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Root‑associated symbiotic fungi enhance 
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expression of antioxidant enzymes
Sheng‑Min Liang1, Abeer Hashem2, Elsayed Fathi Abd‑Allah3 and Qiang‑Sheng Wu1* 

Abstract 

Root-associated symbiotic fungi can enhance the host plant’s ability to tolerate adverse environmental conditions, 
but it’s unclear whether and how they enhance waterlogged peach plants. This study aimed to investigate the effects 
of Funneliformis mosseae (Fm), an arbuscular mycorrhizal fungus, and Serendipita indica (Si), an endophytic fungus, 
on plant growth, root development, reactive oxygen species (ROS) levels, total flavonoids, ROS scavenging activity 
of flavonoids, and activities and gene expression of antioxidant enzymes in roots of waterlogged peach seedlings. 
Although waterlogging treatment had little effect on root development, Fm and Si, particularly Fm, improved root 
development variables to varying degrees. Waterlogging significantly promoted superoxide anion radicals (O2

•−) 
and hydrogen peroxide (H2O2) levels, whereas Fm and Si distinctly reduced O2

•− and H2O2 levels under waterlogging. 
Waterlogging triggered an increase in total flavonoids in fungi-inoculated seedlings, and the two fungi also signifi‑
cantly increased total flavonoid concentrations and the scavenging activity of total flavonoids to hydroxyl radical, 
O2

•−, and 2,2-diphenyl-1-picrylhydrazyl radical. In addition, root fungal colonization rate was negatively and sig‑
nificantly correlated with O2

•− and H2O2, but positively with total flavonoids. Under waterlogging conditions, Fm 
significantly raised root superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) activities, 
and Si likewise elevated root SOD, CAT, GPX, and peroxidase (POD) activities, compared with uninoculated treatment. 
Although the expression of various antioxidant enzyme genes in roots remained mostly unchanged or were inhibited 
by the waterlogging, Fm up-regulated the expression of PpSOD3 and PpSOD7, whereas Si up-regulated the expression 
of PpSOD3, PpCAT1, PpGPX6, PpGPX8, and PpPOD1. In conclusion, low oxidative bursts in Fm- and Si-inoculated peach 
plants exposed to waterlogging were associated with an increase in total flavonoids as well as activities and gene 
expression of antioxidant enzymes.
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Graphical Abstract

Introduction
Peach (Prunus persica) is a high-value fruit tree, and its 
fruits are abundant in phenolic and other compounds 
with free radical scavenging and antioxidant properties 
[1]. Peaches are sensitive to soil waterlogging because 
of their shallow roots and high oxygen (O2) consump-
tion [2]. As a result of inadequate drainage, improper 
irrigation, and heavy rainfall in the orchard, peaches are 
vulnerable to soil waterlogging [3]. Therefore, it is essen-
tial and pressing the key to enhance peach waterlogging 
tolerance.

Waterlogging stress has an impact on hindering plant 
growth and development and even death [4]. Under soil 
waterlogging conditions, plants switch from aerobic res-
piration to anaerobic respiration due to a lack of O2 sup-
ply, leading to a dramatic decrease in energy production 
and over accumulation of toxic substances [5]. Water-
logging hampered intracellular electrolyte transport and 
metabolism of reactive oxygen species (ROS), thus inhib-
iting the healthy growth of plants [6]. Waterlogging stress 
resulted in elevated superoxide anion radical (O2

•−) and 
hydrogen peroxide (H2O2) levels in leaves and roots of six 
peach rootstocks, thereby, triggering the oxidative dam-
age to peaches [2, 7]. In fact, antioxidant defense systems 
are a crucial mechanism for plants to resist ROS bursts 
under stress conditions [8]. Antioxidant defense systems 
consist of antioxidant enzymes such as superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase 

(GPX), and peroxidase (POD), as well as non-enzymatic 
antioxidants like glutathione, ascorbic acid, tocopherol, 
and flavonoids [9]. Among them, flavonoids, which are 
abundant in nature, have gained substantial interest due 
to their ability to effectively eliminate excessive ROS in 
stressed plants [10, 11]. A study conducted by Su et  al. 
[12] demonstrated that total flavonoids extracted from 
Rosa laevigata plants exhibited excellent scavenging 
activity against hydroxyl radicals and O2

•−. Liu et al. [13] 
reported that inoculation with Funneliformis mosseae 
(Fm) increased the scavenging activity of total flavonoids 
to hydroxyl radicals and O2

•− in roots of trifoliate orange 
under drought, thus maintaining a low oxidative burst in 
inoculated plants. It can thus gain a better understand-
ing of the total flavonoid role in stress-triggered oxida-
tive burst by analyzing the change in total flavonoids and 
their scavenging activity to ROS.

Some fungi, such as arbuscular mycorrhizal fungi 
(AMF), can establish symbiotic associations with plant 
roots [14]. AMF are beneficial fungi widely inhabiting 
in the soil and can form symbioses with over 80% of ter-
restrial plants [15, 16]. This symbiosis helps host plants 
absorb nutrients and water to promote plant growth 
through extraradical hyphae [17]. Additionally, it can 
accelerate photosynthetic capacity, accumulation of 
osmotic substances, and enhancement of antioxidant 
defense systems, thus improving the resistance of host 
plants to stressful environments [18]. AMF populations 
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are discovered in soil waterlogging environments, 
including wetlands [19]. Transcriptome sequencing 
investigations have shown that AMF inoculation under 
waterlogging conditions up-regulated the expression 
of genes associated with antioxidant defense systems in 
Phragmites australis plants, thus enhancing their resist-
ance to waterlogging [20]. Nevertheless, in Citrus junos, 
AMF elevated CAT activity only in leaves, not roots, 
under waterlogging conditions [21]. In Vigna unguiculata 
plants, inoculating Glomus intraradices under drought 
stress led to significant increases in flavonoids, total 
phenolic compounds, sugars, and 2,2-diphenyl-1-picryl-
hydrazyl radical (DPPH) scavenging activity, therefore 
enhancing the host plant’s antioxidant defenses [22].

In addition, Serendipita indica (Sav. Verma, Aj. Varma, 
Rexer, G. Kost & P. Franken) M. Weiß, Waller, A. Zuc-
caro & Selosse (Si) is a root-associated symbiotic fungus 
that shares similar functions, such as enhanced stress 
tolerance, with AMF [23]. However, unlike AMF, Si can 
be propagated in vitro without the need for plants [24]. 
Walnut plants colonized by Si showed better drought 
tolerance than non-Si-colonized plants [25]. This could 
be attributed to the fact that Si-inoculated plants had 
enhanced antioxidant enzyme activities, which helped 
mitigate oxidative damage caused by ROS [9]. Another 
study demonstrated that Si enhanced waterlogging toler-
ance in Chinese cabbage plants by increasing POD and 
CAT activities [26]. However, Si hampered CAT activ-
ity in wheat and both CAT and APX activities in maize 
under soil drought conditions [27, 28]. These findings 
suggest that the effect of Si on host stress resistance may 
vary depending on the specific stress and plant species. It 
is unknown whether and how Si enhances waterlogging 
tolerance in peach plants.

Based on these previous findings, we, thus, hypoth-
esized that inoculation with root-associated symbiotic 
fungi, such as AMF and Si, could mitigate oxidative dam-
age caused by ROS in peach roots by promoting activi-
ties and gene expression of antioxidant enzymes and the 
accumulation of flavonoids, ultimately enhancing the 
plants’ resistance to waterlogging. To test this hypoth-
esis, we conducted a  potted experiment where peach 
seedlings were inoculated with AMF and Si and then 
subjected to waterlogging stress. Activities and gene 
expression of antioxidant enzymes, total flavonoid levels, 
and their ROS scavenging activity were analyzed.

Materials and methods
Plant culture, fungal inoculation, and waterlogging 
treatment
Seeds of peach [Prunus persica (L.) Batsch cv. Maotao] 
were provided by Hubei Academy of Agricultural Sci-
ences (Wuhan, China). After soaking the seeds at room 

temperature for 1  week, they were subjected to low-
temperature stratification treatment at 4 °C in autoclaved 
sand for 3 months. Five-leaf peach seedlings were trans-
planted into plastic pots filled with 2.2 kg of autoclaved 
soil and sand combination by a volume ratio of 3:1 (pH 
5.8, NH4

+-N 41.9  mg/kg, NO3
−-N 74.3  mg/kg, Olsen-P 

46.2 mg/kg, and available K 497.5 mg/kg). Each pot con-
tained two peach seedlings. At the time of transplanting, 
fungal inoculations were carried out. The pots received 
100  g of Fm inoculums as AMF treatment (+ Fm) and 
100 mL spore suspension of Si (+ Si) as endophytic fungal 
treatment. Among them, the biological characteristics of 
the mycorrhizal fungus Fm had been described by Zhang 
and Wang [29]. The Fm was trapped using white clover 
under potted conditions for 10  weeks, and the mixture 
of harvested root segments and growth substrate was 
used as mycorrhizal inoculums, along with 51 spores/g 
inoculum. The biological characteristics of Si had been 
described by Yang et  al. [30]. The Si was propagated 
in vitro according to the method described by Yang et al. 
[31], and the concentration of Si spore suspension was 
3.61 × 109 CFU/mL. With regard to the non-fungi treat-
ment (-F), 100 g of autoclaved Fm inoculums and 100 mL 
of autoclaved spore suspension of Si were collectively 
inoculated into the pot [32].

During the 11  weeks of fungal inoculations, all seed-
lings were uniformly watered with 75% of the maximum 
water capacity of the substrate by weighing. For the fol-
lowing 2  weeks, half of the potted seedlings were sub-
jected to waterlogging treatment (W) by placing them in 
a water-storage box (90 × 40 × 23 cm) with a 3 cm water 
level higher than the pot [32]. The remaining half of the 
potted seedlings were placed in the same box without 
water as the non-waterlogging treatment (N). During the 
2 weeks of waterlogging treatment, the water level of the 
waterlogged box was checked twice a day at 8:00 am and 
6:30 pm, and any lost water in the box was replenished to 
maintain the designed waterlogging strength.

Experimental design
The experiment consisted of two factors: water treat-
ments (W and N) and fungal inoculations (-F, + Fm, 
and + Si). There were a total of six treatments, each with 
eight replicates.

Measurement of root fungal colonization, plant growth, 
and root development
Plant height was measured before and after waterlog-
ging stress, and plant height growing rate was estimated 
during waterlogging stress. Half of the harvested plants 
were frozen in liquid nitrogen for gene expression analy-
sis (n = 4), while the other half were used for physiologi-
cal variable determination (n = 4). The total biomass was 
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weighed, and the roots were immediately collected and 
scanned using an Epson scanner (J221A). Root develop-
ment variables were analyzed using the WinRHIZO soft-
ware (Regent Ltd., Quebec, Canada).

Root fungal colonization was observed under an opti-
cal microscope after staining with 0.05% trypan blue [33]. 
A formula described by Yang et al. [31] was used to calcu-
late root fungal colonization rates.

Measurement of root total flavonoids and indoleacetic acid 
(IAA)
The extraction and determination of total flavonoids 
from roots were performed as per the method described 
by Liu et al. [13] with minor modifications. Dry root sam-
ples (0.1 g) were extracted with 10 mL 70% ethanol solu-
tion using ultrasound for 0.5 h, followed by 2 h in a water 
bath at 55  °C. The extraction solution was then filtered 
through a filter membrane, and 70% ethanol was added 
to bring the volume to 25 mL. The 5.4 mL of 70% etha-
nol and 0.3 mL of 5% NaNO2 were mixed with 2 mL of 
extract solution for 6  min. Subsequently, 0.3  mL 10% 
Al(NO3)3 and 2  mL 4% NaOH were supplemented for 
27 min. The mixture was colorimetrically determined at 
510 nm, using rutin as a control.

Fresh root samples (50  mg) were ground with 1.0  mL 
10 mM phosphate buffer (pH 7.4), and the homogenate 
was centrifuged at 1000 × g for 20 min at 4 °C. The super-
natant was used to analyze the root IAA concentration. 
Root IAA concentration was assayed as per the Enzyme-
linked Immunosorbent Assay kit (Shanghai Enzyme-
linked Biotechnology Co., Ltd., Shanghai, China) based 
on the user’s manual, and the absorbance was measured 
at 450 nm.

Measurement of root O2
•− and H2O2 levels and free radical 

scavenging activity of total flavonoids
Root O2

•− concentrations were measured according to 
the protocol of Wang and Luo [34] with the reaction of 
10  mM hydroxylamine chloride. Root H2O2 concentra-
tions were determined using the method of Velikova 
et  al. [35] with the reaction of 1  M potassium iodide. 
Fresh root samples (0.1 g) were mixed with 100 mL 70% 
ethanol, extracted in the dark for 24 h, and then filtered. 
The scavenging activity of the extracts to hydroxyl radi-
cal (•OH), O2

•−, and DPPH was determined as per the 
protocol developed by Liu et  al. [13]. Among them, the 
reaction solution for the determination of the •OH scav-
enging activity consisted of 6  mM salicylic acid, 2  mM 
FeSO4, the extracts, and 6 mM H2O2 at 37 °C for 30 min; 
for the determination of the O2

•− scavenging activity, 
the reaction solution consisted of Tris–HCl buffers, the 
extracts, and 7  mM catechol solution for 5  min; in the 
determination of the DPPH scavenging activity of total 

flavonoids, the reaction solution consisting of 120  µM 
DPPH and the extracts was placed in the dark for 30 min.

Measurement of root antioxidant enzyme activities
Fresh root samples (0.3  g) were ground with 5  mL of 
0.05 M phosphate buffer (pH 7.8) in an ice bath to form 
a homogenate, and then centrifuged at 10000 × g for 
15  min at 4  °C. The supernatant was collected for the 
analysis of antioxidant enzyme activities. SOD activ-
ity was determined using the nitrogen blue tetrazole 
method described by Wu [36], where the reaction sys-
tem consisted of 0.05  mL supernatants, 1.5  mL 0.05  M 
phosphate buffer (pH 7.8), 0.3 mL 130 mM methionine, 
0.3 mL 750 mM nitrogen blue tetrazole, 0.3 mL 100 μM 
EDTA-Na, 0.3  mL 20  μM riboflavin, and 0.25  mL dis-
tilled water at 20000 Lux for 10  min. POD activity was 
determined using the guaiacol method described by Wu 
[36], in which the reaction system consisted of 0.1  mL 
supernatants, 2.9 mL 0.05 M phosphate buffer (pH 5.5), 
1.0 mL 2% H2O2, and 1.0 mL 0.05 M guaiacol. CAT activ-
ity was determined by the colorimetric assay outlined by 
Wu [36], where the reaction solution consisted of 0.2 mL 
supernatants, 1.5 mL 0.05 M phosphate buffer (pH 7.8), 
0.3  mL 0.1  M H2O2, and 1.0  mL distilled water. GPX 
activity was determined using the protocol of Drotar 
et al. [37], where the reactive solution contained 0.05 M 
potassium phosphate, 2 mM EDTA, 2.0 mM glutathione, 
0.1 mM NADPH, 2.5 units of glutathione reductase, and 
0.09 mM H2O2.

Measurement of antioxidant enzyme gene expression
According to the findings of Liu et al. [38] and Huan et al. 
[39], two CAT genes (PpCAT1 and PpCAT2), one POD 
gene (PpPOD1), two GPX genes (PpGPX6 and PpGPX8, 
the most abundantly expressed genes in peaches), and 
eight SOD genes (PpSOD1 − 8) were chosen for analysis. 
Primer sequences (Additional file  1: Table  S1) for these 
genes were designed using the Primer-BLAST online 
resource (https://​www.​ncbi.​nlm.​nih.​gov/​tools/​primer-​
blast/​index.​cgi). Total RNA was extracted from the roots 
using a Plant Total RNA Isolation kit (Polysaccharides 
& Polyphenolics-rich) (RK02004; Biomarker Technolo-
gies Co., Ltd., Beijing, China) and reverse transcribed to 
cDNA using a PrimeScript™ RT reagent kit with a gDNA 
eraser (PK02006; Biomarker Technologies Co., Ltd., 
Beijing, China). The quantity of RNA and cDNA was 
assessed by a spectrophotometer at 260 nm and 280 nm, 
respectively, and their quality was determined using 1% 
agarose gel electrophoresis. The qRT-PCR reaction was 
carried out in a CFX96 Real Time PCR Detection System 
(Bio-Rad, Hercules, USA) with Taq Pro Universal SYBR 
qPCR Master Mix (Q712; Vazyme Biotech Co., Ltd., 
Nanjing, China). Each assay had four biological replicates 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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(n = 4), and TEF2 was employed as the house-keeping 
gene [40]. The N-F treatment (= 1) was used to normalize 
the relative gene expression, as described by Livak and 
Schmittgen [41].

Statistical analysis
Data were presented as means ± standard deviation (SD) 
(n = 4). Data analysis was carried out using SAS software 
(SAS Institute, Inc., Cary, NC, USA), including an analy-
sis of variance (Duncan’s Multiple Range test at P = 0.05), 
interaction analysis, and Pearson’s correlation analysis. 
Histograms were generated using Sigmaplot 14.0 (Systat 
Software Inc., Point Richmond, CA, USA), and a heat 
map and a principal component analysis (PCA) were cre-
ated by Origin 2022 (OriginLab Inc., Northampton, MA, 
USA).

Results
Changes in root fungal colonization
No fungal colonization was observed in the roots of the 
no-fungi-inoculated seedlings. However, both Fm and 
Si could colonize peach roots (Fig.  1a, b), with a colo-
nization rate of 96.8–97.0% under Fm inoculation and 
53.6–92.9% under Si inoculation, respectively (Table  1). 
Among them, compared with the N treatment, the W 
treatment did not have a significant impact on the Fm 

colonization rate, but significantly increased the Si colo-
nization rate by 73.32%.

Changes in plant growth and root development
After 2 weeks of W treatment, peach plants showed dis-
tinct changes in vegetative growth performance (Addi-
tional file  1: Fig. S1), along with a 24.47% inhibition of 
plant height growing rate in uninoculated peach seed-
lings as well as no change in total biomass (Table  1). 
Compared with uninoculated seedlings, height grow-
ing rate was observably promoted by inoculating Fm by 
26.60% under N treatment and inoculating Fm and Si 
by 61.97 and 52.11% respectively under W treatment. 
Inoculation with Fm and Si significantly increased total 
biomass by 42.78 and 21.84% under N conditions and 
58.68 and 38.11% under W conditions, respectively, 
compared with no-fungi inoculation. In addition, the 
2  week W treatment caused considerable alterations in 
root development (Fig. 1c), with uninoculated seedlings’ 
root volume decreasing and Si-inoculated seedlings’ 
root surface area and volume increasing. The inoculated 
seedlings developed better root development than the 
uninoculated treatment. Inoculating Fm significantly 
increased root surface area and volume by 37.82 and 
69.64%, respectively, under N treatment, while it signifi-
cantly increased root length, surface area, and volume by 

Fig. 1  Root colonization of Funneliformis mosseae (a) and Serendipita indica (b) and root development (c) of different treated peach seedlings. -F 
inoculation without symbiotic fungi,  + Fm inoculation with F. mosseae,  + Si inoculation with S. indica, N non-waterlogging stress, W waterlogging 
stress
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36.9%, 77.49, and 129.11%, respectively, under W treat-
ment. In contrast, the improvement effect of Si inocula-
tion on root development was only under the conditions 
of W, as evidenced by significant increases in total length, 
surface area, and volume by 29.90, 62.32, and 102.53%, 
respectively.

Changes in root IAA levels
Compared with the N treatment, the W treatment had 
no significant effect on root IAA levels in uninoculated 
seedlings, while it significantly decreased root IAA levels 
in Fm-inoculated seedlings by 44.90% and increased root 
IAA levels in Si-inoculated seedlings by 55.17% (Fig. 2). 
Inoculation with Fm significantly raised root IAA lev-
els by 48.48% under N conditions, but reduced them by 
20.59% under W conditions, compared with uninocu-
lated treatments. Inoculation with Si had no significant 

effect on root IAA levels under N conditions, while 
increased by 32.35% under W conditions, compared with 
uninoculated treatments.

Changes in root O2
•− and H2O2 levels

The 2  week W treatment significantly increased root 
O2

•− levels in uninoculated and Si-inoculated seedlings 
by 58.38% and 90.63%, respectively, as well as root H2O2 
levels in uninoculated, Fm-inoculated, and Si-inocu-
lated seedlings by 161.59, 35.50, and 46.55%, respec-
tively (Fig. 3a, b). In comparison to no-fungi inoculation, 
inoculation with Fm and Si significantly reduced root 
O2

•− levels by 53.66 and 41.36% under N conditions, 
and by 53.06 and 29.42% under W conditions, respec-
tively. Similarly, inoculation with Fm and Si significantly 
reduced root H2O2 levels by 25.29 and 43.79% under N 
conditions, respectively, and by 61.30 and 68.51% under 
W conditions, respectively.

Changes in total flavonoid concentrations
Compared with the N treatment, the W treatment did 
not have a significant effect on root total flavonoid con-
centrations in uninoculated seedlings, while it signifi-
cantly increased root total flavonoid concentrations in 
Fm- and Si-inoculated seedlings by 34.02 and 31.70%, 
respectively (Fig.  4). Inoculation with both Fm and Si 
resulted in a significant increase in root flavonoid con-
centrations by 16.49 and 17.84% under N conditions and 
by 41.07 and 40.24% under W conditions, respectively, 
compared with no-fungi inoculation.

Changes in ROS scavenging activity of total flavonoids
Compared with the N treatment, the W treatment 
increased the scavenging activity of ROS by root total 
flavonoids, especially in seedlings inoculated with 

Table 1  Effects of Funneliformis mosseae and Serendipita indica on plant height growing rate and root parameters of peach seedlings 
under waterlogging stress and non-waterlogging stress

Different letters following data (means ± SD, n = 4) in a column indicate a significant difference at 0.05 levels. Here, height growing rate = (the height after 
waterlogging—the height before waterlogging)/14 days

-F inoculation without endophytic fungi, + Fm inoculation with Funneliformis mosseae, + Si inoculation with Serendipita indica, N non-waterlogging stress, W 
waterlogging stress

Treatments Height growing 
rate (mm/day)

Total biomass (g/plant) Root parameters

Fungal colonization
(%)

Length (cm) Surface area (cm2) Volume (cm3)

N-F 0.94 ± 0.11b 5.54 ± 1.00d 0c 768.5 ± 122.2abc 102.3 ± 25.8bc 1.12 ± 0.14c

N + Fm 1.19 ± 0.23a 7.91 ± 0.79ab 96.8 ± 6.3a 860.6 ± 111.9a 141.0 ± 17.9a 1.90 ± 0.22a

N + Si 1.09 ± 0.21ab 6.75 ± 0.61c 53.6 ± 21.4b 645.4 ± 53.3bc 93.7 ± 5.4c 1.09 ± 0.15c

W–F 0.71 ± 0.12c 5.30 ± 1.16d 0c 616.6 ± 95.0c 77.7 ± 10.0c 0.79 ± 0.10d

W + Fm 1.15 ± 0.20ab 8.41 ± 1.39a 97.0 ± 5.6a 844.7 ± 164.4a 137.9 ± 31.5a 1.81 ± 0.29ab

W + Si 1.08 ± 0.20ab 7.32 ± 1.01ab 92.9 ± 14.3a 801.0 ± 96.5ab 126.1 ± 13.6ab 1.60 ± 0.17b

Fig. 2  Effects of Funneliformis mosseae and Serendipita indica 
on root IAA levels of peach seedlings under waterlogging stress 
and non-waterlogging stress. Data (means ± SD, n = 4) with different 
letters above the bars indicated the significant difference 
among treatments at 0.05 levels. See Fig. 1 for abbreviations
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symbiotic fungi at significant levels (Fig. 5a–c). In addi-
tion, inoculation with Fm and Si significantly increased 
the scavenging activity of ROS by total flavonoids under 
N conditions, as evidenced by the increase of 46.68 and 
45.55% in the scavenging activity of •OH by total flavo-
noids, the increase of 56.02 and 52.15% in the scaveng-
ing activity of O2

•− by total flavonoids, and the increase 
of 80.42 and 75.29% in the scavenging activity of DPPH 
by total flavonoids, respectively. Similarly, under W con-
ditions, inoculation with Fm and Si led to a significant 
increase in the scavenging activity of •OH by total flavo-
noids by 42.26 and 25.57% respectively, the scavenging 
activity of O2

•− by total flavonoids by 149.23 and 145.16% 
respectively, and the scavenging activity of DPPH by total 
flavonoids by 185.30 and 168.36% respectively.

Fig. 3  Effects of Funneliformis mosseae and Serendipita indica on root O2
•− (a) and H2O2 (b) concentrations of peach seedlings under waterlogging 

stress and non-waterlogging stress. Data (means ± SD, n = 4) with different letters above the bars indicated the significant difference 
among treatments at 0.05 levels. See Fig. 1 for abbreviations

Fig. 4  Effects of Funneliformis mosseae and Serendipita indica 
on root total flavonoid concentrations of peach seedlings 
under waterlogging stress and non-waterlogging stress. Data 
(means ± SD, n = 4) with different letters above the bars indicated 
the significant difference among treatments at 0.05 levels. See Fig. 1 
for abbreviations

Fig. 5  Effects of Funneliformis mosseae and Serendipita indica on •OH (a), O2
•− (b), and DPPH (c) scavenging activity of root total flavonoids 

under waterlogging stress and non-waterlogging stress. Data (means ± SD, n = 4) with different letters above the bars indicated the significant 
difference among treatments at 0.05 levels. See Fig. 1 for abbreviations
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Changes in root antioxidant enzyme activities
Compared with the N treatment, the W treatment signif-
icantly reduced root SOD activities in uninoculated seed-
lings by 14.07%, accompanied by no significant change in 
Fm- and Si-inoculated seedlings (Fig. 6a). Compared with 
the uninoculated treatment, inoculation with Fm and 
Si significantly increased root SOD activities by 13.12 
and 10.76% under N and by 35.35 and 29.44% under W, 
respectively.

The W treatment resulted in a significant decrease in 
root CAT activities in uninoculated seedlings, whereas 
it significantly increased root CAT activities in Fm- and 
Si-inoculated seedlings by 77.32 and 41.01%, respectively 
(Fig.  6b). Under N conditions, inoculation with Fm sig-
nificantly decreased root CAT activities by 47.93% com-
pared with uninoculated treatment, with no significant 
change in Si-inoculated seedlings; under W conditions, 
inoculation of both Fm and Si significantly increased root 
CAT activities by 253.20 and 386.73%, respectively.

Root GPX activities underwent significant changes 
under W versus N conditions: a decrease in uninocu-
lated and Si-inoculated seedlings and no change in 

Fm-inoculated seedlings (Fig.  6c). Under N conditions, 
inoculation with Fm significantly decreased root GPX 
activities by 39.52%, while inoculation with Si signifi-
cantly increased root GPX activities by 26.95%, compared 
with the uninoculated treatment. Under W conditions, 
inoculation with both Fm and Si significantly increased 
root GPX activities by 73.01 and 99.20%, respectively, 
compared with the uninoculated treatment.

W stress did not affect root POD activities in both uni-
noculated and Fm-inoculated seedlings, but increased 
root POD activities in Si-inoculated seedlings by 48.75%, 
compared with the N treatment (Fig. 6d). Only Si inocu-
lation significantly increased root POD activities under 
both N and W conditions by 2400.60 and 2233.32%, 
respectively, compared with the uninoculated treatment.

Changes in root antioxidant enzyme gene expression
Expression levels of eight PpSOD homologous genes 
were examined (Fig.  7a). Compared with the N treat-
ment, the W treatment significantly decreased the 
expression of PpSOD2, PpSOD4, PpSOD5, PpSOD6, and 
PpSOD7 in roots of uninoculated seedlings by 97.14, 

Fig. 6  Effects of Funneliformis mosseae and Serendipita indica on SOD (a), CAT (b), GPX (c), and POD (d) activities in peach roots under waterlogging 
stress and non-waterlogging stress. Data (means ± SD, n = 4) with different letters above the bars indicated the significant difference 
among treatments at 0.05 levels. See Fig. 1 for abbreviations
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97.44, 97.17, 98.11, and 55.88%, respectively. However, 
in Fm-inoculated seedlings, PpSOD3 and PpSOD7 gene 
expression was up-regulated by 1690.00 and 266.67% 
under W versus N conditions, respectively, along with a 
441.67% increase in PpSOD3 gene in Si-inoculated seed-
lings. Inoculation of Fm under N conditions resulted in 
a significant up-regulation of PpSOD8 expression by 
314.56%, compared with no-fungi control, while all other 
PpSOD1–7 expression levels were significantly down-
regulated by 55.88–92.38%. Similarly, inoculation with Si 
significantly down-regulated PpSOD1–8 expression by 
49.06–81.90% under N conditions, compared with no-
fungi control. On the other hand, under W conditions, 
compared with the uninoculated treatment, the expres-
sion of PpSOD3 and PpSOD7 was also significantly up-
regulated by inoculation with Fm, by 341.98–266.67%, 
respectively, accompanied by no significant or down-
regulated change in the other PpSODs. Inoculation with 
Si significantly induced an up-regulation of PpSOD3 gene 
expression under W treatment by 60.49%, compared 
with the uninoculated treatment, while also suppressed 
PpSOD1 expression by 91.57%, plus no significant effect 
on the other PpSODs.

The W treatment resulted in a significant 90.20% 
down-regulation of PpCAT1 expression in uninocu-
lated peach roots, as well as a 990.91% up-regulation of 
PpCAT1 expression in Si-inoculated plants, compared 
with the N treatment (Fig.  7b). PpCAT2 expression 
was down-regulated in uninoculated and Si-inoculated 
seedlings respectively by 97.09 and 82.09% under W 

versus N conditions. Inoculation with Fm significantly 
reduced the expression of PpCAT1 and PpCAT2 under 
N conditions by 90.20 and 67.00%, respectively, plus 
no significant change under W conditions. Inocula-
tion with Si also significantly decreased the expression 
of PpCAT1 and PpCAT2 by 89.22 and 34.95%, respec-
tively, under N conditions, but up-regulated PpCAT1 
expression by 1100% under W conditions.

The W treatment inhibited the expression of PpGPX6 
and PpGPX8 in no-fungi-inoculated seedlings, but it 
did not significantly affect the Fm-inoculated seedlings, 
compared with the N treatment (Fig.  7c). In addition, 
PpGPX6 expression was down-regulated in Si-inoc-
ulated plants under W versus N conditions, while 
PpGPX8 expression was up-regulated. Meanwhile, Fm 
also significantly decreased the expression of PpGPX6 
and PpGPX8 by 84.00% and 88.24% under N condi-
tions, but no significant effect was observed under W 
conditions. Si treatment significantly promoted the 
expression of PpGPX6 by 202.00 and 582.35% respec-
tively under N and W conditions, and also increased 
the expression of PpGPX8 by 1850.00% under W con-
ditions, along with 89.22% reduction in PpGPX8 in Si-
inoculated seedling under N conditions.

The W treatment significantly promoted the expres-
sion of PpPOD1 only in Si-inoculated seedlings 
(Fig. 7d). Similarly, in the two symbiotic fungi, only Si 
significantly up-regulated the expression of PpPOD1 by 
8316.67 and 1203320.00% under N and W conditions, 
respectively.

Fig. 7  Effects of Funneliformis mosseae and Serendipita indica on expression levels of PpSODs (a), PpCATs (b), PpGPXs (c), and PpPOD1 (d) genes 
in peach roots under waterlogging stress and non-waterlogging stress. Data (means ± SD, n = 4) with different letters above the bars indicated 
the significant difference among treatments at 0.05 levels. Here, relative expression of genes were normalized to N-F treatment (= 1). See Fig. 1 
for abbreviations
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Correlation analysis
Root fungal colonization rate showed a significantly 
negative correlation with O2

•−, H2O2, PpSOD1, 
PpSOD4, PpSOD5, PpSOD6, and PpGPX8, while 
exhibiting a positive correlation with total flavonoids 
and SOD activities (Fig.  8). Furthermore, O2

•− was 
significantly positively correlated with PpSOD1, while 
negatively correlated with SOD activities and PpSOD8. 
H2O2 showed a significantly negative correlation with 
SOD, CAT, GPX, PpCAT2, and PpGPX6, along with a 
significantly positive correlation with PpSOD1.

PCA studies
The PCA of the treatments as well as the antioxidant 
variables showed that PC1 (53.7%) distinguished inoc-
ulated and non-inoculated treatments and PC2 (20.6%) 
separated the N and W treatments (Fig. 9). Moreover, 
in PC2, total flavonoids, root fungal colonization rate, 
and ROS scavenging activity of total flavonoids were 
clustered together with ROS levels, showing a close 
relationship.

Discussion
In this study, a 2-week W treatment did not have a sig-
nificant effect on the root colonization rate of the AM 
fungus Fm, indicating a potential waterlogging toler-
ance in this Fm strain. Several AMF species have been 
observed to survive under waterlogged soil conditions 
[42]. Similarly, a short-term (e.g., 11 and 31  days) W 
treatment had little effect on the root colonization rate of 
mycorrhizal mixture (Gigaspora margarita and G. rosae) 
in beans [43]. In contrast, a 10  day W treatment sup-
pressed the root colonization of Fm in trifoliate orange 
[44], suggesting that AMF colonization under W condi-
tions is dependent on host species. Interestingly, the W 
treatment significantly increased the colonization rate of 
the endophytic fungus Si in peach roots, which may be 
attributable to the strong adaptability of Si to adverse 
environments [45] and its capacity to colonize primarily 
apoptotic root cells [46, 47]. In addition, this fungus Si is 
able to produce IAA [48], which in turn offloads to the 
host roots, thereby promoting root growth, as shown in 
this study. Higher root IAA levels in Si-inoculated seed-
lings under W versus N conditions were consistent with 
increased root colonization of Si. The increase in IAA 
levels in host plants by Si was reported to tolerate abiotic 

Fig. 8  The correlation between selected parameters presented with a heat map. Here, * and ** mean significant correlation at 0.05 and 0.01 levels, 
respectively
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stress [49, 50]. This provides Si with more roots for their 
colonization under W, thus causing an increase in root 
colonization of Si, whereas it remains to be confirmed by 
further studies.

Root development determines the ability of roots to 
absorb soil water and nutrients [51]. In this study, a 
2  week W treatment did not significantly inhibit peach 
root architecture, likely due to the short duration of 
the W treatment. However, inoculation with Fm or Si 
improved root development to varying degrees, particu-
larly under W conditions, where both fungi considerably 
promoted root development, along with Fm exhibiting 
more pronounced effects than Si. Similar results were 
observed in citrus seedlings inoculated with an arbus-
cular mycorrhizal fungus, Diversispora spurca, after a 
37 day W treatment [21]. The improvement in root devel-
opment is closely related to the promotion of root aux-
ins and cytokinins by these root-associated symbiotic 
fungi [48, 52]. These large roots aid in the colonization of 
plants by symbiotic fungi, enabling them to withstand W 
stress. More attention needs to determine whether endo-
phytic fungal colonization affects changes in root ana-
tomical structure under W stress.

Prolonged oxygen deficiency, such as soil waterlogging, 
can cause a burst of ROS in plants, thus resulting in the 
peroxidation of membrane lipids and oxidative dam-
age to DNA and proteins [53]. In this study, the 2 week 
W treatment dramatically triggered an increase in root 

O2
•− and H2O2 levels in both inoculated and uninocu-

lated peach, except no change in root O2
•− levels in Fm-

inoculated seedlings. The magnitude of this increase was 
higher in uninoculated seedlings than in fungi-inoculated 
seedlings, implying that fungi-inoculated peach seedlings 
were less affected by W than uninoculated seedlings. On 
the other hand, Fm and Si significantly inhibited root 
O2

•− and H2O2 levels under both N and W conditions. 
Correlation analysis demonstrated a significantly nega-
tive correlation between root fungal colonization rate 
and root O2

•− and H2O2 levels. Similar results were pre-
sented in trifoliate orange seedlings inoculated with Si 
under drought stress conditions [47] and lavender plants 
inoculated with Fm under W conditions [54]. These 
results indicate that Fm and Si have significantly inhibi-
tory effects on ROS burst in waterlogged peach.

Flavonoids are a typical class of phenolic compounds 
that are seen as an antioxidant due to their capacity to 
chelate metal ions and scavenge ROS [11]. In this study, 
the W treatment led to significant increases in root total 
flavonoid concentrations of inoculated seedlings, but 
not uninoculated seedlings, indicating that W treatment 
increased the production of flavonoids in roots of fungi-
colonized plants. In addition, inoculation with Fm and 
Si collectively raised root total flavonoid concentrations, 
with the favorable effect being stronger under W versus 
N conditions. Total flavonoid concentrations were also 
significantly and positively correlated with root fungal 

Fig. 9  Changes in PCA of treatments and physiological variables
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colonization rate. The results are in agreement with the 
findings of Liu et  al. [13] in trifoliate orange inoculated 
with Fm under drought stress conditions, as well as the 
findings of Cheng et al. [55] in Dimocarpus longan seed-
lings inoculated with Si. Nevertheless, in geranium, Fm 
triggered a significant increase in total flavonoids under 
well-watered conditions, but not under moderate and 
severe drought stress [56]. In Aloe vera plants, Si led to 
an increase in total flavonoids in leaves, but not roots, 
one and two months after 200 and 300 mM NaCl appli-
cation [57]. These findings imply that the effect of root-
associated symbiotic fungi on host flavonoids depends on 
plant organs and the stressful environment. The increase 
in total flavonoids under root-associated endophytic 
fungal inoculation conditions may be derived from the 
activation of associated enzymes and gene expression 
in flavonoid synthesis pathways [13, 58, 59], while the 
underlying mechanisms remain unknown and require 
further investigation.

The present results showed that the W treatment only 
elicited an increase in the •OH scavenging by root total 
flavonoids in uninoculated seedlings, with no significant 
effect on the O2

•− and DPPH scavenging. The W treat-
ment, however, led to an increase in the scavenging of 
•OH, O2

•−, and DPPH in roots of fungi-inoculated seed-
lings, suggesting that symbiotic fungi-colonized plants 
exhibited a greater ROS scavenging capacity via total fla-
vonoids than uncolonized plants. Similar findings were 
also observed in trifoliate orange seedlings inoculated 
with Fm under drought stress conditions, where Fm-
inoculated trifoliate orange seedlings exhibited stronger 
•OH and O2

•− scavenging activity through root total 
flavonoids than the uninoculated control [13]. Further-
more, both Fm and Si inoculation significantly increased 
the scavenging of •OH, O2

•−, and DPPH by root total 
flavonoids, irrespective of waterlogging or not, which 
is consistent with the results of Liu et al. [13] under Fm 
inoculation conditions. This suggests that root-associated 
symbiotic fungi like Fm and Si boost ROS scavenging 
activities of total flavonoids, thus allowing the fungus-
colonized plants to suffer less oxidative damage under 
stressful conditions.

In response to excessive ROS accumulation caused by 
adverse stresses, plants also possess antioxidant enzymes 
to maintain ROS balance [60]. Peach plants can regu-
late antioxidant enzyme activities at the beginning of W 
stress, but antioxidant enzyme activities decrease sharply 
with increasing duration of W stress, suggesting a lim-
ited ability of peach plants to cope with prolonged W 
[61]. In this study, the W treatment almost inhibited root 
antioxidant enzyme activities in uninoculated seedlings, 
which is in agreement with the findings of Zhang et  al. 
[61]. Nevertheless, increased CAT and POD activities 

in Si-inoculated plants under W versus N conditions as 
well as elevated CAT activities in Fm-inoculated plants, 
implied that fungi-inoculated plants maintained a higher 
activity of a specific antioxidant enzyme under prolonged 
W, thus presenting a higher W tolerance than uninocu-
lated plants. Inoculation with Fm significantly increased 
only root SOD activities under N conditions, whereas it 
increased root SOD, CAT, and GPX activities under W 
conditions, suggesting that the regulation of antioxidant 
enzyme activities by Fm is influenced by the W environ-
ment. On the other hand, Si inoculation resulted in a 
significant increase in root SOD, GPX, and POD activi-
ties under both N and W conditions, with a significant 
increase in root CAT activities observed under W condi-
tions only. This suggests that Si has a stronger ability to 
stimulate antioxidant enzyme activities under W condi-
tions than Fm.

In addition, a 2  week W treatment did not affect or 
inhibited the expression of PpSODs, PpPODs, PpCATs, 
and PpGPXs genes in the roots of uninoculated plants. 
Xu et  al. [2] also found inhibitive activities of CAT and 
POD in peach after 3  days of W conditions. However, 
PpSOD3 and PpSOD7 expression was up-regulated in 
Fm-inoculated seedlings under W versus N conditions, 
and PpSOD3, PpCAT1, PpGPX8, and PpPOD1 expres-
sion was up-regulated in Si-inoculated seedlings, with 
little change or inhibition of other antioxidant enzyme 
gene expression. This suggests that plants inoculated 
with symbiotic fungi presented a greater antioxidant 
enzyme defense system than uninoculated plants. On 
the other hand, Fm inoculation increased the expres-
sion of PpSOD3 and PpSOD7 under W conditions, indi-
cating that the expression of PpSOD3 and PpSOD7 was 
specific to both Fm inoculation and W treatment. As 
SODs primarily catalyze O2

•− to H2O2, Fm-inoculated 
plants exhibited lower O2

•− levels under W conditions, 
but not H2O2. However, in trifoliate orange seedlings, 
Fm inoculation could up-regulate the expression of 
PtCAT1, PtPOD, and PtMn-SOD under drought stress 
[62, 63]. These findings demonstrate that the regulation 
of plant antioxidant enzyme genes by Fm is variable and 
dependent on environmental conditions and host spe-
cies. However, the endophytic fungus Si up-regulated 
the expression of PpSOD3, PpCAT1, PpGPX6, PpGPX8, 
and PpPOD1 under W conditions, implying a stronger 
ability of Si to activate antioxidant enzyme gene expres-
sion than Fm in response to W stress. Fm inoculation 
did not have any impact on PpCAT1, PpCAT2, PpGPX6, 
PpGPX8, and PpPOD1 expression under W conditions, 
while it increased CAT, GPX, and POD activities under 
W conditions. Similar results have been reported in sym-
biotic fungi-inoculated trifoliate orange seedlings under 
drought [47]. Nevertheless, changes in the expression 
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of antioxidant enzyme genes did not correspond com-
pletely to changes in antioxidant enzyme activity under 
Fm inoculation conditions. This inconsistency is due to 
the fact that gene expression is followed by transcription 
and translation, as well as phosphorylation and ubiquit-
ination. GPX, CAT, and POD are involved in the decom-
position of H2O2, with GPX additionally catalyzing the 
decomposition of phospholipid hydroperoxides [64]. 
Thus, Si-inoculated plants maintained lower O2

•− and 
H2O2 levels in response to W treatment. As a result, it 
is concluded that the antioxidant enzyme defense mecha-
nisms of Fm and Si in peach against waterlogging are var-
iable. Further evidence, including transcriptome analysis, 
is required to validate these findings.

Conclusion
Overall, inoculation with the AM fungus Fm and the 
endophytic fungus Si improved the plant growth and 
root development and alleviated ROS burst in peach 
under waterlogging conditions to varying degrees. The 
reduction in ROS levels caused by Fm inoculation under 
W was associated with an increase in total flavonoids, 
three antioxidant enzymes, and the up-regulated expres-
sion of two PpSODs in roots. The reduction in ROS levels 
by Si was linked to an increase in total flavonoids, four 
antioxidant enzymes, and up-regulated expression of five 

antioxidant enzyme genes in roots. Based on these find-
ings, an involved mechanism was illustrated in Fig.  10. 
However, it remains unclear how the two fungi initiate 
the expression of respective antioxidant enzyme genes 
and promote total flavonoid synthesis, which has yet to 
be explored. In addition, this study only analyzed changes 
in roots, and it is unclear whether the results of leaves are 
the same as those of roots. Transcriptome sequencing 
can potentially reveal the underlying molecular mecha-
nism behind the enhanced W tolerance of peach plants 
by antioxidant defense systems under Fm and Si inocula-
tion conditions. This study also highlights the potential of 
root-associated symbiotic fungi, particularly the cultur-
able endophytic fungus Si, as a pathway to enhance peach 
W tolerance.
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