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Isolation, identification, and salt tolerance characterization of a
salt-tolerant and plant growth-promoting fungal strain
Ophioceras leptosporum LW?2
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Abstract: [Objective] Soil salinization is a serious threat to land health, and microbial remediation of
saline-alkali soil is an eco-friendly and practical approach. Endophytic fungi can enhance host
resistance to both biotic and abiotic stresses. Consequently, there is a need for further research on the
biological characteristics of endophytic fungi. Such research can expand the existing endophytic
fungal database and provide elite strains and effective strategies for the green remediation of saline-
alkali soil and soil restoration. [Methods] The characteristics of the fungal strain were analyzed by
plate culture under stress, scanning electron microscopy (SEM), and multi-gene phylogenetic
analysis. The colonization of the strain in rice roots was examined by GFP fluorescence labeling,
trypan blue staining, SEM, and colonization curve plotting. Pot experiments under stress and non-
stress conditions, the peroxidase activity assay, transcriptome analysis, and gene expression analysis
were carried out to decipher the mechanism by which the strain enhanced the salt tolerance of rice
plants. [Results] An endophytic fungal strain, LW2, capable of enhancing the salt tolerance of host
rice plants, was obtained. The phylogenetic tree showed that LW2 clustered with Ophioceras
leptosporum CBS 894.70 in the same minimal clade, and thus the strain was identified as O.
leptosporum LW2. LW2 successfully colonized rice roots and promoted the growth of potted rice. The
rice plants co-cultured with LW2 showed significant increases in the fresh weight, plant height, and
stem width. The pot experiments under salt stress showed that LW?2 improved the salt tolerance of rice
by increasing the plant height and stem width under stress conditions while alleviating stress-induced
wilting and yellowing. LW2 mitigated salt-induced damage of rice by increasing the peroxidase
activity and promoting reactive oxygen species (ROS) scavenging. In addition, LW2 regulated the
expression of EIL1 and HKTs in the ethylene signaling pathway which affected ion transport, thereby
enhancing rice salt tolerance. [Conclusion] This study identified an endophytic fungal strain, O.
leptosporum LW2, capable of enhancing the salt tolerance of host rice. We preliminarily investigate
the salt tolerance mechanism of this strain, providing scientific evidence and an elite strain for
microbial remediation of saline-alkaline soil and the development of green agriculture.

Keywords: endophytic fungi; salt stress; rice; plant-growth promoting effect
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qPCR. H bR 9 A X 2238 52k A Livak 1531
B, AR NLBNEE M (actin) R X JH
1.10 JKFEZFRFNELALIE
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FRATHL 9 ARIEA TN E
1.11 IR CAERE N EfEE KRB

AR SRR LW2 2e3557 14 d J5 /KRR
Fedh, HTCHEZKIEYE, WK 4R 3R 1K 5
JETER A P R . BEAR LT vk i R 2% BRI
LA E IR A A FRAF], £ Nlumina
5 AT SR 2 20 e T AR A TS
1.12 RNA 12EUF1 RT-qPCR 73#f

RNA #H4% I8 Easy RNA $ U 7) & (Wi
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qPCR i #] & # 17 RT-qPCR, RT-qPCR J Jif 5%
. 95°C 3 min; 95°C30s, 58°C30s, 72°C
1 min, 3L 40 MEI, FKREEFTRINSIE A
(actin) fE A N 2 £ [H . RT-qPCR 5| ¥ W £ 1
NS

2 EREH

2.1 LW2 EHRFESFEIRE (L4FIE

£ O. leptosporum LW2 T ¥k 5% Fh T A [6] £h
W EE BRI PDA B3R I, DATEAS H £h
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Table 1 Primers of RT-qPCR used in this study
Primers name Primer sequences (5'—3")

OsEIL1-F AGGCCTAATGCAGTCAACCC
OsEIL1-R ACCGAATGGAGTATCGTCGC
HKTI;1-F GCTCAGCATCTCTGTGGGTT
HKTI;1-R CGAGCTGAACTACCAAAGGGT
HKT1;3-F TGCATCACAGAACGGGACTC
HKT1;3-R GATCGCTTTCCCATTGTCGC
HKT2;1-F GGCCTTATGGCTTCCTTGGT
HKT2;1-R GTACTAGAACAGCAGGGGCG
HKT2:3-F CTTGCAGTTGTGGAGGTTGC
HKT2:;3-R TCTATCGTCGCTTTCTGGGC
OsActin-F GAGTATGATGAGTCGGGTCCAG
OsActin-R ACACCAACAATCCCAAACAGAG
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Regulus 30KV x100k

0.4 mol/L NaCl

0.6 mol/L NaCl 0.8 mol/L NaCl 1.0 mol/L NaCl

w
T
*
*

Diameter (cm)
[ —_— [\]
W
4B
2%

Bl LW2HIENESHmEREE . A: LW27E50.2. 0.4, 0.6, 0.8. 1.0 mol/L NaCIFyPDAR; 3L K
10d; B: DS TLW2IREZIES; C: BB FLW2INHZIES; D: LW2REZIDAPILE; E: A

[ R e B P-4 LW 2 B v 119 A
Figure 1

Colony morphology and salt resistance of LW2. A: LW2 was grown on PDA medium containing 0.2,

0.4, 0.6, 0.8, and 1.0 mol/L NaCl for ten days; B: Mycelial morphology of LW2 under the microscope; C:
Mycelial morphology of LW2 under scanning electron microscope; D: DAPI staining of LW2 mycelia; E:
Diameter of LW2 colonies in plates with different salt concentrations (*: P<0.05; **: P<0.01; ***: P<0.001).
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88| Gaeumannomyces graminis var. avenae CBS 187.6 (JX134668.1)
97! Gaeumannomyces avenae CBS 870.73 (KM484833.1)
Gaeumannomyces tritici CBS 186.65 (KM484838.1)

Gaeumannomyces tritici CBS 247.29 (KM484839.1)
Gaeumannomyces ellisiorum CBS 387.81 (KM484835.1)

Gaeumannomyces graminis var. graminis CBS 235.32 (JX134669.1)
Gaeumannomyces graminicola PD 93/290 (KM484834.1)
Gaeumannomyces radicicola 7383 (KM484846.1)
Gaeumannomyces radicicola ATCC 28234 (KM484850.1)
Harpophora sp. CBS 541.86 (KM484851.1)

Gaeumannomyces incrustans M51 (JF414846.1)

Magnaporthiopsis maydis CBS 663.82B (KM484858.1)

Magnaporthiopsis maydis CBS 662.82A (KM484856.1)
98| Magnaporthiopsis maydis CBS 664.82 (KM484859.1)
88 Ophioceras commune M91 (JX134675.1)
Ophioceras commune M92 (JX134676.1)
Ophioceras dolichostomum strain 114926 (JX134677.1)
Ophioceras leptosporum LW?2
Ophioceras leptosporum CBS 894.7 (JX134678.1)
Pseudopyricularia higginsii 09/2007/1470 (KM484875.1)
Pseudopyricularia kyllingae HYKB202-1-2 (KM484876.1)
Pyricularia oryzae CBS 375.54 (KM484891.1)

Pyricularia oryzae CBS 365.52 (KM484890.1)

100 Pyricularia oryzae PR0067 (KM484920.1)
Magnaporthaceae sp. NZ-2013 ATCC 200212 (JX134674.1)

82

—e—

0.10
B2 RNEERELW2HRGLXER. 5 PHF SRR Y FHITS RN T A5 7030 BT RoR
BT SCRTRIARRE s ARG R AT 7R B9 5 9 2 S JE LA UM 0.1
Figure2 Phylogenetic tree of the endophytic fungus LW2. The serial number in parentheses indicates the ITS gene
sequence number of the corresponding species; The number on the branch point indicates the confidence level of the

branch; The scale bar indicates that the evolutionary tree can be displayed with a sequence divergence scale of 0.1.
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E3 LW2EHREKFERABAIEE. A: LW21E GFP 5O FERMB; B: MR G IEELW27EK
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Figure 3 LW2 colonization in rice roots. A: The colonization pattern of LW2 under GFP fluorescence; B:
Observation of LW2 colonization in rice roots by Trypan blue staining; C: Scanning electron microscopy
observation of LW2 colonization in rice roots; D: Relative DNA content of fungi/rice roots at different time

points in rice roots.
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Figure 4 Growth promoting effect of LW2 on rice under salt stress. A: Effect of salt stress and LW2 strain on
fresh weight of rice; B: Effect of salt stress and LW2 strain on SPAD value of rice; C: Effect of salt stress and
LW?2 strain on stem length of rice; D: Effect of salt stress and LW2 strain on stem width of rice; E: Effect of salt
stress and LW2 strain on root length of rice; F: Effect of salt stress and LW2 strain on leaf width of rice; G:
Growth status of potted rice after LW2 colonization; H: Morphology of potted rice monocultures after LW2
colonization. Error lines indicate mean+SD, n=9. *: P<0.05; **: P<0.01; ***: P<(0.001****: P<0.000 1. CK:
Untreated; LW2: Inoculated with LW2; CK+NaCl: 0.15 mol/L NaCl treatment; LW2+NaCl: Inoculated with LW2
at 0.15 mol/L NaCl treatment. The same as below.
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Figure 5 LW?2 enhances salt tolerance in rice. A: Growth of rice in inoculated and non-inoculated LW2 groups

after 0.2 mol/L salt stress treatment between 7 and 14 days of incubation; B: Peroxidase activity in rice inoculated
with LW2; C: Hydrogen peroxide content in rice after inoculation with LW2. **: P<0.01; ***: P<0.001.
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Figure 6 Transcriptomic differences between rice inoculated with LW2 and uninoculated with LW2. A: Volcano
plot of the number of differential genes in inoculated and uninoculated strains of LW2 rice, red indicating
significantly up-regulated genes, green indicating significantly down-regulated genes, and black indicating genes
with insignificant differences in expression levels between the two groups; B: GO enrichment analysis of
differential genes in inoculated and uninoculated strain LW?2 rice. Horizontal coordinates indicate the ratio of the
number of differential genes in the corresponding pathway to the number of genes detected, vertical coordinates
indicate the gene pathways of the relevant functions, and test reliability and statistical significance increase with
decreasing Q values. The size of the circles in the figure represents the number of differential genes in the

corresponding pathway.
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Figure 7 GO enrichment circles of differential genes in co-cultured and control groups of rice. From the outside
to the inside, the first circle indicates the name of the significantly enriched GO secondary pathway; The second
circle indicates the number of background genes and P value in that pathway; The more genes there are, the
longer the bar, the more pronounced the enrichment, and the redder the degree of enrichment; The third circle
indicates the number of up-regulated and down-regulated genes, with the lighter red color representing the
number of up-regulated genes, and the lighter blue color representing the number of down-regulated genes; The
fourth circle indicates the per-GO categorical Rich factor value (the number of foreground genes divided by the
number of background genes for that classification), and each cell of the background auxiliary line represents 0.2.
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Figure 8 Effect of LW2 on the expression of EILI and HKTs genes in rice. A: Effect of LW2 strain on rice EIL1
gene expression; B: Effect of LW2 strain on rice HKT1, I gene expression; C: Effect of LW2 strain on rice HKT1, 3

gene expression; D: Effect of LW2 strain on rice HKT2; I gene expression; E: Effect of LW?2 strain on rice HK72, 3

gene expression. **: P<0.01; ***: P<0.001.
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Figure 9 Pattern diagram of the enhanced salt tolerance of rice by LW2. LW2 mainly enhances rice’s salt

tolerance through two pathways: stimulating catalase activity and regulating the expression of rice genes.
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