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Abstract. The role of endophytes in promoting plant growth has been explored, but the metabolomic
perspective of plant-endophyte interaction remains unknown to some extent. Therefore, we studied
growth, soluble sugar content and sucrose metabolism-related enzyme activities (sucrose synthase (SS),
sucrose phosphate synthase (SPS), invertase (INV), and hexokinase (HXK)) of rice seedlings uninfected
and infected by endophyte EF0801, and metabolomic analysis was performed using gas chromatography
and mass spectrometry (GC-MS). The results showed that plant height, above-ground dry weight, under-
ground dry weight, soluble sugar content, SS, SPS, INV and HXK activities were significantly increased
in endophyte-infected rice seedlings. The Kyoto Encyclopedia of Genomes (KEGG) was utilized for
functional annotation and enrichment pathway analysis and the results showed that 36 metabolites were
significantly changed in endophyte-infected rice seedlings, and were significantly enriched in glyoxylate
and dicarboxylate metabolism, starch and sucrose metabolism, citrate cycle, galactose metabolism,
fructose and mannose metabolism, pentose phosphate pathway and alanine, aspartate and glutamate
metabolism, in which fructose and mannose metabolism and pentose phosphate pathway being the most
significantly up-regulated. This study reveals the metabolomic mechanism of endophyte and rice
interaction and provides new insights into the appliance of endophyte in promoting plant growth and
development.

Keywords: rice, endophyte infection, GC-MS analysis, sucrose metabolism-related enzyme, plant-growth
promotion

Introduction

Petrini defined endophytes as “organisms inhabiting plant organs that can colonize
the internal tissues of a plant at some time in its life without causing harm to the host”
(Petrini, 1991). De Bary first proposed the concept of endophytes in 1866 (Herre et al.,
2007). It has been reported that when host plants are infected with endophytes, they
coevolve with the plants to form mutually beneficial symbiotic relationships, enhancing
their stress tolerance (Zarea et al., 2011; Karthikeyan et al., 2012). In addition,
endophyte inoculation can promote the growth and development of plants (Larriba et
al., 2015; Ren et al., 2022), enhance their antioxidant and photosynthetic capacities (Bu
et al., 2012), improve nutrient uptake, and increase endogenous hormone levels (Gond
et al.,, 2015). Ferreira et al. (2019) found that wheat inoculation with Bacillus spp.
enhanced photosynthesis by producing siderophores and chelated iron, which provided
iron for photosynthesis, it also reduced plant iron deficiency, mitigated heavy metal-
induced oxidative stress, and prevented oxidative damage. Mohanty et al. (2017) found
that inoculation with endophytic bacteria significantly increased shoot and root length
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(P <0.01) and enhanced phosphatase and 3-indoleacetic acid activities in seedlings
compared to uninoculated maize seeds. Therefore, researching the application of
endophytes is crucial.

The concept of metabolomics was first established by the Neiholsonl research group
in 1999 (Nicholson et al., 1999). Metabolomics is based on genomics, transcriptomics,
and proteomics to identify and quantify low-molecular-weight metabolites in biological
samples and provide a comprehensive view, thus revealing physiological changes
influenced by external stimuli or intervention (Fuica-Carrasco et al., 2023). Metabolic
processes in organisms are studied through changes in metabolite abundance and
metabolic pathways. Metabolomics can reveal the close relationship between plants and
their environment and also understand the functions of plant genes, metabolic networks,
metabolic regulation, and the link between phenotype and growth. Currently,
metabolomics has been used to study potato (Lekota et al., 2020), tomato (Mzibra et al.,
2021), rice (Ranjitha et al., 2019), wheat (Guo et al., 2020), cucumber (Pan et al., 2022),
maize (Deng et al., 2020), and soybean (Yang et al., 2017).

Rice (Oryza sativa L.) is one of the world’s most widely cultivated food crops.
Compared with other cereals, it has a small genome and is considered a model plant
(Devos and Gale, 2000). There are many studies on rice genome, transcriptome,
proteome, and metabolomics. However, there are few studies on rice metabolomics
under endophyte infection. Metabolites are the end products located downstream of
gene and protein regulation, and their composition and content directly affect the
phenotype. In this experiment, we measured the growth, soluble sugar content and
sucrose metabolism-related enzyme activities (SS, SPS, INV, HXK)) of uninfected and
endophyte-infected rice seedlings and compared the metabolic changes in rice seedlings
under endophyte infection using GC-MS, thus revealing the metabolic mechanism by
which the endophytes promote the growth of rice seedlings.

Materials and methods
Culture of endophyte EF0801 and rice seedlings

Endophytic fungus EF0801 was isolated from Suaeda salsa at Red Beach, Panjin,
which was identified to have 99% similarity with Sordariomycetes sp. Endophyte
EF0801 were obtained and prepared as described in our previous studies (Bu et al.,
2012). They were transferred to sterilized conical flasks and added to 125 mL of potato
dextrose agar (PDA) medium and incubated for 12 d in a shaking incubator at 25°C and
125 rpm. The cultured endophyte EF0801 cocci and liquid were homogenized into a
suspension. Based on the results of previous studies (Bu et al., 2012; Ren et al., 2022),
we chose 5% endophyte suspension to treat rice in this study.

The experimental material was Oryza sativa L. (Liaoxing NO.1). First, healthy rice
seeds were selected and sterilized with 1% NaClO for 25 min and rinsed with distilled
water. Then 100 seeds were placed in a plastic beaker (700 mL) containing sterilized
Hoagland solution in a light incubator with a day/night temperature of 28/22°C, light of
16 h, relative humidity of 80%, and light intensity of 10,000 lux. Rice seedlings were
cultivated to the two-leaf-one-heart stage and randomly divided into two groups. Each
group was replicated 5 times. Control group (CK): cultured with Hoagland solution.
Endophyte-infected group (E+): cultured with Hoagland solution containing 5%
endophyte suspension. According method of Liu and Chen (2007), more than 90% of
endophyte were colonized (Li et al., 2012).
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Measurement of growth index

After treatment to the three-leaf-one-heart stage, rice seedlings of CK and E+ groups
were collected and measured for plant height, root length, and dry weight. Dry weight
was determined after drying in an oven at 80°C for 12 h.

Measurement of soluble sugar content

Soluble sugar content was determined according to the anthrone colorimetric method
proposed by Zhang et al. (2009). The dried leaf sample was homogenized in 80%
ethanol, placed in a water bath at 80°C for 30 min, and then centrifuged at 5000 rpm for
10 min. The supernatant was transferred, 80% ethanol was added to the precipitate, and
the extraction process was repeated twice as described above. The reaction mixture of
supernatant and anthrone sulfate was incubated in a boiling water bath for 20 min, then
content of soluble sugar was determined spectrophotometrically at 620 nm.

Measurement of enzyme activities

Sucrose synthase (SS), sucrose phosphate synthase (SPS) and invertase (INV)
activities were determined by the method of Zhang et al. (2009). Leaf sample was
homogenized in HEPES-NaOH buffer (50 mM, pH 7.5) and then centrifuged at
12,000 rpm for 10 min at 4°C to obtain the enzyme extract. The mixture contained
supernatant, HEPES-NaOH buffer (50 mM; pH 7.5), MgCl, (50 mM), Fructose
(10 mM), and UDPG (10 mM), which was incubated at 37°C for 30 min. The reaction
was stopped by adding 30%NaOH, then activity of SS was determined
spectrophotometrically at 480 nm. SPS activity was determined in the same way as SS,
except Fructose-6-phosphate instead of Fructose.

Leaf sample was homogenized in deionized water, ice water bath for 3 h, centrifuged
at 5000 rpm for 15 min, and collected the supernatant. The mixture contained supernatant,
phosphate buffer (pH 6.0), 10% sucrose solution, and water bath at 37°C for 30 min. The
mixture was added 3,5-dinitro salicylic acid, and incubated in a boiling water bath for
5 min, then the activity of INV was determined spectrophotometrically at 540 nm.

Hexokinase (HXK) activity was determined according to the method of Whittaker et
al. (2001). Leaf sample was homogenized in an ice bath by extraction buffer containing
EDTA (0.5 mM), KH2PO4 (20 mM, pH 7.5) and DTT (5 mM), and centrifuged at
12,000 rpm for 20 min at 4°C and the supernatant collected. The reaction mixture
consisted of MgClz> (2 mM), EDTA (1 mM), NAD (0.4 mM), KH2PO4 (100 mM, pH
7.5), ATP (1 mM), 1 IU glucose-6-phosphate dehydrogenase (5 mM), 1 IU glucose
phosphate isomerase, glucose (5 mM) and the supernatant, and the reaction was carried
out for 5 min at 25°C, then the activity of HXK was determined spectrophotometrically
at 340 nm.

Quantitative real-time PCR analysis

Expression levels of endophyte-infected and non-infected rice leaves were examined
using gRT-PCR to verify the accuracy of sucrose metabolism-related enzyme activities.
TubA is a ubiquitin extension protein homologous gene, and it has good stability, so it
was used as internal reference gene. Fresh rice leaves were ground with liquid nitrogen,
and total RNA from rice leaves was extracted using the RNA Simple Kit (Tianyuan Bio
Beijing Co., Ltd.), and first-strand cDNA was synthesized using the PrimeScript RT
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Reagen Kit (TaKaRa). Design of specific primers through the Primer3plus website
(https://www.primer3plus.com/) (Table 1). Validated using the LightCycler96 PCR
system (Roche Co., Ltd., Basel, Switzerland). 22T was used to calculate carbon
metabolism-related gene expression.

Metabolite extraction and GC-MS analysis

Transfer 30 mg of rice leaves to the 1.5 mL Eppendorf (EP) tube and extract with 1
mL of extraction solution, and add ribitol 0.02 mL as an internal quantitative standard.
The sample was ground in a grinder at 45 Hz for 4 min, ice water bath was ultrasonic
for 5 min, and the repeat was 3 times. Then centrifuged for 15 min at 12,000 rpm, at
4°C. Transfer 200 pL of supernatant into a 1.5 mL EP tube, add 40 pL methoxyamine
hydrochloride, and dry under vacuum at 80°C for 2 h, add 60 pL of the BSTFA regent
(1% TMCS, v/v) to the sample aliquots, incubated for 1.5 h at 70°C. All samples were
used for GC-MS analysis.

Raw data were pre-processed, identification, data baseline filtering, and integration
using Chroma TOF software (V4.3x, LECO). Metabolites were identified using the
LECO-Fiehn Rtx5 database (Kind et al., 2009). Both mass spectral matching and
retention index matching were considered for metabolite identification. Remove peaks
detected in QC < 50% or RSD > 30% in QC samples (Dunn et al., 2011). Metabolite data
were analyzed using SMICA 14.1 software, including principal component analysis
(PCA), orthogonal partial least-squares discrimination analysis (OPLS-DA), and partial
least-squares discriminant analysis (PLS-DA). Subsequently, Metabolites were projected
to the MetaboAnalyst 6.0 (http://www.genome.jp/keg) websites and KEGG
(http://www.genome.jp/keg) database to identify the metabolic pathways involved.

Statistical analysis

Two-tailed Student’s t-test analyzed significant differences in growth parameters
between CK and E+. Statistical analysis was performed using SPSS 23 software. All
data analyses were calculated as the mean =+ standard deviation (SD) of three biological
replicates.

Table 1. List of specific primers for gRT-PCR

Gene Forward primer (5°-3°) Reverse primer (5°-3%)
TubA TCGCAGCATCAACCCAATC GCAACCAGTCCTCACCTCAT
OsSUS4 (SS) TCGAAACTCCCAGCTGACAC AGCAATCTCACCAGCAGCAT
OsSPS11 (SPS) CCCGAAGAAGAACGTCACCA AGGAGAAGCGGTGGATGTTG
OsINV2 (INV) ATGCTGGACACGAAGACTGG CACACGCGAGGTAATGCATG
OsHXK1 (HXK) CCACTGGGAGAGAGGATGGA TCCCCTGAATTGGGCAACTC

Results
Changes in growth performance

In this experiment, plant height, root length, above-ground dry weight and under-
ground dry weight of rice seedlings with endophyte infection significantly changed, and
plant height was significantly higher compared with CK group (Fig. 1). In contrast, the
main roots of E+ rice were significantly shorter but the number of lateral roots was
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significantly increased. Plant height, above-ground dry weight and under-ground dry
weight significantly increased by 0.12-fold (p < 0.01), 0.06-fold (p <0.05) and 0.10-
fold (p < 0.01), root length decreased by 0.41-fold (p < 0.01) under endophyte infection
as compared to control group (Table 2).

Figure 1. Plant height and root length of endophyte-infected and -uninfected rice seedlings

Table 2. Effect of endophyte infection on growth parameters

Growth parameters CK E+ FC
Plant height (cm) 21.48 +1.40 23.27 +1.85 0.12**
Root length (cm) 11.47 £ 1.60 8.64 +0.90 -0.41**
Above-ground dry weight (g/10 plant) 0.97 £0.02 1.11+0.07 0.06*
Under-ground dry weight (g/10 plant) 0.38+0.03 0.47 £0.00 0.10**

The data were mean + SD of the three biological replicates. * and ** indicate significant (P < 0.05) and
extremely significant (P < 0.01), respectively. FC, fold change that the change of growth parameters is
represented by log,&+/¢K)

Changes in physiological parameters

Soluble sugar contents, SS, SPS, HXK, and INV activities of rice seedlings under
endophyte infection were increased by 0.71-fold (p < 0.01), 0.12-fold (p < 0.05), 0.43-
fold (p < 0.05), 0.1-fold (p < 0.01), and 0.6-fold (p < 0.01), respectively, as compared to
the CK (Fig. 2).
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Figure 2. Heat map of physiological parameters in endophyte-uninfected (CK) vs -infected (E+)
rice seedlings
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Sucrose metabolism-related gene expression

To definitively study the effects of endophyte infection on rice leaves, sucrose
metabolism-related gene expression in rice leaves was analyzed. The results showed
that relative expression of genes encoding SS, SPS, INV, and HXK increased 0.23-fold,
0.92-fold (p <0.01), 0.78-fold (p <0.01) and 0.38-fold (p <0.01) under endophyte
infection (Fig. 3).

"k Aok *ok

CK

Relative expression

SS SPS INV HXK

Figure 3. Sucrose metabolism-related gene expression in endophyte-uninfected (CK) vs -
infected (E+) rice leaves

Metabolomic changes

We performed metabolomics studies on endophyte-infected and -uninfected rice
seedlings based on GC-MS. PCA results showed that PC1 was 28.4%, mainly reflecting
the significant differences in metabolomics between CK and E+ group. PC2 was 18.4%,
indicating that the results were reliable (Fig. 4A). The PLS-DA showed that the main
contributors to PC1 were fructose, citric acid, sedoheptulose, and pyroglutamic acid.
The main contributors to PC2 were oxalic acid, L-serine, L-malic acid, mannose, quinic
acid, and 2-Deoxy-D-galactose (Fig. 4B). Differential accumulation metabolites
(DAMs) were screened for P < 0.05, similarity > 500, and VIP > 1. Eventually, a total
of 36 DAMs were screened from the metabolites: 6 glycolysis and tricarboxylic acid
cycle, 9 amino acid metabolites, 10 carbohydrate and sugar alcohol metabolites, 4
organic acid metabolites, 2 fatty acid metabolites, and 8 organic compound metabolites
(Table 3).

Metabolic profiles in response to endophyte

Metabolite changes in endophyte-infected and -uninfected rice seedlings were
analyzed using GC-MS, resulting in 36 metabolites with significant differences,
including 24 up-regulated metabolites and 12 down-regulated metabolites (Fig. 5). The
key metabolites of the glycolysis pathway glucose-6-phosphate (G-6-p) and fructose-6-
phosphate (F-6-p) increased 0.68-fold and 0.71-fold in E+ group. In E+ group malate
acid and succinate significantly increased by 0.73-fold and 0.99-fold, respectively, and
citrate and aconitate significantly decreased by 0.58-fold and 0.85-fold. The results
showed that glycolysis and TCA cycle were enhanced in rice seedlings with endophyte
infection. Organic acid and fatty acid metabolites were significantly accumulated in E+
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rice. Compared with CK group, isomaltose, maltose and sucrose contents in
carbohydrate and sugar alcohol metabolites in E+group were significantly decreased by
1.15-fold, 1.17-fold, and 1.22-fold, and fructose, sedoheptulose, raffinose, galactitol,
gluconic acid and mannose were significantly accumulated with 0.82-fold, 2.72-fold,
0.4-fold, 1.25-fold, 1.39-fold and 0.51-fold. Among the amino acid metabolites, lysine,
glycine, tyrosine, asparagine, and 5-aminovaleric acid were significantly increased by
2.20-fold, 1.08-fold, 1.14-fold, 0.9-fold, and 2.70-fold, respectively, and oxoproline,
glutamate, 3-aminoisobutyric acid, and aspartate were significantly decreased by 0.85-
fold, 1.13-fold, 0.6-fold, and 0.43-fold, respectively. The top 5 up- and down-regulated
metabolites are presented in Figure 6. The main components are carbohydrates and
amino acids.
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Figure 4. Principal component analysis (PCA) of metabolite profiles in endophyte-uninfected

(CK) vs -infected (E+) rice seedlings (A). The loading of metabolites to the PC1 and PC2 (B).

CK: control group; E+: endophyte-infected group. PC1: the first principal component; PC2:
the second principal component
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Table 3. Difference of metabolite profiles in endophyte-uninfected (CK) vs -infected (E+)
rice seedlings

Metabolite name CK E+ FC
Malate 164.96 274.43 0.73**
Citrate 992.79 662.08 -0.58**
. Aconitate 0.27 0.15 -0.85**
Glycolysis and TCA cycle
Fructose-6-phosphate 2.60 4.24 0.71**
Glucose-6-phosphate 0.95 1.52 0.68**
Succinate 36.63 72.75 0.99*
Mucic acid 0.49 2.13 2.12**
o 4-hydroxycinnamic acid 0.11 0.36 1.70**
Organic acid o
Glutaric acid 0.00 0.10 5.39**
Oxalate 517.36 552.53 0.09
Oxoproline 522.02 289.49 -0.85**
Lysine 173.61 8.00 2.20**
Glutamate 39.70 18.13 -1.13**
3-Aminoisobutanoic acid 0.52 0.34 -0.60**
Amino acid Glycine 6.44 13.60 1.08**
Aspartate 100.49 74.47 -0.43**
Tyrosine 3.90 8.62 1.14**
Asparagine 3.72 6.92 0.90*
5-Aminovaleric acid 0.06 0.40 2.70*
Quinic acid 259.17 217.06 -0.26
Fructose 334.52 589.41 0.82**
Sedoheptulose 7.11 46.99 2.72%*
Isomaltose 0.87 0.39 -1.15%*
Carbohydrate and sugar Raffinose 6.78 8.92 0.40**
alcohol Sucrose 29.27 12.60 -1.22%*
Galactitol 3.86 9.24 1.25*
Maltose 1.04 0.46 -1.17*
Gluconic acid 0.27 0.70 1.39*
Mannose 146.51 209.32 0.51
) Stearic acid 31.45 45.47 0.53**
Fatty acid o
Palmitic acid 46.98 86.76 0.89*
Gentisin 0.15 0.06 -1.20*
Inosine 0.00 0.03 4.68*
Organic compound Sphinganine 0.62 0.78 0.33*
O-phosphorylethanolamine 1.06 0.69 -0.62**
Putrescine 1.83 2.72 0.57**

Relative concentration values were increased 100 times. The * and ** indicate significant (P < 0.05)
and extremely significant (P <0.01), respectively. FC, fold change that relative concentrations is
represented by log,®&+cK)
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Figure 5. Clustered heat map revealing DAMs in endophyte-uninfected (CK) vs -infected (E+)
rice seedlings
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Figure 6. Top 5 up-regulated and down-regulated DAMs in endophyte-uninfected (CK) vs -
infected (E+) rice seedlings

Metabolic pathway analysis

The MetaboAnalyst website was used to analyze the pathway enrichment between
CK and E+ group. The results showed that 36 DAMSs were enriched in 44 metabolic
pathways. The top 20 metabolic pathways mainly involved glyoxylate and
dicarboxylate metabolism, starch and sucrose metabolism, citrate cycle, and so on

(Fig. 7). Based on P < 0.05 and Impact > 0.1, we obtained 8 significantly enriched
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metabolic pathways, including glyoxylate and dicarboxylate metabolism, starch and
sucrose metabolism, citrate cycle, galactose metabolism, fructose and mannose
metabolism pentose phosphate pathway and alanine, aspartate and glutamate
metabolism (Fig. 8). According to the enrichment results, 8 metabolic pathways were
mainly enriched in carbohydrate metabolism, amino acid metabolism and energy
metabolism pathways.

Glyoxylate and dicarboxylate metabolism L ]
Starch and sucrose metabolism L ]
Citrate cycle (TCA cycle) L]
Alanine, aspartate and glutamate metabolism [ ]
Galactose metabolism [ ]
Glutathione metabolism L]
Fructose and mannose metabolism . Count
Carbon fixation in photosynthetic organisms L] : g
g Cyancamino acid metabolism- @ : S
% Lysine biosynthesis{ ®
g Butanoate metabolism+ # Pvalue
E Arginine biosynthesis l 0.025
Pentose phosphate pathway 4 gg?g
Biosynthesis of unsaturated fatty acids g: gg
Amino sugar and nucleotide sugar metabolism
Sphingolipid metabolism
Arginine and proline metabolism
Isoquinoline alkaloid biosynthesis
D-Aming acid metabolism
Phenylpropanoid biosynthesis
0.0 0.1 0.2 0.3 0.4

Impact

Figure 7. TOP 20 pathway enrichment of DAMs in endophyte-uninfected (CK) vs -infected (E+)
rice seedlings
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Figure 8. KEGG pathway extremely enrichment of DAMs in endophyte-uninfected (CK) vs -
infected (E+) rice seedlings
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Discussion

Endophytes can alter the physiological responses of plants and have either harmful or
beneficial effects on their hosts. In addition, endophytes have a variety of mechanisms
for regulating plant growth, including phytostimulation, biocontrol, and biofertilization,
and they can regulate plant growth by directly synthesizing or promoting the synthesis
of growth hormones, gibberellins, and cytokinins in the host plant (Faeth and Sullivan,
2003; Shi et al., 2009; Hassan, 2017). This demonstrates the diversity of interactions
between endophyte and host plants, and this plant-endophyte interaction has been
described as a continuum from antagonism to mutual benefit (Eid et al., 2019; Hashim
et al., 2020). In this study, endophyte infection increased plant height, aboveground dry
weight, and underground dry weight of rice seedlings, but decreased root length. Shukla
et al. (2012) reported that the inoculation of endophytic fungus T. harzianum can
significantly increase rice plant height and above-ground dry weight. In contrast, root
length reduction in rice was attributed to the endophytes changing the rhizosphere
microenvironment, thereby promoting the growth of lateral and adventitious roots, so
longer roots are not needed to absorb water (Ban et al., 2017). In addition, mycorrhizae
of endophytic fungi can form extensive mycelial networks that enhance the plant’s
ability to probe for water and mineral nutrients, which greatly increase the range of
plant root uptake (Li et al., 2013). Therefore, endophytes play an important role in plant
growth-promoting (PGP).

Metabolomics methods are widely used in plant science to assess the metabolite
content of individual plant species (Zhang et al., 2022). Metabolomics-based studies can
provide a comprehensive understanding of the molecular responses of rice with
endophyte infection. In this study, GC-MS metabolomics was utilized to obtain 36
DAMs. By KEGG analysis, 8 metabolism pathways were significantly enriched. The
main differentially accumulated metabolites enriched included: amino acids,
carbohydrates, glycolysis and TCA cycle intermediates.

Carbohydrates provide energy and carbon skeletons for plants and are important
signaling molecules that regulate plant growth and development (Li et al., 2022). In
plants, carbohydrate metabolism provides energy and numerous essential cofactors and
substrates for other metabolic processes (Li et al., 2020). Carbohydrate metabolism
pathways were significantly enriched in rice seedlings under endophyte infection,
mainly including glyoxalate and dicarboxylic acid metabolism, fructose and mannose
metabolism, starch and sucrose metabolism, and galactose metabolism. Five identified
DAMs are involved in the carbohydrate metabolism pathway, including sucrose,
fructose, maltose, mannose and raffinose. Among them, sucrose, fructose and maltose,
as soluble sugars, play important roles in promoting plant growth and development,
regulating osmotic homeostasis, and resisting abiotic stresses (Zhang et al., 2020).
Sucrose is the main product of plant photosynthesis and provides the basic carbon
skeleton and energy needed for seed formation and development (Du et al., 2020).
Raffinose exists in the chloroplast matrix and can stabilize specific photosystem Il and
protect plants from oxidative damage (Guo et al., 2021). Mannose is a constituent of
hemicellulose in plant cell walls and plays a role in the composition and morphological
changes of plant cell walls (Huberman et al., 2021). It has been found that colonization
of endophytes also leads to an increase in the expression of extensions, which
strengthens the plant cell wall and improves its defense against the outside world
(Chlebek et al.,, 2020). In the present study, carbohydrate metabolite relative
concentrations up-regulate expression, and among them, sucrose and maltose were
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down-regulated, as well as fructose, raffinose, and mannose were up-regulated. During
nutrient transport, sucrose in rice seedlings is hydrolyzed to fructose and glucose at the
growth site for rice growth and development. In this study, we found that SPS, SS, and
INV activities and soluble sugar contents were significantly elevated in rice with
endophyte infection. SPS mainly catalyzes the formation of sucrose phosphate by the
combination of uridine diphosphate glucose and fructose 6-phosphate, while SS and
INV are the main enzymes in the process of sucrose catabolism and they hydrolyze
sucrose into fructose and glucose (Wang et al., 2019; Duan et al., 2021). Qin et al.
(2022) showed that sugarcane inoculated with endophyte DX120E promotes
carbohydrate accumulation in leaves, and the SS and SPS activities and soluble sugar
contents were significantly higher than the control group. This suggests that rice
infected with endophyte can promote the related carbohydrate metabolism pathway and
provide sufficient material basis for growth and development.

Glycolysis, TCA cycle and pentose phosphate pathway (PPP) are significant energy
metabolic pathways in plants, providing energy and carbon skeletons for other
metabolic pathways (Xin et al., 2019). TCA cycle and PPP are significantly enriched in
E+ rice. The main DAMs involved in TCA cycle include citrate, malate, succinate, and
aconitate, in which citrate and aconitate were down-regulated and succinate and malate
were up-regulated. Li et al. (2019) reported that endophyte significantly increased
succinic acid content in peanut root tips compared to the control. This suggests that
endophyte infection promoted citrate and aconitate converting to succinate and malate,
which enhanced TCA cycle and provided energy for E+ group rice. PPP was the main
pathway for reducing power production (Xin et al., 2019). KEGG pathway analysis
showed a significant accumulation of gluconic acid, G-6-p, and F-6-p in PPP. Studies
have found that under endophyte infection, HXK activity increases in rice, which is an
essential enzyme in the glucose and fructose phosphorylation process, and catalyzes the
conversion of fructose and glucose to fructose 6-phosphate and glucose 6-phosphate
(Granot et al., 2014). Wang et al. (2023) found that PPP was promoted in maize
inoculated with dark septate endophytes. This indicated that PPP in E+ rice was
enhanced, and thus produced more reducing power.

Amino acids are the main macromolecular materials for building organisms and play
important roles in plants, including the maintenance of cellular osmotic homeostasis,
structural integrity of proteins, and the improvement of plant stress tolerance (Wang et
al., 2024). Amino acid metabolism is closely related to energy and carbohydrate
metabolism, protein synthesis and secondary metabolism (Hu et al., 2021). Glutathione
metabolism and alanine, aspartate and glutamate metabolism were significantly
enriched in endophyte-infected rice, which differential metabolites included glycine,
asparagine, aspartic acid, pyroglutamic acid and glutamic acid. Glycine is an
indispensable amino acid in plants, which participates in the synthesis of glutathione in
plants, promotes plant phosphorus uptake, scavenges reactive oxygen species (ROS),
maintains cellular homeostasis, improves plant stress tolerance, and promotes plant
growth (Yang et al., 2019; Gahir et al., 2021). Jha and Mohamed (2023) showed that
maize inoculated with Lysinibacillus fusiformis strain YJ4 and Lysinibacillus sphaericus
strain YJS resulted in a significant accumulation of glycine. Asparagine is an o-amino
acid, and one of the most important amino acids for the long-distance transportation of
plant nitrogen (N), mainly found in rice xylem and phloem sap (Luo et al., 2018).
Aspartate is a common nitrogen carrier in plants and it plays a major role in nitrogen
cycling, storage, and transportation in germinating seeds, nutrient organs and senescent

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4611-4627.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_46114627
© 2025, ALOKI Kft., Budapest, Hungary



Wang et al.: Metabolomic analysis provides new insights into the growth-promoting mechanism of endophyte in rice seedlings
- 4623 -

organs. In addition, it participates in the synthesis of other amino acids such as
asparagine and arginine (Lam et al., 1994; Gaufichon et al., 2016). Glutamate is a
precursor substance for the synthesis of aspartate, asparagine, and other essential amino
acids in plants (Xie et al., 2020). Oxoproline as a circulating amino acid, is a common
precursor substance for the synthesis of glutamate and proline (Merewitz et al., 2012).
In the present study, asparagine was found to be up-regulated while aspartate, glutamate
and pyroglutamate were down-regulated. It indicates that aspartate, glutamate and
pyroglutamate are converted to asparagine under endophyte infection, thus resulting in
significant accumulation of asparagine. Hodge et al. (2001) found that inoculation with
AMF promoted asparagine uptake in plants. It suggests that endophyte infection
improved the efficiency of amino acid translocation and reutilization in rice seedlings.

So, it was found that endophytes affected carbohydrate, amino acid, and energy
metabolism and improved rice seedling growth. A total of 36 DAMs and 8 significantly
enriched metabolic pathways identified based on GC-MS analysis and KEGG
enrichment analysis can be used as markers to study the effects of endophyte on rice
seedlings and contribute to the understanding of potential molecular mechanisms of
endophyte-plant interactions.

Conclusion

The present study emphasized the growth-promoting effect of infection with
endophyte EF0801 on rice seedlings. Changes in metabolites of E+ rice seedlings were
identified based on GC-MS analysis. The results showed that 36 metabolites were
significantly altered and significantly enriched in carbohydrate metabolism, amino acid
metabolism, and energy metabolism pathways, with fructose and mannose metabolism
and pentose phosphate pathways being the most significantly up-regulated. It was found
that the infection of endophyte EF0801 affected the intricate chemical exchanges of
carbon, nitrogen, and sugar networks in rice seedlings, which further promoted growth
and development. This study deepens our understanding of endophytes and provides
new insights into the promotion of rice growth and development through endophyte
infection.

Acknowledgements. This research was supported by the National Natural Science Foundation
(31270369), and the Department of Education of Liaoning Province (LZD202004, LJIKZ0991).

REFERENCES

[1] Ban, Y. H., Xu, Z. Y., Yang, Y. R. (2017): Effect of dark septate endophytic fungus
Gaeumannomyces cylindrosporus on plant growth, photosynthesis and Pb tolerance of
maize (Zea mays L.). — Pedosphere 27: 283-292.

[2] Bu, N, Li, X. M., Li, Y. Y., Ma, C. Y., Ma, L. J., Zhang, C. (2012): Effects of Na,CO3
stress on photosynthesis and antioxidative enzymes in endophyte infected and non-
infected rice. — Ecotoxicology and Environmental Safety 78: 35-40.

[8] Chlebek, D., Pinski, A., Zur, J., Michalska, J., Hupert-Kocurek, K. (2020): Genome
mining and evaluation of the biocontrol potential of Pseudomonas fluorescens BRZ63, a
new endophyte of oilseed rape (Brassica napus L.) against fungal pathogens. —
International Journal of Molecular Sciences 21: 8740.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4611-4627.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_46114627
© 2025, ALOKI Kft., Budapest, Hungary



Wang et al.: Metabolomic analysis provides new insights into the growth-promoting mechanism of endophyte in rice seedlings

[4]

[5]
(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

- 4624 -

Deng, M., Zhang, X. H., Luo, J. Y., Liu, H. J., Wen, W. W, Luo, H. B., Yan, J. B., Xiao,
Y. J. (2020): Metabolomics analysis reveals differences in evolution between maize and
rice. — The Plant Journal 103: 1710-1722.

Devos, K. M., Gale, M. D. (2000): Genome relationships: the grass model in current
research. — The Plant Cell 12: 637-646.

Du, Y., Zhao, Q., Chen, L., Yao, X., Zhang, H., Wu, J., Xie, F. (2020): Effect of drought
stress during soybean R2-R6 growth stages on sucrose metabolism in leaf and seed. —
International Journal of Molecular Sciences 21: 618.

Duan, Y., Yang, L., Zhu, H., Zhou, J., Sun, H., Gong, H. (2021): Structure and expression
analysis of sucrose phosphate synthase, sucrose synthase and invertase gene families in
Solanum lycopersicum. — Journal of Molecular Sciences 22: 4698.

Dunn, W. B., Broadhurst, D., Begley, P., Zelena, E., Francis-Mclntyre, S. (2011):
Procedures for large-scale metabolic profiling of serum and plasma using gas
chromatography and liquid chromatography coupled to mass spectrometry. — Nature
Protocols 6: 1060-1083.

Eid, A. M. (2019): Role of Endophytes in Plant Health and Abiotic Stress Management. —
In: Kumar, V., Prasad, R., Kumar, M., Choudhary, D. K. (eds.) Microbiome in Plant
Health and Disease. Challenges and Opportunities. Springer, Singapore.

Faeth, S. H., Sullivan, T. J. (2003): Mutualistic asexual endophytes in a native grass are
usually parasitic. — The American Naturalist 161: 310-325.

Ferreira, C. M. H., Vilas-Boas, A., Sousa, C. A. (2019): Comparison of five bacterial
strains producing siderophores with ability to chelate iron under alkaline conditions. —
AMB Express 9: 78.

Fuica-Carrasco, C., Toro-Nufiez, O., Lira-Noriega, A. (2023): Metabolome expression in
Eucryphia cordifolia populations: role of seasonality and ecological niche centrality
hypothesis. — Journal of Plant Research 136: 827-839.

Gahir, S., Bharath, P., Raghavendra, A. S. (2021): Stomatal closure sets in motion long-
term strategies of plant defense against microbial pathogens. — Frontiers in Plant Science
12: 761952.

Gaufichon, L., Rothstein, S. J., Suzuki, A. (2016): Asparagine metabolic pathways in
Arabidopsis. — Plant and Cell Physiology 57: 675-689.

Gond, S. K., Bergen, M. S,, Torres, M. S., White Jr, J. F. (2015): Endophytic Bacillus
spp. produce antifungal lipopeptides and induce host defence gene expression in maize. —
Microbiological Research 172: 79-87.

Granot, D., Kelly, G., Stein, O., David-Schwartz, R. (2014): Substantial roles of
hexokinase and fructokinase in the effects of sugars on plant physiology and
development. — Journal of Experimental Botany 65: 809-819.

Guo, Q., Li, Xia., Niu, Li., Jameson, P. E., Zhou, W. (2021): Transcription-associated
metabolomic adjustments in maize occur during combined drought and cold stress. —
Plant Physiology 186: 677-695.

Guo, X., Xin, Z., Yang, T., Ma, X., Zhang, Y., Wang, Z., Ren, Y., Lin, T. (2020):
Metabolomics response for drought stress tolerance in Chinese wheat genotypes
(Triticum aestivum). — Plants 9(4): 520.

Hashim, A. M., Alharbi, B. M., Abdulmajeed, A. M., Elkelish, A., Hozzein, W. N.,
Hassan, H. M. (2020): Oxidative stress responses of some endemic plants to high
altitudes by intensifying antioxidants and secondary metabolites content. — Plants 9: 8609.
Hassan, S. E. D. (2017): Plant growth-promoting activities for bacterial and fungal
endophytes isolated from medicinal plant of Teucrium polium L. — Journal of Advanced
Research 8: 687-695.

Hodge, A., Campbell, C. D., Fitter, A. H. (2001): An arbuscular mycorrhizal fungus
accelerates decomposition and acquires nitrogen directly from organic material. — Nature
413: 297-299.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4611-4627.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_46114627
© 2025, ALOKI Kft., Budapest, Hungary



Wang et al.: Metabolomic analysis provides new insights into the growth-promoting mechanism of endophyte in rice seedlings

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]
[36]

- 4625 -

Hu, Z., Xiong, Q., Wang, K., Zhang, L. X., Wu, S. J. (2021): Identification of a new giant
embryo allele, and integrated transcriptomics and metabolomics analysis of giant embryo
development in rice. — Frontiers in Plant Science 12: 697889.

Huberman, L. B., Wu, V. W., Kowbel, D. J., Glass, N. L. (2021): DNA affinity
purification sequencing and transcriptional profiling reveal new aspects of nitrogen
regulation in a filamentous fungus. — Proceedings of the National Academy of Sciences
118(13): e2009501118.

Jha, Y., Mohamed, H. I. (2023): Inoculation with Lysinibacillus fusiformis strain YJ4 and
Lysinibacillus sphaericus Strain YJ5 alleviates the effects of cold stress in maize plants. —
Gesunde Pflanzen 75: 77-95.

Karthikeyan, B., Joe, M. M., Islam, M. R. (2012): ACC deaminase containing
diazotrophic endophytic bacteria ameliorate salt stress in Catharanthus roseus through
reduced ethylene levels and induction of antioxidative defense systems. — Symbiosis 56:
77-86.

Kind, T., Wohlgemuth, G., Lee, D. Y., Lu, Y., Palazoglu, M., Shahbaz, S., Fiehn, O.
(2009): FiehnLib: mass spectral and retention index libraries for metabolomics based on
guadrupole and time-of-flight gas chromatography/mass spectrometry. — Analytical
Chemistry 81: 10038.

Lam, H. M., Peng, S. S. Y., Coruzzi, G. M. (1994): Metabolic regulation of the gene
encoding glutamine-dependent asparagine synthetase in Arabidopsis thaliana. — Plant
Physiology 106: 1347-1357.

Larriba, E., Jaime, M. D. L. A., Nislow, C. (2015): Endophytic colonization of barley
(Hordeum vulgare) roots by the nematophagous fungus Pochonia chlamydosporia reveals
plant growth promotion and a general defense and stress transcriptomic response. —
Journal of Plant Research 128: 665-678.

Lekota, M., Modisane, K. J., Apostolides, Z., van der Waals, J. E. (2020): Metabolomic
fingerprinting of potato cultivars differing in susceptibility to Spongospora subterranea f.
sp. subterranea root infection. — International Journal of Molecular Sciences 21(11):
3788.

Li, L., Zhang, Z., Pan, S. Y., Li, L., Li, X. Y. (2019): Characterization and metabolism
effect of seed endophytic bacteria associated with peanut grown in south China. —
Frontiers in Microbiology 10: 2659.

Li, L. Q., Lyu, C. C,, Li,J. H.,, Wan, C. Y., Liu, L., Xie, M. Q., Zuo, R. J., Ni, S, Liu, F.,
Zeng, F. C., Lu, Y. F.,, Yu, L. P, Huang, X. L., Wang, X. Y., Lu, L. M. (2020):
Quantitative proteomic analysis of alligator weed leaves reveals that cationic peroxidase 1
plays vital roles in the potassium deficiency stress response. — International Journal of
Molecular Sciences 21: 2537.

Li, T., Hu, Y. J,, Hao, Z. P., Li, H., Wang, Y. S., Chen, B. D. (2013): First cloning and
characterization of two functional aquaporin genes from an arbuscular mycorrhizal
fungus Glomus intraradices. — New Phytologist 197: 617-630.

Li, X. M, Bu, N,, Li, Y. Y, Ma, L. J, Xin, S. G., Zhang, L. H. (2012): Growth,
photosynthesis and antioxidant responses of endophyte infected and non-infected rice
under lead stress conditions. — Journal of Hazardous Materials 213: 55-61.

Li, X., Han, R., Cai, K., Guo, R., Pei, X., Zhao, X. (2022). Characterization of
phytohormones and transcriptomic profiling of the female and male inflorescence
development in manchurian walnut (Juglans mandshurica Maxim.). — International
Journal of Molecular Sciences 23: 5433.

Liu, R. J., Chen, Y. L. (2007): Mycorrhizology. — Science Press, Beijing.

Luo, L., Qin, R., Liu, T., Yu, M., Yang, T., Xu, G. (2018): OsASNL1 plays a critical role in
asparagine-dependent rice development. — International Journal of Molecular Sciences
20(1): 130.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4611-4627.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_46114627
© 2025, ALOKI Kft., Budapest, Hungary



Wang et al.: Metabolomic analysis provides new insights into the growth-promoting mechanism of endophyte in rice seedlings

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

- 4626 -

Merewitz, E. B., Du, H., Yu, W., Liu, Y., Gianfagna, T., Huang, B. R. (2012): Elevated
cytokinin content in ipt transgenic creeping bentgrass promotes drought tolerance through
regulating metabolite accumulation. — Journal of Experimental Botany 63: 1315-1328.
Mohanty, S. R., Dubey, G., Kollah, B. (2017): Endophytes of Jatropha curcas promote
growth of maize. — Rhizosphere 3: 20-28.

Mzibra, A., Aasfar, A., Benhima, R. (2021): Biostimulants derived from moroccan
seaweeds: seed germination metabolomics and growth promotion of tomato plant. —
Journal of Plant Growth Regulation 40: 353-370.

Nicholson, J. K., Lindon, J. C., Holmes, E. (1999): ‘Metabolomics’: understanding the
metabolic responses of living systems to pathophysiological stimuli via multivariate
statistical analysis of biological NMR spectroscopic data. — Xenobiotica 29: 1181-11809.
Pan, L. X., Zhou, C. G,, Jing, J., Zhuang, M., Zhang, J. C., Wang, K., Zhang, H. Y.
(2022): Metabolomics analysis of cucumber fruit in response to foliar fertilizer and
pesticides using UHPLC-Q-Orbitrap-HRMS. — Food Chemistry 369: 130960.

Petrini, O. (1991): Fungal Endophytes of Tree Leaves. — In: Andrews, J. H., Hirano, S. S.
(eds.) Microbial Ecology of Leaves. Springer, New York.

Qin, Y., Xie, X., Khan, Q., Xing, Y. X. (2022): Endophytic nitrogen-fixing bacteria
DX120E inoculation altered the carbon and nitrogen metabolism in sugarcane. — Frontiers
in Microbiology 13: 1000033.

Ranjitha, H. P., Gowda, R., Nethra, N., Amruta, N., Kandikattu, H. K. (2019):
Biochemical and metabolomics on rice cultivars. — Rice Science 26: 189-194.

Ren, X. N., Shan, Y., Lin, X,, Fan, J., H., Li, Y. Y., Ma, L. J.,, Wang, L. L., Li, X. M.
(2022): Application of RNA sequencing to understand the benefits of endophytes in the
salt-alkaline resistance of rice seedlings. — Environmental and Experimental Botany 196:
104820.

Shi, Y., Lou, K., Li, C. (2009): Promotion of plant growth by phytohormone producing
endophytic microbes of sugar beet. — Biology and Fertility of Soils 45: 645-653.

Shukla, Nandani., Awasthi, R. P., Rawat, Laxmi., Kumar, J. (2012): Biochemical and
physiological responses of rice (Oryza sativa L.) as influenced by Trichoderma
harzianum under drought stress. — Plant Physiology and Biochemistry 54: 78-88.

Wang, J. G., Zhao, T. T., Wang, W. Z. (2019): Culm transcriptome sequencing of Badila
(Saccharum officinarum L.) and analysis of major genes involved in sucrose
accumulation. — Plant Physiology and Biochemistry 144: 455-465.

Wang, S. H., Bi, Y. L., Christie, P. (2023): Effects of extracellular metabolites from a
dark septate endophyte at different growth stages on maize growth, root structure and root
exudates. — Rhizosphere 25: 100657.

Wang, X. N., Li, Y. N,, Li, Y. Y., Ma, L. J., Wang, L. L., Li, X. M. (2024): Metabolomic
analysis of rice (Oryza sativa L.) seedlings under saline-alkali stress. — Polish Journal of
Environmental Studies 33(4): 4375-4385.

Whittaker, A., Bochicchio, A., Vazzana, C., Lindsey, G., Farrant, J. (2001): Changes in
leaf hexokinase activity and metabolite levels in response to drying in the desiccation-
tolerant species Sporobolus stapfianus and Xerophyta viscosa. — Journal of Experimental
Botany 52: 961-969.

Xie, H., Shi, J., Shi, F., Xu, H., He, K., Wang, Z. Y. (2020): Aphid fecundity and
defenses in wheat exposed to a combination of heat and drought stress. — Journal of
Experimental Botany 71: 2713-2722.

Xin, W., Zhang, L., Zhang, W., Gao, J., Yi, J., Zhen, X., Li, Z., Zhao, Y., Peng, C., Zhao,
C. (2019): An integrated analysis of the rice transcriptome and metabolome reveals
differential regulation of carbon and nitrogen metabolism in response to nitrogen
availability. — International Journal of Molecular Sciences 20: 2349.

Yang, D. S., Zhang, J., Li, M. X. (2017): Metabolomics analysis reveals the salt-tolerant
mechanism in Glycine soja. — Journal of Plant Growth Regulation 36: 460-471.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4611-4627.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_46114627
© 2025, ALOKI Kft., Budapest, Hungary



Wang et al.: Metabolomic analysis provides new insights into the growth-promoting mechanism of endophyte in rice seedlings

[55]

[56]

[57]

[58]

[59]

- 4627 -

Yang, X. B., Meng, W. L., Zhao, M. J., Zhang, A. X., Liu, W., Xu, Z. S., Wang, Y. P.,
Ma, J. (2019): Proteomics analysis to identify proteins and pathways associated with the
novel lesion mimic mutant e40 in rice using iTRAQ-based strategy. — International
Journal of Molecular Sciences 20: 1294.

Zarea, M. J., Karimi, N., Goltapeh, E. M., Ghalavand, A. (2011): Effect of cropping
systems and arbuscular mycorrhizal fungi on soil microbial activity and root nodule
nitrogenase. — Journal of the Saudi Society of Agricultural Sciences 10: 109-120.

Zhang, Q., Liu, H., Wu, X. (2020): Identification of drought tolerant mechanisms in a
drought-tolerant maize mutant based on physiological, biochemical and transcriptomic
analyses. — BMC Plant Biology 20(1): 315.

Zhang, X., Li, N. N., Cui, Y. N. (2022): Plasma metabolomics analyses highlight the
multifaceted effects of noise exposure and the diagnostic power of dysregulated
metabolites for noise-induced hearing loss in steel workers. — Frontiers in Molecular
Biosciences 9: 907832.

Zhang, Z. L. (2009): Plant Physiology Laboratory Guide. — Higher Education Press,
Beijing.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4611-4627.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_46114627
© 2025, ALOKI Kft., Budapest, Hungary



