and growth inhibition of Helminthosporium oryzae, Pyricularia oryzae and Saracladium oryzae by rice phyllosphere

yeast strains

Strains Siderophore (%) ACC deaminase activity (nmol Inhibition percentage (%)
a-ketobutyrate-mg~" protein-h™")

Helminthosporium Pyricularia oryzae Saracladium oryzae

oryzae
Rhodotorula paludigena Y1 26.8 (0.82)° 103 (0.65)% 466 (0.52)% 50.8 (2.22)° 402 (1.33)2
Dirkmeia sp.Y9 362 (0.51) 0.60 (0.16)° 2(048)f 156 (0.34) 155 (0.45)%
Pseudozyma sp. Y55 6.23 (0.40) 041 (0.06) 286 (0.81)7 15.5 (0.25)% 20.0 (0.41)°
Pseudozyma sp. Y57 2.30 (0.65)%" 1.33(0.07)%f 18.1(0.23)° 155 (041)% 17.1(0.25)¢
Dirkmeia sp. Y70 8.76 (0.76)° 0.15 (0.06) 37.4(1.75° 18.1(0.22) 159 (0.61)%
Pseudozyma sp. Y71 149 (0.83)¢ 537 (1.11)° 33.1(0.21)° 274 (135)° 402 (1.32)°
Cryptococcus sp.Y72 17.2(031)° 2.14 (0.24)° 386 (2.24)° 204 (1.01)° 380 (0.86)°
Dirkmeia sp.Y76 7.80 (0.71)°f 0.32 (0.06)f 156 (0.32)°f 16.1 (0.62) 138 (0.27)f
Dirkmeia churashimaensis Y78 241 (031)° 1,55 (0.11)% 15.7 (0.33)f 12.9(0.15) 149 (0.44)f

Parameter values with different letters are significantly different according to Tukey'’s test. p < 0.05
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Fig. 2 Results of root and shoot length of rice obtained from the roll paper towel method treated with yeast strains. The strain codes on the plot
are as follows, Y1—Rhodotorula paludigena Y1,Y9—Dirkmeia sp. Y9, Y55—Pseudozyma sp. Y55, Y57—Pseudozyma sp. Y57, Y70—Dirkmeia sp. Y70,
Y71—Pseudozyma sp.Y71,Y27—Cryptococcus sp. Y72,Y76—Dirkmeia sp. Y76, and Y78—Dirkmeia churashimaensis Y78. Bars with different letters are

significantly different according to Tukey’s test. p <0.05

Y9 and Dirkmeia sp. Y70 with no significant difference
between them. Co-inertia analysis (CIA) was applied to
assess the correspondence between two datasets (yeast
PGP traits and rice phenotypic traits obtained from the
roll paper towel method). The graphical output from
this analysis is provided in Fig. 3. The CIA findings
revealed a strong correlation (RV=0.869, p<0.001)
between the two datasets with an eigenvalue of 11.8
in the first axis (Fig. 3B). The yeast PGP traits, specifi-
cally the P-solubilization index and P. oryzae inhibition
percentage, were associated with root length, while the
K-solubilization index and ACC deaminase activity
were linked to shoot length (Fig. 3C, D). The first CIA
axis captured the most variance (99%) in the two data-
sets and separates the R. paludigena Y1 strain from the
rest of the yeast strains (Fig. 3E).

Impact of treatments on rice in pot-culture experiment
Treatments, rice growth stages, and their combined
effects significantly impacted the microbial population,
rice biochemical traits, and phenotypic traits (Supple-
mentary Table 4).

Effect on leaf surface microbial population

In the case of the measured microbial population, the
CFUs of bacteria, actinomycetes, and yeast in all the
treatments were increased from the stem elongation to
the dough stage. The highest bacterial, yeast, and actin-
omycetes population was recorded in plants treated
with yeast consortium (R. paludigena Y1, Pseudozyma
sp. Y71, and Cryptococcus sp. Y72)+75% RDCFs (T,)
in all stages and that was approximately double the
population measured in control plants (T) (Table 3).
At all stages, the T plants had the lowest microbial
population.
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Fig. 3 Co-inertia analysis (CIA) results based on two datasets (yeast plant growth promoting traits and rice phenotypic traits). A Projections

of the principal axes of the two datasets onto the axes of the co-inertia analysis. X axes: Yeast plant growth promoting traits; Y axes: rice
phenotypic traits. B Scree plot of eigenvalues. C Correlation of plant phenotypic traits data with the first two axes of the co-inertia analysis. D
Correlation of yeast plant growth promoting traits and plant phenotypic traits with the first two axes of the co-inertia analysis. E Plot of the first
two components in the sample space. Each sample is represented by a square, where the two datasets for each sample are connected by lines

to a center point (global score). The strain codes on the plot are as follows, Y1—Rhodotorula paludigena Y1, Y9—Dirkmeia sp. Y9, Y55—Pseudozyma
sp. Y55, Y57—Pseudozyma sp.Y57,Y70—Dirkmeia sp. Y70, Y71—Pseudozyma sp.Y71,Y27—Cryptococcus sp.Y72,Y76—Dirkmeia sp.Y76,and Y78—

Dirkmeia churashimaensis Y78

Effect on rice biochemical traits

In all treatments, the leaf chlorophyll content increased
from the stem elongation stage to the flowering stage
but declined slightly in the dough stage than in the stem
elongation stage. The chlorophyll content was found to
be higher in T4- treatment plants in stem elongation and
flowering stages, and it was almost 3 and 2.5 times higher
than the Tc plants (Table 4). R. paludigena Y1+75%
RDCFs-treated plants (T¢) had a higher chlorophyll level
during the dough stage and T, T;-, T,-, and Tjg- treat-
ment plants contained comparatively lower chlorophyll
content. Regarding protein and proline content in rice,
To- and Yeast consortium+100% RDCFs-treatment
plants (T,) had the highest levels with minimal signifi-
cant variation between them (Table 4). Similarly, the T
plants had the least protein and proline content. Pro-
tein content was higher during the flowering and dough
stages compared to the stem elongation stage, but there
was no substantial difference between the flowering and
dough stages. The activities of antioxidant enzymes such

as catalase, polyphenol oxidase, and peroxidase revealed
that Ty- treatment plants had considerably higher activ-
ity than other treatment plants (Table 5). T,- treatment
plants exhibited the next highest enzyme activity, with
only minor differences from T,- treatment plants. The T
plants had the lowest levels of enzyme activity. Catalase
activity increased in all treatment plants from the stem
elongation to the flowering and dough stages. In contrast,
polyphenol oxidase activity rose only from the stem elon-
gation stage to the flowering stage but dropped below
the stem elongation stage in the dough stage. Peroxidase
activity was higher in the flowering stage, followed by the
dough stage, and with the lowest activity recorded during
the stem elongation stage in all treated plants.

Effect on rice phenotypic traits

The shoot length at the stem elongation stage varied sig-
nificantly among the various treatments. The plants from
T, and T, sets had the longest shoots in all three stages
with no significant difference. The shoot length was
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Table 3 Mean and standard deviation (n=3) values of bacterial, yeast, and actinomycetes population on rice surface at the stem
elongation, flowering, and dough stages grown in pots

Treatments Bacteria (10 CFUcm™) Yeast (10° CFUcm™") Actinomycetes (10° CFU cm™)

Stem Flowering Dough Stem Flowering Dough Stem Flowering Dough stage

elongation stage stage elongation stage stage elongation  stage

stage stage stage
T, 740(0.18)°  144(055%®  17.0(058)* 6(0.16° 179(0.15°  21.7(027°  161(003)°  1.80(0.02)° 198 (0.02°
T, 710(017)°  139(035P°¢ 164 (0.55)* 5(0.14)°  17.5(0.14)“ 8(025¢  157(003)°  168(002°  1.83(0.02)¢°
T, 6.90(0.17)° 136(052)>  168(0.57)* 5(0.14)° 172014 8(025¢ 150002  155(002°  168(0.02)
T, 940 (0.23)°  146(055%®  156(053)°9 121(0.16)° 19.1(0.16)°  21.7(027)°  198(0.03)° 206 (0.02)° 5(0.02)P
T 6.10(0.18) 40460 167063 977013 161 (0.13)° 6(021)°  146(004%  154(002°  1.73(0.03)F°
T, 7.20(0.18)° 1026 168(057)* 8(0.15°  175(0.15%  208(026)°  1.57(003)° 171002  1.83(0.02)¢
T, 690 (0.17)°  13.0 (0.50)° 10519 985013 17.2(0.14) 7025  143(002)%  151(002° 164 (002)°
Ty 6.10(0.15° 104 (040)¢  144(049°  974(013)° 162(0.13)° 9024" 136002 144001  159(002)"
T, 1(025°  154(059°  17.6(0.60) A4(018° 202(0.17)*  236(030)0°  2.23(0.04°  2.89(0.03) 5(0.03)
To 540 (0.12)° 2(052° 1430537 956(0.12¢ 169 (0.16) 8(023)f 1360002 139002  152(002)"
T 430(010)"  830(032°  103(035°  684(009)° 890007 9900129  1.12(002)°  1.18(001)°  1.29(0.01)

Parameter values with different letters are significantly different according to Tukey's test. p <0.05

T,, Rhodotorula paludigena Y1 + 100% recommended dose of chemical fertilizers (RDCFs); T,, Pseudozyma sp. Y71+ 100% RDCFs; T, Cryptococcus sp. Y72+ 100%
RDCFs; T,, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp. Y71 and Cryptococcus sp. Y72)+100% RDCFs; Ts, 100% RDCFs; T¢, Rhodotorula paludigena
Y1+75% RDCFs; T; Pseudozyma sp. Y71 +75% RDCFs; Tg, Cryptococcus sp. Y72 +75% RDCFs; T, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp.Y71 and
Cryptococcus sp. Y72)+75% RDCFs; T,, 75% RDCFs; T, Control

Table 4 Mean and standard deviation (n=3) values of total chlorophyll, protein, and proline content in rice leaves at the stem
elongation, flowering, and dough stages grown in pots

Treatments Total chlorophyll (mg g=' FW) Protein (ug g~ FW) Proline (ug g~' FW)

Stem Flowering Dough Stem Flowering Dough Stem Flowering Dough stage

elongation stage stage elongation  stage stage elongation  stage

stage stage stage
T, 100 (0.11)°  135(0.16) 2(016)°  354(1.14)°  439(146)>  430(1.060°% 667 (106 668 (1.21)°  69.0 (1.44)>
T, 801(0.13)°  11.9(0.29) 3(0.20)¢ 300 200)%  345(1.09)°  35.1(1.08)% 647 (1.27)> 664 (208)°  658(1.01)
T, 545(0.10" 810 (0.06) 2(016° 2460123 272(098) 25501179 559(1.02% 603 (1.11)° 589 (1.03)¢f
T, 132(0.10°  17.1(038)° 5(034° 405 (2.00)® 023007  444(127)®  655(1.00°% 762 (23)° 737 (2.19)%®
T, 744012 108(023)F 77023  338(0.549  435(134)° 397(1.08)°°¢ 616(121)° 664(145°  66.9(1.17)«
T 102(014)°  134(026°  105(0047 370110 477 (1170 41501175 649 (140>  670(134° 726 (126
T, 553(0.08)° 890(0.18)"  4.4(0.08)° 32,6 (0.78) 1(1.16)% 3380547 604 (080 659(091)°  632(1.22)%
T 561(0.13)  880(0.03) 6(0.13)° 264114  266(086)  300(1.08)¢ 557(1.25%  589(1.00°  556(0.81)
T 174021 205 (0.06)° 5(015° 41501400  480(1.04%° 451 (214°  707(1.97°  786(1.27°  748(1.00°
Tho 882015 125(031)¢ 2(0.12)F 344(067)¢  406(127)¢  388(1.13)°% 637 (1.03)°  666(1.18°  66.8(1.32)
Te 540(0.10)  870(0.05)" 4(0.15) 188(1.14)9  244(090)  237(084)" 528(075°  514(1.02)¢ 546 (0.94)

Parameter values with different letters are significantly different according to Tukey’s test. p <0.05

T,, Rhodotorula paludigena Y1+ 100% recommended dose of chemical fertilizers (RDCFs); T,, Pseudozyma sp.Y71 + 100% RDCFs; T, Cryptococcus sp. Y72 + 100%
RDCFs; T, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp. Y71 and Cryptococcus sp. Y72)+100% RDCFs; Ts, 100% RDCFs; Tg, Rhodotorula paludigena
Y1+ 75% RDCFs; T;; Pseudozyma sp.Y71+75% RDCFs; Tg, Cryptococcus sp. Y72 +75% RDCFs; Ty, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp.Y71 and
Cryptococcus sp. Y72) +75% RDCFs; T,,, 75% RDCFs; T, Control

approximately 38%, 15%, and 7.7% higher than T plants  in the T plants. The root length measured at all three
in stem elongation, flowering, and dough stages (Table 6).  stages was found to be higher in the T,- treatment plants,
While there was less significant variation in shoot length  and the shortest roots were recorded in the T plants. In
among the treatments during the flowering stage, no sig-  the case of other treatment plants in stem elongation and
nificant variation was observed at the dough stage, except
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Table 5 Mean and standard deviation (n=3) values of antioxidant enzyme activity (catalase, polyphenol oxidase, and peroxidase) in
rice leaves at the stem elongation, flowering, and dough stages grown in pots

Treatments Catalase (mmol min~' mg protein~’) Polyphenol oxidase (mmol min~" mg Peroxidase (mmol min~" mg protein~")
protein~’)

Stem Flowering Dough Stem Flowering Dough Stem Flowering Dough stage

elongation  stage stage elongation  stage stage elongation  stage

stage stage stage
T, 0.83(0.005)° 099 (0.006)" 134 (0.006)° 1.62(0.07)°  2.09(002)¢ 137(0.12)°¢ 155(0.02)° 1.98(0.07)° 160 (0.12)°
T, 046 (0007)°  060(0.011)° 0.80(0.008)" 142(0.08)¢  1.92(0.02) 1.30(0.08)°¢ 143(0.02)°¢ 1.75(0.08)0% 1.68(0.09)
T 026 (0002)"  047(0.003)" 074(0018) 135(0.16)“ 170(0.04°  1.12(001)% 1020047 156(0.16°  1.37(0.01)
T, 1.14 (0.005) 4(0002)° 1.76(0.001)° 187 (004 241(012% 156003 172(012% 2440047  1.89(0.03)°
T 0.73(0.003)% 089 (o 003)°  1.10(0.002) 1.58(0.05)°° 202009 1.21(005% 1.55(007)° 1.83(0.05°¢ 1.48(0.02)«
T, 099 (0009)° 1.09(0.013)° 146(0013)° 191(0.10)°  218(0.01)° 158(0.07)° 165001 195(0.11)°  1.69(0.07)
T, 055(0.009° 081(0.013)° 1.19(0011)° 134(0.09 197 (0.03)% 132(0.08)>¢ 126(0.03)%" 206(009° 163 (0.08)
T 032(0001)9 053(0001)" 095(0004) 125(005)% 181(008)% 1.12(0.16¢ 109 (0.08)  1.96(0.05°¢ 135(0.16)
T 116 (0005 1.60(0.004° 198(0.001)¢ 193(0.02°  268(0.07°  1.98(0.04)7 91(007° 261 (0.02)° 1(0.04)°
Tio 074 (0.005)%  1.00(0.002)% 1.22(0.021)° 1.46(0.03)¢ 1.84(0.07)% 1.26(0.03)® 1.36(0.10)°% 1.67(0.04)% 149 (0.02)«
T 0.26 (0.007)" 051 (0.009)" 067 (0.011) 1(010° 127016 81(010° 098016  1.11(0.12)f 1(0.13)°

Parameter values with different letters are significantly different according to Tukey'’s test. p <0.05

T, Rhodotorula paludigena Y1+ 100% recommended dose of chemical fertilizers (RDCFs); T,, Pseudozyma sp. Y71+ 100% RDCFs; T, Cryptococcus sp. Y72 +100%
RDCFs; T,, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp. Y71 and Cryptococcus sp. Y72) +100% RDCFs; Ts, 100% RDCFs; Tg, Rhodotorula paludigena
Y14 75% RDCFs; T;; Pseudozyma sp. Y71 +75% RDCFs; Tg, Cryptococcus sp. Y72 +75% RDCFs; Ty, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp. Y71 and
Cryptococcus sp. Y72) +75% RDCFs; T,,, 75% RDCFs; T, Control

Table 6 Mean and standard deviation (n=3) values of shoot and root length of rice measured at the stem elongation, flowering, and
dough stages grown in pots, as well as yield parameters such as the number of productive tillers, the number of grains per panicle, and
the 1000-grain weight

Treatments Shoot length (cm) Root length (cm) Yield parameters

Stem Flowering Dough Stem Flowering Dough No. No. grains 1000-grain

elongation  stage stage elongation stage stage productive  perpanicle  weight(g)

stage stage tillers
T, 306 (1.7 507 (18)®  683(1.1)® 227011 316014 438057  112(02)P 953 (0.6)° 239 (0.5
T, 357 (1.)°9 582201 681 (1.5 218712 314011 43107  937(06)¢  913(1.2¢ 238(0.6)®
T 378(09)°¢  582(05%C  678(08)® 21701 307(09%°  421(18°¢  892(03)%*  899(1.1)¢ 235 (0.6)°
T, 446 (047 619(09)° 70.1 (1.6)° 233011 329010 44306 12103  973(04)° 24.1(02)°
T 412057 569(08)° 672217 19509 3000055 42607 83604  89.1(07) 234 (0.4
T 399 (05°% 592013 68208 2190157 314(1.1)%C 436011 101 (02)° 959(03)"  238(02)%
T, 372(04)°9  572(12° 67124  217(010° 31303 41.008)°9  814(02°° 83102  233(05)°
Ty 33206% 5710145 661022 21106 290010 419011 761059 81304 232 (03)®
T 439 (06)° 62.1 2.6)° 700 (15)° 246(13°  335(08)° 453 (1.0 128(0.2° 112 (04)° 242 (037
To 365(07)°%  573(13)%  662(1.1)®  192(1.1)%° 29904 41109  7.19(03)9"  848(05)° 23.0 (0.5
Tc 319(16)° 53.9 (04)° 64.5(0.2)° 183(1.)°  293(1.2)¢ 38.1(1.1)¢ 652 (0.4)" 75.1(0.4)° 226(0.6)°

Parameter values with different letters are significantly different according to Tukey'’s test. p <0.05

T,, Rhodotorula paludigena Y1+ 100% recommended dose of chemical fertilizers (RDCFs); T,, Pseudozyma sp.Y71 + 100% RDCFs; T, Cryptococcus sp. Y72 + 100%
RDCFs; T,, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp. Y71 and Cryptococcus sp. Y72) +100% RDCFs; Ts, 100% RDCFs; T4, Rhodotorula paludigena
Y14 75% RDCFs; T;; Pseudozyma sp. Y71 +75% RDCFs; Tg, Cryptococcus sp. Y72 +75% RDCFs; Ty, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp.Y71 and
Cryptococcus sp. Y72) +75% RDCFs; T, 75% RDCFs; T, Control
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Fig. 4 Results of principal component analysis (PCA) based on

the integration of all dataset categories measured in pot culture experiment.

Variables marked with an asterisk are significant along the first principal component axis obtained from the PCAtest analysis. The treatments
are as follows: T,—Rhodotorula paludigena Y1+ 100% recommend dose of chemical fertilizers (RDCFs), T,—Pseudozyma sp. Y71 +100% RDCFs,

T;—Cryptococcus sp. Y72 +100% RDCFs, T,—Yeast consortium

(Rhodotorula paludigena Y1, Pseudozyma sp.Y71 and Cryptococcus sp.Y72) +100%

RDCFs, Ts—100% RDCFs, T¢—Rhodotorula paludigena Y1+ 75% RDCFs, T,—Pseudozyma sp. Y71+ 75% RDCFs, T;—Cryptococcus sp. Y72 +75% RDCFs,
Ty—Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp.Y71 and Cryptococcus sp.Y72)+75% RDCFs, T,,—75% RDCFs, and T — Control.
Data type abbreviations: PBT, plant biochemical traits; PPT, plant phenotypic traits; and MP, Microbial population
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flowering stages, they do not have substantial differences
in root length.

Relationship between the measured variables in different rice
growth stages

A PCA was applied to understand the variation among
plants with different treatments across three rice growth
stages using measured parameters (microbial population,
plant biochemicals, and plant phenotypic traits) (Fig. 4).
The total variance explained by the first two PC axes was
88.1%, indicating a strong treatment impact on plants at
all stages of rice development. The PC1 axis was statis-
tically significant (p<0.05), accounting for 64.7% of the
overall variance. Across all rice growing phases, the PC 1
axis separated plants treated with yeast consortium with
75% RDCFs (T,) and 100% RDCFs (T,) from other treat-
ments. In the PC1 axis, all variables were determined
to be statistically significant. The PC axis accounted for
only 23.4% of the total variance and effectively separated
plant samples based on rice development stages. At the
dough stage, the bacterial and yeast population variables

A
Control Treatment
3
L (4%)
B
3 E E
g : : DOWN
g Ll NS
iy ' !
S’ A ”
B i !
1 i E
25 0.0 25
log2 (fold change)

Fig.5 A Comparison of the leaf metabolite profiles between control
plants and those treated with the yeast consortium plus 75% RDCFs
B Volcano plot illustrating the changes in leaf metabolites of plants
treated with the yeast consortium plus 75% RDCFs compared

to control plants. NS—nonsignificant
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were dominant in plants treated with yeast consortium
with 75% RDCFs (T,) and 100% RDCFs (T,). During the
flowering period, peroxidase activity, proline, and protein
content were prominent in the same treatment plants.

Comparison of metabolite profile

The PCA results based on rice leaf biochemicals, phe-
notypic traits, and microbial population showed that
most variables were contributed by plants treated with
the yeast consortium +75% RDCFs (T,) in the flower-
ing stage. Hence, the leaf metabolites were extracted and
profiled in T plants and T, treatment plants collected
during the flowering stage (Supplementary Table 5). A
total of 51 and 84 metabolites were identified in the T
and T,y treatment plants, respectively, and 48 metabo-
lites were discovered to be shared by the two treatment
plants (Fig. 5A). In Ty- treatment plants, 36 new metabo-
lites were discovered, while 3 metabolites detected in T
plants were absent in Ty treatment plants (Fig. 5A). A
volcano plot was created using the 48 metabolites iden-
tified to be common in T and Ty treatment plants.
Ty~ treatment plants had higher concentrations of 40
metabolites and lower concentrations of 6 metabolites
than T, plants (Fig. 5B; Supplementary Table 6). Two
metabolites (Hepta-2,4-dienoic acid and 3,7,11,15-Tetra-
methyl-2-hexadecen-1-ol) showed no significant changes
(Fig. 5B).

Table 7 Mean and standard deviation (n=3) values of yield
from field experiment

Treatments Yield (t/ha)
FT, 368 (0.047)°
FT, 346 (0.045)°
FT, 3.42 (0.044)°
FT, 3.79 (0.048)%°
FTs 371(0047)®
FT, 3.53(0.045)°
FT, 345 (0.045)°
FTg 3.82 (0.048)°
FTc 341 (0.044)°

The yield unit is mentioned as tons per hectare (t/ha). Parameter values with
different letters are significantly different according to Tukey's test. p <0.05

T,, Rhodotorula paludigena Y1+ 100% recommended dose of chemical fertilizers
(RDCFs); T,, Pseudozyma sp. Y71+ 100% RDCFs; T, Cryptococcus sp. Y72+ 100%
RDCFs; T,, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp.Y71 and
Cryptococcus sp.Y72)+100% RDCFs; Ts, 100% RDCFs; T4, Rhodotorula paludigena
Y1+ 75% RDCFs; T; Pseudozyma sp. Y71 +75% RDCFs; Tg, Cryptococcus sp.

Y72+ 75% RDCFs; Ty, Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma
sp. Y71 and Cryptococcus sp.Y72) + 75% RDCFs; T,,, 75% RDCFs; T, Control
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Effect on rice yield-related parameters

The yield-related parameters were measured during the
harvest stage. the number of productive tillers was sig-
nificantly higher in Ty- treatment plants, which was two
times greater than in T plants. Followed by T,- and T,
(R. paludigena Y1+100%)- treatment plants had maxi-
mum productive tillers (Table 6). Ty- treatment plants
produced the most seeds per panicle, followed by T,-
treatment plants. The weight of 1000 grains was highest
in plants that had T,, T, and T, treatments. Other treat-
ment plants had similar values, indicating no significant
differences. In all parameters, the T plants recorded the
least.

Treatment effect on rice yield under field condition

The yield results from the field experiment showed that
FT,- treatment plants had the highest yield, which was
15.4% higher than the FT plants (Table 7). Followed by,
plants with FT,, FT,, and FT, treatments had the maxi-
mum yield, which was 14.5%, 12.2%, and 11,3% higher
than FT plants, respectively (Table 7). Other treatment
plants (FT,, FT,, FT;, FT., and FT,,) showed no signifi-
cant difference in the rice yield and the lowest yield was
recorded in FT plants.

Relationship between the various parameter categories
MCIA was applied to analyze the ten datasets jointly. The
graphical outputs of this analysis are shown in Fig. 6. The
total variance captured by the first two axes was 95.3%,
with the first axis capturing the highest variance (82.3%)
and separating the two treatment plants, yeast consor-
tium with 75% RDCFs (T,) and 100% RDCFs (T,), from
other treatments. The MCIA second axis, explaining
13.1% of the data variation, emphasized the separation
of T plants from other treatment plants (Fig. 6A). Total
chlorophyll and catalase activity from all three datasets
(PBT1, PBT2, and PBT3), shoot length from PPT1, root
length from PPT3, bacteria from MP1, and the number
of tillers from the YP dataset was well associated with
T, and T,- treatment plants (Supplementary Fig. 2). The
RV coefficient matrix of the combined dataset showed a
strong positive correlation within datasets of plant bio-
chemical traits (PBT1, PBT2, and PBT3) and microbial
population (MP2 and MP3) (Supplementary Fig. 3A). A
significant positive correlation was noted between the
yield parameter dataset (YP) and the plant biochemi-
cal traits dataset (PBT1, PBT2, and PBT3). However, no
substantial correlation was found between other dataset
categories. As a result, only all plant biochemical traits,
microbial population, and yield parameters datasets were
significant in separating the treatments in MCIA.

For MKL, the same datasets were used, and the com-
bined kernel principal component analysis (KPCA)
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was applied in further exploratory analysis. The results
revealed that the majority of the overall variance in the
data was captured by the first axis of KPCA (61%), which
clearly separated the four treatments, yeast consortium
with 75% RDCFs (T,), 100% RDCFs (T,), R paludi-
gena Y1+75% RDCFs (T¢) and R. paludigena Y1+ 100%
RDCFs (T,) from other treatments but T, and T, had
the highest variables impact than T4 and T, (Fig. 7A).
The second axis captured the least variance (20%), which
separated the fertilizer-only treatments (100% RDCFs
(T5) and 75% RDCFs (T,,)) from other treatments. An
important variable plot was computed for each dataset to
determine the impact of the variables on KPCA (Fig. 7B).
In terms of the microbial community, yeast was found to
be a key factor during the stem elongation stage, whereas
bacteria was the critical variable during the flowering
and dough stages. Catalase activity and total chloro-
phyll content significantly influenced plant biochemical
parameters during the stem elongation stage, while the
other two stages did not show a significant impact on the
variables. On the other hand, shoot length was found to
be an important factor during the flowering and dough
stages. In the case of yield parameters data, the actual
yield measured after harvest emerged as the most impor-
tant variable. Correlation using the RV coefficient matrix
of the combined dataset revealed a strong positive corre-
lation within the plant biochemical traits dataset (PBT1,
PBT?2, and PBT3) (Supplementary Fig. 3B). A substantial
positive correlation was noted between PBTs and PPT1,
PPT2, and YP datasets. Microbial population datasets
(MPs) also showed significant positive correlations within
themselves and with PPT2, PPT3, and YP datasets. As a
result, all four parameter category datasets significantly
separated the treatments in KPCA.

MCIA determined that T was the most effective treat-
ment and T, was the next-most effective treatment. In
the case of MKL, both T, and T, treatments were found
to be the better treatments in KPCA, as they can sepa-
rate the inseparable linear space between the samples.
Additionally, PCA results support that the T, treatment
significantly improved rice biochemical and phenotypic
traits (Fig. 4). Therefore, applying the yeast consortium
to rice fields with 75% RDCFs better enhances rice yield.
Overall, the foliar application of yeast consortium with
75% regular fertilizer application improved rice yield.

Discussion

Yeast, a key model organism, is extensively used in the
food industry, biotechnology, and medicine due to its
unicellular eukaryotic nature and ease of genetic manipu-
lation [58]. Saccharomyces cerevisiae, the most studied
yeast, is known for its efficient homologous recombina-
tion and was the first eukaryote to have a fully sequenced
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Fig. 6 Multiple co-inertia analysis (MCIA) results based on nine data sets (Plant biochemical traits, plant phenotypic traits, and microbial

population measured during stem elongation, flowering, and dough stages). A Plot of the first two components in the sample space. Each sample
is represented by a colored shape, with lines connecting the nine datasets for each sample to a central point (MCIA global score). B Variable

space for each data set. C A scree plot of absolute eigenvalues (bars) and the proportions of variance for the eigenvectors (line). D A plot of data
weighting space that shows the pseudo-eigenvalues space of all data sets indicating how much variance of an eigenvalue is contributed by each
data set. The treatment codes used are: T,—Rhodotorula paludigena Y1 + 100% recommend dose of chemical fertilizers (RDCFs), T,—Pseudozyma sp.
Y71+100% RDCFs, T;—Cryptococcus sp. Y72+ 100% RDCFs, T,—Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp. Y71 and Cryptococcus
sp. Y72)+ 100% RDCFs, Ts—100% RDCFs, T,—Rhodotorula paludigena Y1 +75% RDCFs, T,—Pseudozyma sp. Y71 +75% RDCFs, Te—Cryptococcus sp.
Y72 +75% RDCFs, To—Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp.Y71 and Cryptococcus sp.Y72) +75% RDCFs, T,,—75% RDCFs,
and T — Control. The data set abbreviations PBT1, PBT2, and PBT3 are plant biochemical traits; PPT1, PPT2, and PPT3 are plant phenotypic traits;
MP1, MP2, and MP3 are microbial population, and YP are yield parameters
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genome [59]. With advancements in genome editing,
non-conventional yeasts such as Kluyveromyces lac-
tis, Yarrowia lipolytica, Komagataella phaffii (formerly
Pichia pastoris), and Schizosaccharomyces pombe have
also become important in biotechnology and cellular
biology research [60]. On the other hand, environmental
yeasts have received little attention in terms of applica-
tions but have been extensively researched from an eco-
logical standpoint. In contrast to conventional yeasts
used in fermentation studies, which thrive in extremely
rich culture conditions, environmental yeasts are con-
strained by a lack of readily available nutrients [61]. Nota-
bly, phyllosphere yeasts are subjected to environmental
stresses such as high temperature, UV radiation, and dry-
ness, which likely force them to use different metabolic
routes and regulatory mechanisms for substrate utiliza-
tion [10]. Thus, further efforts should be made to investi-
gate their genetic and metabolic potential under natural
conditions. They are also involved in many interactions
with other microorganisms and plants, which include
symbiosis, mutualism, parasitism, and competition. With
these capabilities, recent reports suggest that yeast could
be used for plant growth promotion and plant disease
control. To fulfil the void in the search for new beneficial
microbes to enhance crop production and protection, an
attempt was made to isolate and develop potential yeast
isolates with multiple beneficial traits for use in crop pro-
duction and protection. The results obtained through
various experiments have been discussed here under.

In the current study, 52 yeast isolates were obtained
from the phyllosphere of rice at various phases of the
rice crop. Nine of the isolates were discovered to grow
at 36 °C. As previously stated, the phyllosphere is an
unfavorable environment, so testing the phyllosphere
microbes for specific stress levels is critical. Similarly,
phyllosphere bacterial strains were tested for salinity,
temperature, and osmotic stress before rice foliar treat-
ments [26]. The ability of rice phylloplane yeast strains
Rhodotorula taiwanensis, Cryptococcus aff. laurentii,
and Cryptococcus flavescens to grow up to 35 °Cwas
tested to ensure that they can withstand environmen-
tal temperatures [62]. Using ITS rRNA gene sequenc-
ing, the nine-temperature tolerant yeast genera were

(See figure on next page.)
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identified Rhodotorula, Dirkmeia, Pseudozyma, and
Cryptococcus. Cryptococcus albidus and Rhodotorula
mucilaginosa were primarily found on leaves, repre-
senting more than 50% of the community [63]. The
isolation of Pseudozyma genera from plant leaves was
also reported [64, 65]. Dirkmeia churashimaensis was
the most common basidiomycetous yeast discovered
on the sugarcane phylloplane, accounting for 12% of
all yeast strains identified [66]. Oleaginous red yeasts,
Rhodotorula species, are usually a promising source
of carotenoids, lipids, and exopolysaccharides (EPS),
which provide essential phyllosphere microbial char-
acteristics such as UV protection, avoidance of desic-
cation, and increased adhesion to the plant leaf surface
[67, 68].

IAA is the most common plant hormone of the auxin
class, which regulates various processes in plants from
development to senescence [69]. Similarly, GA is an
essential plant hormone that aids stem elongation and
germination. The most common form of GA is GA,,
which is a fungal product, and plants can primarily utilize
GA,, and other GA forms are used as precursors for GA,;
synthesis [69]. The microbial origin of phytohormones
and their application in plant growth and stress allevia-
tion have been widely studied [70]. A diverse range of
yeast strains isolated from plant phylloplane showed IAA
production [71]. Rhodosporidium paludigenum isolated
from rice phyllosphere was reported to produce IAA
[72]. Root treatment with IAA-producing endophytic
yeast has been shown to increase root and shoot length,
and maximum IAA production was recorded by Williop-
sis saturnus (22.5 ug ml™Y). In our study, maximum IAA
was produced by R. paludigena Y1 (77.2+9.1 pug ml™),
and treating rice seeds with yeast strains had minor and
major improvements in shoot and root lengths, respec-
tively [73]. The report on the production of GA by yeast
is uncommon, and only production of GA in soil yeast
through biochemical assay. Further confirmation of
GA production needs to be studied through modern
approaches. One of the most important needs of the
plant is nutrients, which are provided by microbes via
mechanisms such as mineralization (from organic to
inorganic form), solubilization (from inorganic to soluble

Fig. 7 A Results of multiple kernel learning analysis (MKL). A Plot of kernel principal component analysis (KPCA) based on nine data sets (Plant
biochemical traits, plant phenotypic traits and microbial population measured during stem elongation, flowering, and dough stages). B Plot

for important variables in each dataset assessed using Crone-Crosby distance. The treatment codes used are: T,—Rhodotorula paludigena Y1+ 100%
recommend dose of chemical fertilizers (RDCFs), T,—Pseudozyma sp. Y71+ 100% RDCFs, T;—Cryptococcus sp. Y72+ 100% RDCFs, T,—Yeast
consortium (R. paludigena Y1, Pseudozyma sp. Y71 and Cryptococcus sp. Y72)+ 100% RDCFs, Ts—100% RDCFs, T, - R. paludigena Y1 +75% RDCFs,
T,—Pseudozyma sp.Y71+75% RDCFs, T;—Cryptococcus sp. Y72 +75% RDCFs, To—Yeast consortium (Rhodotorula paludigena Y1, Pseudozyma sp. Y71

and Cryptococcus sp. Y72) +75% RDCFs, T,,—75% RDCFs, and T — Control
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form), and mobilization (uptake) [74]. Plants require
phosphorus and potassium as macronutrients. All nine
yeast strains in this study demonstrated phosphate and
potassium solubilization by forming a halo zone around
the colony in the specific media. A similar study reported
phosphorus solubilization by Drosera spatulata phyllo-
sphere yeasts Rhodosporidium paludigenum, Cryptococ-
cus laurentii, and Pseudozyma species [75]. Soil yeasts
Pichia anomala and Rhodotorula glutini have been
shown to solubilize potassium and enhance plant height,
as well as root and stem dry weights [22]. According to
our CIA results, K-index significantly increases the shoot
length of plants whose seeds were treated with yeast
strains.

Siderophore is a ferric iron-chelating compound with
low molecular weight and strong affinity that is secreted
by organisms. Siderophore-producing microbes promote
plant growth by increasing iron availability and protect-
ing plants from pathogens by increasing competition for
iron sources [76]. Pseudozyma aphidis, a phyllosphere
yeast, is known to produce the most siderophores of the
15 yeast species examined [77]. Similarly, in our study,
among the nine strains, R. paludigena Y1 had the maxi-
mum siderophore production compared to other strains.
Trichosporon ovoides and Saccharomyces cerevisiae are
shown to exhibit a high production of siderophore and
sidD gene expression under different levels of Cd** and
Pb** toxicity stress [19]. Yeasts produce hydroxymate
type of siderophores and are effective in controlling post-
harvest diseases of apples and pears [77]. So, the results
indicated that phyllosphere yeast could increase the
yield by enhancing the uptake of iron and also can con-
trol the disease by making the unavailability of iron for
pathogens.

During plant stress, higher ethylene levels are pro-
duced than usual, which causes leaf senescence. ACC
deaminase is an enzyme that breaks the ethylene precur-
sor ACC, thereby reducing ethylene levels. Both plants
and microbes produce ACC deaminase [78]. In our case,
all the yeast strains showed positive ACC deaminase
activity, and high activity was recorded in R. paludigena
Y1. High production of ACC deaminase was reported in
Pseudozyma sp. out of the eight isolates tested [75]. Two
seed-borne yeasts, Pichia kudriavzevii and Issatchenkia
terricola, were found to have ACC deaminase activity
as well as many other PGP functions [79]. Similarly, Liu
et al.,, [80] discovered that rhizosphere yeast, Cryptococ-
cus sp., has ACC deaminase activity and inorganic phos-
phate solubilization and improves the shoot biomass of
Sedum arboretum. In our study, CIA showed a significant
relationship between shoot length and ACC deaminase
activity. Hence, the isolated yeast species demonstrated
their potential to decrease ACC levels in rice plants,

Page 20 of 24

ultimately reducing ethylene levels, enhancing plant
growth, and protecting the host from various environ-
mental stresses.

Fungal pathogens in plants cause serious crop losses
with significant socioeconomic impacts. Increasingly,
people recognize that fungal pathogens pose a global
threat to agriculture [81]. Microbial tools such as yeast
may protect plants from pathogens through various
processes such as colonization, antifungal compound
production, induced systemic resistance, and the myco-
parasitism process [82]. Yeast isolates from the phyllo-
sphere of rice were tested for antagonistic activity against
rice pathogens. All the yeast isolates inhibited the growth
of P. oryzae, H. oryzae, and S. oryzae. Among the nine
strains R. paludigena Y1, Pseudozyma sp. Y71 and Cryp-
tococcus sp. Y72 significantly controlled the rice patho-
gens. Pepper phyllosphere Pseudozyma churashimaensis
conferred protection against Xanthomonas axonopodis
and some pepper viral infections upon foliar application
under field conditions [64]. Similarly, the antagonistic
activity of phyllosphere yeast Rhodotorula glutinis against
tomato Botrytis cinerea was reported [83]. Cryptococcus
and some other yeast genera showed antagonistic activity
against phytopathogenic fungi Penicillium, Aspergillus,
and Botrytis of table grapes, wine grapes, and raisins [84].
The possible antagonistic mechanisms of Rhodotorula
sp. against fungal pathogens could include siderophore
production [85], chitinase production [86], and other
inhibitory metabolites [87]. Hence our isolate can protect
against rice foliar fungal pathogens.

The three yeast strains that were found to have promi-
nent plant growth traits tested positive for compat-
ibility. All three strains were found to be Basidiomycete.
Basidiomycota yeasts, along with other endophytic bac-
teria and oomycetes, were prevalent in the Arabidopsis
thaliana leaf microbial community [88]. Similarly, many
Basidiomycota yeasts were reported in the rice phyl-
loplane [62]. Hence it is possible to have good compat-
ibility among the Basidomycota yeast. According to the
review by [89], applying multiple microbial species of
inoculum frequently enhances nutrient availability, pro-
motes plant growth, and yields better than applying a sin-
gle microbial species. In our study, we applied individual
yeast strains and the consortium of three strains along
with 75% and 100% RDCFs. The results showed that
consortium application, along with 75% RDCFs was the
best application in rice as it significantly improved plant
biochemicals and yield. In a similar study, it was dis-
covered that the application of Glomus mosseae (AMF),
Bacillus subtilis (Phosphate solubilizing bacteria), and
Nitrifying microorganisms (Nitrosomonas+ Nitrobacter)
along with 75% of the recommended urea+ superphos-
phate improved the potato yield and quality more than
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individual microbial application and high dose fertilizers
(100 and 125% RDCFs) [90]. Integrated biofertilizer con-
sortium (Proteobacteria and some fungal species from
Basdiomycota and Ascomycota) with 30% recommended
chemical fertilizer better-improved oil palm growth and
soil microbial diversity than zero and 100% dose chemi-
cal fertilizer [91]. As a result, the yeast consortium sub-
stituted 25% of the chemical fertilizers commonly used in
rice cultivation while outperforming 100% chemical ferti-
lizer applications.

Data integration approaches were invaluable in uncov-
ering various aspects of this study. Within linear relation-
ships, PCA and MCIA highlighted T, and T, as the best
treatments, with a stronger emphasis on Ty. MKL, which
captures non-linear relationships, additionally identified
T, and T as strongly related to the measured parame-
ters. PCA loadings revealed significant variables relevant
to each growth stage. MCIA demonstrated that the sig-
nificance of each measured variable at each rice growth
stage was closely related to specific treatments. In con-
trast, MKL highlighted the order of importance of each
variable across different rice growth stages, rather than
focusing on relationships.

We also studied the impact of yeast consortium on
rice leaf metabolites. Several compounds were identi-
fied in rice leaf extract at the critical stage of rice plants
from both consortium-treated plants with fertilizer and
control plants. The quantity of organic acids and vola-
tile compounds was synthesized at higher levels in the
treated plants compared to the control plants. Wheat
seeds exposed to two rhizosphere bacteria were found
to alter leaf and rhizosphere metabolites. The metabo-
lite profile was found to have beneficial functions such
as promoting plant growth, interacting with microbes,
and chemotaxis. [92]. Deproteinized leaf extract has been
used as a yeast growth medium, and the and the metab-
olites produced by yeast in that medium were reported
to have plant-beneficial compounds [93]. Moreover,
the yeast extract was reported to act as an elicitor and
induced growth and secondary metabolite production
in transgenic Red sage (Salvia miltiorrhiza) cells in 2012
suspension culture [94]. Hence in our study, the yeast
strains foliar inoculated on the rice leaf likely utilized the
leaf nutrient source and induced a wide range of benefi-
cial metabolite production in rice.

Conclusion

The primary aim of this study was to reduce the dosage
of chemical fertilizers in agriculture by integrating them
with underexplored microorganisms that can enhance
crop improvement. Consequently, we isolated rice phyl-
losphere yeast and selected nine strains capable of with-
standing high temperatures (36 °C), enabling survival in
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the phyllosphere environment. Among these, three yeast
strains, Rhodotorula paludigena Y1, Pseudozyma sp.
Y71, and Cryptococcus sp. Y72, demonstrated better PGP
traits and improved root and shoot lengths upon seed
treatment. When these top three strains were combined
and foliar-sprayed on rice in pot culture and field experi-
ments with 75% of the RDCFs, the results showed signifi-
cant improvements in plant biochemicals, growth, leaf
microbial population, and yield compared to using 100%
RDCFs alone. Thus, we found that the foliar application
of the identified yeast consortium reduced fertilizer usage
by 25% while achieving a better yield than regular ferti-
lization. Therefore, this yeast consortium can be applied
to rice fields with reduced fertilizer input to achieve a
better yield. Reports on the role of phyllosphere yeast in
crop development and biotic stress control are scarce.
This study and its findings on rice phyllosphere yeast
provide significant contributions to PGPM research.
Future research could focus on comparing the rice yield
improvement efficiency of phyllosphere yeast strains with
that of bacterial strains.
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