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Abstract

Background Studies have shown that plant endophytic microbial communities are ubiguitous and closely related
to plant growth and health. To clarify the mechanism of the melon varieties with high resistant to wilt, the endophytic
microbial compositions and metabolites in roots of melon varieties with high resistant ability to wilt were analyzed.

Results The results showed that the abundances of Firmicutes, Ascomycota, Bacillus, Bradyrhizobium, Amycolatopsis,
Actinospica, and Catenulispora all increased in roots of wilt high resistant melon varieties (MT) which compared to wilt
susceptible melon varieties (MS). Meanwhile, Ochrobactrum, Bordetella, Roseateles, Staphylococcus, Acidovorax, Amy-
colatopsis, Catenulispora, Promicromonospora, and Gymnopilus were the unique endophytic microbes in roots of MT.
Moreover, in comparison with the MS varieties, the functions of Defense mechanisms, Secondary metabolites biosyn-
thesis, transport and catabolism, Nucleotide transport and metabolism, Signal transduction mechanisms, Coenzyme
transport and metabolism, Carbohydrate transport and metabolism and Amino acid transport and metabolism all
increased in roots of MT varieties. Additionally, the nucleotide metabolism and biosynthesis of cofactors metabolic
pathways were also significantly increased in roots of MT varieties. On the other hand, the untargeted metabolome
results showed that Biosynthesis of various plant secondary metabolites, Nucleotide metabolism and Biosynthe-

sis of cofactors metabolic pathways were significantly increased in the expression of MT varieties; and the content

of metabolic compounds such as flavonoids, Cinnamic acid compounds, Organic acid compounds, and Nucleotides
were increased. In addition, the correlation between microbiome and metabolome indicates a significant correlation
between the two.

Conclusions All above results suggested that higher abundant antagonistic microbes and metabolic functions
of endophytes in roots of wilt high resistant melon varieties (MT) were the important mechanisms for their high resist-
ance to wilt.
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Introduction

Melon (Cucumis melo L.), also known as cantaloupe, is
an annual vine herb of the Melon (Cucumis) genus in the
family Cucurbitaceae (Cucurbitaceae) [1]. Currently, it
is widely cultivated around the world, for its unique fla-
vor and high nutritional value [2]. However, melon dis-
eases, such as wilt, powdery mildew, downy mildew and
anthracnose seriously jeopardize the yield and quality
[3-5]. Among them, melon wilt caused by the Fusarium
oxysporum f. sp. niveum is the most serious melon dis-
ease [6]. For it was not easily detected in the early stage
and it had caused seriously damage [7]. As fusarium wilt
has been widely present in melon production around the
world, particularly, serious incidence of fusarium wilt
in melon always can be found in long-term cultivation
regions [8, 9].

Previous studies had reported that crop rotation [10],
wilt resistant varieties [11], grafting [12], chemicals pes-
ticides [13], physical methods (soil solarization, etc.) [14]
and beneficial microorganisms [15] utilization were all
good method in reducing wilt incidence. Among them,
although wilt-resistant melon varieties utilization is one
of the good methods [9], but it always costs quite a lot
of times in breeding melon varieties with higher resist-
ant ability to stresses. At present, chemical pesticides,
because of its simplicity, convenience and quick results,
is still the main choice for farmers [16]. However, with
the continuous use of chemical pesticides are not only
gradually weakened (increasing resistances of pests and
pathogens), but also induce the environment pollution
(pesticide residues, heavy metal contamination, reduc-
tion of beneficial microorganisms, and soil compac-
tion, etc.) [17-19]. Meanwhile, the cost of production is
constantly increasing too. Additionally, human health,
directly or indirectly can be negatively influenced by
using chemical pesticides [20]. It is necessary to look for
the eco-methods in controlling plant diseases.

Recently, researchers have found that exploiting benefi-
cial microorganisms in nature for plant disease control is
an environment friendly and sustainable control method
[21]. As endophytic microorganisms widely distribute
in plants, not only will not cause plant diseases, but also
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will promote the growth of plants [22]. Meanwhile, plant
roots can secret a variety of compounds and metabolism
and then soil microorganisms can be enriched around
roots, the beneficial microorganisms only are selectively
allowed entering the roots as endophytes [23]. However,
if plant roots are invaded by pathogens, “help” should
be called by plants and the beneficial microorganisms
should change the physiological activities to enhance
plants disease resistances [24].

Moreover, root endophytic microorganisms also can
promote plants growth by promoting the absorption of
mineral elements [25, 26], phytohormones or antibiotics
production [27, 28], improving plant disease resistance
[29] and plant genes expression and metabolic pathways
regulations [30, 31]. Devi [32] found that tomato inocu-
lation with endophytic Bacillus and arbuscular mycor-
rhiza fungi (AMF) significantly reduced the incidence of
wilt, for pathogens could be inhibited through antibiot-
ics, hydrolases, and secondary metabolites and increased
tomato production. Khastini [33] also found that the
incidence of wilt decreased 40-60% by inoculation with
Cadophora sp., which could effectively inhibit the inva-
sion of pathogens into adjacent cells. At present, Pseu-
domonas, Streptomyces, Trichoderma, Penicillium, and
Bacillus have been used as the biocontrol strains [34, 35].
Additionally, as a plant can affect the plant microbiome
by producing various metabolites, and in turn, the micro-
biome can also can affect the metabolome of the host
plant [36, 37]. Plant disease resistance is closely related
to metabolic activity in the body [38]. Microorganisms,
which interact with the host plants are known to stimu-
late the production of abundant and diverse metabolites
in the plant [39, 40]. However, the relationship between
the endophytic microbiome and plant disease resistance
is still unclear. Meanwhile, in field experiments, we also
found that some melon varieties showed different resist-
ant abilities against fusarium wilt.

Therefore, to clarify the mechanism of why the vari-
ous melon varieties showed different resistant abilities
against fusarium wilt, the endophytic microbial compo-
sitions and metabolites in roots between fusarium wilt
resistant and susceptible melon varieties were analyzed.

Table 1 Endophytic bacterial and fungal diversities and richness in roots of resistant (MT) and susceptible (MS) melon varieties

Treatment Shannon Simpson Ace Chao Coverage
Bacteria MS 4.18+0.10a 0.039+0.0076b 832.95+24.40a 813.02+25517a 0.99

MT 4.004+0.11b 0.052+£0.0072a 813.15+59.89 793.29+58.86a 0.99
Fungi MS 1.10£0.19a 0.51+0.10a 56.32+4.85a 5893+837a 0.99

MT 0.79+0.21a 0.67+0.12a 60.09+3.06a 62.20+£0.99a 0.99

Note that all statistics are presented as the mean + SD (standard deviation). Significant variations between treatments at p < 0.05 are indicated by different letters in

the same column
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Fig. 1 Composition of root endophytic bacterial communities of melon resistant (MT) and susceptible (MS) varieties. a PLS-DA score plot

of the root endophytic bacterial communities. b PLS-DA score plot of the root endophytic fungal communities. ¢ Venn plot of root endophytic
bacterial communities at the genus level. d Venn plots of the root endophytic bacterial community at the OTU level. e Venn plots of the root
endophytic fungal communities at the genus level. f Venn plots of the root endophytic fungal communities at the OTU level
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Fig. 2 Compositions of endophytic bacteria in roots of resistant varieties (MT) and susceptible melon varieties (MS) at phyla (a) and genus (b); test
for significant difference in endophytic bacterial abundances at phyla (c) and genus (d) levels (*P < 0.05) between resistant (MT) and susceptible

melon varieties (MS)

Results

Endophytic microbial diversities and richness in roots
between fusarium wilt resistant and susceptible melon
varieties

As shown in Table 1, only the endophytic bacterial diver-
sity, i.e., their Shannon and Simpson indexes in roots of
fusarium wilt resistant (MT) and susceptible (MS) melon
varieties were significantly different between each other
(P<0.05). However, the endophytic bacterial richness,
fungal diversity and richness were all not significantly dif-
ferent between each other.

Endophytic microbial compositions in roots

between fusarium wilt resistant and susceptible melon
varieties

Partial least squares discriminant analysis (PLS-DA) was
performed to assess the endophytic bacterial and fungal
compositions in roots between fusarium wilt resistant
(MT) and susceptible (MS) melon varieties at the OUT
level. The results showed that the endophytic bacterial
and fungal communities in roots between MS and MT
were clustered separately, it suggested that the endo-
phytic bacterial and fungal compositions were significant
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Fig. 3 Compositions of endophytic fungi in roots of resistant varieties (MT) and susceptible melon varieties (MS) at phyla (a) and genus (b); test
for significant difference in endophytic fungal abundances at phyla (c) and genus (d) levels (*P < 0.05) between resistant (MT) and susceptible
melon varieties (MS)
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differences between MS and MT varieties (P<0.05)
(Fig. 1a, b).

In addition, Venn plot analysis also showed that the
numbers of endophytic bacteria at the genus level in MS
and MT were 546 and 540, respectively. Meanwhile, the
numbers of special bacterial genera in MS and MT were
81 and 75, respectively (Fig. 1c). Moreover, the numbers
of endophytic bacteria at the OTU level in MS and MT
were 2022 and 2070, respectively; and the numbers of
unique bacterial OTUs in MS and MT were 650 and 698,
respectively (Fig. 1d).

Additionally, the numbers of endophytic fungi at the
genus level in MS and MT were 114 and 99, respectively;
meanwhile, the numbers of special fungal genera in MS
and MT were 48 and 33, respectively (Fig. 1e). Moreover,
the numbers of endophytic fungal at the OTU level in MS
and MT were 234 and 227, respectively; and the numbers
of unique bacterial OTUs in MS and MT were 116 and
109, respectively (Fig. 1f).

At the phylum level, the numbers of dominant endo-
phytic bacterial phyla (the relative abundances are
greater than 1%, the same below) in roots of MT and MS
were all 4. Bacteroidota, Firmicutes, Proteobacteria and
Actinobacteriota were all the common dominant endo-
phytic bacterial phyla in roots of MT and MS. In compar-
ison with MS only the abundance of Firmicutes increased
in roots of MT, and the abundances of Bacteroidota,
Proteobacteria and Actinobacteriota were all decreased
(Fig. 2a).

At the genus level, 25 dominant endophytic bacterial
genera could be detected in roots of MT and MS. Among
them, 16 common dominant bacterial genera were found
(Fig. 2b). In comparison with MS, Ochrobactrum, Borde-
tella, Roseateles, Staphylococcus, Acidovorax, Burkholde-
ria—Caballeronia—Paraburkholderia, Amycolatopsis,
Catenulispora and Promicromonospora were the unique
dominant endophytic bacterial genera in roots of MT. By
contrast, Phenylobacterium, Hyphomicrobium, Hephaes-
tia, Chujaibacter, Nocardioides, Afipia, Pseudamino-
bacter, Asticcacaulis, and Actinoplanes were the special
dominant endophytic bacterial genera in roots of MS
(Fig. 2¢, d).

At the phylum level, the numbers of dominant endo-
phytic fungal phyla in roots of MT and MS were 2 and
3, respectively. ie., Ascomycota, Basidiomycota, and
unclassified_k__Fungi (Fig. 3a). In comparison with MS,
the proportion of Ascomycota increased, but the propor-
tion of unclassified_k__Fungi decreased in roots of MT.
And Basidiomycota was the unique dominant endophytic
fungal phylum in roots of MT.

At the genus level, the numbers of dominant endo-
phytic fungal genera in roots of MT and MS were
all 8. Fusarium, Penicillium, unclassified_k__Fungi,
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unclassified_o__Chaetothyriales, Plectosphaerella,
unclassified_c__Sordariomycetes, Gibellulopsis, Gym-

nopilus and others (Fig. 3b). In comparison with MS,
the proportions of Fusarium, unclassified_o__Chaeto-
thyriales, unclassified_c__Sordariomycetes increased, but
Penicillium, unclassified_k__Fungi, and Plectosphaerella
decreased in roots of MT. Gymnopilus and Gibellulopsis
were the special dominant fungal genera in roots of MT
and MS, respectively (P<0.05) (Fig. 3¢, d).

LEfSe analysis of endophytic bacterial and fungal
communities in roots of melon at the phylum and genus
levels

The Linear discriminant analysis Effect Size (LEfSe) analy-
sis was also performed to identify the definitive values
of endophytic bacteria in roots of MT and MS, respec-
tively. As shown in Fig. 4a, c a total of 69 bacterial clades
showed significant differences (LDA>2.0) (Fig. 4a, c). At
the genus level, Leifsonia, Actinoplanes, Pseudaminobacter,
norank_f _Thermoactinomycetaceae, Phenylobacterium,
unclassified f _Lachnospiraceae, norank f _Mitochondria,
unclassified_f _Rhizobiaceae, Chthonobacter, Turneriella,
Aeromicrobium, Clostridium_sensu_stricto_1f _Clostri-
diaceae, unclassified f Xanthobacteraceae, Cellvibrio,
Galbitalea, norank_f _norank_o__Saccharimonadales, Par-
afrigoribacterium, unclassified_o__Rhizobiales, Ferrovibrio,
CL500-29_marine_group, Cellvibrionaceae, and norank_f_
Beijerinckiaceae were significantly enriched in MS varieties;
In contrast, Catenulispora, Burkholderia—Caballeronia—
Paraburkholderia, Ralstonia, Sporichthya, Streptacidiphilus,
Saccharopolyspora, unclassified_c__Gammaproteobacteria,
norank f norank o__Elsterales, Longimycelium, rank f
Acetobacteraceae, unclassified_f _Ktedonobacteraceae were
significantly enriched in roots of MT varieties.

Meanwhile, as shown in Fig. 4b, d, a total of 10 fungal
clades also showed significant differences (LDA >2.0). At
the genus level, Gibellulopsis and unclassified_o__Sord-
ariales significantly enriched in roots of MS varieties; by
contrast, unclassified_c__Agaricomycetes and Thielavia
significantly enriched in roots of MT varieties.

Functional predictive analysis

In addition, based on the Kyoto Encyclopedia of Genes
and Genomes (KEGQ) database, the PICRUSt function
prediction method was used to predict the function of
endophytic bacteria in the root system, in which a total of
19 functional types of endophytic bacteria were detected
between MT and MS. Although the analysis revealed that
although the functional types of root endophytic bacteria
were very similar between MS and MT, however, 10 func-
tional types of MT were higher, and 9 functional types of
MT were lower than those of MS (Fig. 5a, c).
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Fig. 4 LEfSe analysis of root endophytic bacteria (a) and fungi (b) in roots of wilt resistant (MT) and susceptible melon varieties (MS); LDA analysis
of endophytic bacteria (a) and fungi (b) (P<0.05, LDA score=2.0). The diameter of each circle is proportional to the abundance of that group.
Different prefixes indicate different levels (p, phylum; ¢, class; o, order; f, family; g, genus). (MT) Wilt resistant varieties; (MS) Wilt susceptible varieties

The FUN Guild function was also conducted to pre- higher, and 2 function types of MT were lower than those
dict the root endophytic fungal functions, and 5 func- of MS (Fig. 5b, d). i.e,, in comparison with MS, Wood
tion types of endophytic fungi were detected between  Saprotroph, Animal Pathogen-Endophyte-Lichen, Para-

MT and MS. Among them, 3 function types of MT were  site-Plant,

Pathogen-Soil, Saprotroph-Wood, Saprotroph
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Fig. 5 Functional predictions of endophytic bacterial (a) and fungal (b) communities in the roots of melons. Compositional variability test
for endophytic bacterial (c) and fungal (d) level communities. (MT) Wilt resistant varieties; (MS) Susceptible varieties

Table 2 Total ion numbers and identification statistics in roots of
different wilt resistant melon varieties

lonmode All peaks Identified Metabolites  Metabolites
metabolites in library in KEGG

pos 3762 1006 918 578

neg 4703 581 564 276

Total 8465 1587 1482 804

could be detected higher in roots of MT than those of
MS; by contrast, Plant Pathogen and Undefined Sapro-
troph could be found lower in roots of MT than those of
MS. In addition, Wilcoxon rank sum test was also per-
formed to evaluate the root endophytic bacterial and fun-
gal functions between MT and MS. The results showed
that there were no significant differences in root endo-
phytic bacterial (Fig. 5¢) and fungal (Fig. 5d) functions
between MT and MS.

Metabolome analysis of the roots
Based on Untargeted Metabolomics (LC-MS) analy-
sis, the overall metabolome compositions of differ-
ent melon samples were examined (Table 2). A total of
8465 metabolite ion peaks and 1587 metabolites were
obtained. Among them, 1482 metabolites in the public
database and 804 metabolites in the KEGG database were
identified.

Partial least squares discriminant analysis (PLS-DA)
was also performed on the root metabolites of different

wilt resistant melon varieties. As shown in Fig. 6a, b, the
QC samples were well grouped, indicating that the bio-
analytical quality and data quality were highly reliable.
There were significant differences (P<0.05) indicating
that of root metabolites between wilt resistant (MT) and
susceptible melon varieties. In addition, the PLS-DA
model was analyzed by 200 replacement tests, the inter-
cept of the Q regression line was less than 0, and the R*
and Q? regression lines showed an upward trend model,
which indicated that the replacement test was over deter-
mined, and that the model was not over fitted (Fig. 6¢, d).

Additionally, a total of 1590 metabolites, with 301
metabolites showed significant differences (P<0.05)
(Fig. 6e). In comparison with the MS, 74 metabolites
were significantly upregulated and 227 metabolites were
significantly down regulated in roots of MT.

Based on the PLS-DA model, the variable importance
of predicted (VIP) scores described the order of differ-
ential metabolite abundance in the root system between
MS and MT (VIP>1, P<0.05) (Fig. 6f). Particularly, for
30 most abundant metabolites, 5 metabolites, such as
22-Hydroxydocosanoicacid, 8-Prenylnaringenin, Melilo-
toside, Dinitrobenzenesulfonicacid, Cerebronicacid, and
L-Glutamicacid5-phosphate significantly up-regulated
and 25 metabolites were significantly down-regulated.in
roots of MT compared to MS.

Based on the HMDB database, 302 differential metab-
olites could be detected in roots between MT_and _MS
varieties. Among them most highly enriched categories
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G:Nucleosides, nucleotides, and analogues: 11 (3.89%)
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Fig. 6 Positive ion mode (a) and negative ion mode (b) PLS-DA analysis plots positive ion mode. Positive ions mode (c) and negative ions mode (d)
PLS-DA substitution test plots. Volcano plot analysis of (MT) resistant and (MS) susceptible varieties (e); root differential metabolite VIP analysis plot
(f); HMDB classification of total differential metabolites in roots (g). (MT) Wilt resistant melon varieties; (MS) Wilt susceptible melon varieties; (QC)

quality control samples
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Fig. 7 Differential metabolite KEGG pathway enrichment bubble plots of wilt resistant (MT) and (MS) susceptible varieties (a); KEGG pathway

difference test (b). *Indicates 0.01 < P<0.05, **indicates 0< P<0.01

were lipids and lipid-like molecules: 85 (30.04%), Organic
acids and derivatives: 56 (19.79%) organic oxygen com-
pounds: 43 (15.19%), organoheterocyclic compounds:
33 (11.66%) and Phenylpropanoids and polyketides: 22
(7.77%) (Fig. 6g).

Based on KEGG database, the metabolites derived
from MT and MS melon varieties were significantly
enriched in autophagy-other, arginine and proline
metabolism, biosynthesis of various plant second-
ary metabolites, nucleotide metabolism, linoleic acid
metabolism, folate biosynthesis, purinemetabolism,
biosynthesis of cactors, arginine biosynthesis, glyc-
erophospholipid metabolism, ascorbate and aldarate
metabolism, phenylpropanoid biosynthesis, and 12
other metabolic pathways (Fig. 7a).

Wilcoxon rank sum test was performed for KEGG
pathways, could be detected significantly different in
roots of MT which compared to those in roots of MS.
Meanwhile, phenylpropanoid biosynthesis, biosynthesis

of cofactors, biosynthesis of various plant secondary
metabolites and nucleotide metabolism, biosynthesis of
various plant secondary metabolites, nucleotide metabo-
lism and biosynthesis of cofactors metabolic pathways
were significantly greater in roots of MT than those in
roots of MS (Fig. 7b).

In addition, 12 significant differential metabolic path-
ways, and 42 differential metabolites, including 32 dif-
ferential metabolites increasing and 10 differential
metabolites decreasing were detected (Appendix 1).

Correlation analysis of endophytic microorganisms

and metabolites in melon roots

The correlations between root endophytic microorgan-
isms (bacteria and fungi) and the 23 most abundant
metabolites were calculated and analyzed using the
Spearman correlation algorithm and the Bray—Curtis dis-
tance algorithm.
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Fig. 8 Correlation of endophytic bacteria (a) and fungi (b) with metabolites in melon roots genus level
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At the bacterial level, such as unclassified f _Micro-
bacteriaceae and Citrulline were significantly positive
correlation with Pyrroline hydroxycarboxylic acid; Bacil-
lus was significantly positive correlation with L-glutamic
acid 5-phosphate, cytidine and cytosine; Bradyrhizo-
bium, Novosphingobium, and Devosia were significantly
positive correlation with Palmitoyl glucuronide; Devosia
and Bradyrhizobium were significantly positive correla-
tion with Adenosine 5'-Monophosphate and 3'-Adenylic
Acid. Moreover, Sphingobium and Devosia were signifi-
cantly negative correlation with 9,10-DHOME; Actino-
spica, Dyella and unclassified_f _Streptomycetaceae were
significantly negative correlation with Palmitoyl glucuro-
nide and N-Acetyl-L-Glutamic Acid (Fig. 8a).

Additionally, at the fungal level, Penicillium and
Fusarium were significantly positive correlations with
pantothenic acid; Gibellulopsis was significantly posi-
tive correlations with 9,10-DHOME; unclassified_o__
Chaetothyriales and unclassified_c__Sordariomycetes
were significantly positive correlations with Adenosine
5'-Monophosphate, pD-Galactaric acid. Moreover, Lato-
rua was significantly negative correlations with Dethio-
biotin, D-Pantothenic acid, and Pantothenic Acid;
unclassified_o__Sordariales was significantly negative
correlations with P-Coumaraldehyde; unclassified_k__
Fungi was significantly negative correlations with Pyr-
roline hydroxycarboxylic acid and D-Galactaric acid;
Gibellulopsis was significantly negative correlations
with 9-hydroxy-10, 12-octadecadienoic acid, adeno-
sine 5'-monophosphate, 3-pyrroline hydroxycarboxylic
acid, 3'-adenylic acid, deoxyguanylic acid and citrulline
(Fig. 8b).

Discussion

As endophytic microorganisms form a good symbiotic
relationship with plants through interaction [41]. For
instance, plants provide endophytic microorganisms with
food and shelter, and endophytic microorganisms not
only do not harm their hosts, but also can significantly
promote the growth and disease resistance and adapt-
ability through various forms of life activities [42]. Such
as plant roots were invaded by pathogens, endophytic
microorganisms in roots should sensitively provide
timely defense against pathogens [43].

Endophytic microbial communities and functional
prediction of wilt resistant (MT) and susceptible melon
varieties (MS)

Although Bacillus, Mesorhizobium, Fusarium,
unclassified__o_Chaetothyriales, unclassified__c__Sordari-
omycetes, Dyella, Actinospica, unclassified__f _Pseudono-
cardiaceae and unclassified _f _Streptomycetaceae were
all detected as the dominant microbial genera in roots of
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MT and MS varieties. However, the abundances of them
in roots of MT varieties were all higher than those of MS
varieties.

Meanwhile, previous studies had demonstrated that
Bacillus could effectively control melon wilt by promot-
ing a significant increase in salicylic acid and antibiotic-
like compounds in melon plants after inoculation [35].
Meanwhile, Quach et al. [44] found that unclassified_o__
Chaetothyriales could produce active metabolites, such
as ergot alkaloids, diterpenoid alkaloid and termarin
in plants, which could significantly enhance the adapt-
ability of plants. Nagpal et al. [45] also found that the
occurrence of wilt could be significantly reduced by
inoculation with Mesorhizobium, for it could promote
the activities of soil enzymes, the absorptions of min-
eral elements and total phenolic contents. Moreover,
Catenulispora, also could produce antibiotics for enhanc-
ing plant disease resistance [46]. Furthermore, previ-
ous studies also showed that Bacillus and Pseudomonas
infested plants significantly increased of phenolics (gallic,
cinnamic, ferulic, and tannic acids, among others) levels
in plants, and they could significantly reduce plant mor-
bidity even though plants were attacked by the patho-
gens [47, 48]. Bradyrhiza and Methylobacterium could
promote the alkaloid compounds production in plants,
which could significantly enhance the adaptability of
plants to the environment [49, 50]. Also, Aspergillus and
Bacillus could induce the gene expression of host plant
terpene synthase and promote the accumulation of ter-
penes, which could significantly alleviate drought stress
[51, 52]. i.e., microorganisms not only could increase the
levels of specific bioactive metabolites in hosts, but also
could convert less bioactive forms of the metabolite into
active derivatives [53, 54].

In comparison with MS, Ochrobactrum, Roseateles,
Staphylococcus, Acidovorax, Burkholderia—Caballero-
nia—Paraburkholderia, Amycolatopsis, Catenulispora
and Promicromonospora were the unique dominant
endophytic bacterial genera in roots of MT. Previous
studies had shown that Ochrobactrum could effectively
reduce the content of heavy metals (copper ions) in soil
through surface adsorption, extracellular chelation and
biological reduction, which can significantly enhance
the adaptability of plants [55]. Roseateles and Acidovo-
rax also had been reported that they could degrade plas-
tics and polycyclic aromatic hydrocarbons pollutants in
the environment [56, 57]. Younas et al. [58] found that
inoculation with Staphylococcus endophytes signifi-
cantly increased branch length, dry weight and chloro-
phyll content of plants, while promoting the absorption
of nitrogen, phosphorus and potassium. Burkholderia—
Caballeronia—Paraburkholderia as a common endo-
phytic bacterium that can effectively alleviate vegetative
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and abiotic stresses (drought and high temperature) [59,
60]. Meanwhile, Amycolatopsis could promote plant
growth and enhance plant resistance by producing novel
secondary metabolites [61]. Busti et al. [46] also found
that Catenulispora played an important role in mediating
plant resistance through producing antibiotics. Promi-
cromonospora was also found that it could promote plant
growth and exhibit phosphate solubilization potential by
producing plant hormones (gibberellin and salicylic acid)
[62].

Additionally, in comparison with MS, defense mecha-
nisms, secondary metabolites biosynthesis, transport
and catabolism, transcription, nucleotide transport and
metabolism, signal transduction mechanisms, carbohy-
drate transport and metabolism, coenzyme transport and
metabolism, translation, ribosomal structure and bio-
genesis, inorganic ion transport and metabolism, amino
acid transport and metabolism, Wood Saprotroph and
Animal Pathogen-Endophyte-Lichen Parasite-Plant Path-
ogen-Soil Saprotroph-Wood Saprotroph were enhanced
in roots of MT. As microorganisms can regulate plant
growth and development through a variety of metabolic
modalities. Particularly, when the plant is subjected to
external environmental stresses, the synthesis of second-
ary metabolites can enhance its adaptation by regulating
metabolic activities, such as the synthesis of secondary
metabolites [63, 64], the synthesis of different kinds of
amino acids [65], and the expression of disease-resistance
genes or synthesis of signaling substances [66], etc.

Metabolome of wilt resistant (MT) and susceptible (MS)
melon varieties roots of melon

Plant resistance is also closely associated with in vivo
metabolism. Previous studies have confirmed that plant
metabolites are important chemical compounds (phe-
nolic compounds, terpenoids, nitrogen-containing com-
pounds, etc.). It is produced by plants to adapt to changes
in external conditions [67]. Plant secondary metabolites
play multiple roles, including defense against pathogens,
pests, and herbivores; respond to environmental stresses,
and mediate organism interactions [68]. Changes of
metabolic activities in plants are not only regulated by
their own genes, but also significantly influenced by the
external environment [69]. Also, it is well known that
metabolic pathways and metabolite synthesis can be sig-
nificantly affected by endophytic microorganisms [70].

In comparison with the MS varieties, not only Folate
biosynthesis, Phenylpropanoid biosynthesis, Ascorbate
and aldarate metabolism, Autophagy-other, Arginine
biosynthesis, Biosynthesis of cofactors, Arginine and
proline metabolism, Glycerophospholipid metabolism,
Linoleic acid metabolism, Purine metabolism and Nucle-
otide metabolism metabolic pathways, but also Pyrroline
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hydroxycarboxylic acid, 4-aminobutyraldehyde, Citrul-
line, 4-(Glutamylamino) butanoate, Pantothenic Acid,
Linoelaidic acid and Pyridoxine were all significantly
increased in roots of MT varieties; However, 7,8-dihy-
droneopterin, cytidine, trans-cinnamic acid, picrocrocin
and xanthine were significantly decreased in roots of MT
varieties.

As previous studies had reported that Pyrroline
hydroxycarboxylic acid was the intermediate compound
in arginine and proline syntheses, and arginine and
proline metabolisms could improve plants resistant to
stresses by enhancing the signal transduction and regu-
lation of plants under stress [71]. Also, 4-aminobutyral-
dehyde and polyamines could significantly enhance plant
adaptability under stress conditions [72]. Meanwhile,
citrulline was a non-coding protein amino acid, which
played an important role in nitrogen metabolism and
stress resistance. For example, it could play the roles in
long-distance nitrogen nutrient transport [73], maintain-
ing cell osmotic pressure during stress [74] and acting as
a scavenger of photorespiratory NH,t [75], etc. Moreo-
ver, 4-(glutamylamino) butanoate, could significantly
enhance the ability of plants to respond to adverse exter-
nal conditions [76]. Pantothenic Acid and Pyridoxine also
played the important roles in plants, such as hormone
synthesis, gene expression, cell breakdown, DNA repair
for regulating plant growth and environmental response
capacity [77, 78]. Linoelaidic acid, an important unsatu-
rated fatty acid in plants, acted as a signaling molecule
in controlling the defense-related genes and the disease
resistance-related proteins [79, 80]. i.e., significant differ-
ences of root metabolites exactly could be found in roots
between MT and MS varieties.

All above results suggested that not only differ-
ent endophytic microbial compositions, but also vari-
ous metabolites in roots of wilt resistant and susceptive
melon varieties were all significantly different. Our find-
ings will help us reshaping the endophytic microbial
compositions by regulating metabolites in melon roots
for enhancing wilt resistances in future.

Materials and methods

Field site description and experimental designs

The experiment was conducted at the Experimental Base
of the Horticulture Research Institute, Guangxi Acad-
emy of Agricultural Sciences, (22° 46’ N and 108° 10" E).
The soil physicochemical properties of the experimental
base were as follows: pH 5.31, the contents of organic
matter total nitrogen, phosphorus and potassium were
13.9 g kg™!, 0.81 g kg!, 0.39 g kg™!, and 4.68 g kg !,
respectively. Meanwhile, the contents of available nitro-
gen, phosphorus, and potassium were 53.71 mg kg™,
20.12 mg kg 'and 82.34 mg kg~!, respectively.
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Table 3 Sequence type and primer sequences
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Sequence type Primer name Primer sequence Length Sequence

Bacterial 16SrRNA 799F 5'-AACMGGATTAGATACCCKG-3' 394 bp MisegqPE250
1193R 5'-ACGTCATCCCCACCTTCC-3"

Fungal ITS ITSTF 5'-CTTGGTCATTTAGAGGAAGTAA-3" 350bp MiSeq PE300
[TS2F 5'-GCTGCGTTCTTCATCGATGC-3"

Based on the previous observations in fields experi-
ment, three fusarium wilt resistant melon varieties
(Shan tianl, Qiang shi, 985; abbreviated MT group) and
three fusarium wilt susceptible melon varieties (Hui yu,
Qiaoyu, Chengmi, abbreviated MS group) were used in
this experiment, respectively. All the melon varieties
were provided by the Horticulture Research Institute
of Guangxi Academy of Agricultural Sciences. And all
melon varieties were planted in the same filed and grew
under the identical managements.

Root samples collection

Root samples were collected on May 19, 2023. Firstly,
plants were randomly selected and melon roots were
collected carefully; secondly, root samples were rinsed
six times using sterile water and wiped up with sterile
papers. And then root samples were put into the sealed
sterile bags taking back to the lab immediately as possible
as. Root samples in lab were treated as describes as Xiao
et al. [81]. That is, root samples were washed with 75%
ethanol for 1 min, and then were dipped into 1% NaClO
solution for 3 min and were rinsed with sterile water for
0.5 min.

To determine the sterilization of the melon roots sur-
face, 100 pL sterile water from each washed stem was
placed on a Luria—Bertani (LB) agar plate (g/L) (NaCl-10,
tryptone-5, yeast extract-5, and agar-20) and incubated at
25 °C for 7 days. No colonies developed on the plates and
it indicated that root surfaces were thoroughly sterilized.
The sterilizations of the root samples were completed
before detection and analysis of the endophytic micro-
organisms [82]. The root samples were placed in sterile
bags and stored at —80 °C for DNA extraction.

Determination of the root endophytic microbiome

Extraction, PCR amplification and sequencing of total
DNA from the samples were performed by Majorbio-
Bio-PharmTechnologyCo., Ltd. (Shanghai, China). High-
throughput sequencing was performed using the MiSeq
platform on the basis of E.Z.N. Total DNA was extracted
from A.DNAKit (OmegaCompany, Norwalk, CT, USA)
instructions. DNA concentration and purity were meas-
ured using a NanoDrop2000 spectrophotometer (Ther-
moCompany, Waltham, NJ, USA), and the purity and

quality of the genomic DNA was checked on a 1% ago-
sitol gel. PCR amplification was performed on a ABIGe-
neAmp® 9700 with specific primers and sequence types
that are shown in Table 3.

[lumina MiSeq sequencing was performed as fol-
lows: PCR products from the same sample were puri-
fied using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) and mixed, followed
by detection on and recovery from a 2% agarose gel. The
recovered products were quantified using a Quantus'
Fluorometer (Promega, USA). Library construction was
carried out using the NEXTFLEX® Rapid DNA-Seq Kit.
The PCR amplification process for the 16S rRNA gene
was as follows: initial denaturation at 95 °C for 3 min,
followed by three cycles of denaturation at 95 °C for
30 s, annealing at 55 °C for 30 s, and extension at 72 °C
for 45 s, a single extension at 72 °C for 10 min, and ter-
mination at 4 °C. DNA gel extraction kits from AXY
(Axygen Biosciences, Union City, California, USA) were
used according to the manufacturer’s instructions to
extract and purify PCR products from a 2% agarose gel
and quantify them by a quantum fluorimeter (Promega,
USA). Sequence data processing involved the following
steps: original 16S rRNA gene sequencing read demul-
tiplexing, quality filtering with fastp version 0.20.0,
and merging with Flash version 1.2.7, using the maxi-
mum mismatch rate for the overlapping region in Fast
P0.20.0. Uparse 7.1 was used for clustering operational
taxonomic units (OTUs) at a similarity of 97%, and chi-
meric sequences were identified and deleted. RDP Clas-
sifier version 2.2 was used to classify and analyze the 16S
rRNA sequences; the confidence threshold was 0.7, and
the classification of each representative OTU sequence
was analyzed [83]. Sequencing was performed using Illu-
mina’s MiSeqPE250 and MiSeqPE300 platforms (Shang-
hai Majorbio Bio-pharm Technology Co., Ltd.). Raw data
were uploaded to the NCBI database for comparison.

Untargeted metabolomic assay

100 pL liquid sample was added to a 1.5 mL centrifuge
tube with 400 pL solution [acetonitrile: methanol=1:1
(v:v)] containing 0.02 mg/mL internal standard (L-2-chlo-
rophenylalanine) to extract metabolites. The samples
were mixed by vortex for 30 s and low-temperature
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sonicated for 30 min (5 °C, 40 kHz). The samples were
placed at —20 °C for 30 min to precipitate the proteins.
Then the samples were centrifuged for 15 min (4 °C,
13,000xg).The supernatant was removed and blown dry
under nitrogen. The sample was then re-solubilized with
100 pL solution (acetonitrile: water=1:1) and extracted
by low-temperature ultrasonication for 5 min (5 °C,
40 kHz), followed by centrifugation at 13,000xg and 4 °C
for 10 min. The supernatant was transferred to sample
vials for LC-MS/MS analysis. The LC-MS/MS analy-
sis of sample was conducted on a Thermo UHPLC-Q
Exactive system equipped with an ACQUITY HSS T3
column (100 mmXx2.1 mm id. 1.8 pum; Waters, USA)
at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai,
China).The mobile phases consisted of 0.1% formic acid
in water:acetonitrile (95:5, v/v) (solvent A) and 0.1% for-
mic acid inacetonitrile:isopropanol:water (47.5:47.5, v/v)
(solvent B). The flow rate and column temperature were
0.40 mL/min and 40 °C, respectively.

Statistical analysis

Data were statistically analyzed using Microsoft Excel
2019 and SPSS 26.0. The alpha diversities of the bacterial
and fungal communities were calculated using Mothur
(version 1.30.2, https://mothur.org/.com/calculators/;
accessed on 15 June 2023). Principal coordinate analysis
was performed using the R language (version 3.3.1) tool.
For the analysis of microbial community composition
and Venn diagrams, OTU tables with 97% similarity were
selected and analyzed using the R language (version 3.3.1)
tool. The pre-processed metabolite data matrix was sub-
jected to partial least squares discriminant analysis (PLS-
DA) using the ‘ropls’ package in R (version 1.6.2). The
LEfSe analysis’s LDA score was set to 2, and the Wilcoxon
rank sum test was performed to see whether there were
any differences between the groups. Additionally, the
LDA Score was utilized to analyze and lessen the impact
of species with substantial differences. PICRUSt was used
to remove the effect of the number of copies of the 16S
marker gene in the genome of the species and to stand-
ardize the OTUs abundance table, using the green gene
ID corresponding to each OTUs. Each OTU’s matching
KEGG Orthology (KO) information and COG family
information were acquired, and the abundance of each
COG and KO could then be computed. The functional
and descriptive data for each COG were obtained by
parsing the COG database against the eggNOG database
[84]. The FunGuild annotation tool was used to iden-
tify the different functional groups in the fungal com-
munity, categorizing the fungal taxa into three trophic
modalities—saprotrophy, symbiotrophy and pathotrophy.
These modes were further subdivided into specific guilds
comprised of fungi that share similar lifestyle modes
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[85]. Model stability was assessed using seven cycles of
cross-validation. The selection of significantly different
metabolites was determined based on the variable weight
values (VIP) and Student’s ¢-test P-values obtained from
the PLS-DA model; metabolites with VIP>1 and P<0.05
were classified as significantly different metabolites.
Using high-quality KEGG metabolic pathways as the ref-
erence, pathway enrichment and topology analyses were
performed using Metabolic Analyst 3.0. A heat map was
used to correlate the top 15 dominant microorganisms in
terms of their abundance with the root metabolites [86].
Online data analysis was performed using the free online
Mayobio Cloud Platform (http://www.majorbio.com,
accessed on 14 August 2023) developed by Mayobio Bio-
medical Technologies Ltd., Shanghai, China.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540538-024-00623-8.

[ Supplementary Material 1. }

Author contributions

Y.Z.: methodology, investigation, formal analysis, writing—original draft. Y.Y;
YW, J.L; XW.: investigation, software and validation. G.L.; Y.Y.: writing—review
and editing. J.H.: supervision, funding acquisition. S.Y.: supervision, funding
acquisition, writing—review and editing.

Funding

This work was supported by the Key R&D Planning Project of Guangxi
(GuikeAB21196045); the Guangxi Natural Science Foundation (2023GXNS-
FAA026437); the National Natural Science Foundation of China (32260677);
Special Project of Basic Scientific Research of Guangxi Academy of Agricultural
Sciences (Guinongke 2021YMO05 and 2021YT045).

Data availability

Raw data for bacterial and fungal bacterial sequence were deposited in
the NCBI Sequence Read Archive (SRA) database under accession number
PRINAT003782 and PRINA1087713, respectively.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that there are no competing interests.

Received: 15 May 2024 Accepted: 20 July 2024
Published online: 31 July 2024

References

1. Garcia-Mas J, Benjak A, Sanseverino W, Bourgeois M, Mir G, Gonzalez VM,
Hénaff E, Camara F, Cozzuto L, Lowy E, Alioto T, Capella-Gutiérrez S, Blanca
J, Cafiizares J, Ziarsolo P, Gonzalez-Ibeas D, Rodriguez-Moreno L, Droege
M, Du L, Alvarez-Tejado M, Lorente-Galdos B, Melé M, Yang L, Weng Y,
Navarro A, Marques-Bonet T, Aranda MA, Nuez F, Picé B, Gabaldén T,
Roma G, Guigo R, Casacuberta JM, Ars P, Puigdomenech P. The genome
of melon (Cucumis melo L.). Proc Natl Acad Sci. 2012;109(29):11872-7.
https://doi.org/10.1073/pnas.1205415109.


https://mothur.org/.com/calculators/
http://www.majorbio.com
https://doi.org/10.1186/s40538-024-00623-8
https://doi.org/10.1186/s40538-024-00623-8
https://doi.org/10.1073/pnas.1205415109

Zhu et al. Chem. Biol. Technol. Agric.

20.

21.

(2024) 11:99

Kesh H, Kaushik P. Advances in melon (Cucumis melo L) breeding: an
update. Sci Hortic. 2021;282: 110045. https://doi.org/10.1016/j.scienta.
2021.110045.

Acharya B, Mackasmiel L, Taheri A, Ondzighi-Assoume CA, Weng Y, Dume-
nyo CK. Identification of bacterial wilt (Erwinia tracheiphila) resistances

in USDA melon collection. Plants. 2021;10:1972. https://doi.org/10.3390/
plants10091972.

Freires ALA, Figueiredo FRA, Alves TRC, Barroso KA, Da Silva IVP, Silva JLS,
de Almeida NG, Melo NJA, Junior RS, Negreiros AMP, de Queiroz Ambrdé-
sio MM. Alternative products in the management of powdery mildew
(Podosphaera xanthii) in melon. Trop Plant Pathol. 2022;47(5).608-17.
https://doi.org/10.1007/540858-022-00518-9.

Cui L, Siskos L, Wang C, Schouten HJ, Visser RGF, Bai Y. Breeding melon
(Cucumis melo) with resistance to powdery mildew and downy mildew.
Hortic Plant J. 2022;8(5):545-61. https://doi.org/10.1016/j.jclepro.2022.
133110.

Gonzélez V, Garcia-Martinez S, Ruiz JJ, Flores-Ledn A, Picé B, Garcés-Claver
A. First report of neocosmospora falciformis causing wilt and root rot of
muskmelon in Spain. Plant Dis. 2020;104(4):1256. https://doi.org/10.1094/
PDIS-09-19-2013-PDN.

Gordon TR. Fusarium oxysporum and the Fusarium wilt syndrome.

Annu Rev Phytopathol. 2017;55:23-39. https://doi.org/10.1146/annur
ev-phyto-080615-095919.

Li M, Wang J, Zhou Q, Yasen M. Effects of continuous melon cropping on
rhizospheric fungal communities. Rhizosphere. 2023;27: 100726. https://
doi.org/10.1016/j.rhisph.2023.100726.

Oumouloud A, EI-Otmani M, Chikh-Rouhou H, Claver AG, Torres RG,
Perl-Treves R, Alvarez JM. Breeding melon for resistance to Fusarium wilt:
recent developments. Euphytica. 2013;192(2):155-69. https://doi.org/10.
1007/510681-013-0904-4.

Fan P, Lai C,Yang J, Hong S, Yang Y, Wang Q, Wang B, Zhang R, Jia Z, Zhao
Y, Ruan Y. Crop rotation suppresses soil-borne Fusarium wilt of banana
and alters microbial communities. Arch Agron Soil Sci. 2022;68(4):447-59.
https://doi.org/10.1080/03650340.2020.1839058.

. Chikh-Rouhou H, Gonzélez-Torres R, Oumouloud A, Alvarez JM. Inherit-

ance of race 1, 2 Fusarium wilt resistance in four melon cultivars. Euphyt-
ica. 2011;182(2):177-86. https://doi.org/10.1007/510681-011-0411-4.
Cohen R, Horev C, Burger Y, Shriber S, Hershenhorn J, Katan J, Edelstein

M. Horticultural and pathological aspects of fusarium wilt management
using grafted melons. HortScience. 2002;37(7):1069-73. https://doi.org/
10.21273/HORTSCI.37.7.1069.

Everts KL, Egel DS, Langston D, Zhou X. Chemical management of
Fusarium wilt of watermelon. Crop Prot. 2014;66:114-9. https://doi.org/
10.1016/j.cropro.2014.09.003.

Tamietti G, Valentino D. Soil solarization as an ecological method for the
control of Fusarium wilt of melon in Italy. Crop Prot. 2006,25(4):389-3971.
https://doi.org/10.1016/j.cropro.2005.07.002.

Zhao Q, Dong C, Yang X, Mei X, Ran W, Shen Q, Xu Y. Biocontrol of
Fusarium wilt disease for Cucumis melo melon using bio-organic fertilizer.
Appl Soil Ecol. 2011;47(1):67-75. https://doi.org/10.1016/j.apsoil.2010.09.
010.

Police K, Gautam V, Chandakavate S, Dwesar R. Modeling determinants
of farmers’ purchase behavior: a case of chemical pesticides. Environ Dev
Sustain. 2024;26(4):9217-45. https://doi.org/10.1007/510668-023-03090-7.
Rani L, Thapa K, Kanojia N, Sharma N, Singh S, Grewal AS, Srivastav AL,
Kaushal J. An extensive review on the consequences of chemical pesti-
cides on human health and environment. J Clean Prod. 2021;283: 124657.
https://doi.org/10.1016/jjclepro.2020.124657.

Huang X, Lu G. Editorial: Bioremediation of chemical pesticides polluted
soil. Front Microbiol. 2021;12: 682343. https://doi.org/10.3389/fmicb.2021.
682343,

Shahid M, Khan MS. Ecotoxicological implications of residual pesticides to
beneficial soil bacteria: a review. Pest Biochem Physiol. 2022;188: 105272.
https://doi.org/10.1016/j.pestbp.2022.105272.

Sabarwal A, Kumar K, Singh RP. Hazardous effects of chemical pesticides
on human health—cancer and other associated disorders. Environ
Toxicol Pharmacol. 2018;63:103-14. https://doi.org/10.1016/j.etap.2018.
08.018.

Elnahal ASM, El-Saadony MT, Saad AM, Desoky EM, El-Tahan AM, Rady
MM, AbuQamar SF, El-Tarabily KA. The use of microbial inoculants for
biological control, plant growth promotion, and sustainable agriculture:

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

Page 17 of 19

a review. Eur J Plant Pathol. 2022;162(4):759-92. https://doi.org/10.1007/
$10658-021-02393-7.

Vandana UK, Rajkumari J, Singha LP, Satish L, Alavilli H, Sudheer PDVN,
Chauhan S, Ratnala R, Satturu V, Mazumder PB, Pandey P. The endophytic
microbiome as a hotspot of synergistic interactions, with prospects of
plant growth promotion. Biology. 2021;10(2):101. https://doi.org/10.3390/
biology10020101.

Cocking EC. Endophytic colonization of plant roots by nitrogen-fixing
bacteria. Plant Soil. 2003;252:169-75. https://doi.org/10.1023/A:10241
06605806.

Rolfe SA, Griffiths J, Ton J. Crying out for help with root exudates: adaptive
mechanisms by which stressed plants assemble health-promoting soil
microbiomes. Curr Opin Microbiol. 2019;49:73-82. https://doi.org/10.
1016/}.mib.2019.10.003.

Kandel SL, Herschberger N, Kim SH, Doty SL. Diazotrophic endophytes of
poplar and willow for growth promotion of rice plants in nitrogen-limited
conditions. Crop Sci. 2015;55(4):1765-72. https://doi.org/10.2135/crops
€i2014.08.0570.

CuiK, XuT, Chen J,Yang H, Liu X, Zhuo R, Peng Y, Tang W, Wang R, Chen
L, Zhang X, Zhang Z, He Z, Wang X, Liu C, Chen Y, Zhu Y. Siderophores,

a potential phosphate solubilizer from the endophyte Streptomyces sp.
CoT10, improved phosphorus mobilization for host plant growth and
rhizosphere modulation. J Clean Prod. 2022;367: 133110. https://doi.org/
10.1016/}hpj.2022.07.006.

LiuY,Chen L, Zhang N, Li Z, Zhang G, Xu Y, Shen Q, Zhang R. Plant-
microbe communication enhances auxin biosynthesis by a root-asso-
ciated bacterium, Bacillus amyloliquefaciens SQR9. Mol Plant-Microbe
Interact. 2016;29(4):324-30. https://doi.org/10.1094/MPMI-10-15-0239-R.
Strobel G, Daisy B. Bioprospecting for microbial endophytes and their
natural products. Microbiol Mol Biol Rev. 2003;67(4):491-502. https://doi.
0rg/10.1128/mmbr.67.4.491-502.2003.

Carrién VJ, Perez-Jaramillo J, Cordovez V, Tracanna V, de Hollander M,
Ruiz-Buck D, Mendes LW, van licken WFJ, Gomez-Exposito R, Elsayed

SS, Mohanraju P, Arifah A, van der Oost J, Paulson JN, Mendes R, van
Wezel GP, Medema MH, Raaijmakers JM. Pathogen-induced activation of
disease-suppressive functions in the endophytic root microbiome. Sci-
ence. 2019;366(6465):606-12. https://doi.org/10.1126/science.aaw9285.
Kumar V, Nautiyal CS. Endophytes modulate plant genes: present status
and future perspectives. Curr Microbiol. 2023;80:353. https://doi.org/10.
1007/500284-023-03466-y.

Xu H, Gao J, Portieles R, Du L, Gao X, Borras-Hidalgo O. Endophytic
bacterium Bacillus aryabhattai induces novel transcriptomic changes to
stimulate plant growth. PLoS ONE. 2022;17(8): €0272500. https://doi.org/
10.1371/journal.pone.0272500.

Devi NO, Tombisana Devi RK, Debbarma M, Hajong M, Thokchom S. Effect
of endophytic Bacillus and arbuscular mycorrhiza fungi (AMF) against
Fusarium wilt of tomato caused by Fusarium oxysporum f. sp. lycoper-
sici, Egypt. J Biol Pest Control. 2022,32(1):1. https://doi.org/10.1186/
$41938-021-00499-y.

Khastini RO, Ogawara T, Sato Y, Narisawa K. Control of Fusarium wilt

in melon by the fungal endophyte, Cadophora sp. Eur J Plant Pathol.
2014;139(2):339-48. https://doi.org/10.1007/510658-014-0389-6.

Mowafy AM, Fawzy MM, Gebreil A, Elsayed A. Endophytic Bacillus, Entero-
bacter, and Klebsiella enhance the growth and yield of maize. Acta Agric
Scand Sect B Soil Plant Sci. 2021;71(4):237-46. https://doi.org/10.1080/
09064710.2021.1880621.

Zhao Q Ran W, Wang H, Li X, Shen Q, Shen S, Xu Y. Biocontrol of
Fusarium wilt disease in muskmelon with Bacillus subtilis Y-IVI. Biocontrol.
2013;58(2):283-92. https://doi.org/10.1007/510526-012-9496-5.

Garcia CJ, Alacid V, Tomés-Barberan FA, Garcia C, Palazén P. Untargeted
metabolomics to explore the bacteria exo-metabolome related to plant
biostimulants. Agronomy. 2022;12(8):1926. https://doi.org/10.3390/agron
omy12081926.

Soliman SSM, Greenwood JS, Bombarely A, Mueller LA, Tsao R, Mosser DD,
Raizada MN. An endophyte constructs fungicide-containing extracellular
barriers for its host plant. Curr Biol. 2015;25(19):2570-6. https://doi.org/10.
1016/j.cub.2015.08.027.

Ramaroson ML, Koutouan C, Helesbeux JJ, Le Clerc V, Hamama L, Geof-
friau E, Briard M. Role of phenylpropanoids and flavonoids in plant resist-
ance to pests and diseases. Molecules. 2022;27:8371. https://doi.org/10.
3390/molecules27238371.


https://doi.org/10.1016/j.scienta.2021.110045
https://doi.org/10.1016/j.scienta.2021.110045
https://doi.org/10.3390/plants10091972
https://doi.org/10.3390/plants10091972
https://doi.org/10.1007/s40858-022-00518-9
https://doi.org/10.1016/j.jclepro.2022.133110
https://doi.org/10.1016/j.jclepro.2022.133110
https://doi.org/10.1094/PDIS-09-19-2013-PDN
https://doi.org/10.1094/PDIS-09-19-2013-PDN
https://doi.org/10.1146/annurev-phyto-080615-095919
https://doi.org/10.1146/annurev-phyto-080615-095919
https://doi.org/10.1016/j.rhisph.2023.100726
https://doi.org/10.1016/j.rhisph.2023.100726
https://doi.org/10.1007/s10681-013-0904-4
https://doi.org/10.1007/s10681-013-0904-4
https://doi.org/10.1080/03650340.2020.1839058
https://doi.org/10.1007/s10681-011-0411-4
https://doi.org/10.21273/HORTSCI.37.7.1069
https://doi.org/10.21273/HORTSCI.37.7.1069
https://doi.org/10.1016/j.cropro.2014.09.003
https://doi.org/10.1016/j.cropro.2014.09.003
https://doi.org/10.1016/j.cropro.2005.07.002
https://doi.org/10.1016/j.apsoil.2010.09.010
https://doi.org/10.1016/j.apsoil.2010.09.010
https://doi.org/10.1007/s10668-023-03090-7
https://doi.org/10.1016/j.jclepro.2020.124657
https://doi.org/10.3389/fmicb.2021.682343
https://doi.org/10.3389/fmicb.2021.682343
https://doi.org/10.1016/j.pestbp.2022.105272
https://doi.org/10.1016/j.etap.2018.08.018
https://doi.org/10.1016/j.etap.2018.08.018
https://doi.org/10.1007/s10658-021-02393-7
https://doi.org/10.1007/s10658-021-02393-7
https://doi.org/10.3390/biology10020101
https://doi.org/10.3390/biology10020101
https://doi.org/10.1023/A:1024106605806
https://doi.org/10.1023/A:1024106605806
https://doi.org/10.1016/j.mib.2019.10.003
https://doi.org/10.1016/j.mib.2019.10.003
https://doi.org/10.2135/cropsci2014.08.0570
https://doi.org/10.2135/cropsci2014.08.0570
https://doi.org/10.1016/j.hpj.2022.07.006
https://doi.org/10.1016/j.hpj.2022.07.006
https://doi.org/10.1094/MPMI-10-15-0239-R
https://doi.org/10.1128/mmbr.67.4.491-502.2003
https://doi.org/10.1128/mmbr.67.4.491-502.2003
https://doi.org/10.1126/science.aaw9285
https://doi.org/10.1007/s00284-023-03466-y
https://doi.org/10.1007/s00284-023-03466-y
https://doi.org/10.1371/journal.pone.0272500
https://doi.org/10.1371/journal.pone.0272500
https://doi.org/10.1186/s41938-021-00499-y
https://doi.org/10.1186/s41938-021-00499-y
https://doi.org/10.1007/s10658-014-0389-6
https://doi.org/10.1080/09064710.2021.1880621
https://doi.org/10.1080/09064710.2021.1880621
https://doi.org/10.1007/s10526-012-9496-5
https://doi.org/10.3390/agronomy12081926
https://doi.org/10.3390/agronomy12081926
https://doi.org/10.1016/j.cub.2015.08.027
https://doi.org/10.1016/j.cub.2015.08.027
https://doi.org/10.3390/molecules27238371
https://doi.org/10.3390/molecules27238371

Zhu et al. Chem. Biol. Technol. Agric.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

(2024) 11:99

Rodrigo S, Santamaria O, Halecker S, Lledd S, Stadler M. Antagonism
between Byssochlamys spectabilis (anamorph Paecilomyces variotii) and
plant pathogens: Involvement of the bioactive compounds produced by
the endophyte. Ann Appl Biol. 2017;171:464-76. https://doi.org/10.1111/
aab.12388.

Zhang L, Zhang J, Wei Y, Hu W, Liu G, Zeng H, Shi H. Microbiome-wide
association studies reveal correlations between the structure and
metabolism of the rhizosphere microbiome and disease resistance in
cassava. Plant Biotechnol J. 2021;19(4):689-701. https://doi.org/10.1111/
pbi.13495.

Afzal |, Shinwari ZK, Sikandar S, Shahzad S. Plant beneficial endophytic
bacteria: mechanisms, diversity, host range and genetic determinants.
Microbiol Res. 2019;221:36-49. https://doi.org/10.1016/j.micres.2019.02.
001.

Negi R, Sharma B, Kumar S, Chaubey KK, Kaur T, Devi R, Yadav A, Kour D,
Yadav AN. Plant endophytes: unveiling hidden applications toward agro-
environment sustainability. Folia Microbiol. 2024;69(1):181-206. https://
doi.org/10.1007/512223-023-01092-6.

Mendes LW, Raaijmakers JM, de Hollander M, Sepo E, Gomez Expdsito R,
Chiorato AF, Mendes R, Tsai SM, Carrién VJ. Impact of the fungal pathogen
Fusarium oxysporum on the taxonomic and functional diversity of the
common bean root microbiome. Environ Microbiome. 2023;18(1):68.
https://doi.org/10.1186/540793-023-00524-7.

Quach ON, Clay K, Lee ST, Gardner DR, Cook D. Phylogenetic patterns

of bioactive secondary metabolites produced by fungal endosym-
bionts in morning glories (lpomoeeae, Convolvulaceae). New Phytol.
2023;238:1351-61. https://doi.org/10.1111/nph.18785.

Nagpal S, Sharma P, Sirari A, Gupta RK. Coordination of Mesorhizobium sp.
and endophytic bacteria as elicitor of biocontrol against Fusarium wilt in
chickpea. Eur J Plant Pathol. 2020;158(1):143-61. https://doi.org/10.1007/
$10658-020-02062-1.

Busti E, Monciardini P, Cavaletti L, Bamonte R, Lazzarini A, Sosio M,
Donadio S. Antibiotic-producing ability by representatives of a newly
discovered lineage of actinomycetes. Microbiology. 2006;152(3):675-83.
https://doi.org/10.1099/mic.0.28335-0.

Jain A, Singh A, Singh S, Singh HB. Phenols enhancement effect of
microbial consortium in pea plants restrains Sclerotinia sclerotiorum. Biol
Control. 2015;89:23-32. https://doi.org/10.1016/j.biocontrol.2015.04.013.
Ockels FS, Eyles A, McPherson BA, Wood DL, Bonello P. Phenolic chemistry
of coast live oak response to Phytophthora ramorum infection. J Chem
Ecol. 2007;33(9):1721-32. https.//doi.org/10.1007/510886-007-9332-z.
Irmer S, Podzun N, Langel D, Heidemann F, Kaltenegger E, Schemmerling
B, Geilfus C, Zorb C, Ober D. New aspect of plant-rhizobia interaction:
alkaloid biosynthesis in Crotalaria depends on nodulation. Proc Natl Acad
Sci. 2015;112(13):4164-9. https://doi.org/10.1073/pnas.1423457112.

Itkin M, Heinig U, Tzfadia O, Bhide AJ, Shinde B, Cardenas PD, Bocobza

SE, Unger T, Malitsky S, Finkers R, Tikunov Y, Bovy A, Chikate Y, Singh P,
Rogachev |, Beekwilder J, Giri AP, Aharoni A. Biosynthesis of antinutritional
alkaloids in solanaceous crops is mediated by clustered genes. Science.
2013;341(6142):175-9. https://doi.org/10.1126/science.1240230.

Banchio E, Bogino PC, Santoro M, Torres L, Zygadlo J, Giordano W. Sys-
temic induction of monoterpene biosynthesis in Origanum x majoricum
by soil bacteria. J Agric Food Chem. 2010;58(1):650-4. https://doi.org/10.
1021/jf9030629.

Banchio E, Xie X, Zhang H, Paré PW. Soil bacteria elevate essential

oil accumulation and emissions in sweet basil. J Agric Food Chem.
2009;57(2):653-7. https://doi.org/10.1021/jf8020305.

Del Giudice L, Massardo DR, Pontieri P, Bertea CM, Mombello D, Carata

E, Tredici SM, Tala A, Mucciarelli M, Groudeva VI, De Stefano M, Vigliotta
G, Maffei ME, Alifano P. The microbial community of Vetiver root

and its involvement into essential oil biogenesis. Environ Microbiol.
2008;10(10):2824-41. https://doi.org/10.1111/j.1462-2920.2008.01703 x.
Kusari S, Lamshoft M, Kusari P, Gottfried S, Zuhlke S, Louven K, Hentschel
U, Kayser O, Spiteller M. Endophytes are hidden producers of maytansine
in Putterlickia roots. J Nat Prod. 2014,77(12):2577-84. https://doi.org/10.
1021/np500219a.

Peng H, Li D, Ye J, Xu H, Xie W, Zhang Y, Wu M, Xu L, Liang Y, Liu W.
Biosorption behavior of the Ochrobactrum MT180101 on ionic copper
and chelate copper. J Environ Manag. 2019;235:224-30. https://doi.org/
10.1016/jjenvman.2019.01.060.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

Page 18 of 19

Shah AA, Eguchi T, Mayumi D, Kato S, Shintani N, Kamini NR, Nakajima-
Kambe T. Purification and properties of novel aliphatic-aromatic co-pol-
yesters degrading enzymes from newly isolated Roseateles depolymerans
strain TB-87. Polym Degrad Stabil. 2013;98:609-18. https://doi.org/10.
1016/j.polymdegradstab.2012.11.013.

Liao X, Luo J, Cassidy DP, Li Y, Tao H, Zhao Y. Biodegradation of phenan-
threne at high concentrations by Acidovorax sp. JG5 and its functional
genomic analysis. J Chem Technol Biotechnol. 2021;96:3142-51. https://
doi.org/10.1002/jctb.6867.

Younas H, Nazir A, Bareen F, et al. Metabolic profile and molecular
characterization of endophytic bacteria isolated from Pinus sylvestris

L. with growth-promoting effect on sunflower. Environ Sci Pollut Res.
2023;30:40147-61. https://doi.org/10.1007/511356-022-25118-7.

Zhang J, Zhang H, Luo S, Ye L, Wang C, Wang X, Tian C, Sun Y. Analysis
and functional prediction of core bacteria in the Arabidopsis rhizosphere
microbiome under drought stress. Microorganisms. 2024;12:790. https://
doi.org/10.3390/microorganisms12040790.

Kumar M, Kumar A, Sahu KP, Patel A, Reddy B, Sheoran N, Krishnappa C,
Rajashekara H, Bhagat S, Rathour R. Deciphering core-microbiome of rice
leaf endosphere: revelation by metagenomic and microbiological analy-
sis of aromatic and non-aromatic genotypes grown in three geographical
zones. Microbiol Res. 2021;246: 126704. https://doi.org/10.1016/j.micres.
2021.126704.

Kaewkla O, Franco CMM. Amycolatopsis pittospori sp. nov., an endophytic
actinobacterium isolated from native apricot tree and genome mining
revealed the biosynthesis potential as antibiotic producer and plant
growth promoter. Antonie Van Leeuwenhoek. 2021;114:365-77. https://
doi.org/10.1007/510482-021-01519-5.

Kang S, Khan AL, Hamayun M, Hussain J, Joo G, You Y, Kim J, Lee I.
Gibberellin-producing Promicromonospora sp. SE188 improves Solanum
lycopersicum plant growth and influences endogenous plant hormones. J
Microbiol. 2012;50:902-9. https://doi.org/10.1007/512275-012-2273-4.
Sahu PK, Singh S, Gupta A, Singh UB, Brahmaprakash GP, Saxena AK.
Antagonistic potential of bacterial endophytes and induction of systemic
resistance against collar rot pathogen Sclerotium rolfsii in tomato. Biol
Control. 2019;137: 104014. https://doi.org/10.1016/j.biocontrol.2019.
104014.

Mishra S, Sahu PK, Agarwal V, Singh N. Exploiting endophytic microbes
as micro-factories for plant secondary metabolite production. Appl
Microbiol Biotechnol. 2021;105(18):6579-96. https://doi.org/10.1007/
s00253-021-11527-0.

Moormann J, Heinemann B, Hildebrandt TM. News about amino

acid metabolism in plant-microbe interactions. Trends Biochem Sci.
2022;47(10):839-50. https://doi.org/10.1016/j.tibs.2022.07.001.

Mhlongo M, Piater LA, Madala NE, Labuschagne N, Dubery IA. The chem-
istry of plant-microbe interactions in the rhizosphere and the potential
for metabolomics to reveal signaling related to defense priming and
induced systemic resistance. Front Plant Sci. 2018;9:112. https://doi.org/
10.3389/fpls.2018.00112.

Jan R, Asaf S, Numan M, Lubna Kim KM. Plant secondary metabolite bio-
synthesis and transcriptional regulation in response to biotic and abiotic
stress conditions. Agronomy. 2021;11:968. https://doi.org/10.3390/agron
omy11050968.

Yang L, Wen KS, Ruan X, Zhao YX, Wei F, Wang Q. Response of plant
secondary metabolites to environmental factors. Molecules. 2018;23:762.
https://doi.org/10.3390/molecules23040762.

Korenblum E, Aharoni A. Phytobiome metabolism: beneficial soil
microbes steer crop plants’secondary metabolism. Pest Manag Sci.
2019;75(9):2378-84. https://doi.org/10.1002/ps.5440.

Etalo DW, Jeon J, Raaijmakers JM. Modulation of plant chemistry by
beneficial root microbiota. Nat Prod Rep. 2018;35(5):398-409. https://doi.
0rg/10.1039/c7np00057j.

Phang JM. The regulatory functions of proline and pyrroline-5-carboxylic
acid. In: Current topics in cellular regulation, vol. 25. New York: Academic
Press; 1985. p. 91-132. https://doi.org/10.1016/0978-0-12-152825-6.
50008-4.

Shelp BJ, Bozzo GG, Trobacher CP, Zarei A, Deyman KL, Brikis CJ. Hypoth-
esis/review: contribution of putrescine to 4-aminobutyrate (GABA)
production in response to abiotic stress. Plant Sci. 2012;193-194:130-5.
https://doi.org/10.1016/j.plantsci.2012.06.001.


https://doi.org/10.1111/aab.12388
https://doi.org/10.1111/aab.12388
https://doi.org/10.1111/pbi.13495
https://doi.org/10.1111/pbi.13495
https://doi.org/10.1016/j.micres.2019.02.001
https://doi.org/10.1016/j.micres.2019.02.001
https://doi.org/10.1007/s12223-023-01092-6
https://doi.org/10.1007/s12223-023-01092-6
https://doi.org/10.1186/s40793-023-00524-7
https://doi.org/10.1111/nph.18785
https://doi.org/10.1007/s10658-020-02062-1
https://doi.org/10.1007/s10658-020-02062-1
https://doi.org/10.1099/mic.0.28335-0
https://doi.org/10.1016/j.biocontrol.2015.04.013
https://doi.org/10.1007/s10886-007-9332-z
https://doi.org/10.1073/pnas.1423457112
https://doi.org/10.1126/science.1240230
https://doi.org/10.1021/jf9030629
https://doi.org/10.1021/jf9030629
https://doi.org/10.1021/jf8020305
https://doi.org/10.1111/j.1462-2920.2008.01703.x
https://doi.org/10.1021/np500219a
https://doi.org/10.1021/np500219a
https://doi.org/10.1016/j.jenvman.2019.01.060
https://doi.org/10.1016/j.jenvman.2019.01.060
https://doi.org/10.1016/j.polymdegradstab.2012.11.013
https://doi.org/10.1016/j.polymdegradstab.2012.11.013
https://doi.org/10.1002/jctb.6867
https://doi.org/10.1002/jctb.6867
https://doi.org/10.1007/s11356-022-25118-7
https://doi.org/10.3390/microorganisms12040790
https://doi.org/10.3390/microorganisms12040790
https://doi.org/10.1016/j.micres.2021.126704
https://doi.org/10.1016/j.micres.2021.126704
https://doi.org/10.1007/s10482-021-01519-5
https://doi.org/10.1007/s10482-021-01519-5
https://doi.org/10.1007/s12275-012-2273-4
https://doi.org/10.1016/j.biocontrol.2019.104014
https://doi.org/10.1016/j.biocontrol.2019.104014
https://doi.org/10.1007/s00253-021-11527-0
https://doi.org/10.1007/s00253-021-11527-0
https://doi.org/10.1016/j.tibs.2022.07.001
https://doi.org/10.3389/fpls.2018.00112
https://doi.org/10.3389/fpls.2018.00112
https://doi.org/10.3390/agronomy11050968
https://doi.org/10.3390/agronomy11050968
https://doi.org/10.3390/molecules23040762
https://doi.org/10.1002/ps.5440
https://doi.org/10.1039/c7np00057j
https://doi.org/10.1039/c7np00057j
https://doi.org/10.1016/b978-0-12-152825-6.50008-4
https://doi.org/10.1016/b978-0-12-152825-6.50008-4
https://doi.org/10.1016/j.plantsci.2012.06.001

Zhu et al. Chem. Biol. Technol. Agric. (2024) 11:99

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Mitchell DE, Gadus MV, Madore MA. Patterns of assimilate production and
translocation in muskmelon (Cucumis melo L) 1: 1. Diurnal patterns. Plant
Physiol. 1992;99(3):959-65. https://doi.org/10.1104/pp.99.3.959.

Akashi K, Mifune Y, Morita K, Ishitsuka S, Tsujimoto H, Ishihara T. Spatial
accumulation pattern of citrulline and other nutrients in immature and
mature watermelon fruits. J Sci Food Agric. 2017,97(2):479-87. https://doi.
0rg/10.1002/jsfa.7749.

Potel F, Valadier M, Ferrario-Méry S, Grandjean O, Morin H, Gaufichon L,
Boutet-Mercey S, Lothier J, Rothstein SJ, Hirose N, Suzuki A. Assimilation
of excess ammonium into amino acids and nitrogen translocation in
Arabidopsis thaliana—roles of glutamate synthases and carbamoylphos-
phate synthetase in leaves. FEBS J. 2009;276(15):4061-76. https://doi.org/
10.1111/j.1742-4658.2009.07114.x.

Tarkowski P, Signorelli S, Hofte M. y-Aminobutyric acid and related
amino acids in plant immune responses: emerging mechanisms of
action. Plant Cell Environ. 2020;43:1103-16. https://doi.org/10.1111/pce.
13734.

Shi H, Xiong L, Stevenson B, Lu T, Zhu J. The Arabidopsis salt overly sensi-
tive 4 mutants uncover a critical role for vitamin B6 in plant salt tolerance.
Plant Cell. 2002;14(3):575-88. https://doi.org/10.1105/tpc.010417.

Chen H, Xiong L. Pyridoxine is required for post-embryonic root
development and tolerance to osmotic and oxidative stresses. Plant J.
2005;44(3):396-408. https://doi.org/10.1111/}.1365-313X.2005.02538 x.
Blée E. Impact of phyto-oxylipins in plant defense. Trends Plant Sci.
2002;7(7):315-22. https://doi.org/10.1016/51360-1385(02)02290-2.
Weber H. Fatty acid-derived signals in plants. Trends Plant Sci.
2002;7(5):217-24. https://doi.org/10.1016/51360-1385(02)02250-1.

Xiao J, SunY, He Y, Tang X, Yang S, Huang J. Comparison of rhizospheric
and endophytic bacterial compositions between netted and oriental
melons. Microbiol Spectr. 2023;11(1):e4022-7. https://doi.org/10.1128/
spectrum.04027-22.

DiY, KuiL, Singh P, Liu L, Xie L, He L, Li F. Identification and characteriza-
tion of Bacillus subtilis B9: a diazotrophic plant growth-promoting endo-
phytic bacterium isolated from sugarcane root. J Plant Growth Regul.
2023;42(3):1720-37. https://doi.org/10.1007/500344-022-10653-x.

Chen S, Sun'Y, WeiY, Li H, Yang S. Different rhizosphere soil microbes are
recruited by tomatoes with different fruit color phenotypes. BMC Micro-
biol. 2022;22(1):210. https://doi.org/10.1186/512866-022-02620-z.
Chen'S, SunY, Yang D, Yang SY, Liang T, Tan H. Using moss as a bio-
indicator to evaluate soil quality in litchi orchard. PLoS ONE. 2022;17(12):
€0278303. https://doi.org/10.1371/journal.pone.0278303.

Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, Menke J, Schilling JS,
Kennedy PG. FUNGuild: an open annotation tool for parsing fungal com-
munity datasets by ecological guild. Fungal Ecol. 2016;20:241-8. https://
doi.org/10.1016/j.funeco.2015.06.006.

Kanehisa M, Furumichi M, Sato 'Y, Kawashima M, Ishiguro-Watanabe M.
KEGG for taxonomy-based analysis of pathways and genomes. Nucleic
Acids Res. 2023;51:D587-92. https://doi.org/10.1093/nar/gkac963.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19


https://doi.org/10.1104/pp.99.3.959
https://doi.org/10.1002/jsfa.7749
https://doi.org/10.1002/jsfa.7749
https://doi.org/10.1111/j.1742-4658.2009.07114.x
https://doi.org/10.1111/j.1742-4658.2009.07114.x
https://doi.org/10.1111/pce.13734
https://doi.org/10.1111/pce.13734
https://doi.org/10.1105/tpc.010417
https://doi.org/10.1111/j.1365-313X.2005.02538.x
https://doi.org/10.1016/s1360-1385(02)02290-2
https://doi.org/10.1016/s1360-1385(02)02250-1
https://doi.org/10.1128/spectrum.04027-22
https://doi.org/10.1128/spectrum.04027-22
https://doi.org/10.1007/s00344-022-10653-x
https://doi.org/10.1186/s12866-022-02620-z
https://doi.org/10.1371/journal.pone.0278303
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1093/nar/gkac963

	Differences of endophytic microbial compositions and metabolites in roots between fusarium wilt resistant and susceptible melon varieties
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Results
	Endophytic microbial diversities and richness in roots between fusarium wilt resistant and susceptible melon varieties
	Endophytic microbial compositions in roots between fusarium wilt resistant and susceptible melon varieties
	LEfSe analysis of endophytic bacterial and fungal communities in roots of melon at the phylum and genus levels
	Functional predictive analysis
	Metabolome analysis of the roots
	Correlation analysis of endophytic microorganisms and metabolites in melon roots

	Discussion
	Endophytic microbial communities and functional prediction of wilt resistant (MT) and susceptible melon varieties (MS)
	Metabolome of wilt resistant (MT) and susceptible (MS) melon varieties roots of melon

	Materials and methods
	Field site description and experimental designs
	Root samples collection
	Determination of the root endophytic microbiome
	Untargeted metabolomic assay
	Statistical analysis

	References


