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Abstract

To investigate the effects of Bacillus natto inoculant on the heat tolerance
of Dicranopteris dichotoma, this study measured photosynthetic and high-
temperature resistance physiological indicators of current-year D. dichotoma
under different temperature and fertilizer treatments. The results showed that:
(1) Both temperature and fertilizer could significantly affect the photosynthetic
and high-temperature resistance physiology of D. dichotoma (P<0.05). (2)
When temperature rose to 45°C, the net photosynthetic rate, transpiration rate,
stomatal conductance, and chlorophyll content of D. dichotoma leaves decreased
significantly (P<0.05), and the inhibition of photosynthetic physiology in D.
dichotoma by high-temperature stress belonged to non-stomatal limitation;
to resist high-temperature stress, the activities of superoxide dismutase and
peroxidase, as well as the contents of proline, malondialdehyde, and relative
electrical conductivity of D. dichotoma increased significantly (P<0.05). (3)
Compared with the control group and organic fertilizer group, the inoculant
significantly increased the net photosynthetic rate, transpiration rate, stomatal
conductance, chlorophyll content, and the activities of superoxide dismutase
and catalase of D. dichotoma leaves, while decreasing the intercellular CO2
concentration, malondialdehyde content, and relative electrical conductivity
(P<0.05). (4) Using an evaluation method combining principal component
analysis and membership function method to comprehensively evaluate the
high-temperature resistance capacity of D. dichotoma, it was found that
D. dichotoma had higher scores for high-temperature resistance capacity
under organic fertilizer application with added inoculant. In summary, D.
dichotoma possesses certain high-temperature resistance and can selectively
induce stress-resistance physiological activities to adapt to high-temperature
environments according to different stress conditions; Bacillus natto inoculant
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alleviated the inhibition of photosynthesis in D. dichotoma by high-temperature
stress, induced the enhancement of antioxidant enzyme activities to mitigate
cellular damage, reduced the pressure of osmotic regulation, and effectively
improved the resistance capacity of D. dichotoma to high-temperature stress.
The findings of this study hold certain significance for ecological restoration
and soil and water conservation in southern red soil erosion areas and similar
regions.
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Abstract: To investigate the influence of Bacillus natto agent on the heat toler-
ance capacity of Dicranopteris pedata, this study measured photosynthetic and
high-temperature resistance physiological indicators of annual D. pedata under
different temperature and fertilizer treatments. The results showed that: (1)
Both temperature and fertilizer significantly affected the photosynthesis and
high-temperature resistance physiology of D. pedata (P < 0.05). (2) When
temperature increased to 45°C, the net photosynthetic rate, transpiration rate,
stomatal conductance, and chlorophyll content of D. pedata leaves decreased sig-
nificantly (P < 0.05), with the inhibition of photosynthetic physiology by high-
temperature stress being non-stomatal limitation. To resist high-temperature
stress, the superoxide dismutase and peroxidase activities, as well as proline
and malondialdehyde content and relative electrical conductivity, increased sig-
nificantly (P < 0.05). (3) Compared with the control and organic fertilizer
groups, the bacterial agent significantly increased the net photosynthetic rate,
transpiration rate, stomatal conductance, chlorophyll content, and activities of
peroxide dismutase and catalase, while decreasing intercellular CO, concentra-
tion, malondialdehyde content, and relative electrical conductivity (P < 0.05).
(4) Using a combined evaluation method of principal component analysis and
membership function, the high-temperature resistance capacity of D. pedata was
comprehensively evaluated, revealing higher scores under organic fertilizer appli-
cation with bacterial agent addition. In conclusion, D. pedata possesses certain
high-temperature resistance and can selectively induce stress-resistance physi-
ological activities to adapt to high-temperature environments. Bacillus natto
agent alleviates the inhibition of photosynthesis by high-temperature stress, in-
duces increased antioxidant enzyme activity to mitigate cellular damage, reduces
osmotic regulation pressure, and effectively enhances D. pedata’ s resistance to
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high-temperature stress. These findings hold significance for ecological restora-
tion and soil-water conservation in southern red soil erosion areas and similar
regions.

Keywords: Dicranopteris pedata; high temperature stress; Bacillus natto; pho-
tosynthetic characteristics; stress resistance physiology

Introduction

Plant growth, development, and dispersal are highly sensitive to temperature
variations (Wahid et al., 2007). Under global warming, high temperature acts as
an abiotic stress factor that damages plant photosynthetic systems and reduces
photosynthetic efficiency (Hayat et al., 2009), while disrupting the balance of
reactive oxygen species (ROS) that destroy plant cell membranes, attack biologi-
cal macromolecules, and hinder normal cellular functions (Janicka-Russak et al.,
2012), ultimately affecting plant growth and even causing death. In response to
high-temperature stress, plants activate defense mechanisms such as inducing
antioxidant enzyme activity to eliminate excess ROS and accumulating osmotic
regulation substances to balance intracellular and extracellular water potential,
thereby mitigating damage and protecting cells (Zhang et al., 2023).

Beyond plants’ intrinsic defense mechanisms, microorganisms can enhance plant
thermotolerance in response to high-temperature stress (Zhang et al., 2020).
Beneficial bacteria and fungi particularly can improve plant physiological per-
formance under stress, strengthen stress resistance, and help plants overcome
abiotic stress damage (Levy et al., 1983). Consequently, bacterial agent appli-
cation has become an effective measure to induce plant stress-resistance physi-
ological expression and enhance plant capacity to respond to high-temperature
stress (Shen et al., 2016). Research has identified Bacillus natto as a probiotic
with strong thermostability and stability that enhances immunity and regulates
intestinal flora by producing antimicrobial substances, vitamins, and antioxi-
dants (Yin and Xu, 2011). Moreover, Bacillus natto agent offers advantages
of low preparation cost, high benefit, and environmental friendliness, and can
assist organic and chemical fertilizers to achieve better application effects (Liu
et al., 2022), aligning with sustainable development in modern ecological envi-
ronments.

Dicranopteris pedata, a perennial fern widely distributed in southern China,
serves as an important pioneer plant for soil erosion control and ecological
restoration in southern red soil erosion areas (Liang et al., 2021). Due to sparse
understory vegetation or even lack of canopy cover in these erosion areas (Yuan
et al., 2020), surface temperatures rise substantially during summer, exposing D.
pedata to high-temperature stress that limits its growth and spread. However,
how D. pedata’ s photosynthetic and high-temperature resistance physiology
respond to such stress, and whether Bacillus natto can enhance its thermotol-
erance, remain unknown scientific questions with scarce relevant research, rep-
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resenting a gap in soil-water conservation research in southern red soil erosion
areas. Therefore, under global warming, understanding D. pedata’ s response to
high-temperature stress and promoting its stress resistance may become crucial
for soil-water conservation and ecological restoration in these regions.

To investigate D. pedata’ s response to high-temperature stress, this study hy-
pothesized that Bacillus natto agent could induce physiological and biochemical
changes in D. pedata to resist high-temperature stress. We examined D. pedata’s
high-temperature resistance capacity from perspectives of photosynthetic phys-
iology and stress resistance physiology, aiming to provide theoretical basis and
scientific support for D. pedata’ s adaptive growth under high-temperature en-
vironments and ecological management of soil erosion areas in southern red soil
regions and similar areas.

Materials and Methods

1.1 Experimental Materials The experimental material consisted of one-
year-old D. pedata transplanted from Gushan, Fuzhou City, Fujian Province
(119°22 -119°25 E, 25°20 -26°05 N). The tested soil was mountainous red soil
developed from granite in the Gushan Scenic Area. The bacterial agent was
Bacillus natto prepared by the Fujian Institute of Microbiology using the follow-
ing method: Bacillus natto strains were inoculated into Luria-Bertani broth (LB:
0.5% yeast extract, 1% peptone, 0.5% NaCl, pH 7.2-7.4) and potato dextrose
agar (PDA: 20% potato, 2% glucose, 2% agar), then cultured in a constant-
temperature shaking incubator at 37°C and 150 r - min—'. After 24 h, the cul-
tured seed liquid was mixed into solid fermentation medium (1 kg wheat bran,
8 kg soybean meal, 6.5 L water) at 1% inoculation volume and cultured at 37°C
for 48 h. Finally, the solid fermentation product was dried at 50°C.

1.2 Experimental Design Uniformly growing annual D. pedata were selected
from Gushan, Fuzhou, and transplanted into artificial climate incubators at
the Fujian Institute of Microbiology. After two months of cultivation, three
treatment groups were established: (1) no fertilizer (F1), (2) organic fertilizer
application (F2, organic fertilizer/soil = 1/4, V/V), and (3) Bacillus natto agent
+ organic fertilizer (F3, agent/fertilizer/soil = 1/1/4, V/V/V). During the pre-
cultivation period, the incubator simulated a 16 h day at 25°C and 8 h night at
20°C, with light intensity of 1000 mol - m~2 - s~ 1.

One month after fertilization, short-term high-temperature stress experiments
were conducted. The diurnal pattern remained unchanged while temperature
regimes were set at 25°C/20°C, 35°C/30°C, and 45°C/40°C for 48 h. The
25°C/20°C treatment served as the control, while 35°C/30°C and 45°C/40°C
represented high-temperature stress groups. To prevent drought, all treated ma-
terials were watered daily at 7:00 AM to maintain soil water content at 60%-
70%. Photosynthetic parameters were measured between 9:00-11:00 the day
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after short-term high-temperature stress treatment. Each treatment included
three replicated D. pedata plants, with two mature leaves per plant measured
(six total measurements per treatment). Leaves used for photosynthesis mea-
surement were then cut and stored at low temperature for subsequent indoor
physiological indicator measurement, with three replicates per treatment.

1.3 Detection Methods A portable photosynthesis system (Li-6800, USA)
was used to measure photosynthetic parameters of D. pedata leaves under con-
stant indoor light source: net photosynthetic rate (Pn), transpiration rate (Tr),
stomatal conductance (Gs), and intercellular CO, concentration (Ci). Measure-
ment conditions were set as follows: chamber flow rate 500 mol-m2-s7!,
pressure valve 0.1 kPa, light intensity 1600 mol - m~2 - s~!, CO, concentration
400 mol - m~2 - s71, leaf temperature 25°C, and chamber humidity 55%-60%.
Chlorophyll (Chl) content was determined using the acetone method. Stress
physiological indicators were measured as follows: superoxide dismutase (SOD)
activity by nitroblue tetrazolium method, peroxidase (POD) activity by guaia-
col method, catalase (CAT) activity by UV spectrophotometry, proline (Pro)
content by ninhydrin method, malondialdehyde (MDA) content by thiobarbi-
turic acid method, and relative electrical conductivity (REC) by conductivity
meter.

1.4 Data Processing All measured physiological indicator data were entered
into Microsoft Excel 2019 for organization and calculation. SPSS 22 software
was used for two-way ANOVA and one-way ANOVA to examine the effects of
fertilization treatment and temperature changes on D. pedata photosynthetic
and high-temperature resistance physiology. For one-way ANOVA, the S-N-
K method was used for post-hoc multiple comparisons when homogeneity of
variance was satisfied, while Dunnett’ s C test was used when homogeneity of
variance was not met.

A combined method of principal component analysis and fuzzy mathematics
membership function (Zhu et al., 2022) was used to evaluate the high-
temperature tolerance of D. pedata under different stress treatments. SPSS 22
software was used for Pearson correlation analysis, Kaiser-Meyer-Olkin test,
and Bartlett’ s sphericity test to verify the feasibility of principal component
analysis. Principal component analysis was then performed using SPSS 22
to obtain eigenvalues, contribution rates, and principal component loadings,
from which principal component scores (PCS) were calculated. Membership
function values of PCS were calculated, and combined with principal compo-
nent contribution rate ratios to obtain comprehensive scores for D. pedata
high-temperature resistance under three temperature stresses. The calculation
formulas were:

T:— X, P,
UPCS; = ——""— W,= —?— j=123,...n
Tmaz — Tmin Zj:l Pj
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D=) UPCS;xR; j=1,2,3,...,n

J=1

where UPC'S; is the membership function value of the jth PCS; z; is the jth
PCS; x,,;, is the minimum value in the jth principal component; z,,,, is the
maximum value in the jth principal component; W; is the contribution rate
ratio of the jth PCS; P; is the contribution rate of the jth principal component;
and D is the comprehensive score of D. pedata high-temperature tolerance, with
higher D values indicating stronger high-temperature tolerance.

Origin Pro 2022 software was used for figure preparation.

Results

2.1 Photosynthetic Characteristics of D. pedata Leaves Two-way
ANOVA results (Table 1 ) showed that different temperatures and fertilizers
significantly affected all photosynthetic characteristics of D. pedata (P < 0.05).
Additionally, the interaction between temperature and fertilizer significantly
influenced all photosynthetic indicators (P < 0.05).

As temperature increased (Figure 1 [Figure 1: see original paper]), Pn in the
F2 group first increased then decreased significantly (P < 0.05). When tem-
perature rose from 25°C to 35°C, Tr, Gs, and Ci in the F2 group remained
essentially unchanged, but at 45°C, Tr and Gs decreased significantly while Ci
increased significantly (P < 0.05). In the F3 group, Pn and Gs showed similar
trends to F2, while Tr first increased then decreased and Ci first decreased then
increased, with significant differences (P < 0.05). Among the three fertiliza-
tion treatments, when temperature reached 45°C, all gas exchange parameters
except Ci in the F3 group were significantly higher than in F2 and F1 groups
(P < 0.05). Chlorophyll content in all three fertilization treatments decreased
significantly with rising temperature (P < 0.05). Compared with the control
F1 group, chlorophyll content in F2 and F3 groups was significantly higher at
35°C and 45°C, with F3 group showing significantly higher chlorophyll than F2
at 45°C (P < 0.05).

2.2 Cell Membrane Damage in D. pedata Two-way ANOVA results (Ta-
ble 2 ) demonstrated that different temperatures and fertilizers significantly
affected both REC and MDA in D. pedata (P < 0.05). However, the inter-
action between temperature and fertilizer showed no significant effect on cell
membranes.

As temperature increased (Figure 2 [Figure 2: see original paper]), REC and
MDA in all three fertilization treatments increased significantly (P < 0.05).
Compared with the F1 group, F2 showed no significant differences in REC and
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MDA, while F3 exhibited significantly lower REC and MDA than F1 under
45°C high-temperature stress (P < 0.05).

2.3 Antioxidant and Osmotic Regulation in D. pedata Two-way
ANOVA results (Table 3 ) revealed that different temperatures and fertilizers
significantly affected both antioxidant enzyme activities and osmotic regulation
substances (P < 0.05). Except for POD, the interaction between temperature
and fertilizer significantly influenced SOD, CAT, and Pro (P < 0.05).

With increasing temperature (Figure 3 [Figure 3: see original paper]), SOD and
POD activities in all fertilization treatments increased significantly. CAT in the
F3 group continued to increase significantly with temperature, while F2 showed
a trend of first increasing then decreasing significantly (P < 0.05). Among
different fertilization treatments, CAT activity in F3 at 35°C and SOD and
CAT activities in F3 at 45°C were significantly higher than in F1 and F2 groups
(P < 0.05). Pro content in all three treatments increased significantly with
temperature (P < 0.05). Inter-treatment comparisons showed that Pro content
in F2 and F3 was significantly higher than F1 at 25°C, significantly lower in
F3 than F1 and F2 at 35°C (P < 0.05), but showed no significant differences
among the three groups at 45°C (P > 0.05).

2.4 Evaluation of High-Temperature Tolerance Pearson correlation anal-
ysis (Figure 4 [Figure 4: see original paper|A) showed that all indicators were
significantly correlated (P > 0.05) except for CAT, which was only significantly
positively correlated with POD. The KMO test result was 0.86, and Bartlett’
s sphericity test yielded P < 0.005, confirming the suitability of the data for
principal component analysis.

Principal component analysis (Table 4 ; Figure 4B and 4C) identified two princi-
pal components with eigenvalues greater than 1. The first principal component
had an eigenvalue of 8.71, contributing 79.18% of variance, while the second
principal component had an eigenvalue of 1.43, contributing 13.00%, with a cu-
mulative contribution rate of 92.18% that reflected most information regarding
D. pedata’ s high-temperature tolerance under different stresses. According to
Figure 4B and the loading matrix, the first principal component included main
information from ten indicators: Tr, Pn, Gs, Ci, SOD, POD, Pro, MDA, REC,
and Chl, while the second principal component included only CAT informa-
tion. Using x,-x,; to represent Tr, Pn, Gs, Ci, SOD, POD, CAT, Pro, MDA,
REC, and Chl, and y; and y, to represent first and second principal component
scores, formulas (4) and (5) were obtained from the loading matrix and eigenval-
ues. Based on y; and y, values, membership function values U; were calculated,
and using principal component contribution ratio W, as weight, comprehen-
sive scores for D. pedata’ s high-temperature tolerance under three temperature
stresses were obtained (Table 5 ). Evaluation results showed that D. pedata
under F3 treatment exhibited superior high-temperature tolerance compared to
F2 treatment.
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Discussion

3.1 High-Temperature Stress Inhibits D. pedata Photosynthesis
Plant photosynthesis is a complex biochemical process extremely sensitive to
external temperature changes (Zhang et al., 2011), making photosynthetic
characteristics effective indicators of high-temperature damage. Pn, Tr, Gs, and
Ci represent four fundamental photosynthetic parameters, while Chl content
also reflects photosynthetic capacity. In this study, as temperature increased,
Pn, Tr, and Gs in the F1 group decreased significantly at 45°C, indicating
that D. pedata can resist moderate high-temperature stress but experiences
reduced photosynthetic rates under severe stress. These findings align with
previous research (Du et al., 2012; Feng et al., 2014). Pn, Tr, Gs, and Ci
are closely related, as high-temperature stress reduces plant Gs, consequently
decreasing Pn and Tr (An et al., 2010). This suggests that D. pedata responds
to high-temperature stress by appropriately closing leaf stomata. However, at
45°C stress, D. pedata showed significantly increased Ci, likely because reduced
photosynthetic rate resulted in less CO, assimilation than that from external
sources or respiration. This indicates that high-temperature stress inhibition of
D. pedata photosynthesis is non-stomatal limitation (Drake et al., 2017). Cor-
relation analysis revealed extremely significant negative correlations between
Ci and photosynthetic indicators including Pn, Tr, and Gs, further confirming
non-stomatal limitation of photosynthesis in D. pedata under high-temperature
stress. High-temperature stress damages photosynthetic reaction sites, electron
transport chains, and PSII oxygen-evolving complexes in D. pedata leaves,
reducing mesophyll cell photosynthetic activity, inhibiting leaf photosynthetic
capacity, decreasing CO, entry into mesophyll cells, increasing intercellular
CO, accumulation, and consequently raising Ci.

3.2 High-Temperature Tolerance Capacity of D. pedata REC and
MDA are commonly used as indicator indices for evaluating plant cell mem-
brane damage (Zhao et al., 2015; Zhang et al., 2022). In this study, REC and
MDA in F1 group D. pedata leaves were significantly higher than the control
only when stress temperature reached 45°C, indicating that D. pedata cell mem-
branes can maintain integrity and normal physiological functions to a certain
degree. However, under severe stress, cell membranes remain threatened by
ROS oxidation and sustain damage. Numerous studies have demonstrated that
plants can rapidly regulate antioxidant enzymes such as SOD, POD, and CAT,
along with osmotic regulation substances like Pro, to resist stress threats (Ul
Hassan et al., 2021). At 35°C stress, POD, CAT, and Pro played key roles in
resisting high-temperature stress, enabling D. pedata to maintain relatively low
REC and MDA with minimal damage. At 45°C, SOD and POD activities and
Pro concentration jointly resisted high-temperature stress, but CAT activity
decreased significantly while REC and MDA increased substantially. This indi-
cates that despite enhanced antioxidant enzyme and osmotic regulation activ-
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ity, D. pedata still suffered considerable damage under severe high-temperature
stress. Additionally, different response measures were observed under varying
stress intensities, demonstrating that D. pedata can selectively enhance antioxi-
dant enzyme activity according to different stress environments to adapt to high
temperatures—an intrinsic plant stress response (Liu and Fang, 2020).

3.3 Bacterial Agent Application Promotes D. pedata Photosynthetic
Capacity Under High-Temperature Stress Photosynthesis is crucial for
plant biomass accumulation and photosynthate translocation (Xue et al., 2010)
and represents an important metabolic process in plants. Enhanced photosyn-
thetic physiology can improve plant stress resistance (Chen et al., 2013). Micro-
bial agents contain abundant beneficial live bacteria that can improve soil while
enhancing plant physiological performance (Wang, 2019). Compared with F1
and F2 treatments, D. pedata under F3 treatment at 45°C stress showed higher
Pn, Tr, Gs, and Chl. Combined with two-way ANOVA results, this indicates
that organic fertilizer combined with Bacillus natto agent enhanced D. pedata’
s photosynthetic capacity under high-temperature stress, thereby strengthening
its high-temperature resistance. The severity of high-temperature stress damage
to plant photosynthetic physiology depends on the impact on enzyme activities
such as Rubisco and functional integrity of photosynthetic organs like PSII in
thylakoid membranes (Ye et al., 2023). Based on the non-stomatal limitation
of high-temperature stress inhibition on D. pedata photosynthetic physiology,
our results demonstrate that organic fertilizer with added Bacillus natto agent
effectively alleviated damage to photosynthesis-related enzyme activities and
leaf photosynthetic organs, protecting D. pedata leaf photosynthetic activity.
Correlation analysis revealed extremely significant positive correlations among
Pn, Tr, Gs, and Chl, indicating close relationships between Chl synthesis and
D. pedata photosynthetic capacity, and further suggesting that bacterial agent
application enhances D. pedata photosynthesis by promoting Chl synthesis.

Organic fertilizer with Bacillus natto showed significantly better promotion of D.
pedata photosynthetic physiology than organic fertilizer alone. Comparison be-
tween F1 and F2 groups under 45°C stress revealed that organic fertilizer could
enhance D. pedata photosynthetic capacity but remained significantly lower
than F3 treatment. This may be because active substances secreted by Bacillus
natto and nutrients in organic fertilizer jointly promoted accumulation of chloro-
phyll synthesis precursors, significantly increasing Chl and thereby enhancing
D. pedata’ s light energy conversion and utilization capacity. Similar findings
were reported by Chen et al. (2013), who found that maize inoculated with AM
fungi showed stronger photosynthetic capacity, and by Wang et al. (2021), who
reported that adding microbial agents to organic substrates regulated leaf stom-
ata and increased Pn and Chl. Additionally, microorganisms produce relevant
hormones and signaling molecules that assist D. pedata in inducing stomatal
opening/closing, photosynthetic electron transport, and other metabolic path-
ways, thereby increasing Pn (Zhang et al., 2019; Wang et al., 2021)—another
important reason why F3 treatment with Bacillus natto showed stronger photo-
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synthetic capacity than F2 treatment with organic fertilizer alone.

3.4 Bacterial Agent Application Induces Stress-Resistance Physiology
in D. pedata Under High-Temperature Stress Numerous studies have
shown that microbial fertilizers can improve soil structure and microbial environ-
ment, possess potassium-solubilizing, phosphorus-releasing, and nitrogen-fixing
functions, and significantly promote crop growth and enhance plant stress re-
sistance (Fan et al., 2021). Correlation analysis revealed extremely significant
positive correlations between SOD and POD, and between CAT and POD, un-
der 45°C stress, strongly demonstrating the key role of SOD-POD synergy and
POD-CAT synergy in resisting ROS oxidation of cell membranes. Specifically,
SOD and CAT in F3 group under 45°C stress were generally higher than in
F1, and particularly when CAT activity decreased in F1 and F2 groups, F3
group showed significantly increased CAT activity. This indicates that under
high-temperature stress, Bacillus natto agent induces higher enzyme activity in
D. pedata to eliminate harmful substances produced under stress, strengthening
SOD-POD and POD-CAT synergistic effects. Although Pro, REC, and MDA in
D. pedata all increased with high-temperature stress intensity, the findings that
Pro in F3 treatment was significantly lower than F1 and F2 at 35°C, and MDA
and REC in F3 were significantly lower than F1 at 45°C, further demonstrate
that Bacillus natto agent can effectively improve D. pedata thermotolerance and
alleviate high-temperature stress damage (Yang et al., 2013). High-temperature
stress tends to increase plant transpiration, causing cells to lose water easily and
resulting in water stress. As an osmotic regulator, Pro should play a key role,
but experimental results showed that bacterial agent application did not signif-
icantly induce Pro synthesis to resist water stress. However, reports indicate
that natto fermentation produces y-polyglutamic acid with good water reten-
tion and biological solubility (Zhang, 2014), which can induce accumulation of
hydrophilic osmotic regulation substances (Zhu et al., 2010), thereby reducing
cellular osmotic potential and enhancing D. pedata resistance.

3.5 Comprehensive Evaluation of Bacterial Agent-Induced High-
Temperature Stress Tolerance in D. pedata Principal component
analysis revealed that the first principal component contained 79.2% of
information on D. pedata photosynthetic and stress-resistance physiology.
POD, REC, SOD, Pro, MDA, and Ci showed positive correlations with
the first principal component, while Pn, Gs, Tr, and Chl showed negative
correlations. Since POD, SOD, and Pro are important plant stress-resistance
biochemical substances, this further demonstrates that POD and SOD activity
induction and Pro synthesis accumulation are important defense mechanisms
for D. pedata in response to high-temperature stress, consistent with previous
conclusions. Indicator indices of cell membrane damage, REC and MDA, also
provided strong evidence of damage to D. pedata cells under high-temperature
stress. From different fertilization treatment perspectives, the unfertilized F1
group and organic fertilizer-only F2 group overlapped considerably, indicating
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that organic fertilizer alone cannot enhance D. pedata’ s high-temperature
stress resistance. However, the F3 treatment with added Bacillus natto showed
distinct differences from F1 and F2 groups. Figure 4C further revealed that
different temperature treatments caused obvious changes in D. pedata photo-
synthetic and high-temperature resistance physiology, with the F3 treatment
group in the first quadrant and F1 and F2 groups in the fourth quadrant at
45°C. These results strongly demonstrate that organic fertilizer with added
Bacillus natto effectively enhanced D. pedata photosynthetic capacity and
high-temperature tolerance.

However, evaluating high-temperature tolerance using single physiological in-
dicators has limitations, as high-temperature stress affects multiple aspects of
plants and plant regulation of various physiological activities to resist stress is ex-
tremely complex. Currently, combining principal component analysis with mem-
bership function method is a popular approach for comprehensive plant stress-
resistance evaluation (Zhu et al., 2022). Therefore, to evaluate the effect of
Bacillus natto agent on D. pedata high-temperature stress resistance, this study
employed this method to comprehensively evaluate high-temperature tolerance
under F2 and F3 treatments. Evaluation results showed that D. pedata under
F3 treatment exhibited stronger high-temperature tolerance than F2 treatment
across all three temperature regimes, indicating that Bacillus natto agent effec-
tively improved D. pedata high-temperature tolerance. Furthermore, two-way
ANOVA revealed significant interactive effects of temperature changes and dif-
ferent fertilizer applications on D. pedata photosynthetic and stress-resistance
physiology. However, this interaction showed no significant effect on REC and
MDA, because high temperature inhibited D. pedata photosynthetic characteris-
tics, forcing stress-resistance physiological regulation, while Bacillus natto agent
enhanced D. pedata photosynthesis and assisted stress-resistance physiological
regulation to improve high-temperature tolerance, further demonstrating that
D. pedata effectively alleviated high-temperature stress damage under Bacillus
natto agent action.

Conclusion

This study investigated D. pedata’ s response to high-temperature stress and the
capacity of Bacillus natto agent combined with organic fertilizer to induce high-
temperature stress resistance. The findings indicate that D. pedata possesses
certain high-temperature tolerance, but suffers severe damage under excessive
temperature stress, leading to non-stomatal limited photosynthetic rate decline
and cell membrane oxidation. Under such conditions, D. pedata can regulate
its antioxidant enzyme activities and osmotic regulation substances according
to different stress situations to resist high-temperature stress. Moreover, com-
pared with organic fertilizer alone, Bacillus natto agent combined with organic
fertilizer can alleviate high-temperature stress inhibition of D. pedata photosyn-
thesis, induce increased antioxidant enzyme activity to mitigate cellular damage,
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reduce osmotic regulation pressure, and effectively enhance D. pedata’ s resis-
tance to high-temperature stress.
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