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Abstract: Trichoderma longibrachiatum sp. are free-living filamentous fungi which are common in
agro-ecosystems. However, few studies thus far have examined the interaction between Trichoderma
longibrachiatum and arbuscular mycorrhizal (AM) fungi in saline soil and their potential for improving
plant stress tolerance. Here, single, dual-inoculated (T. longibrachiatum MF, AM fungal community
or Glomus sp.), and non-inoculated maize (Zea may L.) were subjected to different salinity levels
(0, 75, 150, and 225 mM NaCl) to test the synergistic effects of dual inoculants on maize plants in
different salt stress conditions. Plant performance and metabolic profiles were compared to find the
molecular mechanisms underlying plant protection against salt stress. The first experiment revealed
that dual inoculation of an AM fungal community and T. longibrachiatum MF improved the biomass
and K+/Na+ ratio in maize under non-saline conditions, and generally enhanced AM fungal growth
in root and soil under all but the 225 mM NaCl conditions. However, MF inoculant did not influence
the structure of AM fungal communities in maize roots. In the second experiment, dual inoculation of
Glomus sp. and T. longibrachiatum MF increased maize plant biomass, K+/Na+ ratio, and AM fungal
growth in root and soil significantly at both 0 and 75 mM NaCl conditions. We identified metabolic
compounds differentially accumulated in dual-inoculated maize that may underline their enhanced
maize plant tolerance to increasing soil salinity. Our data suggested that the combination of Glomus
sp. and T. longibrachiatum leads to interactions, which may play a potential role in alleviating the
stress and improve crop productivity in salt-affected soils.

Keywords: arbuscular mycorrhizal fungi; Trichoderma longibrachiatum; salt stress; maize; dual inocu-
lation; metabolites

1. Introduction

In agricultural settings, high levels of salinity are detrimental to crop growth. Particu-
larly, in arid and semi-arid regions, many areas are affected by soil salinization, substantially
inhibiting the productivity of crops [1]. Several agricultural engineering methods have been
used to reduce the negative effects of saline-alkali land on crop productions by freshwater
irrigation, organic and inorganic compound fertilizer modification, and even breeding
projects. However, these approaches are costly while providing relatively minor beneficial
effects. Complementary biological approaches are expected to improve crop production
under saline conditions.

The plant growth-promoting microorganisms (PGPM) in agricultural soil present a
potential biological way to promote plant growth and nutrient absorption under envi-
ronmentally stressed conditions [2,3]. Agro-ecosystems consist of complex interaction
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networks among numerous microorganisms [4]. The outcome of different PGPM interac-
tions such as these is of fundamental importance to crop growth and resistance in different
agricultural fields [5], including salt-affected soils [6]. For example, Ghaffari et al. [7] found
that the Basidiomycete Piriformospora indica can colonize a wide range of agricultural crops,
increasing grain yield, and protecting their hosts from a wide range of salt levels. Recently,
an isolate of endophytic fungi was identified as a key symbiont helping the host plants
thrive under salt stress conditions [8]. The PGPM with a high salt resistance could poten-
tially enhance the salt tolerance of the host plant by producing secondary metabolites [9].
As beneficial soil microorganisms used in current agricultural practices are deleteriously
affected by excessive salinity, the use of salt-tolerant PGPM to enhance crop salt tolerance
presents a possible novel approach to improving the resistance or increasing the crop yield
in saline-alkaline soil.

Trichoderma spp. are free-living filamentous fungi that are common in agro-ecosystems,
and some of them are the most potent agents for the biocontrol of soil borne plant
pathogens [10]. Root colonization by Trichoderma spp. frequently enhances root growth
and development, crop productivity, and the uptake and use of nutrients [11]. Recently,
researchers working in this area have focused their attentions on the dual inoculation of Tri-
choderma spp. and other beneficial soil microorganisms for enhancing plant performance [9].
For example, a dual inoculation of Trichoderma asperellum and AM fungi increased biomass
yield of plants in unfavorable environments including toxic metal-polluted agricultural
areas, although Trichoderma asperellum does not influence the AM fungal abundance in
plant roots [12]. The positive effects on plant growth and promotion of stress tolerance
by synergistic interactions of beneficial soil microorganisms under hostile environments
have been extensively reviewed by Nadeem et al. [13]. These microbes are believed to act
as essential bio-ameliorators of stress by regulating nutritional and ionic balance [14], and
inducing system tolerance to stress [15].

Among these beneficial microbes, Arbuscular mycorrhizal (AM) fungi are obligate
plant-root symbionts which produce an extensive mycelial network in the soil. AM fungi
can alleviate the detrimental effects of salinity on plants by assisting with the absorption of
nutrients, maintaining the plants ionic balance, protecting plant enzyme activity, and facili-
tating the plant’s absorption of water [16]. These processes result in a lower accumulation
of sodium and chlorine and thereby stabilize the plant’s K+/Na+ ratio under high saline
conditions [17]. AM fungi can interact with PGPM in many ways to enhance a plant’s toler-
ance to environmental stress [18]. For example, Toro et al. [19] found that dual inoculation
with AM fungi and PGPM increased plant growth and P uptake. Dual inoculation with AM
fungi and saprophytic fungi has also been found to be an efficient bioremediation strategy
for contaminated soil [20]. The combined application of AM fungi and Trichoderma spp. can
also increase soil-borne disease suppression [21]. Moreover, neutral [21], synergistic [22],
or even antagonistic [23] interactions between AM fungi and PGPM have been observed.
Despite these beneficial associations of microbes, studies examining the interactions of T.
longibrachiatum and AM fungi in saline environmental conditions are limited, especially
where competition for nutrient and niches in the rhizosphere is high. This knowledge is
important for our understanding of the relationship between T. longibrachiatum and AM
fungi and their potential effect on plant stress tolerance, and for the development of crop
management practices under saline environmental conditions.

Salt-affected soils contain high levels of soluble salts, predominantly NaCl, which
decreases plant growth by inducing osmotic stress, nutrient uptake imbalances, and modi-
fication of a plants’ metabolic processes [24]. The former study found that AM inoculants
appear as a valuable tool for stimulating a plant’s capacity to adapt their metabolism
to challenging conditions, by increasing its metabolic capacity to overcome the adverse
environmental stress [1]. Rivero et al. [25] reported that AM plants can perform better than
nonmycorrhizal plants through markedly accumulated compounds in roots in response to
salinity stress. Regarding these beneficial associations of microbes, a better understanding
of how their interactions increase plant tolerance against salinity stress is fundamental.
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Untargeted metabolomic approaches have proved to be an excellent tool for providing
a global view of plant responses under stress [26]. In particular, the LC-MS technique is
highly sensitive, allowing for the detection of key molecules in plant adaptation responses.

The aim of this study was to examine the interaction between AM fungi and T. lon-
gibrachiatum in saline soil, and to identify the metabolites mediating such effects. We
conducted two microcosm experiments, including T. longibrachiatum MF together with
an AM fungal community or Glomus sp. We hypothesized that (1) T. longibrachiatum MF
inoculant improves AM fungi growth under salt stress; (2) dual inoculation outperforms
single inoculation under salt stress; (3) dual inoculation alters plants’ metabolites and
mediates such effects.

2. Materials and Methods
2.1. Preparation of the T. longibrachiatum MF Inoculant

The T. longibrachiatum MF was isolated from the soil of a maize plant growing in salt
contaminated soil, which had acclimatized to saline conditions prior. The T. longibrachiatum
MF had been identified in a former study (NCBI accession number: MG745304) [27] and
preserved at the Tianjin Institute of Industrial Biotechnology, CAS, China. The salt tolerance
of MF was tested qualitatively by inoculating MF isolates on PDA plates with different
NaCl concentrations (0, 75, 150, and 225 mM NaCl). The plates were sealed and incubated
at 30 ◦C for 4 days. The growth of MF on the PDA plates with 0, 75, 150, and 225 mM NaCl
indicated the salt tolerance of MF (Figure S1).

In this study, T. longibrachiatum MF were recovered on PDA plates incubated at 30 ◦C
for 7 days. The spores were transferred into a liquid PDA culture and incubated at 30 ◦C,
at 180 rpm for 5 days. The culture was centrifuged (5000× g, 20 min), washed in sterile
deionized water, and then re-suspended in sterile deionized water to produce an inoculum
of 106 colony forming units (CFU)·mL−1 [28].

2.2. Preparation of the Soil

The experimental soil was collected from an agricultural region of Xinjiang province,
China (44◦18′ N, 86◦22′ E, Changji Autonomous Prefecture) at a depth of 0–30 cm. The
climate conditions in the sampling site have been described in a former study [29]. Fresh soil
was selected and divided into two parts. A soil sub-sample was stored at 4 ◦C for the AM
fungal community inoculant and another sample was air-dried and passed through a 5-cm
mesh-sieve. Initial soil properties were as follows: pH 7.4 (1:2.5, soil: water, w/v), electrical
conductivity 0.5 dS m−1 (1:5 soil: water, w/v), soil organic matter 2.5%, available nitrogen
32.7 mg·kg−1, available phosphorus 53.2 mg·kg−1, and available potassium 130.6 mg·kg−1.

2.3. Microcosm Experiment
2.3.1. Experiment 1

The first experiment involved soil microcosms inoculated with AM fungal communi-
ties. The experiment was conducted in a 2 × 4 factorial design. There were two inoculated
treatments (inoculated with MF and un-inoculated as a control) and four salinity levels (0,
75, 150, and 225 mM NaCl). Each of the eight treatment combinations were replicated three
times to produce a total of 24 pots.

AM fungal community was isolated from the fresh soil above. AM fungal community
was extracted by wet sieving, decanting, and a sucrose density gradient centrifugation as
described by Utobo [30]. The AM fungal spores were collected and propagated on maize
(Zea may L.) for 6 months in pots containing a sterilized mixture of quartz-sand and soil
selected above (1:1). Finally, the substrate, spores, mycelium, and infected root segments
were utilized as the AM fungal community inoculant. Approximately 10 spores were
counted per gram of the AM fungal community inoculant.

Each pot contained 600 g of sterilized soil substrate mixture (3:1, soil: quartz-sand). All
pots were given 100 g of AM fungal community inoculant, and AM inoculant was mixed
with pot soil before seeding. Maize seeds were prepared as described in Yang et al. [29].
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Three seeds were planted in each pot which, after emergence, were thinned to one seedling
per pot. For the T. longibrachiatum MF inoculated treatment, 70 mL (106 CFU mL−1) of
conidial suspension was inoculated one day after two weeks of maize growth. Pots without
MF inoculant were supplemented with 70 mL sterile water. Then, four different salinity
treatments were applied over an additional two weeks. In each case, the maize plants were
watered once every two days with 60 mL of different concentrations of NaCl solution (0
(sterilized water), 75, 150, or 225 mM NaCl), as described in Rivero et al. [25]. Afterward,
the maize plants were grown for an additional seven weeks. The plants were grown in a
controlled growth chamber for 11 weeks in total (30/24 ◦C day/night, 16 h photoperiod,
800 mmol m−2s−1 photosynthetically active radiation, 65% relative humidity). Pots were
placed randomly, and their positions were re-arranged on a weekly basis. Each pot received
a dose of 70 mL of P-free Hoagland’s nutrient solution once a week as described by
Yang et al. [29].

2.3.2. Experiment 2

The experiment was conducted in a 4 × 2 factorial design. There were four inoculated
treatments (inoculated with T. longibrachiatum (MF), inoculated with Glomus sp. (Gm),
dual-inoculated (Gm + MF), and un-inoculated as a control), and two salinity levels (0 and
75 mM NaCl). Each of the eight treatment combinations was replicated six times to give a
total 48 pots.

Glomus sp. (Gm) was supplied by the Chinese Bank of the Glomeromycota (BGC),
and they were propagated on maize for 6 months in pots containing a sterilized mixture
of quartz-sand and soil described above (1:1). Approximately 10 spores were counted per
gram of the Glomus sp. (Gm) inoculant.

Each pot was filled with 600 g of sterilized soil substrate mixture (3:1, soil:quartz-
sand). Gm and dual-inoculated treatments were performed by adding to 100 g of Gm
inoculant before seeding, the other pots received the 100 g of sterilized Gm inoculant to
homogenize soil nutrition. Maize seeds were planted in each pot using the same methods as
in experiment 1 above. MF inoculated treatments used the same methods as in experiment
1 above. Then, two different salinity treatments (0 and 75 mM NaCl) were applied as in
experiment 1 above. Afterward, the maize plants were grown for an additional eight weeks.
The plants were grown in a controlled growth chamber for 12 weeks in total. The condition
of chamber was the same as in experiment 1 above.

2.4. Harvest and Sample Preparation

At harvest, maize plants were harvested carefully, and shoots were weighed and oven-
dried at 105 ◦C for 1 h, and then at 75 ◦C for 48 h to determine dry weight and inorganic ion
concentrations. Maize roots were washed thoroughly in the laboratory under tap water and
divided into three sub-samples. One sub-sample was immediately frozen in liquid nitrogen
and stored at −80 ◦C until its use for metabolomics analysis. The other one was stored
at −20 ◦C and used for AM fungal colonization measurements and molecular analyses.
The last was dried at 105 ◦C for 1 h, then at 75 ◦C for 48 h to determinate the dry weights
and the inorganic ion concentrations. Soil around roots was also collected to determine the
hyphal length density of AM fungi and the population density of T. longibrachiatum MF.

2.5. Determination of Colonization and Hyphal Length Density of AM Fungi

AM fungal colonization was assessed by staining roots with Trypan blue and scoring
using the magnified intersection method. In total, three hundred random intersections
were taken from each root sample as described by McGonigle et al. [31]. AM fungal
hyphal length density in soil was measured using the gridline intersect method at 200×
magnification followed by Miller et al. [32].
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2.6. The Population of T. longibrachiatum MF

The population density of T. longibrachiatum was determined by plate count as de-
scribed by Efthymiou et al. [33]. Briefly, 5 g soil samples collected from each pot were
shaken in 45 mL of sterile Milli-Q water for 30 min at 120 rpm. Then, 100 µL aliquots
were plated on Potato Dextrose Agar (PDA) with ampicillin (100 µg·mL−1). Plates were
incubated at 30◦C for five days, after which the number of colonies was assessed.

2.7. AM Fungal Community Structure Analysis

AM fungal community composition in maize roots was analyzed using PCR ampli-
con sequencing of the small subunit (SSU) rRNA gene. The DNA was extracted from
200–300 mg of root sample using a Fast Plant DNA Extraction Kit [29]. Glomeromycotina
SSU rRNA gene sequences were amplified with the primers AML1F/AML2R and AMV4-
5NF/AMDGR, which are designed to have high genus-level resolution for AM fungal
communities [34]. The PCR sample was used for high-throughput sequencing with an
Illumina MiSeq platform by Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai,
China) as described by Yang et al. [29].

Sequences read with ambiguous nucleotides or those that were lacking a complete
barcode and primer were excluded. Chimeric sequences were identified and removed
using UCHIME [35]. Operational taxonomic units (OTUs) with a 97% similarity cutoff were
clustered using a searching platform (version 7.0; http://drive5.com/uparse/, accessed on
10 January 2021). For each OTU, the sequence numbers <5 were removed from analysis.
The most abundant sequence from each OTU was selected as a representative sequence for
that OTU. The taxonomy of representatives from each OTU was checked using the online
MaarjAM database (http://www.maarjam.botany.ut.ee/, accessed on 10 January 2021, [36])
to determine whether these sequences belonged to Glomeromycota. Only sequences
confirmed as AM fungi were included in the subsequent analysis. One representative
sequence in each OTU clade was blasted against the public databases on the NCBI website to
obtain three well-identified reference sequences. The representative sequences of our OTUs
and the reference sequences were aligned to create a neighbor-joining (NJ) phylogenetic
tree using MEGA software (version 5). The raw sequencing data were deposited to the
NCBI sequence read archive (SRA) under the accession number PRJNA739072.

2.8. Profiling of Metabolites

The LC-MS system for metabolomics analysis is composed of Waters Acquity I-Class
PLUS ultra-high performance liquid tandem Waters Xevo G2-XS QT high resolution mass
spectrometer. The column that was used was purchased from Waters Acquity UPLC HSS
T3 column (1.8 um 2.1 × 100 mm). Positive ion mode: mobile phase A: 0.1% formic acid
aqueous solution; mobile phase B: 0.1% formic acid acetonitrile. Negative ion mode: mobile
phase A: 0.1% formic acid aqueous solution; mobile phase B: 0.1% formic acid acetonitrile.

Waters Xevo G2-XS QTOF high resolution mass spectrometers can collect primary
and secondary mass spectrometry data in MSe mode under the control of the acquisition
software (MassLynx V4.2, Waters, Milford, MA, USA). In each data acquisition cycle, dual-
channel data acquisition can be performed on both low collision energy and high collision
energy at the same time. The low collision energy is 2 V, the high collision energy range is
10~40 V, and the scanning frequency is 0.2 s for a mass spectrum. The parameters of the
ESI ion source are as follows: Capillary voltage: 2000 V (positive ion mode) or −1500 V
(negative ion mode); cone voltage: 30 V; ion source temperature: 150 ◦C; desolvent gas
temperature 500 ◦C; backflush gas flow rate: 50 L/h; Desolventizing gas flow rate: 800 L/h.

The raw data collected using MassLynx V4.2 were processed by Progenesis QI software
for peak extraction, peak alignment, and other data processing operations, based on
the Progenesis QI software online METLIN database and Biomark’s self-built library for
identification, and at the same time, theoretical fragment identification and mass deviation
were all determined to be within 100 ppm.

http://drive5.com/uparse/
http://www.maarjam.botany.ut.ee/
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After normalizing the original peak area information with the total peak area, the
follow-up analysis was performed. A principal component analysis and a Spearman
correlation analysis were used to judge the repeatability of the samples within the group
and the quality control samples. The identified compounds were searched for classification
and pathway information in KEGG, HMDB, and lipidmaps databases. According to the
grouping information, a T test was used to calculate the difference significance p value of
each compound. The different metabolites of the KEGG pathway enrichment significance
were calculated using hypergeometric distribution test. The metabolic compounds and
pathway analysis was performed using BMK Cloud (www.biocloud.net). For the above
experiments, roots were harvested per biological replicate, and six independent biological
replicates were used.

2.9. Data Analysis

The statistical analyses were performed using R, version 3.5.2 (http://www.r-project.
org/). The rarefaction curves of the AM fungal communities were calculated using the
‘vegan’ package in R [37]. The rarefaction curves suggested that a large proportion of the
total AM fungal diversity colonizing roots under different treatments had been captured
(Figure S2). Non-metric multidimensional scaling (NMDS) based on Bray-Curtis distances
was used to show dissimilarities in the structure of the AM fungal communities and
metabolic compounds (using the ‘metaMDS’ function in R). To determine the significance
of the effects of the salinity levels, inoculants, and their interaction on the structure of the
AM fungal communities and metabolic compounds, permutational multivariate analysis
of variance was used (PERMANOVA; function: ‘adonis’ in R [38]). To determine whether
particular AM fungal indicator OTUs made a greater contribution to the different salinity
and inoculant treatments, the ‘multipatt’ function in the ‘indicspecies’ library was used [39].
OTUs with IndVal values ≥ 0.5 and p ≤ 0.05 were recorded as indicator species of differ-
ences among groups. The impact of salinity levels, inoculants, and their interactions on
plant growth and AM fungal performance (in roots and soil) was analyzed by multivariate
analysis of variance (MANOVA) followed by univariate analysis of variance (ANOVA)
with the generalized linear model (GLM). Differences in plant biomass, shoot K+/Na+ ratio
under the two salinity conditions (in Experiment 2) were assessed by one-way ANOVA,
and significant differences among treatments were tested using Tukey’s honestly significant
difference (HSD) test at a 95% confidence level. The significant differences of AM fungal
performance between non-inoculated and MF inoculated treatments in experiment 1 and
differences between Gm inoculated and Gm + MF inoculated treatments in experiment
2 were tested using a t-test at a 95% confidence level. These statistical analyses were
performed using the SPSS software package version 21.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Experiment 1
3.1.1. T. longibrachiatum MF, AM Fungi and Maize Performance

At harvest, the population density of T. longibrachiatum MF was significantly higher in
the MF inoculated treatments than the non-inoculated treatments at all salinity conditions
(Table S2). Low numbers of MF colonies were detected in the treatments receiving no
inoculum; however, these colonies differed from the MF strain’s phenotype and thus were
considered as background colonies. The effects of salinity, inoculants, and their interactions
with the CFU values of MF strains were all significant, and the CFU values of MF in soil
decreased with increasing soil salinity (Table S2).

Maize biomass was influenced by salinity, MF inoculant and their interactions (Table 1).
MF inoculant improved maize biomass by 58.3% over that of non-inoculated maize with
non-saline conditions (Figure 1a). Shoot K+/Na+ ratio was influenced by salinity and
salinity ×MF inoculant interaction (Table 1). MF inoculant increased shoot K+/Na+ ratio
by 29.2% compared to that of non-inoculated maize but only at the non-saline condition
(Figure 1b).

www.biocloud.net
http://www.r-project.org/
http://www.r-project.org/
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Table 1. Summary of statistical analysis testing the differences between salinity levels, inoculum types,
and their interactions with plant dry mass, shoot K+/Na+ ratio, AMF colonization rate, and hyphal
length density (HLD) (experiment 1 and experiment 2). Three replicates per treatment combination
are included. F-values are accompanied by indicators of statistical significance: *, p < 0.05; **, p < 0.01;
***, p < 0.001, and ns, non-significant.

Parameters Salinity (S) Inoculants (I) Interaction S×I

Experiment 1
Plant dry mass 146.43 *** 12.68 ** 14.63 ***

Shoot K+/Na+ ratio 199.86 *** 0.42 ns 6.97 **
AMF colonization rate 57.06 *** 32.60 *** 1.74 ns

HLD 20.53 *** 41.30 *** 8.34 **
Experiment 2

Plant dry mass 10.85 ** 7.60 ** 1.75 ns
Shoot K+/Na+ ratio 1282.87 *** 43.47 *** 12.61 ***

AMF colonization rate 233.02 *** 26.52 ** 0.54 ns
HLD 0.41 ns 63.82 *** 3.69 ns
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Figure 1. Effects of salinity levels (0, 75, 150, and 225 mM NaCl conditions) and inoculum types (CK
and MF inoculated treatment) on plant dry mass (a), shoot K+/Na+ ratio (b), AM fungal colonization
rate in root (c), and hyphal length density in soil (d), respectively. Values are mean ± SE (n = 3).
Different lowercase letters indicate significant differences between CK and MF. Inoculated treatments
were tested using a t-test at 95% confidence level.

The AM fungal colonization rate was influenced by salinity and MF inoculant sig-
nificantly (Table 1). The colonization rate of MF inoculated maize increased by 36.9%,
38.3%, and 37.0% over that of non-inoculated maize at 0, 75, and 150 mM NaCl conditions,
respectively. (Figure 1c). Hyphal length density was influenced by salinity, MF inoculant,
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and their interactions (Table 1). The significant increase of hyphal length density in MF
inoculated soil was found at 0, 75, and 150 mM NaCl conditions (Figure 1d).

3.1.2. AM Fungal Structure in Maize Roots

A total of 553,460 Illumina-generated valid sequences were retrieved from 24 root
samples. Among these, 552,781 sequences were AM fungi (Table S3). Sequences were
classified into 47 OTUs in three families based on sequence similarity (>97%): Glomeraceae
contained 37 OTUs, Claroideoglomeraceae contained 8 OTUs, and Diversisporaceae con-
tained 2 OTUs (Figure 2). At the OTU level, there were two indicator species (OTU5 and
OTU9) for the 0 mM NaCl condition and only one indicator species (OTU34) for the MF in-
oculated treatment (Figure 2). The composition of AM fungal communities differed among
the salinity levels, but the effects of MF inoculant or salinity ×MF inoculant interaction
were not significant (Figure 3). The AM fungal communities were differentiated between 0
and 225 mM NaCl conditions, significantly (Figure 3).

3.2. Experiment 2
3.2.1. T. longibrachiatum MF, AM Fungi and Maize Performance

The population density of T. longibrachiatum MF was slightly lower at 0 mM NaCl
conditions than those at 75 mM NaCl conditions in the MF and Gm + MF inoculated
treatments (Table S4). The effects of salinity, Gm inoculants, and their interactions with the
CFU values of MF strains were all not significant (Table S4).

Maize biomass was influenced by salinity and inoculants (Table 1). MF or Gm inoculant
did not influence the maize growth significantly, however, Gm + MF inoculants significantly
improved maize biomass by 68.6% and 34.5% over that of the non-inoculated maize at 0
and 75 mM NaCl conditions (Figure 4a). Shoot K+/Na+ ratio was influenced by salinity,
inoculum, and salinity × inoculum interaction (Table 1). MF or Gm inoculant did not affect
the shoot K+/Na+ ratio significantly, however, Gm + MF inoculants significantly increased
shoot K+/Na+ ratio by 28.4% and 40.5% compared with that of non-inoculated maize at 0
and 75 mM NaCl conditions (Figure 4b).

The AM fungal colonization rate was influenced by salinity and inoculants significantly
(Table 1). The colonization rate of Gm + MF inoculated maize increased by 20.7% and 44.8%
over that of non-inoculated maize at 0 and 75 mM NaCl conditions. (Figure 4c). Hyphal
length density was influenced by inoculants, and salinity levels did not affect the hyphal
length density (Table 1). The hyphal length density of Gm + MF inoculated soil increased by
91.3% and 45.2% over those of non-inoculated at 0 and 75 mM NaCl conditions, respectively
(Figure 4d).

3.2.2. Metabolic Profiles in Maize Roots

The LC-MS analysis identified a total of 189 metabolites in maize roots in the CK, Gm,
and Gm + MF treatments at 0 and 75 mM NaCl conditions. Table S1 lists the metabolites
detected in all roots. The salinity had a strong impact on metabolites, while the metabolites
remained unaffected either by Gm or Gm + MF (Figure 5). However, metabolite profile
analysis showed that Gm and Gm + MF treatment have important effects on root metabo-
lites at both salinity conditions. (Table 2). The metabolites with higher accumulation in
Gm inoculated treatment were generally different from those in Gm + MF treatment, and
Gm + MF treatment up-regulated five metabolites and down-regulated two metabolites
(Table 2). Seven compounds displaying the strongest changes in accumulation confirmed
that Gm + MF treatment has an important impact on root metabolites at 0 and 75 mM
NaCl conditions.
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Figure 2. Neighbor-joining phylogram of OTUs showing the phylogenetic relationship of the AM
fungal sequences obtained from maize roots. Numbers above branches denote bootstrap values from
1000 replications. Different salinity levels (0, 75, 150, and 225 mM NaCl conditions) and inoculum
types (CK and MF). The indicator species are depicted using blue characters.
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Figure 4. Effects of salinity levels (0 and 75 mM NaCl conditions) and inoculum types (CK, MF, Gm,
and Gm + MF inoculated treatments) on plant dry mass (a), shoot K+/Na+ ratio (b), AM fungal
colonization rate in roots (c), and hyphal length density in soil (d), respectively. Values are mean ± SE
(n = 3). Different lowercase letters indicate significant differences of plant dry mass and shoot K+/Na+

ratio among treatments that were tested using Tukey’s honestly significant difference (HSD) test at a
95% confidence level. Significant differences of AM fungal performance between Gm and Gm + MF
inoculated treatments were tested using a t-test at 95% confidence level.
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Table 2. Effects of single and dual-inoculants on the metabolite profiles in maize plant roots.

ID Metabolite Name CK vs. Gm CK vs. Gm + MF Gm vs. Gm + MF

meta_804 Amygdalin down down
meta_445 Caproic acid down

meta_430 6,10,14-Trimethyl-5,9,13-
pentadecatrien-2-one up

meta_291 Epothilone B down
meta_544 Tylosin up
meta_188 Pro Met Met Thr down
meta_196 Chamazulene down

meta_701
2,3-Dihydro-2,3-dihydroxy-4-

(4-methoxyphenyl)
-1H-phenalen-1-one

up

meta_696 Stearoyl-CoA up
meta_753 Dihydrotachysterol up
meta_789 N,N′-Diacetylchitobiose up
meta_627 3-Hydroxydodecanoic acid up
meta_432 Palmitoleamide up
meta_239 C16 Sphinganine up down
meta_747 N-Acetyl-a-neuraminic acid up

Plants accumulated different compounds in response to different inoculation treat-
ments. Among the different metabolites, we focused on two different types of clusters
(Figure 6). On one hand, a group of compounds markedly up-regulated in response to
Gm + MF treatment, including N,N′-Diacetylchitobiose, 2,3-Dihydro-2,3-dihydroxy-4- (4-
methoxyphenyl), Palmitoleamide, Stearoyl-CoA, and Dihydrotachysterol. On the other
hand, those common metabolites, in the same fashion as Amygdalin and Epothilone B,
down-regulated in Gm + MF treatment. Considering that Gm + MF treatment promoted
maize growth and shoot K+/Na+ ratio at 0 and 75 mM NaCl conditions, some of the metabo-
lites may contribute to plant performance and salt tolerance. Among the metabolites, the
N,N′-Diacetylchitobiose and Stearoyl-CoA were mainly related to the Amino sugar and
nucleotide sugar metabolism as well as fatty acid metabolism in Gm + MF inoculated plants
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(Table S5). The Amygdalin was related to the Cyanoamino acid metabolism in Gm and Gm
+ MF inoculated plants (Table S5).
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4. Discussion

The results of our experiments showed the interaction between AM fungi and T.
longibrachiatum and their effects on the maize plant growth and plants’ metabolic profiles
in saline soil. Several reports have shown a positive effect of dual inoculation with AM
fungi and PGPM on plant growth and stress tolerance, such as AM fungi with Pseudomonas
mendocina on lettuce [40], AM fungi with Pseudomonas fluorescens on common beans [41],
AM fungi with Azospirillum on rice [42], and AM fungi with Enterobacter radicincitans on
fava beans [43], but little is known about the interactions with T. longibrachiatum as well as
the underlying mechanisms. In this study, we observed a significant growth benefit of the
synergistic association of maize with AM fungi and T. longibrachiatum under salt stress.

4.1. T. longibrachiatum MF Improved AM Fungi Growth

First, we hypothesized that T. longibrachiatum MF inoculant improves AM fungi growth
under salt stress. Our results clearly showed that the better root colonization and hyphal
length density in MF inoculated treatment at 0, 75, and 150 mM NaCl conditions, while
the lack of response to MF inoculant at 225 mM NaCl conditions, suggested that extreme
saline is a limiting factor for microbe growth and interactions. Garg and Chandel [44]
have found that a very high salinity decreased hyphal growth, which might have been due
to the inhibition of spore germination. Despite the detrimental effects of salinity on AM
fungal association that have been observed [15], our results indicated that dual inoculation
mitigated these effects.

The former study demonstrated that soil inoculation with Trichoderma was shown to
increase the overall abundance of bacteria and affected the bacterial community structure
in saline soil [9]. In this study, we found that the T. longibrachiatum inoculum significantly
increased AM fungal biomass in roots and soil not only under non-stressed conditions but
also under saline stress. T. longibrachiatum alleviated the harmful effects of salt stress in AM
fungal colonies in roots, which suggested an additional value to the use of T. longibrachiatum
associated with AM fungi in saline soil. PGPM are known to assist rhizospheric fungi in
colonizing the roots of their host plants through the production of metabolites that increase
cell permeability and stimulate hyphal growth by enhancing root exudation rates [45].
This synergy might have led to higher colonization rates by the AM fungi, improving the
plants’ ability to manage salt stress [46], which might have contributed to the outstanding
performance of the dual-inoculated treatment.

The effect of T. longibrachiatum on the structure of AM fungal communities in saline
soil has sparsely been investigated. Our data indicated the composition of AM fungal



Microorganisms 2022, 10, 1042 13 of 17

communities differed substantially between 0 and 225 mM NaCl conditions, however, T.
longibrachiatum MF had few impacts on AM fungal community composition. Our results
supported the former evidence highlighting the importance of abiotic rather than biotic
factors on the composition of the AM fungal communities [47]. Indicator species analyses
identified that OTU_5 (Glomus sp.) and OTU_9 (Glomus sp.) were characteristic for 0 mM
NaCl conditions. OTU_5 is a widespread taxon found in Estonian boreal forest and OTU_9
is a widespread taxon found in the grassland habitats [48]. It is possible that these species
were uncompetitive in stressful environments. OTU_34 (Rhizophagus sp.) is characteristic
for MF inoculated treatment, which has been found in the long-term monocultures agro-
ecosystems [49].

4.2. The Dual Inoculation Enhanced Plant Growth

Second, we hypothesized that dual inoculation outperforms single inoculation under
salt stress, and our results partly support this hypothesis. As for the plant growth, dual inoc-
ulation may be more effective in elevated maize plant performance than either of the single
inoculations under non-saline condition but not under saline-stressed conditions. However,
dual inoculation of Glomus sp. And T. longibrachiatum MF significantly increased shoot
K+/Na+ ratio in plant tissues compared with single inoculated plants under salt stress.

In a former study, Fu et al. [9] found that Trichoderma spp. increased the maize yield
by 12.4% and Pang et al. [50] discovered that Trichoderma-treated soil increased plant
biomass by 20%. We observed that Gm + MF treatment significantly improved maize plant
biomass by 68.6% and 34.5% over that of non-inoculated maize at 0 and 75 mM NaCl
conditions. Dual inoculation with Glomus sp. And T. longibrachiatum MF was beneficial for
the enhancement plant growth even in saline conditions. Similar results were observed by
Helena et al. [51] combined inoculation of two PGPB strains and one AM fungal isolate
increased maize biomass by 35% at 5 g NaCl kg−1 soil. Dual inoculation of AM fungi
and PGPB enhanced alfalfa yield in salt-affected soils [52]. Osorio et al. [53] also found a
greater contribution to plant nutrition by dual inoculation with a phosphate-solubilizing
fungus and an AM fungus under salt stress. As beneficial soil microorganisms, the additive
effects of AM fungi and PGPM could be an attractive ecological solution for enhancing
plant growth when the plants are exposed to higher stress.

The extent of plant sensitivity to salinity depends mainly on Na+ uptake, accumulation,
and its root-shoot distribution [54]. Chang et al. [55] has found that AM fungi modulates
antioxidant response and ion distribution under salt stress. The presence of AM symbiosis
mitigated the salinity-induced increase in shoot Na+ concentration [56]. In our study, dual
inoculation of Glomus sp. and T. longibrachiatum MF enhanced shoot K+/Na+ ratio by 40.5%
under salt stress, which may be a collective result of the many positive changes induced
by AM fungi and PGPM. In salt-stressed Acacia gerrardii, dual-inoculated plants with AM
fungi and PGPM reduced the Na+ concentration in plant tissues, thereby protecting salt-
stressed plants from ionic and osmotic stress-induced changes [57]. When dual-inoculated
with Glomus sp. and T. longibrachiatum MF, Na+ may either be stored in intraradical AM
fungal hyphae or compartmentalized in the root cell vacuoles [58], thus preventing their
translocation to the plant shoots. The dual inoculation of Glomus sp. and T. longibrachiatum
MF presents a promising avenue to the control of Na+ accumulation and therefore the
capacity to augment salt tolerance in maize. In the future, MF may be a potential candidate
for use in new bio-fertilizers for maintaining appropriate Na+ concentration in maize plant
in environmentally stressed soils.

4.3. The Dual Inoculation Modulated Root Metabolome

It has previously been found that dual inoculation of different PGPM can enhance
plant tolerance to salt stress [57], however, few studies have investigated their impacts
on the host stress-induced reorganization of the metabolome in order to identify key
metabolites involved in dual inoculation related protection against salt stress. In this study,
through untargeted metabolic analysis, the major metabolic pathways related to plant
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tolerance to salt stress were deduced. Our results clearly indicated that Gm + MF treatment
up-regulated five metabolites and down-regulated two metabolites, which may help the
plant to maintain an elevated carbohydrate metabolism and fatty acid metabolism even in
saline soil, which supported our third hypothesis.

The metabolic profiles of maize roots under Gm + MF treatments were compared with
those under non-inoculated treatment both at 0 and 75 mM NaCl conditions. Seven com-
pounds’ accumulation changed significantly in dual inoculation, and this phenomenon can
be explained by the different strategies of plants in coping with inoculant treatments [51].
The higher accumulation of N,N′-Diacetylchitobiose and Stearoyl-CoA were observed
regardless of salt stress under Gm + MF treatment, which probably linked to plant perfor-
mance or tolerance demands. Stearoyl-coA was closely related to the synthesis of plant
unsaturated fatty acids, such as phospholipids, triglycerides, wax esters, and cholesterol
esters [59]. All the plants in Gm + MF treatment showed a higher accumulation of Stearoyl-
coA, which is important in the enhanced biosynthesis of unsaturated fatty acids. The
accumulation of N, N’-Diacetylchitobiose is closely related to the amino sugar and nu-
cleotide sugar metabolism pathway. These observations suggest that Gm + MF treatment
could help the plant to maintain an elevated carbohydrate metabolism and fatty acid
metabolism, which may lead to an increasing of plant resistance under salt stress. In fact,
plants must integrate metabolites adaptive to environmental stress, such as the accumu-
lation of solasodine in response to salt stress [60], and the accumulation of hytohormone
jasmonic acid when AM fungi inoculant is applied to saline soil [61]. The root metabolome
of salt-affected plants can be buffered with a biostimulant, which can contribute to an
overall stress reduction of plants.

5. Conclusions

In summary, two experiments in this study allowed us to find the changes of the plant
in response to dual inoculation in saline soil. Our results suggest that AM fungi and T.
longibrachiatum MF living in the rhizosphere of maize were coordinately involved in the
plant’s adaptation to salt stress tolerance. Dual inoculation of plants with Glomus sp. and T.
longibrachiatum MF increased plant performance through the alteration of metabolic profiles
under salt stress. The combination of the most suitable PGPMs may lead to the mitigation
of the inhibitive impact of salt stress on AM fungal association as well as the improvement
of the optimum tolerance of maize growth in agro-ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms10051042/s1, Figure S1. The growth of Trichoderma
longibrachiatum MF on the Potato Dextrose Agar (PDA) plates with different salinity levels. Figure S2.
Rarefaction curves for AM fungal phylotypes detected in roots (n = 24) at four levels salinity (0, 75,
150, and 225 mM NaCl) and inoculum types (CK and MF inoculated treatment). Table S1. 189 all
metablics. Table S2. T. longibrachiatum population density in different salinity levels and inoculants.
Values are mean ± SE (n = 3). Different asterisk indicate a significant effect of salinity, inoculant and
their interaction according to Duncan’s multiple range test following significant two-way ANOVA,
* p < 0.05, ** p < 0.01, *** p < 0.001 and ns, not significant. Different lowercase letters indicate significant
differences between inoculant within each salinity level according to Duncan’s multiple range test
following significant one-way ANOVA (p < 0.05). Table S3. Operational taxonomic units (OTU) of
AM fungi detected in roots (n = 24) at four levels salinity (0, 75, 150, and 225 mM NaCl) and inoculum
types (CK and MF inoculated treatment). Table S4. T. longibrachiatum population density in different
salinity levels and inoculum treatments. Values are mean ± SE (n = 3). Different asterisk indicate a
significant effect of salinity, inoculum and their interaction according to Duncan’s multiple range test
following significant two-way ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001 and ns, not significant.
Different lowercase letters indicate significant differences among inoculum within each salinity level
according to Duncan’s multiple range test following significant one-way ANOVA (p < 0.05). Table S5.
Effects of single inoculant and bio-inoculants on the metabolic pathways.
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