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less pronounced alterations in their community structure 
after the disease spread. Significant different taxa that were 
critical to the organization of each microbiome were found. 
Correlation analysis showed that the relative abundance of 
powdery mildew pathogenic fungal genus Erysiphe was 
correlated with those of 11 fungal genera and one bacterial 
genus. Among them, Aureobasidium, Neosetophoma and 
Sclerostagonospora showed significant positive correlations 
with Erysiphe and MDA.

Keywords  Powdery mildew · Disease level · Interleaf 
microbial diversity · Antioxidant enzyme

Introduction

The perennial herbaceous Paeonia lactiflora is a member of 
the Paeoniaceae family and a traditional Chinese flower with 
both ornamental and therapeutic uses. Several studies have 
shown that the leaf extract, paeoniflorin, has antidepres-
sant and anticancer effects (Zhang et al. 2018; Wang et al. 
2021a). However, powdery mildew infests peonies during 
periods of heavy rain and drastically reduces the flowers’ 
beauty and market value. Both the globally distributed pow-
dery mildew fungus, Erysiphe paeoniae, and the native Chi-
nese powdery mildew fungus, Podosphaera paeoniae, are 
found in Europe, Asia, North America, and Australia. Both 
species are common to peonies (Takamatsu et al. 2006). 
Using microbial diversity sequencing, only Erysiphe paeo-
niae was discovered in this study, a specific parasitic fungus 
primarily affecting leaves and growing only in living plant 
tissues (Li et al. 2022).

At present, the main control of powdery mildew is the 
use of fungicides, however, current fungicides have reduced 
the susceptibility of powdery mildew to chemicals, and 
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increased the resistance of powdery mildew pathogens 
(Vielba-Fernández et al. 2020). Fungicides used in exces-
sive quantities is also hazardous to the environment as well 
as to human and animal health. As a result, effective dis-
ease control approaches that are feasible and effective are 
required. Microbial diversity analysis has demonstrated 
its significance as science and technology has progressed. 
For example, the process can indicate changes in microbial 
populations in soils, intestines, plants, and other ecosystems 
(Steinrucken et al. 2016; Niu et al. 2017; O’Dea et al. 2021; 
Wang et al. 2021b; Xi et al. 2021).

Several studies have shown that plant diseases and 
environmental factors alter plant microbial community 
structure. With the disease stress on plants, pathogens 
compete with the microbiome for available nutrients to 
infect tissues, according to high-throughput sequencing 
of sick inter-root microorganisms (Chapelle et al. 2016). 
Using this sequencing, chestnut trees infected with the 
Chinese chestnut yellow crinkle disease, researchers have 
found that phytopathogens have a significant influence on 
microbial community structure (Ren et al. 2020). Micro-
bial diversity sequencing has been applied to the study of 
the effect of plant diseases on inter-root microorganisms. 
Based on variance in the 16S rRNA genes of V3-V4 and 
the fungal ITS2 region, illumina amplification sequencing 
was used to examine microbial community structure and 
diversity in the rhizosphere of powdery mildew-infected 
and uninfected strawberry plants in the greenhouse. Pow-
dery mildew infection reduced the number of operational 
taxonomic units (OTUs) and prokaryotic and fungal com-
munity richness/diversity indices in the rhizosphere com-
pared to the healthy rhizosphere (Yang et al. 2020). Some 
researchers used high-throughput sequencing technology 
to study the effect of root microbiota on healthy and root-
rot peas and found that the bacterial and fungal diversities 
in diseased and rhizosphere samples were higher than that 
in healthy roots (Zakir et al. 2021). Microbial diversity 
sequencing has also been applied to the study of the effect 
of plant diseases on microbial communities in different 
parts of plants. Powdery mildew (Golovinomyces orontii) 
showed many of the resident fungi associated with Arabi-
dopsis thaliana leaves, but the fungal community structure 
in the roots remained constant according to Durán et al. 
(2021). Further research revealed considerable alterations 
in bacterial leaf population while root bacteria remained 
constant. With environmental stress, nickel concentrations 
were added to agricultural fields growing alfalfa in Tuni-
sia by Helaoui (Helaoui et al. 2020). There was a decline 
in soil enzyme activity. With substantial nickel pollution 
however, a considerable increase in soil microbial biomass 
was observed. Environmental stress has also been analyzed 
jointly with disease stresses, low nitrogen fertilizer, and 
high levels of southern leaf blight disease (Cochliobolus 

heterostrophus) infection to treat maize inbred B73. When 
the disease was severe, lower species richness alpha diver-
sity was linked to increased severity of southern leaf blight 
disease. The fall in bacterial alpha diversity was acceler-
ated by nitrogen application (Manching et al. 2014).

Several researchers have also combined metabolite 
analysis with an analysis of microbial diversity (Sha et al. 
2017; Liu et al. 2021a; Wang et al. 2021b; Xu et al. 2021; 
Saghaï et al. 2022). Physiological markers such as plant 
antioxidant enzymes can represent the degree of stress 
imposed on plants by adverse conditions, and microbial 
diversity analysis is used to explain changes in the micro-
bial community structure of leaves following the emer-
gence of disease (Manching et al. 2014; Wu et al. 2021). 
As a result, combining microbial diversity analysis with 
the assessment of leaf antioxidant enzymes and other 
physiological markers can reveal the extent of leaf dam-
age and changes in their internal environment, laying the 
groundwork for the screening of powdery mildew biocon-
trol strains. It has been shown that antioxidant enzyme sys-
tems and malondialdehyde content of plants can respond 
to the degree of stress caused by adversity (Wang et al. 
2018a, b).

Therefore, we measured physiological indicators and 
analyzed the microbial diversity of peony leaves at dif-
ferent disease levels to understand how powdery mildew 
affects leaf physiological and biochemical levels as well 
as how different fungal and bacterial populations behave 
at different disease levels. Correlation analysis was used 
to predict the biocontrol strains of powdery mildew, and 
to provide a reference for biological control.

Materials and methods

Collection of leaf samples of Paeonia lactiflora

Paeonia lactiflora leaves were collected from a flower 
garden on the Northeast Forestry University campus in 
Harbin, China (45.72 N, 126.68 E) on August 9, 2021. 
The samples were divided into three categories: healthy 
leaves HL (no lesions, with a powdery layer on the sur-
face), mildly diseased leaves MDL (white powdery layer 
on 10% of the surface), and severely diseased leaves SDL 
(white powdery layer on more than 50% of the surface). 
Healthy leaves were taken from healthy plants surrounded 
by diseased plants. Each 1.0 g sample was frozen in liquid 
nitrogen in centrifuge tubes and sequenced for microbial 
diversity and physiological leaf characteristics. The leaf 
images are shown in Supplementary Fig. S1. Three repli-
cates were used for each set of experiments.
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Leaf physiological index

Three groups of peony leaves with different disease levels 
were tested for some physiological indexes of the antioxi-
dant enzyme system. Malondialdehyde content (MDA) was 
determined using the Peng method (Zeng et al. 2018). Spec-
trophotometric measurements examined antioxidant enzyme 
systems in leaves and included superoxide dismutase (SOD), 
catalase (CAT), and peroxidase (POD). Analysis of SOD 
activity used a modified xanthine oxidase method. Peroxi-
dase and catalase activities were determined according to 
Tauqeer et al. (2016). Malondialdehyde, superoxide dis-
mutase, catalase and peroxidase kits were all provided by 
the Beijing Science Solarbio Technology Co.

PCR amplification and sequencing

The structure of the leaf microbial community was analyzed 
by high-throughput sequencing of ITS rDNA and 16 s rDNA. 
The Biomarker Technologies Corporation, Beijing, China, 
performed all operations, including complete interleaf DNA 
extraction, amplification, library creation, sequencing, and 
data analysis. The full length of the fungal ITS rDNA gene 
was amplified using fungal-specific primers for ITS1 (5′-
CTT​GGT​CAT​TTA​GAG​GAA​GTAA-3′) and ITS4 (5′-TCC​
TCC​GCT​TAT​TGA​TAT​GC-3′) (Shi et  al. 2021). Using 
bacterial-specific primer pairs 27F (5′-AGA​GTT​TGA​TCT​
GGC​TCA​G-3′) and 1492R (5′-GGT​TAC​TTG​TTA​CGA​CTT​
-3′), the entire length of the bacterial 16S rDNA gene was 
amplified (Shi et al. 2021). The PacBio SMRT RS II DNA 
sequencing platform was used to sequence amplified librar-
ies (Pacific Biosciences (PacBio), Menlo Park, CA, USA). 
Low-quality or off-target sequences were screened by the 
PacBio cycle-consistent sequencing technology (Mosher 
et al. 2014).

Sequence processing

After extracting the total DNA of the samples, primers were 
designed according to the conserved regions. The sequenc-
ing junction was added at the end of the primers to perform 
PCR amplification and to purify, quantify and homogenize 
the products to form a sequencing library, and the built 
library was first subjected to quality control. The quali-
fied library was sequenced by Illumina Novaseq 6000 and 
the raw image data files from high-throughput sequencing 
(such as Illumina Novaseq and other sequencing platforms) 
were transformed into sequenced reads by base calling 
analysis. The results were stored in a FASTQ (abbreviated 
as fq) file format which contained the sequence informa-
tion of sequenced reads and their corresponding quality 
information.

The raw reads from the sequencing were filtered using 
Trimmomatic v0.33 software, and the primer sequences 
were identified and removed using cutadapt 1.9.1 software 
to obtain clean reads. Clean reads for each sample were 
spliced by overlap using Usearch v10 software. The stitched 
data was filtered for length according to the range of differ-
ent regions. Using UCHIME v4.2 software, the chimeric 
sequences were identified and removed to obtain the final 
effective reads. The resulting high-quality sequences were 
clustered into operational classification units (OTUs) based 
on a 97% similarity and uploaded to NCBI. The BioProject 
was PRJNA842361.

Statistical methods

On BMK Cloud (www.​biocl​oud.​net), relevant metrics such 
as operational taxonomic unit (OTU) richness, alpha diver-
sity index (Ace, Chao1, Shannon, and Simpson), and beta 
diversity were analyzed using software such as QIIME2 
(White et al. 2009; Chen and Boutros 2011; Wang et al. 
2012; Edgar 2013). The classification level of PCOA analy-
sis was OUT and the distance algorithm was Bray–Curtis 
(Ricotta and Podani 2017). Microbial diversity and physi-
ological indices were subjected to a one-way ANOVA 
using IBM SPSS 25.0 software (SPSS Inc., Chicago, IL, 
USA) with Duncan’s post hoc test. Significant differences 
in leaf physiological indices and microbial diversity indices 
between treatments were determined at a p < 0.05 level. The 
correlation analysis method was based on Spearman. The 30 
fungi and bacteria with the highest relative abundance and 
leaf physiological indicators were selected for correlation 
analysis, performed on the Tutools platform (https://​www.​
cloud​tutu.​com), a free online data analysis website.

Results

Effect of powdery mildew on α‑diversity of interleaf 
microorganisms

The structure and composition of fungal and bacterial 
communities in leaves at three disease levels were exam-
ined using Illumina sequencing technology. The fungal 
rRNA internal transcribed spacer region (ITS) and bacte-
rial 16S rRNA gene were used as targets for sequencing 
nine leaf samples. After double-ended reads quality check-
ing and splicing, 4,319,173 fungal reads pairs were recov-
ered sequenced from the three disease levels for a total 
of 4,138,404 clean reads. Each sample yielded at least 
440,420 clean reads, with an average of 459,823. After 
double-ended reads quality screening and splicing, 719,385 
pairs were sequenced, yielding 717,486 clean reads. Each 

http://www.biocloud.net
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sample yielded at least 79,394 clean reads, with an average 
of 79,721.

Sequencing showed the differences in fungal and bacte-
rial alpha diversity among the three disease levels (Table 1). 
Bacterial diversity and richness indices were higher than 
fungal ones at all disease levels. The Shannon and Simp-
son fungal diversity indices were greater in healthy leaves 
(HL) than in mildly diseased (MDL) and severely diseased 
leaves (SDL); Shannon index was significantly higher in 
HL than in SDL (p < 0.05). This is consistent with healthy 
leaves having the largest number of unique fungal OTUs 
(Fig. 1a). Fungal richness indices (Chao1) and (ACE) were 
likewise considerably higher in HL than in the other disease 
levels and the ACE index was significantly higher in HL 
than in SDL (p < 0.05). The Shannon and Simpson bacterial 
diversity indices were not significantly different; HL had 
higher indices (Chao 1 and ACE) than MDL and SDL, and 
a significantly higher ACE index than SDL (p < 0.05). This 
is consistent with HL having the highest total number of 
OTUs (Fig. 1b).

The onset of powdery mildew changed the alpha diversity 
of the microbial communities, reduced their abundance, and 
decreased their diversity but had less effect on the diversity 
of bacterial communities.

Effect of powdery mildew on the structure of interleaf 
microbial communities

A community structure analysis examined the impact of 
powdery mildew infestation on interleaf fungal and bacterial 
populations. In the community structure analysis (Fig. 2a 
and b), it was found that the β-NTI values of some fungi 
were > 2, indicating that the community structure of some 
fungi among groups were mainly affected by the decisive 
factor. That was the level of powdery mildew. On the other 
hand, the bacterial β-NTI values were concentrated in the 
range of –2 to + 2, indicating that the bacterial community 
structure was mainly affected by random factors. Combined 
with the Bray–Curtis based PCoA analysis (Fig. 2c), it was 
found that MDL and SDL were closer in the fungal samples 
and further from HL. This indicates that the fungal microbial 
community structure of healthy leaves is different from those 
of diseased leaves. In the PCoA bacterial analysis (Fig. 2d), 
the distribution was different from that of fungi. Fungi lev-
els in healthy leaves were closer to those in mildly diseased 
leaves. This indicates that the bacterial community structure 
of severely diseased leaves was quite different. In the ternary 
phase diagram (Fig. 3a), Ascomycota had the most diverse 
fungal genera. And the majority of each fungal phylum was 
closer to healthy leaves, indicating that healthy leaves had 
more fungal species. Most of the bacterial genera were dis-
tributed in the center of the ternary phase diagram, i.e., most 
were not far from all three disease levels. Only some of the Ta
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Fig. 1   Venn diagram of shared 
or unique OTUs of (a) fungi 
and (b) bacteria under different 
degrees of powdery mildew dis-
ease of peony; OTUs clustered 
together with 97% similarity. 
HL: healthy leaves; MDL: 
mildly diseased leaves; SDL: 
severely diseased leaves

Fig. 2   PCOA analysis of (a) fungal and (b) bacterial samples with 
different disease degrees, and Bray–Curtis-based distance algorithm 
and classification levels of OTUs. Community structure analysis of 
(c) fungi and (d) bacteria under different disease degrees, showed the 

Beta-NTI values of leaf microbial communities under different dis-
ease degrees. HL: healthy leaves; MDL: mildly diseased leaves; SDL: 
severely diseased leaves
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bacterial genera in Actinobacteria and Proteobacteria were 
clustered in the severely diseased leaves (Fig. 3b). These 
findings suggest that powdery mildew affects the structure 
of fungal communities more than bacterial communities. It 

affected the fungal community structure at the initiation of 
the disease, while affecting bacterial community structure 
only when the degree of powdery mildew was severe.

Fig. 3   Ternary phase diagram of the horizontal distribution of (a) 
fungal and (b) bacterial genera under different disease degrees, dot-
ted with the same color and shaped represent genera under the same 
phylum, fungi select the top four phyla in relative abundance, and 
bacteria selected relative abundance top five phyla. Abundance histo-

grams for the top ten phyla of relative abundance of (c) fungi and (d) 
bacteria at different levels of disease, and for the top twenty genera of 
relative abundance of (e) fungi and (f) bacteria. HL: healthy leaves; 
MDL: mildly diseased leaves; SDL: severely diseased leaves
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By using fungal diversity analysis, 11 phyla, 34 classes, 
80 orders, 153 families, 278 genera, and 307 species were 
identified (Fig. 3c and e). The top 10 phyla with the larg-
est species relative abundance were chosen for investigation 
at the phylum level, and the top 20 genera with the high-
est species relative abundance were analyzed at the genus 
level. Among the fungi, Ascomycota and Basidiomycota 
were the dominant phyla of peony interleaf fungi. After 
the disease onset, the relative abundance of Ascomycota 
increased, 54.9% in healthy leaves, 82.5% in mildly dis-
eased leaves and 83.5% in severely diseased leaves. While 
the relative abundance of Basidiomycota decreased, 36.0% 
in healthy leaves, 15.1% in mildly diseased leaves and 10.3% 
in severely diseased leaves. Among the fungal genera, Ery-
siphe was dominant and increased after disease onset, 6.3% 
in healthy leaves, 63.6% in mildly diseased and 52.1% in 
severely diseased leaves. Respectively, while the relative 
abundance of most other fungal genera decreased, e.g., 
Aspergillus 5.7% in healthy leaves, 1.6% in mildly diseased 
leaves, and 1.1% in severely diseased leaves. Cladosporium 
5.6% in healthy leaves, 1.3% in mildly diseased leaves, and 
0.7% in severely diseased leaves. Colletotrichum 3.8% in 
healthy leaves, 0.0% in mildly diseased leaves, and 0.0% in 
severely diseased leaves.

The structural changes of bacterial communities were 
different from those of fungal communities; 31 phyla, 75 
classes, 185 families, 325 orders, 666 genera, and 744 spe-
cies were identified based on bacterial diversity analysis. 
The top ten bacterial phyla in relative abundance and the 
top twenty genera in relative abundance were studied using 
distribution histograms (Fig. 3d and f). The bacterial phyla 
Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacte-
ria were dominant. At the onset of the disease, most bacte-
rial levels did not change significantly. The relative abun-
dance of Firmicutes decreased 47.6% in healthy leaves, 
46.9% in mildly diseased leaves, and 28.6% in severely 
diseased leaves. Proteobacteria 25.7% in healthy leaves, 
23.1% in mildly diseased leaves, and 36.2% in severely 
diseased leaves. Actinobacteria 3.3% in healthy leaves, 
3.0% in mildly diseased leaves, and 11.7% in severely dis-
eased leaves. Among the bacterial genera, uncultured__
bacterium__f__Lachnospiraceae and Lachnospiraceae_
NK4A136 were dominant. The relative abundance of 
most bacteria decreased when the disease increased, e.g., 
uncultured_bacterium_f_Lachnospiraceae 11.0% in healthy 
leaves, 11.2% in mildly diseased leaves, and 5.6% in severely 
diseased leaves. A small proportion of bacteria increased in 
relative abundance, e.g., Sphingomonas by 1.2% in healthy 
leaves, and 1.3% and 5.4% in mildly and severely diseased 
leaves, respectively.

With regards to the changes in fungal and bacterial genera 
(Supplementary Fig. S2), more than half of the fungal genera 
decreased in relative abundance after the onset of the disease. 

However, bacterial genera have both increased and reduced 
communities, and community structure changes were more 
limited. This show that powdery mildew infestation had dif-
ferent effects on structural changes of fungal and bacterial 
species. The structure of the fungal community was affected 
immediately after the onset of the disease while the structure 
of the bacterial species was not affected until after the heavy 
onset of powdery mildew.

Taxonomic biomarkers of the microbial community

Taxonomic biomarkers were analyzed using LEfSe; 51 and 50 
differentially rich fungal and bacterial taxa, respectively, were 
identified (Fig. 4). For fungal communities, all different taxa of 
healthy, mild and severely diseased leaves were concentrated 
between Ascomycota and Basidiomycota. In healthy leaves, 
Agaricomycetes, Cladosporiaceae, Cladosporium, Cladospo-
riales, and Fusarium asiaticum contributed most to differences 
in fungal community structure, in mildly diseased leaves, it 
was Podosphaera astericola and in severely diseased leaves, 
it was Filobasidiales. For bacterial communities, it was Gra-
cilibacteria in healthy leaves, Desulfovibrio in mildly diseased 
leaves, and in severely diseased leaves, it was Hymenobacter. 
Cytophagales, and Hymenobacteraceae contributed the most 
to the differences in bacterial community structure. Among 
the fungi, the most different taxa were found in healthy leaves, 
while among the bacteria, the most variable were found in 
severely diseased leaves. This shows that there were differ-
ences in the community structures of fungi and bacteria during 
the infestation of peony powdery mildew disease.

Effect of powdery mildew on physiological indicators

To understand the effect of powdery mildew on antioxidant 
enzyme systems of peony leaves, the physiological indicators 
of peroxidase (POD), malondialdehyde (MDA), superoxide 
dismutase (SOD), and catalase (CAT) were evaluated from 
microorganisms catalase from healthy and diseased peony 
leaves to see how powdery mildew affected physiology and 
biochemistry. Peroxidase, superoxide dismutase, catalase 
and malondialdehyde contents after disease onset gradually 
increased (Table 2). Superoxide dismutase, catalase, and per-
oxidase activities also significantly increased (p < 0.05). How-
ever, after further increase of the disease, these activities were 
slightly reduced but still higher than in healthy leaves. This is 
related to the ability of plants to repair themselves in the face 
of disease stress.
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Fig. 4   LEfSe analysis indicated the relative abundance of micro-
organisms at different taxonomic levels. Fungi: a branching plots of 
different taxa from horizontal phylum to species, with different color 
nodded representing significantly abundant and important taxa in the 
sample, and (c) LDA scores, with higher LDA scores for taxa hav-
ing a greater impact on the taxa. Bacteria: b branching plots of dif-

ferent taxa from horizontal phylum to genus, with different colored 
nodded representing significantly abundant and important taxa in the 
sample, (d) LDA scores, with higher LDA scores for taxa having a 
greater influence. HL: healthy leaves; MDL: mildly diseased leaves; 
SDL: severely diseased leaves

Table 2   Changes in leaf 
physiological indexes (POD, 
MDA, SOD and CAT) under 
different disease degrees

letters a, b, c indicate p < 0.05, n = 3. HL: healthy leaves; MDL: mildly diseased leaves; SDL: severely dis-
eased leaves

Samples POD (U g−1) MDA (µ mol mg−1) SOD (U g−1) CAT (U·g−1)

HL 476.53 ± 9.50c 0.76 ± 0.04c 252.48 ± 3.87c 157.94 ± 10.13c
MDL 994.47 ± 5.62a 1.02 ± 0.05b 294.38 ± 6.54a 428.15 ± 9.08a
SDL 920.70 ± 5.66b 1.22 ± 0.04a 273.97 ± 1.86b 366.83 ± 24.63b
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Correlation of physiological indicators and interleaf 
microbial communities with powdery mildew 
biocontrol strains

The relationship between physiological and biochemi-
cal properties, Erysiphe and microbial communities, was 
investigated to predict the strains of peony powdery mildew 
for biological control. Correlation coefficients using the 
Spearman rank method, correlation heat maps and network 
diagrams were constructed for leaf physiological indica-
tors and the top thirty genera of fungi and bacteria (Fig. 5). 
In the genus Erysiphe only the specie Erysiphe paeoniae 
exists in poney leaves (Table S1). The correlation between 
the relative abundance of microorganisms in this experi-
ment is represented by the correlation coefficient (R), where 
there is a significant correlation when |R|> 0.95; |R|≥ 0.8 
is highly correlated; 0.5 ≤|R|< 0.8 is moderately correlated; 
0.3 ≤|R|< 0.5 means a low degree of correlation; |R|< 0.3 
means a very weak relationship and is considered irrelevant. 
The selection condition of correlation analysis was p < 0.05. 
The leaf physiological indicators related to the relative 

abundance of Erysiphe were peroxidase (0.73), malondi-
aldehyde (0.70), superoxide dismutase (0.82) and catalase 
(0.63). Fungi related to Erysiphe were Fusarium (− 0.83), 
Aspergillus (− 0.92), Mortierella (− 0.78), Aureobasidium 
(0.78), Penicillium (− 0.73), Neosetophoma (0.67), Botry-
otrichum (− 0.68), Sclerostagonospora (0.88), Zygosaccha-
romyce (− 0.68), Kazachstania (− 0.57). Bacteria related to 
Erysiphe was Ruminococcus_1 (− 0.77) (Table 3). Among 
them, Aspergillus and Penicillium were significantly corre-
lated with various physiological indicators of leaves, includ-
ing malondialdehyde, peroxidase, superoxide dismutase and 
catalase.

Using the heat map and network diagram in the cor-
relation analysis (Fig. 5a and c), it was found that there 
were more significantly correlated genera in the fungal 
communities, and more significantly correlated genera 
in the bacterial communities. However, there were fewer 
significantly correlated genera between the fungal and 
bacterial communities. This suggests that in peony leaves 
in various stages of the disease, the link between fungal 
and bacterial networks was limited. Using the correlation 

Fig. 5   Correlation heat map between microbial communities at the 
genus level and leaf physiological indicators (a), where p > 0.05 was 
empty. The red font on the abscissa was physiological indicators, 
black was fungi, green was bacteria, and asterisks represent signifi-
cant correlations with Erysiphe unit. Correlation network analysis 

diagram (b), the green dotted represent physiological indicators, and 
the red dotted represent microorganisms. In the correlation network 
analysis diagram (c), the green dotted represent fungi, and the red 
dotted represent bacteria. Spearman method was used for correlation 
heat map, and the Pearson method for all correlation network analyses
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network diagram (Fig. 5b), it is seen that superoxide dis-
mutase and catalase activities were most closely asso-
ciated with microbial communities in physiological 
indicators.

The majority of physiological indicators revealed sig-
nificant positive correlations between fungi and fungi, 
as well as bacteria and bacteria, indicating that bacterial 
and fungal networks in peony leaves had more symbiotic 
or parasitic relationships, and they were fighting changes 
in survival environment and resources together. Some of 
the strains of the genera that exhibited strong associa-
tions with Erysiphe are used as research paths for pow-
dery mildew ecological management or for the screen-
ing of Erysiphe antagonists. Because each physiological 
indicator could indicate leaf health and internal envi-
ronment, strains with a high correlation with the physi-
ological index may also be advantageous for peony leaf 
strains. Some of the strains from the genera that exhibited 
strong associations with Erysiphe was used as research 
paths for powdery mildew ecological management or the 
screening of Erysiphe antagonists. Because each physi-
ological indicator can indicate leaf health, strains with a 
high correlation with the physiological index may also be 
advantageous for peony leaf strains. Peroxidase, malondi-
aldehyde, superoxide dismutase, and catalase were most 
close linked to Aspergillus and Penicillium, and Aureoba-
sidium, Neosetophoma and Sclerostagonospora showed a 
significant positive correlation with Erysiphe and MDA.

Discussion

Plant pathogenic fungi would reduce their sensitivity due 
to their adaptation to fungicides, so the use of mechanisms 
such as antagonism and competition among microorgan-
isms would become the main means of long-term effective 
biological control research (Kim et al. 2017; Claassen et al. 
2021; Martínez-Diz et al. 2021; Mao et al. 2022). Therefore, 
we analyzed the microbial diversity of peony leaves at dif-
ferent disease levels in order to contribute to the biological 
control of powdery mildew.

This study showed that the onset of peony powdery mil-
dew reduced the alpha diversity of fungi (Table 1). This is 
similar to the findings of Manching (Manching et al. 2014). 
However, there was no significant change in the bacteria 
diversity after disease onset, while the abundance of com-
munities decreased (Table 1). In the analysis of community 
structure, fungal community structure began to change after 
the onset of the disease, while the structure of the bacterial 
communities began to change when the disease was more 
severe (Fig. 2). Among the top twenty genera with the high-
est relative abundance, more than half of the fungal commu-
nities showed a decrease in the relative abundance of species 
after the onset of disease (Fig. 3e, Fig. S2a). In contrast, the 
structure of the interleaf bacterial community changed sig-
nificantly only at severe disease levels. The variation in leaf-
associated bacterial communities was more limited, with 
both abundant and reduced taxa (Fig. 3f, Fig. S2b). This is 
similar to the findings of Durán et al. (2021). In the fungal 
PCoA analysis, SDL2 had a unique community structure 
(Fig. 2a) and in the genera community structure analysis, the 
relative abundance of Erysiphe was significantly lower than 
in other samples in the same group and all samples in leaves 
that were mildly diseased (Figs. S2a and S3a). The relative 
abundance of Botryotrichum, Mortierella, Plectosphaerella, 
Chaetomium, Pseudaleuria, Talaromyces, and Fusarium in 
SDL2 was higher than in severely diseased leaves and in all 
mildly diseased samples. Most were phytopathogenic and 
saprophytic fungi (Mychele et al. 2019; Han et al. 2020; Liu 
et al. 2021b). It has been shown that when pathogenic fungi 
invade plant tissues, the defense mechanisms of the plant are 
disrupted, the balance of microbial community structure in 
plants are broken, and other pathogenic microorganisms as 
well as trophozoites enter tissues more easily (Steinrucken 
et al. 2016). Therefore, it is speculated that this situation 
in SDL2 may be the result of the uneven mixing of sam-
ples with the more severely diseased leaves in SDL2. The 
bacterial community structure of SDL2 was also different 
from other samples in SDL, and similar to that of samples 
in HL and MDL (Fig. S2b, Fig. S3b). This indicates that the 
bacterial community structure of SDL2 tends to be healthy 
or less diseased compared with other samples in severely 
diseased leaves. Bacterial network structures are weaker than 

Table 3   Correlation analysis between Erysiphe with the genus of 
interfoliar microorganisms and physiological indexes

HL1, HL2, HL3, MDL1, MDL2, MDL3, SDL1, SDL2 and SDL3 
were independent samples; * p < 0.05; **p < 0 .01

Type Specie and indexes Spearman correlation P value

Physi-
ological 
indexes

POD 0.733** 0.005

MDA 0.700* 0.031
SOD 0.817* 0.012
CAT​ 0.633* 0.028

Fungi Fusarium  − 0.833** 0.002
Aspergillus  − 0.917** 0.003
Mortierella  − 0.783* 0.031
Aureobasidium 0.783* 0.011
Penicillium  − 0.733* 0.022
Neosetophoma 0.667* 0.02
Botryotrichum  − 0.683** 0.006
Sclerostagonospora 0.883** 0.003
Zygosaccharomyce  − 0.683* 0.045
Kazachstania  − 0.567* 0.039

Bacteria Ruminococcus_1  − 0.767* 0.032



1545Effect of powdery mildew on interleaf microbial communities and leaf antioxidant enzyme systems﻿	

1 3

fungal networks but they are also more resilient (Vries et al. 
2018). Therefore, it was hypothesized that SDL2 is due to 
more severe leaf disease in its samples, resulting in a large 
increase in the relative abundance of phytopathogenic and 
saprophytic fungi. However, because the bacterial network 
was more resilient, the structure quickly recovered to con-
verge to a healthy or less diseased state.

The majority of Paeonia lactiflora interleaf microorgan-
isms came from soil and air, and endophytic microorganisms 
form a complex microbial network structure in the leaves 
and aid the host in various ways. Their importance cannot be 
overstated (Webster 1969; Brader et al. 2017). Because anti-
oxidant enzyme activity and MDA content reflect the degree 
of plant stress and the plant’s performance in response to 
plasma membrane peroxidation, combining leaf physiologi-
cal index data with microbial diversity provides a more com-
prehensive picture of the host’s ability to regulate and restore 
health.

In the correlation analysis (Fig. 5), Fusarium, Aspergillus, 
Mortierella, Aureobasidium, Penicillium, Neosetophoma, 
Botryotrichum, Sclerostagonospora, Zygosaccharomyce, 
Kazachstania, Ruminococcus_1 were significantly correlated 
with the powdery mildew pathogen, Erysiphe. Aureoba-
sidium, Neosetophoma and Sclerostagonospora showed a 
significant positive correlation with Erysiphe and MDA, and 
have been regarded as biocontrol fungi or have biocontrol 
potential (Wachowska et al. 2016).

High-throughput sequencing led to the discovery of the 
fungus Ampelomyces quisqualis in the leaves of peonies, 
a powdery mildew parasitic fungus as a tool for control-
ling powdery mildew (Anna et al. 2020, 2021; Balendres 
et al. 2020; Carbó et al. 2021). Despite being present in this 
microbial diversity sequencing, the relative abundance of 
Ampelomyces quisqualis was low and was not in the top 
30 (Table S1). By analyzing the relative abundance data 
of Ampelomyces quisqualis, this species increased steadily 
with the level of powdery mildew infection. Because both 
Ampelomyces quisqualis and Erysiphe are parasitic, there 
was a positive correlation between the relative abundance of 
Ampelomyces quisqualis and powdery mildew levels. Addi-
tionally, the strains discovered through correlation analysis 
showed a strong relationship with Erysiphe and leaf physio-
logical markers, making them valuable for research on plant-
beneficial bacteria and powdery mildew disease prevention.

Conclusion

Malondialdehyde levels rose as powdery mildew disease 
increased. Antioxidant enzyme activity rose and then drops. 
According to microbial diversity sequencing, the diversity 
of the fungal community decreased after the onset of the 
disease, while the bacterial community did not show any 

significant changes. As infection increased, the abundance 
of the bacterial community decreased. The relative abun-
dance of more than half of the fungal species decreased after 
disease onset. Bacterial genera showed both enriched and 
reduced communities, with less pronounced changes in com-
munity structure following the spread of the disease. Differ-
ent taxa critical to the organization of each microbiome were 
identified. According to correlation analysis, Erysiphe was 
significantly associated with 11 fungal genera compared to 
one bacterial genus. Among them, Aureobasidium, Neose-
tophoma and Sclerostagonospora showed significant posi-
tive correlations with Erysiphe and malondialdehyde. The 
study of the physiological indexes and leaf microbial com-
munity structure of peony leaves would contribute to a better 
understanding of the changes in the microbial community 
and leaf internal environment following disease initiation. It 
would serve as a guide in the ecological control and healthy 
growth regulation of peony powdery mildew.
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