
Citation: Jing, M.; Xu, X.; Peng, J.;

Li, C.; Zhang, H.; Lian, C.; Chen, Y.;

Shen, Z.; Chen, C. Comparative

Genomics of Three Aspergillus Strains

Reveals Insights into Endophytic

Lifestyle and Endophyte-Induced

Plant Growth Promotion. J. Fungi

2022, 8, 690. https://doi.org/

10.3390/jof8070690

Academic Editor: Gary A. Strobel

Received: 23 May 2022

Accepted: 28 June 2022

Published: 29 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Fungi
Journal of

Article

Comparative Genomics of Three Aspergillus Strains Reveals
Insights into Endophytic Lifestyle and Endophyte-Induced
Plant Growth Promotion
Minyu Jing 1,†, Xihui Xu 1,†, Jing Peng 1, Can Li 1, Hanchao Zhang 1, Chunlan Lian 2 , Yahua Chen 1,3,
Zhenguo Shen 1,3,* and Chen Chen 1,3,*

1 College of Life Sciences, Nanjing Agricultural University, Nanjing 210095, China;
2018216009@njau.edu.cn (M.J.); xuxihui@njau.edu.cn (X.X.); 2020116014@njau.edu.cn (J.P.);
2021116040@stu.njau.edu.cn (C.L.); 2019216003@njau.edu.cn (H.Z.); yahuachen@njau.edu.cn (Y.C.)

2 Asian Research Center for Bioresource and Environmental Sciences,
Graduate School of Agricultural and Life Sciences, The University of Tokyo, 1-1-1 Midori-cho,
Tokyo 188-0002, Japan; lian@anesc.u-tokyo.ac.jp

3 Jiangsu Collaborative Innovation Center for Solid Organic Waste Resource Utilization,
Nanjing Agricultural University, Nanjing 210095, China

* Correspondence: zgshen@njau.edu.cn (Z.S.); chenchen@njau.edu.cn (C.C.); Tel.: +86-2584396391 (C.C.)
† These authors contributed equally to this work.

Abstract: Aspergillus includes both plant pathogenic and beneficial fungi. Although endophytes
beneficial to plants have high potential for plant growth promotion and improving stress tolerance,
studies on endophytic lifestyles and endophyte-plant interactions are still limited. Here, three
endophytes belonging to Aspergillus, AS31, AS33, and AS42, were isolated. They could successfully
colonize rice roots and significantly improved rice growth. The genomes of strains AS31, AS33, and
AS42 were sequenced and compared with other Aspergillus species covering both pathogens and
endophytes. The genomes of AS31, AS33, and AS42 were 36.8, 34.8, and 35.3 Mb, respectively. The
endophytic genomes had more genes encoding carbohydrate-active enzymes (CAZymes) and small
secreted proteins (SSPs) and secondary metabolism gene clusters involved in indole metabolism than
the pathogens. In addition, these endophytes were able to improve Pi (phosphorus) accumulation
and transport in rice by inducing the expression of Pi transport genes in rice. Specifically, inoculation
with endophytes significantly increased Pi contents in roots at the early stage, while the Pi contents
in inoculated shoots were significantly increased at the late stage. Our results not only provide
important insights into endophyte-plant interactions but also provide strain and genome resources,
paving the way for the agricultural application of Aspergillus endophytes.

Keywords: Aspergillus; comparative genomics; endophyte; Pi transport; plant growth-promoting

1. Introduction

Microbes play a key role in ecosystems and influence a number of important ecosystem
processes, including plant nutrient acquisition, carbon cycling, and soil formation [1,2].
The roots of healthy plants are usually colonized by a rich diversity of microorganisms
(such as bacteria and fungi) that regulate plant physiology and development [3,4]. The
symbiotic associations of plants with ectomycorrhizal, endomycorrhizal, and endophytic
fungi are widespread in agroecosystems, and these fungi enhance host nutrient acquisition
and/or tolerance to biotic and abiotic stresses [5–7]. Among these associations, endophytic
fungi colonize plant tissues and organs without causing symptoms of damage and include
a wide variety of filamentous fungi that enhance agricultural productivity [8,9]. One of the
most interesting benefits of endophytes is the promotion of host growth. There are multiple
mechanisms that directly play important roles in promoting plant growth by endophytes.
For example, endophytes produce compounds such as vitamins [10], plant hormones such
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as indole-3-acetic acid [11] and secondary metabolites [12] to influence plant physiological
activities. In addition, plant growth improvement can also be achieved by increasing water
availability [13] and/or increasing access to nutrients, such as nitrogen and phosphorus
(Pi) [14].

Pi is one of the key mineral elements necessary for plant growth and development,
because it is a structural component of nucleic acids and phospholipids and plays important
roles in energy transmission, signal transduction, photosynthesis, and respiration [15].
The acquisition of Pi by plant roots is accomplished through its active uptake into the
root epidermal and cortical cells via Pi transporters and its transport to shoots via Pi
transporters [16]. Thirteen putative high-affinity Pi transport genes belonging to the Pht1
family (OsPT1–OsPT13) have been identified in the rice genome [17]. Interestingly, the
expression of these Pi transport genes might be regulated by microorganisms. For example,
OsPT11 has been shown to be induced in roots by inoculation with arbuscular mycorrhizal
fungi [18]. In addition, fungi reportedly play an important role in mobilizing inorganic and
organic Pi in the soil and rhizosphere [19,20]. However, the mutualistic interactions between
plants and endophytes that induce the Pi-regulatory mechanisms of these endophytes on
host plants are still largely unknown.

It has been reported that endophytic fungi could coexist with host plants by mod-
ulating sugar pools and plant defenses in their favor, such as the interactions between
Serendipita indica and Arabidopsis thaliana [21]. The plant cell wall is the first and major
barrier to infection by fungal pathogens and is a major component of plant biomass. To
penetrate plant cells or use plant cells as a carbon source, the genome of plant parasitic
fungi encodes many carbohydrate-active enzymes (CAZymes) [22]. In addition, CAZymes
have also received special attention due to their importance in the penetration of hosts
by phytopathogenic fungi [23]. Compared to parasitic and pathogenic fungi, much less
attention has been focused on exploring CAZymes from endophytic fungi. In addition,
small secreted proteins (SSPs) are the cornerstone of molecular dialog with host plants,
and they act by altering host metabolism and/or defense responses in plant-microbe in-
teractions [24,25]. They alter the processes or structures of host cells, often facilitating the
microbial lifestyle [26]. Furthermore, a series of biologically active secondary metabolites
could be produced by endophytic fungi driving the formation of mutualistic symbio-
sis [27,28]. Therefore, identifying the CAZymes, SSPs, and secondary metabolite gene
clusters in endophytic fungi could help us to understand the endophyte-plant interactions
and the endophytic lifestyles of fungi.

The availability of genome sequences has significantly improved the examination
of functional genes in fungi [29]. To date, abundant genomic data have improved our
understanding of the evolution of traits involved in symbiosis and parasitism [30,31].
Performing a comparative analysis of multiple genomes to discover the similarities and
differences within them can provide insights into fundamental biological questions, such
as different nutritional modes of fungi and interactions between plants and fungi [32,33].
Therefore, a comparative genomic analysis of both endophytes and pathogens could be
an effective strategy for exploring key traits of endophytic fungi that adapt to plants as
habitats [34].

Aspergillus is characterized by the unifying feature of the “aspergillum”, an asexual
reproductive structure [35]. Aspergillus can grow in a wide range of ecological niches,
primarily on soil, and some are also able to colonize live plant hosts [36]. To date, more
than 300 species have been identified in this genus. For example, some Aspergillus species
have been reported to be plant pathogens, such as A. nidulans (AN), A. ochraceoroseus (AO),
and A. tubingensis (AT) [37–41]. Meanwhile, some Aspergillus species are beneficial to
plants, such as A. sydowii (AS), A. versicolor (AV), and A. awamori (AA) [42–45]. Another
strain, the engineered fungus A. puulaauensis (AP), which was extracted from marine
organisms, has been shown to have significant in vitro skin-protective activity against
induced oxidative stress [46]. In this study, we isolated three endophytic fungi, AS31, AS33,
and AS4, from the healthy roots of Phytolacca americana L. The three endophytes could
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significantly improve rice growth, and their genomes were sequenced. Together with the
available pathogenic genomes, the newly sequenced endophytic genomes provided us
with an opportunity to explore the mechanisms underlying endophyte-plant interactions
and plant growth-promoting properties by comparative genomic analysis.

The main objectives of this study were to test the plant growth-promoting properties
of strains AS31, AS33, and AS42 and explore the endophyte-plant interactions between
the three strains and rice. We showed that the three isolates AS31, AS33, and AS42 could
successfully colonize rice roots. After inoculation with AS31, AS33, and AS42 for seven
days, more Pi transport genes were significantly upregulated in rice roots, leading to
abundantly accumulated Pi in the roots. In contrast, no significant difference was found for
shoots treated with AS31 and AS33. However, 14 days after inoculation, the expression
of a large number of Pi transport genes in rice shoots was upregulated, and more Pi was
transported to the shoots. In addition, using comparative genomic analysis, we showed
that the numbers of CAZymes, SSPs, and indole clusters were significantly higher in
endophytes than in pathogens. Our results highlight the importance of Pi uptake and
transport in plants regulated by endophytes for plant growth promotion and improve our
understanding of endophytic interactions between plants and fungi.

2. Materials and Methods
2.1. Isolation and Identification of Endophytic Fungi

The healthy and complete roots, stems, and leaves of P. americana were washed with
sterile water to remove soil and other impurities from the surface. After soaking in 75%
ethanol solution (w/v) for 1 min, these plant tissues were soaked in sodium hypochlorite
solution (0.5% active chlorine) for 10 min and then rinsed with sterile water 6 times. The
plant tissues were cut into 1 cm pieces and cultivated in potato dextrose agar (PDA) with
100 µg/mL penicillin and 60 µg/mL streptomycin sulfate at 25 ◦C in the dark. When fungal
hyphae grew around the cut of the plant tissue, the tips of the hyphae were transferred to a
new PDA for purification and were cultured until a pure fungal colony was obtained.

The three obtained isolates, AS31, AS33, and AS42, were grown in potato dextrose
broth (PDB) at 25 ◦C for 7 days. The hyphae were harvested using sterile filter paper
and then ground into fine powder under liquid nitrogen. Genomic DNA was extracted
with an E.Z.N.A® Fungal DNA mini kit following the manufacturer’s guidelines (Omega,
Darmstadt, Germany). To identify the three isolates, ITS genes were amplified by PCR
following the method of Lu et al. [47]. The maximum likelihood (ML) tree implemented in
MEGA X [48], the Tamura-Nei model, and 1000 bootstrap replicates were used to perform
phylogenetic analysis.

2.2. Plant Recolonization Experiments Assessing the Effect of Each Fungal Strain on Plant Growth

Co-cultivations of rice and three isolates (i.e., AS31, AS33, and AS42) were performed
according to Lee et al. [49] with modifications. Healthy, plump rice seeds were selected and
soaked in 75% ethanol (w/v) for 1 min and then soaked in sodium hypochlorite solution
(1% active chlorine) for 30 min. After being rinsed with sterilized distilled water 6 times,
the rice seeds were cultivated in 1/2 Murashige and Skoog (MS) medium [50] for 7 days
(in the absence of light) and then transferred to a new 1/2 MS medium. A plug (5 mm
diameter) from a PDA plate containing the fungus or a control plug without the fungus
was placed in the 1/2 MS medium 0.5 cm away from the root of the rice seedling. The
plants were kept at 24/22 ◦C with a 16 h light/8 h dark photoperiod. At 7 and 14 days after
inoculation, plant samples were harvested to measure the shoot height, fresh weight, dry
weight, and photosynthetic pigment content of each sample. The contents of Chlorophylls
a, Chlorophyll b, and carotenoids were determined according to the method of Lichtenhaler
and Wellburn [51]. Each treatment included 6 biological replicates.

A pot experiment was further conducted to test the growth-promoting effect of the
three endophytic strains on rice according to Li et al. [52]. The endophytes AS31, AS33,
and AS42 were activated in a PDB liquid medium on a shaker at 160 rpm for 72 h at 25 ◦C.
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A total of 2 g of mycelia (0.20 g dry weight) were collected, rinsed four times with sterile
deionized water, and then inoculated into 200 mL of sterile deionized water to form a
fungal suspension. The 7-day-old rice seedlings were transplanted into paddy soils, and
each seedling was inoculated with 2 mL of fungal suspension or sterilized distilled water
(control). The plants were kept at 24/22 ◦C with a 16 h light/8 h dark photoperiod. After
60 days of treatment, plant samples were harvested to measure the shoot height, fresh
weight, and dry weight. Each treatment included 6 biological replicates.

2.3. Determination of Pi Concentrations in Rice Shoots and Roots

The Pi concentrations in the rice roots and shoots were measured using the molybdate
blue method [53]. The rice tissues were ground into powder, and 0.4 mL of 10% (w/v)
perchloric acid was added, and the samples were diluted 10-fold with 5% (w/v) perchloric
acid and then placed on ice for 30 min. After the samples were centrifuged at 10,000× g
for 10 min at 4 ◦C, 1 mL supernatant was added to 2 mL of working solution [sulfuric
acid-ammonium molybdate solution (0.4% ammonium molybdate in 0.5 N H2SO4): 10%
(w/v) ascorbic acid solution = 6:1]. The mixture was heated at 40 ◦C for 20 min and then
cooled rapidly in an ice bath. The absorbance of the supernatant was recorded at 820 nm.
The absorbance values were calibrated to a standard curve generated using a known
concentration of Pi.

2.4. Fungal Colonization

The colonization site of three Aspergillus isolates on rice roots and shoots was moni-
tored using magenta staining [54]. Roots and leaves of rice seedlings inoculated for 7 days
and 14 days were cut into 1 cm segments and immersed with 10 mL of KOH solution
(100 g/L) in a 90 ◦C water bath for 90 min. Then, the root or shoot sample was rinsed
with deionized water 3 times, and was submerged into 10 mL H2O2 solution (ω = 30%) for
5 min. After they were further rinsed with deionized water 3 times, the samples were sub-
merged into 10 mL of lactic acid and acidified for 5 min at room temperature. The samples
were then stained with acid fuchsin solution (10 mL) for 5 min at room temperature. The
samples were soaked in lactic acid glycerol (lactic acid and glycerol in a volume ratio of
1:1) and decolorized overnight at room temperature. The samples were observed under a
fluorescence microscope (TI-DH; Nikon, Tokyo, Japan).

The isolation and identification of the three endophytic strains from inoculated rice
seedlings were conducted to verify fungal colonization. Rice seedlings were inoculated
with three Aspergillus isolates for 7 days. Roots and leaves were thoroughly washed with
sterile water to remove any external hyphae and then dried with sterile filter paper. For
surface disinfection, the root and leaf tissues were soaked in 75% ethanol for 2 min, and
in 1% sodium hypochlorite (v/v) for 5 min, and then washed with sterile deionized water
10 times. Both root and leaf tissues were cut into 0.5 cm2 pieces, and then put into malt
extract agar medium (MEA) (adding 50 mg/L chloramphenicol to inhibit the growth of
bacteria) and incubated on the plate for dark culture at 25 ◦C. The fungal hyphae that
grew from the edge of the tissue incision were collected after 3 days. They were carefully
transferred to a fresh PDA medium for purification. For identification, the ITS gene was
amplified and sequenced by the method mentioned above.

We further quantified fungal colonization of the root by quantitative PCR (qPCR).
Roots of rice seedlings inoculated with strains AS31, AS33, and AS42 for 7 or 14 days
were thoroughly washed with sterile water to remove any external hyphae and then dried
with sterile filter paper. The DNA of the roots was extracted using a Plant Genomic
DNA Kit (Cat#DP305-02, Tiangen Biotech, Beijing, China). The fungal colonization of
these root samples was then measured by qPCR. For each sample, qPCR was conducted
with two primer pairs, including ITS1F/R (5′-CTTGGTCATTTAGAGGAAGTAA-3′/5′-
GCTGCGTTCTTCATCGATGC-3′) targeting the fungal ITS1 sequence, and OsUBQ5-F/R
(5′-CTGACGGAGCGTGGTTACTCAT-3′/5′-TCATAGTCCAGGGCGATGTAGG-3′) that
targeted Oryza sativa UBQ5 (OsUBQ5) gene. Each qPCR was performed by mixing 5 µL
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of SYBR® Green Premix with 0.2 µL of 10 µM forward primer, 0.2 µL of 10 µM reverse
primer, 0.2 µL of 20 µM ROX reference, 3.4 µL of water, and 10 ng of template DNA.
The Applied Biosystems StepOnePlusTM Real-Time system was used with the following
program: 30 s of denaturation at 95 ◦C, followed by 40 cycles of 5 s at 95 ◦C and 30 s at
60 ◦C. The fungal colonization index was calculated for each sample using the following
formula [55]: Index = 2−Cq(ITS1)/Cq(UBQ5).

2.5. RNA Extraction and Gene Expression Analysis

To explore the expression pattern of Pi transport genes in rice under inoculation with
the three endophytes, the roots and shoots of rice inoculated with fungi for 7 and 14 days
were chosen for quantitative real-time PCR (qRT-PCR) analysis. The un-inoculated rice was
used as a control. Total RNA was extracted from the rice roots or shoots using a plant RNA
extraction kit (Takara, Dalian, China). The RNA quality was analyzed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and subsequently quanti-
fied using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). The RNA was reverse-transcribed using a PrimeScript RT Reagent Kit with gDNA
Eraser (Takara, Dalian, China). qRT-PCR was conducted using the Applied Biosystems
StepOnePlus Real-Time PCR Instrument (Thermo Fisher Scientific, Waltham, MA, USA).
The actin gene was used as an endogenous control. The relative gene expression values
were calculated using the 2–∆∆Ct method [56]. All the qRT-PCR runs were performed three
times using three biological replicates. The primers used in this analysis are provided in
Table S1, and the Ct values are provided in Table S2. The qRT-PCR data (2–∆∆Ct) were
visualized using the pheatmap package in R v4.1.3.

2.6. Whole Genome Sequencing, De Novo Assembly, and Functional Annotation

The genome sequencing of strains AS31, AS33, and AS42 was performed with Illumina
NovaSeq 6000 platforms, by using the services provided by Biozeron, Shanghai, China.
For each genomic DNA sample, 100-bp paired-end libraries with 150- or 500-bp insert
sizes were generated using the TruSeq™ Nano DNA Sample Prep Kit (Illumina, San
Diego, CA, USA) according to the manufacturer’s instructions. After the sequencing,
the adapters and low-quality reads were removed using Trimmomatic v0.39 [57]. The
remaining high-quality reads were assembled with ABySS v2.0.2 [58], and the gaps were
filled using GapCloser v1.12 [59]. The assembled genomes were annotated de novo with
AUGUSTUS v3.2.3 [60]. The predicted genes were compared with the following databases:
NR, Swiss-Prot, COG, KEGG, and GO by BLAST (BLAST+ v2.7.1, E-value ≤ 1 × 105 to
obtain functional classifications.

For comparative genomic analysis, the genomes of seven Aspergillus species were
downloaded from the NCBI database, including (i) strains beneficial for plants [A. sydowii
(PRJNA721994), A. versicolor (PRJNA721993), and A. awamori (PRJDB4986)]; (ii) strains
pathogenic for plants [A. nidulans (PRJNA13961), A. ochraceoroseus (PRJNA275128), and
A. tubingensis (PRJNA645154)]; and (iii) other fungi of A. puulaauensis (PRJNA728012). The
CAZymes were analyzed using the dbCAN HMMER-based classification system with an
E-value < 1 × 1015 and coverage > 0.35 [61]. The results were catalyzed by their glycoside
hydrolases (GHs), glycosyl transferases (GTs), polysaccharide lyases (PLs), carbohydrate
esterases (CEs), carbohydrate-binding modules (CBMs), and auxiliary activities (AAs) as
described in the CAZy database. The secretome was analyzed by SECRETOOL [62,63]. The
secondary metabolite gene clusters were analyzed using Antismash [64].

2.7. Statistical Analysis

GRAPHPAD PRISM v9.0.0, R v4.1.3 and SPSS v22.0 (IBM, Armonk, NY, USA) were
used for graphing and statistical analyses. Phenotypic and qPCR data were analyzed using
a one-way analysis of variance (ANOVA). Duncan’s test was used for multiple comparison
analysis, and a value of p < 0.05 was considered to be statistically significant. Principal
coordinates analysis (PCoA) was used to show differences in CAZymes and secretomes
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among the 10 Aspergillus genomes. Bray-Curtis dissimilarity indices were calculated based
on the numbers of CAZymes and secondary metabolite gene clusters using the “vegdist”
function in the vegan package. The PCoA plots were generated using the ggplot2 package.

3. Results
3.1. Characterization of Three Aspergillus Isolates and Plant Growth-Promoting Properties

Three fungal strains, AS31, AS33, and AS42, were isolated from healthy pokeweed
roots from Nanjing, Jiangsu Province, China (Figure 1A). The ML tree based on ITS se-
quences showed that strains AS31 and AS42 were clustered together with A. sydowii,
which was supported by 68% of the bootstrap value (Figure 1B). The AS33 strain was
clustered together with strains of A. puulaauensis, which was supported by 69% of the
bootstrap value (Figure 1B). These results showed that the three strains could be assigned
to the genus Aspergillus.
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At 7 days after inoculation, the three fungi successfully colonized rice roots and pro-
duced a large number of hyphae (Figure 2A), but these fungi did not colonize rice leaves 
(Figure 2A). Consistently, the strains AS31, AS33, and AS42 were isolated from the inoc-
ulated roots successfully but failed from the shoots (Figure 2B). Besides, the increases in 
the fungal colonization index for strains AS31, AS33, and AS42 were 24.18%, 19.27%, 
and 19.96%, respectively, at 14 days after inoculation (Figure 2C,D). 

Figure 1. Identification of strains AS31, AS33, and AS42. (A) Colony morphology of the three strains
isolated from the roots of healthy Phytolacca americana L. (B) Phylogenetic relationships between the
three strains and related species showing the position of strains AS31, AS33, and AS42 within the
genus Aspergillus. The maximum likelihood (ML) phylogenetic tree is shown. The ML bootstrap
values based on 1000 replications are indicated above the branches. Asterisks indicate the strains
isolated in this study. Bar, 0.05 substitutions per nucleotide position.
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Magenta staining was used to monitor the inoculation sites on rice roots and shoots.
At 7 days after inoculation, the three fungi successfully colonized rice roots and produced a
large number of hyphae (Figure 2A), but these fungi did not colonize rice leaves (Figure 2A).
Consistently, the strains AS31, AS33, and AS42 were isolated from the inoculated roots
successfully but failed from the shoots (Figure 2B). Besides, the increases in the fungal
colonization index for strains AS31, AS33, and AS42 were 24.18%, 19.27%, and 19.96%,
respectively, at 14 days after inoculation (Figure 2C,D).
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Co-cultivation assays of plant and fungal isolates showed that the three strains sig-
nificantly promoted rice growth and caused no disease on rice (Figure 3). At 7 days after 
inoculation, all three isolates significantly promoted the growth of rice shoots (Figure 
3A,C–E). Specifically, the dry weight of inoculated shoots with strain AS42 was 1.61 
times higher than that of the control, and the dry weights of AS31- and AS33-inoculated 
rice shoots increased by 26.92% and 44.23% compared to the control, respectively (Figure 
3D). The weight of inoculated roots was also increased compared to the uninoculated 
control, especially for roots inoculated with strains AS33 and AS42 (Figure 3F). Mean-
while, the chlorophyll a content of three isolates-inoculated rice shoots increased by 
11.59%, 23.69%, and 23.20% compared to the control, respectively (Figure 3G). As well, 

Figure 2. Colonization of strains AS31, AS33, and AS42 in rice roots and shoots after 7 and 14 days of
inoculation. (A) Magenta staining was used to monitor the inoculation sites on rice roots and shoots.
Bars = 100 µm. The three fungi successfully colonized rice roots and produced a large number of
hyphae, but these fungi did not colonize rice leaves. (B) Isolation of strains AS31, AS33, and AS42
from the inoculated rice roots and shoots. (C,D) Fungal colonization index at 7 (C) days and 14
(D) days after inoculation. Data represent the means ± SD of three biological replicates per treatment.
Different letters indicate significant differences according to Duncan’s multiple range test. Values of
p < 0.05 are considered significant.

Co-cultivation assays of plant and fungal isolates showed that the three strains signifi-
cantly promoted rice growth and caused no disease on rice (Figure 3). At 7 days after inoc-
ulation, all three isolates significantly promoted the growth of rice shoots (Figure 3A,C–E).
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Specifically, the dry weight of inoculated shoots with strain AS42 was 1.61 times higher than
that of the control, and the dry weights of AS31- and AS33-inoculated rice shoots increased
by 26.92% and 44.23% compared to the control, respectively (Figure 3D). The weight of
inoculated roots was also increased compared to the uninoculated control, especially for
roots inoculated with strains AS33 and AS42 (Figure 3F). Meanwhile, the chlorophyll a
content of three isolates-inoculated rice shoots increased by 11.59%, 23.69%, and 23.20%
compared to the control, respectively (Figure 3G). As well, the carotenoid content of inocu-
lated shoots also significantly increased compared to the control, respectively (Figure 3G).
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Figure 3. Differential rice responses to inoculation with strains AS31, AS33, or AS42 at the phenotypic
level. (A,B) Promotion of rice growth by the three strains at 7 (A) and 14 (B) days after inoculation.
(C–G) The shoot height (C), fresh weight (D), dry weight (E), root fresh weight (F), and the content
of chlorophyll (G) of rice inoculated with strains AS31, AS33, or AS42 for 7 days. (H–L) The shoot
height (H), fresh weight (I), dry weight (J), root fresh weight (K), and the content of chlorophyll
(L) of rice inoculated with strains AS31, AS33, or AS42 for 14 days. Data represent the means ± SD of
three biological replicates per treatment. Different letters indicate significant differences according to
Duncan’s multiple range test. Values of p < 0.05 are considered significant.

At 14 days after inoculation, the inoculated shoots showed greater lengths and fresh
weights than the uninoculated control (Figure 3B,H–J). The shoot dry weights increased
by 22.66%, 34.77%, and 71.09% in AS31-, AS33-, and AS42-inoculated plants compared
to the control, respectively (Figure 3J). For the roots, AS42 inoculation increased the root
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weight, while the other two strains showed little effect on this characteristic (Figure 3K).
The treatments of AS33 and AS42 increased the contents of chlorophyll a, chlorophyll b, and
carotenoid significantly, while the AS31 treatment increased chlorophyll a and carotenoid
contents (Figure 3L). Together, these results showed that strains AS31, AS33, and AS42
could colonize rice roots and form symbiotic interactions with them, promoting rice growth
without causing rice diseases.

To determine the beneficial effects of endophyte-inoculation on rice plants in soils, we
compared the plant biomass of AS31-, AS33- and AS42-inoculated rice with un-inoculated
rice by pot experiments. The three strains significantly promoted rice growth for long-term
and caused no disease on rice (Figure 4). The shoot heights of rice inoculated with strains
AS31, AS33, and AS42 were increased by 25.23%, 26.35%, and 29.48% compared to control,
respectively (Figure 4B). Besides, the dry weights of inoculated shoots with strains AS31,
AS33, and AS42 were 1.16, 1.80, and 1.82 times higher than that of control, respectively
(Figure 4F). Meanwhile, the dry weight of roots increased by 2.07, and 2.18 times in AS33-,
and AS42-inoculated plants compared to control, respectively, while the AS31 showed little
effect on rice roots (Figure 4G).
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(A) Promotion of rice growth by the three strains at 60 days after inoculation. (B–G) The shoot height
(B), fresh weight (D), dry weight (F), and root length (C), root fresh weight (E), root dry weight (G) of
rice inoculated with strains AS31, AS33, or AS42 for 60 days in the pot experiments. Data represent the
means± SD of six biological replicates per treatment. Different letters indicate significant differences
according to Duncan’s multiple range test. Values of p < 0.05 are considered significant.

3.2. Genome Features of Strains AS31, AS33, and AS42

The total lengths of the genomes of AS31, AS33, and AS42 were 36.8, 34.8, and
35.3 Mb, with GC contents of 49.94%, 49.57%, and 50.47%, respectively (Table 1). A total
of 12,898, 12,933, and 12,921 genes were identified in the genomes of AS33, AS31, and
AS42, of which 213 (1.65%), 174 (1.35%), and 126 (0.97%) genes failed to find a hit in
the NR database, respectively (Table 1). Among them, 4644, 4684, and 4612 genes of
AS31, AS33, and AS42 showed significant matches (E-value < 1 × 105) in the KEGG
database, respectively, which were enriched in 34 KEGG pathways (Figure S1). The most
enriched pathway was metabolic pathways (1386, 1469, and 1369 genes for AS31, AS33,
and AS42, respectively), followed by biosynthesis of secondary metabolites (541, 535, and
540 genes, respectively). In addition, the top 20 KEGG enriched pathways in the three
sequenced genomes were similar (Figure S2). According to the GO database, 4093, 4117,
and 4128 predicted genes of AS31, AS33, and AS42, respectively, were annotated (Table 1).
These genes were primarily distributed across five functional entries, namely, “metabolic
process”, “single-organism process”, “cellular process”, “catalytic activity”, and “binding”
(Figure S3). Genome annotation according to different databases (including NR, SwissProt,
COG, GO, and KEGG) showed 2698, 2690, and 2676 overlapping genes, accounting for
20.86%, 21.76%, and 20.26% of the total genes in the genomes of AS31, AS33, and AS42,
respectively (Figure S4).

Table 1. Genome features of strains AS31, AS33, and AS42.

AS31 AS33 AS42

Accession number JAIOTV000000000 JAIOTX000000000 JAIOTW000000000
Number of scaffolds 538 812 836
Genome size (Mb) 36.8 34.8 35.3
N50 length (bp) 246,959 284,941 76,567
GC content (%) 49.94 49.57 50.47
N rate (%) 0 0 0.0001
Gene number 12,933 12,364 13,211
Gene average length (bp) 1474 1514 1453
Gene length/Genome (%) 53.85 47.48 54.87
Repeat (%) 2.28 1.62 6.43
NR 12,759 12,685 12,949
GO 4093 4117 4128
eggNOG 7732 7864 7852
KEGG 4644 4684 4612
Swiss 7667 7829 7745

3.3. Comparative Analysis of CAZymes and SSPs

CAZymes have been reported to be essential for fungal bioactivity [33]. For both plant
pathogens and endophytes, CAZymes are responsible for degrading host plant cells and
establishing colonization [63,64]. To explore the CAZymes of fungi with different nutrition
lifestyles, we selected seven Aspergillus strains that had available genomes and were
closely related to the three isolated strains for a comparative genomic analysis (Figure 5A;
Table S3). The seven selected strains covered both plant pathogenic and beneficial fungi.
The phylogenetic analysis showed that the plant growth-promoting fungi AS and AV were
clustered together with strains AS31, AS33, and AS42 (Figure 5A).
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Figure 5. Comparative analysis of CAZyme and secretome encoded in the genomes of AS31, AS33,
AS42, and related species. (A) Maximum likelihood (ML) phylogenetic tree showing the evolutionary
relationships of six beneficial (green) species, three pathogenic (orange) species, and one other (blue)
species. The names in brackets refer to the abbreviation of each species. (B) Numbers of CAZymes
and SSPs encoded in the 10 genomes according to A. CBM, carbohydrate-binding module; CE,
carbohydrate esterase; GH, glycoside hydrolase; GT, glycosyl transferase; PL, polysaccharide lyases;
AA, auxiliary activity; TOTAL, total number of CAZymes; SSPs, small secreted proteins. (C) Principal
coordinates analysis (PCoA) of CAZyme and secretome based on gene numbers. The abbreviation of
each species is the same as A.

The AS31, AS33, and AS42 genomes encoded 2648, 2581, and 2636 CAZymes, including
1818, 1718, and 1809 GHs, 168, 163, and 175 GTs, and 104, 109, and 108 CEs, respectively
(Figure 5B). Interestingly, the beneficial fungi (three endophytes and AS and AV) had many
more CAZymes (>2580) than those in pathogenic fungi (<1920; Figure 5B). In addition,
PCoA pointed to distinct clusters of plant beneficial and pathogenic fungi (Figure 5C).
Specifically, the fungi beneficial to plant growth were clustered together (except for AA),
while the pathogens were more dispersed and had no clusters (Figure 5C). These results
showed that strains AS31, AS33, and AS42 exhibited similar patterns of CAZymes with
the beneficial fungi compared to pathogenic fungi. Given the functions of CAZymes
in carbohydrate utilization, the different numbers of CAZymes among beneficial and
pathogenic fungi showed that CAZymes might be important for determining the lifestyles
of the tested Aspergillus fungi.

Among these CAZymes, the GH superfamily was more enriched in the beneficial
strains (except for AA) compared to the pathogens (Figure 5B). Among the superfamily
members, GH5, GH13, GH16, and GH43 accounted for a higher proportion (Figure 6A). In
addition to GH, the PL superfamily was also detected in the three genomes of endophytes,
with PL1 being the most dominant family, followed by PL3 and PL4 (Figure 6B). GT1,
GT2_Chitin, GT2 Glyco_tranf, and GT4 in GTs; CE1 in CEs; CBM18, CBM67, and CBM50 in
CBMs; and AA3, AA7, and AA9 in AAs were also highly enriched in the three genomes
(Figure 6C–F). Notably, the AA9, GH5, GT1, PL1, and PL3 gene families were found to be
critical for endophytic fungal colonization [63,65].

A total of 492, 491, and 508 SSPs were found in the genomes of AS31, AS33, and AS42,
respectively (Figure 5B). Similar to the distribution of CAZymes among different types
of fungi, fungi beneficial to plants had many more SSPs than pathogens (Figure 5B). The
larger number of SSPs in beneficial fungi showed that SSPs might play important roles in
the symbiosis of fungal-plant interactions.
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Figure 6. Numbers of genes related to CAZyme from the genomes of AS31, AS33, and AS42.
(A) numbers of genes dominated in categories of glycoside hydrolase (GH); (B) numbers of genes
dominated in categories of polysaccharide lyases (PL). (C) numbers of genes dominated in cate-
gories of glycosyl transferase (GT); (D) numbers of genes dominated in categories of carbohydrate
esterase (CE); (E) numbers of genes dominated in categories of carbohydrate-binding module (CBM);
(F) numbers of genes dominated in categories of auxiliary activity (AA).

3.4. Identification of Secondary Metabolism Gene Clusters

The genetic coding possibilities of secondary metabolites, the stimuli produced by
secondary metabolites, and special phytotoxins basically determine the microscopic inter-
actions between fungi and host plants [27]. Fungal secondary metabolites might mimic
plant effect molecules, such as auxin, gibberellin, and abscisic acid, to obtain nutrients
needed for fungal growth and colonization [66]. The secondary metabolites of beneficial
microbes have also been shown to be the leading candidates to regulate plant growth
promotion [67]. To explore the coding possibilities of secondary metabolites in the three
sequenced genomes, the secondary metabolism gene clusters were analyzed and compared
with the seven other closely related Aspergillus fungi (Table S4). The results showed that
these genomes encode many secondary metabolism gene clusters, such as gene clusters
for non-ribosomal polypeptide synthase (NRPS), Type I polyketide synthases (T1PKS),
terpenes, and indole (Table S4). In contrast to the greater detection of CAZymes and
SSPs in beneficial fungi than in pathogenic fungi, similar (such as AN) or higher amounts
(such as AT) of secondary metabolism gene clusters were detected in pathogenic fungi
than in beneficial fungi (Table S4). Interestingly, more indole clusters were detected in
beneficial fungi than in pathogenic fungi (Table S4), showing the important roles of indole
metabolism in the interactions between endophytes and plants. In addition, the genomes
of strains AS31, AS33, and AS42 have 14 identical gene clusters encoding metabolites such
as naphthopyrone, neosartorin, shearinine D, clavaric acid, and asperthecin (Tables S5–S7),
which might be involved in endophyte-plant interactions. For example, asperthecin plays
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an important role in sexual spore maturation and cellular and metabolic integrity and is
involved in successful root colonization [68].

3.5. Endophytes Altered Pi transportation and Distribution in Rice by Regulating the Expression of
Pi Transport Genes in the Host Plant

Seven days after inoculation with the endophytes AS31, AS33, and AS42, the Pi
concentrations in rice roots were significantly increased compared to the control, while
the increased Pi concentrations in the shoots were only detected in AS42-inoculated roots
(Figure 7A,B). However, the Pi concentrations in both the shoots and roots of rice with
inoculations increased significantly compared to the control at 14 days after inoculations,
except for the AS31-inoculated roots (Figure 7C,D). Among the three endophytes, rice roots
and shoots inoculated with strain AS42 showed the highest Pi concentration compared to
those inoculated with the other two strains (Figure 7A–D). These results were consistent
with the finding that strain AS42 had the best effect on promoting rice growth (Figure 3).
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Figure 7. Pi accumulation and expression of Pi transport-related genes in rice in response to the
inoculation of strains AS31, AS33, or AS42 after 7 and 14 days. (A,B) Pi concentrations in shoots
(A) and roots (B) of rice inoculated with each strain after 7 days; (C,D) Pi concentrations of shoots
(C) and roots (D) of rice inoculated with each strain after 14 days. Different letters indicate significant
differences according to Duncan’s multiple range test. Values of p < 0.05 are considered significant.
(E) heat map showing the expression (log2-fold change of inoculated vs. uninoculated samples)
of Pi transport-related genes in both the roots and shoots of rice at 7 and 14 days after inoculation
with strains AS31, AS33, or AS42. The gene expression was obtained by quantitative real-time
PCR (qRT-PCR), and the primers used in the qRT-PCR are listed in Table S1. Red, increase in gene
expressions; blue, decrease in gene expressions. Asterisks indicate significant differences (p < 0.05).

At 7 days after inoculation, many Pi transport genes were significantly upregulated in
rice roots compared to the control (Figure 7E, Table S2). Specifically, under AS31 treatment,
PT6, PT8, PAP9b, and PT11 were significantly upregulated in roots compared to the
control. Similarly, the expression levels of PT1, PT2, PT7, PT10, IPS1, SPX1, and PT13
were significantly upregulated in AS33-inoculated roots, while PT4, PT7, PT8, and PT13
were significantly upregulated in AS42-inoculated roots. However, only a few genes were
upregulated (two, four, and two genes for AS31, AS33, and AS42, respectively) in the shoots
at 7 days after inoculation (Figure 7E). These results indicated that at the early stage of
colonization, the three endophytes primarily affected the expression of Pi transport genes
in roots to alter the uptake and transport of Pi in roots rather than shoots.

By contrast, 14 days after inoculation, the expression patterns of these Pi transport
genes changed in both the rice roots and shoots (Figure 7E). For example, a large number
of genes were upregulated in the shoots (3, 6, and 11 genes for AS31, AS33, and AS42,
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respectively), while only a few genes were upregulated in the roots (two, zero, and four
genes for AS31, AS33, and AS42, respectively). The results showed that the endophyte-
induced effects on Pi uptake and transport were primarily in the shoots compared to the
roots at the late stage. Although the upregulation of PT1 (in roots and shoots) and PT8
(in shoots) was detected in rice inoculated with all three endophytes, most upregulated
genes were strain-specific; for example, PT6, PT10, and SPX1 were specific to AS42-treated
roots, and PT4, PT6, and PT11 were specific to AS42-treated shoots (Figure 7E). These
results showed the different expression patterns of Pi transport genes induced by the three
endophytes, which might lead to differences in Pi accumulation in rice and thus have
different effects on rice growth promotion.

4. Discussion

The Aspergillus genus includes a large number of species, including both pathogenic and
beneficial fungi for plants [35,36]. Among them, species that cause plant disease have been
extensively studied, and many of their genomes have been available thus far [35,69]. Although
Aspergillus species beneficial to plants have high potential for promoting plant growth
and improving stress tolerance, studies on endophytic fungal lifestyles and symbiotic
interactions between endophytes and plants are still limited. One important hindrance is
the relative lack of endophytic fungi belonging to Aspergillus and their genomes. In the
current study, we isolated three endophytic Aspergillus isolates that were able to colonize
rice roots and significantly promoted the growth of rice seedling shoots and roots. To
explore the beneficial interactions between endophytes and host plants, the genomes of
the three endophytes were sequenced and compared to other related strains covering
different lifestyles, including both pathogenic and beneficial fungi. We showed that these
endophytes were able to regulate Pi accumulation and transport in rice. In addition, more
CAZymes, indole clusters, and SSPs were detected in the genomes of these endophytes
than in those of pathogenic fungi, showing the importance of these genes in the beneficial
interactions between endophytes and plants. Our results not only provide important
insights into endophyte-plant interactions but also provide strain and genome resources
facilitating the agricultural application of endophytic fungi of Aspergillus.

The available Pi content in roots increased significantly 7 days after inoculation with
the three endophytes, indicating that strains AS31, AS33, and AS42 affected the absorption
and accumulation of Pi in rice. Pi-mediated interactions between plants and endophytes
were also detected for other endophytes. For example, the endophytic Helotiales fungus
F229 has been reported to promote the growth of Alpinia chinensis in low-Pi soils and the
acquisition of Pi [70]; the fungus Xylaria regalis isolated from arborvitae increases the Pi
content of seedling tissues [71]; as well, Phomopsis liquidambari enhances Pi acquisition and
utilization by rice [72]. Interestingly, although no significant difference in Pi content in the
shoots was detected at 7 days after inoculation with strains AS31 or AS33 compared to
the control, the Pi content in the inoculated shoots was significantly higher than that in
the control at 14 days after inoculation with AS31 or AS33. One possible explanation is
that Pi is a mobile element in plants that can be transported from roots to young tissues to
ensure the growth of young tissues in the late growth stage or under phosphorus-deficient
conditions [73]. Together, our results showed that more Pi was transported from the roots
to the shoots at 14 days after inoculation compared to the early stage.

To explore the underlying mechanisms of Pi transportation in rice induced by endo-
phytes, the expression of Pi transport genes in rice was further analyzed. We found that
at 7 days after inoculation, more Pi transport genes were upregulated in the root-control
comparison vs. the shoot-control comparison, which is consistent with the increased Pi
contents in roots rather than shoots at the early stage. For example, OsPT11 was signifi-
cantly upregulated in AS31- or AS42-inoculated roots but not shoots. Consistently, OsPT11
has been shown to be specifically induced during root symbiosis with Glomus intraradices,
and this induction is restricted to the root system [18]. In contrast to strains AS31 and
AS42, strain AS33 induced the upregulation of OsPT10 and OsSPX1. The expression of
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OsPT10 is specifically induced by Pi starvation and plays a role in Pi uptake [74], while
OsSPX1 regulates signal transduction under Pi starvation and regulates Pi homeostasis [75].
The results showed that strain AS33 regulates the accumulation of Pi in rice with different
pathways than strains AS31 and AS42. At 14 days after inoculation, more upregulated
Pi transport genes (e.g., OsPT1 and OsPT8) were detected in inoculated shoots than in
roots, which is also consistent with the significantly increased Pi contents in inoculated
shoots at 14 days after inoculation. Previous studies have shown that OsPT1 is a key
member of the Pht1 family and is involved in the uptake and transport of Pi in rice under
Pi-sufficient conditions [76], while OsPT8 is involved in Pi homeostasis in rice, which is
essential for plant growth and development [77]. Together, these results showed that the
three endophytes were able to improve Pi accumulation and transport in rice by inducing
the expression of Pi transport-related genes in rice.

Comparative genomics could provide new clues to identify a core set of CAZymes
associated with the endophytic lifestyle of fungi [55,78]. In this study, we investigated the
CAZymes of AS31, AS33, and AS42 and compared them with those of other related fungi.
We found that endophytic fungi contained larger amounts of CAZymes than pathogenic
fungi. The GH superfamily was the most representative class among the CAZymes in the
three endophytic strains, including GH5, GH13, and GH43. GH5 is considered critical for
establishing ectomycorrhizal symbiosis and endophytic adaptation [55,78]. GH13 contains
thiamine transporter, NAD/NADP-dependent betaine aldehyde dehydrogenase, alpha-
amylase, and high-affinity glucose transporter, which are related to nutrient acquisition
and metabolism and are essential for symbiotic relationships with plants [79,80]. GH43 is
primarily responsible for the hydrolysis of xylan/arabinoxylan and includes β-xylosidase,
α-galactosidase, α-L-arabinosidase, and α-arabinofuranosidase [81]. In addition, the AA
superfamily was also increased in the three endophytes compared to the pathogens, such
as AA3, which is important for cellobiose dehydrogenase [82]. The increased number of
GH43 and auxiliary functions indicate the ability of endophytes to degrade lignocellulose.
The much greater number of CAZymes in the genomes of endophytes showed that endo-
phytic fungi use different carbohydrate uptake systems than pathogenic fungi to adapt to
symbiotic environmental conditions.

In recent years, SSPs have been extensively studied as effectors that are involved in
host-pathogen interactions [83]. These SSPs are found in most fungal species regardless of
their nutritional lifestyles. Interestingly, the number of SSPs of endophytic fungi is much
higher than that of pathogens, indicating that SSPs might be related to the colonization of
endophytic fungi in plants and the promotion of nutritional dominance, which is consistent
with previous studies [55,84,85].

The number of identified secondary metabolite gene clusters in the genomes of
AS31, AS33, and AS42 was substantially high, suggesting a large and yet-to-be-identified
metabolic potential. These compounds may have functions in changing plant behavior [86].
For example, the three strains have more indole clusters than pathogens. Given the im-
portance of indole metabolism in the synthesis of auxin (indole-3-acetic acid), the results
showed the important roles of indole metabolism in endophyte-plant interactions. In
addition, the three endophytes all possess gene clusters involved in the synthesis of as-
perthecin. The ascosporous pigment of A. nidulans is reportedly formed by asperthecin, and
the asperthecin biosynthetic gene cluster consists of three genes, aptA, aptB, and aptC, in
which the deletion of aptA (encoding polyketide synthase) or aptB (encoding thioesterase)
produces small, malformed transparent ascospores, whereas the deletion of aptC (en-
coding a monooxygenase) produces morphologically normal but purple ascospores [87].
These results suggested that the asperthecin biosynthetic gene clusters of the three endo-
phytes are important to maintaining normal spore morphology and successfully colonizing
rice roots.
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5. Conclusions

In this study, endophytes belonging to Aspergillus that could significantly promote
the growth of rice were isolated. The beneficial interactions between the endophytes
and host plants were explored by genomic sequencing and comparative genome analysis.
Our results showed that the genomes of the endophytes had more CAZymes, SSPs, and
indole clusters than those of the pathogens, which could be involved in endophytism.
Specifically, CAZymes and SSPs could help to adapt to symbiotic environmental conditions
by using different carbon sources and addressing plant defense responses, while indole and
asperthecin biosynthetic genes are functional in maintaining colonization and promoting
plant growth. Additionally, the endophytes induced the expression of Pi transport genes in
rice and improved Pi absorption and transport in rice. These results help us to understand
the endophyte-plant interactions and growth-promoting mechanism of endophytes, paving
the way for the practical application of endophytic fungi in agriculture.
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1. Van Elsas, J.D.; Chiurazzi, M.; Mallon, C.A.; Elhottovā, D.; Krištůfek, V.; Salles, J.F. Microbial diversity determines the invasion of

soil by a bacterial pathogen. Proc. Natl. Acad. Sci. USA 2012, 109, 1159–1164. [CrossRef] [PubMed]
2. Wagg, C.; Bender, S.F.; Widmer, F.; Van Der Heijden, M.G. Soil biodiversity and soil community composition determine ecosystem

multifunctionality. Proc. Natl. Acad. Sci. USA 2014, 111, 5266–5270. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/jof8070690/s1
https://www.mdpi.com/article/10.3390/jof8070690/s1
http://doi.org/10.1073/pnas.1109326109
http://www.ncbi.nlm.nih.gov/pubmed/22232669
http://doi.org/10.1073/pnas.1320054111
http://www.ncbi.nlm.nih.gov/pubmed/24639507


J. Fungi 2022, 8, 690 17 of 20

3. Berendsen, R.L.; Pieterse, C.M.J.; Bakker, P.A.H.M. The rhizosphere microbiome and plant health. Trends Plant Sci. 2012, 17,
478–486. [CrossRef]

4. Mishra, J.; Prakash, J.; Arora, N.K. Role of beneficial soil microbes in sustainable agriculture and environmental management.
Clim. Chang. Environ. Sustain. 2016, 4, 137–149. [CrossRef]

5. Smith, S.E.; Gianinazzi-Pearson, V.; Koide, R.; Cairney, J.W.G. Nutrient transport in mycorrhizas: Structure, physiology and
consequences for efficiency of the symbiosis. Plant Soil 1994, 159, 103–113. [CrossRef]

6. Nehls, U.; Grunze, N.; Willmann, M.; Reich, M.; Küster, H. Sugar for my honey: Carbohydrate partitioning in ectomycorrhizal
symbiosis. Phytochemistry 2007, 68, 82–91. [CrossRef]

7. Schardl, C.L.; Craven, K.D.; Speakman, S.; Stromberg, A.; Lindstrom, A.; Yoshida, R. A Novel Test for Host-Symbiont Codivergence
Indicates Ancient Origin of Fungal Endophytes in Grasses. Syst. Biol. 2008, 57, 483–498. [CrossRef]

8. Aly, A.H.; Debbab, A.; Proksch, P. Fungal endophytes: Unique plant inhabitants with great promises. Appl. Microbiol. Biotechnol.
2011, 90, 1829–1845. [CrossRef]

9. Pozo, M.J.; Zabalgogeazcoa, I.; de Aldana, B.R.V.; Martinez-Medina, A. Untapping the potential of plant mycobiomes for
applications in agriculture. Curr. Opin. Plant Biol. 2021, 60, 102034. [CrossRef]

10. Yan, L.; Zhu, J.; Zhao, X.; Shi, J.; Jiang, C.; Shao, D. Beneficial effects of endophytic fungi colonization on plants. Appl. Microbiol.
Biotechnol. 2019, 103, 3327–3340. [CrossRef]

11. Contreras-Cornejo, H.A.; Macías-Rodríguez, L.; Cortés-Penagos, C.; López-Bucio, J. Trichoderma virens, a plant beneficial fungus,
enhances biomass production and promotes lateral root growth through an auxin-dependent mechanism in Arabidopsis. Plant
Physiol. 2019, 149, 1579–1592. [CrossRef] [PubMed]

12. Kusari, S.; Hertweck, C.; Spiteller, M. Chemical ecology of endophytic fungi: Origins of secondary metabolites. Chem. Biol. 2012,
19, 792–798. [CrossRef] [PubMed]

13. Hosseini, F.; Mosaddeghi, M.R.; Hajabbasi, M.A.; Sabzalian, M.R. Role of fungal endophyte of tall fescue (Epichloë coenophiala)
on water availability, wilting point and integral energy in texturally-different soils. Agric. Water Manag. 2016, 163, 197–211.
[CrossRef]

14. Poveda Arias, J.; Eugui Arrizabalaga, D.; Abril Urías, P.; Velasco, P. Endophytic fungi as direct plant growth promoters for
sustainable agricultural production. Symbiosis 2021, 85, 1–19. [CrossRef]

15. Carswell, C.; Grant, B.R.; Theodorou, M.E.; Harris, J.; Niere, J.O.; Plaxton, W.C. The fungicide phosphonate disrupts the
phosphate-starvation response in Brassica nigra seedlings. Plant Physiol. 1996, 110, 105–110. [CrossRef] [PubMed]

16. Raghothama, K.G. Phosphate transport and signaling. Curr. Opin. Plant Biol. 2000, 3, 182–187. [CrossRef]
17. Goff, S.A. A Draft Sequence of the Rice Genome (Oryza sativa L. ssp. japonica). Science 2002, 296, 92–100. [CrossRef]
18. Paszkowski, U.; Kroken, S.; Roux, C.; Briggs, S.P. Rice phosphate transporters include an evolutionarily divergent gene specifically

activated in arbuscular mycorrhizal symbiosis. Proc. Natl. Acad. Sci. USA 2002, 99, 13324–13329. [CrossRef]
19. Hiruma, K.; Gerlach, N.; Sacristan, S.; Nakano, R.T.; Hacquard, S.; Kracher, B.; Neumann, U.; Ramirez, D.; Bucher, M.; O’Connell,

R.J.; et al. Root Endophyte Colletotrichum tofieldiae Confers Plant Fitness Benefits that Are Phosphate Status Dependent. Cell 2016,
165, 464–474. [CrossRef]

20. Sawers, R.J.H.; Svane, S.F.; Quan, C.; Gronlund, M.; Wozniak, B.; Gebreselassie, M.N.; Gonzalez-Munoz, E.; Montes, R.A.C.;
Baxter, I.; Goudet, J.; et al. Phosphorus acquisition efficiency in arbuscular mycorrhizal maize is correlated with the abundance of
root-external hyphae and the accumulation of transcripts encoding PHT1 phosphate transporters. New Phytol. 2017, 214, 632–643.
[CrossRef]

21. Opitz, M.W.; Daneshkhah, R.; Lorenz, C.; Ludwig, R.; Steinkellner, S.; Wieczorek, K. Serendipita indica changes host sugar and
defense status in Arabidopsis thaliana: Cooperation or exploitation? Planta 2021, 253, 74. [CrossRef]

22. Sista Kameshwar, A.K.; Qin, W. Comparative study of genome-wide plant biomass-degrading CAZymes in white rot, brown rot
and soft rot fungi. Mycology 2018, 9, 93–105. [CrossRef]

23. Xu, X.; Su, Z.; Wang, C.; Kubicek, C.P.; Feng, X.; Mao, L.; Wang, J.; Chen, C.; Lin, F.; Zhang, C. The rice endophyte Harpophora
oryzae genome reveals evolution from a pathogen to a mutualistic endophyte. Sci. Rep. 2014, 4, 5783. [CrossRef] [PubMed]

24. Lo Presti, L.; Lanver, D.; Schweizer, G.; Tanaka, S.; Liang, L.; Tollot, M.; Zuccaro, A.; Reissmann, S.; Kahmann, R. Fungal effectors
and plant susceptibility. Annu. Rev. Plant Biol. 2015, 66, 513–545. [CrossRef]

25. Sánchez-Vallet, A.; Fouché, S.; Fudal, I.; Hartmann, F.E.; Soyer, J.L.; Tellier, A.; Croll, D. The genome biology of effector gene
evolution in filamentous plant pathogens. Annu. Rev. Phytopathol. 2018, 56, 21–40. [CrossRef] [PubMed]

26. Win, J.; Krasileva, K.V.; Kamoun, S.; Shirasu, K.; Staskawicz, B.J.; Banfield, M.J. Sequence divergent RXLR effectors share a
structural fold conserved across plant pathogenic oomycete species. PLoS Pathog. 2012, 8, e1002400. [CrossRef] [PubMed]

27. Ancheeva, E.; Daletos, G.; Proksch, P. Bioactive secondary metabolites from endophytic fungi. Curr. Med. Chem. 2020, 27,
1836–1854. [CrossRef]

28. Alam, B.; Li, J.; Ge, Q.; Khan, M.A.; Gong, J.; Mehmood, S.; Yuan, Y.; Gong, W. Endophytic Fungi: From Symbiosis to Secondary
Metabolite Communications or Vice Versa? Front. Plant Sci. 2021, 12, 791033. [CrossRef]

29. Wiemann, P.; Sieber, C.M.K.; Von Bargen, K.W.; Studt, L.; Niehaus, E.M.; Espino, J.J.; Huss, K.; Michielse, C.B.; Albermann, S.;
Wagner, D.; et al. Deciphering the Cryptic Genome: Genome-wide Analyses of the Rice Pathogen Fusarium fujikuroi Reveal
Complex Regulation of Secondary Metabolism and Novel Metabolites. PLoS Pathog. 2013, 9, e1003475. [CrossRef]

http://doi.org/10.1016/j.tplants.2012.04.001
http://doi.org/10.5958/2320-642X.2016.00015.6
http://doi.org/10.1007/BF00000099
http://doi.org/10.1016/j.phytochem.2006.09.024
http://doi.org/10.1080/10635150802172184
http://doi.org/10.1007/s00253-011-3270-y
http://doi.org/10.1016/j.pbi.2021.102034
http://doi.org/10.1007/s00253-019-09713-2
http://doi.org/10.1104/pp.108.130369
http://www.ncbi.nlm.nih.gov/pubmed/19176721
http://doi.org/10.1016/j.chembiol.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22840767
http://doi.org/10.1016/j.agwat.2015.09.024
http://doi.org/10.1007/s13199-021-00789-x
http://doi.org/10.1104/pp.110.1.105
http://www.ncbi.nlm.nih.gov/pubmed/12226174
http://doi.org/10.1016/S1369-5266(00)00062-5
http://doi.org/10.1126/science.1068275
http://doi.org/10.1073/pnas.202474599
http://doi.org/10.1016/j.cell.2016.02.028
http://doi.org/10.1111/nph.14403
http://doi.org/10.1007/s00425-021-03587-3
http://doi.org/10.1080/21501203.2017.1419296
http://doi.org/10.1038/srep05783
http://www.ncbi.nlm.nih.gov/pubmed/25048173
http://doi.org/10.1146/annurev-arplant-043014-114623
http://doi.org/10.1146/annurev-phyto-080516-035303
http://www.ncbi.nlm.nih.gov/pubmed/29768136
http://doi.org/10.1371/journal.ppat.1002400
http://www.ncbi.nlm.nih.gov/pubmed/22253591
http://doi.org/10.2174/0929867326666190916144709
http://doi.org/10.3389/fpls.2021.791033
http://doi.org/10.1371/journal.ppat.1003475


J. Fungi 2022, 8, 690 18 of 20

30. De Maayer, P.; Chan, W.Y.; Venter, S.N.; Toth, I.K.; Birch, P.R.J.; Joubert, F.; Coutinho, T.A. Genome sequence of Pantoea ananatis
LMG20103, the causative agent of Eucalyptus blight and dieback. J. Bacteriol. 2010, 192, 2936–2937. [CrossRef]

31. Kahlke, T.; Goesmann, A.; Hjerde, E.; Willassen, N.P.; Haugen, P. Unique core genomes of the bacterial family vibrionaceae:
Insights into niche adaptation and speciation. BMC Genom. 2012, 13, 179.

32. Lòpez-Fernàndez, S.; Sonego, P.; Moretto, M.; Pancher, M.; Engelen, K.; Pertot, I.; Campisano, A. Whole-genome comparative
analysis of virulence genes unveils similarities and differences between endophytes and other symbiotic bacteria. Front. Microbiol.
2015, 6, 419. [PubMed]

33. Knapp, D.G.; Nemeth, J.B.; Barry, K.; Hainaut, M.; Henrissat, B.; Johnson, J.; Kuo, A.; Lim, J.H.P.; Lipzen, A.; Nolan, M.; et al.
Comparative genomics provides insights into the lifestyle and reveals functional heterogeneity of dark septate endophytic fungi.
Sci. Rep. 2018, 8, 6321.

34. Parkhill, J.; Sebaihia, M.; Preston, A.; Murphy, L.D.; Thomson, N.; Harris, D.E.; Holden, M.T.G.; Churcher, C.M.; Bentley, S.D.;
Mungall, K.L.; et al. Comparative analysis of the genome sequences of Bordetella pertussis, Bordetella parapertussis and Bordetella
bronchiseptica. Nat. Genet. 2003, 35, 32–40. [CrossRef] [PubMed]

35. De Vries, R.P.; Riley, R.; Wiebenga, A.; Aguilar-Osorio, G.; Amillis, S.; Uchima, C.A.; Anderluh, G.; Asadollahi, M.; Askin, M.;
Barry, K.; et al. Comparative genomics reveals high biological diversity and specific adaptations in the industrially and medically
important fungal genus Aspergillus. Genome Biol. 2017, 18, 28. [CrossRef]

36. Samson, R.A.; Visagie, C.M.; Houbraken, J.; Hong, S.B.; Hubka, V.; Klaassen, C.H.W.; Perrone, G.; Seifert, K.A.; Susca, A.; Tanney,
J.B.; et al. Phylogeny, identification and nomenclature of the genus Aspergillus. Stud. Mycol. 2014, 78, 141–173. [CrossRef]

37. Bastos, R.W.; Valero, C.; Silva, L.P.; Schoen, T.; Drott, M.; Brauer, V.; Silva-Rocha, R.; Lind, A.; Steenwyk, J.L.; Rokas, A. Functional
Characterization of Clinical Isolates of the Opportunistic Fungal Pathogen Aspergillus nidulans. mSphere 2020, 5, 2.

38. Klich, M.A.; Cary, J.W.; Beltz, S.B.; Bennett, C.A. Phylogenetic and Morphological Analysis of Aspergillus ochraceoroseus. Mycologia
2003, 95, 1252. [CrossRef]

39. Cary, J.W.; Ehrlich, K.C.; Beltz, S.B.; Harris-Coward, P.; Klich, M.A. Characterization of the Aspergillus ochraceoroseus afla-
toxin/sterigmatocystin biosynthetic gene cluster. Mycologia 2009, 101, 352–362. [CrossRef]

40. Guo, M.J.; Wang, Q.T.; Cheng, Y.H.; Hou, C.L. Identification of Aspergillus tubingensis causing pomegranate fruit rot in China.
Australas. Plant Pathol. 2021, 50, 233240.

41. Khizar, M.; Haroon, U.; Kamal, A.; Inam, W.; Chaudhary, H.J.; Munis, M.F.H. Evaluation of virulence potential of Aspergillus
tubingensis and subsequent biochemical and enzymatic defense response of cotton. Microsc. Res. Tech. 2021, 84, 2694–2701.
[CrossRef] [PubMed]

42. Escobar Diaz, P.A.; Santos, R.M.D.; Baron Cozentino, N.C.; Oniel, J.A.; Rigobelo, E.C. Effect of Aspergillus and Bacillus concentration
on cotton growth promotion. Front. Microbiol. 2021, 12, 737385. [CrossRef] [PubMed]

43. Jain, R.; Saxena, J.; Sharma, V. Effect of phosphate-solubilizing fungi Aspergillus awamori S29 on mungbean (Vigna radiata cv. RMG
492) growth. Folia Microbiol. 2012, 57, 533–541. [CrossRef] [PubMed]

44. Mittal, V.; Singh, O.; Nayyar, H.; Kaur, J.; Tewari, R. Stimulatory effect of phosphate-solubilizing fungal strains (Aspergillus
awamori and Penicillium citrinum) on the yield of chickpea (Cicer arietinum L. cv. GPF2). Soil Biol. Biochem. 2008, 40, 718–727.
[CrossRef]

45. Ali, R.; Gul, H.; Hamayun, M.; Rauf, M.; Iqbal, A.; Shah, M.; Hussain, A.; Bibi, H.; Lee, I.J. Aspergillus awamori ameliorates
the physicochemical characteristics and mineral profile of mung bean under salt stress. Chem. Biol. Technol. Agric. 2021, 8, 9.
[CrossRef]

46. Letsiou, S.; Bakea, A.; Le Goff, G.; Lopes, P.; Gardikis, K.; Alonso, C.; Alvarez, P.A.; Ouazzani, J. In vitro protective effects of
marine-derived Aspergillus puulaauensis TM124-S4 extract on H2O2-stressed primary human fibroblasts. Toxicol. In Vitro 2020,
66, 104869. [CrossRef]

47. Lu, Q.; Wang, Y.; Li, N.; Ni, D.; Yang, Y.; Wang, X. Differences in the Characteristics and Pathogenicity of Colletotrichum camelliae
and C. fructicola Isolated From the Tea Plant [Camellia sinensis (L.) O. Kuntze]. Front. Microbiol. 2018, 9, 3060. [CrossRef]

48. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

49. Lee, Y.C.; Johnson, J.M.; Chien, C.T.; Sun, C.; Cai, D.; Lou, B.; Oelmüller, R.; Yeh, K.W. Growth promotion of Chinese cabbage
and Arabidopsis by Piriformospora indica is not stimulated by mycelium-synthesized auxin. Mol. Plant-Microbe Interact. 2010, 24,
421–431. [CrossRef]

50. Murashige, T.; Skoog, F. A revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol. Plant 1962, 15,
473–479. [CrossRef]

51. Lichtenthaler, H.K.; Wellburn, A.R. Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different
solvents. Biochem. Soc. Trans. 1983, 11, 591–592. [CrossRef]

52. Li, X.; Zhou, J.; Xu, R.; Meng, M.; Yu, X.; Dai, C. Auxin, Cytokinin, and Ethylene Involved in Rice N Availability Improvement
Caused by Endophyte Phomopsis liquidambari. J. Plant Growth Regul. 2018, 37, 128–143. [CrossRef]

53. Nanamori, M.; Shinano, T.; Wasaki, J.; Yamamura, T.; Rao, I.M.; Osaki, M. Low Phosphorus Tolerance Mechanisms: Phosphorus
Recycling and Photosynthate Partitioning in the Tropical Forage Grass, Brachiaria Hybrid Cultivar Mulato Compared with Rice.
Plant Cell Physiol. 2004, 45, 460–469. [CrossRef] [PubMed]

http://doi.org/10.1128/JB.00060-10
http://www.ncbi.nlm.nih.gov/pubmed/26074885
http://doi.org/10.1038/ng1227
http://www.ncbi.nlm.nih.gov/pubmed/12910271
http://doi.org/10.1186/s13059-017-1151-0
http://doi.org/10.1016/j.simyco.2014.07.004
http://doi.org/10.1080/15572536.2004.11833033
http://doi.org/10.3852/08-173
http://doi.org/10.1002/jemt.23832
http://www.ncbi.nlm.nih.gov/pubmed/34002427
http://doi.org/10.3389/fmicb.2021.737385
http://www.ncbi.nlm.nih.gov/pubmed/34721334
http://doi.org/10.1007/s12223-012-0167-9
http://www.ncbi.nlm.nih.gov/pubmed/22661080
http://doi.org/10.1016/j.soilbio.2007.10.008
http://doi.org/10.1186/s40538-021-00208-9
http://doi.org/10.1016/j.tiv.2020.104869
http://doi.org/10.3389/fmicb.2018.03060
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1094/MPMI-05-10-0110
http://doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://doi.org/10.1042/bst0110591
http://doi.org/10.1007/s00344-017-9712-8
http://doi.org/10.1093/pcp/pch056
http://www.ncbi.nlm.nih.gov/pubmed/15111721


J. Fungi 2022, 8, 690 19 of 20

54. Yuan, Z.; Zhang, C.; Lin, F.; Kubicek, C.P. Identity, diversity, and molecular phylogeny of the endophytic mycobiota in the roots of
rare wild rice (Oryza granulate) from a nature reserve in Yunnan, China. Appl. Environ. Microbiol. 2010, 76, 1642–1652. [CrossRef]
[PubMed]

55. Mesny, F.; Miyauchi, S.; Thiergart, T.; Pickel, B.; Atanasova, L.; Karlsson, M.; Huttel, B.; Barry, K.W.; Haridas, S.; Chen, C.; et al.
Genetic determinants of endophytism in the Arabidopsis root mycobiome. Nat. Commun. 2021, 12, 7227. [CrossRef]

56. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108.
[CrossRef]

57. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

58. Jackman, S.D.; Vandervalk, B.P.; Mohamadi, H.; Chu, J.; Yeo, S.; Hammond, S.A.; Jahesh, G.; Khan, H.; Coombe, L.; Warren, R.L.; et al.
Abyss 2.0: Resource-efficient assembly of large genomes using a bloom filter. Genome Res. 2017, 27, 768–777. [CrossRef]

59. Luo, R.; Liu, B.; Xie, Y.; Li, Z.; Huang, W.; Yuan, J.; He, G.; Chen, Y.; Pan, Q.; Liu, Y.; et al. SOAPdenovo2: An empirically improved
memory-efficient short-read de novo assembler. Gigascience 2012, 1, 18. [CrossRef]

60. Hoff, K.J.; Lange, S.; Lomsadze, A.; Borodovsky, M.; Stanke, M. BRAKER1: Unsupervised RNA-Seq-Based Genome Annotation
with GeneMark-ET and AUGUSTUS. Bioinformatics 2015, 32, 767–769. [CrossRef]

61. Zhang, H.; Yohe, T.; Huang, L.; Entwistle, S.; Wu, P.; Yang, Z.; Busk, P.K.; Xu, Y.; Yin, Y. dbCAN2: A meta server for automated
carbohydrate-active enzyme annotation. Nucleic Acids Res. 2018, 46, W95–W101. [CrossRef] [PubMed]

62. Cortázar, A.R.; Aransay, A.M.; Alfaro, M.; Oguiza, J.A.; Lavín, J.L. SECRETOOL: Integrated secretome analysis tool for fungi.
Amino Acids 2014, 46, 471–473. [CrossRef] [PubMed]

63. Gramaje, D.; Berlanas, C.; Martinez-Diz, M.D.; Diaz-Losada, E.; Antonielli, L.; Beier, S.; Gorfer, M.; Schmoll, M.; Compant, S.
Comparative genomic of Dactylonectria torresensis strains from grapevine, soil and weed highlights potential mechanisms in
pathogenicity and endophytic lifestyle. J. Fungi 2020, 6, 255. [CrossRef] [PubMed]

64. Blin, K.; Shaw, S.; Steinke, K.; Villebro, R.; Ziemert, N.; Lee, S.Y.; Medema, M.H.; Weber, T. antiSMASH 5.0: Updates to the
secondary metabolite genome mining pipeline. Nucleic Acids Res. 2019, 47, W81–W87. [CrossRef]

65. Hage, H.; Rosso, M.N. Evolution of Fungal Carbohydrate-Active Enzyme Portfolios and Adaptation to Plant Cell-Wall Polymers.
J. Fungi 2021, 7, 185. [CrossRef]

66. Pusztahelyi, T.; Holb, I.J.; Pócsi, I. Secondary metabolites in fungus-plant interactions. Front. Plant Sci. 2015, 6, 573. [CrossRef]
67. Kuchkarova, N.N.; Toshmatov, Z.O.; Zhou, S.; Han, C.; Shao, H. Secondary metabolites with plant growth regulator activity

produced by an endophytic fungus Purpureocillium sp. from Solanum rostratum. Chem. Nat. Compd. 2020, 56, 775–776. [CrossRef]
68. Kim, M.J.; Lee, M.K.; Pham, H.Q.; Gu, M.J.; Zhu, B.H.; Son, S.H.; Hahn, D.; Shin, J.H.; Yu, J.H.; Park, H.S.; et al. The velvet

Regulator VosA Governs Survival and Secondary Metabolism of Sexual Spores in Aspergillus nidulans. Genes 2020, 11, 103.
[CrossRef]

69. Caceres, I.; Al Khoury, A.; El Khoury, R.; Lorber, S.; Oswald, I.; El Khoury, A.; Atoui, A.; Puel, O.; Bailly, J.D. Aflatoxin Biosynthesis
and Genetic Regulation: A Review. Toxins 2020, 12, 150. [CrossRef]

70. Almario, J.; Jeena, G.; Wunder, J.; Langen, G.; Zuccaro, A.; Coupland, G.; Bucher, M. Root-associated fungal microbiota
of nonmycorrhizal Arabis alpina and its contribution to plant phosphorus nutrition. Proc. Natl. Acad. Sci. USA 2017, 114,
E9403–E9412. [CrossRef]

71. Adnan, M.; Alshammari, E.; Ashraf, S.A.; Patel, K.; Lad, K.; Patel, M. Physiological and molecular characterization of biosurfactant
producing endophytic fungi Xylaria regalis from the cones of Thuja plicata as a potent plant growth promoter with its potential
application. BioMed Res. Int. 2018, 2018, 7362148. [CrossRef] [PubMed]

72. Tang, M.; Zhu, Q.; Zhang, F.; Zhang, W.; Yuan, J.; Sun, K.; Xu, F.; Dai, C. Enhanced nitrogen and phosphorus activation with
an optimized bacterial community by endophytic fungus Phomopsis liquidambari in paddy soil. Microbiol. Res. 2019, 221, 50–59.
[CrossRef] [PubMed]

73. Chang, M.; Gu, M.; Xia, Y.; Dai, X.; Dai, C.; Zhang, J.; Wang, S.; Qu, H.; Yamaji, N.; Ma, J.; et al. OsPHT1;3 Mediates Uptake,
Translocation and Remobilization of Phosphate under Extremely Low Phosphate Regimes. Plant Physiol. 2018, 179, 656–670.
[CrossRef] [PubMed]

74. Wang, X.; Wang, Y.; Pineros, M.A.; Wang, Z.; Wang, W.; Li, C.; Wu, Z.; Kochian, L.V.; Wu, P. Phosphate transporters OsPHT1; 9
and OsPHT1; 10 are involved in phosphate uptake in rice. Plant Cell Environ. 2014, 37, 1159–1170. [CrossRef] [PubMed]

75. Wang, C.; Ying, S.; Huang, H.; Li, K.; Wu, P.; Shou, H. Involvement of OsSPX1 in phosphate homeostasis in rice. Plant J. 2009, 57,
895–904. [CrossRef]

76. Sun, S.; Gu, M.; Cao, Y.; Huang, X.; Zhang, X.; Ai, P.; Zhao, J.; Fan, X.; Xu, G. A constitutive expressed phosphate transporter,
OsPht1; 1, modulates phosphate uptake and translocation in phosphate-replete rice. Plant Physiol. 2012, 159, 1571–1581. [CrossRef]

77. Jia, H.; Ren, H.; Gu, M.; Zhao, J.; Sun, S.; Zhang, X.; Chen, J.; Wu, P.; Xu, G. The phosphate transporter gene OsPht1; 8 is involved
in phosphate homeostasis in rice. Plant Physiol. 2011, 156, 1164–1175. [CrossRef]

78. Zhang, F.; Anasontzis, G.E.; Labourel, A.; Champion, C.; Haon, M.; Kemppainen, M.; Commun, C.; Deveau, A.; Pardo, A.;
Veneault-Fourrey, C.; et al. The ectomycorrhizal basidiomycete Laccaria bicolor releases a secreted beta-1,4 endoglucanase that
plays a key role in symbiosis development. New Phytol. 2018, 220, 1309–1321. [CrossRef]

http://doi.org/10.1128/AEM.01911-09
http://www.ncbi.nlm.nih.gov/pubmed/20038691
http://doi.org/10.1038/s41467-021-27479-y
http://doi.org/10.1038/nprot.2008.73
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1101/gr.214346.116
http://doi.org/10.1186/2047-217X-1-18
http://doi.org/10.1093/bioinformatics/btv661
http://doi.org/10.1093/nar/gky418
http://www.ncbi.nlm.nih.gov/pubmed/29771380
http://doi.org/10.1007/s00726-013-1649-z
http://www.ncbi.nlm.nih.gov/pubmed/24370983
http://doi.org/10.3390/jof6040255
http://www.ncbi.nlm.nih.gov/pubmed/33138048
http://doi.org/10.1093/nar/gkz310
http://doi.org/10.3390/jof7030185
http://doi.org/10.3389/fpls.2015.00573
http://doi.org/10.1007/s10600-020-03147-3
http://doi.org/10.3390/genes11010103
http://doi.org/10.3390/toxins12030150
http://doi.org/10.1073/pnas.1710455114
http://doi.org/10.1155/2018/7362148
http://www.ncbi.nlm.nih.gov/pubmed/29862287
http://doi.org/10.1016/j.micres.2019.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30825941
http://doi.org/10.1104/pp.18.01097
http://www.ncbi.nlm.nih.gov/pubmed/30567970
http://doi.org/10.1111/pce.12224
http://www.ncbi.nlm.nih.gov/pubmed/24344809
http://doi.org/10.1111/j.1365-313X.2008.03734.x
http://doi.org/10.1104/pp.112.196345
http://doi.org/10.1104/pp.111.175240
http://doi.org/10.1111/nph.15113


J. Fungi 2022, 8, 690 20 of 20

79. Wei, H.; Vienken, K.; Weber, R.; Bunting, S.; Requena, N.; Fischer, R. A putative high affinity hexose transporter, hxtA, of
Aspergillus nidulans is induced in vegetative hyphae upon starvation and in ascogenous hyphae during cleistothecium formation.
Fungal Genet. Biol. 2004, 41, 148–156. [CrossRef]

80. Helber, N.; Wippel, K.; Sauer, N.; Schaarschmidt, S.; Hause, B.; Requena, N. A Versatile Monosaccharide Transporter That
Operates in the Arbuscular Mycorrhizal Fungus Glomus sp Is Crucial for the Symbiotic Relationship with Plants. Plant Cell 2011,
23, 3812–3823. [CrossRef]

81. Newis, K.; Lenfant, N.; Lombard, V.; Henrissat, B. Dividing the large glycoside hydrolase family 43 into subfamilies: A motivation
for detailed enzyme characterization. Appl. Environ. Microbiol. 2016, 82, 16862.

82. Scheiblbrandner, S.; Ludwig, R. Cellobiose dehydrogenase: Bioelectrochemical insights and applications. Bioelectrochemistry 2020,
131, 107345. [CrossRef] [PubMed]

83. Giraldo, M.C.; Valent, B. Filamentous plant pathogen effectors in action. Nat. Rev. Microbiol. 2013, 11, 800–814. [CrossRef]
84. Akum, F.N.; Steinbrenner, J.; Biedenkopf, D.; Imani, J.; Kogel, K.H. The Piriformospora indica effector PIIN_08944 promotes the

mutualistic Sebacinalean symbiosis. Front. Plant Sci. 2015, 6, 906. [CrossRef]
85. Queiroz, C.B.D.; Santana, M.F. Prediction of the secretomes of endophytic and nonendophytic fungi reveals similarities in host

plant infection and colonization strategies. Mycologia 2020, 112, 491–503. [CrossRef] [PubMed]
86. Gudiño, M.E.; Blanco-Touriñán, N.; Arbona, V.; Gómez-Cadenas, A.; Blázquez, M.A.; Navarro-García, F. β-Lactam antibiotics

modify root architecture and indole glucosinolate metabolism in Arabidopsis thaliana. Plant Cell Physiol. 2018, 59, 2086–2098.
[PubMed]

87. Palmer, J.M.; Wiemann, P.; Greco, C.; Chiang, Y.M.; Wang, C.C.; Lindner, D.L.; Keller, N.P. The sexual spore pigment asperthecin
is required for normal ascospore production and protection from UV light in Aspergillus nidulans. J. Ind. Microbiol. Biotechnol.
2021, 48, kuab055. [CrossRef]

http://doi.org/10.1016/j.fgb.2003.10.006
http://doi.org/10.1105/tpc.111.089813
http://doi.org/10.1016/j.bioelechem.2019.107345
http://www.ncbi.nlm.nih.gov/pubmed/31494387
http://doi.org/10.1038/nrmicro3119
http://doi.org/10.3389/fpls.2015.00906
http://doi.org/10.1080/00275514.2020.1716566
http://www.ncbi.nlm.nih.gov/pubmed/32286912
http://www.ncbi.nlm.nih.gov/pubmed/29986082
http://doi.org/10.1093/jimb/kuab055

	Introduction 
	Materials and Methods 
	Isolation and Identification of Endophytic Fungi 
	Plant Recolonization Experiments Assessing the Effect of Each Fungal Strain on Plant Growth 
	Determination of Pi Concentrations in Rice Shoots and Roots 
	Fungal Colonization 
	RNA Extraction and Gene Expression Analysis 
	Whole Genome Sequencing, De Novo Assembly, and Functional Annotation 
	Statistical Analysis 

	Results 
	Characterization of Three Aspergillus Isolates and Plant Growth-Promoting Properties 
	Genome Features of Strains AS31, AS33, and AS42 
	Comparative Analysis of CAZymes and SSPs 
	Identification of Secondary Metabolism Gene Clusters 
	Endophytes Altered Pi transportation and Distribution in Rice by Regulating the Expression of Pi Transport Genes in the Host Plant 

	Discussion 
	Conclusions 
	References

