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Abstract: Biofertilizers offer a sustainable method for improving rice growth and productivity, yet
their effects on the interaction between plant growth, photosynthetic activity, and gene expression
remain under-researched. This study examines how biofertilizer influences rice physiology, focusing
on photosynthetic regulation and expression of chlorophyll-related genes. Eight fertilizer treatments
were applied: control (CNT), biofertilizer (BF), deactivated biofertilizer (DABF), rice straw (RS), rice
straw with biofertilizer (RS+BF), organic fertilizer (OF), organic fertilizer with biofertilizer (OF+BF),
and inorganic fertilizer (IOF). Plant height, tiller number, SPAD, NDVI, chlorophyll content, and
photosynthesis rates were measured, while gene expression analysis was conducted using RT-qPCR.
The OF+BF treatment produced the most significant results, leading to a 31% increase in plant height,
a 135% increase in tiller number, and a 42% increase in chlorophyll content (SPAD values) compared
to the control. Additionally, OF+BF enhanced photosynthetic efficiency by 74%, with the highest
net photosynthetic rate of 48.23 umol CO; m~2 s~ 1. Gene expression analysis revealed that OF+BF
upregulated key photosynthesis-related genes, such as OsChlD and OsCHLM, showing a 70% and
90% increase in expression. These findings highlight the potential of integrating biofertilizers with
organic fertilizers to sustainably boost rice growth and productivity, contributing to global food
security and climate change mitigation.

Keywords: global warming; rice cultivation; biofertilizers; photosynthetic efficiency; gene expression

1. Introduction

Global warming and climate change are challenges that directly affect agricultural
productivity. Rising temperatures, erratic weather patterns, and increasing greenhouse gas
emissions have led to a decrease in plant production, posing a threat to food security [1-3].
According to the Intergovernmental Panel on Climate Change (IPCC), the agricultural sector
is both a contributor to and a victim of climate change, as unsustainable farming practices
intensify environmental degradation [4,5]. Addressing these issues is critical to achieving
the United Nations Sustainable Development Goals (SDGs) by 2030, particularly SDG 2
(Zero Hunger) and SDG 13 (Climate Action), which focus on ending hunger, promoting
sustainable agriculture, and taking urgent action to combat climate change. The growing
population, especially in Asia, where rice is a staple food, further exacerbates the pressure
on food production. With the world population expected to reach 9.7 billion by 2050 [6-9],
there is a need to increase rice production sustainably to meet the demands of a rapidly
growing population and mitigate the adverse effects of climate change.

To increase rice production, genetically improving photosynthesis is a key strategy to
boost crop yields and meet the rising demand for food. Photosynthesis is a highly regulated
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process, controlled by the expression of genes involved in producing chlorophyll, photo-
synthetic pigments, and key enzymes for energy conversion [10,11]. Studies by Li et al.,
2021 and Ambavaram et al., 2014 demonstrate how genetic control of photoprotection
pathways shields photosynthetic machinery from light stress, while Kromdijk et al., 2016
and Mubhie et al., 2022, show that targeted gene modifications can enhance photosynthetic
efficiency [11-14].

Improving photosynthetic efficiency through biofertilizers and organic fertilizers
offers a sustainable means to increase crop productivity while lowering environmental
impacts. Despite these advancements, there remains a significant gap in understanding
how combining biofertilizers and organic fertilizers affects gene expression related to
chlorophyll production and photosynthetic efficiency. Understanding these interactions is
essential for developing sustainable agriculture strategies that improve crop yields while
minimizing environmental damage. By addressing this knowledge gap, this research
supports both increased productivity and climate resilience, advancing the objectives of
SDG 2 and SDG 13.

Photosynthesis is important for plant growth and productivity, with chlorophyll play-
ing a significant role in capturing light energy and converting it into chemical energy [14-16].
In this context, enhancing chlorophyll synthesis through sustainable fertilization strategies,
such as biofertilizers combined with organic fertilizers, is critical for improving photosyn-
thetic efficiency and supporting climate-smart agriculture. Studies by Vessey et al., 2003,
and He et al., 2023 highlight the roles of genes like OsaCA1 and LHCBS in optimizing
photosynthesis by managing carbon flow and light energy within chloroplasts [17,18].
These genes are regulated by internal signals such as circadian rhythms and developmental
stages, as well as external factors like light intensity, temperature, and nutrient availabil-
ity. However, much remains unknown about how the integration of biofertilizers with
organic fertilizers can influence the gene expression pathways regulating photosynthesis
and chlorophyll synthesis, particularly under varying environmental conditions. Under-
standing this interaction is important for promoting sustainable, high-yield rice production
in a changing climate.

Sustainable agricultural practices, particularly the integration of biofertilizers and
organic fertilizers, offer a promising solution for enhancing crop yields while minimizing
the environmental footprint of farming. Biofertilizers improve soil health and nutrient
cycling, leading to a reduction in chemical fertilizers that contribute to greenhouse gas
emissions [19-22]. This approach aligns with SDG 13 by mitigating climate change impacts
through eco-friendly practices, and it supports SDG 2 by enhancing plant resilience to
environmental stress, thus securing food security.

Historically, traditional farming relied on organic amendments like manure and com-
post, a practice dating back to ancient civilizations [23,24]. The Green Revolution introduced
high-yield crops and chemical fertilizers, which significantly boosted food production but
also caused soil degradation and environmental issues [25,26]. In response to the emer-
gence of biostimulants and biofertilizers, such as microbial inoculants and seaweed extracts,
which enhance plant growth and soil health [27,28]. Nitrogen-fixing bacteria like Rhizobium
and Azospirillum provide essential nitrogen for chlorophyll production, while phosphate-
solubilizing bacteria convert insoluble phosphorus into forms that plants can absorb [28].
Recent studies have demonstrated that biofertilizers not only enhance nutrient uptake but
also lower the environmental impact of agriculture by reducing greenhouse gas emissions
and improving soil biodiversity [29-32]. Thus, biofertilizers are important in sustainable
agriculture, contributing to increased productivity and environmental conservation. In
this study, the objective is to explore the effects of combining biofertilizers with organic
fertilizers on the growth of rice plants. Biofertilizers enhance nutrient availability and
promote plant growth through processes like nitrogen fixation and phosphorus solubi-
lization. Organic fertilizers, derived from plant and animal residues, improve soil health
by enhancing its structure and increasing microbial activity. This study hypothesizes that
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combining these fertilizers will produce a synergistic effect, leading to enhanced plant
growth, improved photosynthetic efficiency, and upregulated gene expression.

2. Materials and Methods
2.1. Experimental Site Description and Soil Analysis

This study was conducted at the Kariwa Village Advanced Agro-Biotechnological
Research Centre in Kashiwazaki, Japan. The experimental work was carried out in biotron
facilities, which allowed for the precise control of environmental conditions essential for
the growth of rice plants. The temperature inside the biotrons was regulated to maintain
a day/night cycle of 28 °C/23 °C. The relative humidity was controlled at 70%, and
the ambient CO, concentration conducive to plant growth and development is around
400-450 ppm.

The soil used in the experiment was collected from a paddy field in Kashiwazaki,
Japan (37°22'40.8"” N latitude and 138°36'53.5" E longitude). Samples were taken from the
top 0-20 cm of the soil profile using a soil auger at random locations to ensure representa-
tiveness. After collection, the soil was mixed thoroughly, air-dried, ground, and passed
through a 2 mm sieve to prepare it for use. A physicochemical analysis of the prepared soil
was conducted, revealing the following properties: nitrogen content of 27 mg/kg, phospho-
rus content of 37 mg/kg, potassium content of 74 mg/kg, electrical conductivity (EC) of
33.55/m, and a pH of 5.68. These baseline measurements were essential for understanding
the initial soil conditions before the application of treatments.

2.2. Experimental Design and Treatments

The experiment followed a completely randomized design (CRD) in the biotrons, with
each treatment replicated three times for reliable comparative and statistical analysis. The
experimental units consisted of pots with a diameter of 21 cm and a height of 20 cm, each
filled with 4 kg of the prepared soil. The pots were designed with drainage holes and were
placed in a water pool to simulate paddy field conditions and to ensure that the water level
remained consistently around 10 cm above the soil surface throughout the entire growth
period. Rice seeds of the Oryza sativa ssp. japonica cv. Koshihikari, a widely cultivated and
highly regarded rice in Japan, were used for this study. The seeds were sourced from the
Laboratory of Biochemistry, Faculty of Agriculture, Niigata University. The seeds were
soaked for two days. Soaked seeds were placed in a viol for 2 weeks under a controlled
growth chamber. After 2 weeks, seedlings were transferred to the ambient condition in a
greenhouse. Thirty-day-old seedlings were transplanted into the pots to ensure uniformity
in plant age and initial growth conditions. One rice seedling was planted in each pot,
and there were five pots for each treatment. A single seedling was planted per pot, with
five pots assigned to each treatment, and three plants were selected for measurements.
The experiment included eight distinct fertilizer treatments: Control (CNT), biofertilizer
(BF), deactivated biofertilizer (DABF), rice straw (RS), rice straw with biofertilizer (RS+BF),
organic fertilizer (OF), organic fertilizer with biofertilizer (OF+BF), and inorganic fertilizer
(IOF). The biofertilizer used in this study, Tokyo8, known as a microbial activator with
abundant pseudomonas species, was sourced from Taiyo-Yuka Co., Ltd. (Tokyo, Japan), while
rice straw and organic fertilizer, a mixture of lactic acid, eggshells, linsan guano excrete,
and rice flour, were obtained from local farmers. The application of fertilizers followed the
local farmers’ practices, with precise amounts being weighed using an analytical balance to
ensure consistency across treatments. However, the application of the biofertilizer followed
the manufacturer’s instructions manual. 1 mL of the biofertilizer was dissolved in 100 mL
of water and applied at a rate of 20 mL per pot. The fertilizers” application method, timing,
and quantities for each treatment are presented in Table S1 in the Supplementary Materials.
The plants were maintained under continuous submersion with 10 cm of water above the
soil surface, replicating typical conditions in paddy fields until the time of harvest. This
experimental design was intended to evaluate the effects of combining biofertilizers with
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organic fertilizers on rice growth, photosynthetic efficiency, and gene expression, providing
insights into the potential benefits of these sustainable agricultural practices.

2.3. Justifications for the Selected Treatments

In this pot experiment, eight treatments were evaluated to assess their impact on plant
growth and photosynthesis. Biofertilizer was tested to determine its efficacy in enhancing
nutrient uptake, promoting root development, and improving soil health through bene-
ficial microorganisms, leading to increased plant growth and photosynthetic efficiency.
Rice straw with biofertilizer was investigated for its synergistic effects, providing a more
complete nutrient profile, improving soil structure, and enhancing microbial activity, which
resulted in greater plant growth and photosynthetic efficiency. Similarly, organic fertilizer
with biofertilizer was examined to see if the combination of these inputs would offer a
more comprehensive nutrient profile, improve soil structure, and boost microbial activity,
leading to enhanced plant growth and photosynthetic efficiency. The control treatment
served as a baseline, validating that any observed changes were attributable solely to the
experimental treatments and no other factors. Autoclaved biofertilizer was used to isolate
the effects of organic matter and other components in biofertilizers, excluding biological
activity, to determine if benefits were due to biological activity or other factors such as
nutrient content or soil structure. Rice straw was assessed for its impact as an organic
matter source, improving soil structure, increasing water retention, and providing nutrients
as it decomposes, thus enhancing plant growth and photosynthetic efficiency. Organic
fertilizer was evaluated for its effectiveness in releasing nutrients gradually as it decom-
poses, which supports sustained nutrient availability and improves plant health, growth,
and photosynthetic efficiency. Finally, inorganic fertilizer served as a positive control to
compare the effects of organic and biological inputs with a traditional chemical fertilizer,
which provides a quick release of nutrients but can also lead to nutrient leaching and
environmental pollution.

2.4. Growth Parameters

During the plant growth process, plant height and tiller number were measured
at the tillering stage (30 days, 30DAG). Plant height was determined by measuring the
distance from the ground to the apical growth point using a tape measure, while the tiller
number was counted. For leaf selection, the longest leaves with better growth and full
sunlight exposure were chosen from the upper part of each selected Koshihikari plant and
tagged as samples for photosynthetic light response curves and leaf chlorophyll content
measurements. The leaf chlorophyll content was measured using the SPAD (Soil Plant
Analysis Development) chlorophyll analyzer (Minolta Co. Ltd., Osaka, Japan) on the flag
leaf, with readings taken from the middle position of the leaf and three measurements
recorded per plant for each treatment. Additionally, to assess the impact of fertilizer
application on rice plant health and growth, this study utilized the Normalized Difference
Vegetation Index (NDVI) as a quantitative measure of vegetation vigor, measured using a
GreenSeeker handheld crop sensor (Trimble Inc., Sunnyvale, CA, USA). This active sensor
measures canopy reflectance at specific wavelengths in the red (670 £ 10 nm) and near-
infrared (780 £ 10 nm) regions of the electromagnetic spectrum, calculating NDVI with
the formula (p780 nm — p670 nm)/(p780 nm + p670 nm). Measurements were taken by
holding the GreenSeeker in the nadir position and scanning it over the biomass sampling
area at a constant height of 60 cm above the crop canopy. For each plot or treatment, the
final NDVI value represented the average of three NDVI readings.

2.5. Leaf Gas Exchange and Photosynthetic Pigment Measurement

Leaf gas exchange measurements were conducted at the flowering stage using a
portable photosynthesis system (LI-6400XL, LI-6400-20, LiCor Biosciences, Lincoln, NE,
USA). For each treatment, three plants were selected, and their fully expanded functional
leaves were placed in the leaf chamber. The chamber was secured to prevent air leakage



Sustainability 2024, 16, 9297

50f22

for accurate measurements. The CO, concentration in the chamber was maintained at
400 pmol mol ! using a small CO, cylinder, while the photosynthetic photon flux density
(PPFD) was set to 1200 umol m 2 s~ 1. Leaf temperature was controlled at 26 °C with a flow
rate of 400 umol s~!. Measurements were taken on sunny, cloudless days between 9:00
and 13:00 to ensure maximum photosynthetic activity, with relative humidity maintained
between 45% and 50%. The net photosynthetic rate (An) (umol CO, m~2 s~ 1), stomatal
conductance (gs) (mmol m~2 s~ 1), transpiration rate (E) (mmol m~2 s 1), intercellular CO,
concentration (Ci), and the ratio of intercellular to ambient CO, concentration (Ci/Ca) were
measured. The ratio of An/E was used to compute the instantaneous water use efficiency
(WUE), indicating the amount of CO; fixed per unit of water lost through transpiration.

After gas exchange measurements, all assimilating branches enclosed in the leaf
chamber were carefully cut off for chlorophyll content determination. Chlorophyll content
was determined using the methanol extraction method. Leaf tissue samples were extracted
with 95% methanol at room temperature for over 24 h under dark conditions. After
extraction, the supernatant was collected, and absorbance was measured at wavelengths
of 655, 645, 495, and 480 nm using a UV-2550 UV-vis spectrometer (SHIMADZU Co., Ltd.,
Kyoto, Japan). The concentrations of chlorophyll a, b, the total chlorophyll, 3-carotene, and
Lutein were calculated according to 33, using Equations (1)—(6).

Ca= 19.00A655 — 7.61A645 (1)

Cb =21.45A¢645 — 5.92A¢55 (2)
Ca+b = 13.08A455 + 13.84A¢45 3)
CB-car = 17.16A495 — 3.96A480 4)
CLut =11.51A480 — 20.61A495 )

CLut+p-car = 7.55A48) — 3.45A 495 (6)

where A is absorption of the solution at 655, 645, 495, and 480 nm, Ca is the concentra-
tion of chlorophyll a, Cb is the concentration of chlorophyll b, and Ca+b is the sum of
concentrations for chlorophyll a and b (mg/kg). Clut is the total concentration of lutein,
CpB-car is the total concentration of -carotenoid, and Clut+f-car is the total concentration
of xanthophylls (3-carotenoid and lutein) (mg/kg).

2.6. Real-Time Quantitative PCR Analysis

High-quality total RNA was extracted from leaf samples of Koshihikari rice plants sub-
jected to eight different treatments during the tillering stage using the TRIzol method [33].
100 mg of leaf tissue was ground into a fine powder in liquid nitrogen using a pre-cooled
mortar and pestle. The powdered tissue was immediately transferred to a 2 mL microcen-
trifuge tube containing 1 mL of TRIzol reagent and vortexed briefly. The samples were
incubated at room temperature for 5 min to allow complete dissociation of nucleoprotein
complexes. Chloroform (0.2 mL per 1 mL TRIzol) was added, and the tubes were shaken
vigorously for 15 s and then incubated at room temperature for 2-3 min. The mixture was
centrifuged at 12,000 x g for 15 min at 4 °C, and the aqueous phase was carefully trans-
ferred to a fresh tube. An equal volume of isopropanol was added to the aqueous phase to
precipitate the RNA. After incubation at room temperature for 10 min, the samples were
centrifuged at 12,000 x g for 10 min at 4 °C. The resulting RNA pellet was washed with 1 mL
of 75% ethanol, briefly vortexed, and centrifuged at 7500 g for 5 min at 4 °C. The RNA
pellet was air-dried and dissolved in RNase-free water. RNA concentration and purity were
assessed using the NanoDropTM One/OneC Microvolume UV —Vis Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The cDNA templates were produced from
the total RNA samples through reverse transcription, utilizing the ReverTra Ace® qPCR RT
Master Mix with gDNA Remover (Toyobo, Osaka, Japan).
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The real—time polymerase chain reaction (RT—PCR) analysis was conducted using
the CFX96TM Real—Time PCR Detection System (Bio—Rad Laboratories GmbH, Hercules,
CA, USA). The RT—PCR amplifications were conducted using a reaction volume of 10 pL.
The reaction mixture consisted of 5 uL of SsoFastTM EvaGreen® Supermix (Bio—Rad
Laboratories GmbH, Hercules, CA, USA), 3.6 uL of ddH,O, 0.2 uL of 10 pmol sense
(forward) primer, 0.2 uL of 10 pmol antisense (reverse) primer, and 1 puL of cDNA. The PCR
technique was followed to perform triplicate reactions for each gene. The melting curve
analysis for the experiment involved 40 cycles of denaturation, annealing, and extension.
Denaturation was performed at 98 °C for 2 min, followed by a brief denaturation at 98 °C
for 2 s. Annealing was conducted at 60 °C for 5 s, and extension was performed at a
gradient temperature from 75 °C to 95 °C for 10 s. The gene expression of the target
gene (Table S2) was normalized by using the 2~4CT method as described by Livak and
Schmittgen [34] employing reference gene OsUBQ5 (Os01g0328400).

2.7. Statistical Analysis

The obtained data were used to analyze variance (ANOVA) using RStudio software
(Version 2024.04.0+735) to evaluate the significant variations across treatments. The method
of determining separation was conducted by applying Tukey’s honestly significant differ-
ence (HSD) test at a significance level of p < 0.05, using RStudio software, explicitly utilizing
the “glht’ function [35]. The principal component analysis (PCA) was performed on the
correlation matrix of treatments. Index values for each treatment were first deliberated
by assessing treatments. All the traits under each treatment were combined and used as
index values for PCA analysis. These index values were used to identify the correlation of
response variable vectors and comparisons across the ordination space. Two-way heatmap
clustering analysis (HCA) was performed on the same dataset as PCA analysis. Pearson
correlation was used as a correlation-based distance method. The ‘Euclidean algorithm’
was used to compute the dissimilarity matrix. PCA and HCA were created using the
RStudio software, including the ‘prcomp” function in the ‘factoextra’ package [36]. Data
were hierarchically clustered using the heatmap function in the ‘pheatmap’ package with
RStudio software [37].

3. Results
3.1. Plant Growth, Tiller Number, NDVI, and SPAD

In the context of plant height, the OF+BF treatment resulted in the most significant
increase, with plants reaching an average height of approximately 90 cm—31% higher
than the control (CNT), which had a mean height of 68 cm. This treatment outperformed
all others, indicating a positive synergistic effect between the organic and biofertilizer
components. In comparison, CNT and rice straw (RS) produced shorter plants, averaging
around 70 cm and 65 cm, respectively. The deactivated biofertilizer (DABF) treatment also
showed reduced height, suggesting that the sterilization process diminished its effective-
ness (Figure 1A). Other treatments, such as inorganic fertilizer (IOF) and biofertilizer (BF),
demonstrated statistically significant increases in height, with IOF achieving about a 20%
increase and BF a 15% increase over the control. In contrast, RS and DABF did not show
significant differences from CNT, indicating limited effectiveness. For the tiller number,
OF+BF produced an average of 18 tillers per plant, a significant increase compared to
the CNT’s average of 8. IOF and BF also led to higher tiller counts, averaging 15 and 14,
respectively. The OF+BF treatment yielded a remarkable 135% increase in tiller production
compared to the control. IOF and BF showed substantial improvements as well, with
increases of 90% and approximately 55%, respectively, underscoring the enhanced repro-
ductive capacity associated with the combined use of organic and biofertilizers (Figure 1B).
NDVI values were highest in IOF, BE, and OF+BF, each around 0.75, indicating effective
maintenance of chlorophyll and plant vigor. CNT, RS, and OF exhibited lower NDVI values
of around 0.6. The high NDVI in OF+BF (0.73) represents a 74% increase in plant health
compared to the control (0.42). IOF and BF also showed significant increases in NDVI, at
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71% and 65%, respectively, while RS and DABF did not exhibit significant improvements
(Figure 1C). For chlorophyll content, as measured by SPAD, OF+BF resulted in a significant
42% increase over the control, raising the mean SPAD value from 33 to nearly 47. IOF also
led to a 37% increase, while BF showed a 33% increase. SPAD values were highest in OF+BF,
significantly surpassing those of CNT and RS, which averaged around 35 (Figure 1D). Statis-
tical analysis highlights that the combination of organic fertilizer and biofertilizer (OF+BF)
consistently produces the most substantial improvements in plant height, tiller number,
NDVI, and SPAD, with increases ranging from 31% to 135% compared to the control. While
inorganic fertilizer (IOF) and biofertilizer (BF) also show positive effects, the combined
treatment consistently outperforms these individual applications, enhancing both growth
and photosynthetic capacity.
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Figure 1. Biofertilizer combined with organic fertilizer increased rice growth. (A) Plant height,
(B) Tiller number, (C) NDVI, and (D) SPAD values for control (CNT), rice straw (RS), organic fertilizer
(OF), inorganic fertilizer (IOF), biofertilizer (BF), autoclave biofertilizer (DA BF), rice straw combined
with biofertilizer (RS+BF), and organic fertilizer combined with biofertilizer (OF+BF). Error bars
represent £SD (n = 3). Values with the same letter are not statistically different among all treatments
(Tukey HSD test, p < 0.05).

3.2. Photosynthetic Pigments

Chlorophyll a (Chl a) content (Figure 2A) was highest in the OF+BF treatment, reach-
ing approximately 0.45 mg/g fresh weight, a significant increase of 66% compared to
the control (CNT), which had a mean value of 0.165 mg/g. In contrast, CNT and rice
straw (RS) treatments exhibited the lowest Chl levels, around 0.15 mg/g and 0.20 mg/g,
respectively, indicating suboptimal conditions for chlorophyll production. Biofertilizer (BF)
alone showed a moderate increase, with levels at about 0.35 mg/g, but still fell short of
the OF+BF combination. For chlorophyll b (Chl b) (Figure 2B), OF+BF also produced the
highest levels, approximately 0.22 mg/g fresh weight, reflecting a 72% increase over the
control, which had a mean of 0.069 mg/g. CNT and RS treatments resulted in lower Chl b
contents, around 0.08 mg/g and 0.10 mg/g, respectively. Inorganic fertilizer (IOF) and BF
contributed to increased Chl b levels, but not as significantly as the OF+BF treatment. Total
chlorophyll content (Chl a+b) (Figure 2C) was highest in OF+BF, reaching approximately
2.6 mg/g fresh weight, representing a 67% increase compared to the control (1.0 mg/g).
RS+BF also showed high total chlorophyll levels, close to 2.5 mg/g, indicating the effec-
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tiveness of biofertilizer in enhancing chlorophyll content. IOF and BF were effective as
well, though not to the same extent as the OF+BF combination. 3-carotene (3-car) levels
(Figure 2D) peaked at around 0.11 mg/g fresh weight in the OF+BF treatment, marking a
50% increase over the control, which had 0.076 mg/g. BF alone reached about 0.07 mg/g,
while CNT and DA BF recorded the lowest 3-car levels at around 0.03 mg/g. The increase
in 3-carotene indicates enhanced photoprotection and stress mitigation in plants treated
with combined fertilizers. Lutein (Lut) content (Figure 2E) mirrored this trend, with the
highest levels in OF+BF and RS+BF treatments, each reaching approximately 0.14 mg/g
fresh weight, significantly higher than CNT (0.08 mg/g) and RS (0.09 mg/g). The combined
levels of 3-carotene and lutein (3-car + Lut) (Figure 2F) were highest in OF+BF, at about
0.25 mg/g fresh weight, reflecting a 58% increase over the control (0.12 mg/g). RS+BF also
resulted in high levels, close to 0.22 mg/g, further emphasizing the benefits of integrating
biofertilizers with organic fertilizers. The descriptive statistics for chlorophyll-related pa-
rameters highlight the superior performance of the OF+BF treatment across all measured
pigments. Significant increases in Chl a, Chl b, total chlorophyll, 3-carotene, and lutein
content illustrate enhanced light capture and environmental stress resilience in plants
treated with the OF+BF combination. In contrast, treatments like rice straw and autoclaved
biofertilizer showed minimal improvements, underscoring the effectiveness of combined
fertilization strategies in optimizing plant growth and photosynthetic pigment production.
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Figure 2. Biofertilizer combined with organic fertilizer increased key pigments involved in photosyn-
thesis, including chlorophyll (A) a (Chla), (B) chlorophyll b (Chlb), (C) total chlorophyll (Chla+b),
(D) B-carotene (B-car), (E) lutein (Lut), and (F) the combined levels of p-carotene and
lutein (3-car + Lut). Error bars represent 5D (n = 3). Values with the same letter are not statistically
different among all treatments (Tukey HSD test, p < 0.05).
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3.3. Photosynthesis

For the net photosynthetic rate (An) in Figure 3A, the OF+BF treatment had the
highest mean value of 48.23 pmol CO, m~2 s~ !, reflecting a 74% increase compared to
the control’s mean of 27.68 umol CO, m—2 s~ 1. Inorganic fertilizer (IOF) also showed
notable improvement, with a mean An value of 42.86 umol CO, m2s71, representing
a 55% increase over the control. The biofertilizer (BF) treatment showed more moderate
improvements, with a mean of 29.10 umol CO; m2s L

The control and rice straw (RS) treatments had the lowest rates, resulting in signifi-
cantly lower carbon assimilation. For stomatal conductance (gs) in (Figure 3B), the OF+BF
treatment led with a mean value of 1.14 mmol H,O m~2s 1, an 81% increase over the
control (0.63 mmol H,O m~2 s~ 1). IOF also demonstrated a significant increase, with a
mean g of 0.53 mmol H,O m~2 s~!, representing a 45% increase compared to the control.
Conversely, RS and deactivated biofertilizer (DA-BF) treatments had much lower GS values,
indicating poorer performance. Regarding intercellular CO, concentration (Ci), the highest
values were recorded under the control treatment (315.26 pumol CO, m~2 s~ 1), which did
not effectively promote CO, fixation. The OF+BF treatment exhibited a slight 3% reduc-
tion in Ci, with a mean of 309.52 pmol CO, m~2 s~ !, suggesting improved CO, fixation
efficiency. IOF showed a more pronounced reduction in Ci to 239.59 umol CO, m 2s71,
indicating strong CO, assimilation. The biofertilizer treatment displayed intermediate
values, while DA BF and RS had higher Ci values, reflecting their lower effectiveness. The
transpiration rate (E) was highest under the OF+BF treatment in (Figure 3C), with a mean of
6.53 umol H,Om 2571, marking a 39% increase over the control (4.66 pmol HyO m~2 s~ 1).
This suggests that plants under OF+BF were using water more effectively for growth. IOF
also demonstrated an increase in transpiration, with a mean E of 5.53 pmol H,O m2g 1
while control and DA BF treatments yielded significantly lower rates. For the Ci/Ca
ratio in (Figure 3E), the OF+BF treatment had a mean value of 0.79, representing a 32%
increase compared to the control (0.60). This indicates improved CO; assimilation effi-
ciency relative to external availability. IOF also showed a significant improvement with
a mean value of 0.61, while the control, DA BF, and RS treatments had much lower ra-
tios, reflecting a limited impact on CO, fixation efficiency. Finally, water use efficiency
(WUE) in (Figure 3F) was significantly enhanced under the OF+BF treatment, with a mean
value of 7.72 pmol CO, mmol ! H,O, reflecting a 30% increase compared to the control
(5.91 umol CO, mmol ! H,0). This indicates that plants under OF+BF were more efficient
in using water for biomass production. IOF showed moderate improvements in WUE,
while treatments like DA BF and RS exhibited significantly lower values, indicating less
effective water usage. Among all the treatments, the OF+BF treatment consistently resulted
in the highest values across all physiological parameters, with significant increases in photo-
synthesis, stomatal conductance, and water use efficiency. The percentage increases confirm
the effectiveness of combining organic fertilizer with biofertilizer. Inorganic fertilizer (IOF)
also showed substantial improvements but was generally less effective than the combined
treatment. Treatments like rice straw (RS) and DA BF showed minimal improvements,
highlighting the importance of enriched or combined fertilization strategies for optimizing
plant growth and physiological function (Figure 3).

3.4. Principal Component Analysis (PCA) Highlights Differences in Fertilizer Treatments

Panel A of Figure 4 presents the PCA, where the first principal component (Dim1)
accounts for 55.8% of the total variance, while the second principal component (Dim?2)
explains 26.3%. Together, Dim1 and Dim2 capture 82.1% of the variability in the data,
making them highly informative for distinguishing the effects of the treatments.

OF+BF is located between 2.5 and 3.5 units on the Dim1 axis and around 0.5 to 1.5 units
on the Dim?2 axis, indicating its strong influence on the studied traits. This treatment forms
a distinct cluster, indicating a significant impact on rice growth and photosynthesis. RS+BF,
clustered close to OF+BE, is positioned around 1.5 to 2.5 units on the Dim1 axis and 1.5 to
2.5 units on the Dim?2 axis, suggesting some overlap in the effects of these treatments due
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to the use of biofertilizers.On the opposite side, IOF is isolated, with 3.5 units on the Dim1
axis and —1.0 units on the Dim?2 axis. This isolation reflects a distinct response pattern
likely due to the different modes of action of inorganic fertilizers. CNT, RS, and DA BF
cluster together at —2.0 to —3.5 units on the Dim1 axis and 0.5 to 1.5 units on the Dim?2 axis,
indicating similar and less pronounced effects on the measured traits.
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Figure 3. (A) The net photosynthetic rate (Ay), (B) stomatal conductance (gs), (C) transpiration
rate (E), (D) the intercellular CO, concentration (C;), (E) the ratio of intercellular to ambient CO,
concentration (C;/C,), and (F) water use efficiency (WUE). Error bars represent £SD (n = 3). Values
with the same letter are not statistically different among all treatments (Tukey HSD test, p < 0.05).

Panel B shows the PCA loading plot, where the vectors representing the different
traits provide insights into their contributions to the principal components. A, Chla, Chlb,
Chla+b, and (3-car are closely aligned with the OF+BF cluster. These vectors extend from
the origin towards the upper right quadrant, with angles between 15° and 45° relative to
Dim1. The lengths of these vectors range from approximately 0.7 to 0.9 units, indicating a
strong positive contribution to Dim1, which distinguishes the OF+BF and RS+BF treatments
from the others. The vectors for WUE and Ci are directed towards the lower right quadrant,
with angles between —15° and —30° relative to Dim1, and have shorter lengths, around
0.5 to 0.7 units. This directionality and length suggest that these traits are more associated
with IOF.

Panel C presents the hierarchical clustering heatmap divided into two main clusters, I
and II. Cluster I include the CNT, DA BE, and RS treatments, which show relatively lower
values for most traits. CNT is characterized by low values across the board, particularly in
An, Chla, Chlb, Chla+b, and (3-car, with values ranging from —1.5 to —2.0 standardized
units. In contrast, Cluster II encompasses the OF+BF, RS+BF, and BF treatments that exhibit
higher trait values. OF+BF shows increased An, Chla, Chlb, Chla+b, and 3-car levels, with
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standardized values ranging from 1.5 to 2.0 units, indicating a strong positive impact on
these physiological and biochemical parameters.
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Figure 4. Principal component analysis (PCA) and hierarchical clustering analysis (HCA) highlight
differences in rice growth, photosynthesis, SPAD, and NDVTI in fertilizer treatments. (A) principal
component analysis (PCA), (B) PCA of the studied traits, (C) hierarchical clustering analysis of
studied traits in Koshihikari under control (CNT), rice straw (RS), organic fertilizer (OF), inorganic
fertilizer, biofertilizer (BF), deactivated biofertilizer (DABF), rice straw + biofertilizer (RS+BF), organic
fertilizer + biofertilizer (OF+BF), plant height (PH), tiller number (TN), the Normalized Difference
Vegetation Index (NDVI) and SPAD chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (ChIT)
content, 3-carotene, (3-car) Lutein (Lut) and 3-carotene + Lutein (3-car + Lut). The net photosynthetic
rate (An), stomatal conductance (gs), transpiration rate (E), intercellular CO, concentration (C;j), the
ratio of intercellular to ambient CO, concentration (C;/C,), and Water Use Efficiency (WUE).

Within Cluster II, the IOF forms a distinct subgroup, particularly influencing WUE
and Ci. The WUE for 1OF is higher, with standardized values around 1.5 units, compared to
other treatments in Cluster II. This indicates that the IOF treatment, while enhancing water
use efficiency, operates through different physiological pathways than the biofertilizer-
based treatments. The clustering pattern observed in the heatmap reinforces the unique
impacts of the OF+BF, which consistently shows the highest positive values across multiple
traits, distinguishing it from both CNT and IOF.

3.5. Gene Expression

Figure 5A displays the expression of OsChl, a gene involved in chlorophyll synthesis.
The rice straw (RS) treatment exhibited the highest expression level, with a mean value
of 0.031 units, representing a 7.8-fold increase compared to the control (CNT, mean value
0.004 units). The organic fertilizer (OF) treatment also increased, showing 7.1-fold rise over
the control. In contrast, the inorganic fertilizer (IOF) and biofertilizer (BF) treatments led to
lower expression levels, with reductions to 11% and 42%, respectively, compared to the
control. Figure 5B illustrates the expression of OsChID, a gene involved in chlorophyll
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metabolism. The highest expression level was observed in the organic fertilizer combined
with biofertilizer (OF+BF) treatment, with a mean value of 0.0011 units, showing a 4.4-fold
increase over the control (0.00025 units). This indicates that OF+BF significantly enhances
chlorophyll formation via OsChID. RS+BF also showed increases, although to a lesser extent,
while RS, OF, and BF alone exhibited much lower expression levels, suggesting a reduced
impact on this gene. Figure 5C highlights the expression of OsChiG, a gene that plays a
role in forming chlorophyll-protein complexes. The CNT condition resulted in the highest
expression, and the OF and deactivated biofertilizer (DA BF) treatments also resulted
in a significant OsChlG expression. The OF+BF treatment exhibited a weak expression,
with a mean value of 0.005 units, indicating a level that reached only 8% of the control
(0.063 units). Thus, the formation of chlorophyll-protein complexes via OsChIG is not
involved in the accumulation of chlorophyll resulting from the OF+BF treatment. Figure 5D
presents the expression of OsCHLM, a gene associated with the methylation of chlorophyll.
The RS+BF treatment showed the highest expression level, with a mean of 0.033 units,
representing a 4.8-fold increase over the control. OF+BF similarly increased the OsCHLM
expression, underscoring its positive influence on the chlorophyll biosynthesis pathway.
However, RS, OF, and DA BF treatments exhibited lower expression levels, indicating a
lesser capacity to enhance the methylation process. Figure 5E focuses on the expression
of OsPorB, a gene involved in chlorophyll biosynthesis under low-light conditions. The
CNT condition yielded the highest expression level, with a mean value of 0.033 units. DA
BF also showed a moderate expression of OsPorB (0.009 units). At the same time, the
BF, RS+BF, and OF+BF treatments exhibited much lower levels, indicating that the BF
treatments do not affect chlorophyll biosynthesis through OsPorB. Figure 5F shows the
expression of OsCAQ]1, a gene responsible for converting chlorophyll a to chlorophyll b.
The OF treatment demonstrated the highest expression, with a mean value of 0.184 units,
representing a 6.1-fold increase compared to the control (0.030 units). The RS and DA BF
treatments exhibited moderate increases, while BF, RS+BF, and OF+BF showed significantly
lower expression levels, highlighting their limited role in enhancing the conversion of
chlorophyll types required for efficient light absorption.

Figure 6A shows the expression of OsTLP27, a gene involved in leaf expansion and
photosynthesis. The CNT condition exhibited the highest expression level, with values of
around 1.66 relative expression units, which is significantly higher than all other treatments.
DA BF also showed a relatively high expression level of approximately 1.42 units, which is
similar to that of the control. In contrast, treatments like RS, OF, IOF, BF, RS+BF, and OF+BF
showed significantly lower expression levels, all of which were below 0.02 units, indicating
minimal impact on OsTLP27 expression. Figure 6B displays the expression of OsGLK2, a
gene regulating chloroplast development. The highest expression was recorded for DA
BF, with 0.0452 units, while RS showed a slight increase of about 0.0295 units. This was
45% lower than that of DA BF but significantly higher than those of the other treatments.
OF IOF, BF, RS+BF, and OF+BF exhibited lower expression levels compared to the control
(0.0280 units), ranging from 0.0007 to 0.0125 units, indicating that these treatments had a
lesser effect on OsGLK2 expression. Figure 6C highlights the expression of OsDGP1, a gene
linked to photosynthetic protein accumulation. The highest expression was seen for DA BF,
with a value of around 0.313 units, which was significantly higher than those of all other
treatments. The different treatments, including RS, OF, IOF, BE, and RS+BF, exhibited lower
expression levels compared to the control (0.0199 units), ranging from 0.013 to 0.184 units.
IOF exhibited the lowest expression level, reflecting a 96% decrease compared to the highest
value. Figure 6D presents the expression of OsaCA1, a gene involved in carbon fixation.
DA BF exhibited the highest expression level of approximately 0.0553 units, which was
significantly higher than those of all other treatments. The remaining treatments, including
RS, OF IOF, BF, RS+BF, and OF+BF, exhibited lower expression levels, reflecting a 28%
to 85% decrease compared to the control (0.0482 units). Figure 6E shows the expression
of OsLHCB3, a gene involved in light-harvesting complex formation. The CNT condition
led to the highest expression level of approximately 0.00022 units, which was significantly
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higher than those of all other treatments. The treatments of RS, OF, IOF, BF, RS+BF, and
OF+BF exhibited lower expression levels, reflecting a 73% to 97% decrease compared to
the control. Figure 6F presents the expression of OsV14, a gene involved in the stress
response and chloroplast development. RS+BF showed the highest expression level of
about 0.0145 units, and OF+BF also resulted in a high expression level of 0.0076 units. BF
exhibited a moderate expression level of 0.0046 units, which was about 68% lower than the
highest expression. CNT, RS, OF, and DABF exhibited very low expression levels, which
were below the detection limit.
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Figure 5. Biofertilizer combined with organic fertilizer increased the expression levels of key
chlorophyll-related genes in rice: gene expression levels of (A) OsChl, (B) OsChiD, (C) OsCHLG,
(D) OsCHLM, (E) OsPorB, and (F) OsCAO1 under control (CNT), rice straw (RS), organic fertilizer
(OF), inorganic fertilizer, biofertilizer (BF), deactivated biofertilizer (DA BF), rice straw + biofertilizer
(RS+BF), and organic fertilizer + biofertilizer (OF+BF) conditions. RGE: Relative Gene Expression
for the expression levels of a target gene relative to a housekeeping gene. Error bars represent £SD
(n = 3). Values indicated by the same letter are not statistically different among all treatments (Tukey’s
HSD test, p < 0.05).
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Figure 6. Biofertilizer combined with organic fertilizer increased the expression levels of six key genes
related to photosynthesis and chloroplast development in rice: gene expression levels of (A) OsTLP27,
(B) OsGLK2, (C) OsDGP1, (D) OsaCA1, (E) OsLHCB3, and (F) OsV14 under control (CNT), rice straw
(RS), organic fertilizer (OF), inorganic fertilizer (IOF), biofertilizer (BF), deactivated biofertilizer (DA
BF), rice straw + biofertilizer (RS+BF), and organic fertilizer + biofertilizer (OF+BF) conditions. RGE:
Relative Gene Expression for the expression levels of a target gene relative to a housekeeping gene.
Error bars represent £SD (n = 3). Values indicated by the same letter are not statistically different
(Tukey’s HSD test, p < 0.05).

4. Discussion
4.1. Rice Growth Parameters

The results of this study indicate that the combination of biofertilizers with organic
fertilizers enhances rice growth parameters, including plant height and tiller number. The
OF+BF treatment demonstrated superior performance, resulting in a 31% increase in plant
height and a 135% increase in tiller number. The results of this study indicate that the
combination of biofertilizers with organic fertilizers enhances rice growth parameters,
including plant height, tiller number, and vegetative vigor. This finding aligns with
research showing that biofertilizers, when combined with organic inputs, optimize nutrient
availability and support more vigorous growth than when either is applied alone [38—40].
The 135% increase in tiller number with the OF+BF treatment (18 tillers per plant) over the
CNT (8 tillers per plant) indicates that this combination is highly effective in promoting
vegetative growth, and it was demonstrated where biofertilizer treatments promoted
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better root development and nutrient absorption, leading to enhanced above-ground
growth [40]. The synergistic between these inputs creates a favorable environment for
rice growth, as the complementary action of biofertilizers and organic fertilizers improves
nutrient use efficiency. The observed increase in plant height and tiller number under
the OF+BF treatment can be attributed to the presence of beneficial microorganisms in
biofertilizers, such as nitrogen-fixing bacteria with Rhizobium, Azospirillum, and phosphorus-
solubilizing bacteria with Pseudomonas, Bacillus, which improve nutrient uptake by making
soil nutrients more accessible to plants [40—-42]. The individual treatments showed varied
effectiveness. The inorganic fertilizer (IOF) treatment increased plant height by 20% and
tiller number by 90% compared to the control, providing a significant but short-term
growth boost. Similarly, the biofertilizer (BF) treatment increased plant height by 15% and
tiller number by 55%. However, CNT, BE, DABE, RS, OF, and RS+BF were less effective
than the combined organic fertilizer and biofertilizer (OF+BF) treatment, highlighting the
importance of nutrient synergy for sustained growth. When biofertilizers are combined
with organic fertilizers, they supply nutrients leading to vigorous plant growth, as shown
in studies on rice yield improvement using integrated organic and bio-based inputs [42].
This demonstrates the potential of integrating biofertilizers with organic fertilizers, which is
important for sustainable agriculture. For farmers, this combination reduces their reliance
on synthetic fertilizers, which can lead to long-term soil degradation, water contamination,
and greenhouse gas emissions. Organic fertilizers release nutrients, while biofertilizers
improve nutrient uptake through beneficial microbial activity, creating a synergistic effect
that enhances soil fertility and plant resilience [43-47]. These results demonstrate the
potential of integrated nutrient management in enhancing rice production, particularly in
systems that rely on sustainable agricultural practices. Notably, incorporating biofertilizers
enriches the soil microbiome, sustaining a dynamic ecosystem that can better support
plant health and resilience against environmental stresses [48,49]. The rice straw (RS) and
deactivated biofertilizer (DABF) treatments showed limited effectiveness. RS produced
plants averaging 65 cm in height with minimal improvement in tiller number, likely due to
the slow nutrient release from straw decomposition. Similarly, DABF resulted in reduced
plant height and tiller number, comparable to the control, suggesting that sterilization
diminished the biofertilizer’s effectiveness. These results align with studies emphasizing
the role of active microbes in biofertilizers for improving nutrient uptake [50,51]. A similar
result was observed in a study in which combined biofertilizers with organic fertilizers
enhanced plant growth more than single treatments [51-53]. While inorganic fertilizers
provide immediate nutrient availability, their effects are often short-lived and can lead to
soil degradation over time. Inorganic fertilizers do not enhance soil microbial activity or
structure, both of which are essential for sustained plant growth and soil health [53-55].
The combined use of organic and biofertilizers improves soil structure, leading to sustained
growth and higher crop yields over the long term [50,56]. These findings support the
growing advocacy for integrated nutrient management (INM) as a sustainable strategy
to boost agricultural productivity. INM emphasizes the balanced use of organic inputs,
biofertilizers, and minimal chemical fertilizers, maximizing nutrient use efficiency. The
ability of the OF+BF treatment to maintain soil fertility, promote plant health, and enhance
nutrient availability highlights its potential to be a key tool in sustainable rice production
systems. The OF+BF treatment not only demonstrates its efficacy in improving rice growth
but also aligns with the broader objectives of SDG 2. By enhancing productivity, integrating
biofertilizers with organic fertilizers can help address the challenges posed by climate
change, declining soil fertility, and the need to feed a growing global population.

4.2. Photosynthetic Rate

The OF+BF treatment demonstrated a significant impact on photosynthetic efficiency,
achieving a 74% increase in the net photosynthetic rate (An) compared to the control, reach-
ing 48.23 pmol CO, m~2 s~ ! Figure 3A). This substantial improvement in photosynthetic
capacity is linked to a 42% increase in chlorophyll content, as observed through SPAD
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measurements, which averaged 44.67 compared to 31.52 in the control (Figure 2C). This
substantial improvement in photosynthetic capacity is linked to the 42% increase in chloro-
phyll content observed through SPAD measurements. The OF+BF treatment resulted in
the highest net photosynthetic rate (An) among all treatments, indicating an improvement
in the plant’s ability to convert light energy into chemical energy. This improvement can
be attributed to nutrient availability, increased chlorophyll content, and enhanced stom-
atal conductance [55-57]. The environmental benefits of this practice are notable, as the
increased efficiency in photosynthesis and nutrient uptake reduces the need for chemical
fertilizers, thereby lowering the environmental burden associated with their excessive use.
By reducing the reliance on synthetic fertilizers, biofertilizers help to minimize nutrient
leaching and runoff into water systems. This can lead to eutrophication and other harmful
environmental effects [58-60]. Excessive chemical fertilizer use has been linked to the
contamination of freshwater through the accumulation of nitrates and phosphates. These
environmental issues promote algal blooms and deplete oxygen levels in aquatic ecosys-
tems. The use of biofertilizers mitigates these risks by providing sustainable nutritional
sources. Moreover, biofertilizers contribute to reducing soil degradation caused by the
long-term use of chemical fertilizers. Continuous application of synthetic fertilizers can al-
ter soil pH, reduce organic matter, and negatively impact beneficial microbial communities.
Inversely, the integration of biofertilizers improves soil fertility by promoting microbial
diversity and organic matter content [44,61,62].

Biofertilizers contribute to the enhancement of soil microbial activity, which leads to
improved nutrient cycling. Microbial communities, particularly nitrogen-fixing bacteria like
Rhizobium and Azospirillum, convert atmospheric nitrogen into a form that plants can readily
absorb. Phosphorus-solubilizing bacteria break down insoluble forms of phosphorus in the
soil, increasing its availability to plants. This increased nitrogen and phosphorus availability
not only boosts chlorophyll production but also strengthens the plant’s metabolic processes,
enabling crop growth [63-65]. The improved microbial interactions in the rhizosphere
also enhance iron and zinc bioavailability. Biofertilizers improve both chlorophyll content
and photosynthetic efficiency by enhancing the uptake of these micronutrients [66—68].
They also play an essential role in enhancing chlorophyll content because they improve
the bioavailability of essential nutrients like nitrogen, magnesium, and iron, key elements
required for chlorophyll biosynthesis. By enhancing the availability of these nutrients,
biofertilizers directly support chlorophyll synthesis, thus improving the overall photosyn-
thetic capacity of the plant [69,70]. Consequently, the improved soil structure resulting from
organic matter decomposition by microorganisms creates an ideal environment for root
expansion and efficient water uptake, which are necessary for sustaining photosynthesis
under different environmental conditions [71,72]. Organic fertilizers provide a steady
source of carbon for microbial populations, which helps improve soil aeration and water
retention, allowing plants to maintain a stable supply of water and nutrients. This, in turn,
supports the plant’s ability to regulate stomatal conductance (gs) and gas exchange, lead-
ing to more efficient CO, uptake during photosynthesis (Figure 3A). The combination of
biofertilizers with organic fertilizers likely stimulates microbial activity in the soil, leading
to better root development and nutrient absorption, which further supports photosyn-
thetic efficiency. These findings align with previous research that highlights the positive
effects of biofertilizers on photosynthetic efficiency, particularly in promoting beneficial
microorganisms in the rhizosphere and improving nutrient uptake, especially nitrogen and
phosphorus, which are key elements in the photosynthetic process [72]. These synergis-
tic effects illustrate the potential of integrating biofertilizers with organic fertilizers as a
sustainable approach to improving rice production while minimizing chemical inputs [43].
Moreover, the increase in photosynthetic rate in the OF+BF treatment can be linked to
higher chlorophyll content, as chlorophyll is essential for capturing light energy during
photosynthesis. Chlorophyll absorbs light primarily in the blue and red wavelengths,
driving the light-dependent reactions of photosynthesis that produce ATP and NADPH,
essential energy molecules used in carbon fixation. By enhancing chlorophyll content,
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biofertilizers ensure that rice plants can capture more light energy, resulting in higher rates
of photosynthesis and energy conversion [63]. Additionally, the improvement in stomatal
conductance (gs) observed in the OF+BF treatment likely contributed to the enhanced
photosynthetic rate. Stomatal conductance is fundamental for regulating gas exchange,
including the uptake of carbon dioxide (CO;) required for photosynthesis. The higher g
values in the OF+BF treatment suggest that these plants were better able to regulate their
stomata to optimize CO; uptake, thereby supporting a higher photosynthetic rate [73]. In
contrast, the lower photosynthetic rates observed in the control (CNT), rice straw (RS),
and deactivated biofertilizer (DABF) treatments suggest that these treatments were less
effective in promoting the physiological conditions necessary for optimal photosynthesis.
Single-component or less-active fertilization strategies may not provide the comprehensive
nutrient support needed to sustain high levels of photosynthetic activity [74]. This study
reinforces the importance of integrated nutrient management, particularly the combination
of biofertilizers and organic fertilizers, in achieving sustainable agricultural practices that
support enhanced photosynthetic efficiency and overall crop productivity.

4.3. Chlorophyll-Related Gene Expression

The expression analysis of chlorophyll-related genes reveals significant variations
across different fertilizer treatments. The combination of organic fertilizer and biofertilizer
(OF+BF) notably affected the key genes involved in chlorophyll biosynthesis and regu-
lation. The OF+BF treatment led to an upregulation of OsChID and OsCHLM, which are
critical for chlorophyll synthesis and photoperiod-regulated production (Figure 5A,D).
Specifically, the OF+BF treatment showed a 4.4-fold increase in OsChID expression and a
4.6-fold increase in OsCHLM expression compared to the control. Chlorophyll biosynthesis
involves the tetrapyrrole pathway, synthesizing chlorophyll from precursor molecules
like protoporphyrin IX. The upregulation of OsChID, encoding a subunit of magnesium
chelatase, enhances the magnesium insertion step in this pathway, converting protopor-
phyrin IX into Mg-protoporphyrin IX, essential for photosynthesis [74-76]. This suggests
that the OF+BF combination not only enhances chlorophyll production but also improves
the overall nutritional status of the plants, contributing to better growth and photosyn-
thetic efficiency. Studies have shown that the presence of specific nutrients in biofertilizers
can directly influence the expression of chlorophyll-related genes, further supporting the
observed enhancements [49,77]. The interactions between organic fertilizers and benefi-
cial microbes can create a more favorable environment for nutrient uptake, which may
explain the significant differences in gene expression between treatments. The presence
of nitrogen-fixing bacteria in biofertilizers likely boosts nitrogen availability, which is im-
portant for chlorophyll biosynthesis and the expression of chlorophyll-related genes like
OsChID and OsCHLM. Interestingly, while OsChlD and OsCHLM were upregulated, the
expression of OsChl and OsCHLG was lower in the OF+BF treatment compared to other
treatments, such as rice straw (RS) and organic fertilizer (OF). OsChl expression decreased
by 54%, and OsCHLG decreased by 92% in the OF+BF treatment relative to the control
(Figure 5A,C). This differential expression could indicate that the OF+BF combination
triggers regulatory feedback mechanisms that modulate the overall chlorophyll synthesis
pathway, balancing production with the plant’s photosynthetic requirements [76,78-80].
Such feedback mechanisms are essential to prevent the overaccumulation of chlorophyll.
By downregulating certain chlorophyll genes like OsChl and OsCHLG, the plant ensures
that chlorophyll synthesis is tightly regulated in response to environmental light levels
and nutrient availability. Additionally, the response of OsPorB, involved in chlorophyll
synthesis, was also reduced in the OF+BF treatment compared to RS and OF, suggesting
symbiotic relationship interactions where biofertilizers might influence specific chlorophyll
synthesis genes differently from organic fertilizers alone [77,81,82]. By downregulating
genes like OsChl and OsCHLG, the plant regulates chlorophyll synthesis in response to
environmental light levels and nutrient availability. The expression of OsPorB, involved
in chlorophyll synthesis, was reduced in the OF+BF treatment compared to RS and OF,
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suggesting that biofertilizers influence specific chlorophyll synthesis genes differently from
organic fertilizers alone. OsPorB encodes protochlorophyllide oxidoreductase, an enzyme
that converts protochlorophyllide to chlorophyllide. Its expression decreased by 5% under
OF+BF treatment conditions compared to the control (Figure 5E). This reduction might
indicate that increased chlorophyll levels suppress further gene expression, preventing
oxidative stress [75]. Our study differs from earlier research by demonstrating the specific
upregulation of chlorophyll-related genes like OsChID and OsCHLM when biofertilizers
are combined with organic fertilizers. This gene expression analysis adds a new dimension
to understanding how biofertilizers enhance photosynthetic efficiency, less explored in
previous studies focused on agronomic parameters. The lack of microbial activity in the
DABF treatment likely impairs nutrient cycling, particularly nitrogen and magnesium,
which are essential for chlorophyll biosynthesis, leading to reduced gene expression. OsChl
expression in DABF decreased by 56% compared to that in OF, emphasizing the importance
of maintaining a healthy soil microbiome. Beneficial microbes in biofertilizers enhance nu-
trient availability and interact with plant signaling pathways to upregulate genes involved
in photosynthesis and chlorophyll production [56,79].

5. Limitations and Future Research

The experiment was conducted in a controlled climate chamber using potted plants.
This limits the scalability and real-world applicability of the findings. The controlled
environment does not fully replicate the complexity of field conditions, where factors such
as soil variability and weather fluctuations can influence outcomes. Additionally, the short-
term duration of one growing season may have been insufficient to observe the complete
effect of biofertilizers and organic amendments, which often require longer periods to
decompose. Therefore, extending the experiment over multiple growing seasons and in
different agroecological zones is needed to capture the long-term effects on soil properties
and plant productivity.

6. Conclusions

The integration of biofertilizers with organic fertilizers (OF+BF) significantly improves
rice growth, photosynthetic efficiency, and expression of chlorophyll-related genes com-
pared to other treatments. The OF+BF treatment consistently resulted in the tallest plants,
highest tiller numbers, and highest photosynthetic activity, indicating a synergistic effect. It
also upregulated genes involved in chlorophyll biosynthesis and photosynthetic regulation,
such as OsChlD and OsCHLM, supporting the observed physiological benefits. Our data
confirm that combining biofertilizers and organic fertilizers enhances plant height, tiller
number, and photosynthetic rate by over 74% compared to all other treatments. These
findings signify the potential of biofertilizers and organic fertilizers as sustainable alter-
natives to conventional farming practices, supporting global efforts to boost food security
and combat climate change, particularly through the promotion of eco-friendly agricultural
systems in alignment with SDGs 2 and 13.
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