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Abstract

Purpose Continuous cropping of tomato (Solanum lycopersicum Mill.) causes soil degradation, accumulating Ralstonia
solanacearum that induce Ralstonia wilt notably in plastic shed soils. Arbuscular mycorrhizal (AM) fungi play a crucial role
in protecting hosts against such soil-borne pathogens, but comprehensive understanding of the soil-plant defense systems
upon mycorrhization is not clear yet, especially at the later period of fruit production. The aim of this study was to investigate
the underlining mechanisms in both soil and plant.

Materials and methods A 10-week greenhouse pot experiment with four treatments, including control and inoculation with
Funneliformis caledonium (Fc), R. solanacearum (Rs), and both strains (Rs+ Fc), was carried out on a sterilized soil. Pots
with two tomato plants each were randomly arranged with six replicates per treatment. The wilt severity; the tissue biomass
and nutrient content; the root mycorrhizal colonization and total phenolic compounds; the leaf peroxidase (POD), polyphenol
oxidase (PPO), and phenylalanine ammonia lyase (PAL) activities; and soil AM fungi and R. solanacearum abundances,
soil pH, organic C and nutrient concentrations, and phosphatase activity were all tested. Both redundancy analysis (RDA)
and structural equation modeling (SEM) were performed to illustrate plant overall performance among treatments and to
elucidate the major influencing pathways of AM fungi.

Results and discussion The additional inoculation with F. caledonium resulted in significant decreases of soil R. solan-
acearum abundance and Olsen-P concentration, as well as increases of soil pH, organic C concentration, and phosphatase
activity, as compared to the soil only inoculated with R. solanacearum. Mycorrhizal inoculation also increased root total
phenolic compound content, and leaf POD and PPO activities, but reduced shoot/root K ratio in plants under the attack of
R. solanacearum, thereby alleviating Ralstonia wilt severity by 65.7% and yield loss by 46.5%. The RDA and SEM results
revealed significant variation in plant overall performance among treatments, and the contribution of AM fungi in suppressing
tomato Ralstonia wilt and yield damage particularly via ameliorating soil quality and alleviating plant metabolic pressure.

Conclusions This study verified the bio-protection of AM fungi in both soil and plant systems against tomato Ralstonia wilt.
Mycorrhization shifted the soil environment and suppressed soil R. solanacearum population, and also modulated plant
nutrient translocation, increased phenolic compounds synthetization, and activated defense enzymes. Through establish-
ing the integrated defense systems in both rhizosphere and plant, AM fungi alleviated the severity of Ralstonia disease and
ameliorated yield damage in tomato.
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1 Introduction

Responsible editor: Dulce Flores-Renterfa Soil-borne pathogens, as signs of biological imbalances
of soil ecosystems and also soil degradation, are usually
associated with conventional agricultural managements
(Keys 2004; Pankhurst and Lynch 2005; Liu et al. 2019b).
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Ralstonia wilt caused by Ralstonia solanacearum is the
second most considerable bacterial pathogen in the world,
which threatens many economically important crops, espe-
cially Solanaceae (Yabuuchi et al. 1995; Elphinstone et al.
2005; Mansfield et al. 2012). The bacterium can survive
in soil for long periods in the absence of host, and once
in the root, it rapidly enters and multiplies in the xylem,
producing exopolysaccharide that blocks the vascular sys-
tem and water flow, concomitant with shoot wilt and plant
death (Kim et al. 2016). However, conventional chemi-
cal and rotation approaches seemed either ineffective or
unpractical in preventing the disease (Aloyce et al. 2019).
Other countermeasures, such as physical (e.g., solariza-
tion, fumigation, and grafting) (Zeist et al. 2019), agro-
nomic practices (e.g., resistant cultivars and soil amend-
ments) (Costa et al. 2019; Yang et al. 2019), biocontrol
agents (e.g., antagonistic microbes) (Elazouni et al. 2019;
Elsayed et al. 2020), and integrated strategies (Bhai et al.
2019), have also been implemented, among which biocon-
trol has become the most common and promising method
with advantages such as self-sustaining and environmental
friendly (Yuliar and Toyota 2015).

Arbuscular mycorrhizal (AM) fungi colonize the roots
of most terrestrial plant species, forming mutually benefi-
cial symbioses that are important in nutrient acquisition
by plants, particularly phosphorus (P) (Smith and Read
2008). Besides nutritional benefits, AM fungi can also
improve host resistance to abiotic (e.g., drought, salinity
and surface pollutants) and biotic (e.g. soil-borne patho-
genic fungi, bacteria, nematodes, and pests) stresses (Smith
et al. 2010; Cui et al. 2013). Different mechanisms regard-
ing the protection by AM fungi on plant health have been
proposed, such as the compensation for nutritional losses,
the direct competition with invading pathogens for car-
bon (C) sources and niches, and the indirect protection via
changing root morphology and/or exudation (Lopez-Raez
et al. 2010b; Tahat et al. 2012; Vos et al. 2014). In addition,
the establishment of AM symbiosis is accompanied by hor-
monal, transcriptional, and metabolic changes in hosts,
leading to primed plant systemic defense in response to
future attackers, known as mycorrhiza-induced resistance
(MIR) (Pozo and Azcon-Aguilar 2007; Lopez-Raez et al.
2010b; Jung et al. 2012). For example, peroxidase (POD)
and polyphenol oxidase (PPO) have important functions for
cell-wall lignification and antibiotic and cytotoxic activi-
ties to pathogens (Peter 1989; War et al. 2012; Taheri and
Kakooee 2017). In addition, phenylalanine ammonia lyase
(PAL) is a key enzyme in phenylpropanoid metabolism,
associated with the biosynthesis of phenolics and phyto-
alexins (Mariutto et al. 2011). The relationships between
the MIR-induced systemic defense and the activities of
these defense-related enzymes have been demonstrated by
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studies (Ren et al. 2010; Eke et al. 2016; Jaiti et al. 2017,
Wang et al. 2018).

Tomato (Solanum lycopersicum Mill.) is one of the most
widely cultivated economical vegetable crops, and with high
mycorrhizal growth dependency (Baum et al. 2015). Former
studies have shown that AM fungi are effective biocontrol
agents to manage various soil-borne diseases of tomato,
including root disease caused by Phytophthora parasitica
Dastur (Pozo et al. 2002), Verticillium wilt caused by Verti-
cillium dahlia Kleb. (Karagiannidis et al. 2002), Fusarium
wilt caused by F. oxysporum f. sp. lycopersici (Saccardo)
Snyder et Hansen (Nair et al. 2015), and early blight disease
caused by Alternaria solani Sorauer (Song et al. 2015). The
protection by AM fungi against Ralstonia wilt has also been
widely studied. Yuan et al. (2016) reported that the applica-
tion of Funneliformis mosseae decreased the abundance of
R. solanacearum by 80% at the end of a pot experiment.
Tahat et al. (2012) observed anatomical changes in tomato
root architecture with the presence of F. mosseae, which pro-
tected the plant from the invasion of R. solanacearum. Zhu
and Yao (2004) found that Glomus versiformae induced phe-
nolic production in tomato roots, enhancing plant resistance
to R. solanacearum infection both locally and systemically.
Chave et al. (2017) showed that Rhizophagus irregularis
delayed the development of tomato Ralstonia wilt under
in vitro culture condition, resulting in a final reduction in
wilt incidence.

However, comprehensive understanding regarding the
AM fungi-involved defense systems in the rhizosphere
soil and plant tissues is still lacking. In addition, previous
studies mostly reported a transitory effect of AM fungi
on disease suppression, whereas the subsequent influ-
ence in plant development and production has been less
investigated. Taiwo et al. (2007) found that only 33 and
50% of control and F. mosseae-treated plants survived
when tomato fruit harvesting if R. solanacearum was
inoculated 1 week after seedling transplanting. Conse-
quently, it has been demonstrated that the bio-protection
by AM fungi against soil-borne pathogens only in pre-
mycorrhizal (usually at least two or three weeks) plants
(Cordier et al. 1996; Chave et al. 2017). Fortunately, the
large gathering of R. solanacearum in the soil commonly
occurs 4 weeks after planting of tomatoes (Wei et al.
2019). Here, a pot-culture experiment was conducted to
evaluate the effectiveness of pre-mycorrhization (four
weeks) on tomato production under the attack of Ralsto-
nia wilt. It was hypothesized that mycorrhizal sym-
biosis could help tomato plants deal with the disease
through establishing defense systems in both soil and
plant. This study was expected to enhance the understand-
ing of AM fungi-involved biocontrol processes against
soil-borne diseases.
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2 Materials and methods
2.1 Soil, seedling, fungal, and bacterial materials

The experimental soil (sandy clay loam Orthic Anthro-
sol) was collected from a plastic shed with continuous
tomato growing history at the Science Park (31°43'17"N,
118°46'20"E) of Nanjing Institute of Vegetable and
Flower Sciences, Jiangsu province, China. Soil was air-
dried, homogenized using a 5-mm sieve, and sterilized
(121 °C for 1 h, twice), with pH of 5.9, organic C of
1.3 g kg7!, total nitrogen (N) of 0.61 g kg™, available P
(i.e., Olsen-P) of 48 mg kg~!, and available potassium (K)
of 90 mg kg~!. Tomato seeds Hezuo 903 (Changzhong
Tomato Seeds, Shanghai, China) were disinfected with
0.05% NaClO for 5 min, rinsed with distilled water, and
germinated in the dark on moist filter paper at 25 °C for
48 h. Afterwards, seeds were sown in seedling trays with
sterilized (121 °C for 1 h, twice) peat moss (Hengaoda
Fertilizer Technology, Lianyungang, China), and trans-
planted after 4 weeks (when the seedlings had at least 6
leaves).

The AM fungus F. caledonium (Nicol. & Gerd.) Trappe
& Gerdemann 90036 was selected based on its great antag-
onistic potential against soil-borne pathogens (Hu et al.
2010, 2020). It was originally isolated from a fluvo-aquic
soil in Henan province, China (Liao et al. 2003), deposited
at Institute of Soil Science, Chinese Academy of Sciences,
Nanjing, China, and propagated by a cycle of white clover
(Trifolium repens L.) and a cycle of sudangrass (Sorghum
sudanense (Piper) Stapf.) in a sterilized (121 °C for 1 h,
twice) substrate composed of sand, vermiculite, zeolite,
and soil (4 months per cycle). The final inoculum was a
mixture of rhizosphere soil containing mycorrhizal root

Y (Number of diseased plants in this scale X Rating)

2.2 Pot experiment

There were four treatments: non-inoculation (control),
inoculation with F. caledonium (Fc), inoculation with R.
solanacearum (Rs), and inoculation with both R. solan-
acearum and F. caledonium (Rs + Fc), with six replicates
for each treatment. Planting took place on April 9, 2018.
A base fertilizer of urea (0.105 g kg™"), superphosphate
(0.567 g kg_l) and potassium sulfate (0.071 g kg_l),
based on the fertilization rates of local tomato green-
houses, was thoroughly mixed with the soil (4.5 kg) of
each pot. The bottom layer was filled with 3.375 kg soil,
followed by a thin layer of 225 g AM inoculum (an equal
amount of sterilized inoculum for the non-mycorrhizal
treatments). Tomato seedlings were selected for uniform-
ity prior to transplanting, 2 seedlings for each pot. After-
wards, another 1.125 kg of soil was added as the top layer.
The experiment was carried out in a sunlit greenhouse
with 35/25 °C day/night temperature and 40-60% relative
humidity. Pots were randomly arranged, and weighed and
watered regularly to maintain soil at 70% water-holding
capacity. On May 7, inoculation with R. solanacearum
was conducted by evenly injecting 15 mL of bacterial sus-
pension into 4 points of each pot soil. In early flowering
and fruit forming stages, 500 mL 50% Hoagland nutrient
solution (without any phosphate) was added to each pot.

2.3 Analyses of wilt severity and harvesting

On June 8, the Ralstonia wilt severity was evaluated at the
late fruiting stage of tomato based on a 0—4 scale accord-
ing to Kempe and Sequeira (1983), where 0 =no wilting,
1=<25% wilting, 2=26-50% wilting, 3=51-75% wilting,
and 4=>75% wilting or dead, and calculated as

x 100%

Wilt severity (%) =

Total number of plants investigated X Maximum score

fragments, hyphae, and spores and was air dried and passed
through a 2-mm sieve.

The tested R. solanacearum phylotype 1 strain
QL-Rs1115 (Wei et al. 2011) was kindly provided by the
Department of Plant Nutrition and Fertilizer, Nanjing Agri-
cultural University. The strain with pathogenicity was identi-
fied as pink colonies on triphenyl tetrazolium chloride (TTC)
medium (Kelman et al. 1954). A single colony of the isolate
was grown in Luria—Bertani (LB) medium and incubated
at 28 °C for 48 h on a rotary shaker at 150 rpm to reach an
optical density of 1.46 at 600 nm (2.1 10® cfu mL™"). The
pathogen inoculant was prepared by centrifuging in a 50-mL
tube at 8000 rpm to remove supernatant and resuspended
with the same amount of sterilized water.

Harvesting took place on June 17 when most fruits were
ripe. Fresh fruits were weighed immediately, then chopped
and oven-dried (60 °C). Leaves (0.5 g) were collected from
the same position of plants for each pot, frozen in liquid
N, and stored at—70 °C, until use for enzymatic analysis.
Shoots were cut at the soil surface. Roots were picked up
and thoroughly rinsed with tap water. A subsample of fresh
roots was immediately used to assess mycorrhizal coloniza-
tion. Another subsample of fresh roots (0.25 g) was frozen in
liquid N and stored at —70 °C for measurement of total phe-
nolic compounds. Shoots and the rest of root samples were
dried at 60 °C, and shoot and root biomasses were recorded,
respectively. The dry plant samples were then ground for fol-
lowing nutrient measurements. The composite soil samples
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were subsequently collected. A subsample of soil was kept
in =70 °C for later DNA extraction. The rest of the soil sam-
ples were air-dried and homogenized by a 2-mm sieve, to
determine soil chemical characteristics.

2.4 Soil analyses

Soil pH was determined using a soil-to-water ratio of 1:
2.5 (m/m). Soil organic C was determined by the method of
Mebius (1960). Soil mineral N was extracted with potassium
chloride and determined with a Continuous Flow Analytical
System (Skalar San**) (Meisinger et al. 1992). Soil avail-
able P was extracted with sodium bicarbonate and examined
following the molybdenum-blue method (Olsen et al. 1954).
Soil phosphatase activity was assessed based on the method
of Tabatabai (1994), and was represented as units of mg
p-nitrophenol produced per gram of soil 24 h™!. All these
results were calibrated based on an oven-dried soil weight
(105 °C, 24 h).

Genomic DNA was extracted from 0.5 g soil per sample
using a FastDNA® SPIN Kit for Soil (MP Biomedicals, OH,
USA). DNA quality was assessed by a NanoDrop 1000 Spec-
trophotometer (Thermo Scientific, USA). Real-time PCR was
performed in a CFX96 Touch™ Real-Time PCR Detection
System (Bio-Rad, Shanghai, China) using primer pairs NS31/
AML2 (Liu et al. 2011) and Rsol_fliC (Schonfeld et al. 2003)
for soil AM fungi (with Fc and Rs+ Fc) and R. solanacearum
(with Rs and Rs+ Fc) enumeration, respectively. Both reac-
tions were conducted in a 20-pL system, containing 10 pL
of 2 TBx Green Premix EX Taq™ II supermix (Takara Bio
Inc.), 0.4 pL of each primer, and 2 pL of template (tenfold
diluted). The thermal profile for AM fungi was 2 min at
94 °C, 35 cycles of 30 s at 94 °C, 1 min at 60 °C; that for R.
solanacearum was 5 min at 95 °C; 35 cycles of 30 s at 95 °C,
30sat59 °C.

2.5 Mycorrhizal colonization and plant analyses

After clear washing in 10% potassium hydroxide (w/v)
and staining with 0.05% (v/v) trypan blue in lactophenol,
root (around 1.5 g fresh weight per sample) mycorrhi-
zation was measured by the visual method according to
Giovannetti and Mosse (1980). For each sample, around
300 root segments (0.5 cm) were checked based on the
presence of AM fungal colonization under a compound
microscope (X 40). The colonization rate was calculated
as the number of colonized roots divided by total num-
ber of roots examined. Nutrient concentrations in the
dried and pulverized root, shoot, and fruit samples were
measured by digesting in concentrated sulfuric acid and
hydrogen peroxide mixture, followed by Kjeldahl diges-
tion, molybdenum ascorbic acid colorimetry, and flame
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photometry for N, P, and K concentrations, respectively
(Lu 2000). The shoot/root ratios were calculated as the
ratios of N, P, and K concentrations in shoot to those in
root for each pot.

Fresh roots (0.25 g) were ground in liquid N. Ethanol and
10% trichloroacetic acid were added in the homogenized
roots, followed by centrifuging at 5000 rpm. The super-
natant was used to determine the phenolic content with
Folin-Ciocalteu Reagent (Lowry et al. 1951) on an Epoch
Microplate Spectrophotometer (BioTek® Instruments,
Inc., Winooski, VT, USA) at 765 nm. Fresh leaf samples
(0.2 g) were ground using liquid N and homogenized in
10 mL of 50 mM L~! sodium phosphate buffer (pH 7.0).
The homogenate was centrifuged at 10,000 rpm for 30 min.
Activities of POD, PPO, and PAL in the supernatant were
measured using ELISA Kit following the manufacturer’s
instruction (Shenlian Biotech, Shanghai, China).

2.6 Statistical analysis

Statistical analysis was carried out by SPSS 13.0 software.
All data were analyzed using a one-way analysis of variance
(ANOVA) with significant differences among means identi-
fied by Duncan’s multiple-range method (P <0.05), except
for soil AM fungi and R. solanacearum population, mycor-
rhizal colonization, and wilt severity, which were analyzed
through Student’s T-test (P < 0.05). Normality and homoge-
neity of variances were checked prior to ANOVA, and data
for soil mineral N, shoot and root P concentration, shoot/root
K ratio, leaf POD activity were firstly Box-Cox transformed
using the ‘car’ package (Fox and Weisberg 2019) in R v.
4.0.2 (R Development Core Team 2018).

Redundancy analysis (RDA) was performed to illustrate
plant overall performance (shoot and root biomass, fruit
yield, mycorrhizal colonization and Ralstonia wilt sever-
ity, response variables) among treatments, and their rela-
tionships with soil microbial population, soil chemical and
biochemical properties, and plant nutritional and defen-
sive features (explanatory variables), using the R package,
“vegan” (Oksanen et al. 2018). Data were normalized using
a MIN-MAX normalization method. Based on the vari-
ance inflation factor (VIF), soil available K was removed
to reduce the possibility of collinearity among variables.
The significance of RDA result was tested based on 999
permutations. The Pearson correlation coefficients between
variables were calculated.

Structural equation modeling (SEM) in IBM® SPSS®
AMOS™ 24.0 (IBM Corp, Armonk, NY, USA) was further
employed to explore the major influencing pathways of AM
fungi on tomato Ralstonia wilt severity and fruit yield. The
SEM was developed from a fully conceptual model based
on maximum likelihood estimation. The variances of soil
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quality (e.g., pH, organic C and phosphatase activity) and
nutrient (e.g., mineral N and available P) properties, shoot/
root N and P, and leaf enzymatic activities (e.g., PAL, POD,
and PPO) were represented using the first axes in principal
component analyses (PCA). Other data were standardized
using Z-scores. The SEM met the following criteria: a non-
significant chi-square test (P> 0.05); the root mean square
error of approximation (RMSEA) <0.05; the comparative
fit index (CFI) > 0.90; and the root mean square residual
(RMR) <0.08 (Kline 2015).

3 Results

3.1 Soil chemical, biochemical, and biological
properties

Compared with control, Rs significantly decreased
(P <0.05) soil organic C concentration and phosphatase
activity, but significantly increased (P <0.05) the soil
available P and mineral N concentrations (Table 1). Com-
pared with Rs, Rs + Fc significantly increased (P <0.05)
the soil pH, organic C concentration, and phosphatase
activity but decreased (P < 0.05) the soil available P con-
centration. The abundance of soil AM fungi was signifi-
cantly reduced (P <0.05) by 56.4% with R. solanacearum
inoculation, and a significant decrease (P < 0.05) of 76.0%
was also shown in the R. solanacearum population upon
mycorrhization.

3.2 Mycorrhizal colonization, Ralstonia wilt
severity, plant biomass, and fruit yield
Mycorrhization was observed following inoculation of

F. caledonium. The average colonization rates in Fc and
Rs+ Fc were 63.5% and 65.1%, respectively (Fig. 1a). Wilt

Table 1 Soil chemical/biochemical properties and microbial population

symptoms were only observed in the two R. solanacearum-
inoculated treatments. The severity reached 72.9% in Rs,
and significantly reduced (P <0.05) to 25.0% in Rs+ Fc
(Fig. 1b). Infection with R. solanacearum seriously
decreased the shoot and root biomass and yield production
as compared to control (Fig. lc, d). Inoculation with F. cal-
edonium only had positive influence (P <0.05) in the fruit
production of pathogenic plants, alleviating the yield loss
by 46.5%.

3.3 Tissue concentrations and shoot/root ratios
of N, P, and K

Compared with control, Rs significantly increased (P <0.05)
the shoot K concentration (Fig. 2a), decreased (P <0.05)
the root K concentration (Fig. 2b), and therefore elevated
(P <0.05) the ratio of shoot/root K (Fig. 2¢). In contrast,
there were significantly higher (P <0.05) root N and P con-
centrations and lower ratios of shoot/root N and P in Rs
relative to control. Compared with Rs, Rs+ Fc showed sig-
nificant decreases (P <0.05) of P and K concentrations in
shoots, but increases (P <0.05) in P and K concentrations
in roots, and decreases (P <0.05) in shoot/root ratios of P
and K. Nutrient concentrations in fruits were not affected by
treatments (Fig. 2d).

3.4 Root total phenolic compound content, and leaf
POD, PPO, and PAL activities

Without R. solanacearum inoculation, the selected plant
defense features were not influenced by AM fungi. Com-
pared with control, Rs significantly reduced (P <0.05) the
total phenolic compound content in roots and POD, PPO,
and PAL activities in leaves (Fig. 3). Compared with Rs,
significantly higher (P <0.05) root total phenolic compound
content and leaf POD and PPO activities were shown in
Rs+ Fc, whereas no difference was detected with leaf PAL
activity.

Treatment pH (H,0) Organic C (g Mineral N (mg Available P Available K Phosphatase ~ AM fungi R. solan-

kg™h kg™ (mg kg™h (mg kg™h activity (mg abundance acearum

g ld™h (log copies abundance (log
gh copies g ™)

Control 6.59+0.11ab 14.4+1.6a 7.99+1.49 68.0+4.4b 53.4+13.9a 0.076+0.018b / /
Fc 6.65+0.17ab 14.1+1.2a 8.53+0.95b 70.3+4.5b 57.1+14.8a 0.106+0.021a 3.83+0.07a  /
Rs 6.48+0.14b 12.3+0.8b 14.82+4.51a 80.3+9.8a 58.2+13.3a 0.032+0.009¢ / 6.47+0.35a
Rs+Fc 6.68+0.09a 142+1.0a 11.51+1.58a  71.8+5.9b 52.9+10.5a 0.056+0.027b 3.42+0.24b  5.85+0.34b

Values are means of six replicates + standard deviations. Values within the same column followed by different lowercase letter differ significantly

(P<0.05)

Control non-inoculation, Fc inoculation with Funneliformis caledonium, Rs inoculation with Ralstonia solanacearum, Rs+ Fc inoculation with

both R. solanacearum and F. caledonium, AM arbuscular mycorrhizal
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Fig. 1 Mycorrhizal colonization (a), Ralstonia wilt severity (b), plant
biomass (c), and fruit yield (d) of tomato. Control, non-inoculation;
Fc, inoculation with Funneliformis caledonium; Rs, inoculation with
Ralstonia solanacearum; Rs+ Fc, inoculation with both R. solan-

3.5 RDA and SEM results

The RDA plot revealed significant variation in plant over-
all performance among treatments (P < 0.001), 79.3% of
which could be explained by the detected soil microbial
abundances and other properties and plant nutrient and
defense features (Fig. 4a). The fruit yield and shoot and
root biomasses all showed negative correlations (P <0.01)
with Ralstonia wilt severity (Table 2), which exerted posi-
tive correlations (P <0.001) with soil R. solanacearum
abundance and mineral N and available P concentrations,
and shoot/root K ratio, and negative correlations (P < 0.05)
with soil AM fungal abundance, pH, organic C and root
total phenolic compound content, and leaf PPO and PAL
activities. Furthermore, soil R. solanacearum abundance
and root mycorrhizal colonization had negative and
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acearum and F. caledonium. Vertical T bars indicate standard devia-
tions. Bars topped with asterisk or not topped by the same letter indi-
cate a significant difference in values (P <0.05)

positive correlations (P <0.05) with AM fungal abundance,
respectively.

The SEM explained 88.6% and 66.1% of the total variances in
Ralstonia wilt severity and fruit yield, respectively (Fig. 4b). Soil
AM fungal abundance showed a direct positive effect (A=0.468,
P <0.05) on soil quality parameters (e.g., soil pH, organic C,
and phosphatase activity), which had negative relationships with
soil R. solanacearum abundance (A\=-0.422, P<0.05) and Ral-
stonia wilt severity (A=—-0.324, P<0.001). Root mycorrhizal
colonization showed a negative effect (A\=—0.341, P <0.05) on
shoot/root K, which had a negative and a positive relationship
with fruit yield (A=—0.418, P<0.01) and Ralstonia wilt sever-
ity (A\=0.518, P<0.001), respectively. However, root mycor-
rhizal colonization also showed a negative impact on shoot/root
Nand P (A\=-0.520, P<0.01), which was positively associated
with fruit yield (A=0.451, P<0.001).
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Fig.2 The concentrations of N, P, and K in tomato shoot (a), root
(b), shoot/root ratios (¢), and fruit (d). Control, non-inoculation; Fc,
inoculation with Funneliformis caledonium; Rs, inoculation with Ral-
stonia solanacearum; Rs+ Fc, inoculation with both F. caledonium

4 Discussion

This study aimed at revealing the protective effects and
underlying mechanism of AM fungi against tomato Ralsto-
nia wilt. As a soil-borne disease, the incidence of Ralsto-
nia wilt can be related with the pathogen population in soil
(Wei et al. 2011). In the current study, the strong relationship
between Ralstonia wilt severity and soil R. solanacearum
population was shown (Table 2). And there may be direct
competition between the AM fungal and pathogenic strains,
as suggested by the negative effects of either AM fungus or
R. solanacearum treatment on their opponent’s population in
soil (Table 1). In addition, soil acidity and deterioration are
commonly accompanied with the development of soil-borne
pathogens (Yuliar and Toyota 2015), while there is also great
potential for AM fungi in preventing such processes, through

—_—
(=2
~—

—_

N

Root nutrient concentration

)60

—_
Q.

Fruit nutrient concentration

N P K

and R. solanacearum. Vertical T bars indicate standard deviations.
Bars not topped by the same letter indicates a significant difference in
values (P <0.05)

ameliorating soil structure, C deposition, nutrient levels, and
activities of key soil enzymes (Gianinazzi et al. 2010; Chen
et al. 2018; Qin et al. 2020). This study reported increases of
soil pH and organic C concentration in the pathogenic soil in
response to mycorrhizal colonization (Table 1). The increase
in soil phosphatase activity with mycorrhizal inoculation
suggested more available P released for better nourished
plants to resist the disease, while the decrease in soil avail-
able P concentration upon mycorrhization under pathogen
attack was possibly due to the enhanced P uptake (Figs. 1
and 2).

Ameliorated nutrient status or fitness of mycorrhizal plant
can benefit plant resistance to pathogens (Azcon-Aguilar and
Barea 1996). While increasing P levels in the host plant has
been reported as a common benefit of mycorrhization (Smith
and Smith 2015), there is also support on plant K uptake
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Fig.3 Root total phenolic compounds (TPC) content (a), and leaf
peroxidase (POD) (b), polyphenol oxidase (PPO) (c¢), and phenyla-
lanine ammonia lyase (PAL) (d) activities of tomato. Control, non-
inoculation; Fc, inoculation with Funneliformis caledonium; Rs, inoc-

(Liu et al. 2019a). In this study, tomato plants exhibited an
extremely high shoot/root K ratio in response to pathogen
attack (Fig. 2), which had a positive correlation with Ral-
stonia wilt severity (Fig. 4b). It is noteworthy that tomato
fruit yield and root biomass and mycorrhizal colonization
all showed negative correlations with the shoot/root K ratio.
Potassium is crucial to tomato yield and quality (Hartz et al.
1999), and might be associated with plant pathogen resist-
ance (Hou et al. 2020). It was possible that mycorrhization
relieved the K threaten due to Ralstonia wilt, thus allowing
normal K translocation rate in tomato plant. Nevertheless,
the relationships among AM fungi, plant K translocation,
and tomato Ralstonia wilt deserve further investigation.
Both localized and induced systemic resistance is involved
in pathogen control by AM fungi (Cordier et al. 1998). On
the one hand, the present study showed increased root total

@ Springer

Control Fc Rs Rs+Fc

ulation with Ralstonia solanacearum; Rs+ Fc, inoculation with both
F. caledonium and R. solanacearum. Vertical T bars indicate standard
deviations. Bars not topped by the same letter indicates a significant
difference in values (P <0.05)

phenolic compounds in the mycorrhizal plants under the
attack of R. solanacearum (Fig. 3a). Phenolic compounds
may cause contiguous lignification in plant cell walls to
prevent pathogen infection or act as signaling molecules
modulating plant—microbe interactions (Matern et al. 1995;
Lopez-Raez et al. 2010a). Our result was in agreement with
Zhu and Yao (2004), who reported that AM fungal inocu-
lation increased the root phenolic compounds both locally
and systemically (to a less extent), hence suppressing the
R. solanacearum population in both soil and roots. On the
other hand, the enhanced plant systemic defense via MIR
was indicated by the activation of leaf POD and PPO in the
plants under pathogen attack (Fig. 3b, ¢). Similar to our find-
ings, Wang et al. (2018) reported that pre-inoculation of F.
mosseae could enhance tomato plant resistance to mould dis-
ease (Cladosporium fulvum) via increasing leaf POD activity.
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Fig.4 Redundancy analysis (RDA) plot, exploring the relation-
ships (*, **, and *** denote significances at P <0.05, P<0.01, and
P<0.001, respectively) between plant overall performance, soil
microbial population and other properties, and plant nutrient trans-
location and defense features (a), and structural equation modeling
(SEM), disentangling the major influencing pathways of arbuscular
mycorrhizal (AM) fungi on tomato Ralstonia wilt severity and fruit
yield (b). Control, non-inoculation; Fc, inoculation with Funneli-
formis caledonium; Rs, inoculation with Ralstonia solanacearum;

Rs+ Fc, inoculation with both F. caledonium and R. solanacearum;
POD, peroxidase; PPO, polyphenol oxidase, PAL, phenylalanine
ammonia lyase. The standardized path coefficients are reflected in
the width of arrows, while solid and dashed lines indicate positive
and negative path coefficients (*P <0.05; **P<0.01; ***P <0.001),
respectively. R? values indicate the proportion of variance
explained for each endogenous variable. Model fit parameters: chi-
square=20.897, df=29, P=0.863; RMSEA=0.000; CFI=1.000;
RMR =0.055
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Table 2 The Pearson correlation coefficients between parameters of plant overall performance, chemical/biochemical properties, and microbial

population in the rhizosphere and plant nutritional and defensive features

Ralstonia wilt severity Mycorrhizal Shoot biomass Root biomass Fruit yield  Soil R. Soil AM
colonization solanacearum  fungi abun-
abundance dance
Mycorrhizal colonization ~ —0.346
Shoot biomass —0.612%* —0.052
Root biomass —0.736%** 0.005 0.735%%**
Fruit yield —0.583%%* 0.222 0.161 0.538%**
Soil R. solanacearum 0.7997%%* —-0.395 -0.376 —0.529%%* —0.666%#*
abundance
Soil AM fungal abundance —0.453* 0.833%** 0.275 0.393 0.291 —0.436%*
Soil pH —0.450%* 0.422%* 0.031 0.087 0.249 —0.305 0.334
Soil organic C —0.593%%* 0.204 —0.065 0.291 0.443* —0.538%%* 0.107
Soil mineral N 0.732%%* -0.192 —0.663%** —0.722%%% —0.414* 0.527%* -0.314
Soil available P 0.661%** —-0.179 —0.591%%* —0.444%* -0.330 0.367 —0.168
Soil phosphatase activity =~ —0.721%%%* 0.414* 0.466* 0.685%** 0.571%*  —0.612%%* 0.633%**
Shoot/root N ratio —-0.333 —-0.261 0.349 0.549%* 0.575**  —0.272 -0.077
Shoot/root P ratio —0.308 -0.297 0.372 0.667*** 0.506* -0.213 0.076
Shoot/root K ratio 0.678%** —0.521%%* -0.313 —0.446%* —0.598%** 0.6827%** —0.460%*
Root total phenolic com- ~ —0.616%* 0.227 0.373 0.662%** 0.569%*  —(0.582%%* 0.352
pounds
Leaf PPO activity —0.546%* 0.380 0.190 0.400 0.296 —0.442% 0.238
Leaf POD activity -0.322 0.417* —0.007 0.188 0.141 —-0.382 0.292
Leaf PAL activity —0.567** —-0.025 0.518%%* 0.778*** 0.323 -0.333 0.218

AM arbuscular mycorrhizal, PPO polyphenol oxidase, POD peroxidase, PAL phenylalanine ammonia lyase

*P<0.05; ##P <0.01; *** P<0.001

Ren et al. (2010) found that tomato leaf PPO activity at 10
weeks after transplant was decreased with inoculation of F.
oxysporum but maintained a high level with the dual inocula-
tion of F. oxysporum and G. etunicatum. The reduction with
F. oxysporum and maintenance with AM fungal inoculant
were also shown in root PPO, but the changes occurred ear-
lier and to a less extent than leaf PPO. Although no mycorrhi-
zation-induced changes were shown here as findings in other
studies (Eke et al. 2016), PAL activity was still an important
defensive indicator that strongly correlated with plant perfor-
mance (Fig. 4d). However, such leaf enzyme activities may
only provide an apparent understanding of systemic defense
induced by AM fungi; further exploration of the defense
enzymes in roots and harmonic and transcriptomic profiles
is still needed (Ghareeb et al. 2011; De Coninck et al. 2015;
Rivero et al. 2015).

The biocontrol of R. solanacearum by AM fungi
was thought to exert at the level of the tissues (Chave
et al. 2017), since biofilms of the pathogenic bacterium
required for its virulence are produced on the surface of
tomato cells adjacent to intercellular spaces (Mori et al.
2016), whereas a recent study suggested that plant health
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can be predetermined by initial soil microbiome compo-
sition and functioning (Wei et al. 2019). In the present
study, plant overall performance was largely explained
by the soil microbial population and other soil proper-
ties, as well as the selected plant nutritional and defensive
features, and AM fungi played key roles in the integrated
defense mechanisms in both soil and plant to counter Ral-
stonia wilt (Fig. 4), while the SEM result also showed
the negative influence of AM fungi on plant N and P
translocation, indicating a possible trade-off between
mycorrhiza-induced plant fitness to cope with the dis-
ease and down-regulated photosynthesis and growth-
related processes (Bernsdorff et al. 2016). The causa-
tions between AM fungi, R. solanacearum, and changes in
soil and plant systems, as well as the potential trade-offs
involved, should be further explored. And for an improved
protective efficiency, understanding of the variant biocon-
trol abilities of mycorrhizal species (Rivero et al. 2018)
and potential synergistic effects in the mycorrhizosphere
(Singh et al. 2013; Perez-de-Luque et al. 2017) is also
needed.
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5 Conclusions

This study verified the bio-protection of AM fungi against
tomato Ralstonia wilt in an integrated soil-plant system.
Firstly, inoculation with F. caledonium ameliorated soil
quality and suppressed the soil R. solanacearum popula-
tion. Meanwhile, mycorrhization modulated plant nutrient
translocation, increased root phenolic compounds, and acti-
vated leaf defense enzymes, indicating strengthened plant
immunity to the pathogen. Through establishing the inte-
grated defense system, AM fungi alleviated the severity of
Ralstonia disease and ameliorated yield damage in tomato.
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