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Ectomycorrhizal fungal inoculation alleviates aluminum stress in
Pinus massoniana seedlings by modulating fine root antioxidant

physiology

WEN Sijia, GU Xirong*, LI Ang, LYU Yaru, XU Shirui, ZHOU Xiaoyu

College of Resources and Environment, Southwest University, Chongqing, China

Abstract: [Objective] Aluminum (Al) toxicity in acidic soils severely inhibits plant growth by
inducing oxidative stress. Ectomycorrhizal fungus (ECMF) can enhance host plant Al tolerance, but
the underlying physiological mechanisms, particularly in fine roots, are not fully understood. This
study investigates how ECMF colonization mitigates Al toxicity by modulating the antioxidant
physiology of plants, with an aim in applying ECMF for the ecological restoration of
Al-contaminated acidic soils. [Methods]| Pinus massoniana seedlings were inoculated with
Lactarius deliciosus 2 or Pisolithus tinctorius 715, with non-ectomycorrhizal seedlings as the
control. After a 6-month exposure to 0.0 mmol/L or 1.0 mmol/L AI’", we assessed seedling
biomass, fine root morphology, plasma membrane permeability, reactive oxygen species (ROS)
levels, antioxidant enzyme activities, and osmoregulatory substance content. [Results] Under Al
stress, inoculation with either L. deliciosus 2 or P. tinctorius 715 significantly promoted seedling
growth and fine root development. The inoculated seedlings exhibited 1.26-1.33 folds greater
biomass and 2.25-3.99 folds increases in the total root length, root surface area, root volume, and
root tip number compared to the non-inoculated control. The ECMF inoculation also significantly
reduced the accumulation of malondialdehyde (MDA), hydrogen peroxide (H»O,), proline, and
soluble proteins in fine roots. Furthermore, inoculation with L. deliciosus 2 resulted in significantly
higher root surface area and root volume, along with greater peroxidase (POD) and catalase (CAT)
activities and a more pronounced reduction in proline content in fine roots, compared to inoculation
with P. tinctorius 715. [Conclusion] Our findings demonstrate that ECMF inoculation alleviates Al
stress in P. massoniana seedlings by promoting fine root development, bolstering the antioxidant
system (notably through increased POD and CAT activities), reducing H,O, accumulation,
preserving plasma membrane integrity, and decreasing the synthesis of osmoregulatory substances.
The superior performance of L. deliciosus 2 highlights its potential for its application in the
ecological restoration of Al-contaminated acidic soils.

Keywords: ectomycorrhizal fungi; aluminum toxicity; osmoregulatory substance; antioxidant
enzyme; Pinus massoniana
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Figure 1 Effects of ECMF inoculation on the growth of Pinus massoniana seedlings under Al stress. A: Non-

13+

ectomycorrhizal fungus seedlings under 0.0 mmol/L Al’" treatment; B: L. deliciosus 2 seedlings under 0.0 mmol/L

AP treatment; C: P. tinctorius 715 seedlings under 0.0 mmol/L AI** treatment; D: Non-ectomycorrhizal fungus
seedlings under 1.0 mmol/L AP treatment; E: L. deliciosus 2 seedlings under 1.0 mmol/L A" treatment; F:

"

P. tinctorius 715 seedlings under 1.0 mmol/L Al”" treatment.
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Figure 2  Effects of ECMF inoculation on biomass and root morphological characteristics of Pinus massoniana

seedlings under Al stress. A: Biomass; B: Total root length; C: Root surface area; D: Root volume; E: Average

root diameter; F: Root tip number. Different uppercase or lowercase letters on the bar indicate significant

differences among ectomycorrhizal seedlings under the same Al level or between Al levels under the same

ectomycorrhizal treatment, respectively (P<0.05). *** indicate P<0.001.
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Figure 3  Effects of ECMF inoculation on plasma membrane permeability and ROS content in roots of Pinus
massoniana seedlings under Al stress. A: Malondialdehyde; B: Superoxide anion; C: Hydrogen peroxide.
Different uppercase or lowercase letters on the bar indicate significant differences among ectomycorrhizal
seedlings under the same Al level or between Al levels under the same ectomycorrhizal treatment, respectively
(P<0.05). *, ** *** and ns indicate P<0.05, P<0.01, P<0.001, and no significant difference, respectively.
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Figure 4 Effects of ECMF inoculation on antioxidant enzyme activity in roots of Pinus massoniana seedlings

under Al stress. A: Superoxide dismutase; B: Peroxidase; C: Catalase. Different uppercase or lowercase letters on

the bar indicate significant differences among ectomycorrhizal seedlings under the same Al level or between Al

levels under the same ectomycorrhizal treatment, respectively (P<0.05). **, *** and ns indicate P<0.01,

P<0.001, and no significant difference, respectively.
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715 5F B FEAR 2 AR %) I 2 R 5 o TG i 3 R
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D) 3 0 el 24 AR e 7 R R i I 2 PRI 20.73%
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Figure 5 Effects of ECMF inoculation on osmotic regulators in roots of Pinus massoniana seedlings under Al

stress. A: Prolin; B: Soluble sugar; C: Soluble protein. Different uppercase or lowercase letters on the bar indicate
significant differences among ectomycorrhizal seedlings under the same Al level or between Al levels under the
same ectomycorrhizal treatment, respectively (P<0.05). *** indicate P<0.001.

AL, TCERAL BT HEFh L. deliciosus 2 % R AI%
L RN AR A T R B S (P<0.05), 1%
Fl P tinctorius 715 W JC 35520 5 SR AL I T 2
f L. deliciosus 2 F1 P. tinctorius 715 i 35 AR 40
AR ATV R B 1 B (P<0.05), L 2 F gy A i ]
AR P ATEPEEE E & ET 2R
25 SERYHEKSHEMBRNEAL
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TEE R ARG, HaO0p SIAERR . Al PEE
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2.6 PLS-PM R4
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Figure 6 Correlation between growth parameters and roots’ antioxidant physiological indexes of Pinus
massoniana seedlings (n=18). Red and blue circles in the figure indicate significant positive and negative
correlation, respectively (P<0.05). TRL: Total root length; TRA: Root surface area; RV: Root volume; AD:
Average root diameter; RT: Total root tips; MDA: Malondialdehyde content; O, : Superoxide anion content;
H,0,: Hydrogen peroxide content; Pro: Proline content; SS: Soluble sugar content; SP: Soluble protein content;
SOD: Superoxide dismutase activity; POD: Peroxidase activity; CAT: Catalase activity.
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Figure 7 The conceptual coefficient diagram through PLS-PM path analysis of growth and anti-oxidative

physiology in Pinus massoniana. Solid lines indicate significant effects, while dashed lines indicate non-

significant effects. Red represents a positive correlation between two latent variables, and blue represents a
negative correlation. The GOF value is the goodness-of-fit of the model. *: P<0.05; **: P<0.01.
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